
 

 
 



 

 



 

 

PREFACE  

The 24-th Russian Particle Accelerator Conference (RuPAC-2014) was held in Obninsk, 
Kaluga Region, October 6–10, 2014. It was organized by State Scientific Center of the 
Russian Federation — A.I. Leipunski Institute of Physics and Power Engineering (IPPE), 
State Atomic Energy Corporation ROSATOM, Russian Academy of Sciences, Scientific 
Council for Accelerators of Russian Academy of Sciences and was hosted by Advanced 
Research Division of IPPE.  

This RuPAC event provided a forum for exchange of new information and discussions in 
the field of accelerator science and engineering: particle beam physics, new projects of 
particle colliders, new accelerator designs and upgrades of the existing accelerator 
facilities for basic research and applications. The scientific program scope covered 
traditionally the topics to follow:  

• Modern trends in accelerators  
• Colliders  
• Particle dynamics in accelerators and storage rings, cooling methods 
• New methods of acceleration  
• High intensity cyclic and linear accelerators  
• Heavy ion accelerators  
• Synchrotron radiation sources and free electron lasers  
• Magnetic and vacuum systems, power supplies  
• Superconducting accelerators and cryogenics  
• RF power structures and systems  
• Control and diagnostic systems  
• Ion sources and electron guns  
• Medical and industrial applications  
• Radiation problems in accelerators 

More than 140 participants took part at the RuPAC-2014 from 29 institutions and 
companies, mostly the interior ones. The Accelerator Prizes for young physicists and 
engineers for the best work presented at the Conference were nominated. The First Prize 
was awarded to I. Zemlyansky (BINP, Novosibirsk) who presented the papers  “Electron 
and Positron Beams Transportation Cannels to who presented the papers  BINP Colliders” 
and the Second Prizes – to Roman Klopenkov (NIIEFA, St. Petersburg) who presented the 
papers  “System for Remote Replacement of Targets of the Target System for CC-
Cyclotrons” and “Automated Control System of Target System for Production of PET-
radionuclides“, and to Konstantin Mitrofanov (IPPE, Obninsk) for the paper “Experimental 
Study of the Time Dependence of the Activity of Delayed Neutrons in the Fission of 235U 
by Neutrons from the Reaction 7Li(p, n) at the Electrostatic Accelerator EG-1”. 
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Processing of the electronic files of the contributions in course of and after the Conference 
was accomplished by Maxim Kuzin and the BINP (Novosibirsk) editorial team, a member 
of the Joint Accelerator Conferences Website (JACoW) collaboration.  

The Conference was supported in part by the Russian Foundation for Basic Research and 
the Ministry of Education and Science of the Russian Federation. 

The accomplishment of the RuPAC-2014 Conference is due to the efforts of the 
Organizing and Program Committees, the local staff of the host Institute – IPPE, and, 
naturally, due to all of the participants thus involved.  

 

Andrey Goverdovsky, Chair of RuPAC-2014 Organizing Committee 

Sergey Ivanov,  Chair of Program Committee 
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ACCELERATOR COMPLEX U70 OF IHEP: 
STATUS AND UPGRADES 

S. Ivanov, on behalf of the U70 staff#  
Institute for High Energy Physics (IHEP) of NRC “Kurchatov Institute” 

Protvino, Moscow Region, 142281, Russia 
 

Abstract 
The report overviews present status of the Accelerator 

Complex U70 of IHEP–Protvino. It is a sequel to prior 
status reports [1] delivered to RuPAC-2008, -2010, -2012, 
and outlines the recent machine-related activity and 
upgrades in run-by-run chronological ordering.  

GENERALITIES 
Layout of the entire Accelerator Complex U70 of 

IHEP–Protvino is shown in Fig. 1. It comprises four 
machines — 2 linear (I100, URAL30) and 2 circular 
(U1.5, U70) accelerators.  

 

Figure 1: Accelerator Complex U70, beam transfer line 
network and fixed-target experimental facilities included. 
Proton mode (default) — cascade of URAL30–U1.5–
U70, light-ion (carbon) mode — that of I100–U1.5–U70. 

The points of attraction to the efforts spent during the 
period under report to be spotted in the scheme above are:  
• Quality of stochastic slow extraction of 50–60 GeV 

protons to BTL#21 and the OKA facility;  
• Extractions of the top-energy (24.1 GeV/u) carbon ions 

to BTL#22 (which is also an incidental fragment 
separator) and the FODS or SVD facilities;  

• Stochastic slow extraction of the intermediate-energy 
(456 MeV/u ca) carbon ions via the new BTL#25 to the 
Interim Radio-Biological Work-bench; 

• Launching beam-commissioning of the new Proton 
Radiography Facility (along the upward arrow, via a 
fast extraction); 

• Re-equipment of the U-70 ring magnet main power 
supply plant with the up-to-date static thyristor AC-DC 
convertors. 

The light-ion program proceeds smoothly. Its 
advances are listed in Table 1.  

Table 1: Light-ion program milestones 
 Deuterons 2H1+ Carbon 12C6+ 
U1.5 16.7–448.6 MeV/u 16.7–455.4 MeV/u 
 March 30, 2008 December 08, 2010 
U70 23.6 GeV/u 34.1 GeV/u 
 April 27, 2010 April 24, 2011 
  Slow extraction at 

455 MeV/u 
  April 24, 2011 
  24.1 GeV/u (300 GeV 

full) in BTL#22 and 
the FODS facility

  April 27, 2012 
  Validation tests of all 

top-energy extractions 
with the ion beam 

  April 24, 2013 

STATISTICS 
Since RuPAC-2012, the U70 complex operated for five 

runs in total. Table 2 lists their calendar data. There were 
two runs in a row during the spring of 2014, which is 
uncommon. 

Figure 2 shows beam availability data during machine 
development (MD) and fixed-target experimental physics 
program (XPh) with averages accumulated over 2002–13. 
The extracted beam is delivered to experimental facilities 
with the 82.2% availability, on average.  

Runs 2013-2 and 2014-1, 2 are all excluded from the 
statistics since these were the MD runs entirely, without a 
pronounced top-energy physical program. 

 

Figure 2: Beam availability statistics. 

Details of the routine operation and upgrades are given 
on a run-by-rum basis in what follows. 

RUN 2012-2 
As it can be seen from Fig. 2, the unfortunate feature of 

this run was a failed MD program followed by a squeezed 
 ___________________________________________  

# N. Tyurin, Yu. Fedotov, O. Zyatkov, A. Minchenko, A. Maksimov,
A. Afonin, E. Ludmirsky, O. Lebedev, D. Demihovskiy, V. Lapygin,
A. Ermolaev, Yu. Milichenko, I. Tsygankov, I. Sulygin, N. Ignashin,
S. Sytov, Yu. Antipov, D. Hmaruk, and G. Kuznetsov.  
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tuning time for the machines prior to delivering proton 
beam to the fixed-target physics. (Say, the U70 PS had 
only 36 hr left for the machine studies and tuning.) The 
culprit to blame was an ageing HV equipment of RF 
power supply of the URAL30 linac. Its poor performance 
was aggravated by a delayed shipment of components and 

consumables due to adoption of a novel contracting 
regulation.  

Still, all the problems thus involved were absorbed by 
the MD time thus yielding sustained beam availability for 
the fixed-target physics that is well commeasurable to the 
10-year average expectation value.  
 

Table 2: Five runs of the U70 in between RuPAC-2012 and -2014 
Run 2012-2 2013-1 2013-2 2014-1, 2 

Launching linac URAL30, booster U1.5 and U70 sequentially October, 08 February, 25 November, 11 March, 11 
Proton beam in the U70 ring since November, 01 March, 11 November, 26 March, 28 
Fixed-target physics program with extracted top-energy 
beams 

November, 08 
– December, 
14, 35 days 

March, 22 –
April, 22 
31 day 

n/a n/a 

No. of multiple beam users (of which the 1st priority ones) 11 (9) 9 (8) 1 2(2) 
MD sessions and R&D on beam and accelerator physics, days 8 7 21 21 ½ 
Light-ion acceleration MD program December, 

14–18, 3½ 
days 

April, 24–27, 
3½ days 

December, 
16–25, 8½ 
days 

April ,08–25, 
17½ days 

 
To the final end, state of the entire complex was found 

to be adequate providing top manageable operational 
intensity of 1.05⋅1013 ppp with only 4% beam losses over 
a cycle, refer to Fig. 3. 

 

Figure 3: Screenshot of the on-line monitoring over the 
U70 operation. Time interval (abscissa) extends over 3 hr, 
or 1000 cycles. Yellow trace slows intensity of slow 
stochastic extraction, green trace — operation of internal 
targets and crystal deflectors. The bottom (red) trace 
indicates spent beam remains dumped onto an internal 
absorber. The top (purple) ray indicates beam losses. 

The top-energy slow stochastic extraction has fed the 
OKA facility with 7–7.6⋅1012 protons per a low-ripple 
spill (1.26 s long) at the 1st half of flattop, see Fig. 4.  

 

Figure 4: Slow stochastic extraction. The first (top) trace 
is intensity of waiting beam monitored with a DCCT. The 
second trace is AM-modulated phase noise of the 
200 MHz carrier The third ray is the feedback signal that 
modulates the noise. The fourth ray shows slowly 
extracted beam monitored with a BLM at ES-septum.  

Still, a persisting critical issue related to the stochastic 
extraction was left unhandled. The in-out transfer ratio of 
the extracted beam fraction was as low as 85–87% 
(occasionally, up to 90%) with a clear trend to lower 
values at higher beam intensities, above 7⋅1012 ppp. There 
was no separation gap observed between the waiting and 
extracted beams at the upstream deflecting magnet #24 
resulting in over-irradiating its septum. This problem was 
resolved in the run to follow.  

Switching over to the carbon nuclei mode went on 
smoothly. 

The I100 linac has provided 12–14 mA of pulsed 
current. Each emitting point on the graphite block inside 
the laser ion source survived for 4 300 laser pulses per 
spot which was equivalent to comfortable 9.5 hr of a non-
stop operation, refer to Fig. 5.  

 

Figure 5: Graphite target of the laser ion source. The 
lower compact row of spent emitting spots stands for the 
present, optimised operation.  

The booster synchrotron U1.5 operated with 9% overall 
beam availability and provided up to 6.5⋅109 ipp.  

The main ring U70 accelerated 5⋅109 ipp (cycle period 
8.3 s) to 24.1 GeV/u, the beam being extracted to BTL#22 
terminated by the FODS facility. Research activity has 
been focused on the beam diagnostics and extraction 
procedure conditioning per se. The in-out transparency of 
the BTL#22 was recorded as 0.82 for test protons and 
0.77 for carbon nuclei. These exercises have allowed for 
acquiring practical experience in handling composite 
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multi-nucleon projectiles with an existing inventory 
adapted to protons by its design. 

RUN 2013-1 
Prior to this run, the upstream part of the new BTL#25 

has been manufactured and assembled, see Fig. 6. The 
reference top beam rigidity is 6.9 T⋅m. The beam line is 
18 m long and has 3 dipoles, 4 quads and 2 vertical 
correctors. The line is fed from the septum magnet #34 
facing the waiting beam coasting around the U70. The 
BTL#25 had to transport the beam towards the inner 
radiation-shielding wall of the ring hall (bld. 1) just 
upstream of the would-be radio-biological workbench.  

  

Figure 6: Upstream part of the new BTL#25 adjacent to 
and directed inwards the U70 ring. View along the beam. 

To this end, the run was launched in a very uncommon 
sequence with the U-70 operating, first, in a beam storage 
and stretcher ring mode with 1.32 GeV protons. Such a 
beginning pursued the double goal: 
1. To condition the URAL30 proton linac under beam in 

the aftermath of a crash program to restore its 
functionality during the shutdown. 

2. To tune, align and commission with the (more 
affordable and intense) proton beam the aforesaid 
BTL#25 so as to ensure its readiness to accept the 
same-rigidity carbon nuclei beam scheduled by end 
of the run. 

Both these goals were attained. Say, the linac ultimately 
turned out inoperative for only 8 hr 40 min (of which 6 hr 
15 min were spend to replace 3 depleted high power 
generating tubes) which should be compared to some 320 
idle hours during the run 2012-2. The linac had safely 
provided 35 mA of pulsed current thus enabling a few 
hours of the U1.5 booster running with 8⋅1011 ppp, the 
cruise intensity being 4–5⋅1011 ppp. The U70 itself 
yielded (max) 9.5⋅1012 and (on average) 4.6⋅1012 ppp 
limited by beam user demand.  

In course of the U70 machine tune-up, one has spotted 
and eliminated a malfunction in the B ∝ x2 (octupolar) 
correction system of the magnetic guide field. The 
outcome was the long sought-for radical improvement of 
the slow stochastic extraction. It has attained a sustained 
in-out transfer ratio of 90–94% in the intensity range of 
1–6.5⋅1012 ppp, see Fig. 7.  

With a diffusive (stochastic) actuation of the waiting 
beam outskirts onto the 3rd order betatron resonance, the 
spills used to reveal a pronounced DC content and a low-
ripple structure free of cut-offs, see Fig. 8. Duty factor of 
such spills 〈F〉2/〈F2〉 could go as high as to 0.81–0.82. 

Both these two features allow for concluding that the 
U70 has ultimately got the effective low-ripple lasting 
slow extraction of an intensive proton beam.  

 

Figure 7: Screenshot of the on-line slow extraction 
monitor. The upper ray is in-out transfer ratio that safely 
goes above the 90% grid line intercepting rightmost 
ordinate axis. The lover ray traces the slowly extracted 
beam intensity (a bit lower than 4⋅1012 ppp here).  

 

 

Figure 8: Beam slow spill monitored with head counters 
of the OKA experimental facility and broadcasted real-
time via technological web-network for a control purpose. 

During the run, a triple sequential beam splitting at the 
flattop was also implemented. The regime was found to 
be operational but not convenient due to an inevitable loss 
of the valuable flattop time for interfacing in-between the 
three extraction windows.  

There were also the two outcomes of beam slow 
extractions with bent crystal deflectors worth mentioning: 
1. Feeding the TNF-Atlas facility with a proton beam of 

intensity ranging from 1⋅106 to 4⋅1011 ppp (i.e., 
varying by more than 5 orders of magnitude!). 

2. Exercises with a new path of 700 ms long extraction 
of the 24.1 GeV/u carbon beam with the crystal 
deflector in straight section #22 and minimal spill 
intensity of 1.5⋅107 ipp. Still, even less intensive 
spills are demanded for. The work will be continued 
with a due analysis of the unwanted en-route 
fragmentation, if any. 

The major outcome of the ion program was a successful 
commissioning of the new BTL#25 (Fig. 6) with a carbon 
beam, see Fig. 9. 

RUN 2013-2 
This run, like the run 2014-1 to follow, were the MD 

runs entirely, without acceleration of protons to the top 
energy of 50–60 GeV. By the summer of 2013, the former 
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out-of-date power supply system (rotating machine 
generators) of the 1.5 km long U70 ring magnet had been 
stopped and dismantled. Instead, the new one based on 
static thyristor AC-DC convertors was being installed thus 
precluding any conventional operation of the machines. 

 

Figure 9: The first-in-record footprint of the slowly 
extracted carbon beam at the inner wall of the ring hall 
(bld. 1), i.e., at the end of upstream section of BTL#25.  

To this end, the U70 magnet lattice was toggled to a 
stand-alone DC power supply unit yielding 130 A (field 
353.7 Gs) and enabling operating the U70 as a beam 
storage and stretcher ring for 1.32 GeV (protons) or 
455.7 MeV/u (carbon nuclei), which the U1.5 booster 
serves as the full-energy injector to.  

The intermediate-energy runs pursued a double goal: 
1. To provide a hot backup run-through and 

conditioning of all the technological sub-systems 
except for the top-energy magnet power supply, 
water-cooling of the U70 ring magnet, and powerful 
magnetic optics of the top-energy extractions. 

2. To provide more time for studies and finer tuning of 
beam circulation, the new stochastic slow extraction 
of the intermediate-energy protons (a test beam) and 
carbon nuclei, and the new BTL#25 terminated by a 
radio-biological workbench. 

The carbon-nuclei mode was turned-on smoothly. 
Pulsed current form the I100 linac reached 20 mA in 6 μs 
at base. The U1.5 booster accelerated 1010 ipp, the main 
ring U70 accepting around 5⋅109 ipp. In-out transfer ratio 
of the slow extraction was around 35%, and the external 
target got up to 1.7⋅109 ipp shaped into a tightly focused 
beam, see Fig. 10.  

  

Figure 10: Carbon beam footprint at the entry window 
through radiation shielding of the workbench. Diameter 
3 cm at 90% population level.  

Given such a beam, the Interim Radio-Biological 
Workbench has been for the first time run legally as a 
self-sufficient experimental setup, short-named the IRBW, 

having got all the formal permissions thus prescribed. It 
constituted a noticeable step towards launching the topical 
applied-research activity there.  

RUN 2014-1 
The activity proceeded under the same restrictions and 

along the same guidelines as during the previous run. 
Finer alignment of the upstream magnets of the BTL#25 
backed-up by a horizontal λ/2-bump compensation of the 
beyond-septum dipole stray field adverse effect on the 
circulating (waiting) beam has allowed raising the in-out 
ratio of the slow extraction to 
• 8–10% for test protons which constitutes a gain ×2½ 

w.r.t. outcome of the run 2013-2, top expected limit 
being around 30% according to calculations; 

• 45–50% (occasionally, to 57%) for carbon nuclei 
with expected calculated limit of around 80%. 

Temporal and spatial portraits of the carbon beam 
extracted from the U70 are summarized in Fig. 11. 

 

Figure 11: Structure of carbon beam from the U70. Top 
left — temporal t-pattern (0.6 s long low-ripple spill via 
feedback-controlled slow stochastic extraction). Top right 
— spatial transverse (x, y)-pattern (flattened paraxial dose 
field with a diameter 6 cm of <5% non-uniformity via a 
PM rotating electromechanical wobbler). Bottom — 
spatial longitudinal s-pattern (30 cm of stopping range in 
a water phantom with the Bragg’s peak visible). 

The temporal structure is drawn with a slow stochastic 
extraction system employing λ/2-phase-advance 2-stage 
Piccioni-Wright scheme, controlled horizontal noise-
induced beam diffusion and dedicated beam fe edback 
circuit closed over “extraction flux – amplitude of 
colored-noise random carrier” path, just commissioned. 
Square-wave spills of 0.6–1.0 s duration are obtained 
routinely. 

Transversally-flat paraxial dose distributions are 
obtained with a fixed-radius circular sweeping of the 
primary beam with the purpose-built PM rotating electro-
mechanical wobbler. The device employs two third-party 
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cylindrical dipole Halbach structures and imposes the net 
deflection of about 6.5 mrad. Rotation frequency 30–
50 Hz is compliant to the spill duration.  

Longitudinal dose distribution is governed by the 
natural Bragg’s law for 455.7 MeV/u carbon projectiles in 
water. 

Such beam parameters were found adequate to launch 
the first-in-U70-record (17.04.2014) radiobiological 
exercises with biological substances that were 
accomplished by a team from the Medical Radiological 
Research Center of the Russian Ministry of Health 
(Obninsk, Kaluga Region).  

RUN 2014-2 
It was an extra ad hoc one-month long run dedicated to 

the two sequential and pressing tasks: 
1. The first proof-of-workability ramps to 50 GeV 

(protons) with the new power supply plant of the U70 
ring magnet.  

2. Pre-commissioning with the fast-extracted 50 GeV 
protons of the new Proton-Radiographic Facility. 

Both the tasks were accomplished successfully. 
Deep upgrading the power supply plant of the U70 ring 

magnet from rotating machine generators to static 
thyristor convertors called for 1.5-year long persistent 
efforts from IHEP and the LLC “NIIEFA–Energo” (St.-
Petersburg). These were spent to accomplish design, 
contracting, manufacturing and shipping the equipment 
followed by assembly operations on the site.  

Figure 12 shows a few pieces of equipment thus 
acquired.  

   

Figure 12: Direct connecting to an electric power 
transmission line 220 kV with a commercially available 
insulating gas (sulfur hexafluoride) electricity distribution 
switchgear (ABB) followed by a new step-down (10 kV) 
108 ton transformer (left). Five sets of (static) thyristor 
AC-DC convertors designed and manufactured by the 
LLC “NIIEFA–Energo” (St.-Petersburg) (right). 

In despite of quite a new-fangled dynamical and ripple 
performance of the guide field, the proton beam has been 
successfully captured at the flat bottom, accelerated to 
50 GeV and then transferred to the extraction flattop, see 
Fig. 13.  

Actuating all the control entries foreseen and finer 
tuning and conditioning of the new power supply plant 
are planned for the run 2014-3 scheduled for October–
December, 2014. Still, quality of the 50 GeV proton beam 
attained was adequate to deliver fast extracted beam to the 
Proton Radiographic Facility. 

This newly-built 50–70 GeV Proton-Radiographic 
Facility is a joint venture by IHEP and RFNC–VNIIEF 
(Sarov, N. Novgorod Region) that was launched in 2010. 
The facility has been designed to attain a ∅200 mm field-
of-view and a sub-mm resolution for > 450 g/cm2 optical 
density objects. 

   

Figure 13: Oscilloscope screenshots of ramping to 
50 GeV (protons) with a new power supply plant of the 
U70 ring magnet. Rays: N – beam intensity; dH/dt – 
magnetic-field ramping rate; PD – read-outs of beam 
peak-current detector inversely proportional to bunch 
length (spike at transition crossing); dR – radial excursion 
of rotating beam w.r.t. the reference orbit; dH – feedback 
signal to stabilize flat-bottom and flattop guide fields.  

The core of the facility constitutes a triad of 
180°FODOFODO quadruplets assembled of 24 paired 
side-by-side wide-aperture (hole ∅300 mm) quadrupole 
lenses with the top field gradient 6.7 T/m, see Fig. 14, all 
the lenses being designed and manufactured by IHEP.  

During the run, the fast extracted 50 GeV proton beam 
from the U70 has been for the first time safely tracked 
and detected on-axis throughout the entire facility. There 
were no bottlenecks fond to preclude a further progress.  

  

Figure 14: Wide-aperture quadrupole lenses of the new 
Proton Radiographic Facility at IHEP.  

CONCLUSION 
Accelerator Complex U70 of IHEP-Protvino is a 

subject to an ongoing upgrade program aimed at 
extending the machine functionality for fixed-target 
research, both fundamental and applied, with protons and 
carbon nuclei of high and intermediate energies, slowly or 
fast extracted.  

REFERENCES 
[1] S. Ivanov, on behalf of the U70 staff,  Proc. of 
RUPAC-2008, Zvenigorod, 2008, p. 130–133; Proc. of 
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STATUS AND PERSPECTIVES OF THE VEPP-2000 COMPLEX*

Yu.A. Rogovsky#, D.E. Berkaev, I.A. Koop, E.A. Perevedentsev, Yu.M. Shatunov, D.B. Shwartz,
BINP SB RAS and Novosibirsk State University, Novosibirsk, Russia

A.S. Kasaev, A.N. Kyrpotin, A.P. Lysenko, V.P. Prosvetov, A.L. Romanov, A.I. Senchenko,
P.Yu. Shatunov, A.N. Skrinsky, I.M. Zemlyansky, Yu.M. Zharinov,

BINP SB RAS, Novosibirsk,Russia

Abstract
The VEPP-2000 is a modern electron-positron collider

at BINP. Last season in 2012–2013 was dedicated  to the
energy range of 160520 MeV per beam. The application
of round colliding beams concept along with the accurate
orbit  and  lattice  correction  yielded  the  high  peak
luminosity of  1.21031  cm-2s-1 at  500 MeV with average
luminosity of 0.91031 cm-2s-1 per run. The peak luminosity
limited  only  by  beam-beam  effects,  while  average
luminosity – by present lack of positrons in whole energy
range of 1601000 MeV. To perform high luminosity at
high energies with small dead time the top-up injection is
needed.  At  present  new electron  and  positron  injection
complex  at  BINP  is  commissioned  and  ready  to  feed
VEPP-2000 collider with intensive beams with energy of
450 MeV. Last calendar 2014 year was dedicated to the
full/partial upgrade of complex's main parts.

VEPP-2000 OVERVIEW
The VEPP-2000 collider  [1] exploits the round beam

concept  (RBC)  [2].  This  approach,  in  addition  to  the
geometrical  factor  gain,  should  yield  the  significant
beam–beam limit enhancement. An axial symmetry of the
counter-beam force  together  with the  X–Y symmetry of
the  transfer  matrix  between  the  two  IPs  provide  an
additional  integral  of  motion,  namely,  the  longitudinal
component  of  angular  momentum  Mz = x′y − xy′.
Although  the  particles’  dynamics  remains  strongly
nonlinear  due  to  beam–beam  interaction,  it  becomes
effectively one-dimensional.

The RBC at VEPP-2000 was implemented by placing
two  pairs  of  13  T  superconducting  final  focusing
solenoids into two interaction regions (IR) symmetrically
with  respect  to  collision  points.  There  are  several
combinations of solenoid polarities that satisfy the RBC
requirements,  with  different  type  of  eigenmodes  of
betatron oscillations. Finally it was found that only ‘flat’
combinations (+− +− or +− −+) provide enough dynamic
aperture (DA) for effective collider operation. This optics
satisfies the RBC approach if the betatron tunes lie on the
coupling  resonance  1 − 2 = 2  to  provide  equal
emittances via eigenmodes coupling.

The layout  of  the  VEPP-2000 complex  as  it  worked
until 2013 is presented in Fig. 1. The complex consisted
of the injection chain (including the old beam production

system and Booster of Electrons and Positrons (BEP) with
an energy limit of 800 MeV) and the collider itself with
two particle detectors, Spherical Neutral Detector (SND)
and Cryogenic Magnetic Detector (CMD-3), placed into
dispersion-free  low-beta  straights.  The  main  design
collider parameters are listed in Table 1.

Figure 1: VEPP-2000 complex layout.

Table 1: VEPP-2000 main parameters @ E = 1 GeV.

Parameter Value

Circumference (C) 24.3883 m

Energy range (E) 2001000 MeV

Number of bunches 1  1

Number of particles per bunch (N) 1  1011

Betatron functions at IP (*
x,y) 8.5 cm

Betatron tunes (x,y) 4.1, 2.1

Beam emittance (x,y) 1.4  10−7 m rad

Beam–beam parameters (x,y) 0.1

Luminosity (L) 1  1032 cm−2 s−1

The  density  of  magnet  system  and  detectors
components is so high that it is impossible to arrange a
beam separation in the arcs. As a result, only a one-by-one
bunch collision mode is allowed at VEPP-2000.

BEAM DIAGNOSTICS
Diagnostics is based on 16 optical CCD cameras that

register the visible part  of synchrotron light from either
end  of  the  bending  magnets  and  give  full  information
about beam positions, intensities and profiles. In addition
to optical beam position monitors (BPM) there are also
four  electrostatic  pickups  in  the  technical  straight
sections,  two  photomultipliers  for  beam  current
measurements via the synchrotron light intensity, and one
beam current transformer as an absolute current monitor.

______________________________________________

*Work is supported by: 1) the Ministry of Education and Science of the 
Russian Federation, Nsh-4860.2014.2; 2) the RFBR grant 14-02-31501
#rogovsky@inp.nsk.su
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During last season VEPP-2000 was equipped with  two
phi-dissectors  [3]  –  stroboscopic  image  dissector  with
electrostatic  focusing  and  deflection,  that  gives
information  about  e+/e− longitudinal  distribution  of
particles and bunch length.

EXPERIMENTAL RUNS
VEPP-2000  started  data-taking  with  both  detectors

installed  in  2009 [4].  The  first  runs  were  dedicated  to
experiments  in  the high-energy  range,  while  during the
last 2012 to 2013 run the scan to the lowest energy limit
was done. Apart from partial integrability in beam-beam
interaction  the  RBC  gives  a  significant  benefit  in  the
Touschek  lifetime  when  compared  to  traditional  flat
beams. This results in the ability of VEPP-2000 to operate
at an energy as low as 160 MeV — the lowest energy ever
obtained in e+e− colliders.

The  averaged  over  10%  of  best  runs  luminosity
obtained by CMD-3 detector during the last three seasons
is  shown  in  Fig.  2  with  red  points.  The  red  lines
overestimate  the  hypothetically  achievable  peak
luminosity. The blue dashed line shows the beam–beam
limited  luminosity  for  a  fixed  machine  lattice  (energy
scaling law L  4). It was successfully exceeded due to
* reduction to 45 cm available at low energies.

Figure 2: VEPP-2000 luminosity.

At high energies  (>500 MeV) luminosity was limited
mostly  by  an  insufficient  positron  production  rate.  At
energies over 800 MeV the necessity of energy ramping
in  the  collider  storage  ring  additionally  restricts  the
luminosity. Only for middle energy range 300500 MeV
the luminosity is really limited by the beam–beam effects,
especially by the flip-flop [5]. At the lowest energies the
main  limiting  factors  are  the  small  DA,  IBS,  and  low
beam lifetime.

BEAM–BEAM PARAMETER
We can define the ‘achieved’ beam–beam parameter as:

*
nom

lumi *2
lumi

,
4

eN r

 


(1)

where the beta function is nominal while the beam size is
extracted from the fairly measured luminosity. 

In Fig. 3 the correlation between achieved and nominal
beam-beam parameters is shown for the full data at the
given  energy  E = 392.5 MeV.  ‘Nominal’  parameter
defined as (1) but with unperturbed nominal beam size,
thus being the measure of beam current.  After thorough
machine  tuning the beam–beam parameter  achieves  the
maximal value of   ~ 0.09 during regular work (magenta
dots in Fig. 3).

Figure 3: Achieved beam–beam parameter at 392.5 MeV.

LONG BUNCH
While  studying  the  dependence  of  beam–beam

threshold  on  bunch  length  at  relatively  low  energy  of
392.5 MeV it  was  found  that  the  RF  voltage  decrease
from 30 kV to  17 kV gives  a  significant  benefit  in  the
maximal value of  (blue dots in Fig. 3) up to  ~ 0.12 per
IP.  The  cross-check  for  beam–beam  parameter
measurement  is  the  analysis  of  the  coherent  beam
oscillation spectrum.

Figure 4: Beam-beam tune-shift @ 392.5 MeV.

In  Fig. 4  one  can  find  two pairs  of  -  and  -modes
tunes equal to 0.165 and 0.34, respectively. The total tune
shift of  = 0.175 corresponds to  per one IP equal to:

cos( ) cos( )
0.124 .

2 sin( )
 



 
 

  (2)

The Yokoya factor here is taken to be equal to 1 due to
the  fact  that  oscillations  with  very  small  amplitude
(~5 m = 0.1 *)  were  excited  by  a  fast  kick  and  the
spectrum was  investigated  for  only  8000 turns.  During
this short time beam distribution is not deformed by an
oscillating counter beam and remains Gaussian [6].
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The observed beam-beam limit enhancement correlated
with  bunch  lengthening  firstly  believed  to  be  an
experimental evidence of predictions  [7] of beam-beam
interaction mitigation for the bunch slightly longer than *

due  to  second  integral  of  motion  arrival.  The  bunch
lengthening in our particular  case comes not only from
the RF voltage decrease itself, but also from microwave
instability, which was observed at low energies with a low
RF voltage above a certain bunch intensity. Later it was
shown  in  simulations  [8]  that  finite  synchrotron
oscillations  should  demolish  full  integrability  of  beam-
beam interaction.

Bunch lengthening
The  length  of  an  electron  bunch  in  a  storage  ring

depends on the peak current of the bunch. The two effects
which  alter  the  length are  potential  well  distortion  and
microwave  instability.  For  potential  well  distortion  the
bunch  length  varies  due  to  the  electro-magnetic  fields
induced by the electrons modify the RF voltage as seen by
the bunch. This effect is present even at very low currents.
The second effect, microwave instability, is only observed
after a certain threshold current has been reached. Above
this  threshold  the  energy  spread  of  the  beam increases
until the peak current of the bunch reduces to equal the
threshold current again. 

Direct observation of the onset of microwave instability
in the VEPP-2000 was possible at an intermediate energy.
Measurements  have been  carried  out  for  electrons  with
intensities up to 50 mA at energy equal to 478 MeV with
different values of RF voltages in presence of positrons
with  infinitesimal intensity. In these experiments all three
beam dimensions were recorded as a function of bunch
current. A subsequent experiments for positrons shows the
same dependencies as for electrons.

Figure 5: Horizontal beam size on 4M1L CCD (in place
with  non  zero  dispersion)  as  a  function  of  beam
current @ E=480 MeV.

Throughout the experiment σx remained constant below
certain threshold (see Fig. 5, where blue dots show bunch
size below threshold, red ones – above), confirming that
the beam was indeed below the threshold of microwave
instability.  The  variation  of  the  bunch  length  with  the
beam current is given in Fig. 6. The microwave instability

threshold appears at around 24.5 mA and 32 mA for RF
voltages equal 9.2 kV and 18.5  kV respectively.

 The bunch length data below threshold has been fitted
to the model [9] described by equation:

3

3 2
0 2

/
,

2 ( / )

p eff
z z z b

s

Z n R
I

E e


  

 
  (3)

where Ib is the average beam current, e is the electron's
charge, R is the ring average radius, E is the beam energy
and νs is the synchrotron tune. The magnitude of the effect
depends on the reactive part of the effective longitudinal
coupling impedance |Z/n|. The dashed lines on the figure
is a curve derived using (3) for |Z/n| = 2.32 Ohm.

Figure  6:  Bunch  length  as  a  function  of  beam
current @ E=480 MeV.

Our  capabilities  do  not  allow to  measure  the  energy
spread directly, but estimation can be done by methods
developed  [10]  during  VEPP-2000  operations.  This
methods based on measurements of beam transverse sizes
along  the  ring  with  further  fitting  the  emittances  end
effective  beta  functions  to  known optical  model  of  the
ring assuming that there is no focusing perturbations other
than those caused  by collisions.  In  Fig.  7  one can find
beam energy spread is estimated in such a way.

Figure  7:  Beam  energy  spread  as  a  function  of  beam
current @ E=480 MeV.
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The synchronous phase shift is being determined as a
difference  between  phase  of  beam  longitudinal
distribution  centre  of  mass  and  phase  of  RF  system
reference  signal.  Dependence  of  synchronous  phase  on
beam  current  allow  to  determine  a  value  of  a  bunch
coherent energy loss. Results are shown in Fig. 8, where
dashed  line corresponds  to  coherent  energy  loss  caused
only by RF cavity HOM frequencies. As one can see from
the  pictures  the  contribution  of  the  RF  cavity  is
comparable (or slightly less) with the contribution of all
the vacuum chamber in the ring.

Figure 8: Longitudinal loss factor  @ E=480 MeV.

UPGRADE MOTIVATION
VEPP-2000  electron  positron  collider  was

commissioned and spent three successful runs 2010-2013
collecting data at whole energy range of 1601000 MeV
per  beam [10]. During  this  work VEPP-2000 used  the
injection  chain  of  its  predecessor  VEPP-2M [11].  That
machine  worked  at  lower  energy  (<  700  MeV)  and
showed luminosity 30 time lower than designed value of
1032 cm-2s-1 for  VEPP-2000  at  1  GeV. As  a  result  the
positron production rate was not enough to achieve beams
intensity  limited  only  by  beam-beam  threshold.  This
restriction will be cured by link up via 250 m beamline
K–500 [12] to the new injection complex VEPP-5 [13]
capable to produce intensive electron and positron high
quality beams at energy of 450 MeV (see Fig. 9).

Figure 9: VEPP-2000 accelerator complex after upgrade.

Another VEPP-2000 efficiency limitation comes from
maximal energy of the booster ring BEP [14] limited at
the  value  of  800  MeV.  Even  with  unlimited  beams
production  rate  beam-beam  parameter  being  at  the
threshold  after  injection  inevitably  decrease  after
acceleration in the collider ring   1/2. In addition dead
time during acceleration process  and  the  complexity of

acceleration  of  colliding  beams  close  to  the  threshold
mean the necessity of the top-up injection.

BEP OVERVIEW
Booster synchrotron BEP dedicated to capture, cooling

and storage of hot 125 MeV positrons from conversion
system operated since 1991. It consists of 12 FODO cells.
Each  cell  houses  30 sector  dipole,  two  quads  and
straight, used for RF-cavity, kickers, injection/extraction
septum, diagnostics, vacuum pumping. Booster layout is
presented  in  Fig. 10,  main  parameters  of  BEP  after
upgrade are listed in Table 2.

Figure 10: Booster synchrotron BEP layout.

Table 2: Modified BEP Main Parameters @ E = 1 GeV.

Parameter Value

Perimeter,  22.35 m
Revolution frequency, f0 13.414 MHz

Bending radius, r0 128 cm

RF harmonic, q 13

Synchrotron radiation loss 70 KeV/turn

Emittances, x, y 8.610-6, 10-8 cm

Betatron tunes, x, y 3.4, 2.4

Momentum compaction, p 0.06

BEP UPGRADE STATUS

To  achieve  the  target  beam  energy  all  magnetic
elements  should be significantly strengthened [15].  The
main idea of magnets upgrade is the use of existing coils,
power supplies and whole infrastructure. Fields increase
arises  both from iron reshaping with aperture reduction
and feeding current boost up to 10 kA. 

Prototype  dipole  magnet  was  produced  at  the  end
of 2013.  It's  measured  field  distribution  is  shown
in Fig. 11. Main efforts of quadrupole modification were

Magnetic system
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aimed to reproduce strongly non-linear saturation curve of
dipole.

Figure 11: Field longitudinal distribution By(s) at 9.9 kA.

Vacuum system
One  cell  vacuum  chamber  consists  of  extruded

aluminium segment  inside  dipole  and  focusing  doublet
and stainless steel chamber with pumping equipment port.
To use  the  old  system after  components  modernization
aluminium  chamber  (a)  deformed  locally  inside  dipole
magnet (b) and small quad QD (c) (see Fig. 12). In order
to decrease QD strength and reduce deformation the BEP
working point was moved from (3.46, 2.85) to (3.4, 2.4).

Figure 12: Vacuum chamber cross-section.

RF system
Since  the  energy loss  increases  at  higher energy and

achieves  70  KeV/turn  new  copper  RF  cavity  was
manufactured  in  BINP workshops.  It  will  operate  with
174.376 MHz frequency and 110 kV voltage.

Injection / extraction
New injection septum magnet is needed to receive 450

MeV beams from VEPP-5.  25 pulsed magnet  with 10
mm aperture and field value of 34 kGs is completed and
will be installed after magnetic measurements. Extraction
system remains completely unchanged.

Slow-pulsed  closed  orbit  distortion  of  ~25 mm  in
horizontal  direction  (so  called  "bump")  is  needed  for
beam extraction. Old system of additional windings in 4
dipoles  becomes very ineffective at  high energy due to
strong iron saturation. Instead two 30 cm pulsed (2.5 ms)
laminated C-shape magnets will be installed with 1.7 kGs
field.

TRANSFER LINE BEP-VEPP
The transport  of  accelerated to  1 GeV bunches from

BEP  to  VEPP-2000  collider  needs  significant
modernization of transfer line. The most important one is
the manufacturing of new bending magnets (17.2, 41.2)
with the same radius and field as BEP dipoles but smaller

gap of 12.8 mm and 2 turns/pole coil instead 5 turns/pole
in BEP dipoles. Fed in series with BEP magnets channel's
ones should have the same field-current dependence. 

CONCLUSION

Round beams give a serious luminosity enhancement.
The  achieved  beam-beam  parameter  value  at  middle
energies  amounts  to   ~ 0.1–0.12.  VEPP-2000  is
successfully  taking  data  with  two  detectors  across  the
whole designed energy range of  1601000 MeV with a
luminosity  value  two  to  five  times  higher  than  that
achieved by its  predecessor, VEPP-2M [10].  At present
the VEPP-2000 booster BEP is disassembled and passing
through  deep  modernization  to  achieve  top  energy  of
1 GeV, provide top-up injection and designed luminosity
of the electron-positron collider. 
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STATUS OF INJECTION COMPLEX VEPP-5 

P. Logatchev, A. Petrenko, D. Bolkhovityanov, D. Nikiforov, A.Levichev, A.Barnyakov, 
A.Novikov, V. Gambaryan, K. Astrelina, Budker INP, Novosibirsk, Russia 

A.Starostenko, F.Emanov,  Budker INP, Novosibirsk; NSU, Novosibirsk, Russia

Abstract  
     The VEPP-5 Injection Complex [1] will supply BINP 
RAS colliders with electron and positron beams. Primary 
launch have been performed: electron and positron beams 
were obtained, injection to damping ring have been done, 
as well as storage of electrons and positrons. Now both 
transport channel to the electron/positron colliders VEPP- 
2000 and VEPP-4M are fully assembled and therefore test 
extractions of electron beam with energy of 360 MeV into 
beam lines to users are being performed. Main users re-
quire a reliable and trouble proof source of particles, thus 
reliability and stability of operation are a paramount 
tasks. 
 

INTRODUCTION  
     VEPP-5 Injection Complex consists of 270 MeV driv-
ing electron linac, 510 MeV positron linac and damping 
ring (See Fig.1). Both linear accelerators are based on 
four accelerating modules, each one feeds by one SLAC 
klystron (5045). Two first modules have three accelerat-
ing structures and second two — four structures. First 
accelerating structures of both linacs have an enhanced 
average acceleration gradient of 20 MeV/m and other 
regular sections up to 17–20 MeV/m. Both linacs can 
operate up to 50 Hz repetition rate. Dumping ring stores 
and cools down both electron and positron beams (See 
Figure 3). It is equipped with 50 Hz injection system. 
 

 
Figure 2: Linear accelerators. 

 

 
Figure 3: Damping ring. 

 
Table 1: Designed parameters of Injection Complex  

Maximum Beam Energy  (MeV)  510 

Max. number of electrons in the beam   2•1010 

Max. number of positrons in the beam  2•1010 

Energy spread in the beam (%) 0.07 

Longitudinal beam sigma (mm) 4 

Vertical emittance (mm mrad)  0.005 

Horizontal emittance (mm mrad)  0.023 

Dumping times vert./horis. (ms) 17/11 

Extraction rate (Hz) 1 

 
     Designed parameters of VEPP-5 Injection Complex 
are presented in Table 1. At the parameters listed above 
Injection Complex will be able to cover all needs of BINP 
e+ e- colliders for nearest future.  This will greatly im-
prove the VEPP-2000 and VEPP-4M performance, be-
cause of significant increase of positron    production rate 
and will help to reach their maximum luminosity. 

 
Figure 1: Injection complex.  
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COMMISSIONING PLANS AND 
TECHNIC 

 
 

 
Commissioning Results 
     The VEPP-5 Injection Complex should be running 
with project parameters in the near future. Damping ring 
of the Complex stores the electron beams of 350 MeV 
today. Storage rate is 3•109 electrons per pulse and maxi-
mum store current is 160 mA, which exceeds design pa-
rameters. Beam transfer line to the BINP colliders is com-
pletely assembled and ready for beam accepting. The 
Damping ring optics were tuned to improve the Complex 
stability. Also new beam diagnostics were installed to 
ease beam injection in the Damping ring. 

 
Measurement of Injection Angle 
     To improve the parameters of storage rate it is neces-
sary to perform matching of the injection system and 
damping ring. Injection scheme use vertical DC Lambert-
son type septum magnet biased from an equilibrium orbit 
in the radial direction and kicker. Septum magnet directs 
the beam to the median plate and then by means of kicker 
beam is shifted to closed orbit. In this system injection 
angle must tend to zero. To determine the transverse co-
ordinate of the beam in the septum and injection angle we 
can measure the beam position as a function of some 
quadruple lens strength after septum magnet (See Figure 
4). In this experiment, transverse coordinate x  of the 
injected beam recorded by means of phosphor screen 
LK4, furthermore 3D2 lens and kicker plate were 
switched off (See Figure 5). Beam displacement on the 
phosphor screen is performed via a current variation in 
the 3F3 lens (See Figure 6). Coordinate value and angle 
on the phosphor screen ( )', xx  and in the septum magnet 

( )'
00 , xx  is associated via transport matrix R : 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
'
0

0

2221

1211
' x

x
RR
RR

x
x

 

     Thus by means of known coordinates for two values of 
current in a lens it is possible to obtain system of the 
equations for ( )'

00 , xx : 
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Figure 5: Scheme of angle measurement experiment. 

 

 
 

Figure 6: Beam shifting depends on the 3F3 current. 

 
 

    For measurement on the Figure 7 following values for 
x coordinate and 'x angle were obtained: cmx 3≈ , 

mradx 3' −≈ .  After precision geodetic installation of 
septum magnet and after repeated measurements the next 

mrad08.0' −≈ . 

 
 
 

 
Figure 4: Injection transport line. 3F3, 3D3, 3D2 – quadruple lenses after septum magnet. 

values were obtained: x ≈ 3.5cm , x
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Damping Ring Lattice and Closed Orbit Cor-
rection   
     One of the most crucial issues arising during launching 
the dumping ring is a presence of optical parameters in 
accuracies in a real structure. Thus, detection and removal 
of such inaccuracies are tasks of highest priority in 
achieving the stable functioning of the complex.  
     First betatron tunes were set to the project values. Af-
ter that software “sixdsimulation” developed for VEPP-
2000 [2] was applied to correct linear lattice and closed 
orbit. It took 4 iterations to correct linear lattice by fitting 
the model to the experimental data composed of closed 
orbit responses to the all dipole correctors, dispersion, and 
betatron tunes. After last iteration, the fitted model didn’t 
show significant variation from the ideal configuration 
(See Fig. 7). 

 
Figure 7: Beta functions for project optics in VEPP-5 
dumping ring. 
 

Closed orbit correction was done with respect to 
the quadruple magnetic centers (See Fig. 8-9). To do so 
closed orbit responses to the gradient variations of the 
individual quadruples [3].   

 

 
Figure 8. Closed orbit correction. Top – befor correction, 
bottom – after.  

 

 
 

Figure 9: Closed orbit correction. Top – befor correc-
tion, bottom – after. 

 
CONCLUSION 

 During the season 2013/2014 following results 
were achieved: number of e- on conversion target - 
1.5•1010 per pulse, energy of e- on conversion target- 
275Me, energy of e+ at the end of linac – 420 MeV, num-
ber of e+ at the end of linac - 6•10+ per pulse, maximum 
current of e+ in dumping ring - 70 mA (number - 4•1010), 
maximum current of e- in dumping ring -160 mA (number 
- 9•1010), injection rate - 12.5 Hz. Maximum storage rate 
of electron is 9.3•109 per pulse. Maximum storage rate of 
electron is 5•108 per pulse. 
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Abstract 
The 2 MeV electron cooling system for COSY-Julich 

was proposed to further boost the luminosity in presence 
of strong heating effects of high-density internal targets. 
The 2 MeV cooler is also well suited in the start up phase 
of the High Energy Storage Ring (HESR) at FAIR in 
Darmstadt. It can be used for beam cooling at injection 
energy and for testing new features of the high energy 
electron cooler for HESR. The COSY cooler is designed 
on the classic scheme of low energy coolers like cooler 
CSRm, CSRe, LEIR that was produced in BINP before. 
The electron beam is transported inside the longitudinal 
magnetic field along whole trajectory from an electron 
gun to a collector. The 2 MeV electron cooler was 
installed in the COSY ring in the spring 2013. Electron 
beam commissioning and first studies using proton and 
deuteron beams were carried out. Electron cooling of 
proton beam up to 1662 MeV kinetic energy was 
demonstrated. Maximum electron beam energy achieved 
so far amounted to 1.25 MeV. Voltage up to 1.4 MV was 
demonstrated. The cooler was operated with electron 
current up to 0.5 A. 

SETUP DESCRIPTION 
Electron cooling is very useful technique for obtaining 

high-quality ion beams with high-intensity and low 
momentum spread [1]. In this method, the phase-space 
density of an ion beam is increased with a Coulomb 
interaction of a “hot” ion beam with a “cold” electron 
beam. Therefore, the ion beam repeatedly transfers its 
thermal energy to the electron beam moving with the 
same velocity. 

There are many experiments and theoretical calculation 
that shows the useful of the magnetized cooling. These 
experiments and calculation was done in the different 
scientific centres in the world. The 2 MeV cooler at 
COSY is the first device utilizing the idea of magnetized 
cooling in this energy range, being an important step 
towards relativistic electron cooling required for the 
HESR at FAIR. Furthermore, it has been shown, that the 2 
MeV cooler, if installed in the HESR, can be used without 
changes for the heavy ion operation modes [2,3].  

First ideas was formulated in 2003 and a first report 
was published in 2005 [4].The construction of the 2 MeV 
electron cooler for COSY began at the Budker Institute of 
Nuclear Physics (BINP) in 2009 and ended 2012. In 
spring 2013 the cooler was installed in the COSY ring. 
First beam cooling results were obtained in October 2013 
by the joint BINP-COSY team. Further beam cooling 
experiments followed during a two-week period of 
dedicated beam time beginning of 2014. At that time a 

first attempt to use electron and stochastic cooling in the 
same machine cycle was made. Furthermore, electron 
cooling of proton/deuteron beam into a barrier bucket was 
demonstrated. The design of the cooler and its main 
parameters are described in [5]. 

The schematic design of the setup is shown in Fig.1.  
The electron beam is accelerated by an electrostatic 
generator that consists of 33 individual sections connected 
in series. Each section has two high-voltage power 
supplies with maximum voltage 30 kV and current 1 mA. 
The electron beam is generated in electron gun immersed 
into the longitudinal magnetic field. After that the electron 
beam is accelerated, moves in the transport line to the 
cooling section where it will interact with protons of 
COSY storage ring. After interaction the electron beam 
returns to electrostatic generator where it is decelerated 
and absorbed in the collector. 

 

Figure 1: 3D design of 2 MeV COSY cooler. Collector PS 
is 1, SGF system is 2, ion pump of collector is 3, collector 
with magnetic system is 4, HV section is 5, cascade 
transformer is 6, acceleration tube is 7, bend 90 degrees is 
8, straight section is 9, line section is 10, cable path is 11, 
input of the proton beam is 12, toroid 45 is 13, vacuum 
pump is 14, cooling section is 15, ion dipole is 16, output 
of the ion beam is 17. 

The optics of 2 MeV cooler for COSY is designed close 
to the classical low-energy coolers. The motion of the 
electron beam is magnetized (or close to magnetized 
conditions) along whole trajectory from a gun to a 
collector. This decision is stimulated by requirement to 
operate in the wide energy range from 25 keV to 2 MeV. 
So, the longitudinal field is higher then transverse 
component of the magnetic fields. The bend magnets and 
linear magnets of the cooler are separated by a section 
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with large coils for the location of the BPMs, pumps and a 
comfort of the setup assembling. The length of the linear 
magnets is defined by the necessity to locate the 
electrostatic generator outside the shield area of the 
storage ring. 

The vacuum chamber is pumped down by ion and 
titanium sublimation pumps. The typical diameter of the 
vacuum chamber is 100 mm and the aperture in the 
transport channel and cooling section is close to this 
value. The diameter of the accelerating tube is 60 mm. 

HIGH-VOLTAGE AND RECUPERATION 
STABILITY 

The final of the electron beam commissioning in 
Novosibirsk was stay during 6 days and nights at the 
energy 1 MeV and currents 200 mA. Figure 2 shows the 
example of the long-term training regime. Sometimes the 
recuperation breakdown occurs often and some time 
rarely. It seems that this behaviour can be improved by a 
training procedure. The physical nature of breakdowns 
isn’t clear because any precursors weren’t observed 
before breakdown. The spontaneous recuperation 
breakdowns were observed also at low energy (30 kV for 
example). Today the main hypothesis concerned with the 
fast changing of the vacuum condition in the accelerator 
tubes. It can be induced by some dust particle evaporation 
or the accumulation of the secondary ions. The ions can 
be trapped in the potential well formed by the electron 
beam. After reaching a threshold value the accumulated 
ions fast escape from the trap region to the vacuum 
chamber and accelerating tube which has negative 
potential respect to the ground. The pumping of the 
secondary ions with special device slightly improves the 
situation with breakdowns but it doesn’t solve this 
problem completely. The typical vacuum value is a few 
10-8 mbar.  

More accurate vacuum assembling and careful vacuum 
baking procedure make it possible to obtain the vacuum 
10-9-10-10 in whole electron cooler in Juelich. The 
situation with spontaneous breakdown was improved but 
the detail investigation wasn’t done. Figure 3 shows the 
example of the operation with high-voltage in COSY. 

0

Icoll, A

t, hour
155 10

0.20

0.18

0.22

 
Figure 2: Electron current versus time. Fragment of 
training regime with electron beam in BINP. 
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0

0.5

1

t, hours

E,
 M

eV

 
Figure 3: Example of the operation with high-voltage in 
COSY. 

FIRST COOLING EXPERIMENTS 
The first electron cooling experiments was done with 

electron energy 109 kV and the proton energy 200 MeV. 
The longitudinal magnetic field in the cooling section is 
530 G.. The choice of such energy is avoidance of the 
problem with electron beam tracing. Such electron energy 
is small enough for the strong adiabatic motion of the 
electron along its trajectory, but the proton beam life is 
higher as compared with the injection energy. Because the 
observing of the electron cooling effects is easy at small 
value of the electron friction force until the situation when 
all parameters are acquiring the optimum values. 

Figure 4 shows the parameters of the proton beam 
versus time. One can see that the sizes of the proton beam 
decrease from 5÷7 mm to 1 mm. The losses of the proton 
beam are small enough. 

Increasing of proton beam intensity leads to growth of 
the proton beam losses. At initial proton current 3.7 mA 
the intensity of the proton beam decreases in factor 3 
during cooling procedure. 

 

Figure 4: Parameters of the proton beam versus time 
during the electron cooling process 

JOINT ACTION OF ELECTRON AND 
STOCHASTIC COOLING 

The storage ring COSY is equipped by the system of 
the stochastic cooling. In time of the electron cooling 
experiments the stochastic system was tuned on the 
energy corresponding to the energy of the electron beam 
908 kV and it was operated in the vertical direction only. 
The experiment with joint action of the different cooling 
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systems was done at this energy. Figure 5 shows the sizes 
of the proton beam at the different conditions. 

1
2

2

1

 

Figure 5: Sizes of the proton beam versus time at the 
different condition of the experiments. The action of 
electron beam only is 1, the joint action of the electron 
and stochastic cooling in vertical direction is 2. 

One can see that the joint action of the cooling systems 
makes it possible more deep shrinking of the proton beam 
in the horizontal direction. The dynamics of the vertical 
size is different essentially. The vertical size of the proton 
beam decreases very fast in initial time but the action of 
the electron cooling system only enables to receive 
smallest size of the proton beam in compare with joint 
action of the cooling systems. This effect may be 
explained by the excitation of a coherent instability. The 
signal from the Schotky pick-ups showed strong 
oscillation when the proton beam was cooled 
significantly. The vertical size increases in this moment, 
the horizontal size remains same. The electron cooling 
force is enough for preserving of the horizontal size but 
the excitation is absent.  
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Figure 6: Parameters of the proton beam versus time. 
The vertical size is 1, the horizontal size is 2, the 
proton current is 3 (in unit 100 uA), the electron 
current is 4 (in unit 100 mA). 

 

Figure 6 shows the dynamics of the proton beam in 
machine cycle with action of both cooling systems. In 
first moment the stochastic cooling was used only. In the 
middle of cycle the electron cooling was added. The rate 
of the cooling in the transverse direction became higher.  

The experiments with joint action of the electron and 
stochastic cooling is very important because the stochastic 
cooling is very effective at large amplitude of the betatron 
oscillation, but the electron cooling is effective at small 
betatron amplitudes.   

SUMMARY 
The key problems of the electron cooler 2 MeV 

(modular approach of the accelerator column, the cascade 
transformer, the compass base probe located in the 
vacuum chamber, the design of the electron gun with 4-
sectors control electrode) is experimentally verified 
during commissioning in Novosibirsk.  

The first successful experiment was carried out in 
COSY with 2 MeV electron cooling device. The large 
range of the cooling energy for operation makes it 
possible to cool the proton beam with energy from 200 
MeV to 1.66 GeV. The experimental results show 
usefulness the electron cooling device with strong 
longitudinal magnetic field for improving quality of the 
proton beam.   
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Abstract 

A 4-8 MeV relativistic electron cooling system for the 
HESR storage ring, which is part of the future GSI facility 
FAIR, is needed to further boost the luminosity even with 
strong heating effects of high-density internal targets. In 
addition, the upgrade to 8 MeV of the relativistic electron 
cooler is essential for the future Electron Nucleon 
Collider (ENC at FAIR) project. Using the experience of 
the 2 MeV electron cooler at COSY, which has the highest 
energy of all coolers that were made based on the idea of 
magnetised cooling and transport of the electron beam up 
to now, a new concept for powering the solenoids at high 
voltage is proposed. 

INTRODUCTION 
The use of electron coolers in the range of electron beam 
energy lower 400 keV is well established and state of the 
art. For higher electron energies there exists up to now 
only one machine – the Recycler Electron Cooler (REC) 
of Fermilab with a terminal voltage of 4.4. MV [1]. The 
cooler was  installed into the Recycler during the summer 
of 2005 and was operating until the  end of 2011 when the 
Tevatron was shut off. The cooling opened the possibility 
for several times higher, record luminosities. The REC 
overcame not only the great challenge of operating 4.4 
MV pelletron accelerator in the recirculation mode with 
up to 1A beams, but also resolved the hard issue of high 
quality beam transport through non-continuous magnetic 
focusing beamline [2]. The next unique high energy 
electron cooler -the 2 MV COSY electron cooler- was 
commissioned in 2013 at Juelich [3]. Development of 
high energy electron coolers is a technical challenge due 
to the engineering problems like high voltage generation, 
power transmission to the gun and collector in the 
accelerator “head” and the power transmission to the 
magnetic coils at the accel/decel tubes for magnetised 
electron beam transport. Today there is a need for further 
development. In the high energy storage ring HESR for 
antiprotons at the FAIR facility in Darmstadt a 4.5 MV 
electron cooler is planed [4]. The proposed concept of the 
polarised Electron-Nucleon Collider (ENC) integrates the 
15 GeV/c HESR of the FAIR project for 
protons/deuterons and an additional 3.3 GeV electron ring 
[5]. A new 8.2 MV electron cooler is an essential part in 
this concept. In the NICA collider project of JINR Dubna 
a 2.5 MV electron cooler is foreseen with one electron 

beam per each ring of the collider [6]. There are some 
special features of high energy cooling. The cooling rate 
decreases with ß-4γ-5 [7]. To obtain a maximum friction 
force the “waveiness” of the magnetic force line should 
be as small as possible to get a smaller contribution to the 
effective electron velocity [8]. To get a high cooling rate 
magnetised electron cooling is necessary. All low-energy 
(3-400 keV) electron coolers are based on magnetised 
cooling. The electron beam transport and alignment of 
electron and ion beam is done with continuous magnetic 
field. Strong magnetic field completely suppresses 
transverse temperature of electron beam, so that 
effectiveness of cooling is determined by a very low 
longitudinal temperature of electrons. Non-magnetised 
cooling relies on the fact that rms velocity spread of 
electrons is comparable or smaller than the one of ions 
which need to be cooled. For the REC (non-magnetised 
case) cooling times of about one hour was sufficient. The 
new coolers for COSY and the new future projects should 
provide a few orders of magnitude more powerful 
longitudinal and transverse cooling. This requires new 
technical solutions. The basic idea of the 2MeV COSY 
cooler and for the future HESR and NICA collider coolers 
is to use a high magnetic field along the orbit of the 
electron beam from the electron gun to the collector. 
Faster cooling times are essential for the future projects. 
The technical problems for electrostatic accelerator at 8-
10 MV and needed electron beam currents up to 3 A is a 
great challenge. An alternative can be a low frequency 
linac with bunched electron beam. Today this system 
achieved electron peak currents of about 10 A [9].  
In order to solve critical technical issues of a future 
relativistic electron cooler based on an electrostatic 
accelerator the Helmholtz-Institut Mainz promotes 
collaborations with other Institutes such as 
Forschungszentrum Juelich (FZJ), Budker Institute of 
Nuclear Physics Novosibirsk (BINP), Russia and 
Lehrstuhl fuer Technische Thermodynamik und 
Transportprozesse, University Bayreuth. One of the 
challenges in case of the electrostatic accelerator  is the 
powering of HV-solenoids for the magnetised electron 
beam transport. The HV-solenoids are located on 
different electrical potentials inside a high voltage vessel, 
which is why they needed a floating power supply. A 
novel idea from Budker institute is to use small turbines 
for high voltage generation, for power of the magnetic 
coils in-side the high voltage vessel and for powering of 
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gun and collector in the HV terminal. At the moment, two 
different concepts are being discussed. In the first design, 
many small HV-solenoids are powered by a cascade 
transformer, which is powered by turbo generators. In the 
second proposal, few big HV-solenoids are powered 
directly by turbo generators. 

HIGH VOLTAGE ACCELERATOR-
VESSEL 

An important element of the electron cooler device is the 
high voltage vessel, whose principal design is illustrated 
in Figure 1. 

 
Figure 1: Principal design of the high voltage vessel [10]. 
 
The main components are the DC-thermionic electron 
source, the collector, the acceleration and deceleration 
tubes. The acceleration/deceleration voltage is provided 
by a high voltage column, which is built in a modular way 
and consists of decks. Every deck has a defined electrical 
potential. To guide the electrons from the gun to the 
interaction section, where the cooling process takes place, 
and back to the collector, a homogeneous magnetic field 
is necessary. It is generated with solenoids, the so-called 
HV-solenoids, which are mounted on the decks. This 
results in various requirements to the power supply for the 
HV-solenoids. Because the decks are on a fixed electrical 
potential, the power supply for the HV-solenoids must not 
be grounded. A high reliability of the powering system for 
the HV-solenoids is a must. In addition to the HV-
solenoids, there are more devices on the HV deck, which 
also need powering, e.g. vacuum pumps. 
 

POWERING OF THE HV-SOLENOIDS 
Currently, two different concepts are being discussed, 

which were proposed by the BINP in a frame of a design 
study [11]. In both concepts, the power supply should be 
built in a modular way. While the 2MeV COSY cooler 
serves as a basis for the first concept, for the second 

concept the Swedish design, which had originally been 
planned by the Svedberg Laboratory, Uppsala University 
[9], was taken as a model.   

Cascade Transformer  
A well known and tested technology to power the HV-

solenoids is a cascade transformer, which is already in use 
at the COSY cooler. to power the HV-solenoids and to 
generate a potential difference of 60kV between the 
individual decks.  
 

 
Figure 2: Powering the HV-solenoids with a cascade 

transformer. The left image shows the whole modular 
power supply, the right drawing shows two modules. The 
magnetic field is generated by several small HV-solenoids 
that are mounted along the acceleration/deceleration tube. 
The HV-solenoids are powered by a cascade transformer. 
A second cascade transformer generated the 
acceleration/deceleration voltage. Both cascade 
transformers are feeded by a turbo generator, an assembly 
of a turbine and a generator. 
 
 The turbine is powered by a gas under high pressure, 
consequently driving the generator. An advantage which 
is obtained with the use of turbo generators is that the 
expanded gas from the turbine can be used for cooling the 
HV-solenoids. 

 
High-Voltage Column with Unit Elements 
In this approach, the power supply should also be built in 
a modular way, but instead of a cascade transformer 
which distributes the power to many small decks (or HV-
solenoids respectively), only one deck, a so-called 
Separation Box, per module should be used (Figure 3). 
Each Separation Box sits on a defined electrical potential. 
The potential difference between two Separation Boxes is 
600kV, the distance is 0.7m. Every Separation Box 
contains all the electronics of a module. Furthermore, two 
HV-solenoids are mounted per Separation Box. In this 
design, the HV-solenoids are composed of four coils. To 
smooth the variations of the magnetic field, the coils are 
surrounded with iron. But also in this design, a floating 
power supply is necessary to feed the HV-solenoids. As 
in the first design proposal, turbo generators should be 
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used. But in contrast to the first approach, the turbo 
generators feed the HV-solenoid and all the other 
electronics inside the Separation Box directly. For the 
generation of the acceleration/deceleration voltage a 
Cockcroft-Walton generator can be considered. 
 

 
Figure 3: Direct powering of the HV-solenoids with a 
turbo generator. The left image shows a drawing of the 
entire module with electron gun and collector. On the 
right two modules, consisting of a Separation Box and 
two HV-solenoids are shown.  
 
The second design approach allows easier construction 
and maintenance. Disadvantages are higher power 
consumption and the arrangement of the HV-solenoids 
that demands more attention to the beam optics due to 
small variations of the magnetic field along the beam 
axis. 
 

GREEN ENERGY TURBINE 
For both concepts, a suitable turbo generator is 

essential. A research for proper turbo generators has 
identified the GREEN ENERGY TURBINE (GET) 
(Figure 4) form the company DEPRAG [12] as a potential 
candidate, which works with dry air. Further properties of 
the GET are listed in the Table. 

 
Table: Properties of the GET 

Power 5 kW 
Pressure (in) 4 bar 
Pressure (out) 1 bar 
Mass Flow 4 m3/min 

 
A critical point in both concepts is the generation of the 

pressurised gas. As the high voltage vessel is filled with 
sulphur hexafluoride, the preferred gas is SF6, since this 
reduces the problems e.g. in the case of leaks. Based on 
the data of the GET, the efficiency was roughly estimated 

assume the same specification of the GET for SF6 as 
driving gas, a compressor power of 28kW is required. 
This results in an efficiency of 18%, but that is probably 
an overestimation. However, a low efficiency means high 
operational cost. Alternatively an Organic Ranking Cycle 

(ORC) like process could be applied in the case of SF6 
[13]. 

 
Figure 4: GET turbine with lubrication unit. 

CONCLUSION 
To investigate the pros and contras of the different 

approaches a test bench is necessary, where e.g. the 
reliability, temperature regime, efficiency of the turbine 
can be studied. Other problem to study is the magnetic 
field quality dependent on the magnetic coil design. 
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Abstract 
Results from experimental studies of plasma storage in 

the Surko trap at the LEPTA facility are presented. The 
number of stored particles is found to increase 
substantially when using the so-called "rotating wall" 
(RW) method, in which a transverse rotating electric field 
generated by a cylindrical segmented electrode cut into 
four pairs is applied to the positrons storage region. 

The conditions of transverse compression of the plasma 
bunch under the action of the rotating field and buffer gas 
are studied. The optimal storage parameters are 
determined for these experimental conditions. 
Mechanisms of the action of the rotating field and buffer 
gas on the process of positron clouds storage are 
presented. 

INTRODUCTION 
Experiments with antimatter required the development 

of methods of storage, confinement and manipulate of 
clouds of antiparticles. For these purposes, generally used 
a electromagnetic trap. One method of increasing the 
efficiency of storage: increase in the lifetime of charged 
clouds inside the trap in a rotating electric field. The 
effect of «The Rotating Wall» (RW) was detected in 
experiments on the storage of a plasmoid ions [1]. Then, 
similar results were obtained for both the electron and 
positron plasma [2, 3]. The method of the rotating field is 
used to generate antihydrogen in projects 
ATHENA/ALPHA [4, 5]. Successful use of this method 
allowed us to begin the study of the properties of 
antimatter and exotic atomic and molecular systems. 
Determining if there is storage of the frequency and the 
direction of rotation of the field in a plane transverse to 
the axis of the trap. The dependence of the efficiency 
savings from RW-field parameters is resonant. There are 
several mechanisms [6-9] action of the rotating field 
compression and holding a bunch of charged particles 
trapped. Until now, the explanation of this phenomenon 
causes a heated discussion. 

THE SURKO TRAP OF THE LEPTA 
FACILITY 

The LEPTA facility [10] is designed for generating 
high flow orthopositronium opportunity to carry out 
precision measurements of the characteristics of 
positronium. In the storage ring can be made of two kinds 
of particles injection. The electron beam creates an 

electron gun to clear the circulating electron beam 
collector exists, positron beam is injected from the source 
of positrons passing through positron trap. Optimization 
of the process of accumulation of positrons in the trap is 
one of the basic conditions of work. This is an open the 
trap Malmberg-Penning type with a longitudinal magnetic 
field. Retention of charged particles in the longitudinal 
direction of the accumulation is carried out by the 
electrostatic field created by trap electrodes. With the 
storage of positrons injection from the source (22Na) of a 
continuous stream necessary to ensure the selection of the 
energy of motion for the "rolling" in the potential well 
inside the trap. For these purposes, Surko [11] proposed 
the use of a buffer gas. Thus modified trap began to wear 
his name. It is used to the LEPTA facility (see Fig. 1). 

 

Figure 1: Scheme the Surko traps (longitudinal section). 
I - VIII - electrodes 8 - solenoid 9 - Vacuum posts. 

MECHANISM OF COMPRESSION OF 
POSITRON CLOUDS 

In [12] proposed a mechanism of the effect of a RW-
field on the transverse size and lifetime of the storage 
trapped cloud  based 3D model of the dynamics of 
charged particles. The exteriments datas were presented 
on research independion frequency of the rotating field 
with a longitudinal oscillation bounce-frequency, which 
show the validity of this model. The essence of the 
proposed mechanism is reduced to the necessity of 
matching the frequency of the rotating field RWf , 
frequency magnetron motion of particles in the trap f−  
and the frequency of the longitudinal oscillations of the 
bounce zf  : 

 RW zf Nf Lf−= = . (1) 

Here ,N L  — integers. The values of the longitudinal 
oscillation frequency bounce-determined depth and size 
of the potential well, retaining particles within the area of 
accumulation. The values of the magnetron frequency is 

____________________________________________ 
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defined as the electrode potential and the space charge 
accumulated particles. The resonance condition (see Eq. 
1) provides a systematic effect of the rotating field, which 
can reduce the drift of particles to the walls of the trap 
due to the pressure of the buffer and the residual gas. 

EXPERIMENTAL RESULTS: POSITRON 
STORAGE 

In 2013-2014 he was modernized equipment [13] on 
the LEPTA facility. In particular, as the trapped vacuum 
stations are installed cryogenic pump and the 
turbomolecular pump. This allowed to disconnect during 
storage ion pump, improve almost an order of magnitude 
(up to 10-9 torr) vacuum inside the base of the trap. In 
addition to quantitative changes in vacuum conditions and 
this has led to qualitative changes in the conditions of 
storage. The adsorption of large organic molecules, which 
give large cross sections of positron annihilation in the 
cryopump has significantly raised the lifetime and 
efficiency of accumulation of positrons. Results were 
obtained by accumulation of electrons in the trap. Found 
resonances of storage electrons on the frequency of the 
rotating field, which agreed well with the calculations 
(see Eq. 1) for the given parameters.  

Experiments were performed to generate the positron 
annihilation with a detector PMT. Were obtained 
depending on the number of storage positrons in low-
density mode of the frequency of the rotating field (see 
Fig. 2).  

 

Figure 2: Dependence of the number of positrons in the 
cloud on the frequency of the rotating field.  

Emphasis is placed on the resonances at low 
frequencies. The dynamics of the accumulation process 
when turning the rotating field at resonance shows a 
significant increase in the number of accumulated 
positrons at low frequencies (see Fig. 3).  

With movable collector were obtained transverse size 
positron clouds when turning the rotating field (see Fig. 
4).  

Data from these experiments show that the increase in 
the lifetime and the reduction of the transverse size of the 
cloud of positrons trapped possible at low frequencies of 
the rotating field, which are far from the bounce 
frequency oscillations (about 1 MHz). 

 

 

Figure 3: Dependence of the number of positrons in the 
clouds from the storage time.  

 

Figure 4: The dependence of the size of the positron 
cloud working time of the RW field: RW frequency 
equal  6.3 kHz.  

Simultaneously, the frequency of the rotating field does 
not fall into resonance with the frequency of the 
magnetron motion of positrons at low densities (about 60 
Hz). Moreover, the harmonization of the magnetron 
frequency with the frequency of the field allows RW 
under the proposed mechanism to explain the effect of 
RW-field on the ыещкфпу of positrons. Our hypothesis is 
that the missing space charge positrons in this case is 
supplemented with the positive charge of the ions 
produced in the ionization positrons buffer gas molecules 
(nitrogen). To test this hypothesis, we need careful 
measurement of the amount of positive ions in the trap. 
 

CONCLUSION 
- «The Rotating Wall» method was studied 

experimentally at LEPTA injector and a high efficiency 
of particle storage with RW application has been 
obtained.  

- Optimal the Surko trap parameters have been found. 
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- It was found that the RW mechanisms compression of 
positron clouds were discussed at the LEPTA Trap 
parameters.  

- Methods of optimization of the particle storage and 
bunch compression in the Surko trap has been obtained.  

- Experimental results of positron storage in the 
LEPTA trap have been presented. A hypothesis about the 
effect of positive ions on the storage of positrons in the 
low-density regime. 
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ULTRAHIGH VACUUM IN SUPERCONDUCTING SYNCHROTRONS 

A.M.Bazanov, A.V.Butenko, A.R.Galimov, A.V.Nesterov, A.V.Smirnov# 
JINR, Dubna, 141980, Russia

Abstract 
The achievement of ultrahigh vacuum conditions in the 

range of 10-10 – 10-12 Torr is a very complicate task for 
charged particle accelerators. For the superconducting 
accelerators the main rest gas is the hydrogen which does 
not freeze effectively on the chamber wall even under the 
liquid helium temperature. A fast ramp of the magnetic 
field in the superconducting synchrotrons leads to the 
heating of the vacuum chamber and the additional 
evaporation of the hydrogen from the vacuum wall. Non-
evaporable getters under the liquid nitrogen temperature 
are planned to the pumping of the hydrogen and 
achievement of the necessary vacuum conditions in the 
new accelerator complex of the NICA project at JINR. 

VACUUM GAS COMPOSITION 
In the atmosphere conditions the main gas components 

are nitrogen and oxygen. Other gases like water, argon, 
CO2 occupy less than 1% of the air volume. The gas 
composition at vacuum condition is varied depending on 
many factors: choice of material, cleaning, baking, 
pumping system design, type of pumps, temperature, 
photon, electron or ion bombardment of the surface and 
many others.  

Water is the main gas in unbaked metal chambers. The 
water outgassing does not depend significantly on the 
nature of metals, on surface treatments and on 
temperature (for temperatures lower than 110° C). At 
present no methods, except heating, exist to remove water 
from unbaked metals. 

At the ultrahigh vacuum condition H is the main gas 
desorbed by baked metals. The outgassing of hydrogen is 
an intrinsic property of metals and the value of the 
outgassing rate of hydrogen is stable at room temperature. 
The diffusion model predicts values for the hydrogen 
outgassing that are in accord with experimental 
observations. Firing decreases the hydrogen outgassing 
rate by more than 2 orders of magnitude. 

Gas molecules are dissolved into the bulk of materials 
during the production processing and during their 
permanence in air. In vacuum, the lighter molecules 
diffuse and, after reaching the surface, they are released. 
Only hydrogen atoms have enough mobility in metals to 
attain the surface where they recombine to form H2. The 
models that take into account all the steps in the 
outgassing process are quite complicate and, in general, 
they give only asymptotic solution for limit conditions. 

PUMPING SYSTEMS 
Different pumping systems are used for the 

achievement of ultrahigh vacuum conditions in particle 
accelerators. Ion sputter pump cannot effectively remove 
hydrogen from the rest gas and can be used in the 
combination with other pumping systems. 
Turbomolecular pumps has a minimum limit about 10-11 
Torr and can be used as preliminary pumping system only. 
Titanium sublimation pumps require the periodical 
activation at high temperature and cannot be used with 
superconducting accelerators at the cryogenic 
temperature. 

Cryosorption pumps are the most popular pumping 
systems for the achievement of the ultrahigh vacuum 
conditions at superconducting accelerators. 
Cyocondensation is based on the mutual attraction of 
similar molecules at low temperature. The key property is 
the saturated vapour pressure, i.e. the pressure of the gas 
phase in equilibrium with the condensate at a given 
temperature. It limits the attainable pressure. Only Ne, H2 
and He have saturated vapour pressures higher than 10-11 
Torr at 20 K (Figure 1). The vapour pressure of H2 at 4.3 
K is in the 10-7 Torr range, at 1.9 K lower than 10-12 Torr. 

 
Figure 1: Vapour pressure of common gases. 

 
Cryosorption is based on the attraction between 

molecules and substrate. This interaction is much stronger 
than that between similar molecules. Gas molecules are 
pumped at pressures much lower than the saturated 
vapour pressure providing the adsorbed quantity is lower 
than one monolayer. Porous materials in cryosorption 
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pumps are used to increase the specific surface area; for 
charcoal about 1000 m2 per gram are normally achieved. 
The important consequence is that significant quantities 
of H2 can be pumped at 20 K and He at 4.3 K. 

NON EVAPORABLE GETTERS 
Non evaporable getters (NEG) are usually used at the 

room temperature. Gases diffuse into the interior of the 
getter material. Gases are categorized into four families 
based on their interactions with NEGs:  
- hydrogen and its isotopes - sorbed reversibly;  
- CO, CO2, O2, and N2 - sorbed irreversibly;  
- H2O, CxHy - sorbed in a combination of two processes;  
- rare gases - not sorbed at all.  

The dissolution of the oxide layer is possible only in 
metals having very high oxygen solubility limit, namely 
the elements of the 4th group: Ti, Zr and Hf. NEG 
materials are produced industrially by powder technology. 
Small fragments are sintered to form pellets, discs or 
plates [SAES]. The powder can also be pressed at room 
temperature on metallic ribbon. NEG pump can be used 
in combination with ion pumps. 

An activation temperature is a function of the activation 
time and depends on the NEG material (Figure 2). NEG 
partially activated during bakeout at T ~ 250°C. Full 
pumping speed is obtained after heating at 400°C for 45 
min or 300°C for 24 hours; activation pressure is P < 10-5 
Torr. NEG pumps can be activated more than 50 times 
without significantly losing of its characteristics. 

 
Figure 2: The dependence of the activation temperature 
on the activation time for different NEG pumps. 
St707® [1]: 70% Zr, 24.6% V, 5.4% Fe. 

 

Up to now NEG don’t used under cryogenic 
temperatures. Nevertheless NEG still have good pumping 
speed for H2 close to liquid nitrogen temperature (Figure 
3). 

 
Figure 3: H2 and CO sorption characteristics for Zr-V-Fe 
getter alloy at (A) room and (B) LN2 temperature after 
activation at 400°C for 300 min [2]. 

SUPECONDUCTING ACCELERATOR 
A few superconducting particle accelerators over the 

world operate at ultrahigh vacuum conditions. Large 
Hadron Collider (LHC) at CERN (Switzerland) has 27 
km circumference with ultrahigh vacuum conditions 
about 10-12 Torr. Cryogenic chambers have the 
temperature of the liquid helium at 1.9 K that permits 
very effectively freeze hydrogen on the chamber wall. A 
special beam screen is used in the beam pipe to prevent 
the heating of the outer shell which is kept the helium 
temperature [3]. 

All camber walls which are operated under room 
temperature were coated with NEG pumps. CERN’s NEG 
coating facility was constructed for this purpose. More 
than 1300 chambers coated with TiZrV NEG for the LHC. 
Standard chambers are 7 m long, 80 mm diameter [4]. 

The superconducting synchrotron SIS100 will be 
constructed in frame of the new FAIR project (Germany) 
[5]. Total length of SIS100 is 1083.6 m (82% cold, 18% 
warm), basic structure is hexagonal - six straights and six 
arcs, 25 warm sections (24 x 9.1 m long, 1x 3.3 m), 25 
cold sections (6 long arcs: 5x 135m, 1x 122.6m), 19 short 
straight sections (18 x 4.3m, 1 x 9.2m). 

The inner beam pipe wall will be used as expanded 
cold surface of an efficient cryopump with practically 
infinite capacity for nearly all condensable gas species. 
Static vacuum pressure inside the chamber is about 10-12 
Torr, under dynamic conditions less than 10-11 Torr. Due 
to the fast magnet ramping eddy currents heat up the 
chamber wall to temperatures > 20 K [6]. 

10 cryosorption pumps per arc (each 13 m) and one per 
short quadrupole doublet in the straight sections are 
planned for vacuum chamber under cryogenic 
temperature. Cryosorption pump consists of several round 
cryopanels (copper disks coated with charcoal) which are 
cooled down to T ~ 4.5K [7]. 
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NICA PROJECT 
General goal of the NICA project [8] is to study of hot 

and dense strongly interacting QCD matter and search for 
possible manifestation of signs of the mixed phase and 
critical endpoint in heavy ion collisions. The Nuclotron-
based Ion Collider fAcility (NICA) and the Multi Purpose 
Detector (MPD) are proposed for these purposes. 

In the frame of the project a few superconducting 
accelerators will be operated as an accelerator chain. 
Superconducting booster synchrotron will be used for the 
accumulation and acceleration of the gold ions from the 
linear accelerator. Next step particles are injected from 
Booster to the superconducting synchrotron Nuclotron, 
where particles are bunched and accelerated up to 
experimental energy. Finally particles are injected bunch 
per bunch from Nuclotron to superconducting collider 
rings. 

Vacuum conditions in circular accelerators are defined 
by the beam life during accumulation and acceleration 
processes. The vacuum condition at Booster and Collider 
was estimated on the level of 10-11 Torr, at Nuclotron the 
necessary vacuum value is about 10-9 Torr. During 2007 – 
2011 years the Nuclotron vacuum system was upgraded 
and at the present time Nuclotron operates with vacuum 
value about 10-9-10-8 Torr [9]. 

The Booster optics structure permits to install the 
standard vacuum station each 9 m (Figure 4). The 
problem is that the cross section of the beam chamber is 
too small (ellipse 130 x 69 mm) and the vacuum 
conductance of the such pipe is not enough to reach the 
necessary vacuum condition. 

To resolve this problem NEG pumps which operates 
under temperature close to the liquid nitrogen were 
proposed. NEG pumps can be installed in each free space 
between dipoles and quadrupoles. 

 
Figure 4: Scheme of Booster optics structure and 
pumping station: red is quadrupoles, blue – dipoles. 

 

It means that vacuum chambers inside superconducting 
magnets will operate under temperature close to the liquid 
helium but vacuum chambers between superconducting 
magnets can operate under temperature close to the liquid 
nitrogen. This idea can significantly decrease the cost of 
the pumping system in the comparison with cryosorption 
pumps which have more complicate construction and the 
own cryogenic system. 

Next year a special cryogenic test bench will be 
assembled at JINR for the testing of vacuum chambers 
and NEG pumps under cryogenic temperatures. 

This year in the collaboration with Vakuum Praha 
company [10] the vacuum test bench was assembled at 
JINR for the testing of vacuum chambers under the room 
temperature. After baking procedure during 30 hours with 
280oC the vacuum was reached value about 10-11 Torr 
(Figure 5). The ultrahigh vacuum was reached with the 
combination of the ion pump and titanium sublimation 
pump with the nitrogen trap. 

 

 
Figure 5: JINR vacuum test bench under the room 
temperature. 
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Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia 

G.A.Fatkin, Budker Institute of Nuclear Physics, Novosibirsk State University, Novosibirsk, Russia 
 

Abstract 
The project NICA is being constructed in JINR, 

Dubna to provide collisions of heavy ion beams in  the 
energy range from 1 to 4.5 GeV/u at the luminosity level 
of 1·1027 cm-2·s-1. One of the elements in the collider 
injection chain is the Booster – a cycling accelerator of 
ions 197Au32+. The injection energy of particles is 
6.2 MeV/u, extraction energy is 600MeV/u. 

Two RF station are to provide 10 kV of acceleration 
voltage. Frequency range of operation of the stations in 
the injector chain is from 634 kHz to 2400 kHz [1, 2]. 
The provisions are made for autonomous mode of 
operation in the frequency range of 0.5 – 5.5 MHz at the 
same accelerating voltage. Amorphous metal rings 
produced in Russia are used in the RF cavities.  

RF stations are created in the Budker Institute of 
Nuclear Physics, SB RAS, Novosibirsk. The stations are 
tested in the operative mode and have been delivered to 
the customer in September 2014. Main design features 
and parameters of RF cavity power generator and control 
system of the stations are described in the paper.  

INTRODUCTION 
Acceleration of particles in the Booster will be made 

in two stages. 
• Adiabatic capture and acceleration at the fourth 

harmonic of revolution frequency up to the energy 
of electronic cooling of 100 MeV/U. 

• Acceleration of particles at the first harmonic up to 
energy of 600 MeV/U. 

    Between the acceleration stages the electronic cooling 
of beam is made for a time of ~1sec with RF switched off.   

During both acceleration stages the operational 
frequency range lays within the limits of 0.5 - 2.5 MHz.  

On the customer request for autonomous operation of 
Booster the frequency range is extended to 0.5 - 5.5 MHz 
at the same gap voltage of 10 kV. The duration of the 
acceleration cycle in this mode is 1.5 sec, the repetition 
time of a cycle is 6 sec.  It is supposed, that after 
acceleration of ions their slow extraction from Booster for 
physical experiments will be carried out.  

THE ACCELERATING CAVITY 
The accelerating cavity is formed by two pieces of the 

short-circuited coaxial lines divided by the accelerating 
gap (Fig.1). A vacuum-tight ceramic insulator 6 is 
installed in the gap. Only the stainless steel beam pipe and 
the gap ceramic are under vacuum, the remaining cavity 
is operated in air.  

Main parameters of RF cavity are given in table 1. 

Table 1: RF  station main parameters 
Parameter Value 

Frequency range, MHz 0.5 – 5.5 

Gap voltage, kV 5.0 

Beam pipe diameter, mm 160 

Residual gas pressure, Torr < 5.5 · 10-11 

Outside station diameter, m 1.2 

Installation length, m 1.4 

Real part of conductance at 
the cavity gap, Ohm 

> 1000 

To increase the shunt impedance of RF cavities in the 
frequency range from hundreds kilohertz and in excess of 
ten megahertz a space between conductors of the coaxial 
is filled with a material with large magnetic permeability.  

The choice usually is between ferrites and amorphous 
magnetic alloys. The last material is used in modern 
designs more often.  

5

21 1

43 6

 

Figure 1: Accelerating cavity of RF station. 
1. Amorphous alloy rings. 2. Gap voltage pickup. 
3. Beam pipe. 4. Coaxial inner conductor.  
5. Connecting  nipple. 6. Ceramic insulator. 
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In case if ferrite are used the design needs a power 
supply for ferrite biasing and a feedback loop to keep 
tuning of the cavity to resonance  [3, 4]. RF cavity with 
amorphous material does not need these elements and 
flux density is much higher than that of ferrite therefore it 
is used in modern design more often [5,6].  

In our stations the amorphous material of Russian 
production based on iron are used. Type of the material is 
5B-M. Rings are produced by Asha Metal Works. The 
sizes of rings are D x d x h = 500 x 250 x 15 mm. For use 
in RF cavity the technology of the standard material 5B 
has been modified.  As the reference parameter for the 
factory a requirement to have modulus of relative 
magnetic permeability (μr) above 2000 at frequency of 
1 MHz had been defined. This requirement has been 
realized. 90 such rings were supplied to BINP by the 
factory.   

The rings in the cavity are glued up together by pairs 
and fixed in the holders attached to external cylindrical 
wall of the cavity. There is a gap of 10 mm between 
neighbor pairs for cooling air. A part of airflow from the 
fan cooling generator tubes is used. 

Air passes from RF generator compartment through 
the connecting nipple 5 and goes further between an 
internal conductor of a coaxial 4 and an internal surface 
of rings, being distributed between gaps.  

Having passed a gap in the radial direction, air leaves 
the cavity through apertures in external cylindrical and 
face walls of the cavity.  

The average power dissipation in the rings during 
operation in regular mode is 3 kW. Through the nipple 5 
the connection is made between output stage of RF 
generator and RF cavity.   

Vacuum parts of the cavity – beam pipe and ceramic 
insulator are baked out at temperature of 300°C for 
reaching the designed vacuum. As a result the vacuum 
3·10-11 Torr have been obtained.  
 

RF POWER AMPLIFIER 
The output stage of the power amplifier employs  two 

tetrodes GU-36B-1 produced by the Joint-Stock Company 
" S.E D.-SPb", St.-Petersburg, Russia.  

The tubes are driven in push-pull mode in the 
common cathodes schematic. Air-cooling of the tubes is 
used.  

Anodes of tubes are connected directly to an 
accelerating gap of the cavity through the blocking 
capacitors Cb (Fig. 2). The anode power supply voltage 
Va = + 4.5kV is connected to anodes through the 
inductance choke. The choke is made of two ferrite rings 
with dimensions of 180 х 110 х 20 mm. Magnetic 
permeability of rings  material is 1000. The type of the 
used winding also allows suppressing even harmonics of 
the accelerating voltage at the cavity accelerating gap. A 
semi-conductor preamplifier with the peak output power 
of 500 W drives the tubes. Maximum input power of the 
preamplifier is 1W.  During testing of the stations 

maximum output power of the preamplifier did not 
exceed 200 W. 

  
To reduce nonlinear distortions of the accelerating 

voltage, tubes operate in a cycle close to class A. In a 
pause between cycles the tubes should be in off state for 
reduction of the average anode power dissipation.  

The modulus of the tubes loads impedance changes in 
the frequency range almost twice. For reduction of 
average anodes power dissipation a DC component of the 
anode current in the acceleration cycle is controlled 
programmatically by a feedback. On frequencies with 
smaller load impedance the DC component being 
increased. The reference voltage for this circuit provides a 
DAC in the control system. 

The impedance of the cavity at the accelerating gap is 
defined substantially by the distributed capacity of the 
coaxial line filled by rings and by capacity of the 
insulator. Therefore, on the higher side of the frequency 
range of 5.5 MHz this capacity shunts accelerating gap of 
the cavity heavily and anode current of a tube appears to 
be insufficient for maintenance of the necessary RF 
voltage.  

The problem is fixed by correction of the impedance 
at anodes of tubes in the given frequency range. For this 
purpose the inductance Lc of 10 μH is inserted in series 
between anodes and blocking capacitances Cb (see 
Fig. 2). As a result, the maximum DC component of the 
anode current does not exceed 8А at 3.3 MHz and it is 
less than 5А on both sides of the frequency range. The 
average anodes power dissipation of the tubes is 4.9 kW 
for maximum rating of 15 kW. 

 
CONTROL SYSTEM 

Low level signal circuits of the control system of both 
stations are placed in the SCHROFF rack.  The circuits 

2 x GU-36B-1

Preamplifier
500W

Pickup
of cavity voltage 

RF input 
1W max 

CbCb

LcLc

Va=+4.5kV

Cs

Choke Ceramic
insulator

Amorphous
materal

Cs

Amorphous
materal

 

Figure 2: Block diagram of RF power amplifier. 
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control the amplitude of the accelerating voltage, a DC 
component of anode current of the tubes by means of 
feedback loops and protect powerful elements of stations 
and personnel in emergencies.   

The pickup of the accelerating voltage in the cavity is 
a capacitive divider.  

The output voltage of the pickup comes to an 
amplitude detector. Its output signal together with a 
reference voltage from a DAC comes to an error amplifier 
(EA). EA output controls the amplitude of RF voltage, 
which drives the preamplifier. A response time of this 
feedback loop is 150 μs.  

The DC component of the anode current is measured 
by a probes based on the Hall sensor. Probes signals from 
each tube together with a reference voltage from a DAC 
come separately into two EA. Their outputs control 
biasing of the tubes control grid.  

A reference voltage from DAC is common for both 
feedback loops, so DC anode currents of the tubes are 
always equal.  It also prevents saturating of ferrite of the 
Choke. A response time of the loop is 1ms.  

An intellectual controller and tester modules are 
installed in the same rack [7]. They are connected to 
Booster ring control system by Ethernet network.  

The controller operates master frequency of the 
stations, which depends on the value of the accelerator 
leading magnetic field. In addition, this frequency could 
be corrected by signals from beam position monitors of 
the accelerator ring. The frequency is generated by 2-
channel DDS, each of the channels driving one station. It 
is possible to control phase shift between output signals of 
the channels to provide correct phasing of accelerating 
voltages for any mutual position of RF stations in the ring 
of Booster.  

Controller has DAC’s that produce reference voltages 
to control the accelerating voltage and DC component of 
anode currents. It also employs ADC’s for measurement 
of operating regimes of the stations. Two I/O registers are 
provided for control and monitoring of operating modes 
of stations.  

Tester module allows to disconnect RF stations 
controller from Booster signals (magnetic field sensor and 
synchronization pulses) and provide corresponding 
imitation or to through-pass these signals. This 
functionality is intended to provide for on-site RF 
Stations testing. 

 
DESIGN OF THE STATION 

generator box is placed under the cavity with all its power 
supplies and control units. A SCHROFF rack contains the 
low level control electronics and computer control.  

 
CONCLUSION 

Two RF accelerating stations are created in 
Novosibirsk Institute of Nuclear Physics for Booster,  
NICA project, JINR in Dubna. The stations are tested in 
operating modes. The designed accelerating voltage in the 

frequency range of 0.5 – 5.5 MHz is obtained. In the end 
of September, 2014 the stations have been sent to the 
customer. Test of stations at the customer’s site is planned 
in November. 
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Figure 3: RF station on the test bench. 

The cavity rests upon 4 supports (See Fig.3). A 
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PARTICLE AND ACCELERATOR PHYSICS AT THE VEPP-4M COLLIDER 
 

V. Kiselev for the VEPP-4 team [1] 
BINP, Novosibirsk 630090, Russia 

 

Abstract 
     VEPP-4M electron-positron collider is now operating 
with KEDR detector for high-energy physics experiments 
in the 1.5−4.0 GeV beam energy range to study   
production of hadrons in continuum and for precise 
measurement of R constant. In parallel with these 
experiments, the VEPP-4M scientific team carries out a 
number of accelerator physics investigations. Here are 
some of them: stabilization of the guide field of VEPP-
4M with an accuracy of 10-6 using a special feedback 
system, development of the method of RF orbit 
separation of electron and positron beams at VEPP-4M 
instead of usual electrostatic orbit separation for CPT-
theorem testing experiment, finding ways to increase 
luminosity of VEPP-4M. The paper discusses the recent 
results, present status and prospective plans for the 
facility.  

INTRODUCTION 
     The VEPP-4M is the modernized VEPP-4 collider, 
which was commissioned for the first time in 1977. At 
present, the complex [2] includes (Fig. 1) a Positron 
injector, VEPP-3 booster accumulator with beam energy 
in the range from 350 MeV to 2 GeV, VEPP-4M 
electron–positron collider with beam energy E in the 
range from 0.9 to 5.5 GeV (Table 1), and KEDR 
universal magnetic detector [3]. 

 

 
Figure 1. The layout of the VEPP-4 complex. 

 
     In addition to the KEDR detector, the experimental 
spacing of the collider contains a system for registering 
scattered electrons and positrons for two-photon physics. 
The VEPP-3 and VEPP-4 facilities are equipped with 
user stations for studies on the extracted SR beams. A 
Deuteron unit with the internal polarized gas target for 

nuclear physics experiments is operating at VEPP-3. 
Some physical technical characteristics of the complex 
make it possible to design experiments that are unique not 
only for Russia but for the world as a whole. 
 

Table 1: Main Parameters of VEPP-4M 
Parameters Values Units 
Circumference 366 m 
Tunes QH/QV 8.54/7.58  
Mom. compaction 0.017  
Max. energy 5.5 GeV 
Nat. chromaticity CH/CV -13/-20  
RF-frequency 181.8 MHz 
Harmonic number 222  
RF power 0.3 MW 
RF voltage 5 MV 
No. of bunches per beam 2  

Interaction point 
βV  function 0.05 m 
βH  function 0.75 m 
DH  function 0.80 m 

 

HIGH-ENERGY PHYSICS 
     The luminosity of VEPP-4M is a bit lower than the 
corresponding value in new-generation colliders. For this 
reason, the KEDR physical program is directed at 
precision measurements of the parameters of fundamental 
particles. The following advantages are used in this case: 
a broad energy range of the center of mass at the complex 
(2E = 2–10 GeV), the methods and techniques that have 
been developed for the precision determination of the 
beam energy [4, 5], the fine energy and spatial resolution 
in a LKr calorimeter (3.5% and 1 mm, E =1.8 GeV), and 
the high resolution in the system of scattered electrons 
(10–2). A number of HEP experiments have been carried 
out at the VEPP-4 complex over the years of its operation 
since 1980: spectroscopy of the c and b states, including 
precision measurements of the masses of fundamental 
particles (the particles from J/ψ_, ψ(2S)_, ψ(3770) and 
Y_families, and D_mesons), as well as of the lepton 
masses and total widths of narrow resonances (Γee and 
Γtot); measurement of the tau_lepton mass proceeding 
from the threshold behavior of the production cross 
section (near E =1777 MeV); the unique measurement of 
fundamental parameter R in the wide energy range of 2E 
= 2–10 GeV at one facility; and studies of two-photon 
physics (full cross section of the γγ → hadrons process 
and charge parity states) [6-12].  
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     Here are some recent results: 
     1) A high-precision determination of the main 
parameters of the ψ(2S) and ψ (3770) resonances has 
been performed [13-14]. Fitting the energy dependence of 
the multihadron cross section in the vicinity of the ψ (2S) 
has also been carried out (Fig.2, left) 
     2) The ratio of the electron and muon widths of the 
J/ψ meson has been measured using direct J/ψdecays 
(Fig.2, right). The result Гe+e (J/ψ)/Гµ+µ (J/ψ) =1.0022 
± 0.0044 ± 0.0048 is in a good agreement with the lepton 
universality [15].  

85.9 86 86.1 86.2 86.3

КЕДР 2012

KEDR 2003

OLYA 2000

E760 1993

[M (ψ(2S)) − 3600], MeV  
Figure 2. On the left: the compilation of the results on 
ψ(2S) mass. The relative accuracy of the KEDR result is 
about 2*10-6. On the right: the measurement result Гe+e 
/Гµ+µ . 

 
The following experiments are planned for 2014: 

scanning at energy 2E = 3.1-4.0 GeV for the 
measurement of R and collection of statistical data at the 
peak of the ψ (3770) meson to measure the mass 
D_mesons. 

NUCLEAR PHYSICS 
     The electro-nuclear experiments with internal targets 
at the electron-positron storage ring VEPP – 3 have been 
performed by BINP for several years [16].  During this 
time the data on the tensor analyzing power in reactions 
with deuteron have been obtained, the two-photon 
exchange contribution in (ep) -scattering have been 
measured. 
     Further progress of experiments is connected with 
introduction into VEPP-3 a quasi-real photon tagging 
system, which will allow performance of a series of 
measurements of the polarization observables in various 
reactions with photon energy of up to 1.5 GeV. Creation 
of the tagging system will be an important stage in 
development of the technique of experiments with 
internal targets at the   VEPP-3 storage ring. The system 
will considerably   simplify process of event 
reconstruction of different reactions. Moreover, a 
significant part of the photons is determined by their 
transverse polarization that enables to carry out 
experiments with double polarization.  
New experimental section "Deuteron", including the 
tagging system, differs essentially from the previous one. 

     The new section, in addition to a storage cell, elements of 
vacuum pumping and quadrupole lenses, comprises three 

new dipole magnets and a scattered electron registration 
system (Fig. 3). 
 

 
 
Figure 3.  Layout of a new experimental section 
"Deuteron". 

 
      In 2013 the tagging system was introduced into 
VEPP-3 ring and tested with electron and positron beams. 
The spectra of the bremsstrahlung and the annihilation 
radiation were detected at zero angle of the tagging 
system (Fig.4).  

 
 

Figure 4. Test of the photon tagging system trigger. 

SR EXPERIMENTS 
     Experiments with synchrotron radiation have been 
carried out at VEPP-3 for more than 30 years and few 
years ago at VEPP-4M. Fifteen stations are installed in 
the experimental halls providing study on X-ray 
lithography, high pressure and time resolving 
diffractometry, EXAFS, X-ray fluorescence analysis, X-
ray microscopy, small-angle scattering and others.  
     More than 60 works performed at the VEPP-3 and 
VEPP-4M storage rings were presented at the XXth 
National Conference on Synchrotron Radiation "SR - 
2014" held recently in Novosibirsk [17]. Installation of a 
new 7-polar electromagnetic wiggler with a 1.2 Т field 
has provided a increase of radiation intensity by an order 
of magnitude and reduction of wave length. This has 
extended   possibilities to study the fast processes 
proceeding in a detonation wave, at the front of a shock 
wave, and to begin a new program of experiments in 
diffractometry with a very high time resolution. Thus, for 
example, the method of acquisition of phase-contrast 
images with use of X-ray Talbot interferometer, produced 

TUZ01 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

30C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Colliders



in BINP, has been implemented. Monochromatic 
radiation with a 0,3 Å wave length was chosen for 
testing. A fruit of hautbois strawberry (Fragaria 
moschata) with a low absorption contrast at the specified 
wave length (Fig. 5) was taken as a research subject. 
 

1  
 
 
Figure 5. (a) – Absorption  contrast, (b) – Tomogra-
phically reconstructed three-dimensional structure of a 
strawberry from a set of phase projections. 
 
     Small low-contrast details, such as a stalk, leaves and 
seeds which are not distinguishable at absorption contrast 
are well visible. The Talbot interferometer, created at 
VEPP-4M and used for solving problems of a computer 
X-ray tomography and microscopy, opens up possibilities 
for research in such science fields as: geology, materials 
technology, archeology, biology and are especially 
important for medical research. 

MODERNIZATION OF THE VEPP-4M 
PICK-UPS 

     A BINP-developed wideband beam position monitor 
(BPM) electronics as been installed at the VEPP-4M 
electron-positron collider [14]. VEPP-4M operates with 
two electron and two positron bunches. Wide bandwidth 
of new electronics (210 MHz) allows separation of the 
measurements of electron and positron bunches with the 
time interval between the bunches of up to 20 ns. 15 of 54 
collider BPMs located near four meeting points are 
supplied with new electronics. The electronics can 
measure the position of each of four bunches. BPM 
system works in two modes: slow closed-orbit 
measurements and turn-by-turn measurements (Fig.6). 
With new electronics the accuracy of closed orbit 
measurements  (∼3 μm) and turn-by-turn measurements 
(∼ 15 μm) has increased significantly. 

HIGH-FREQUENCY SEPARATION OF 
ORBITS 

     At the beginning of 2013, we tested a system for 
separation of electron and positron orbits in the parasitic 
collision point that had been recently suggested and 
developed at the Institute of Nuclear Physics [15]. It is 
designed to be used instead of traditional electrostatic 
separation of orbits in the precision experiment on 

verifying the CPT invariance by comparison of the 
electron and positron spin frequencies by the RD method 
[4].  
 

 
Figure 6.  The example of the turn-by-turn measurement 
of the intensity, vertical (the middle plot) and horizontal 
(the lower plot) oscillations of the injected beam. The 
spectra of the oscillations and the calculated deviations of 
the injection conditions from the optimal values are 
shown on the right. 
 
    In this experiment, the electrostatic method can give a 
systematic error of about 10-6 at the required value of 10-9 
The alternative method is based on the application of a 
high-frequency radial electric field with a frequency 
strictly equal to half of the circulation frequency of a 
particle in the collider (f0 = 819 kHz). The plates on 
which the above-mentioned field is generated are located 
on the same azimuth with the parasitic collision point. 
The electron and positron beams in this case circulate on 
the common orbit, closing after two turns (Fig. 7) 
 

 
 
Figure 7. A schematic two-turn orbit in the form of a 
plane Pascal’s snail. 
 
     Hence, the systematic error of the CPT experiment 
connected with the difference in the integrals of a 
magnetic field along the electron and positron orbits is 
minimized. The radial bias of the orbit on the high 
frequency separation azimuth is expressed as follows:  

)12(cos
2sin2

−=Χ X
X

πν
πν

θβ  

where θ is the angle of deflection in the field of the plates 
and β is the local value of the horizontal βX  function. 
Near the integer frequency values of the radial betatron 
oscillations, νX → n, we have X → 0. Near the half-
integer values, νX = (2n + 1)/2 + ε, the X bias becomes 
significant (ε  « 1): X ≈ θβ/(2πε). According to the 
performed numerical simulation of the collision effects, it 

(a) (b) (a) 
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is necessary to separate the orbits, 2X ≥ 7σX (σX is the 
radial beam size). The system of high-frequency 
separations includes a controllable amplitude-phase 
modulator for the generation of a self-tuning sinusoidal 
signal of 409 kHz and a 200 W power amplifier and 
resonance circuit connected to two deflecting plates with 
a length of 130 cm. A few experiments in the 1 x 1 
collision mode with the use of the above-mentioned 
system have been performed. The critical beam current 
unacceptably drops (at 1.85 GeV from 3 to 0.3 mA) in the 
absence of any separation of orbits in the parasitic 
collision point. Figure 8 illustrates the experiment, in 
which the system of electrostatic separation is completely 
deactivated, but the high -frequency separation is actuated 
in the parasitic collision point. 
 

 
 
Figure 8. An image of colliding beams on screens of the 
SR monitors, i.e., a 1.1 mA electron (on the left) and 0.3 
mA positron (on the right) beam; the voltage amplitude 
on the high-frequency separation plates is 6.5 kV (E = 
1.85 GeV), and two positions of the two-turn orbit are 
visible. 
 
     The electron beam current reaches the range of the 
operating values in this case, and the collision effects are 
suppressed. Later, we intend to optimize the mode of 
colliding beams with high-frequency separation and 
proceed to comparison of the electron and positron spin 
frequencies under the new conditions. 

GUIDING FIELD STABILIZATION 
SYSTEM 

     To increase time stability of the VEPP-4M guiding 
field, the feedback loop was implemented into the power 
supply control [21]. The field is measured by a precise 
NMR magnetometer and the error signal is used to 
correct the power supply current. With the feedback the 
field ripples are suppressed in the band of 0-0.1 Hz. The 
long term non-stability of the field was reduced to 10-6. 
Fig. 9 shows the NMR magnetometer data with the 
feedback off and on.  

The field values in Oersteds approximately correspond 
to the beam energy in MeV. With the closed feedback 
loop, the day-to-day beam energy drift is of an order of 1 
keV as it has been. For the frequency range 1 ÷ 100 Hz 
decisive contribution to the instability is made by 
powerful parts of the main field power supply IST. For 
these frequencies instabilities are not determined by NMR 

feedback and control voltage quality. In this regard, it 
was proposed to investigate the possibility of suppressing 
high-frequency ripples with an induction method.  

 

Figure 9: The VEPP-4M guide field stabilization. 

The essence of the proposal was measuring the field 
ripples by the induction sensor to adjust the current in the 
magnet with the help of parallel connected to IST current 
generator, which is opposite to the measured ripples. Fig. 
10. shows the spectra of the magnetic field fluctuations in 
terms of ΔB / B, when the broadband compensation is off 
(upper curve) and on (lower curve). The graph shows that 
at a frequency of 5 Hz suppression of ripples is more than 
by 10 times, at a frequency of 10 Hz - 3 times, at a 
frequency of 30 Hz - 2 times. Attempts to obtain a more 
effective suppression of magnetic field fluctuations in the 
band above 50 Hz result in system instability. 
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Figure 10: Spectra of magnetic field ripples in the 
frequencies of 1-100Hz.  

     In the near future it is planned to achieve the 
suppression of magnetic ripples in a broad frequency 
band, as well as to combine the suppression system based 
on the induction method and the NMR stabilization 
method. More details of these works are presented in the 
report [22]. 

POSSIBILITY OF LUMINOSITY 
ENHANCEMENT 

In early 2014, we performed an experiment in order to 
increase the luminosity of the collider VEPP_4M at a low 
energy (<2 GeV). The radial β-function, βx, in the 
collision point has been reduced by two times for this 
purpose, this has correspondingly increased the 
monochromatization parameter: 
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 i.e., the ratio of the synchrotron and betatron 
contributions to the radial beam size, where ηX is the 
radial dispersion function, σE is the relative energy 
spread, and εX is the radial beam emittance. The initial 
value of this parameter at VEPP-4M is about 2. The 
physical meaning contained in the λm parameter is most 
obvious in the limit λm → ∞, when the betatron 
contribution to this value is negligibly small. The 
dependence of the vertical action on the particle from the 
side of the colliding beam on the horizontal betatron 
oscillations of the particle itself (x) is eliminated in this 
case. Thus, the effect of coupling resonances is 
suppressed. If an increase in the λm value is a finite 
quantity, then the critical current will increase due to a 
decrease in the linear radial frequency shift at the 
collision effects,  

2
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2  
will increase due to the suppression of coupling 
resonances. Numerical simulation [23] of the collision 
effects shows an increase in the critical current from 3 to 
5 mA in the case of reducing the value by two times (Fig. 
11). An appreciable luminosity enhancement proportional 
to the product of the beam current and critical vertical 
frequency shift is expected. 
 

 
Figure 11. The equilibrium distribution of the normalized 
betatron amplitudes on a plane in two cases that differ in 
the values of the beam current, functions, and the 
resulting parameter ξy (E = 1.85 GeV). On the left: I = 3 
mA, βx = 65 cm, ξy = 0.036. On the right: I = 5 mA, βx = 
32.5 cm, ξy = 0.053. 
 
     The experiment, after double decrease of βx at the 
interaction point, resulted in increasing of a threshold 
current (collision effects) by half, accompanied by βx 
beating at the ring though. After studying the problem, 
experiments will be continued. 
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ACCELERATOR TECHNOLOGIES DEVELOPMENT AT ITEP 

N.N.Alexeev, V.A.Andreev, A.A.Golubev, A.A.Kolomiets, A.M.Kozodaev, T.V.Kulevoy, 

V.I.Nikolaev, Ju.A.Satov, V.A.Schegolev, A.V.Shumshuruv, A.B.Zarubin,  

ITEP, B. Cheremushkinskaya 25, 117218, Moscow, Russia 

Abstract 

Restart of scientific activity at ITEP associated with 

join it to the pilot project of NRC “Kurchatov Institute” is 

the occasion for summing up of intermediate results and 

existing capability of accelerator physics and technologies 

development in the institute. School of accelerators 

construction at ITEP has old traditions and refers on 

studying, invention, mastering and implementation to 

operation of technological features of proton and ion 

beams generation, transportation, acceleration, 

accumulation, extraction and space-time formation for 

usage of accelerated beams in physical experiments and 

applied research works. Historical survey and current 

state of accelerator science activity at ITEP are presented. 

INTRODUCTION 

The heyday of the accelerator areas in the country can 

be attributed to the mid 70-ies of the last century, when 

the proton synchrotron U-70 in Protvino occupied a 

leading position in the world and attempts were made to 

maintain this leading position in almost all areas of 

development accelerator science and technology. It was 

difficult to find such physical Institute, which would not 

have or were not going to have an accelerator facility for 

experiments in nuclear physics and physics of elementary 

particles or the practical use of the accelerated beams for 

applied purposes. In ITEP at that time, it was 

reconstructed the country's first alternating gradient 

synchrotron U-7, was created new experimental setups, 

was implemented proton therapy, were studied and begin 

to be realised new ideas for creating a linear accelerator 

with radio-frequency quadrupole focusing of the 

accelerated beam, were developed intensively technology 

of ion sources, was discussed actively the idea of creating 

high-current accelerators for use in electronuclear 

installations and in experiments on heavy ion fusion. 

Created in those years in ITEP scientific-technical 

potential, technology base and high school for training of 

specialists were allowed to retain up to the present time 

the leading position of the Institute in the development of 

accelerator science and technology, despite the constantly 

changing not for the better conditions for the development 

and implementation of promising projects. 

Historical analysis of distance travelled from 

emergence of accelerator subjects in ITEP to the current 

state of Affairs and possible directions in the future use 

and development of existing scientific and practical 

groundwork is the basis for the search of optimal ways of 

combining the efforts of stakeholders in the revival of the 

accelerator industry in the country to a new level of 

technological development and expansion of the practical 

use of charged particle beams 

FIRST ACCELERATOR IN ITEP 

The first accelerator appeared at ITEP in 1948, three 

years after the establishment of the Institute It was a 

cyclotron capable of accelerating protons to an energy of 

6.2 MeV, deuterons up to 12.5 MeV and the α-particle up 

to 24 MeV, with relatively high current of the accelerated 

beam: current of deuteron at work on the inner target was 

reached 600 µA, the current of extracted beam was 

70 µA. The cyclotron has successfully operated more than 

20 years and was dismantled in 1972. If it was known 

then, where we will come in 40 years, it would have to be 

preserved. 

HISTORY OF THE FIRST ALTERNATING 

GRADIENT SYNCHROTRON IN RUSSIA 

In Russia the principle of alternating gradient focusing 

became aware of the messages that appeared in the 

October 1952 American popular science magazine 

Scientific American. On the initiative M.S.Kozodaev, 

drew attention to the importance of this message and 

entrusted to A.A.Tyapkina to check the correctness of this 

idea, in early January 1953, a meeting was organized in 

the office of the Minister of medium machine building 

M.G.Pervukhina [1], which was attended by all the 

leading accelerator scientists at that time in the country: 

V.I.Veksler, A.A.Kolomensky, M.S.Rabinovich, 

V.V.Vladimirsky, and other. In spite of serious doubts as 

to the correctness of this principle, expressed at the 

meeting, it was approved the proposal of 

V.V.Vladimirsky to build on the territory of the ITEP 

proton synchrotron U-7 on energy 7 GeV to check the 

beam stability at alternating gradient focusing , and, if 

successful, to begin the design of the 70 GeV accelerator 

U-70 and finding a place for its construction.  

Design of U-7 (Fig.1) and U-70 began under the 

leadership V.V.Vladimirsky in 1953, and in 1961 the U-7 

was put into operation with electrostatic injector [2]. 

 

Figure 1: General view of U-7 Accelerator in ITEP 
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The main role in actually opening new directions for 

the development of accelerator science and technology in 

Russia belongs to the Director of ITEP academician 

A.I.Alikhanov, which, due to the high personal authority, 

has made the Government's decision to build two proton 

AGS synchrotrons - U-7 in Moscow, and U-70 in 

Protvino, city, whose existence is also obliged 

A.I.Alikhanov. 

CONSTRUCTION OF PROTON LINEAR 

INJECTORS 

Projects of proton synchrotrons ITEP (U-7) and IHEP 

(U-70) were designed for operation with injected beam 

current of about 100 mA. Available at that time, the 

experience of linac construction with grid focusing (KIPT 

and JINR) could not be used directly, since it was 

possible to obtain the output current of the proton beam 

not higher than 1 mA.  

The design of linear injectors I 2 on the energy 25 MeV 

for U-7 and I-100 (100 MeV) for U-70 began in 1958, 

under the leadership I.M.Kupchinsky. Design, 

development and construction of both of these injectors 

were carried out under the general guidance of 

V.V.Vladimirsky and academician A.L.Mintz, head of 

RTIAS. The work involved several dozen research 

institutes and industrial enterprises of the country. 

Obtained in the laboratory of I.M.Kupchinsky 

calculations have allowed to develop a theoretical 

justification and to determine the parameters of the 

injectors I-2 and I-100 [3,4]. The launch of accelerator I-2 

(Fig.2) took place on 2 November 1966 [5], when it was 

obtained a record beam current of 135 mA, which was 

later increased to 250 mA. 

 

Figure 2: Resonator and tank of linac I-2 

The project energy 100 MeV was achieved on the 

accelerator I-100 28 July 1967 at the current of the 

accelerated beam 5 mA. By the end of 1967, the output 

current of the I-100 beam was raised to 60 mA, which 

enables the injection of the beam during physical launch 

of synchrotron U-70. Shortly after starting up the machine 

all work on I-100 moved fully to the staff of IHEP 

RECONSTRUCTION OF U-7 

Reconstruction of the U-7 synchrotron was carried out 

in 1973 [6]. In addition to the change of the ring lattice 

were reconstructed virtually all systems of the circular 

accelerator: the accelerating tubes were replaced with 

ferrite resonators, the vacuum system was completely 

replaced, lamp low voltage electronics was replaced by 

transistor one, it was created new main power supply, and 

entirely new distribution system for secondary beams on 

experimental installations, computer control began to be 

implemented. 

The main result of the reconstruction: the increase in 

the intensity of the secondary beams more than tenfold. 

The intensity of the accelerator has exceeded the level of 

1012 particles per pulse and reached the value of 1.5x1012. 

PROTON THERAPY IN ITEP 

The ITEP medical proton facility has been working  

since 1969 [7].  Energy value was regulated in the range 

70-200 MeV by the time of beam ejection from the 

synchrotron on the ramp of magnetic cycle.  One bunch 

from the four accelerated was used for medicine. The 

remaining 3 bunches were accelerated further to be used 

by physicists. Four treatment installations placed in three 

treatment rooms were used: that for stereotactic 

multidirectional irradiations of intracranial targets, that 

for eye and orbit tumors irradiations, that for 

urogynecological tumors, and that for general oncology. 

Up to 1988, 8000 patients has been proton treated in the 

world, 2500 of them in the USSR. There were 3 proton 

therapy facilities in Russia: in Moscow (ITEP), in 

Leningrad (LNPI) and in Dubna (LNP. JINR), 77% of 

Russia-treated patients had been irradiated in Moscow, 

20% in Leningrad, and 3% in Dubna. 

DEVELOPMENT OF HIGH CURRENT 

LINACS 

Acceleration of high current beams of proton or ions 

requires strong focusing of the beam  at the initial stage of 

acceleration to compensate Coulomb  forces in the beam. 

This problem has been solved by V.V,Vladimirsky, 

I.M.Kapchinsky and V.A.Teplyakov  inventing  SHQF – 

Specially Homogenous Quadrupole Focusing (1968) [8], 

renamed later Radio Frequency Quadrupole (RFQ) [9]. 

The first accelerator based on this principle was 

implemented by Teplyakov in 1974 as 2H resonator [10]. 

In ITEP, the first high-current proton RFQ-1 was 

developed under the guidance of I.M.Kapchinsky in the 

period 1976-1982 as four vane resonator [11, 12]. Fig, 3 

shows a detail of a vane machined with a constant radius 

of curvature. This RFQ-1 accelerated protons from 88 

keV to 3 MeV with beam pulse current 250 mA. 

 

Figure 3: Inlet section of 4-vane resonator and assembled 

one with vacuum shell 

However, RFQ-1 was found to have some drawbacks, 

main among which was insufficient heat sink for 

operation with a maximum average beam current 
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An improved version of RFQ2 (Fig.4) was developed 

and implemented in 1998 [14]. The design of the sections 

and scheme of cooling channels allow to receive the 

average beam current up to 5 mA. 

 

Figure 4: Design and parameters of RFQ-2 

The RFQ-2 structure was to be used in the accelerator 

ISTRA56 on the energy of 56 MeV and beam current of 

500 µA.  It consists of the RFQ followed by an Alvarez 

linac with permanent magnetic quadrupole focusing 

(Fig.5). The planned linac had to serve as an new injector 

to synchrotron U-10 replacing the old linac I-2 and to be 

used for applications [15]. 

 

Figure 5: Drift tube line of resonator DTL1 and  PMQ 

A new version of 90o – apart-stem RFQ structure, has 

been proposed by V.A.Andreev [16], hence–forth called 

“4-ladder ”, which combines the merits of 4-vane and 4-

rod RFQ’s, has been developed in the frame-work of a 

collaboration between ITEP and INFN-LNL.  It has good 

RF efficiency (quite reliable mode separation and field 

distribution) and maintains such merits of a 4-vane 

structure as simplicity of manufacture and mechanical 

stability. Upgraded version of “4-ladder” RFQ 

successfully operates since 2001 at a frequency of 27 

MHz on the accelerator of heavy ions TIPr (Fig.6). This 

RFQ designed to accelerate 15 mA of U4+ ions from 1.5 

to 110 keV/u. Combination of quadrupole and coaxial 

modes is excited in the structure and provides a reliable 

separation between operating mode and dipole ones [17].  

 

Figure 6: Prototype of heavy ion driver for inertial fusion 

ITEP-TWAC FACILITY 

The task of creating heavy ion accelerating-storage 

complex for experiments of ion beams on physics of high 

energy density in matter began to be solved at the ITEP 

accelerator complex on the proposal D.G.Kochkarev and 

B.Ju.Sharkov in 1996. For generation of high-current 

beams of multiply charged ions, it was assumed to use 

laser ion source (LIS) with powerful pulsed CO2 laser. 

Available in the ITEP two magnetic rings, synchrotron  

U-10 and the retaining ring UK, are allowed to consider 

the scheme of obtaining the maximum intensity and, 

accordingly, high power beam using technology of 

multiple charge-exchange injection of heavy ions into the 

storage ring [18]. 

During execution of this work, it were resolved 

following main tasks: 

It was developed and brought into practical use in 

accelerators new technology of generation and formation 

of high-current beams of multiply charged ions in LIS 

with using of high power pulsed CO2 laser. 

It was developed and mastered the technology of 

multiple charge-exchange injection of heavy ions and 

accumulation of nuclei beams that monotonically increase 

of particles density in phase space to reach the extreme 

nuclei intensity in the circulating beam.  

On the basis of the developed technology, it  has been 

created a unique heavy ion complex ITEP-TWAC [19], 

and implemented acceleration up to relativistic energies 

of ions with mass number up to 100, including ions Ag19+ 

up to 10 GeV with intensity 2.5x107 and nuclei Fe26+ 

(200 GeV, 2x108). In the U-10 Ring, it has been received 

stripping accumulation of nuclei C, Al, Si, Fe in the 

energy range of 200-300 MeV/u with factor of beam 

stacking up to 70 (Fig.7). 

 

Figure 7: Stacking  of nuclei C, Si and Fe in U-10 Ring 

PROJECT OF MULTIPURPOSE 

ACCELERATOR COMPLEX 

Created structure of the accelerating-storage complex 

ITEP-TWAC [20] focused on fundamental and applied 

research using accelerated beams of protons and ions  can 

be considered as the basis for creating multi-purpose 

proton-ion accelerating-storage complex (MAC) that 

meets the needs of many interested in the use of proton 

and all types of ions beams of intermediate energies areas 

of modern science, engineering and technology, and to be 

able with maximum efficiency to meet these needs. 

The main areas of MAC includes [21]: 

• fundamental and applied research with relativistic 

proton and ion beams in the energy range from 1 
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GeV/u up to 10 GeV for protons and 5 GeV/u for 

ions; 

• applied research with proton and ion beams in the 

energy range from 10 MeV/u up to 1000 MeV/u in 

industry, biology and medicine; 

• fundamental and technological research with high 

power stacked nuclei beams in the energy range of 

<1 GeV/u; 

• technological research for generation, acceleration, 

accumulation, compression, extraction and sharp 

focusing of high charge state and high intensity 

heavy ion beams; 

• expansion of scientific and educational activity in the 

areas  of nuclear technologies. 

Practical implementation of MAC in ITEP is based on: 

• high current proton and ion linacs development; 

• extending of accelerated ions up to A~200; 

• cardinal increase of intensity for accelerated ion 

beams in UK Ring on a base of ion injector and 

synchrotron upgrade; 

• cardinal increase of intensity for stacked nuclei 

beams in U-10 Ring on a base of  charge exchange 

injection technology improvement; 

• expansion and development of machine experimental 

area;  

• mastering of multimode machine operation in 

parallel with proton and ion beams for maximal 

efficiency jf machine operation.  

The basis of MAC parameters is upgraded injection 

complex of circular accelerators. Three independent 

injectors for protons, heavy ions and light ions provide 

enhanced opportunities for multi-use machine operation. 

Upgrade of proton injector I 2 will allow raising of 

beam intensity to empower applied use of the beam. The 

new injection channel from I-2 to UK will allow 

accelerating in this Ring not only ions but protons too. 

Upgrade of I-3 (Fig.8) will raise the beam energy to 12 

MV and accelerating frequency from 2.5 to 5 MHz. This 

accelerator will be used with laser L-100 for acceleration 

of heavy ions in wide range of charge to mass ratio. 

 

Figure 8: Layout and parameters of upgraded linac I-3 

New high current injector I-4 is designed for the 

acceleration of light ions with a current up to 100 mA and 

will be used with laser L20 (Fig.9). The beam intensity of 

linac I-4 is limited by LIS on the level of ~1011 particles 

per pulse 

Upgrade of the booster synchrotron UK is aimed before 

all at reducing the loss of accelerated ions due to the 

cardinal improvement of the vacuum system and increase 

the rate of beam acceleration. The result of UK upgrade 

should be getting vacuum <10-11 Torr and a doubling of 

the magnetic field ramp that will minimize particle losses 

during acceleration. 

 

Figure 9: RFQ section and parameters of linac I-4 

New system of beam slow extraction will be created to 

extend the use of this ring for applied purposes. 

Intensity of ion beams accelerated in the synchrotron 

UK is limited LIS with laser L20 for I-4 and L100 for I-3. 

Since the beam intensity, however, is quite high (Fig.10), 

we do not consider now the possibility of using other 

types of ion sources. 

 

Figure 10: Ion beams accelerated in synchrotron UK  

Upgrade of the U-10 rings is focused on three main 

objectives: 1) creating opportunities to accelerate any type 

of ions to relativistic energies; 2) improvement of 

technology for stripping accumulation of ions; 3) creation 

system of combined (fast and slow) extraction of the 

beam for protonography and nuclear physics. 

Modification of charge-exchange injection scheme for  

the range of Z/Zo variation from 0.27 to 0.87 will allow  

to accelerate in U-10 Ring any type of ions. The 

parameters of light and heavy ions accelerated in the U-10 

Ring up to relativistic energies are shown on Fig.11. 

Upgrade of charge exchange stacking system is aimed 

at the real achievement of terawatt power level for 

stacked beam of nuclei with energies <GeV and includes 

improvement of one turn bump system and stripping 
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targets mechanics for  increase of injection efficiency up 

to absolute value, and implementation of new systems for  

dynamic expanding of accumulator acceptance at beam 

stacking to 100 π mm mrad and stochastic cooling of 

stacked beam which will eliminate the disturbance of the 

circulating beam after injection of another portion of the 

particles. The expected result should be an increase of 

stacked beam intensity up to >1013 (for C6+, 0.9 GeV/u) 

and  >1012 (for Co27+, 0.5 GeV/u).  

 

Figure 11: Ions accelerated in U-10 Ring 

Experimental area of MAC is shown on Fig.12. the 

complex infrastructure compactly arranged for extraction  

of protons and ions beams and placement of experimental 

installations and test stands. BEH is divided into two 

areas: the protected area of the extracted beams of high 

intensity and momentum up to 10Z GeV/c and the area of 

secondary beams, combined with zone of slow extracted 

beams of low intensity for radiation testing of electronics. 

MH and TH is used for applications and experiments on 

physics of high energy density in matter. All of the 

experimental installations and stands are supplied with 

protons and ions. Linear accelerators are also equipped 

with stands for applied purposes. 

 

Figure 12: Layout of Multi-purpose Accelerator Complex 

CONCLUSION 

More than sixty-year history of the development in the 

thematic areas of accelerator science and technology in 

ITEP marked a number of significant stages of 

elaboration and implementation of ideas and projects that 

helped create accelerator facility: U-7, I-2, I-100, U-70, 

U10, RFQ1, RFQ2, HIP1, ISTRA10, ISTRA36, TIPr, I-3, 

UK, ITEP-TWAC. 

Accumulated in ITEP scientific and technical potential 

has allowed to create the technological base and scientific 

school for training of highly qualified engineers and 

scientists in the field of physics of charged particle beams 

and accelerator technology.  

Construction of accelerator facilities at ITEP has 

always been focused on the development of the 

experimental base of the Institute, on carrying out 

fundamental and applied research with beams of protons 

and ions of intermediate energies, as well as studying and 

elaboration of promising technologies for generation, 

acceleration and accumulation of protons and heavy ions 

beams for accelerators and experimental facilities of 

future generations. 

The proposed project of Multi-purpose Accelerator 

Complex created on the basis of ITEP Ring Accelerators 

with using of existing technological reserves will ensure 

continuous improvement of technical and scientific level 

of the research in line with the growing requirements of 

the physical experiment in the composition of the world's 

leading heavy ion complexes of intermediate energies . 

Solid and reliable foundation for the creation in the 

ITEP experimental area on the basis of the upgraded 

accelerator complex ITEP is in demand in various fields 

of fundamental and applied research and the perspective 

of effective use of accelerated beams of protons and ions 

generated in a wide range of operating parameters. 
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SUPERCONDUCTING UNCLOSED SHIELDS IN HIGH ENERGY 
PHYSICS 

E. Kulikov, G.  Dorofeev, V. Drobin, H. Malinovski, A. Smirnov, JINR, Dubna, Russia 

Abstract 
This paper presents the experimental and theoretical 

results of studying the unclosed shields made from LTS 
(low temperature superconductor) and HTS (high 
temperature superconductor) materials to obtain a 
homogeneous magnetic field in solenoids. There is a 
comparison of LTS and HTS shields, the construction 
peculiarities are described. HTS shield was proposed to 
obtain the required magnetic field homogeneity (about 10-

5) in the 6 meters length solenoid of the electron cooling 
section which will be installed in the heavy ion collider of 
the NICA project (JINR, Russia). 

INTRODUCTION 
The main requirement at the development of the 

electron cooling system for charged-particle beams of the 
NICA collider is to form a highly homogeneous magnetic 
field [1,2]. At the same time the electron cooling system 
solenoid will be multisectional with a magnetic field up to 
0.2 T. Generation of a highly homogeneous magnetic field 
using unclosed superconducting shields is the most 
promising direction to solve this problem.  

It is known that low-temperature superconductors can 
be used for these purposes [3,4,5]. Still, the need of 
cooling to the liquid helium temperature (4.2 K) forms a 
major disadvantage of the shield and raises exploitation 
costs.  

For this reason the idea of an HTS shield, which works 
under 77K, is even more attractive. This paper presents 
the comparison between conventional LTS shields and 
HTS shields requiring a fundamentally different winding 
technology, their construction peculiarities are described 
as well. It also contains data on characteristic 
homogeneity of magnetic fields which appear in HTS 
shield in the gap between two magnetic dipoles. 

LTS SHIELD 
Investigations on unclosed shields were first carried out 

in the 1970s; the shields were made of low temperature 
NbTi alloy superconductor [3]. First papers lacked a clear 
physical model and had pure experimental nature. Thus 
there was no unified approach like the one described in 
our papers [4,5] to the problem of unclosed 
superconducting shields.  
The LTS shield structure is formed by multilayer winding 
of superconducting foil on a cylindrical frame [4,5] 
(Fig.1). 

A characteristic property of the technology is cross 
arrangement of superconducting foil pieces to the frame. 
Shield layers are isolated with condenser paper. 

 

Э

 
Figure 1: The scheme of spiral winding. 

 
The carried out experiments and numeric researches 

proved high efficiency of conventional LTS shield usage 
to improve the magnetic field homogeneity in a straight 
solenoid [5]. Data analysis showed that the existence of 
an area with the homogenous magnetic field longitudinal 
component resulted from screening the external field’s 
radial component by the superconducting unclosed shield.  

 

Br<0 Br>0

 
Figure 2: The unfolded shield with effective shielding 
currents on its surface. 

In particular on the end of the shield the shielding 
currents flow in the same direction as the major solenoid 
currents, while in the center they have an opposite 
direction which explains the formation of typical 
homogenous field areas. (See in Fig.2.) 

The derived results formed a basis for works upon the 
next technical solution – the unclosed HTS shield. 

2-G HTS SHIELD 
A 12-mm wide 2-G HTS (Re)BCO produced by Super 

Power and SuperOx was used as a base element of the 
construction. Its critical current – up to 300 A (i.e. 
2.5x106 A/sm2), the field of one tape full magnetization is 
about 25 mT. 

Figure 3:  Structure of 2-G HTS tape (Re)BCO. 
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Figure 4: The unclosed HTS shield in the form of the 
lengthwise winding. 

 
However the HTS material has several drawbacks: 

permissible minimum bending radius as the 
superconductor is hyperfine ceramics (Fig.3) and 
anisotropy of tape-wide physicotechnical properties, 
which causes undesirable edge effect. For this reason 
lengthwise shield winding technology was offered, when 
the HTS tape is laid along the frame (Fig.4.).  At the same 
time control over the critical current distribution 
inhomogeneity on tape length is required. (See in Fig.5.) 

 

 
Figure 5: Critical current distribution along the tape 
length. 

 
Figure 6: Experimental set-up with HTS shield. a- Hall 
sensor to measure the longitudinal field component , b–  
Hall sensor to measure the radial field component, c – 
HTS share shield, d - non-magnetic steel tube. 

Paper [6] explored the effect of HTS shield on the 
coaxial coil system magnetic field. The experimental set-
up is shown in Fig.6. A lengthwise shield eliminated the 
dip of the longitudinal component in the gap between 
magnetic dipoles; it was determined that its "tile" 
structure (see in Fig.4) performed as a uniform piece of 

the LTS foil. In that way the principal possibility to use 
the existing HTS tape for unclosed shields was shown.  

Let’s estimate the slope angle of lines of force to the 
longitudinal axis of the magnetic system according to the 
results of the mentioned paper. It is clearly shown that the 
slope ratio is delivered by the formula  

( )
Z

B
tg

B
ρϕ =                                  (1) 

Using 1ϕ << , we get  

  
Z

B
B

ρϕ ≈                                      (2) 

   
  

 The absolute value of this angle is called characteristic 
magnetic field homogeneity. 

0 10 20 30 40 50 60
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Figure 7: Characteristic homogeneity of the magnetic 
fields: a- without shield; b- with shield under different 
currents in the dipoles. 

The graphs (Fig. 7a vs. Fig 7b) show that HTS shield 
reduces the maximum angle between the magnetic field 
lines and the longitudinal axis of dipoles up to 100 times. 
This is a significant value for the electronic cooling 
technique as dissipative friction force strongly depends on 
angles [2].  

The magnetic field was measured with Hall probes in 
all presented papers. The accuracy of the magnetic field 
measurements was about ΔB/B~10-3, which was basically 
determined by the stability of its power supply. Actually, 
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this is the maximum precision available for magnetic field 
measurements in this methodology. This is the reason 
why a totally different approach is needed to measure 
fields with 10-5-10-6 accuracy. For example, an optical-
mechanical method with magnet-sensitive “compass” 
element offered by our Novosibirsk colleagues [7]. 

FUTURE PLANS 
In October 2014 shield prototypes experiments start. 

These shields are planned to be used for charged-particle 
beam electron cooling within the NICA project. The 
authors of this paper have developed and produced a test 
bench for large-dimension HTS shields. 

 
Figure 8: Test bench for large-scale HTS shields. 

The bench consists of: 
1. solenoid which is made of a copper wire with ø = 1.4 

mm 
2. additional coil which forms inhomogenious areas of 

the magnetic field to emulate intersection junctions 
or defects of winding. It has an individual power 
supply 

3. MSL-3DM1 Hall probe for 3-D magnetic field 
measurements  

4. anti cryostat which holds the operating temperature 
for the MSL-3DM1 by means of compressor and 
heaters (20 ±0.5 0С)  

5. foam-plastic cryostat with liquid nitrogen. The 
magnetic system with HTS shield sinks into it.  

6. HTS shield 
    The solenoid generates maximum magnetic field up to 
0.2 T. The magnetic field homogeneity length with 10-3 
level is about 150 mm. Instrumental resolution of the 
MSL-3DM1 is 0.1 mТ; precision of the magnetic field 
measurement is 0.5% in the range of 0.1 – 0.35 Т. 
    We hope that the existing HTS shield will improve the 
solenoid magnetic field homogeneity two orders up from 
10-3. At the moment an electron cooling system for 
booster is being constructed at BINP, consisting of a 2 m 
solenoid with a magnetic field of 0.2 T [8]. The unclosed 
superconducting shield is also planned to be installed for 
the investigation of its parameters.  
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OPERATING FREQUENCY AND ACCELERATING STRUCTURE 
GEOMETRY CHOSE FOR THE HYBRID TRAWELLING WAVE 

ELECTRON LINEAR ACCELERATOR 
 

I.D. Sokolov, R.Yu. Alekhanov, E.A. Savin, National Research Nuclear University MEPhI 
(Moscow Engineering Physics Institute), Moscow, Russia 

 
 
Abstract 

For the compact electron linear accelerating structure 
based on the hybrid scheme which consists from SW 
biperiodic structure buncher and TW DLS with magnetic 
couple TW accelerating part, the best option for the 
operating frequency and cells geometry has been chosen. 
Comparative calculations for the DLS cells with magnetic 
couple and without it, on the different operating 
frequencies and with the different couple coefficient were 
carried out. The best option will be manufactured, 
measured and used in the accelerator structure. 

 
ELECTRO-DYNAMICS PARAMETERS 
 
In this paper we use some specified parameters to 

describe the efficiency of the accelerating structures [1]. 
Coupling coefficient – describes the width of the 
dispersion curve | |, where fπ,f0,fπ/2 – are the 

frequencies π, 0, π/2 respectively; 
Phase velocity , where ω is the circular 
frequency and kz is the longitudinal wave number; 
Group velocity ; 

Shunt Impedance per unit length ; 
T – transit time factor ; 
Q - quality factor  , where W-is the stored 
energy and Ploss –is the dissipated power in walls; 
α – attenuation coefficient ; 

Normalized electric field strength  √ . 

 
DIAPHRAGM-LOADED STRUCTURE 

 
Diaphragm – loaded structure (DLS) [2] (see Fig.1) is 

the most common geometry type for using it in travelling 
wave electron linear accelerator. But the disadvantage of 
this geometry is small coupling coefficient and small 
group velocity i.e. structure filling time. But the shunt 
impedance is relatively high. 

For working mode 2π/3 (D=βλθ/2π) electro dynamical 
parameters of the DLS with different a/λ at S band – 
2997.2 MHz were calculated [3] and compared (see Table 
1.). All data are in this table are matched with the DLS 
catalogue [4]. 

 
Figure 1: DLS geometry. 

 
Table 1. S band different DLS geometry 

Parameter Value 

a/λ 0.06 0.08 0.1 0.12 
kc, % 0.008 0.03 0.09 0.19 

rsh, MOhm/m 111 106 102 96 
Q 13800 13800 13800 13800 
T 0.61 0.62 0.63 0.64 

Eacc, MV/m 37 36 35 34 
βgr 0.00007 0.0002 0.0008 0.0016 

α, м -1 33 11 2.8 1.5 
KE 2.22 2.33 2.46 2.59 

Eλ/P1/2, Ohm1/2 8500 4900 2400 1700 

From the Table 1 results we can see, that the group 
velocity is very small, i.e. it is needed to increase 
coupling coefficient by inventing a magnetic coupling.  

 
MAGNETIC COUPLED DIAPHRAGM-

LOADED STRUCTURE 
By putting radial slits in the maximum magnetic field 

concentration area we increase the connection between 
the cells [5] thereby obviously we increase the value of 
the coupling coefficient. Construction and dimensions of 
DLS-M are presented on Fig. 2. DLS-M was constructed 
and tuned for S-band -2997.2 MHz and L-band -1818 
MHz, working on  2 3 mode. To design a linac that uses 
DLS-M as an accelerating structure it is necessary to find 
its optimal dimensions in order to obtain the best electro-
dynamic parameters (EDP). The most significant 
parameters are: shunt impedance per unit length rsh, 
normalized electric field strength Eλ/P1/2 and overvoltage 
KE. These parameters dependencies from coupling 
coefficient, group velocity and a/λ are presented on Fig. 3 
and Figure 4 for different frequencies. Data calculations 
are present in Tables 2-5 for the S-band and L-band.  On 
the Fig.5 is shown the comparison of the dispersion 
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curves for S band DLS and DLS-m structure. The 
coupling coefficient was tuned by phi changing.  

 
 

 
Figure 2: Magnetic coupling. 

 
Table 2. EPD for DLS S-band (upper number) and L-band 
(lower number) at constant kc=1% 
Parameter Value 

a/λ 0.04 0.06 0.08 0.1 0.12 
kc, % 1.00 
rsh, 

MOhm/m 
116.5 

71 
111 
68 

106 
62 

100 
52 

95 
42 

Q 13600 
17830 

13400 
17820 

13400 
16298 

13300 
15695 

13200 
14551 

T 0.60 
0.65 

0.61 
0.68 

0.62 
0.5 

0.63 
0.5 

0.63 
0.6 

Eacc, MV/m 38.1 
16.62 

37.3 
16.28 

36.4 
15.22 

35.5 
14.19 

34.5 
13.15 

βgr 0.01 
0.009 

0.009 
0.009 

0.009 
0.005 

0.009 
0.005 

0.01 
0.005 

α, м -1 0.24 
0.12 

0.26 
0.12 

0.27 
0.24 

0.27 
0.23 

0.24 
0.3 

KE 2.5 
2.73 

2.6 
2.78 

2.6 
2.79 

2.8 
3 

3.3 
3.2 

Eλ/P1/2, 
Ohm1/2 

735 
1000 

720 
942 

705 
858 

690 
799 

675 
687 

 
Table 3. EPD for DLS S-band (upper number) and L-

band (lower number) at constant kc=1.5% 
Parameter Value 

a/λ 0.04 0.06 0.08 0.1 0.12 
kc, % 1.50 
rsh, 

MOhm/m 
113 
70 

109 
95 

104 
60 

99 
50 

93 
42 

Q 13000 
17560 

13000 
17170 

13000 
15753 

13000 
15220 

12900 
14670 

T 0.61 
0.65 

0.60 
0.68 

0.64 
0.5 

0.63 
0.5 

0.63 
0.5 

Eacc, MV/m 
38.2 37.5 36.6 35.6 34.6 

βgr 0.014 
0.013 

0.014 
0.013 

0.014 
0.007 

0.013 
0.007 

0.014 
0.005 

α, м -1 0.18 
0.08 

0.18 
0.08 

0.18 
0.17 

0.19 
0.17 

0.19 
0.2 

KE 2.8 
2.55 

2.8 
2.72 

2.9 
2.9 

3.0 
3.2 

3.1 
3.3 

Eλ/P1/2, 
Ohm1/2 

625 
842 

615 
797 

600 
737 

605 
696 

570 
587 

 
 

Table 4. EPD for DLS S-band (upper number) and L-
band (lower number) at constant kc=2% 

Parameter Value 
a/λ 0.04 0.06 0.08 0.1 0.12 

kc, % 1.00 
rsh, 

MOhm/m 
111 
72 

107 
61 

102 
58 

95 
48 

91 
38 

Q 12700 
16880 

12700 
16390 

12700 
15348 

12400 
14740 

12600 
13640 

T 0.64 
0.66 

0.65 
0.67 

0.66 
0.5 

0.67 
0.5 

0.69 
0.6 

Eacc, 
MV/m 

38.3 
17.17 

37.6 
16.14 

36.7 
15.15 

35.7 
14.09 

34.6 
13 

βgr 0.018 
0.018 

0.018 
0.018 

0.017 
0.01 

0.017 
0.01 

0.018 
0.01 

α, м -1 0.14 
0.06 

0.14 
0.06 

0.15 
0.13 

0.15 
0.14 

0.15 
0.15 

KE 2.8 
2.36 

2.9 
2.69 

3.0 
2.8 

3.1 
3.2 

3.2 
3.6 

Eλ/P1/2, 
Ohm1/2 

550 
770 

540 
666 

545 
659 

530 
614 

500 
603 

 
 
Table 5. EPD for for DLS S-band (upper number) and 

L-band (lower number) at constant βgr =0.01 
Parameter Value 

a/λ 0.04 0.06 0.08 0.1 0.12 
βgr 0.01 
rsh, 

MOhm/m 
104 
77.5 

95 
70 

84 
62 

72 
54 

61 
44 

Q 13200 
16160 

13500 
16200 

13500 
16382 

13100 
16100 

12400 
16000 

T 0.57 
0.57 

0.58 
0.58 

0.59 
0.59 

0.59 
0.59 

0.58 
0.6 

Eacc, 
MV/m 

27 
12 

26 
11 

25 
10 

24 
9 

23 
9 

kс, % 1 
1.14 

1.1 
1.15 

1.15 
1.16 

1.21 
1.18 

1.3 
1.18 

α, м -1 0.24 
0.12 

0.23 
0.14 

0.23 
0.18 

0.24 
0.2 

0.25 
0.21 

KE 1.52 
2.76 

1.71 
2.89 

1.9 
3.2 

2.18 
3.4 

2.5 
3.5 

Eλ/P1/2, 
Ohm1/2 

700 
945 

665 
823 

625 
700 

585 
588 

555 
531 
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a. 

 b. 

 c. 
Figure 3: Electro dynamical parameters dependencies on 
aperture radius for S-band: a)Shunt impedance per length, 
b) Normalized electric field strength, c) Overvoltage. 
 

 a. 

 b. 

 c. 
Figure 4: Electro dynamical parameters dependencies on 
aperture radius for L-band: a)Shunt impedance per length, 
b) Normalized electric field strength, c) Overvoltage. 

 
Figure 5: Dispersion curves for the S-band DLS (red) 

and DLS-m (black). 
 

CONCLUSION 
The best results were shown by S – band DLS-m 

structure with a/λ=0.08 and K=1% (see Table 6). This 
geometry has the appropriate shunt impedance, small 
fabrication sizes (speaking about frequency) and 
overvoltage smaller than 3. 

 
Table 6. EDP of the chosen cell 

rsh, 
MOhm/m Q T Eacc, MV/m 

104 13000 0.64 36.6 

βgr α, м -1 KE 
Eλ/P1/2, 
Ohm1/2 

0.014 0.18 2.9 600 
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THREE ELECTRODE ELECTRON GUN WITH THE DECREASED ANODE 
VOLTAGE GEOMETRY OPTIMIZATION 

S.V. Matsievskiy, E.A. Savin, National Research Nuclear University MEPhI 
(Moscow Engineering Physics Institute), Moscow, Russia 

 

Abstract 
With the rapid growth of demand for compact particle 

accelerators, used in number of different fields (medicine, 
security, etc.), there is a need for more compact and 
simple in production particle accelerator parts. One of 
such parts, electron gun injector for linear accelerator, is 
considered in this paper. 

Modifications to the initial design, such as anode 
potential decrease and change of geometrical properties of 
cathode are described, optimal operating mode is 
calculated. 

INITIAL MODEL CALCULATION 
     On figure 1 an existing electron gun with buncher cell 
are shown. In this case, buncher cell has an electric 
potential and acting as anode. Potential difference 
between anode and heated cathode forces electrons to 
emit from cathode. Control electrode is used to focus 
electron beam from cathode and to control electron 
emission intensity by altering electric field value near the 
cathode surface.  

 
Figure 1: Cross-section of electron gun with buncher 

cell. 
To validate the calculation method of electron gun, 

model of existing one was built. It consisted of spherical 
cathode with potential set to zero, control electrode with 
potential of 12.9 kV and 50 kV anode. On the figure 2 
calculation output data is presented. Purple lines represent 
equipotential lines of electric field inside of the gun. 
Green lines are the electron trajectories. 

 

 

 

Figure 2: Initial model output data. 

 
Figure 3: Electron trajectories near crossover. 

 
Calculation results of existing gun model coincided with 
beam parameters measurement. Calculation method is 
suitable for modified gun calculations. 

MODEL WITH DECREASED ANODE 
VOLTAGE 

Beam width in the crossover dependence of anode 
potential was investigated. The plot of beam radius r over 
anode potential U1 is shown on the figure 4. 
As shown on figure 4, beam width is decreasing in 
reverse ratio to anode potential. For simplification of 
electron gun design due to the isolation requirement 
reduction, compromise potential of 30 kV on the anode 
was chosen. 
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Figure 4: Beam radius over anode potential. 

 
     On the figure 5 plot of beam width in the center of the 
cell over control electrode potential is presented.  

 

Figure 5: Beam width over control electrode potential for 
model with decreased anode potential. 

 
     Set of electrode potentials, corresponded to the 
smallest width of beam, is shown in the table 1. 

Table 1: Electrode potentials for model with decreased 
anode potential . 

Cathode 0 
Anode 30 kV 

Control electrode 3.5 kV 
 

     Equipotential lines of electric field and electron 
trajectories for model with decreased anode potential 
(electrode potential values are presented in table 1) are 
shown on the figure 6. 

 

 

Figure 6: Electric field equipotential lines and electron 
trajectories for model with decreased anode potential. 

 

 
Figure 7: Electron trajectories near crossover. 

 

MODEL WITH MODIFIED CATHODE 
GEOMETRY 

     For increasing cathode lifetime and technological 
reasons original cathode was changed to the bigger and 
more frequently used one. To fit new cathode to the form-
factor of initial gun, geometry of control cathode was 
altered.  

 
a) 
 

 
b) 
 

 
Figure 8: Emitting area for initial 8.6mm cathode model 
(a) and modified 15.8mm cathode model (b). 
 

     For a new gun model geometry beam width 
dependence on control electrode potential was 
investigated (Figure 9). Optimal electrode potentials are 
presented in table 2.  

 

r, mm 

r, 
mm 
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Figure 9: Beam crossover radius over control 

electrode potential plot. 

 

Table 2. Electrode potentials for model with modified 
geometry. 

Cathode 0 
Anode 30 kV 

Control electrode 7 kV 
 

     For modified geometry model with electrode 
potentials, shown in table 2, electric field and electron 
trajectories were calculated (Figure 9). 

 

Figure 10: Electric field equipotential lines and electron 
trajectories for model with modified geometry. 

 
Figure 11: Electron trajectories near crossover. 

CONCLUSION 
Three electrode gun, consisting of spherical cathode, 
control electrode and anode, has been designed. Anode 
potential was varying between 30kV and 50kV. For the 
each potential the control electrode potential has been 
chosen to achieve the smallest beam crossover in the 
middle of the first accelerator cell. Calculations was based 
on the initial model of the already existing gun – electron 
injector in the linear accelerator. All calculations for the 
different anode voltages has been repeated for the bigger 
cathode, which imply different cathode electrode 
geometry. The result, usable in the further accelerator 
calculations has been achieved. 
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BEAM DYNAMICS CALCULATION IN THE INDUCTION LINEAR 
ACCELERATOR 

D.S. Bazyl, Е.А. Savin, National Research Nuclear University “MEPhI”, Moscow, Russia  
А.А. Zavadtsev, D.A.  Zavadtsev, ООО “NANO INVEST”, Moscow, Russia

Abstract 
The geometry of the linear induction electron 

accelerator (LIA), which will be used for high current 
acceleration, has been calculated. For the different 
currents values the optimum focusing magnetic field and 
has been obtained. Also a current in the compensative coil 
near the cathode has been calculated. The cathode 
electrode geometry was changing to achieve minimum 
beam oscillations during the acceleration. 

 
INTRODUCION 

Electric field which is created by ferromagnetic rings 
having windings mounted along the beam axis is used for 
the acceleration of particles in this type of machine. As 
soon as the accelerating field structure excited in the tubes 
is similar to the electrostatic field excited by applying a 
potential difference between the span tubes, to simplify 
the calculation in this model fields is excited by an 
electrostatic field.[1] Schematic version of model of the 
accelerator is shown on the Figure 1. Basic parameters of 
the accelerator are shown in Table 1.  

Injector is a flat grid-controlled cathode, located in the 
first accelerating gap. Grid voltage is up to 200 V. Voltage 
on the grid draws electrons which are then accelerated in 
the first gap. One inductor is connected to each 
accelerating gap. The pulse duration of the accelerating 
field is ~10 ns. The modules will contain a delay pulse-
matching acceleration. The calculation was carried out in 
a constant acceleration field. 

 

 
Figure 1: Schematic model for calculating the induction 
accelerator. 

 

Table 1: Parameters of the accelerator. 
Energy of the accelerated electrons, MeV 8 

Injection energy, eV 200 
The injection current, A 10 

The diameter of the injected beam, mm 16 

Accelerating voltage in each gap, kV 100 

 
The calculations have started with a small number of 

modules but with further simulations their number was 
gradually increased. 

Each inductor comprises one focusing coil. The 
compensating coil is positioned in the injector. The 
purpose of this coil is to compensate the field at the 
cathode. Its current is selected so that the total magnetic 
field at the cathode is zero. 

SIMULATIONS 
Several electro dynamical parameters were found by 

using simulations in CST PIC solver. 

Simulations of the Electric Fields 
When appropriate boundary conditions [2] are installed, 

the distribution of electric fields in the injector (Figure 
2,3), corresponding to reality. 

 

 
Figure 2: accelerating field in the injector. 

 
Figure 3: accelerating field in the accelerating gap. 
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The first way worked out well but high voltage was 
required. Fine beam dynamics appeared when the voltage 
on each accelerating gap was U=1 MV, which is quite a 
lot, as soon it's proposed to have 80 sections. So we can 
say that first way showed to be impossible to make it 
practically by economical and practically.  

Due to the fact that an increase in the voltage at the first 
accelerating module is irrational solution to the problem 
of screening near the cathode, it was decided to study the 
behaviour of the particle dynamics depending on the 
position of the cathode ΔL relative to the first accelerating 
module.  

To eliminate these effects, a series of calculations, the 
results of which were set to the optimal value of the 
magnetic field at the center of the first module, the value 
of which was: B = 0.2 Tesla. 

Figure 9 shows the dynamic of the beam for the above 
parameters of the magnetic field B = 0.2 T; the voltage at 
the first module U = 100 kV, the distance between the 
cathode and accelerating gap ΔL = 28.39 mm, and the 
beam current I = 50 A. 

 

 

Figure 9: Dynamics of the beam at ΔL = 28.39 mm, I = 
50A, U = 100 kV, B = 0.2 Tesla. 

THE ENERGY OF THE OUTPUT BEAM 
FOR THE EIGHT ACCELERATING 

MODULES 
Besides the beam dynamics, output energy of the 

electrons was also calculated. The results are shown in 
Table 3, also this table presents other settings that allow to 
present an complete picture of the dependencies between 
the different parameters: 

 
Table 3: Results of the calculations. 

I, A E, eV*105 B, T ΔL, 
mm 

10 8,11 0,1 28.39 
20 8,16 0,1 28.39 
50 8,32 0,2 28.39 

 

 
Figure 10: Beam dynamics for eight accelerating gaps. 

CONCLUSION 
Accelerating structure has been optimized, taking into 

account any adverse events. While increasing the value of 
the beam current, at some point there was an effect of 
screening in the vicinity of the cathode. It was proposed 
to solve the problem in two ways: to change the distance 
between the cathode and the first module or increase the 
voltage. Increased tension in the first gap proved 
unsustainable way. The problem was solved by 
approaching the cathode to the first module. The optimal 
distance between the cathode and the first accelerating 
module was found and was ΔL = 28.39 mm. For a beam 
with a current I = 10 A and I = 20 A, the value of the 
magnetic field was B = 0.1 T (based on previous 
calculations). For a beam with a current I = 50 A, the 
value of the magnetic field was chosen B = 0.2 T. With 
the parameters described above, there is an acceptable 
beam dynamics in the accelerating structure. 

The energy of the output beam of the structure is 
linearly dependent on the number of modules and  to the 
accelerating voltage. This report described the dynamics 
of the beam in the structure of the eight modules. For a 
beam with a current of I = 50 A value of the output energy 
was E = 8,32 * 105 eV, and hence for the module 80 is 
equal to the energy E ~ 8 MeV and 100 units - E ~ 10 
MeV. 
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TRANSIT CODE FOR BEAM DYNAMIC SIMULATION 

A.A. Kolomiets, A.S. Plastun, T.E. Tretyakova, FSBI «SSC RF ITEP», Moscow, Russia 

Abstract 
Multiparticle computer code TRANSIT for simulation 

of intense ion beams in linacs and transport systems is 
presented. The code is based on experience in design of 
ion linacs in ITEP. TRANSIT summarizes the most actual 
and modern methods and algorithms for integration of 
motion equations including space charge forces. It is 
being used in ITEP for design and simulation of 
conventional RFQs, spatially periodic RF focusing linacs, 
beam transport systems, RF deflectors, etc. The paper 
presents general description of TRANSIT code and some 
achieved results. 

INTRODUCTION 
Development of codes for beam dynamic simulation in 

ITEP has been started in the early 80s [1]. It was 
concerned with design of first RFQ proton linacs in ITEP 
[2]. The simulation code was a tool for study of high 
intensity beam dynamics in RFQ linacs. It had to describe 
motion of beam particles accurately and in the most 
natural approach. Initially external field of RFQ channel 
was approximated by 2-term 3-D potential, but self-field 
of the beam was calculated by combined "particle-
particle" (PP) and "particle-in-cell" (PIC) method. It was 
expected as the most adequate method for beam 
interaction solver, but it was replaced by conventional 
PIC method in following versions due to technique 
difficulties. Coulomb field of each macroparticle was 
expressed by Lienard–Wiechert potentials. The beam had 
initial truncated normal (gaussian) distribution of space 
charge density as the most natural. Macroparticle motion 
solver was operated on predictor-corrector scheme. This 
code was called PROTON. 

Further upgrades of the code allow user to choose PP or 
PIC methods, simulate multi-component ion beams with 
different charge-to-mass ratios in different elements of the 
channel: RFQ cells, quadrupoles, drift spaces, drift tube 
linacs, etc. External fields can be based on 3-D 
interpolation of data from ASCII files. The code POLE 
[x] was used to simulate 3-D field in RFQ cells and the 
code ALFIL - to simulate 3-D field in DTL cells. These 
upgrades were caused by application of the code for 
simulations of UNILAC [3]. This upgraded code was 
called DYNAMION. Thus it was able to simulate beam 
dynamics from plasma border inside the ion source up to 
the end of the linac. 

Further versions of the code have been developed in 
GSI [4] and ITEP independently due to separate 
applications. To avoid a confusion the code developing in 
ITEP was called TRANSIT. This paper presents general 
description of TRANSIT code and some achieved results. 

MOTION SOLVER 

Motion Equations 
One of the most important effect in linear accelerators 

is emittance growth of accelerated ion beam. It is mainly 
expressed by redistribution of space-charge density of the 
beam and halo formation due to nonlinear external and 
self fields. Unfortunately finite difference approximation 
of particle motion can produce the artificial emittance 
growth. The rate of artificial growth is defined by 
resolution of finite difference approximation (i.e. 
integration step) and order of numeric method. There are 
methods that doesn't cause the artificial growth - 
symplectic methods [5]. The most simple and natural one 
is "symplectic Euler method", which is used in TRANSIT. 
Symplectic Euler methods is shown below: 

[ ] ( ) .111

,

22

2

11

11

⎭
⎬
⎫

⎩
⎨
⎧ −+−=

⋅Δ+=
⋅Δ+=

++

++

Evv
c

Hv
c

E
c
v

m
qA

vtrr
),r,v(Αtvv

iii

iiii

rrrrrrr

rrr

rrrrr

 

Here vr is vector of particle velocity, rr - radius-vector 
of a particle, A

r
 - acceleration vector, q - particle charge, 

m - particle mass, E and H - vectors of external and self 
electromagnetic field, c - speed of light. 

In addition elementary transfer matrices of every 
particle are evaluated for each integration step during 
simulation. The multiplication of elementary matrices 
defines common transfer matrix of focusing lattice. It 
provides the analysis of beam dynamics proposed in [6].  

Beam frame 
TRANSIT is able to simulate beam dynamics through 

the channel consisted from various number of elements. 
Element is a part of a channel with specifically defined 
field distribution (3-D mapping, series, etc.) or drift 
space.Length and aperture radius (especially for self-field 
calculations) have to be defined for each element. 

To reduce calculating time for multi-element channel 
the moving frame has been proposed for TRANSIT. 
Beam frame is 3-D space domain around the reference 
particle. Frame has length of βλ and transverse sizes equal 
to aperture radius. Frame moves with reference particle 
during simulation. Beam frame can include only part of 
all elements. of a channel at every moment of time. 
Special algorithm of interaction between lost particles and 
beam frame has been proposed for accurate and authentic 
simulation. 

External Fields 
One of the most important feature of TRANSIT code is 

3-D mapping of external field from ASCII file. Motion 
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solver performs 3-D quadratic interpolation of imported 
field in turn. Files with external field distribution can be 
exported from any code of electrostatic or microwave 
simulation. Measured 3-D field distribution can be used 
for simulation as well. 

A package of additional 3D electrostatic solvers has 
been developed for the most demanded linacs to provide 
field maps for TRANSIT. PreRFQ is a code for 
calculating field in RFQ cells with sinusoidal or 
trapezoidal modulation. PreRFQ builds the cell from two 
halves with different parameters as shown in Figure 1. 

 
                       a                                  b  
Figure 1: RFQ cell (a - sinusoidal, b - trapezoidal) 
geometry for PreRFQ code. 

ALFIL code is used to simulate field in DTL cells with 
round drift tubes with or without quadrupole lenses. 
TUBE-RFQ code is used for spatially – periodic 
structures where accelerating gaps are formed between 
RF quadrupoles and cylindrical drift tubes (Figure 2). All 
these codes export 3D distribution of field or potential to 
ASCII files. 

 
Figure 2: Spatially - periodic structure. 

Self-field 
Like most beam dynamics codes TRANSIT uses 

conventional PIC method [7] for self-field calculation. 
Charge weighting scheme used in PIC method is volume 
weighting or so-called Cloud-in-Cell (CIC) which is 1st 
order scheme. 

Self-field of the beam is calculated from 3-D charge 
density distribution with fast Fourier transformation 
(FFT) algorithm. 

Upgrade of PIC method to combined PIC and PP 
method (called "Particle-Particle - Particle-Mesh" or P3M 
[7] ) is scheduled in following versions of the code. 

Initial Distribution 
TRANSIT has an external random generator for initial 

distribution of macroparticles. Binomial algorithm used in 

this generator can simulate various kinds of distributions: 
KV, waterbag and truncated normal (gaussian) 
distribution with specified truncation parameter. For the 
most applications truncated normal distribution with 
truncation parameter 2.5σ (full emittance is 2.52 = 6.25 
RMS emittance) is useful. 

Graphical User Interface 
One of significant difference of TRANSIT code from 

DYNAMION is presence of Graphical User Interface 
(GUI). GUI is a single window application with several 
tabs (Figure 3): 

- initial beam parameters, 
- phase-plots of input and output beam, 
- linac structure, 
- transverse envelopes, 
- phase-space density of the beam, 
- log & project files. 

Moreover GUI is able to show field distribution along the 
linac, modify parameters of the main solver and run the 
simulation, calculate emittance values and Twiss 
parameters of the beam, export plots into graphical files, 
etc. For example, phase-plots in Figure 3 correspond to 
exit of the structure shown in Figure 2 as well as electric 
field along the structure near the longitudinal axis is 
shown in Figure 4. 

 
Figure 3: Main window of TRANSIT GUI. 

 

 
Figure 4: Field distribution along the linac. 

TRANSIT solver operation is displayed as beam phase-
plots and transverse envelopes online during simulation 
(Figure 5, that corresponds to simulation of the structure 
shown in Figure 2). 
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Figure 5: Phase-plots and transverse envelopes during 
simulation. 

POSTPROCESSING 
TRANSIT calculates only main beam parameters. For 

detailed analysis of beam dynamics TRANSIT is able to 
export coordinates and velocity components of beam 
particles to ASCII file at any position along the linac or 
periodically through several integration steps. It allows 
user to analyze and plot results at any time without new 
run with special programs, like PAW (Physics Analysis 
Workstation) [8], Gnuplot [9], PlotWin [10], etc. 

Figure 6 illustrates PAW histograms for transverse 
phase advance of particles in 352 MHz DTL section with 
FOFODODO focusing lattice. Figure 6a presents phase 
advance distribution for lattice without accelerating field 
and zero beam current. Figure 6b present phase advance 
distribution of accelerating beam with zero current, and 
figure 6c - phase advance distribution of accelerating 
beam with 40 mA current. 

 
Figure 6: Transverse phase advance distribution. a - no 
acceleration of beam with zero current, b - accelerating 
beam with zero current, c - accelerating beam with 40 mA 
current. 

APPLICATION OF THE CODE 
TRANSIT code is being used in ITEP for design and 

simulation of conventional RFQs, spatially periodic RF 
focusing linacs, beam transport systems, RF deflectors, 
etc. List of some applications of the code is presented 
below. 

- Ion RFQ injector for ITEP-TWAC project [11], 
- Some variants of second section of ion injector for 

ITEP-TWAC project [12, 13, 14], 
- High intensity proton 7.4 MeV RFQ with trapezoidal 

modulation [15], 
- RF deflector for hollow beam formation [16], 
- Single frequency high intensity high energy normal 

conducting hadron linac [17], 
- Compact proton injector for synchrotrons [18]. 

REFERENCES 
[1] E.S. Galpern, V.N. Lyahovitskiy, “Calculation for 

evolution of self-consistent ion beam in a section of 
linear accelerator with spatially homogeneous 
quadrupole focusing”, Preprint ITEP-130, 1983. 

[2] A.I. Balabin et al., “Main parameters of proton linac 
“ISTRA”, Preprint ITEP-157, 1989. 

[3] A.A. Kolomiets, S.G. Yaramishev, Ju. Klabunde et 
al., “DYNAMION - The code for beam dynamics 
simulations in high current ion linac”, THP04F, 
Proceedings of EPAC98, Stockholm, Sweden, 1998. 

[4] A. Orzhekhovskaya, W. Barth, S. Yaramyshev, “An 
effective space charge solver for DYNAMION 
code”, TUO2A02, Proceedings of HB2010, 
Morschach, Switzerland, 2010. 

[5] E. Hairer, C. Lubich, G. Wanner. Geometric 
Numerical Integration, Springer, 2006. 644 p. 

[6] A. A. Kolomiets, S. G. Yaramishev, P. R. Zenkevich 
et al., “The study of nonlinear effects influenced by 
space charge in high intensity linac”, TPA052, 
Proceedings of PAC95, Dallas, USA, 1995. 

[7] R.W. Hockney, J.W. Eastwood, Computer simulation 
using particles, IOP Publishing Ltd, 1989, 523 p. 

[8] http://paw.web.cern.ch/paw/ 
[9] http://www.gnuplot.info/ 
[10] PlotWin, CEA Saclay. 
[11] V.A. Andreev, N.N. Alexeev, A.A. Kolomiets et al. 

“First beam test of 81.5 MHz RFQ for ITEP-
TWAC”, weps056, Proceedings of IPAC11, San 
Sebastián, Spain, 2011. 

[12] A.S. Plastun, A.A. Kolomiets, “RFQ with improved 
energy gain”, supb016, Proceedings of LINAC12, 
Tev-Aviv, Israel, 2012. 

[13] V. Andreev, A. Kolomiets, A. Plastun et al. “Novel 
DTL section for ITEP-TWAC heavy ion injector”, 
weppc013, Proceedings of RuPAC12, Saint-
Petersburg, Russia, 2012. 

[14]  A.A. Kolomiets, A.S. Plastun, “Spatially periodic 
RF quadrupole linac”, SUPG013, Proceedings of 
LINAC14, Geneva, Switzerland, 2014. 

[15] A.S. Plastun, “RFQ as a second section of front end 
of ion linac”, article_2013_6_109, Problems of 
atomic science and technology, Series: Nuclear 
Physics Investigations, �6(88), 2013. 

[16] A. Golubev, T. Kulevoy, A. Sitnikov et al., 
“Simulation of hollow ion beam formation line”, 
tuppb018, Proceedings of RuPAC12, Saint-
Petersburg, Russia, 2012. 

[17] V. Paramonov, A. Kolomiets, A. Dourkine et al., 
“Single Frequency High Intensity High Energy 
Normal Conducting Hadron Linac”, Proceedings of 
RuPAC14, Obninsk, Russia, 2014. 

[18] A. Kovalenko, A. Kolomiets, A. Plastun et al., 
“Compact proton injector for synchrotrons”, 
MOPP099, Proceedings of LINAC14, Geneva, 
Switzerland, 2014. 

Proceedings of RuPAC2014, Obninsk, Russia TUPSA07

03 Particle dynamics in accelerators and storage rings

ISBN 978-3-95450-170-0

53 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



BEAM DYNAMICS CALCULATIONS IN THE MULTI-BEAM 
GENERATOR CAVITY 

S.V. Matsievskiy, E.A. Savin, N.P. Sobenin, National Research Nuclear University MEPhI 
(Moscow Engineering Physics Institute), Moscow, Russia 

A.A. Zavadtsev, OOO “Nano Invest”, Moscow, Russia 
 

Abstract 
In the previously designed, calculated and tuned 

structure of the compact generator-cavity the beam 
dynamics for the different geometry options has been 
calculated. The influence of injected beam parameters to 
the output power value has been overviewed. Also the 
geometry of the beam tubes and couple coefficient 
between cavity and the output waveguide has been 
optimized to reach the maximum output power value. 

INTRODUCTION 
The inductive output tube klystrod combine two 

superior characteristics of gridded tube and high-
frequency klystron. A grid is used to provide simple 
control of electron beam. Cavity of klystrod couple 
bunches of modulated beam to the RF field. This 
combination makes a smaller, lower cost, high-frequency, 
high-power tube. To increase power of device without 
significant size change multiple electron beams coupled 
to one RF cavity. 

RESONATOR TUNING 
RF power is generated is multi-beam klystrod by 

drawing power from the electron beams, and storing it in 
cylindrical resonator, operating on TM020 mode at 2856 
MHz. Beam drift tubes are located in maximums of 
electrical field. Electrical field distribution in resonator 
model is shown on figures 1 and 2. 

 
Figure 1: Resonator of multi-beam klystrod. 

 

 
Figure 2: Electric field distribution in multi-beam klystrod 
resonator (side view). 

 
Figure 3: Electric field distribution in multi-beam klystrod 
resonator (top view). 

For this resonator geometry, shunt impedance on the 
axis of each beam tube is 2.95 MOhm/m, which gives a 
total impedance of the model 17.7 MOhm/m. 

WAVEGUIDE IRIS TUNING 
For power input, standard waveguide 72.1mm x 34mm 

is used. 

 
Figure 4: Multi-beam klystrod resonator and waveguide, 
connected by iris. 

 
Maximum power transition from resonator to 

waveguide was acquired by tuning waveguide iris. On the 
figure 6 plot of normalized output port power over iris 
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width il (output power was normalized to the maximum 
achieved output power). On the figure 5 iris geometrical 
parameters are shown. 

 
Figure 5: Iris geometrical parameters. 

 
Figure 6: Normalized power over iris width plot.  

Optimal iris parameters, which provide maximum 
output power, are presented in table 1. 

 

Table 1 Iris parameters 
ih 7.53 mm 
iw 20 mm 
il 46.5 mm 

 

POWER OUTPUT TUNING 
For power generation modulated electron beam is 

used. This beam is provided by electron gun with control 
grid, its parameters are shown in table 2. 

 

Table 2 Electron beam parameters 
Electron energy 1·105 eV 
Beam diameter 3 mm 

 

In the table 3 parameters of beam modulation are 
presented. Explanation of bunch parameters can be found 
of the figure 7. 

 

 

Figure 7: Beam bunches parameters scheme. 

 

Table 3 Beam bunch modulation parameters set 
Offset 0 
Sigma 60 ps 

Distance 350 ps 
Cut off 70 ps 

 

Output signal amplitude dependence of beam tube 
gap. Output power dependence of gap length g plot is 
presented on the figure 9.  

 
Figure 8: Resonator geometry parameters. 

 

Figure 9: Output rms power over gap length g between 
beam tube and drift pipe plot. 

 
After tuning, power generation was simulated. 

Electron beams with parameters, shown in tables 2 and 3 
were launched to the centers of the beam tubes and 
coupled to the resonator RF field. From the resonator RF 
power was transmitted to the waveguide. This power was 
calculated shown on the figure 10. Klystrod reaches 90% 
output power level in 100 ns.   
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Figure 10: Multi-beam klystron output rms power over 
time plot. 

 

Device efficiency was estimated by dividing output 
RF power on the electron beam bunch power. Presented 
parameters were achieved with total electron beams 
power of 4.3 MW. On the maximum  output power level 
3.4 MW of multi-beam klystrod  efficiency is 73%. 

 

KLYSTROD APPLICATION 
Tuned multi-beam klystrod will be installed as a 

power source for electron accelerator. On the figure 11 
presented a model of 8 cell acceleration structure, 
connected to the klystrod. Tuning of this accelerating 
structure is still in progress. 

 

 

Figure 11: Multi-beam klystrod, connected to the 
accelerating structure.  
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ADVANCED OPTIMIZATION OF AN LOW-ENERGY ION BEAM
DYNAMICS AT LINAC FRONT-END WITH RF FOCUSING

V.S. Dyubkov,∗
National Research Nuclear University “MEPhI”, Moscow, Russian Federation

Abstract
A design and development of a linac front-end, that guar-

anties the required beam, quality is an issue of the day. A
linac with RF focusing by means of the accelerating field
spatial harmonics is suggested as an alternative to RFQ
system. Simulation results of the low-energy proton beam
dynamics at linac, that takes into account main linac param-
eter optimization, based on advanced dynamical acceptance
calculation, are presented and discussed.

INTRODUCTION
Projects based on accelerator driven systems are devel-

oped in about twenty countries around the world. In order
to ensure the safety and stability of this systems it is used
well-tried and proven engineering solutions. The initial part
of a linear accelerator-driver is a section with spatially ho-
mogeneous quadrupole focusing (RFQ), as a general rule.
However, a grave drawback of classical RFQ structures is
the relatively low acceleration rate that often leads to an
increase of the accelerator driver total length. In addition,
main losses of the particles typically occur in initial parts of
the RFQ sections.

Proton and ion accelerators with RF focusing by means of
field spatial harmonics are offered as almost only adequate
alternative to the well-proven and reliable RFQ systems for
many years [1–3]. Analytical method to control the beam
envelope at linac with RF focusing was developed previously
to minimize particle losses [4]. The goals of this work are
to present results of beam dynamics advanced optimization,
which allows one to define main parameters of structure with
RF focusing by means of nonsynchronous spatial harmonic
which guarantee high acceleration rate under high current
transmission.

ANALYTICAL RESULTS
Let’s present some results obtained earlier in [4]. One

first expresses RF field in an axisymmetric periodic resonant
structure as Fourier’s representation by spatial harmonics
of a standing wave assuming that the structure period is a
slowly varying function of a longitudinal coordinate z

Ez =

∞∑
n=0

En I0 (knr) cos
(∫

kn dz
)
cosωt,

Er =

∞∑
n=0

En I1 (knr) sin
(∫

kn dz
)
cosωt,

∗ vsdyubkov@mephi.ru

where En is the nth harmonic am-
plitude of RF field on the axis;
kn = (µ + 2πn)/D is the propagation wave number
for the nth RF field spatial harmonic; µ is the phase advance
per D; D is the resonant structure geometric period; ω is
the RF frequency; I0, I1 are modified Bessel functions of
the first kind.

On averaging over rapid oscillation period one can present
the motion equation in the smooth approximation in the
following matrix form

Ϋ + ΛΥ̇ = −LΦef , (1)

where the dot above stands for differentiation with respect
to the independent longitudinal coordinate ξ and

Υ =

(
ψ

δ

)
, Λ =

(
3κ 0
0 κ

)
, L =

( ∂
∂ψ
∂
∂δ

)
.

Here ψ = τ − τ∗ (τ = ωt, τ∗ is a normalized motion
time of the reference particle at the laboratory coordinate
system), ξ = 2πz/λ, δ = 2πr/βsλ, κ = ln′ξ βs . Φef plays
role of an effective potential function (EPF) describing a
beam interaction with the polyharmonical field of the system
subject to the incoherent particle oscillations.

For example, we consider there are two spatial harmonics
at the linac. One of it is the synchronous harmonic with
s = 0, and another one is the nonsynchronous (focusing)
with n = 1. In this case one has

Φef =
e0
2βs

[
I0(δ) sin(ψ + ϕ∗) − ψ cos ϕ∗ − sin ϕ∗

]
+

e20
64

[
I20 (δ) + I21 (δ) − 1

]

+
5e21
256

[
I20 (3δ) + I21 (3δ) − 1

]

−
e20
32

[
I0(δ) cosψ − 1

]
−

5e21
128

[
I0(3δ) cosψ − 1

]
−

e0e1
32

{
[I0(δ) + I0(3δ)]cos(ψ + 2ϕ∗) − 2 cos 2ϕ∗

}
+

e0e1
32

{
[I0(δ)I0(3δ) + I1(δ)I1(3δ)] cos 2(ψ + ϕ∗)

− cos 2ϕ∗
}
,

where en = eEnZλ/2π β2sm0c2, ϕ∗ is the reference particle
phase.
In order to guarantee effective acceleration under small

particle loss it is necessary to optimize a changing of syn-
chronous particle phase & field amplitude so that the Eq. 1
has stable solution for a number of initial conditions.
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NUMERICAL RESULTS
Linac parameters with RF focusing by means of one non-

synchronous spatial harmonic were optimized by using nu-
merical self-consistent low-energy proton beam dynamics
simulation after beam dynamics optimization in one particle
approximation on the basis of obtained analytical results.
Self-consistent beam dynamics simulations were performed
by using a version of the specialized computer code BEAM-
DULAC–ARF based on CIC technique to calculate beam
self-space-charge field. Special optimization of the field
change law was done & it was based on the supposition that
channel acceptance is a nondecreasing function of the lon-
gitudinal beam coordinate. Therefore, taking into account
the equation of motion for the equilibrium particle, the law
of the synchronous harmonic amplitude variation at a field
increasing length can be written as

d ês
d ξ
=

ês
`

d `
d ξ
−

ês
ς

d ς
d ξ
−

ês3 cos ϕs
βs (0)ês (0)ς (0)

ς

`

−
χ ês

9
2 sin 2ϕs

8βs8(0)ês
3
2(0)ς

3
2(0)

ς
3
2

`
3
2
,

(2)

where ς is a longitudinal acceptance phase width; ` is a
certain function of ξ and it can be found by numerical opti-
mization in every given case, ês = es β2s . χ is the amplitude
ratio, that is e1/es . In the accelerating parts of the structures
ês is equal to the constant.
Main linac parameters are listed in Table 1. A variation

of the linac parameters are shown in Fig. 1.

Table 1: Basic parameters of linac

Parameter Value
Operational frequency, MHz 176.1
Total linac length, m 2.0
Bunching length, m 1.7
Input equilibrium particle phase −90.0°
Output equilibrium particle phase −25.7°
Input synchronous harmonic amplitude, kV/cm 0.3
Amplitude ratio 7.4
Linac half-aperture, mm 5.0
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Figure 1: Main linac parameters after optimization.

A calculation of E0 was performed by using separatrix
width calculated for conservative approximation (see curve 1
in Fig. 2) at first. Based on this calculation, particle capture
region phase width was found for the non-conservative ap-
proximation (curve 2 in Fig. 2). After that, it was used to
refine solution of Eq. (2). Finally, numerical simulation was
carried out for the found solution above.
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ª

1
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Figure 2: Phase width of longitudinal capture region.

For example, summarized in Table 2 beam parameters
were used for computer simulation.

Table 2: Beam parameters @ linac input

Parameter Value
Particle p
Input energy, keV 65
Input energy spread, % 1
Input radius, mm 2.5
Input transversal emittance, π•mm•mrad 18
Input beam current, mA 10

Obtained numerical results are presented in Fig. 3-5.

Figure 3: Output longitudinal beam particles distribution.

Output beam energy is equal to 1.7 MeV. Other beam
parameters can be estimated by means of presented figures.
Furthermore, halo parameter calculated in accordance

with [5] is presented in Fig. 6.
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Figure 4: Output transversal beam particles distribution:
RMS emittance (1); Floquet ellipse (2); particle distribution
by radii (3); particle distribution by β⊥ (4).
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Figure 5: RMS beam radius vs longitudinal coordinate.

Bandwidth of calculated linac channel as a function of
injected beam current is shown in Fig. 7.
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Figure 6: Halo parameter behaviour.
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Figure 7: Current transmission vs input beam current.

CONCLUSION

It was shown that advanced optimization allows one to
increase current transmission up to 95% under high enough
acceleration rate. The main parameters of linac front-end
were chosen. There are no beam envelope overgrowth and
significant halo formation under chosen parameters at the
linac output. Numerical simulation of self-consistent beam
dynamics confirmed the analytical results.
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THE USER FRIENDLY INTERFACE FOR BEAMDULAC-RFQ CODE 

P.O. Larin, S.M. Polozov, National Research Nuclear University MEPhI (Moscow Engineering 
Physics Institute), Moscow, Russia 

Abstract 
The BEAMDULAC [1] beam dynamics simulation 

code is under development at MEPhI Department of 
Electrophysical Facilities since 1999. Such code includes 
versions for beam dynamics study in a number of 
accelerating structures as RFQ, DTL, APF, transport 
channels, ets. The motion equation for each particle is 
solved self-consistently in the external fields and the inter-
particle Coulomb field simultaneously. The 
BEAMDULAC code utilizes the cloud-in-cell (CIC) 
method for accurate treatment of the space charge effects. 
The external field can be represented analytically, as a 
series or on the grid. The absence of user-friendly 
interface was the main disadvantage of the code. Last year 
such interface was developed and will present in the 
report. 

INTRODUCTION 
A number of codes for beam dynamics study as 

DYNAMION, TRACE, PARMELA, COBRA and 
etcetera are well known. Any one of codes has own field 
of use, own abilities and disabilities, a different methods 
for motion equation and Poisson equation solving are 
used.  

The BEAMDULAC code is developing at Department 
of Electophysical Facilities of MEPhI by E.S. Masunov, 
N.E. Vinogradov and S.M. Polozov through 1999. This 
code was early designed for self-consistent beam 
dynamics study in RF focusing linacs as axisymmetric 
radio frequency focusing (ARF, [2]), ribbon radio 
frequency focusing (RRF, [3]) accelerators and undulator 
linear accelerators (UNDULAC, [4-8]). 2D and 3D 
versions were developed for axisymmetric structures and 
for ribbon beams respectively. 

Later new code versions were developed to simulate the 
beam dynamics in RFQ or DTL linacs, transport channels 
[1]. Especially versions for electron linacs were designed. 
The beam dynamics taking into account beam loading and 
Coulomb field can be studied with the help of these codes 
[9]. 

But all code versions have one serious disadvantage. 
They are compiled as dos operation system application 
and have not user friendly interface. Now we start so 
solve such problem and the interface for BEAMDULAC-
RFQ version was modified first. 

BEAMDULAC CODE AND USED 
ALGORITHMS AND METHODS 

The BEAMDULAC code utilizes the cloud-in-cell 
(CIC) method for accurate treatment of the own beam 
space charge effects that are especially important for high-
intensity beams. The motion equation of each particle is 

solved in the external fields and the inter-particle 
Coulomb field simultaneously. The charge density is 
deposited on the grid points using the CIC technique. To 
determine the potential of the Coulomb field the Poisson 
equation is solved on the grid with periodic boundary 
conditions at both ends of the domain in the longitudinal 
direction. The aperture of the channel is represented as an 
ideally conducting surface of rectangular or circular cross-
section. Therefore the Dirichlet boundary conditions are 
applied in transverse boundaries of the simulation 
domain. In such approach the interaction of the bunch 
space charge with the accelerating channel boundaries is 
taken into account. This allows considering of the 
shielding effect which is sufficiently important for 
transverse focusing in the narrow channel. The fast 
Fourier transform (FFT) algorithm is used to solve the 
Poisson equation on a 3D grid. The Fourier series for the 
space charge potential obtained can be analytically 
differentiated and thus each component of the Coulomb 
electrical field can be found as a series with known 
coefficients. The Coulomb defocusing force is the main 
factor limiting the beam current in high-intensity linacs. 
In our code the space charge field can be calculated with 
the same precision as the Coulomb potential without 
numerical differentiation. Time is used as an independent 
variable and standard fourth-order Runge-Kutta method is 
applied for integration of the motion equation. The 
external fields in BEAMDULAC code can be represented 
by three different methods: analytically, as a series of 
space harmonics (the field amplitude is representing as a 
polynomial coefficient series) and in a “real field” which 
can be defined on 2D or 3D grid by electrodynamics 
simulation codes or experimental measurement [10]. 

Especially versions of code were developed to study the 
ion beam dynamics with different charge to mass ratio in 
low energy transport systems, RF bunchers and linacs, as 
an example for simultaneous acceleration of positive and 
negative ions and beam space charge neutralization study 
[1, 8]. 

The RF field induced by the beam in the accelerating 
structure depends on the beam velocity as well as the 
current pulse shape and duration. The influence of the 
beam loading can reduce the external field amplitude and 
induce the irradiation in the wide eigen frequency modes. 
Therefore we should to solve the motion equations 
simultaneously with Maxwell’s equations for accurate 
simulation of beam dynamics. The method of beam 
loading effect treatment was developed by E.S. Masunov 
[11]. It provides to define eigen modes amplitude 
variation equations in stationary and transient cases for 
standing and traveling wave periodical structures. Such 
technique was used for BEAMDULAC-BL code version 
development [9]. 
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The BEAMDULAC-RFQ code versions were 
developed for beam dynamics study in RFQ linacs. The 
linac channel parameters can be defined by two ways. The 
preliminary simulations could be done using synchronous 
phase, electrodes modulation, aperture size and ets. 
defined as slow functions of longitudinal coordinate into 
accelerator channel. The second way is to define the 
structure parameters period-to-period. An example of 
beam dynamics simulation results for 2 MeV RFQ is 
presented in [12]. 

INTERFACE AND NEW ABILITIES OF 
BEAMDULAC-RFQ 

The developed code with graphical user interface is an 
improvement for BEAMDULAC-RFQ code. It is a 
convenient tool for handling simulation process, data 
visualization and constructing a simulating structure. It 
uses BEAMDULAC-RFQ code as a simulator engine and 
some own algorithms for complex structure simulation. 

The main window is shown in Figure 1. The top part 
(it is marked as “A”) contains a ribbon panel with 
separated tabs for adjusting initial beam parameters, 
simulation settings and selected structure item properties. 
The simulation conditions sets by “INJECTION” and 
“SIMULATION” tabs. The “INJECTION” tab sets initial 
beam parameters: ions charge, energy, separatrix size, 
average velocity, Twiss-parameters and particles 
distribution functions. The “SIMULATION” tab sets 
beam parameters and cloud-in-cell mesh. In addition, top 
panel contains an “ELEMENTS” tab arranges the content 
of extendable accelerator elements library for under 
simulation structure constructing. 

One of the program abilities is a constructing of 
arbitrary simulating structure. Each structure item is a 
special library entity and can be designed independently 
of main program code. Each item is an accelerator 
element model and defines the equations of particle 

moving in its electromagnetic field. At the moment, there 
are RFQ and PMQ elements in library. The structure 
layout is carried out using the area marked as “B”. This is 
an RFQ section example in the picture. The panel marked 
as “C” shows the computed data during simulation 
runtime. This panel arranges the beam envelopes, phase 
portraits and channel configuration parameters. An 
example of beam dynamics in RFQ section simulation 
results is shown in Figure 1. Such section is designed as 
first 2 MeV section of high-power CW linac [12]. The 
first tab named “Envelopes” shows longitudinal 
dependencies of beam parameters such as emittance, 
transverse sizes and particles number. The second data tab 
named “Phase portraits” shown in Figure 2 arranges a 
beam phase portraits in different longitudinal direction 
coordinates. The channel configuration characteristics 
arranged by third tab named “Channel configuration”. 
These characteristics are presented as longitudinal 
dependencies of synchronous velocity and aperture 
(Fig. 3). 

CONCLUSION 
The results of modern interface development for 

BEAMDULAC-RFQ code were presented. The new 
program was designed using conventional 
BEAMDULAC Fortran codes for simulation and visual 
possibilities of .NET Framework 4.5. An example of test 
simulation illustrates the new code abilities. 

REFERENCES 
[1] S.M. Polozov. Problems of Atomic Science and 

Technology. Series: Nuclear Physics Investigations, 3 
(79), 2012, pp. 131-136. 

[2] E.S. Masunov, N.E. Vinogradov. Phys. Rev. ST 
Accel. Beams, 2001, No 7, 070101. 

 

 
Figure 1: Main window of the new BEAMDULAC-RFQ code interface. 
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Figure 2: Main window: phase portraits. 

 
Figure 3: Main window: structure configuration. 
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THE INTERACTIVE COMPUTER ENVIRONMENT FOR DESIGNING AND 
TUNING OF CHARGED PARTICLE BEAMS TRANSPORT CHANNELS 

G.P. Averyanov1, Yu. A. Bashmakov1,2, V.A. Budkin1, V.V. Dmitrieva1, I.O. Osadchuk1 
1National Research Nuclear University «MEPhI», Moscow, Russia 

2P.N. Lebedev Physical Institute of RAS, Moscow, Russia

Abstract 
This paper considers the application package that 

simulates transport channel of relativistic charged 
particles. The package provides an interactive mode for 
the user. It is possible to observe the main parameters of 
the beam crossing the channel on the PC screen such as 
envelope and cross-section of the beam at different 
sections of the channel while changing the main control 
parameters of the real channel. Enabling of procedures of 
mathematical programming provides express optimization 
of control parameters of the channel. The designed 
package is compact, has a modular structure and can be 
easily adapted to different software platforms. MATLAB 
integrated environment is used as instrumental 
environment, which has a freeware version of this system 
- SCILAB. Package testing was carried out on the 
electron synchrotron “Pakhra” during the recalibration of 
the channel of the accelerator working in different modes, 
which are determined by conducted experiments. 

INTRODUCTION 
A simulation model of the channel is created on the 

basis a MATLAB environment and its open-source 
counterpart SCILAB. One of the main advantages of 
these software environments is the programming 
efficiency of matrix operations, which are the basic 
mathematical tools for calculating the magneto-optical 
systems. In this environment is developed KATRAN 
representing an integrated modular open structure, 
adaptable to the calculation of a specific transportation 
channel of relativistic charged particles [2].  

KATRAN STATE DIAGRAM  

 

Figure 1: KATRAN state diagram. 

The complete cycle of study of the properties and the 
calculation of the focusing system begins with the 

selection of the quadrupole lens. Preliminary review of its 
envelop characteristics will allow in further calculations 
to select working variant the system parameters. In 
general, this process is iterative by nature. You must 
select a variant of the system fully provide the required 
launch parameters, using perhaps more "weak" lenses. 
Module KATRAN named "Range characteristics" allows 
consider depending focal lengths of the system (the lens, 
doublet, triplet, etc.) one by one. Building a envelop 
characteristics provides a visual representation of the 
degree of influence of the individual parameters of the 
system on its focusing properties. Figure 2 shows, as an 
example, the dependence of the focal length of the triplet 
from  the first lens's magnetic field with a parameter - the 
distance between the first and second lenses. As can be 
seen from the figure, the focus of the charged particles at 
the same time in the two transverse planes (vertical and 
horizontal) is possible in a limited range of parameters of 
quadrupole lenses and system as a whole (the focal 
lengths in both planes have positive values). 

 

Figure 2: Dependency of focal lengths of the triplet from 
magnetic field of the first lens with a parameter - the 
distance between the first and second lenses. 

KATRAN allows us to consider these characteristics of 
the various focusing systems. When considering the 
envelop characteristics of focusing systems and 
calculation of parameters of the transport channel 
numerical methods used for finding optimal solutions 
(search simplex method). 

In general, the objective function Ft, used for the 
calculation of the magneto-optical system can be written 
as 

 ∑ −
n

norm
i

c
iii xxxa 2)/))(((=Ft φ . (1) 
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where )(xiφ - current value of the parameter, c
ix - target 

value of the parameter, norm
ix - normalization coefficient 

of the parameter, - weighting coefficient of the 
parameter, x - vector of search parameters space. 

Normalization coefficient norm
ix  is chosen so that the 

value of  objective function component of this parameter 
was close to unity and become dimensionless. This 
operation is scaling of the objective function, i.e. the 
contribution of all components in the objective function to 
get about the same. Weighting factor of c

ix parameter 
reflects the priorities of achievements of goal parameters 
of one or another component of the objective function. 

Graphical tools of MATLAB (or SCILAB) allow us to 
show the focusing properties of the transportation channel 
in the form of the trajectories of individual particles, 
beam envelopes and phase portraits of the beam in the 
horizontal and vertical planes. This information is 
sufficient for operative channel setup to the new operating 
mode.  

SIMULATION BY KATRAN 
As an example, was considered by the transport 

channel of existing synchrotron “Pakhra” [1]. 

 

Figure 3: Scheme of transportation channel of “Pakhra” 
synchrotron. 

Figures 4 and 5 show the graphic results of the 
calculation of the current channel KATRAN 
transportation in “Pakhra” synchrotron. 

 

Figure 4: Envelopes (upper figure) and particle 
trajectories (lower figure) of existing transport channel of 
“Pakhra” synchrotron. 

 

 

Figure 5: Upper figure - phase portraits of the beam after 
passing each element of the transport channel in the 
horizontal and vertical planes, bottom figure - phase 
portraits of the beam at the input (red line) and output 
(black line) transport channel in existing transport channel 
of “Pakhra” synchrotron. 

Figures 6-9 presents options for optimizing the 
transport channel of “Pakhra” synchrotron. 

 
Figure 6: Envelopes (upper figure) and particle 
trajectories (lower figure) of existing transport channel of 
“Pakhra” synchrotron. 

 

 
Figure 7: Upper figure - phase portraits of the beam after 
passing each element of the transport channel in the 
horizontal and vertical planes, bottom figure - phase 
portraits of the beam at the input (red line) and output 
(black line) transport channel in existing transport channel 
of “Pakhra” synchrotron. 
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Figure 8: Envelopes (upper figure) and particle 
trajectories (lower figure) of existing transport channel of 
“Pakhra” synchrotron. 

 

 
Figure 9: Upper figure - phase portraits of the beam after 
passing each element of the transport channel in the 
horizontal and vertical planes, bottom figure - phase 
portraits of the beam at the input (red line) and output 
(black line) transport channel in existing transport channel 
of “Pakhra” synchrotron. 

The main problem of the transport channel of “Pakhra” 
accelerator is large particle loss during the passage of the 
transport channel. Increasing the size of the beam occurs 
due to the influence of the magnetic field (~ 4 kG) 
accelerator magnets and Coulomb scattering of electrons 
by dural plate output window of the accelerator and in the 
air [1]. At the inlet of the transportation channel the beam 
has an elliptical cross section. The semimajor axis of the 
ellipse is 12 cm, and a small is 4 cm. Diameter of the 
transportation channel is 40 mm. Small diameter leads to 
a significant loss of beam intensity already at the inlet of 
transportation channel. As can be seen, in a number of 
elements of the channel cross-sectional dimensions of the 
beam is larger than the diameter of the transportation 
channel. This is due not only to the large linear 
dimensions of the beam in the transverse plane, but with 
large divergence angles of the particles (6.45 mrad and 
3.82 mrad) in the horizontal and vertical planes. In this 
regard, the current transportation channel includes two 
collimators that limit the size of the beam. Attempts to 
improve the beam parameters have shown that the 
optimal parameter search of the channel by changing the 
parameters of the field focusing elements, and their 
arrangement along the length of the channel leading to a 
change in the dynamics of the particles but do not solve 
the problem of the loss of particles along the channel 

length. This is largely due to the formulation of the 
problem: it is necessary to fit into the geometric 
dimensions of the room and only use existing lens, 
doublets and bending magnets. 

KATRAN allows us to consider the structure of 
transportation channel with individual focusing systems 
(doublets, triplets, ect) and with the whole channel either. 
Necessary parameters of the particle beam is provided by 
specifying the respective values of the elements of the 
transformation matrix in the horizontal and vertical 
planes. To find the values of the elements of 
transformation matrix extreme search methods are used. 
The dimension of the search area is determined by the 
number of elements of the channel and the number of 
their geometry and field parameters. In our calculations 
the search for optimal parameters of the focusing system 
was considered by varying from 10 to 15 parameters. 

When choosing a transportation channel focusing 
system, there are two main problems: providing the 
required size of the beam at the output of the channel and 
the channel transparency. The first problem is solved by 
using of extreme search methods, in which the objective 
function is based on the transformation matrix of the 
beam. The second problem is related to the construction 
of the phase space acceptance of the the channel, which is 
constructed on the basis of transformation matrices of 
individual elements of the channel in its exit plane. 
Transformation of the output acceptance  to the input 
plane of transportation channel allows to evaluate the 
consistency of the beam parameters at the exit of the 
accelerator with the possibility of passing without loss 
along the entire length of the channel. 

FINAL REMARKS 
The calculations show that to improve the conductivity 

of the beam is necessary to build a transport channel at a 
more short focusing lenses. This will reduce the length of 
the intervals between, making the main contribution to the 
increase in the transverse dimensions of the beam. Due to 
specified size of the room, the number of lenses must be 
increased.  
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MATHEMATICAL OPTIMIZATION MODEL OF LONGITUDINAL BEAM 
DYNAMICS IN KLYSTRON-TYPE BUNCHER* 

I.D. Rubtsova#, SPbSU, Saint-Petersburg, Russia 

Abstract 
The paper presents recurrent integral-differential beam 

evolution model. This model is convenient for 
mathematical description of specific dynamic processes 
with due account of particle interaction and electric fields 
excitation by moving beam. On the basis of this model the 
problem of beam dynamics optimization is formalized as 
trajectory ensemble control problem. Analytical 
expression for quality functional gradient is obtained. 
Theoretical results are applied for solving problem of 
beam dynamics optimization in klystron-type buncher. 

RECURRENT INTEGRAL-
DIFFERENTIAL BEAM EVOLUTION 

MODEL 
Let us consider beam dynamics description by recurrent 

system of integral-differential equations. Finite iteration 
process is introduced. At every iteration beam evolution is 
described by the equations of the following form: 

( ) ( )+== −− )(,,,)(,,, )1()(
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)1()()(
)(

uHuxfuHuxfx kkkkk
k

d
d ττ
τ

( ) ( )∫+
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τ
ρ

 ( ) 0)(,,, )1()()()( =+ − uHuxfx
kkkk div τρ  (2) 

with initial conditions 

 ( ) ).(,0,)0( 0
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00
)( xxxx ρρ =∈= kk M  (3) 

Here [ ]T,0∈τ  is independent variable; T  is fixed; k  

is iteration number ( )Kk ≤≤1 ; )(kx  (or )(ky ) is n -

vector of phase coordinates; )(τu  is r -vector of control; 

( ))(,,, )1()(
1 uHuxf −kkτ  and ( ))()(

2 ,, kk yxf τ  are n -vector 

functions; )()1( uH −k  is the matrix containing the values 

)()1( u−k
jsH , Ss ,1= , 21, JJj =  of functionals defined on 

beam trajectories at previous iteration; ( ))()( , kk xτρ  is 
phase density corresponding to dynamic system (1); 

( ){ }000
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, :,, MM kkk ∈== xuxxxu τττ , 0M  is open 

bounded initial phase domain; )(0 xρ  is initial phase 

density; it is supposed 1)( 000
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=∫ xx d
M

ρ . 

The components of every matrix )(lH , Kl ,1=  are the 
values of functionals 
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τ
τρτ xxxx

u

∫=  is 

average phase vector at l -th iteration. Note that 0H =)0( . 
The resulting beam evolution is to be achieved at the 

last iteration number K . 
Beam evolution model suggested is based on 

formalization and generalization of iterative method of 
beam dynamics simulation in floating-drift klystron with 
due account of Coulomb repulsion and RF fields 
excitation in resonators. According to this method excited 
fields are represented via induced current Fourier 
decomposition [1]. Vector-function ( ))(,,, )1()(

1 uHuxf −kkτ  
is determined by the method of RF fields description. 
Functional values (4) represent induced current Fourier 
harmonics in resonators (excluding modulator) and are 
used to express excited fields at next ( )1+l -th iteration 
and thus to determine vector-function 
( ))(,,, )()1(

1 uHuxf ll+τ  in dynamics equation (1). Vector 

function ( )yxf ,,2 τ  is defined by particle interaction 
accounting (in view of space-charge forces representation 
given in [2]). 

It should be noted that model (1)-(4) may be convenient 
for wide class of beam evolution iterative descriptions 
with due account of beam dynamics dependence on the 
functionals defined on beam trajectories at previous 
iteration. These functionals approximate the fields 
generated by moving beam itself.  

Beam evolution modeling with due account of the 
fields mentioned (in particular, Coulomb forces) may be 
performed in different ways [2-14]. Analytical 
representation of these fields allows to formalize beam 
dynamics optimization problem and to obtain quality 
criterion gradient analytical expression [2,11,12]. 

OPTIMIZATION PROBLEM 
Let us introduce quality criterion of the dynamic 

process (1)-(4) as a function of functionals defined on 
beam trajectories at finite iteration: 
 

___________________________________________  

*Work supported by St. Petersburg State University, grant 9.38.673.2013
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 ( ),)(,),(),()( 21 uuuu NF ΓΓΓ=Γ K  (5) 

( ) ( ) ,,)(,,,)( )()()(

0

)(

)(
,
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dd KKK
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K
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Ni ,1= . Here ( )NF ΓΓ K,1 , ( )ii Aux ,,,τΦ , Ni ,1=  are 

smooth functions; )(uA i , Ni ,1=  are M -vectors of 
values of integral functionals 

 ( ) ( ) ,,,,)( )()()(

0

)(

)(
,

ττρτ ττ

τ

ddVA KKK
T

M

K
mimi

K

xxuxu
u

∫ ∫=  (7) 

Ni ,1= , Mm ,1= , with smooth integrands. The 
expressions (7) may be interpreted as particle 
characteristics averaged over the device spatial cross-
sections (when τ  is the time or its analogue). 

So beam dynamics optimization problem is reduced to 
hill-climbing problem with objective functional (5)-(6). 
This problem is investigated on the basis of mathematical 
methods suggested by D.A. Ovsyannikov and widely 
used for treatment different beam dynamics optimization 
problems [2,3,7,11,12]. Analytical expression of criterion 
functional (5)-(6) variation is derived in terms of auxiliary 
functions satisfying the special equations on dynamic 
system trajectories. This expression allows to obtain 
objective functional gradient and to apply directed 
optimization methods. The results obtained may be used 
for beam dynamics optimization in different structures. 

BEAM DYNAMICS IN BUNCHER: 
MODELING AND OPTIMIZATION  

Model (1)-(4) is used for beam evolution description in 
klystron buncher. In this case independent variable is 

ct=τ , where c  is the velocity of light, t  is the time; 
[ ]T,0  is independent variable segment sufficiently large 
for any particle to pass the structure; 2=n ; 

=)(kx ),( )(
2

)(
1

kk xx ),( )()( kk pz= , where z  is longitudinal 
coordinate, p  is reduced impulse of electron. RF fields in 
resonators (except modulator) are simulated on the basis 
of induced current first harmonics [1, 11];  

2
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Here J  is total number of resonators; e  is absolute value 
of electron charge; 0m  is electron rest-mass; λ  is RF 
field wavelength; 1U  and 1Φ  are prescribed amplitude 
and initial phase of RF field voltage in first resonator 
(modulator); j  is resonator number; jρ  and jQ  are 
wave resistance and Q -factor; jd  is electrical gap 
length; jξ  is resonator center coordinate; smooth bell-

shaped function ( )ηjE~  presents electric field intensity 
distribution along the gap axis; jθ  is the mismatch angle; 

( )02 ffQarctg jjj Δ=θ ; 0ff jΔ  is resonator mismatch 
with respect to basic frequency λcf =0 ; ),( hξεΠ  is 
smooth approximation of the step function 

( ) ( )ξξξ −+=Π hUhUh),( , where )(ηU  is Heaviside 
function; u  is the vector of control parameters: 

( )exJJ ffff ξξξ ,,,,,, 2002 KK ΔΔ=u , where exξ  is 
device exit coordinate; I  is average beam current. 

Electron beam is considered to have constant radius R  
and to move inside the conducting channel of radius a . 
Model particles are supposed to be disks-clouds 
(cylinders) with radius R  and thickness Δ2 . To describe 
Coulomb forces we use the analytical expression for 
electric field intensity [6]. Thus, 
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( ) ( ) ( )[ ]Δ−−Δ+−= 222)( ηηηη mmmm gggG ; 
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mesigng ημηη −−= 1)()( , 

where 0ε  is electric constant; )(ηlJ  is Bessel function of 

the l -th order; K,2,1, =mmμ  are the roots of Bessel 

function )(0 ηJ . 
It should be mentioned, that numerical experiments 

confirm the iteration process convergence. The criterion 
of iteration process completion is the coincidence (with 
necessary accuracy) of the corresponding values of 
functionals (4) on two successive iterations. 

Mathematical optimization method presented above is 
applied for solving problem of bunching efficiency 
maximization. Quality criterion BK  is defined as the 
proportion of particles getting required phase domain at 
buncher exit: ϕϕϕ Δ≤− , 0bWWW ≤− . Here ϕ  and 
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W  are correspondingly the phase and kinetic energy of 
particle at device exit, ϕ  and W  are mean values of the 

quantities mentioned; ϕΔ  and b  are given constants; 0W  
is initial energy of particles. This criterion is 
approximated by the functional of the form (6), where 

( ) =Φ Aux ,,,τ  

( )exxSbAxA ξγϕ
λ
πτ

εεε −⎟
⎠
⎞⎜

⎝
⎛ −+Π⎟

⎠
⎞

⎜
⎝
⎛ Δ−Π= 102

2
21 ,1,2

, 

( )
⎪⎩

⎪
⎨
⎧

≥
<+

=
εξ
εξεπξ

ε
ξε ,0

,1cos
2
1)(S , 

)(uiA  are the functionals of the form (7) introduced to 
approximate average values of phase and energy at 
buncher exit; ε  is sufficiently small constant to provide 
required approximation accuracy. Quality functional 
gradient with respect to parameters (mismatches and 
positions of resonators) is obtained. 

Gradient optimization of device parameters is 
performed for klystron buncher with following main 
characteristics: keV5000 =W ; A10=I ; m006.0=a ; 

m003.0=R ; m125.0=λ ; input power kVt1=entP . 
The device contains four resonators with electric gap 
length 0.027 m. The required phase and energy intervals 
at buncher exit are as follows: 

92πϕϕ ≤− , 01.0 WWW ≤− . After the optimization 

bunching efficiency BK  increased from 0.34 until 0.67.  
The numerical experiments performed confirm the 

efficiency of developed mathematical methods of beam 
dynamics modeling and optimization. It should be noted, 
that these methods may be successfully applied for 
investigation of longitudinal and transverse beam 
dynamics in klystron-type buncher. 
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SECOND ORDER METHOD FOR BEAM DYNAMICS OPTIMIZATION ∗

O.I. Drivotin, D.A. Starikov, St. Petersburg State University, St. Petersburg, Russia

Mathematical methods of beam dynamics optimization
was developed in the works of D.A. Ovsyannikov (see [1]).
These methods are based on numerical calculation of the
first derivatives on accelerator structure parameters of func-
tional estimating quality of a beam. They allow to find ac-
celerator structures with satisfactory parameters and also to
improve existing structures. The present paper is devoted to
new method based on numerical calculation of the second
derivatives of the functional. This method can be consid-
ered as an extension of the methods of first order.

BEAM DYNAMICS CONTROL PROBLEM
Consider a beam describing by the particle distribution

density �(x) in the phase space Ω, x ∈ Ω. Let at the ini-
tial moment t0 the particle distribution density [2] is given
on some p-dimensional surface S : �(t0, x) = �(0)(x) =
�(0) 1...p(x) dx1∧. . .∧dxp, p ≤ dimΩ,where xi, i = 1, p,
are coordinates on S0 which can be taken also as some of
coordinates in the phase space.

Assume that the particle trajectories are described by the
differential equation

dx

dt
= f(t, x, u),

where t is trajectory parameter, t ∈ [t0, T ], u is control
function, u(t) ∈ U ⊂ Rr. Assume that vector f is de-
fined in a domain [t0, T ] × Ω × U, and that the solution of
the Cauchy problem for this equation with initial condition
x(t0) = x0 uniquely exists for any x0 under consideration.

Let introduce functional characterizing quality of the
controlled process

Φ(u) =
∫

Ω

g(xT )�(T, xT ), (1)

where g(x) is a piecewice continuous function, and inte-
gral on Ω means in fact integration over image of initial
surface S0 of corresponding differential form satisfying to
the Vlasov equation [2]. The problem of minimizing of
functional (1) on control function u from U is called the
terminal problem of beam control with account of particle
distribution density.

METHOD FORMULATION
Equation for the first variation of x has the form

dδxi

dt
=
∂f i

dxj
δxj + δuf

i, δxi(t0) = 0, (1)

∗Work supported by St. Petersburg State University grant
#9.38.673.2013

where

δuf
j =

∂f j

∂uk
δuk

(summation is meant on coincident indices). The solution
of the problem (1) can be written as

δxi(t) =

t∫

t0

Gi
j(t, t

′)δuf j(t′)dt′,

whereG(t, t′) is the Green matrix of the system (1), satify-
ing to the equation

dGi
j(t, t

′)
dt

=
∂f i

∂xk
Gk

j (t, t′),

and to the condition G(t, t) = E, where E is identity ma-
trix.

Then variation of the functional (1) can be written in the
form

δuΦ =

T∫

t0

∫

Ω

∂g

∂x
G(T, t′)δuf(t, x)�(t, x) dt. (1)

Let introduce the differential form

ψ(t, x) = −∂g
∂x

|x=xTG(T, t),

satisfying to equation and condition

dψ

dt
= −ψ∂f

∂x
, ψ(T ) = −∂g

∂x
|x=xT .

Then the functional variation (1) takes the form

δuΦ = −
T∫

t0

∫

Ω

ψ(t, x)δuf(t, x)�(t, x) dt.

Assume that u is a piecewise constant vector function

u = ui, t ∈ [ti−1, ti), i = 1,M, tM = T.

Then fuctional (1) can be considered as function of rM
control parameters. The derivatives on these parameters
are

∂Φ
∂uk

i

= −
T∫

t0

∫

Ω

ψ(t, x)
∂δuf(t, x)

∂uk
i

�(t, x) dt. (1)

Passing to the summation on macroparticles within the
framework of the method of macroparticles, write the func-
tional derivatives in the form

∂Φ
∂uk

i

= −
T∫

t0

N∑
j=1

ψ(t, x(j)))
∂δuf(t, x(j))

∂uk
i

dt,
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where x(j) denotes position in the phase space of the j-th
particle.

Consider second derivatives of the functional on the con-
trol parameters. For simplicity assume that r = 1 (one
scalar control function). Let us consider second derivatives
only on the same parameters ∂2Φ/∂u2

i . As

∂xj

∂ui
(t) =

t∫

t′

Gj
k(t, t′)

∂δuf
k

∂ui
(t′) dt′, (1)

the expression (1) can be rewriteen in the form

∂Φ
∂ui

=
∫

Ω

∂Φ
∂xj

∂xj

∂ui
(T )�(T ). (1)

Assume also that ∂2Φ/(∂xi∂xj) = 0 if i �= j. Then

∂2Φ
∂u2

i

=
∫

Ω

�(T )
[
∂Φ
∂xj

∂2xj

∂u2
i

(T ) +
∂2Φ
∂(xj)2

[
∂xj

∂ui
(T )]2

]
.

Passing to the summation on macroparticles we get

∂2Φ
∂u2

i

=
N∑

k=1

[
∂Φ
∂xj

∂2xj
(k)

∂u2
i

(T ) +
∂2Φ
∂(xj)2

[
∂xj

(k)

∂ui
(T )]2

]
,

where the first derivatives are expressed by (1).
It can be shown that when f j are linear on control pa-

rameters ui, second variation of x has the form

δ2xj(t) =

t∫

t0

(Dj
kl(t, t

′)δufk(t′) +Gj
k(t, t′)δu(

∂fk

∂xl
)|t′)×

×(
∫ t′

t0

Gl
mδuf

m(t′′) dt′′) dt′,

where components of the tensor D satisfy to the system of
differential equations

∂Di
lk(t, t′)
∂t′

= −2Di
lm(t, t′)

∂fm

∂xk
(t′)+Gi

m(t, t′)
∂2fm

∂xl∂xk
(t′)

and the condition

Di
lk(t, t) = 0, i, j, k = 1,m.

Then

∂2xj

∂u2
i

(t) =

ti∫

ti−1

[
Dj

kl(t, t
′)
∂δuf

k

∂ui
(t′)+

+Gj
k(t, t′)

∂

∂ui

(
δu(

∂fk

∂xl
)
)|t′

]
×

×
t′∫

ti−1

Gl
m(t′, t′′)

∂δuf
m

∂ui
(t′′) dt′′ dt′.

Numerical optimization process can be implemented as a
sequence of steps of numerical calculation of first and sec-
ond derivatives of the functional, and changing of control
parameters according to the expression

δui = − ∂Φ/∂ui

∂2Φ/∂u2
i .

i = 1,M

while the functional is decreasing. If at some step it will
be turned out that ∂2Φ/∂u2

i = 0 for some i, one should
combine this method with method of gradient descent or
another first order method.

OPTIMIZATION OF RFQ CANNEL
Assume that longitudinal component of electric field in

the RFQ channel is

Ez = U0
4kT
π

cos η cosωt, η(z) =

z∫

z0

k(z′) dz′, (1)

Here 2U0 is intervane voltage, ω is frequency of the field
oscillations, a is aperture of the cell, k = π/L, L is the cell
length, which varies along the channel, η(z) is the phase of
electrode modulation, T is acceleration efficiency.

Within the framework of this model, the longitudinal
motion does not depend of the transverse motion. It allows
us to consider logitudinal motion separately. For simplicity,
consider optimization problem accounting only longitudi-
nal motion.

Take reduced energy γ and phase of the particle ϕ = ωt
as the phase coordinates. Initial distribution in the phase
space of longitudinal motion can be set in various manner.
For example it can be taken in the form �(0) ϕ = (2π)−1,
ϕ0 ∈ [−2π, 0], γ = γ0. Here �(0) ϕ is ϕ−component of the
initial distribution density, ϕ0 and γ0 are initial phase and
energy of a particle.

Consider the difference between phase of the syn-
chronous particle ϕs and the phase of space modulation
η

Φs = ϕs −
∫
k dζ. (1)

Here ζ = z/λ, k = λk, λ = 2πc/ω. Take function
u1(ζ) = dΦc/dζ as the first control function. Let T be
the second control function: u2(ζ) = T (λζ).

The equation of longitudinal dynamics for low intensity
beam can be written in the form

dϕ

dζ
= 2πγ(γ2 − 1)−1/2, (1)

dγ

dζ
= CL(2πγs(γ2

s − 1)−1/2 − u1)u2 cos η cosϕ, (1)

where CL = 2eU0/(πmc2). Equation for η has form [3]

dη

dζ
= 2πγs(γ2

s − 1)−1/2 − u1.
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Then equations for ψ can be written in the form

dψη

dζ
=

N∑
i=1

ψ(i)γCLku2 sin η cosϕi,

dψ(s)γ

dζ
= ψη

2π
(γ2

s − 1)3/2
+

+ψ(s)ϕ
2π

(γ2
s − 1)3/2

N∑
i=1

ψ(i)γ
2π

(γ2
s − 1)3/2

CLu2 cos η cosϕi,

dψ(i)ϕ

dζ
= CL ψ(i)γkT cos η sinϕi, i = 1, N,

dψ(i)γ

dζ
= ψ(i)ϕ

2π
(γ2

i − 1)3/2
, i = 1, N.

Here i is number of a macroparticle. It is written in paren-
thesis at ψ to avoid confuse with indices. Let control func-
tions are constant inside cells: ui(ζ) = uij , ζ ∈ [ζj−1, ζj),
j = 1,M. Then

∂Φ
∂u1j

=

ζj∫

ζj−1

(ψη +
N∑

i=1

ψ(i)γCLu2 cos η cosϕi) dζ,

∂Φ
∂u2j

=

ζj∫

ζj−1

N∑
i=1

ψ(i)γCLk cos η cosϕi dζ.

Restrict ourselves to the case of one scalar control function
u = T. Then equation for Green functions and for compo-
nents of tensor D are

dGϕ
ϕ

dζ
= −Gϕ

γCLkT cos η sinϕ,
dGϕ

γ

dζ
= Gϕ

ϕ

2π
(γ2 − 1)3/2

,

dGγ
ϕ

dζ
= −Gγ

γCLkT cos η sinϕ,
dGγ

γ

dζ
= Gγ

ϕ

2π
(γ2 − 1)3/2

,

∂Dϕ
ϕϕ(ζ, ζ′)
∂ζ′

= (2Dϕ
ϕγ sinϕ−Gϕ

γ cosϕ)CLkT cos η,

∂Dγ
ϕϕ(ζ, ζ′)
∂ζ′

= (2Dγ
ϕγ sinϕ−Gγ

γ cosϕ)CLkT cos η,

∂Dϕ
ϕγ(ζ, ζ′)
∂ζ′

= − 4πDϕ
ϕϕ

(γ2 − 1)3/2
+ 2Dϕ

γγCLkT cos η sinϕ,

∂Dγ
ϕγ(ζ, ζ′)
∂ζ′

= − 4πDγ
ϕϕ

(γ2 − 1)3/2
+ 2Dγ

γγCLkT cos η sinϕ,

∂Dϕ
γγ(ζ, ζ′)
∂ζ′

= − 4πDϕ
ϕγ

(γ2 − 1)3/2
−Gγ

ϕCLkT cos η cosϕ,

∂Dγ
γγ(ζ, ζ′)
∂ζ′

= − 4πDγ
ϕγ

(γ2 − 1)3/2
−Gγ

γCLkT cos η cosϕ.

Second derivatives of the functional are ∂2Φ/∂T 2
j =

=
N∑

i=1

{∂2Φ
∂ϕ2

[ ζj∫

ζj−1

Gϕ
γ (ζM , ζ′)k cos η(ζ′) cosϕ(ζ′) dζ′

]2+

+
∂2Φ
∂γ2

[ ζj∫

ζj−1

Gγ
γ(ζM , ζ′)k cos η(ζ′) cosϕ(ζ′) dζ′

]2+

+
∂Φ
∂ϕ

ζj∫

ζj−1

Dϕ
γϕ(ζM , ζ′)k cos η(ζ′) cosϕ(ζ′)×

×[ ζ′∫

ζj−1

Gϕ
γ (ζ′, ζ′′)k cos η(ζ′′) cosϕ(ζ′′) dζ′′

]
dζ′

+
∂Φ
∂ϕ

ζj∫

ζj−1

Dϕ
γγ(ζM , ζ′)k cos η(ζ′) cosϕ(ζ′)×

×[ ζ′∫

ζj−1

Gγ
γ(ζ′, ζ′′)k cos η(ζ′′) cosϕ(ζ′′) dζ′′

]
dζ′

+
∂Φ
∂γ

ζj∫

ζj−1

Dγ
γϕ(ζM , ζ′)k cos η(ζ′) cosϕ(ζ′)×

×[ ζ′∫

ζj−1

Gϕ
γ (ζ′, ζ′′)k cos η(ζ′′) cosϕ(ζ′′) dζ′′

]
dζ′

+
∂Φ
∂γ

ζj∫

ζj−1

Dγ
γγ(ζM , ζ′)k cos η(ζ′) cosϕ(ζ′)×

×[ ζ′∫

ζj−1

Gγ
γ(ζ′, ζ′′)k cos η(ζ′′) cosϕ(ζ′′) dζ′′

]
dζ′

}
C2

L.

Particle number i atG,D, ϕ, γ is omitted for brevity. Anal-
ogous expressions can be obtained in 6-dimensional gen-
eral case with 3 control functions [3].
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ELECTRON GUN WITH ADIABATIC PLASMA LENS 
A. Drozdovsky, A.Bogdanov, S. Drozdovsky, R. Gavrilin, A. Golubev, I. Roudskoy, S. Savin,  

V. Yanenko, SSC RF Institute of Theoretical and Experimental Physics, Moscow, Russia 
 

Abstract  
    For researches on plasma physics has been designed 
and constructed the electronic gun with the cold cathode 
on energy to 300 кэВ. The gun have the parameters: time 
width of pulses -100 ns, current amplitude - 100 A. The 
adiabatic plasma lens is developed for transportation and 
compression of the received electron beam. Results of 
researches are presented. 

INTRODUCTION 
The electron beam with energy in hundreds кэВ is 

necessary for carrying out researches in the field of 
plasma physics - studying of formation of Z-pinch [1]. 
For these purposes the electron beam has to have the 
following parameters: current amplitude > 100 A, front 
duration ~ 10 nanoseconds, energy of electrons > 200 
keV. The experimental installation is shown on fig. 1. 
The electron beam is entered through foil into the 
experimental channel with pressure ~ 1 mbar. The beam 
size is reduced in the adiabatic plasma and then is 
injected in the camera for Z-pinch formation. For 
creation of the required accelerating voltage  form was 
accepted the scheme of the generator on cable lines with 
use of the double forming line of Blumlein (DFL) and the 
cable transformer of Lewis [2]. 

 

Figure 1: Set up of the adiabatic plasma lens with the 
ITEP electron gun.  
 

THE GUN INSTALLATION 
 

    The gun installation (fig. 2) consists of actually 
electron gun with magnetic lens, surveillance camera 
with the scintillators located in it. Vacuum pumping of an 
electronic gun is made by the turbomolecular pump, and 
of plasma part of installation - the roughing-down pump.  
The appropriate volumes are separated from each other 
by a mylar film. The desorption emitter was used for 
reduction of requirements to vacuum. Such long-lasting 
emitter was developed in ITEP [3]. The gun emitter of an 
electron beam (fig. 2) is located in the center of a 
cathode. The desorption emitter represents a set of thin 
plates of mica and copper. The emitter diameter is 50mm,  
 
 
 

diameter of a cathode electrode is 110 mm. The gap 
width is about 50 mm.  
   Fig. 3 represents simulation results of the electron beam 
propagation from cathode (C) to adiabatic magnetic lens. 
Emission current of 100 A and 50 mm cathode-anode gap 
under voltage of 200 kV were assumed during 
calculation. 

 

 
Figure 2: The cathode assemble. 

 
     The simulation was performed using numerical code 
PICSIS-2D [4] based on use of system of the equation of 
Vlasov-Boltsman with calculation of collisions of 
particles by Monte-Carlo method. The program enables 
to calculate a transportation of relativistic charged 
particles in arbitrary 2D electromagnetic fields taking 
into account its space charge and self-magnetic field. 

Figure 3: Electron beam propagation; I=100A, U=200kV.
  

PULSE MODULATOR 
    For creation of the accelerating voltage  was accepted 

the scheme (fig. 4) of the generator on cable lines with 
use of the double forming line of Blumlein (LB) and the 
cable transformer of Lewis (TL). Generators of this kind 
were realized [5] and on them voltage about 300 kV 
impulses were received. For switching of the LB was 
used by "pseudospark switches" TPI1-10k/50. The 
forming line was executed from 18 couples 10-meter RC-
50 cables. It is loaded from a high-voltage source through 
Rh resistance. To reduce communication between an exit 

_________________________ 
* Work supported by the Russian Foundation for Basic 
Research (grant № 12-02-00866-а) 
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of the transformer of Lewis and the forming line, the last 
unites to the earth through decoupling inductance of Ldec. 
The cable transformer consists of nine 20-meter cables, 
each of which contain two inductivity decouplings 
(permalloy and ferrite). For compensation of distortions 
of a form of an impulse the Lc, Cc and Rc elements are 
entered into the scheme. The control signal is removed 
from a low-voltage shoulder of Rd of a divider of the 
accelerating tension. 

ELECTRON DIAGNOSTICS 
    The Kuraray company scintillators are used for 
obtaining of a beam density distribution. A scintillators 
luminescence are registered by CCD television cameras. 
The last together with operating computer are in the iron 
boxing providing an electromagnetic shielding. 
Information to the central computer is transferred on 
optical communication. 
    An electron beam current was measured by the current 
transformer which has been built in the transport channel. 
All measuring systems, as well as start systems, are 
equipped with fiber-optical devices [1].  
    Figure 5 shows  waveforms of  the beam current  and 
DFL voltage  pulse at of 25 kV.  The  peak current of 50 
A and the beam time width of  60  nsec. 

  
Figure 5: The electron beam current (black curve) and 
DFL voltage  pulse signals. 

     The measurements of a electron beam energy 
spectrum on the magnetic analyzer were taken (fig. 6). 
Width of recession of a spectrum above a maximum is 
defined by the value of angular dispersion which exceeds 
0.01 rad. 
    Characteristics of an electron beam were close to 
design values. 
 
  

Figure 6: Electron beam energy spectrum for charging  
voltage 28 kV.  
 

ADIABATIC PLASMA LENS 
    Focusing of an charge particle beam in a plasma lens is 
carried out as follows (fig. 7): the z-discharge plasma 
current creates an azimuthal magnetic field which focuses 
a beam passing through the discharge tube. If a discharge 
tube conic, density of current and a magnetic field 
increase with reduction of a tube diameter. That plasma 
z-discharge can be used to reduce the beam size in a way 
increasing of the focusing strength along the lens [5]. The 
focusing strength increase reduces the betatron 
wavelength and at the same time the amplitude of the 
betatron oscillation and thus results in a reduction of the 
beam envelope radius. That is different from the 
traditional "coherent focusing". This of focusing can be 
achieved by a slow, or ‘adiabatic’. 
 

     Reduction ratio of the final beam radius rf  to the initial 
beam radius ri depends on the increase of focusing 
strength along the lens:    

  
1/2/ ( / )f i f ir r R R=  

 
Figure 4: Pulse modulator. 

 

Figure 7: Schematic drawing of the principle and 
geometry of an adiabatic plasma lens. 
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where Rf /Ri is the reduction ratio of final to initial 
diameter of discharge tube. The first studying of an 
adiabatic plasma lens were performed in Berkeley [6]. 
The researches were conducted with use of a beam ions 
K+ of 1.5 MeV energy. 
    Now research and adjustment works on creation of the 
adiabatic plasma lens (APL) are carried out. The pulse 
generator with thyratron TDI1-150/25 as the switchboard 
on current to 30 kA was created. As current impulse 
rather long (20 microsec), the discharge  current fills all 
section of a tube, and distribution of the current closely to 
the uniform where a beam passes. Therefore it is possible 
the adiabatic formula will correctly define change of the 
size of a bunch in our lens. 
      Because of technological problems decided to replace 
a conic discharge tube with a set of cylindrical tubes. The 
set of tubes has length of 120 cm and their diameter 
decreases from 100 to 10 mm. The lens was tested on 
initial part 60 cm long, where diameter decreases from 
100 to 50 mm (see fig. 8).. The steady discharge happens 
with a pressure less than 0.5 Torr. According to Paschen's 
curve for the full length lens pressure will need to be 
reduced to 0.2 Torr. 

     The first tests were carried out for a electron beam 
with energy 200 кэВ and current 30 A. The fig. 9 show a 
scintillators luminescence for the lens entrance and exit. 
The corresponding sizes of a beam section are 50 mm 
and 40 mm. Of course, quality of conducting of a beam 
leaves to wish much the best, but, nevertheless, the beam 
size didn't increase on a drift interval 60 cm. Further it 
allows to hope to achieve the demanded results. 

    
 Figure 9: Scintillators luminescence for the lens 
entrance and exit. 

CONCLUSION 
    Measurements of parameters of a beam showed their 
good compliance to projected values.  Reliable work of 
installation speaks about operability of the made 
technical solutions.  
    The developed generator for an adiabatic plasma lens 
provides stable implementation of the plasma discharge. 
    The carried out tests of an adiabatic plasma lens with 
an electron beam allow to hope for the successful 
solution of objectives.  
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Figure 8: The adiabatic plasma lens (initial part). 
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AXIAL INJECTION TO A COMPACT CYCLOTRON WITH HIGH 
MAGNETIC FIELD 

V. L. Smirnov, S. B. Vorozhtsov 
Joint institute for nuclear research, Dubna, Russia

Abstract 
One of advantages of a compact cyclotron over other 

type accelerators is a small size mainly defined by the 
facility’s bending magnetic field. In such cyclotrons an 
application of an external injection is required in some 
cases. But for high magnetic field of the cyclotrons (over 
4-5 T) there appears a severe problem to make the 1st 
turns in the machine with external injection of accelerated 
particles. This paper describes a proposal of a new central 
region structure of a compact cyclotron that permits one 
to successfully solve the problem of the axial injection 
into such a facility using a spiral inflector. 

INTRODUCTION 
To reach the smallest accelerator size, application of 

an as high as possible magnetic field of the machine is 
required. In the compact cyclotron with high magnetic 
field its magnitude is mainly limited by the minimal 
focusing available. Thus, in sector structures with large 
spiral angles of 60-70 degrees and maximal possible deep 
valleys the practically reachable limit for the central field 
would be 4-5 T. In a cyclotron with external ion source 
the particle injection in the accelerator central region is 
one of the main problems. A design of the cyclotron 
central region is a key moment for such accelerators. An 
application of a conventional spiral inflector [1] leads to 
substantial particle losses on the first turns in the 
magnetic field. 

A possible way to increase the particle transmission 
through the central region is the application of a higher 
dee voltage and increasing the number of the dees [2]. 
Such approach contradicts the main requirement to the 
modern compact accelerators – the minimum power 
consumption at their use. Application of higher particle 
injection energy also can help in solving the problem [3]. 
But the modern ion sources have restrictions on the 
maximal possible particle energy at the level of 25-30 
keV for the singly charged ions. Besides, at high energies 
the inflector voltage also should be higher that essentially 
complicates development of the machine. Miniaturization 
of the central region structure [4] can also be a solution. 
This approach in the spiral inflector with minimum size 
implies very complicated structure of the cyclotron 
center. 

In this report the authors propose a very different 
approach to the cyclotron central region configuration. In 
the suggested structure the trajectories of the injected 
particles on the first turns in the magnetic field and RF are 
axially separated from the inflector external surfaces [5]. 

CENTRAL REGION STRUCTURE 
The particle trajectory curvature in the high 

magnetic field is smaller than the spiral inflector external 
dimensions. Therefore, the injected particles get lost on 
the inflector case during their initial turn. To prevent 
those particle losses it is proposed to inject them under 
some angle with the accelerator median plane at the 
inflector exit. Such particles make the first turns with 
some offset to the median plane excluding in this way 
their collision with the inflector outside surface. The 
further consideration deals with some hypothetic compact 
cyclotron having the central magnetic field of 4.5 T. 
Simulations were performed by the SNOP program of 
particle tracing [6] in three-dimensional fields of the main 
magnet, the spiral inflector and the accelerating dees 
calculated in the Tosca\Opera3D program. As a test 
particle H− ion injected from axial line with energy 
25 keV was used. 

As mentioned above in the proposed method the 
particle trajectory radius on the first turn should not be 
larger than the effective inflector half-size. To provide 
required inclination of the particle trajectory to the 
median plane at the inflector exit, inflector electrodes 
should be cut off at its exit by some small angle defined 
by calculations. In our case 20 degrees was chosen to cut 
(Fig. 1).  

 

Figure 1: Spiral inflector cut: 1 – inflector entrance, 2 – 
inflector exit, 3 – cutting plane. 

In this case the particle trajectory makes ~ 6 degree 
angle with the median plane, and the radius of curvature 
of the particle trajectory is 5.5 mm. Due to axial 
separation of the particle trajectory with the inflector they 
do not intersect despite larger effective radius of the 
inflector of 9 mm. To minimize the axial size of the 
inflector case the lower electrode is set at ground potential 
and connected electrically to the inflector case. The upper 
electrode is under the potential of +10 kV (Fig. 2). 
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Calculations show that 3.7 mm axial shift of the inflector 
from the median plane is necessary to provide sufficiently 
small amplitude of the axial oscillations of particles on 
the first turns. 

 

Figure 2: Inflector structure: 1 – inflector entrance, 2 – 
upper electrode, 3 – lower electrode, 4 – inflector RF 
shield, 5 – median plane. 

Particle motion simulation using three-dimensional 
distribution of the electric field of one 180 degree dee 
confirmed stability of the axial oscillations of particles. 
The proposed method of the cyclotron central region 
construction allows application of rather small dee 
voltage. In our case 30 kV voltage with dee to dummy 
dee gap of 2.5 mm was chosen. 

The structure of dee tip was chosen, such as to provide 
maximal electric focusing of particles on initial turns. The 
positive RF phase was provided when crossing with 
particles of the accelerating gaps, creating thereby 
conditions for quickly damped oscillations about the 
median plane. The calculations above showed that despite 
increasing an axial aperture of the dee structure required 
in the method, it is possible to create a central region with 
stable axial oscillations of the particles with their further 
capture in the acceleration process (Fig. 3, 4). 

 

Figure 3: Particle trajectory in the central region: 1 – 
inflector RF shield, 2 – particle trajectory, 3 – dee, 4 – 
dummy dee. 

 

Figure 4: Central region structure: 1 – inflector RF shield, 
2 – particle trajectory, 3 – dee, 4 – dummy dee. 

 

CONCLUSION 
In this study a new structure of the central region of the 

compact cyclotron that allows us to solve a basic problem 
of cyclotron physics – axial injection from the external 
ion source in the cyclotron with a high magnetic field – 
was proposed. The new method of particle injection is 
based on innovative idea of axial separation of a 
trajectory of the injected particles with the inflector 
geometry. The described structure is rather simple in 
realization and doesn't demand a high dee and inflector 
voltages. The proposed injection can be applied in the 
design of accelerators with external injection and the 
highest magnetic field, like those described in reference 
[2]. 
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COMPLEX SHUNT IMPEDANCE AND BEAM-RF CAVITY INTERACTION 

V.G.Kurakin, Lebedev Physical Institute, Moscow, Russia 

Abstract 
Two approaches usually are used to describe beam-

cavity interaction in accelerator based applications. The 
first one is electro dynamical and uses Maxwell equations 
to derive appropriate equations, field modes expressions 
being necessary to calculate field amplitudes excited by 
moving charges in the cavity. The other one uses LC 
circuit to derive appropriate equations for voltage 
amplitude induced in cavity by accelerated bunches, thin 
accelerating gap to some extent being not fully correctly 
defined representation in such approach. In this paper, the 
expressions are derived that describe beam-RF cavity 
interactions in terms of so called complex shunt 
impedance, strict electro dynamical approach being used 
in calculations. It is shown that complex shunt impedance 
module coincides completely with usual shunt impedance 
definition that up to now is used widely to describe rf 
cavity efficiency. The physical sense of its phase is given 
in the paper as well. Both complex shunt impedance 
module and its phase can be calculated or measured 
experimentally. 

INTRODUCTION 
To analyze the processes resulting from beam-cavity 

interaction two approaches are used mainly. The first one 
is based on Maxwell equations solving. Cavity eigen 
functions for vector potential are found  that together with 
differential equations for fields amplitudes form the basis 
for following analysis. In other approach mentioned the 
RF cavity is replaced with the electrical circuit containing 
active resistance, capacitance and inductance, their values 
are chosen in such a way to have the resonance frequency, 
quality factor and shunt impedance the same for the RF 
cavity and for the circuit. In this approach one has an 
analytical representation so necessary for analysis but the 
questions concerning approach justification and some 
uncertainness arise. 

In this paper we use strict field approach based on 
Maxwell equation to derive the equation for field 
amplitude that might be suitable for processes analysis in 
accelerator containing RF cavity. Complex shunt 
impedance concept have been introduced and this 
appeared be fruitful for beam-cavity interaction processes 
description in RF accelerator based applications 
problems.  

ELECTRODYNAMICS OF RF CAVITY-
BEAM INTERACTION 

To find out the fields that induces moving charge in a 
RF cavity, we will use the method that had been 
developed in [1]. Vortex electrical ),( trE rr

and magnetic 

),( trH rr
 fields are represented as derivatives of vector 

potential ),( trA rr
on time t  and space rr coordinates: 

t
trAtrE

∂
∂

−=
),(),(

rr
rr

,  ),(1),(
0

trArottrH rrrr

μ
=    (1) 

where 0μ  is magnetic permeability of free space. Here 
and later SI units are used. Vector potential satisfies the 
wave equation  

),(),(1),( 02

2

2 trj
t

trA
c

trA rr
rr

rr μ−=
∂

∂
−Δ            (2) 

).( trj r
r

, c  being current density and  the light velocity.  
To find out the expressions for vector potential we will 

use the most direct way. Namely, we represent vector 
potential as an expansion on the infinite sum of RF cavity 
eigen functions )(rA rr

λ  with time dependent 

coefficients )(tgλ : 

)()(),(
1

rAtgtrA rrrr
λ

λ
λ∑

∞

=

=                (3) 

with the boundary conditions 0| =ΣλA
r

 on cavity 
surface. 

Starting from the equation (2) and taking into account 
(3) one can easily obtain the equations for cavity vector 
eigen functions and appropriate time dependent 
coefficients (fields amplitudes): 

0)()( 2 =+Δ rAkrA rrrr
λλλ                 (4) 

∫=+
V

dVrAtrjtg
dt

tgd )(),()()( 2
2

2 rrrr
λλλ

λ ω       (5) 

Here ck /λλ ω=  are eigen values of boundary values 
problems (4), the specific solutions for RF cavities are 
called cavity modes, λω being the eigen angular 
frequencies of appropriate modes, c  is light velocity. 
Integration in formula is assumed to be performed over 
cavity volumeV . Last equation can be generalized up to 
the next one 

∫=++
V

dVrAtrjtg
dt

dg
Qdt

tgd )().()()( 2
2

2 rrrr
λλλ

λ

λ

λλ ωω  (6) 

if losses in cavity and outside are taking into account. 
Here λQ  stands for cavity quality factor: 

λ

λλ
λ

ω
P
WQ =                                (7) 
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where λW  is the electromagnetic energy in the mode λ , 

stored in cavity volume and λP  represents the total RF 
power losses that besides ohm losses in cavity walls 
includes the external losses due to cavity coupling with 
external circuits. It is supposed that eigen functions are 
normalized by the condition 

∫ ==
V

cA 0
2

0
2 /1 εμλ                           (8) 

Here 0μ  and 0ε  are magnetic and electric 
permeability respectively. 

For the analysis followed we will use the cavity 
excitation equation in the form with small RF losses, and 
this  has no any influence on generality of results to be 
obtained. Then, all calculations will be made for a single 
charged particle with charge value q of zero dimensions 
in all directions entering cavity at moment 0=t . In such 
a case the total current density 

)),,(),(),( vtyxtrvqtrj δrrrr
= ,            (9) 

where ),( trv rr
stands for particle velocity being assumed 

constant within the cavity, and ()δ   is Dirac delta 
function: ∞=)(xδ  for 0=x , 0)( =xδ  for 0≠x  

∫
∞

∞−

= 1)( dxxδ                               (10) 

We suppose also the case that is the most interesting for 
accelerator based applications – the particle moves along 
cavity axis where 

vtzyx === ,0,0                    (11) 
In such assumptions: 

∫ −=+
L

dzzqvAvtztg
dt

tgd

0

2
2

2

)()()()( δω     (12) 

From here and to the paper end we omit mode indexes 
that does not lead to ambiguity. It follows from last 
relation that 
 

)()()( 2
2

2

tJtg
dt

tgd
=+ω , )()()()( vtLtvtqvAtJ −= ηη   (13) 

were ),0,0()( zAzA z=  and ()η is Heaviside step 
function  

1)( =xη for all 0≥x , 0)( =xη for all 0<x  (14) 
The solution of the equation (13) that satisfies initial 
conditions 0)0()0( == gg & (corresponding equal to 
zero electric and magnetic components of induced field) 
can be represented in the form [2]: 

21

/

0

cossin

)(sin)(1)(

JtJt

dtJtg
vL

ω
ω

ω
ω

ττωτ
ω

−

=−= ∫
          (14) 

Here 

τωττ dJJ
vL

cos)(
/

0
1 ∫= ,   τωττ dJJ

vL

sin)(
/

0
2 ∫=  (15) 

Note that solution for field amplitude in the form (14) is 
valid for time interval vLt /> . 

INDUCED VOLTAGE OVER CAVITY 
EXTERNAL PARAMETERS 

Let us find out probe particle with charge e energy gain 
after passage of the cavity assuming field amplitude 
being )sin()( ϕω += tatg , where a is constant. One 
can derive easily: 

21 sincos)()()( J
q

eaJ
q

eadzzAtge ϕωϕωϕ +−=−=Ε ∫ &   (16) 

Representing rf cavity in the form of equivalent thin 
gap of zero length (accelerating gap) with applied rf 
voltage one can conclude that appropriate voltage 
amplitude mU is equal to 

( ) 2/12
2

2
1 JJ

q
a

e
U m +=

Ε
=

ω
                 (17) 

This can be expressed in terms of cavity shunt 
impedance R and cavity quality factorQ : 

0

2

P
UR m= , 

0
0 P

WQ ω
=                       (18) 

where 0P stands for cavity walls power losses and W  is 
electromagnetic energy stored in the cavity volume. 

dVrAadVEW
VV

m ∫∫ == )(
22

20
22

20 rεωε
   (19) 

Taking into account normalization condition one 
arrives finally at relations 

2

22ωaW =  , 
2

2

0

2
2

2
1

q
Q
RJJ ω

=+           (20) 

Let us calculate energy loss for the particle traversing 
cavity filled with the field induced by previous charge, 
both radiating charge and probe particle being spaced by 
time interval equal to period of rf oscillations.  

( )2
2

2
1

/

0

/

0

/

0

)()cos()(

)()(
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q
e

dtvtAdtJev

dtvtAtgev
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⎤
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∫ ∫

∫
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&

    (21) 

 Together with last expression this gives 

02 Q
Req

lost
ω

−=Ε                       (22) 
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In terms of thin gap this means that bunch with charge 
q induces rf voltage of amplitude  

02 Q
RqU ω

=                              (23) 

and rf phase π . Furthermore, taking into account field 
damping we arrive finally to the next expression for rf 
field, induced by charged bunch on equivalent thin gap 

tQt
Q
RqU ωωω cos)2/exp(

2 0

−−=           (24) 

Very often, current value I averaged over RF period is 
used instead of charge value 

tQt
Q
RIU ωωπ cos)2/exp(

0

−−=              (25) 

RF CAVITY COMPLEX SHUNT 
IMPEDANCE CONCEPT 

It follows from (14) that the phase of oscillating 
depends on two quantities 1J  and 2J , and these two 
quite different functionals can not be expressed over one 
quantity. These parameters might be used for detailed 
description of beam-cavity interaction and the outlook on 
relation (14) prompts to represent it in the form 

( )ψωψω
ω

ω
ω

ω
ω

coscossinsin

cossin)( 21

ttD

JtJttg

−

=−=
               (26) 

where 
2
2

2
1 JJD += , 

D
J

D
J 21 cos,sin == ψψ       (27) 

and formula  takes the form: 

)cos()( ψω
ω

+−= tDtg                         (28) 

Thus, the pare of quantities 1J and 2J or D and ψ  is 
needed for detailed description of beam-cavity 
interaction, and this pare, as it followes from formulae 
written above, might be considered as the real and 
imaginary parts or the module and the phase of complex 
quantity: 

ψiDDiDD expImReˆ =+=             (29), 
where i is imaginary unit. D  is expressed over cavity 
shunt impedance, and finally expression for field 
amplitude looks like 

)cos(
2

)(
0

ψω
ω

+−= t
Q

Rqtg                (30) 

It is often much more convenient to deal with complex 
quantities remembering that physical sense has its real 
part. Then, denoting 

)2exp( ψiRZ =  ,                         (31) 
we arrive at relation 

ti
Q

Zqtg ω
ω

exp
2

Re)(
0

−=               (32) 

In these notations, it is quite natural to refer to Z  as 
complex shunt impedance. Its module coincides with 
usual cavity shunt impedance. To establish physical sense 
its phase let us rewrite expression (16) for energy gain for 
the probe particle entering a cavity at 0=t  using ψ  
definition: 

)sin(

)cossinsincos()(

ψϕω

ψϕψϕωϕ

−

=+−=

D
qv
a

D
qv
aU

  (33) 

Complex cavity shunt impedance can be calculated for 
any particular mode according formulae above or 
established experimentally. To measure R and ψ  the 
following experiment has to be done. RF cavity installed 
on probe beam path is fed with power P . Cavity RF 
phase is adjusted to have the maximum energy gain 

mU at its exit. Appropriate combination (18) of values 
obtained gives cavity shunt impedance module. Adjusting 
phase shifter to position corresponding zero energy gain 
at cavity exit one gets information concerning phase ψ  . 

CONCLUSION 
The concept of complex shunt impedance has been 

introduced to the problem under attention, and solution 
for field amplitude had been expressed in terms of this 
cavity parameter. The physical sense both for the module 
and the phase as well of complex shunt impedance has 
been clarified. The first one is simply cavity shunt 
impedance in widely used sense, while the other fixes the 
phase at which the probe particle, entering cavity, 
traverses it without additional energy gain. It had been 
shown, that complex shunt impedance components can be 
calculated or measured experimentally. 
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OUTPUT ENERGY VARIATION IN THE SC LINAC FOR THE PROTON 
RADIOTHERAPY 

I.A. Ashanin, S.M. Polozov, A.V. Samoshin, National Research Nuclear University MEPhI  
(Moscow Engineering Physics Institute), Moscow, Russia 

Abstract 
Current success of the superconducting linear 

accelerators based on independently phased SC cavities 
gives a seriously reason to consider such structure in 
proton radiotherapy. Superconductivity allow to solve at 
once some problems concerned with a low rate of energy 
gain, high length, higher capacity losses and higher cost 
of the proton linear accelerator subsequently. One of the 
traditional aims of such facilities is receiving of the beam 
energy about 240 MeV with possibility of fluently 
regulation in range from 150 to 240 MeV that responds to 
irradiate the tumors located at different depth. The 
possibility of beam energy variation by means of RF field 
phase in last resonators and number of the resonator turn-
off becomes the major advantage of the proton SC linac. 

The optimal choice of accelerator parameters and the 
beam dynamics simulation results with using 
BEAMDULAC-SCL code will presented [1]. Methods of 
the output energy variation with beam quality 
preservation in the proton SC linac will discussed. 

INTRODUCTION 
The very high procedure cost caused by accelerator and 

its engineering systems cost is main factor limiting proton 
therapy application and ideas to reduce the cost are very 
actual. 

The proton beam basically receives in proton 
synchrotrons or cyclotrons [2]. The proton beam can be 
accelerated also in linac but main limitation is a low rate 
of the energy gain that involves increasing the accelerator 
length. Superconductivity allows essentially reduce the 
linac length, that is important by economic and technical 
aspects. Contemporary progress in SC linacs development 
allows proposing their using for medical application [3]. 
Such facilities satisfy to all standard demands for medical 
using. It’s energy of the beam about 240 MeV with 
fluently regulation, possibility of control of beam 
envelope up to 6 mm, intensity of the beam not less than 
109 p/s. Besides SC linacs have some significantly 
advantages. It's a very high rate of energy gain for the 
period of the structure that allows reducing the facilities 
length and low requirement in RF power feeding. Also 
the possibility of easily beam energy variation by means 
of a number of the resonator turn-off (deeply variation) or 
RF field phase in last resonators (slow variation).  

Beam focusing can be provided with the help of SC 
solenoids following each cavity or with the help of RF 
focusing [4]. Using a solenoid into focusing period will 
allow to make optimal choice of main accelerator 
parameters and to provide the transverse and longitudinal 
beam motion stability. 

 
Beam dynamics simulation directed to produce the 

fluently tuning of the beam energy in range 150-240 MeV 
with preserving beam quality will discuss. Such tuning of 
energy can be realized in the hardware way without use of 
padding filters by means of voltage change on cavities or 
of input phase variation in cavities.  

GEOMETRIC CHARACHTERISTICS 
It is advisable to divide accelerator into several groups, 

consists of cavities having identical geometry. A slipping 
of the particles relative to the accelerating wave presents 
in such SC structure. The slipping value must not exceed 
an acceptable value. The number of cavities should be 
limited and the number of groups should be minimal. The 
geometrical velocity βg of the RF wave is constant for any 
group of cavities and the number of such groups in linac 
should be minimized to reduce the accelerator cost [5].  

So in our case the phase slipping factor was limited by 
18 %. The accelerator will be divided into four groups of 
cavities with geometric velocity of cavities βg = 0.09, 
0.18, 0.31 and 0.49 respectively. The first two groups 
consist of cavities with two accelerating gaps and the 
third and the fourth would consist of three gap cavities 
(see Fig. 1). 

 
Figure 1: Slipping factor value depending on β. 

BEAM DYNAMICS SIMULATION IN 
POLYHARMONIC FIELD 

Beam dynamics simulation results for the last group 
having the beam energy range from 123.2 to 240 MeV 
will present below. The electric field amplitude for each 
cavity is equal 14.20 MV/m, the length of each cavity 
0.386 m, the particle phase into RF field -25º and 
operating frequency f = 702 MHz, magnetic field B = 3 T. 

Beam dynamics simulation results in polyharmonic 
field in the last part are shown in Figure 2.  
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Figure 2: Longitudinal and transverse phase space in the 
fourth part. 
 

Parameters of all groups of cavities optimized by the 
same principle are presented in the Table 1.  
Table 1: Main accelerator parameters and beam dynamics 
simulation results 

Parameter Value 
Energy 
range 1 2 3 4 

Injection 
energy, Win, 
MeV, (βin) 

2.4 
(0.07с) 

10.4 
(0.15с) 

43.6 
(0.29с) 

123.2 
(0.47с) 

Output 
energy, Wout, 
MeV 
(βout) 

10.4 
(0.15с) 

43.6 
(0.29с) 

123.2 
(0.47с) 

240 
(0.61с) 

Frequency, f, 
MHz 176 176 352 704 

Geometric 
phase 
velocity, βg 

0.09 0.18 0.31 0.49 

Length of 
resonator, 
Lres, m 

0.184 0.374 0.487 0.386 

Phase, φ, º -25 -25 -25 -25 
Electric field 
amplitude, 
E, MV/m 

3.21 5.96 8.87 14.2 

Magnetic 
field, B, T 1.25 1.7 2.3 3 

Number of 
periods, Nper 

16 18 22 24 

Length, L, m 9.344 13.932 19.514 18.864 

OUTPUT ENERGY VARIATION 
Different values of energy allow irradiating tumors with 

various depths. So the energy range 150 – 240 MeV need 
to irradiate tumors deeper than 15 cm. Basic methods of 
energy variation are considered below. 

The first method concluded in voltage variation on 
cavities (deeply variation). Some resonators may be 
turned off to realize this method. 

Beam dynamics simulation results in polyharmonic 
field in the last part varying value of the electric field 
amplitude at preservation of other parameters, exactly  
B = 3 T, φ = -25º, f = 702 MHz, Nper = 24 are presented 
below. The electric field amplitude for each cavity is 
equal 9.84 MV/m, that according to output energy of 200 
MeV (βout = 0.57). 

Beam dynamics simulation results with set parameters 
are shown in Figure 3. The transmission efficiency is 
equal 100%. 

 

 
Figure 3: Longitudinal and transverse phase spaces in the 
fourth part with energy 200 MeV. 

 
Beam dynamics simulation results in case when the 

electric field amplitude for each cavity is equal 
 3.34 MV/m, that according to output energy of 150 MeV 
(βout = 0.51) are shown in Figure 4. The transmission 
efficiency is equal 100% but the bunch has higher phase 
space. 

 

 
Figure 4: Longitudinal and transverse phase spaces in the 
fourth part with energy 150 MeV. 
 

By the similar way the beam dynamics simulation was 
done with over energy values and varying of the 
corresponding electric field amplitude. Other parameters 
relating to this method of energy variation with 
accelerating field amplitude variation are presented in [6]. 

Note that the beam longitudinal phase volume decrease 
negligible and transverse emittance changes 
insignificantly and with the chosen accelerator parameters 
the beam motion is stable and it is possible to keep a 
beam quality. 

The second way of output energy variation concluded 
in changing of RF field phase in a number of last 
resonators (slowly variation). 

Beam dynamics simulation in polyharmonic field in the 
fourth part varying value of RF field phase in last 6 
cavities at preservation of other parameters, exactly  
B = 3 T, E = 14.2 MV/m, f=702 MHz are discussed 
below.  

The particle phase into RF field is equal -45º, than 
according to output energy of 200 MeV (βout = 0.572). 
Beam dynamics simulation results in polyharmonic field 
with these parameters are presented in Figure 5. The 
transmission efficiency is equal 100%.  

Other parameters relating to this method are presented 
in Table 2. 
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Figure 5: Longitudinal and transverse phase spaces in the 
fourth part with energy 200 MeV after phase variation. 

Table 2: Beam output energy variation versus RF field 
phase in last 6 resonators 

Phase into 
RF field, φ, º 

Output phase 
velocity, βout 

Output energy, 
Wout, MeV 

-25 0.605 240 
-30 0.596 230 
-35 0.588 220 
-40 0.579 210 
-45 0.572 200 

The method to achieve more slowly variation is 
presented below. It's mean to varying of RF field phase in 
each cavity in each period in the last group in eligible 
range. It allows to receive the most exactly values of 
energy at irradiation of the tumors thus preserving of the 
beam quality.  

Let's we consider the case with Nper = 22 and φ = -25 º 
according to energy 222 MeV (βout = 0.592), φ = -30 º to 
Wout = 218 MeV (βout = 0.586) and φ = -35 º to Wout = 214 
MeV (βout = 0.582). RF-field phase values range was from 
-25 º to -35 º because at such parameters the most motion 
stability is provided. 

Beam dynamics simulation results in polyharmonic 
field with φ = -35 º and Wout = 214 MeV are presented in 
Figure 6. The transmission efficiency is equal 100%. 

 
Figure 6: Longitudinal and transverse phase spaces in the 
fourth part with energy 214 MeV after phase variation. 

Further it's possible to reduce the number of turned on 
resonators to 20 and receive values of energy 212, 208 
and 200 MeV according to RF-field phase values φ=-25º, 
-30 º and -35 º respectively and to less values.  

Beam dynamics simulation results in polyharmonic 
field with Nper = 20, φ = -35 º and Wout = 200 MeV are 
presented in Figure 7. The transmission efficiency is 
equal 100%. 

Other parameters relating to this method of energy 
variation are presented in Table 3. In all cases beam 
transmission efficiency is equal 100% and only when RF-
field phase φ exceeds -45 º this value decreases to 98-

97%, beam motion insignificantly worsens and it can lead 
to cavities failure. 

Figure 7: Longitudinal and transverse phase spaces in the 
fourth part with energy 200 MeV after phase variation. 

Table 3: Beam output energy variation with RF field 
phase in different number of periods 

Nper 
RF-field 

phase, φ, º 

Phase 
velocity, 
βout 

Output 
energy, 

Wout, 
MeV 

-25 0.580 212 
-30 0.578 208 20 
-35 0.572 200 
-25 0.570 198 
-30 0.568 194 18 
-35 0.562 190 
-25 0.560 188 
-30 0.558 186 16 
-35 0.554 182 
-25 0.550 180 
-30 0.547 177 14 
-35 0.544 173 
-25 0.540 170 
-30 0.536 166 12 
-35 0.533 160 

CONCLUSION 
Choice of optimal parameters and it's optimization for 

SC linac structure with energy up to 240 MeV was done. 
Beam transverse and longitudinal motion stability study 
was made. Two base methods of the energy variation with 
beam quality preservation were proposed. The beam 
quality preservation with energy variation was achieved 
by correct accelerating system tuning.  
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Abstract 

The project of the Low Energy Positron  Toroidal 
Accumulator (LEPTA) is under development at JINR. 
The LEPTA facility is a small positron storage ring 
equipped with the electron coolin system. The project 
positron energy is of 2 – 10 keV. The main goal of the 
facility is to generate an intense flux of positronium atoms 
– the bound state of electron and positron. 

Storage ring of LEPTA facility was commissioned in 
September 2004 and is under development up to now. The 
positron injector has been constructed in 2005 ÷ 2010, 
and beam transfer channel – in 2011. By the end of 
August 2011 experiments on injection into the ring of 
electrons and positrons stored in the trap have been 
started. The recent results are presented here. 

LEPTA RING DEVELOPMENT 
The Low Energy Particle Toroidal Accumulator 

(LEPTA) is designed for studies of particle beam 
dynamics in a storage ring with longitudinal magnetic 
field focusing (so called "stellatron"), application of 
circulating electron beam to electron cooling of 
antiprotons and ions and positronium in-flight generation.  

For the first time a circulating electron beam was 
obtained in the LEPTA ring in September 2004 [1]. First 
experience of the LEPTA operation demonstrated main 
advantage of the focusing system with longitudinal 
magnetic field: long life-time of the circulating beam of 
low energy electrons. At average pressure in the ring  of 
10-8 Torr the life-time of 4 keV electron beam of about 
170 ms was achieved that is by several orders of 
magnitude longer than in usual strong focusing system. 
However, experiments showed a decrease of the beam 
life-time at increase of electron energy. So, at the beam 
energy of 10 keV the life time was not longer than 12 ms. 
The possible reasons of this effect are the magnetic 
inhomogeneity  and resonant behavior of the focusing 
system. 

Diagnostic System Development 
Previous PU system was connected to amplifier by 

using the cable of near 3 meters length. That reduced 
significantly sensitivity for all system. New amplifier was 
designed, manufactured and mounted (Fig. 1). It locates 
directly at connector exits from vacuum chamber. 
Sensitivity of new system is of 1,1 mV/µA.  

Figure 1: The new PU amplifiers. 

For fine tuning of the trajectory and control of 
circulating positron beam aperture probe based on 
semiconductor gamma detector has been designed (Fig.2), 
fabricated, mounted and tested with positrons injected 
into the ring. 

Figure 2: The circulating e+ beam detector. 

THE POSITRON INJECTOR 
In summer 2010 the slow positron source and the trap 

have been assembled. The first attempts of slow positron 
storage were performed and stored positrons were 
extracted to the diagnostic collector. 

Vacuum System Development 
New vacuum chamber for transport channel was 

manufactured and mounted to minimize losses during 
injection. Aperture was increased from 3,2 cm to 6,5 cm. 

Spectrometric studies were carried out of the residual 
gas in the trap. As a result, it was found the presence in 
the vacuum volume of compounds with atomic number of 
68-69 (Fig. 3). 
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Figure 3: The residual gas spectrum. 

For improvement of the vacuum conditios in the 
storage area the vacuum chamber was disassembled and 
cleaned. Also instead of Ion Pump (Pos.9 on positron 
injector picture) was set cryopump VCP160 CF-F. On the 
opposite side of the trap was installed turbomolecular 
pump of the capacity of 350 I/s. 

 

e- Injection and Circulation 
Circulation of electron beam accumulated and extracted 

from the trap was received in March 2013. Electron 
energy was of 4 keV (Fig. 4). 

 
Figure 4: The oscillogram of electron circulation. 

e+ Accumulation and Injection 
For tuning of positron trajectory in the ring we have 

used scintillation counter operated in analog signal mode 
(Fig.5). The positrons extracted from the trap, passed 
through the transfer channel and after completion of 
single turn were deflected to the vacuum chamber wall. 
Finally, single turn regime of positron extraction/injection 
has been found. Photoelectron multiplier tube has been 
calibrated by etalon 22Na source that allows to measure 
accumulated e+ beam. Its sensitivity is 103 e+/Volt. 

 
 
 

  
Figure 5: Pulse from photomultiplier tube. 

The new generator "rotating wall“ (RW) was installed 
to improve the accumulation process. As result more 
accuratively measured the size of the accumulated e+ 
bunch (Fig. 6). 
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Figure 6: The beam size. 

CONCLUDING REMARKS 
The development of the LEPTA project is approaching 

the stage of experiments with circulating positron beam. 
All main elements of the ring and the injector are ready 
and have been tested.  

All works supported by RFBR grant №12-02-00072. 
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Abstract 
Electron cooling system (ECS) of the NICA collider is 

designed to form the required parameters of the ion beam 
at energy of the experiment in the range of 1 - 4.5 
GeV/amu that requires energy cooling electrons from 0.5 
to 2.5 MeV. To achieve the required energy of the 
electrons all elements of ECS are placed in tanks filled 
with sulfur hexafluoride (SF6) under pressure of 6 atm. 
For testing items ECS elements the test bench 
“Recuperator” is used . This paper presents the results of 
testing the prototype elements of the ECS and the first 
results of  technical design of ECS. 

ELECTRON COOLING SYSTEM OF THE 
NICA COLLIDER 

High voltage elements must be placed in three tanks 
due to the requirements to ECS parameters (Fig. 1). ECS 
NICA collider has two independent electron beams. 
Therefore tanks 1 and 3 (Fig. 1, 2) contain a devices for 
generating and formation of electron beams, the 
acceleration of the electrons, and after passing through 
the cooling section, deceleration of the electrons and their 
energy recuperation. Tank 2 (Fig. 2) contains a high-
voltage generator voltage up to 2.5 MW. Inside tanks 1 
and 3 are placed solenoids of the superconducting 
magnetic system (the field up to 2 kGs) for transporting 
electron beams, so the material for these tanks could be a 
magnetic steel that allows using the tanks walls as 
magnetic shield for magnetic flux “return”. All three 
tanks are filled with the insulating gas SF6 («sulfur 
hexafluoride") under pressure of 6 atm.  

Electrons of the two beams are accelerated by 
electrostatic voltage in a longitudinal magnetic field and 
when get the necessary energy transported in a 
longitudinal magnetic field into the cooling section (Fig. 
3). In this part of the trajectory electrons and ions 
circulating in the collider ring, are merged. 

Table 1: Parameters of ECS for NICA. 

Parameter Value 
Electron energy, MeV 0,5 - 2,5 
Electron beam current, A 0,1 - 1 
Electron beam diameter, mm 10 - 20 
Magnetic field of SC solenoids, T 0,1 – 0,2 
Relative current losses at recuperation 3×10-4 

Elegas (FS6) pressure, bar 6 
 
___________________________________________  

# sidorinalexsey@gmail.com 

 

 
Figure 1: Scheme 1,3 - acceleration tanks, 2 - tank of 
the high-voltage generator. 

 
Figure 2: Tanks 1,3 - acceleration tanks, 2 - tank of the 
high-voltage generator. 

 
 

Figure 3: Transportation and cooling sections. 

TEST BENCH “RECUPERATOR" AND 
PROTOTYPING ECS 

Test bench “Recuperator” (Fig. 4, 5 and Table 2) is a 
model of the electron cooling system. It has linear 
vacuum chamber of a length of about 4 m and a diameter 
of 10 to 30 cm, immersed in a longitudinal magnetic field 
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from 0.3 to 0.6 kGs. The electron beam is generated by an 
electron gun of variable perveances. Electrons pass drift 
section (model of the cooling section) and enters the 
electron collector whose potential is of 1-2 kV (Fig. 4) 
higher than the potential of the gun cathode (electron 
energy recuperation mode). 

The cooling water system for the collector cooling was 
designed, assembled and tested. It consists of a water 
tank, two radiators and the pump driving water inside the 
system. Water circulates through collector, the connecting 
hoses and two radiators (connected in series), where it is 
cooled. Test had shown efficiency of the system sufficient 
for cooling the collector at the power of the recuperating 
beam up to 0.5 kW. 
Table 2: Main Parameters of the Test Bench 
“Recuperator”. 
Parameter Value 
Electron energy, keV up to 4 
Beam current, mA up to 400 
Cathode diameter, mm 10 
Residual gas pressure, Torr 2×10-3 

Magnetic field, Gs up to 400 
 

 
Figure 4: Scheme of test bench “Recuperator”. 

 

 
Figure 5: Test bench “Recuperator”. 

DESIGN PROJECT OF THE NICA ECS 
The first concept NICA ECS has been developed 

jointly by JINR and All-Russian Electrotechnical Institute 
(VEI, Moscow) on the basis of the voltage generator of 
the Dynamitron type. Its maximum DC voltage is of 2.5 
MV and current of 1 mA (sufficient in recuperation 
regime). 

In each of the two acceleration tanks of high-voltage 
accelerator – recuperator are placed two accelerating 
structures of the seven high-voltage sections each one of a 
total length of 2.14 m. They are placed vertically (Fig. 1, 
2). In the upper part of the accelerating structure on the 

magnetic screen which maintained by four columns of the 
sections of insulators are mounted electron gun and a 
water-cooled collector, both covered by electrostatic 
screen.  

The main peculiarity of ECS design is application of 
superconducting solenoids (SC) placed inside 
acceleration tanks under pressure of 6 atm. Such solution 
allows to reduce significantly the tank diameter and 
magnetic steel. The value of the saturation field for the 
material of the tank walls is chosen of 1.5 T. The 
diameter of SC solenoid cryostat is of 2370 mm that gives 
the tanks’ wall thickness is of 67mm. The tank height is 
of 2.8 m and the weight of each accelerator tank is of 40 t.  

Tank of the high-voltage generator has an internal 
diameter of 2.3 m and height of 7.3 m. In the tank are 
placed three assembly of capacitors in the form of vertical 
columns which are positioned  around the supporting tube 
of a dielectric material and rest on the lower mounting 
platform inside the tank. Columns of capacitors are 
surrounded by metallic guard rings, which are having 
outer diameter of 1200 mm. Two transformers and two 
electric motors of capacity of 5 kW equipped with 
reducers are placed at the bottom of the tank. Electric 
motors are intended to drive two generators located on the 
upper platform of the tank under high potential and 
connected with motors mechanically by shafts of a 
dielectric material (glass-reinforced plastic) and rotating 
inside the tubes serving as support for capacitor columns. 
Auxiliary equipment powering electron gun and collector, 
vacuum pumps and other devices are also located on the 
upper platform of the generator tank within the high 
voltage accelerators tanks. Power/voltage transmission 
lines connecting the high-voltage generator tank with 
accelerator tanks by two high voltage feed-through which 
inner tubes are used as electrostatic screen for low voltage 
supplying electric power to guns and collectors.  

Two beam transfer lines are equipped with SC 
solenoids as well, which have straight and toroidal 
sections (Fig.3). The last ones have curvature radius of 
1.5m. The solenoids transport electrons from the 
acceleration tube exit through cooling section and to the 
entrance of deceleration tube. Each SC solenoid is placed 
inside own cryostat. The total length of each transfer line 
is of 12m. 

Cooling section located in the Collider tunnel has 
length of 6 m. It consists of two vacuum cryostats of 
dimensions of 1500x900x1200 (h) mm which contain SC 
magnetic coils and magnetic shields, correctors for 
steering electron beams and pick-up stations for 
positioning both electron and ion beams. 

ELECTRON BEAM RECUPERATION 
EXPERIMENT 

To reduce losses in the recuperation process has been 
put forward the idea of using a contrary magnetic field on 
the back wall of the collector. In our tests, to generate the 
magnetic field has been proposed to use permanent 
magnets. Calculations and simulations of magnetic fields 
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in the collector for the NICA was done. Simulation was 
made for two versions: without (Fig. 6a) and with 
magnets (Fig. 6b). In simulation, primary electron energy 
60 keV, collector voltage was -58 kV, beam current was 1 
A, magnetic field was 1 kGs and magnets had field of 100 
Gs.  

 

 
Figure 6: Distribution of magnetic field and primary 
electron trajectories in collector without(a) and with(b) 
permanent magnets. 
 

Results were obtained with weak test magnets and 
experiments have shown that the magnets decrease the 
collector losses (Fig. 7, 8). It means that experiments with 
more powerful magnets are needed. Full current was 
bigger at maximum electron energy (what we can obtain) 
but losses were bigger too (Fig. 7, 8). Maximum current 
was obtained 330 mA at electron energy of 3.5 keV, 
collector potential relatively to cathode was of 1.22 kV 
and losses were 3.6·10-4.  

Figure 7: Losses versus collector voltage at different 
magnets` position. 
 

 
Figure 8: Losses versus collector voltage at different 
magnets` position. 

CONCLUSION 
Project Status:  
• technical design ECS for NICA Collider is in a 

progress;  
• test experiment on electron recuperation at the test 

bench “Recuperator” is in active stage of 
research;  

• conceptual project of HV generator is completed by 
group of All-Russian Electrotechnical Institute 
(Moscow) ; 

• preliminary agreement is achieved on fabrication of 
high pressure tanks - with Geliymash company 
(Moscow) and on  

• procurement of equipment for SF6 gas system of 
ECS– with DILO company (Germany).  

Commissioning of startup version of NICA is planned 
for 2019.  

In nearest future we plan to develop at the test bench 
“Recuperator": 

• the electron gun with the adiabatic optics and 
dispenser cathode of diameter of 50mm; 

• the electron collector of high recuperation 
efficiency; 

• a stable DC electron beam with a current up to 1 
Amp at high recuperation efficiency.   

All works supported by RFBR, grant №12-02-00072a. 

b 

a 
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ACCELERATION OF THE OPPOSSITELY CHARGED PARTICLES IN
THE SINGLE STREAM

A.S.Chikhachev, All-Russian Electrotechnical Institute, Moscow, Russia

Abstract
One of the problems arising at extraction of heavy ions

from plasma is removal of electrons from a stream of parti-
cles. Therefore possibility of simultaneous acceleration in
one direction as ions (electric field), and electrons (pressure
gradient) is represented rather interesting. In work when
using the hydrodynamic description in the accelerating in-
terval conditions of cold ions and hot electrons are studied.
Possibility of excess by ions of speed of an ionic sound is
shown, and the ratio of sizes of streams of electrons and
ions can be any.

INTRODUCTION
In work [1] acceleration of heavy ions in the presence

of a counter flow of electrons was studied. Thus streams
of charged particles were considered equal in size. We
will note, however, that flows oppositely charged particles
can be accelerated in one direction if electrons except force
from electric field are affected by rather big force caused
by pressure gradient.

MAXWELLIAN DISTRIBUTION OF THE
ELECTRONS

Let at there is a source of electrons at x = 0 and once
ionized ions, and potential φ(x)|x=0 = φ0. Ions are con-
sidered cold, that is Ti → 0 and them only force affects,
from electric field, electrons, except a field pressure gra-
dient ΔP works. In the stationary mode of the equation,
describing system, have an appearance:

M
υ2

2
= −eφ+M

υ2
0

2
, (1)

mυe
dυe

dx
= e

dφ

dx
− 1
ne

dP

dx
. (2)

Here M - the mass of an ion, m - the mass of an electron,
υi, υe - speeds of ions and electrons, respectively,υ0 - the
initial speed of ions, P - pressure of electronic gas. In an
isothermal case,P = nT, T ≡ const - temperature of elec-
tronic gas. The equation (2) can be integrated:

m
υe(x)2

2
− eφ(x) + T ln

ne(x)
n∗

= 0, (3)

where n∗ - any constant, dimensional density. We will put
that there is a stream of ions Γ and a stream of electrons
Γe = gΓ. Then follows from the equations of a continuity
υe = gΓ

ne
and υi = Γ

ni
. We will designate eφ

T = ϕ and will
set entry conditions: at x = 0ne = ni = n0, ϕ = ϕ0 Then
Γ = n0υ0, where υ0 - the speed of ions at x =0. From (3)

follows: ϕ−ϕ0 = ln
(

ne

n0

)
− vg2

M
υ2
0

2υ2
s

(
1 − n2

0
n2

e

)
. Poisson’s

equation has an appearance:

d2φ

dx2
= 4π(ni − ne). (4)

Using the expression for potential following from (3),
we will receive from (4) equation containing only den-
sity of electrons. Passing to dimensionless variables y =
x
λ , λ

2 = T
8πe2n0

, η = ne

n0
and having designated a =

m
M

υ2
0

υ2
s
g2, S(η) = 1 − 2υ2

s

υ2
0

(
ln η + a

υ2
s

υ2
0

)
, we will receive:

2
d

dy

[
1
y

dη

dy

(
1 − a

η2

)]
= η − 1√

S(y)
. (5)

Speed of a stream of ions from the above-stated expres-
sions is defined as υi = υ0

√
S(η). The equation (5) has

integral of the following look:

[
1
η

dη

dy

(
1 − a

η2

)]2

= C0 +
(
a

η
+ η

)
+

+
υ2

0

υ2
s

√
1 − 2

υ2
0

υ2
s

(
ln η +

a

2η2

)
+ a

υ2
0

υ2
s

. (6)

At a zero stream of electrons (i.e. at g = 0) the integral (7)
passes into the integral used in [2] for studying of criterion
Bohms. The system of the equations describing particles
a field according to definition [2], is the Hamilton, having
integral system of the equations. This property remains and
for more difficult case in the presence of nonzero stream
of electrons. We will enter a new variable:η = exp(−z)
also we will construct dependence

q(z) = a exp(z) + exp(−z)+

+
υ2

0

υ2
s

√
1 − 2

υ2
s

υ2
0

(
−z +

a

2
exp(2z)

)
+ a

υ2
s

υ2
0

.

At a = 10−6, υ0 = 0.1υs this dependence has the appear-
ance represented in fig. 1. The phase trajectory, the equa-
tion for which follows from (5):

dz

dy
=

√
C0 + q(z)

|1 − 10−6 exp(2z(y))| , (7)

at C0 = −0.2935, it is represented in fig. 2. We will
note that value of a constant C0 is chosen we conceal in
a way that the phase trajectory concerned an axis ż = 0.
If C0 < −0.2935, the phase trajectory breaks up to two
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Figure 1: Dependence q(z) at a = 10−6, υ0 = 0.1υs.

not connected areas that doesn’t allow to translate a stream
from small speeds to rather big. At the chosen value C0 the
initial field is minimum.

We will bring, further dependence z(y), following from
the decision (7) under a condition z(0) = 0. Because
of existence of feature in the equation (5) dependence
finds a characteristic break a rupture of a derivative.
In compliance with this dependence density of electrons
ne = n0 exp(−z) very quickly exponential decreases with
growth of value of coordinate.

z’(z)

–1

0

1

2

3

4

5

 

2 4 6 8

z

Figure 2: The phase trajectory z′(z) at C0 = −0.2935.

We will provide the schedule of the dependence u(y) =
υi

υs
= 0.1

√
S(η(y)), determining the speed of a stream

of ions (fig. 3). Existence of a break at y ≈ 60 is also
explained by feature in (5) at z ≈ 8. In this point the
stream speed relation to the speed of a sound maximum
and equally, i.e. the speed of a stream of ions by ≈ 3.5
times exceeds ion-sound speed.

0

1

2

3

u 

10 20 30 40 50 60 70

y

Figure 3: Dependence of ion velocity from coordinate.

We will note importance of creation of certain entry con-
ditions for streams of particles here. Size g is the relation
of initial speeds and is defined by entry conditions. Param-
eter a meets a condition a << 1 in wide area of parame-
ters, including at g = 1, i.e. at equality of streams of ions
and electrons. Thus, it is shown that perhaps simultane-
ous acceleration of ions and electrons in a flat interval ions
electric field, and electrons pressure gradient at rather big
difference of electronic density, and the speed of ions can
surpass ion-sound speed.

ADIABATIC DISTRIBUTION OF THE
ELECTRONS

Unlike the previous section, we will consider the cold
ions and electrons which are characterized by adiabatic dis-
tribution here. In work [2] acceleration of heavy ions at
counter flows of ions and electrons was studied, and elec-
trons were characterized by the isothermal equation of a
state P = neT, where p - pressure,T - temperature of
electrons,ne - density of electrons. In the section states
with the electrons characterized by the adiabatic equation
of a state will be considered, considering that streams of
particles coincide in size and the direction. We will con-
sider electrons as the one-nuclear ideal gas described by
the state equation:

P = Cnγ
e . (8)

where γ - an adiabatic curve indicator. For one-nuclear gas
γ = 5/3. It is convenient to Constant Still there are fair
equations (1), (2) and (4), and instead of (3) will receive:

mυ2
e

2
− eϕ+ T0

[(
ne

n0

)γ−1

− κ

]
= 0. (9)

In (9) size κT0 is an integration constant. From the equa-
tions (1), (2), (4) and (9) we will receive at υ0 = 0 and at
equality of streams of ions and electrons:

e

T

d2ϕ

dx2
= y −

√
M

2m
1√

κ−
(

y
y0

)γ−1

− 1
2y2

. (10)

Substituting eϕ
T0

from (9) we come to the equation wich has
the integral similar (7):

[
dy

dx

(
1
y2

− γ − 1
y0

(
y

y0

)γ−2
)]2

= C∗ +

(
1
y
− γ − 1

γ

(
y

y0

)γ)
+

√
2M
m

√
κ−

(
y

y0

)γ−1

− 1
3y2

. (11)

We will solve further (11) considering γ = 5/3, y0 =

10, κ = 1, and assuming that
√

2M
m ≈ 697, i.e. consider-

ing plasma of once ionized xenon. We will study behavior
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of the right member of equation (11) at these values of pa-
rameters and at C∗ = 0. Fig. 4. shows behavior of function
G(y):

G(y) =

√
F (y)

1
y2 − γ−1

y0

(
y
y0

)γ−1 ,

where F (y) =
(

1
y − γ−1

γ

(
y
y0

)γ)
+

√
2M
m

√
κ−

(
y
y0

)γ−1

− 1
3y2 .

From drawing it is possible to see that in the equation
(11) there is a gap at y ≈ 2.1,, and y decreases from size
y = 9.92.

–300

–200

–100

0

100

200

300

G(y)

–4 –2 2 4 6 8 10 12 14

y

Figure 4: DependenceG(y) at C∗ = 0.

Fig. 5 shows the solution of the equation (11) with initial
value. The curve of I shows behavior of electronic density,
and the curve of II represents 10−3 density of ions. The
gradient of pressure accelerates electrons in the same di-
rection in which electric field accelerates ions. The size of
a gradient of pressure is sufficient to exceed the slowing-
down force from electric field. Density of ions in all inter-
val significantly exceeds electrons.

II

I
10

20

30

40

 

0 0.005 0.01 0.015 0.02 0.025 0.03
 

Figure 5: Dependence of the
density×10−3 from coordinate (II).

According to an equation of a state of ideal gas tem-
perature of an electronic stream is function of coordinate:

Te = T0
γ−1

γ

(
y(x)
y0

)γ−1

. Speed of an ionic stream is de-

fined by expression:

υi(x) =

√
2T0

M

√
1 −

(
y(x)
y0

)2/3

− 1
2y(x)2

For comparison of ion-sound speed with the speed of an

ionic stream in Fig.6 dependences υi(x)
√

M
2T0

(a curve of

I) and
√

Te

T0
are shown (a curve of II). Speed of an ionic

stream grows and reaches ion-sound speed at the end of an
accelerating interval.
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Figure 6:

CONCLUSION
Thus, it is shown that, both in case of isothermal distri-

bution and in case of the electrons described by adiabatical
distribution perhaps simultaneous acceleration of streams
of particles of an opposite sign of a charge in one direc-
tion. The described problems were studied in works [3],
[4] earlier.

REFERENCES
[1] 1. Yu.A.Kovalenko, T. V. Chernyshev, A. S. Chikhachev,

News of the Russian Academy of Sciences, Energy drink se-
ries, 2011, No. 4, page 24-28

[2] 2.N.Sternberg, V. Godyak//IEEE Transaction on Plasma Sci-
ence, Vol. 35, No 5. October 2007.

[3] 3. Yu.A.Kovalenko, T. V. Chernyshev, A. S. Chikhachev,
ZhTF, 2013, T.83, No. 4, page 142-145.

[4] 4.A.S.Chikhachev, Journal of Modern Physics, 2011, 2,
1550-1552

Dependence of the ion speed and temperature
from coordinate.

electron density from
coordinate (I) and ion

TUPSA25 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

90C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Heavy ions accelerators



ELECTRODES FORM OPTIMIZATION OF RF DEFLECTING SYSTEM 
WOBBLER FOR FAIR PROJECT 

A. Sitnikov, T. Kulevoy, S. Vysotskiy, A. Golubev, FSBI SSC RF ITEP, Moscow, Russia 
 
Abstract 

The new method for high energy density states in 
matter investigation, which based on irradiation of 
combined target by hollow high energy heavy ion beam 
was proposed in the Institute for theoretical and 
experimental physics (ITEP). The target consists of a 
sample of matter at the center and a hollow shell around it 
[1]. The experiment of high energy density states 
generation will be carry on at FAIR project. The RF 
deflecting system (Wobbler) for hollow high energy 
heavy ion +28

238U  beam with kinetic energy kW  = 1 
GeV/n formation is developing at ITEP [2]. 

The current results of electrodes form optimization for 
RF deflecting system (Wobbler) which is developing at 
ITEP for FAIR project are shown in this paper. 

 
INTRODUCTION 

The electrodes form of RF deflecting system influence 
to homogeneity heavy ions +28

238U  beam with kinetic 

energy kW  = 1 GeV/n deflection was investigated. The 
deflecting system developed for ITEP TWAC project was 
taken as basis [3]. The length of deflecting cell could be 
defined by 2/βλ=D , where D  – cell`s length, β  – 
relative speed of particles, λ  – wavelength of RF 
electromagnetic field. According to that, for particles with 
kinetic energy  kW  = 1 GeV/n and resonant frequency 

0f  = 352 MHz the cell`s length should equal to 
D  = 373 mm.  

 
RESULTS 

The model of one deflecting cell for FAIR project is 
presented on Fig. 1. In order to increase self quality factor 
of the deflecting cavity the area of the electrodes stems 
was increased [4] as well as electrodes deflecting plates 
form was also changed (compared to cavity developed for 
ITEP TWAC project).  

The method of electrodes form optimization was the 
same as it described in [5]. During electrodes form 
optimization the width of plate (EW parameter) as well as 
height (EH parameter) of edges were varied.  

According to electrodes form optimization it was 
found that particles deflection homogeneity not better 
than 1.9% at EH = 6 mm; at EH = 10 mm and 12 mm 
deflection homogeneity was equal to 1.1% and 1% 
correspondently. The particles deflection homogeneity 
equaled to 0.9% was achieved at EH = 8 mm and EW = 
130 mm (see Fig. 2). The cavity`s self quality factor was 

also increased to 0Q  = 20000 which on 30% greater than 

0Q -factor of the deflecting cavity for ITEP TWAC 
project. 

 

 
 
Figure 1. The model of one deflecting cell, where  
1 – cavity`s shell; 2 – electrode; 3 – electrode`s stem. 

 
The maximum intensity of the electric field on 

electrodes surface ( maxE ) is located on plates edges and 
greater than the maximum electric field intensity at axis 
( 0E ) up to 0max / EE  ≈3.7 times. The typical electric 
field distribution on the electrodes surface is presented on 
Fig. 3. In order to reduce the maximum electric field 
intensity on the electrodes surface the electrodes edges 
was rounded (see Fig. 4) [6]. From Fig. 4 one can see that 

0max / EE  has a sharp increasing up to ≈ 4.4 at rounding 
radius REl _  = 5 mm. The following increasing of 

REl _  parameter leads to decreasing 0max / EE  as well 
as worsening a particles homogeneity deflection (see Fig. 
5). The cavity`s self quality factor 0Q  vs. REl _  is 
presented on Fig. 6. 

 

1 

2 

3
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Figure 2. The dependence of deflecting homogeneity on 
electrodes geometrical sizes. (the angle number 
corresponds to [5]). 

 

 
Figure 3. The electric field intensity on electrodes surface. 

 
According to results presented on Fig. 2, 4-6 the 

following parameters of the deflecting cavity were 
chosen: the cell length D  – 373 mm; the cell diameter – 
368 mm; the width of deflecting electrodes EW – 130 
mm; the height of electrodes edges EH – 8 mm; the 
rounding radius of electrodes edges REl _  – 15 mm. The 
particles deflection homogeneity at this parameters of the 
cavity is equaled to δα  = 1.1%, the self quality factor 

0Q  = 20700 and 0max / EE  = 3.1.  
 

 
Figure 4. The dependence of 0max / EE  on electrode`s 
rounding radius. 

 

 
Figure 5. The dependence of deflecting homogeneity on 
electrode`s rounding radius REl _ . 

 
According to particle dynamics simulation the 

maximum intensity of the deflecting electric field at the 
axis should equal to 0E  = 10 MV/m, the cavity should be 
feeding by RF power P  = 403 kW/cell. The maximum 
intensity of the electric field on the electrodes surface in 
this case will be lower than 31 MV/m. It equals to ≈ 
1.6 клE , where клE  – intensity of the electric field by 

Kilpatrick criteria and equals to клE  ≈ 19 MV/m [7] at 

frequency 0f  = 352 MHz. 
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Figure 6. The dependence of self quality factor 0Q on 
electrode`s rounding radius REl _ . 

CONCLUSION 
The electrodes form optimization of the deflecting 

cavity for FAIR project LAPLAS experiment was carried 
out. The new form of deflecting electrodes which provide 
the particles deflection homogeneity not worse than 1.1% 
was found. Also this electrodes form increases the self 
quality factor up to 20700 as well as decreases the 
intensity of the electric field on electrodes surface to 

0max / EE  = 3.1.  
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THE FIRST DESIGN OF MEDIUM RESOLUTION MASS SPECTROMETER 
(MRMS) HIGH VOLTAGE PLATFORM IN A SPES PROJECT 

S. Andrianov, ITEP, Moscow, Russia 
M.F.Moisio, C.Roncolato, LNL, Legnaro, Italy 

 

Abstract 
A new project of 130 kV high voltage platform (HVP) 

is developed in a Laboratori Nazionali di Lagnaro as part 
of SPES (Selective Production of Exotic Species) project 
for the production of the multiply charged rare ion beams 
(RIB). The HVP will be located after ECR ion source 
charge breeder [1]. Medium resolution mass spectrometer 
(MRMS) is installed at the platform to provide high 
purity beams with mass resolution about 1/1000. The 
Draft of platform design including all beamline elements 
is discussed. It is proposed a several way of equipment 
feeding on HVP, required engineering services parameters 
(vacuum system, cooling system, power system and etc) 
were defined. Some safety measures are proposed. 

MRMS IN SPES FACILITY 
Selective Production of Exotic Species (SPES) project 

is under development. The result of SPES operation 
should be production of the multiply charged rare ion 
beams (RIB) by ISOL technique which using the proton 
induced fission on a Direct Target of UCx. The proton 
driver is a Cyclotron with variable energy (15-70 MeV) 
and a maximum current of 0.750 mA. The RIB separate 
in HRMS platform and transport to charge breeder. The 
charge breeder is a device that accepts RIB ions coming 
from the Target-Ion source complex with charge state +1 
and it transforms their charge states to +n. The last 
separator (MRMS) will be installed after the charge 
breeder to avoid the contamination of the selected beam 
by the stable contaminant introduced by the charge 
breeder itself [2]. 

The beam will transport from charge breeder to 130 kV 
MRMS platform, which will separate ions with mass 
resolution about 1/1000. The Potential of 130 kV is 
necessary for high mass resolution. 

The beam will be transported to MRMS high voltage 
platform (HVP) through an 130 kV accelerate tube, ions 
will be focused by electrostatic lenses and after that, the 
ions with different mass will be selected by magnetic 
dipole. The beam orbit will be rotated at 90 degrees by 
each dipole. Separated ions will be refocused ones more 
in electrostatic lenses and then slows down to the initial 
speed (same ions speed before MRMS platform) by 
deaccelerating tube. 

The beam line elements will be located on the platform 
according figure 1. MRMS platform will be enclosed in 
Faraday cage and will set on insulators columns. 

 

 
Figure 1: layout of main elements on the MRMS 
platform. SD1, SD2- magnetic dipoles; 1SQS1, 1SQS2 -
sestupole electrostatic lenses; 1SQ1, 1SQ2, 1SQ3, 1SQ4 -
quadrupole electrostatic lenses, SACC1 –accelerating 
tube, SACC2 – deaccelerating tube. 

The platform should be located in experimental hall 
with sizes according figure 2 and further than 0.9 m to the 
nearest surface of the building. It is important to avoid 
electrical breakdowns. The Platform height will be 5 
meters or less it for the crane movement will be free over 
the HVP. 

 
Figure 2: layout of experimental hall. 

Secondary Faraday cage locating around the platform at 
a distance for 0.9 m. 

Successful HVP design is necessary several 
calculations and circuits: 

- power system calculations and circuit of power board; 
- water cooling and ventilation system should be 

provided; 
- radioactive and fire security should be provided; 
- vacuum scheme and appropriate calculation, residual 

pressure should be less than 10-8 mbar; 
- HV power supply will be defined according leakage 

currents; 
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• A main console will be located in the main control 
room;  

• Service console will be located closed to the 
platform, outside the secondary Faraday cage 

Consoles will be connected with a platform by optical 
cables.  

COOLING SYSTEM 
Water from the central water delivery system can use 

for cooling equipment on HVP. The central conduit 
pressure is 8 bars. The equipment on the platform requires 
a cooling water flow about 40 l/min. Leakage currents by 
plastic tubes should be less than 1 mA. Tubes with L=20 
m d=0.03 m provide necessary level of leakage currents 
and water flow at same time. Calculation of water flow by 
Darcy-Weisbach formula [6] is satisfying the 
requirements. 

Racks will be cooled by air flow. Roof of HVP consist 
of grid blocks, for good heat air outlet. 

SAFETY SYSTEM AND INTERLOCKS 
HVP must have several locks and alarms for safe 

startup and operation of theplatform. For safety start up 
the HV power supply it must have positive status of doors 
interlocks, disconnectors interlocks, vacuum interlocks 
and ronda. 

The ronda is a system of protection the presence people 
on the platform from HV generator startup. When you 
perform a technique (until 5 min) to bypass the platform, 
Ronda set a positive status and enables HV generator. 

HV automatically disconnector position depends on the 
HV generator. 

All equipment and RACK must be grounded to the 
housing platform. Also be placed on the platform and fire 
alarm sensors. 

Emergency stop button should be installed near to 
console. This button can turn off all equipment on the 
platform, including UPS. 

Also radioactive and fire security should be involved 
on the HVP. 

VACUUM SYSTEM 
The residual gas in the beam line will be removed by a 

small number of Turbo Molecular Pumps (TMPs). A 
rough estimation on the pumps installed is 4 TMPs 
assisted by 2 Primary Pumps (PP) (see. Figure 4). 

Additional Ion Pumps (IPs) are planned as extension of 
the system to increase further the performance of the line. 
This type of pumps use the principle of the evaporable 
getters, i.e.  

Compressed air is used to operate the vacuum valves, 
whereas nitrogen is used for venting the beam line before 
opening. Both these fluids are distributed to the valves on 
the HVP from a unique pressure gas panel (PGP). 

The PNG collects the air compressed and nitrogen inlet 
lines from the III Experimental Hall. For the former there 
is one tank positioned below the PNG (approx. 10 lt) that 
is used as a reservoir for closing the valves even if the 
inlet is out of service. For the nitrogen line there is a 
pressure reducer. A mechanical sensor for gauging the 
pressure is installed in both the lines of the PNG. 

 
Figure 5: Diagram of the beam pipe with two pumping 
stations. The pumping station is composed of a TMP a 
Gate Valve (GV) and a Ion Pump (IP) as further option. 
The Primary Pumps (PPs) send the gas to the exhaust 
line. 

The gas from the two PPs have the different 
contamination level. Thus two different pumping lines are 
used.  

Indeed, the pumping of the exhaust gases with low 
contamination level can be achieved keeping into account 
the precaution that all the flow is sent to the air ventilation 
pipe, but for a gas with high contamination level this is no 
longer true. The gas must be stored in a tank since the 
radiation level is decreased and afterwards released to the 
air ventilation pipe. 
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THE ADVANCED NANOSTRUCTURE STEEL  
 MODIFICATION BY GAS IONS BEAMS 

 
R.P Kuibeda, S.L Andrianov, P.A Fedin, B.K. Kondratiev, A.V. Kozlov, A.A. Nikitin, 

B.B Chalih, A.L. Sitnikov, S.V. Rogozhkin, T.V. Kulevoy ITEP, Moscow, Russia 
 
Abstract 

New construction materials are under developing for 
the nuclear energy sector. They will provide energy 
production, store and transportation with high efficiency 
and ecology safety. The nanostructures steels like a 
consolidation oxide dispersion strengthened (ODS) as 
well as  ferritic-martensitic steel (for example EK-181) 
are the most promising materials for new generation of  
nuclear reactors. The experimental program for 
investigation of the steel nanocluster generation and 
growth under ion beam irradiation is ongoing in ITEP at 
the accelerator complex “Heavy ion prototype-1” (HIPr-
1). The duoplasmatron ion source provides gas ion beams 
for experimental program. The source installation and it's 
power systems development are presented. As well the 
results of charge state distribution measurements for 
nitrogen ion beam generated by the duoplasmatron and 
the first results of ODS materials irradiation by gas ions 
are described and discussed. 

INTRODUCTION 
The changes in chemical composition of structural 

steels which occur under irradiation can cause changes in 
their mechanical characteristics. To investigate the steel 
structure changes under irradiation, in ITEP experimental 
works for structural materials irradiation by metal ion 
beams are carried out since 2007 [1]. However, the 
investigation of materials irradiated by both gas ion 
beams and combination of gas and metal ion beams can 
significantly enlarge the experimental potential of ITEP 
research program. 

At the accelerator "heavy ions-prototype-1" (HIPr-1) a 
gas ion source  duoplasmatron was installed, tested, tuned 
and put under operation. The procedure of materials 
irradiation with gas ions was tested. Nitrogen ion beam 
with a current of 150 mA was obtained at the outlet of the 
injector. The results of charge state distribution 
measurements for nitrogen ion beam generated by the 
duoplasmotron as well as the first experimental data 
obtained for ODS steel irradiated by the nitrogen beam 
are presented and discussed.  

EXPERIMENTAL FACILITY 
Experiments on the structural steels modification are 

performed at the accelerator TIPr-1, which shown on 
figure 1. Injector system (1) consists of ion source, 
extraction system and accelerator tube with high voltage 
up to 100 kV. The beam current at the injector output is 
measured by beam transformer (2). The experimental 
chamber (3) is used for steel samples irradiation by low-

energy ion beams. Electrostatic lenses (4) provide beam 
matching with the input to RFQ (5). The chamber (6) has 
a beam detector for accelerated beam current 
measurements. Three magnetic quadruples (7) forms at 
the targets the beam profile needed for experiments. In 
chamber (8) the target assembly for material samples 
irradiation by the ion beam accelerated in TIPr-1 is 
installed. The target construction enables the irradiation 
experiments with samples heated to the temperature up to 
700ºC.  

 

Duoplasmatron, which is a regular source for proton 
beam generation at the injector I-2 at ITEP, was installed 
in TIPr-1 injector system. The pulse valve mounted at 
discharge chamber output  significantly reduces the gas 
load in the injector and enables the cold cathode operation 
mode [2]. A system of the power supply for 
duoplasmatron was developed. It provides the production 
of an ion beam with a duration of 60 microseconds and a 
pulsce repetition rate of 1/3 pps. 

The power supply circuit of the ion source is shown at 
figure 2. The main elements of this circuit are a pulse 
discharge generator (PDG), a power supply (PSIV) for the 
inlet valve; power supply for duoplasmatron magnet 
(PSM). This circuit located on the high voltage platform. 

TEST OF ION SOURCE WITH NITROGEN 
BEAM 

Duoplasmatron was tested under operation with 
nitrogen ion beam. The time-of-flight method was used 
for charge state distribution (CSD) measurements of 
nitrogen ion beam generated by duoplasmatron [3]. CSD 
and beam current were measured for two different 
discharge currents: Iarc arc

behavior during the beam pulse for discharge current of 
173 A is shown in Figure 3. The measured distribution of 
different ions in total beam current are shown in Table 1. 

Figure 1: Scheme of accelerator TIPr-1. 

=213A and I =173A. The CSD 
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Figure 2: Circuit of duoplasmatron power supply. 

Figure 3: Charge ion distribution in duoplasmatron beam. 

Table 1: Charge distribution of the ions in the beam from 
duoplasmatron. 

Ions Iarc=173 А Iarc=213 А 
H+ 4,0% 11,5% 
N2+ 1,4% 4,9% 
N+ 63,2% 73,1% 
N2

+ 31,4% 10,5% 

RESULTS  
For simulation experiments, the samples in the form of 

needle with tip thickness of about hundred nanometers 
were used. They were mounted in a chamber (p.3. Figure. 
1) at the injector output and were adjusted so that the 
needle tips are located close to the centre of the beam 
axis. During experiemnts the pressure in the chamber was 
P=5·10-6 torr. The ion source was adjusted to the 
operation with a current density of ~1 mA/cm2. The oxide 

dispersion strengthened (ODS) Eurofer steel and ferritic-
martensitic precipitation-aging steel EK-181 were used 
for experiments. Their chemical compositions before 
irradiation are given in Table. 2. Two sets of samples 
from those materials were irradiated by different beams. 
One of them was irradiated by the titanium ion beam and 
another one by nitrogen ion beam. The flux of 1015 
particles/cm2 for both experiments was achieved. The 
research of the irradiated samples were performed on an 
optical tomographic atom probe microscope [4]. 

Table 2: Chemical compositions before irradiation, at %. 

 Eurofer ODS, at 
% EK-181, at% 

Cr 9.65 11.9 
Mn 0.38 0.95 
Si 0.16 0.73 
C 0.51 0.64 
N 0.03 0.16 
O 0.37 - 
V 0.38 0.31 
Y 0.25 - 

The peaks corresponding to the evaporated Ti+ and N+ 
ions were found in the mass spectrum of the irradiated 
samples. According simulation the concentrations of these 
elements in irradiated samples should be increased by  
0.2 at. %. Data with experimental values are shown in 
Table 3. Comparing Tables 3 and 2 one can see that 
experimental data for nitrogen don’t correlate with the 
calculated ones. The discrepancy between the results may 
be due to the migration of the implanted nitrogen from the 
irradiation zone to the sample surface.  

It is necessary to note that the clusters in the samples 
under nitrogen beam irradiation not changed however 
clusters in the samples irradiated by Ti beam changed 
significantly. 

Table 3: Chemical compositions after irradiation. 

The 
test 
sample 

Chemical 
Element 

Concentration 
after ion 
irradiation to 
a dose of 1015 
particle/cm2 

Estimated 
value of the 
concentration 
particle/cm2 

Eurofer 

ODS 

N 0.06±0.01 0.2 

EK-181 N 0.04±0.01 0.2 

Eurofer 

ODS 

Ti 0.23±0.07 0.2 

ЭК-181 Ti 0.21±0.05 0.2 
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CONCLUSION 
The gas ions source (duoplasmatron) was installed at 

the accelerator HIPr-1, to provide the investigation of 
material modification under gas ion implantation into the 
prospective steels for nuclear reactor manufacture. The 
power supply circuit, gas pipeline and related tools were 
developed for the ion source, to provide gas ion beam 
generation with pulse length of 60 µs and repetition rate 
of 1/3 pps and beam current up to 100-200 mA. Nitrogen 
ion beam with a current of 150 mA  was generated  and 
used for the experiments. 

The charge state distribution of the nitrogen ion beam 
during the discharge time in duoplasmatron was measured 
by the time-of-flight method. 

The samples of EK-181 and ODS were irradiated by 
nitrogen ion beam with energies up to 60 keV. Results 
were compared with the ones obtained after the titan ions 
implantation. 

For nitrogen beam, irradiation changes in chemical 
composition of the samples did not coincide with the 
simulated ones thanks to the migration of implanted 
nitrogen atoms to the sample surface. As a next step we 
plan to carry out the irradiation of the same steel samples 
first by the titanium beam and then by the nitrogen beam.  
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METHOD OF BROADBAND STABILIZATION OF THE VEPP-4 MAIN 
FIELD 

A. Pavlenko, BINP SB RAS; NSU, Novosibirsk, Russia 
A. Batrakov, G. Karpov, I. Nikolaev, V.Svishchev, BINP SB RAS, Novosibirsk, Russia

Abstract 
 The stability of the main field has great influence on 

precision experiments on particle physics which are 
performed on VEPP-4M facility currently. A method of 
broadband stabilization of the VEPP-4M main field 
allowing us to achieve field stability better than 0.5 ppm 
over DC - 50Hz frequency range is presented. The 
method combines NMR stabilization and feedback loop 
using induction signal. 

INTRODUCTION 
It is necessary to know the beam energy of cycling 

accelerators in the particle physics experiments. At 
VEPP-4M experiment of CPT-invariance test by 
comparison of spin precession frequencies of electron and 
positron simultaneously circulating in VEPP-4M storage 
ring with accuracy 10-8 is planned [1]. The error of this 
experiment directly depends on stability of guiding 
magnetic field therefore long-term stability and field 
ripples are of the great importance. Long-term (hours) 
stability 10-6 allow one to find optimal parameter for the 
measurements. High-frequency ripples (up to 5 Hz) 
results in broadening of resonance spin precession 
frequency. This effect increases statistical error of the 
experiment. The frequencies more 10 Hz result to side 
spin resonance harmonic and could be excluded by 
optimal experiment parameters choice. Furthermore field 
instability induces beam orbit pulsation which has 
negative influence on count rate of Touschek polarimeter 
and increases the systematic error of the experiment. So, 
detrimental influence of filed pulsation in a range from 
0.01 to 10 Hz on statistic and systematic error in this 
experiment requires wide range stabilization system of 
guiding field of VEPP-4M storage ring. 

THE VEPP-4M MAIN FIELD QUALITY 
The VEPP-4M magnetic structure containing about 100 

bending magnets are supplied by high current power 
supply IST. The main field varies in the range from 
0.15 T at injection energy to approximately 0.55 T at 
maximum energy [2]. All magnets are connected in 
series, and current is changed from 2 kA to 5.5 kA. Long-
term stability of supply current stays at 10-5 relative level. 
In series with the bending magnets, there is “out of ring” 
additional calibration magnet which is fully identical to 
bending magnets.  

The precision NMR magnetometer [3] is used to 
measure absolute value of the VEPP-4M main field in the 
calibration magnet. Full measurement cycle consists a 
few elementary cycles. Each cycle includes only one 

excitation RF pulse and one NMR response signal. 
Typical NMR signal duration for the VEPP-4M dipole 
magnet in the field range 0.15-0.2 T is ~5 ms. Time 
interval between elementary cycles Te is defined by NMR 
working substance relaxation time. For VEPP-4M NMR 
probe Te ≈ 0.08 s. So, during full busy time real 
measurement is performed only within short interval 
~5 ms separated with 0.08 s, where no NMR signal 
presents. To improve measurement accuracy the 
accumulation of NMR response signals is used (usually 8 
– 16 elementary cycles).  

To increase stability of the VEPP-4M main field, the 
feedback loop was implemented into the power supply 
control using data given by NMR magnetometer. The 
difference between set point and measured field is 
converted to an additive to be added to value measured 
with DCCT. That “via-DCCT” way allows correcting the 
power supply current. The integral term of PID controller 
is used with integral gain approximately equals to 0.5. 
Higher gain value results in feedback loop instability. The 
correction rate is about 1 s, providing field correction in 
the band from 0 Hz up to 0.1 Hz. Fig. 1. presents the 
NMR magnetometer data with the feedback off and on.  

 

Figure 1: The NMR stabilization efficiency. 

The long-term instability is about 1 ppm (RMS). 
However, NMR measurements don’t provide information 
about amplitude and frequency content of field instability 
for frequencies higher than 1 Hz. In order to measure high 
frequency ripples it was used the induction sensor placed 
into calibration magnet. The sensor is equipped with 
electrostatic shield which suppresses coupling with power 
supply rails. The sensor has magnetic area wS = 7.7 m2. 
Its output voltage is recorded by the multimode digital 
integrator VsDC3 [4] and these data are processed to get 
Fourier transform. The spectral components are divided 
by 2휋퐹 ∙ 푤푆 ∙ 퐵 factor giving magnetic field ripple 
amplitude relative to mean value B at frequency F. Fig. 2 
(blue plot) presents the VEPP-4M field ripple spectrum. 
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Figure 2: Ripple spectrum (blue) in terms dB/B and dB/B 
vs on band of observation (green). 

There are spectrum peaks at 5 Hz and 30 Hz because of 
magnets mechanical vibration. Such system as vacuum, 
air-conditioning or cooling water pumps can provide it. 
Spectral components which are multiple of AC frequency 
(50 Hz, 100 Hz and so on) are influenced by IST power 
stage. Note that despite the fact that bending magnets 
have not laminated iron yoke the field spectrum contains 
significant components up to 150 Hz. Green plot in Fig. 2 
represents dB/B rms depend on band of observation. One 
can see that dB/B rms level increases from 810-7 at 5 Hz 
to 710-6 at 150 Hz. This fact leads us to develop the 
stabilization system for frequencies higher than 1 Hz in 
addition to NMR stabilization. 

THE BROADBAND STABILIZATION 
SYSTEM 

To solve this task the following technique was 
proposed. By measuring instantaneous value of magnetic 
field variation with induction sensor, compensate it by 
adding directly into the magnetic structure a current of 
opposite polarity. The structure of the fast suppression 
system proposed is presented in the Fig. 3. 

 

Figure3: The structure of the fast stabilization system. 

The system consists of VsDC3 integrator and 
correction current generator, which is connected in 
parallel with IST. The distance between devices is about 
200 m and they are connected via RS485 digital link. The 
achieved correction code computing rate equals to 2 kHz. 
The experimental results of fast suppression system 
testing are presented in Fig. 4. 

 

Figure 4: Ripple spectrum for stabilization is OFF (blue) 
and ON (green). 

The blue plot represents typical magnetic field ripple 
spectrum with fast stabilization is off and green plot 
corresponds to on-state. The graph shows that at a 
frequency of 5 Hz suppression of ripples is about 10 
times, at a frequency of 10 Hz - 3 times, at a frequency of 
30 Hz - 2 times. However, the system demonstrates a lack 
of performance at 50 Hz and significant loop response 
rise at approximately 65 Hz. The reason for such system 
behavior is due to falling of IST output impedance and 
increasing of magnetic structure impedance with 
frequency. The measured ratio of magnetic structure 
current to correction current is presented in Fig. 5. 

 

Figure 5: Ratio Imagnet/Icorrection vs frequence. 

Less than tens part of correction current is flown into 
magnetic structure at 50 Hz. As a result the amplitude and 
phase response of correction current transfer function 
leads the system to fall in efficiency at frequencies higher 
than 50 Hz. At the same time attempts to obtain a higher 
suppression of field ripples in the band above 50 Hz 
results in unstable operation of the system. 

Let us consider open loop response of the fast feedback 
system in order to demonstrate these statements. The 
simplified fast feedback loop signal chain is presented in 
Fig. 6. The digital integrator path gives magnetic flux 
increments ∆n at 1/Ts sample rate. These ∆n are 
accumulated in S(z) element giving instant magnetic field 
values n. The accumulator S(z) has relaxation time 
constant (1-) which determines low frequency level of 
the loop operation. Calculated field values are multiplied 
by gain constant G and pass through the optional five 
order loop filter H(z). Calculated values are transmitted to 
correction generator and converted into current using 
calibration constant C. All parameters such as relaxation 
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constant , gain G or loop filter H(z) coefficients are 
remotely tunable. 

 

Figure 6: The simplified fast feedback signal chain. 

Considering this the signal processing in feedback loop 
elements can be expressed a follows: 
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The numerator of the first term corresponds to z-
transform of the sampled flux (z) measurement process, 
denominator represents S(z) term. Magnetic flux value 
multiplied by calibration constant C approximates ripple 
current value so the term inside braces represents the gain 
of the feedback loop. This expression multiplied by 
measured ratio Imagn/Icorr (Fig. 5.) gives the model of the 
system behaviour which is presented in Fig. 7. 

 

Figure 7: Amplitude and phase response for the case of 
closed and open-loop feedback.  

The maximum stable loop gain G is chosen. The 
presented model demonstrates good agreement with 
experimental results: the suppression level and the high 
limit of working bandwidth match to Fig.4. The low level 
bandwidth limit is at approximately 0.1 Hz. This limit is 
determined by VsDC3 noise floor and is tunable via 
parameter . 

The integration of broadband stabilization and NMR-
stabilization is done by summing correction values from 
the NMR feedback and the fast feedback. An expected 

close loop gain is shown in Fig.8. Accordingly the way of 
slow stabilization “via DCCT” should be disabled. 

 

Figure 8: Typical induction signal of pulsed magnetic 
field and error source of “direct” digital integration 
technique. 

The DSP block of the VsDC3 is able to receive and 
process NMR and broadband measurements. Up to now 
standalone operation of NMR stabilization via broadband 
system was implemented and tested while shared 
algorithm of stabilization is under development. 

Main task in achieving this goal is to increase the NMR 
measurement rate by decreasing elementary cycle 
accumulation number. In addition, ways should be found 
to extend bandwidth of suppression system operation by 
finding optimal configuration of the loop filter.  

SUMMARY 
The method of reducing the magnetic field ripples in a 

band up to 50 Hz is described. In this band the proposed 
method improves the stability of the VEPP-4 main field in 
3-5 times, reaching the level 3-5∙10-7. These new features 
should increase quality of future VEPP-4M CPT-
invariance test experiments. 

The nearest plans are to integrate the NMR and 
broadband stabilizations and try to increase the band of 
the ripple suppression using a faster feedback loop.  
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MAGNETIC SYSTEM OF ISOCHRONOUS CYCLOTRON F250 FOR 
PROTON THERAPY APPLICATIONS 

 
Yu. G.Alenitsky#, N.L.Zaplatin, E.V.Samsonov,   

V.P.Dzhelepov Laboratory of Nuclear Problems, JINR, Dubna, Russia 
 

Abstract 
   Possibility of the isochronous cyclotron F250 creation 
with protons energy ~250 MeV on the basis of magnet 
with pole diameter 6 m, which is used for the 
synchrocyclotron (Phasotron), is examined in the JINR 
Laboratory of Nuclear Problems (LNP). The proposed 
cyclotron F250 will make it possible to strongly decrease 
the electric power of magnet and to avoid the need of 
beam degradation from 680 MeV to 250 MeV. 
   For creating the required magnetic field of the cyclotron 
F250 it is necessary to change the form of steel spiral 
shims and disks, located inside a vacuum chamber of 
synchro-cyclotron. The basic parameters of the magnetic 
system of the cyclotron F250 with the condition of 
retaining the vacuum chamber and the magnet yoke of 
synchrocyclotron are given. 
 

INTRODUCTION 
     The basis of the experimental base for JINR 
Laboratory of Nuclear Problems (LNP) until 1979 served 
the first accelerator of Dubna - synchrocyclotron. As a 
result of a number of improvements this accelerator for a 
long time remained one of the most powerful installations 
of this type [1]. 
     In (1967 -1970) the project [2] of reconstruction the 
synchrocyclotron into a small meson factory with the 
energy of protons 680 MeV was developed. In (1979 -
1984) this project was realized with the maximum 
intensity of the internal beam of protons 7 mkA and with 
the efficiency of extraction ~50%. The obtained 
parameters of accelerator made it possible to substantially 
enlarge the program of physical and applied works on the 
accelerator [3]. 
     At present a medico - biological complex operates in 
LNP for treating the oncologic sick with the use of 
protons at energies 160-250 MeV. For determining the 
required energy of protons the information about the 
mean free path of protons in the correspondence for the 
position of Bragg's peak in each case is used. Necessary 
energy of protons is obtained by means of degrader 
system providing a retarding the extracted beam of 
protons with 680 MeV to 250 MeV and less. In this case 
the utilized for medical purposes intensity of beam does 
not exceed 50 nA. 
     The successes achieved in the last decade in the proton 
therapy led to development and creation of the specialized 
accelerators for this purpose. The considerable progress in 
this direction is achieved in the creation of isochronous 
cyclotrons [4, 5].   

   #alen@jinr.ru 

                                                                                                   

   The considerable progress in this direction is achieved 
in the creation of isochronous cyclotrons [4, 5].  
However, the cost of construction as well as the operating 
costs of such cyclotrons comprises the rather great values.  
    In connection with the foregoing it looks  appropriate 
to develop a project with a partial use of magnetic, high-
frequency and other systems of working accelerator for 
creation on their basis an isochronous cyclotron for 
proton therapy.  
    The decommissioning of the JINR Phasotron will allow 
in the shortest possible time with minimal capital 
expenditure to create an isochronous cyclotron for protons 
up to 250 MeV with an intensity of the extracted beam 
about  50 mkA. 

 
CALCULATION OF MAGNETIC FIELD  

    General view of F250 magnetic system, including the 
magnet of the working JINR Phasotron and the lids of 
vacuum chamber with the system of spiral shims of new 
configuration is shown in Figure 1. Position of the main 
elements of the magnetic system in the gap between poles 
of the electromagnet (Ø=6000 mm, d =1540 mm), that 
provide the desired field in the mid-plane is shown in Fig. 
2.  

 
Figure 1: General view of FC250 magnetic system. 

 
Figure 2: Scheme of the main elements location on 
vertical cross section.  
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   Pole disk and disk with sectors form the lids of the 
vacuum chamber of cyclotron.      
   Geometry of the steel disks and spiral shims has been 
chosen by the help of code Radia [6] which computes 3D 
magnetic fields in the system of Mathematica [7]. 
   The calculations were carried out at a current in the 
magnet coil IW=165 kA, which corresponds to the power 
consumed by the magnet P= 100 kWt. 
   The selected configuration of sectors (Figure 3) 
provides the required radial dependencies of average 
magnetic field (Figure 4) and both spiral angle and flutter 
(Figure 5).  

 
Figure 3: Configuration of the magnetic sectors. 

 

 
Figure 4: Average magnetic field Bav and isochronous 
one Bis versus radius. 
 

 
Figure 5: Flutter and spiral angle of the field versus radius 
 
   As can be seen from Figure 4 the deviation of the 
average magnetic field from the isochronous one in 
central region of the accelerator  (r < 40 cm) is not larger 
than 250 G, and in the interval  r =(40-270) cm does not 
exceed 50 Gauss. Off course, tight trimming of the 

average field in a main acceleration region is needed up to 
a level ±2-3 Gs deviation from the isochronous one. This 
can be provided by changing azimuthal width of the 
sectors. 
   Betatron tunes Qr and Qz are shown in Figure 6 versus 
orbital radius. Axial focusing by means of magnetic field 
begins from radius 15 cm. To provide focusing at radii 
less than 15 cm a corresponding change of the field bump 
in this place is needed.  Some increase of the axial 
focusing due to electric field should also be taken into 
account in the very center of cyclotron 
   It is seen that the frequency of axial oscillations 
decreases from Qz=0.35 at radius r =230 cm to Qz=0.0 at 
radius r= 268 cm, which corresponds to maximal 
attainable proton energy W=260 MeV in this cyclotron 
(see Figure 7). 

 
Figure 6: Frequencies of axial Qz and radial Qr 
oscillations versus orbit average radius.  
 

 
Figure 7: Orbital frequency Freq and energy of central 
proton W in isochronous field versus orbit average radius. 
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MAGNETIC FIELD DESIGN AND CALCULATION FOR FLNR DC-280 
CYCLOTRON 

B.Gikal, G.Gulbekian, I.Ivanenko, J. Franko, JINR, Dubna, 141980, Russia                    
T.Belyakova V.Kukhtin, E.Lamzin, S.Sytchevsky, ERIEA, St. Petersburg, 189631, Russia

Abstract 
The isochronous cyclotron DC-280 is intended to 

accelerate the ion beams with A/Z from 4 to 7 up to the 
energy 8 – 4 MeV/nucleon. The wide range of the 
magnetic field levels from 0.64T till 1.32T allows to 
make a smooth variation of the beam energy over the 
range ± 50% from nominal. For operational optimization 
of the magnetic field the 11 radial and 4 pairs of harmonic 
correcting coils are used. The numerical formation of the 
magnetic field is carried out. The problems and solutions 
of DC-280 magnetic field design are described.  

INTRODUCTION 
The new isochronous cyclotron DC-280 is now under 

construction in Laboratory of Nuclear Reactions (FLNR, 
JINR, Dubna). The cyclotron is intended for accelerating 
the beams of heavy ions from Carbon to Uranium of the 
energies from 4 to 8 MeV/nucleon [1]. The cyclotron has 
a H-shape main magnet with 4 meter pole diameter. The 
magnetic structure allows to carry out the smooth 
adjustment of the beam energy over the range ± 50 % 
from nominal by means of variation of the average 
magnetic field level at the range from 0.64T till 1.32T. 
The isochronous field is formed by 4 pair of 45-degrees 
sectors The operational correction of the magnetic field is 
realized by means of 11 radial and 4 pairs of harmonic 
correcting coils. The betatron frequencies lies on the 
range 1.005<Qr<1.02 and 0.2<Qz<0.3. 

Table 1: Main parameters of the DC-280 cyclotron 

Main size of the magnet, [mm] 8760×4080×4840 

Weight of  the magnet [t] 1100  

Maximal power, [kWt] ≈ 280 

Diameter of the pole, [mm] 4000 

Distance between the poles,  [mm] 500 

Number of the sectors pairs 4 

Sector angular extent (spirality) 45o ( 0o ) 

Sector height,  [mm] 111 

Distance between the sectors 
(magnet aperture),  [mm] 

208 

Distance between the sector and 
pole (for correcting coils),  [mm] 

35 

Number of radial coils 11 

Number of azimuthal coils 4  
 

NUMERICAL FORMATION OF DC-280 
CYCLOTRON MAGNETIC FIELD 

The numerical 3D formation of DC-280 magnetic field 
was made in some stages using the KOMPOT program 
package [2-4]. At the first stage the optimization of 
magnet yoke was carried out. The criteria of optimization 
is the magnetic field inside yoke elements should not 
exceed 1.5 – 1.6 T. In this case the efficiency of the 
magnetic system stays in linear area, figure 2.  

 
Figure 1: The model of DC-280 magnetic system.  

The important problem of DC-280 magnet yoke 
optimization was the decreasing of the fringe field level 
over the magnet, where ECR ion source and axial 
injection line are placed. The special form of the upper 
(and lower for symmetry) balk of yoke and usage of the  
magnetic shield platform lets to decrease the fringe field 
down to acceptable level about 40Gs near ECR ion source 
and horizontal elements of beam injection line. 
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Figure 2: The current of main coil and the magnetic field 
level for DC-280 magnetic system.  

The distance in 500-mm between poles was chosen to 
place the high–voltage (up to 130kV) RF system and the  
independent Flat-Top system. The isochronous form of 
the magnetic field is formed by 4 pairs of sectors. The 
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sectors has no spirality and equipped with removable 
edge shims, placed on the both sides of each sector. The 
shims has the form of straight plates with 10-mm wide 
and are intended for final formation of the magnetic field.   

THE STEEL MAGNETIC PROPERTIES  
At the first stage of the magnetic field calculations the 

test steel magnetic properties from the program database 
were used. As soon as the real steel magnetic properties 
were measured, it was used in the final calculations. 
Wherein the average magnetic field decreases at 29±4 Gs 
for 0.64T, 81±3 Gs for 1.05T and 89±9 Gs for 1.32T.  
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Figure 3: The test and real steel magnetic properties.  

THE CORRECTING COILS  
To form the isochronous accelerating modes, presented 

by the working diagram, the DC-280 cyclotron has eleven 
radial correcting coils. The radial coils are placed between 
pole and sectors, figure 1. The maximum power 
consumption of all eleven coils with the current 25A is no 
more then 2×8kW. Each coil has 2×78 turns. It is enough 
to produce the required sum contribution of the radial 
coils about ±1000Gs to form the accelerating modes of 
the DC-280 cyclotron. 3th and 10th trim coils have a 
separate power supplies for upper and lower sub coils and 
could be used for correction of the beam vertical position. 
At the figure 4 the contributions of DC-280 trim coils 
with 25A current supply is presented.  
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Figure 4: The contributions of the radial coils at the 
average magnetic field level 1.32T.  

Four pairs of azimuhal coils are intended for correction 
of first harmonic of magnetic field and for adjust beam 
orbit centring. Azimuthal coils are placed on the sectors at 
the side of working area, figure 1. One pair of azimuthal 
coils can create up to 0.0025T of amplitude of the first 
harmonic, figure 5. Two pairs of azimuhal coils are 
placed perpendicular one to another in two rows at 
radiuses: 
• R=1.5m, coils  are intended for common correction; 
• R=1.78m, coils are intended to correct the beam 

position before extraction.  
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Figure 5: The amplitude of the first harmonic, created by 
one pair of azimuhal coil.  

MAGNETIC FIELD AT CENTRE REGION 
Because DC-280 cyclotron magnetic field is varied in a 

wide range of levels, 0.64 – 1.32T, the magnetic structure 
is saturated unevenly. It leads to a non uniform changing 
of magnetic field for different levels. Especially it is 
dramatic at the central region [2,3].  

Thus the formation of the magnetic field at cyclotron 
centre consists of two interrelated problems: 
• formation of the isochronous field 
• minimization of non uniform changing of magnetic 

field for different levels. 
For DC-280 cyclotron both problems were solved by 

finding the special form of central region elements: sector 
noses, centre plugs and shims.  
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Figure 6: The difference between the average magnetic 
fields at the high, 1.32T and low, 0.64T levels. 
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The form of the difference between the average 
magnetic fields at the high, 1.32T and low, 0.64T levels 
was taken as a criteria of the magnetic field formation. In 
ideal case this difference at the centre must be a flat form. 
For DC-280 the best difference was found about 190Gs, 
figure 6. The payment for this was some difference of the 
formed magnetic field from isochronous, figure 7. This 
difference can be partially compensated by trim coils. At 
figure 7 the example of formation of 48Ca8+ acceleration 
mode by trim coils is presented. The “calculated” field 
presents the “iron” formed magnetic field, and “formed” 
field is a result of trim coil usage. As a result, the phase 
shifting of accelerated beam at the “formed” magnetic 
field is not more then ±3o. 
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Figure 7: The isochronous, calculated and formed with 
trim coils magnetic field for 48Ca8+ acceleration mode. 

MAGNETIC CHANNEL INSTALATION 
DC-280 extraction system is equipped with the passive 

magnetic channel, placed at the extraction radius in the 
vertical gap between pair of sectors, figure 8.  

 
Figure 8: The passive magnetic channel installation at the 
computer model of DC-280 magnet. 

The calculation of the magnetic field with the passive 
magnetic channel was carried out on the computer model 
with 1/2 geometry of the cyclotron magnet (360о on the 
azimuth). At the figure 9 the perturbation of the magnetic 
field after channel installation is shown. The calculations 
has shown, that up to the extraction radius 1.78m, the 
average magnetic field is changed not more than 2Gs 

from initial form and the amplitude of induced first 
harmonic less than 4Gs. The compensation of the passive 
magnetic channel influence will be held during magnetic 
field measurements by means of the sector shims [4]. 
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Figure 9: The average magnetic field perturbation and 
first harmonic amplitude after magnetic channel 
installation. 

PRESENT STATUS 
At present time the magnet is manufactured and wait 

for transportation to Dubna, figure 10.  

 
Figure 10: DC-280 magnet at the manufacture. 
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THE POWER SUPPLY SYSTEM OF ELECTROSTATIC DEFLECTING 
PLATES FOR ACCELERATING COMPLEX NICA. 

V.A.Bulanov, A.A. Fateev, E.V. Gorbachev, N.I. Lebedev, Joint Institute for Nuclear Research, 
Dubna, 141980, Russia  

Abstract 
  Three pairs of electrostatic deflecting plates will be 
placed in the booster ring. They will provide injection of 
heavy ion beam into the Booster. The power supply 
system for one plate providing all necessary parameters 
including suppression of the afterpulses is described in 
the report. The calculated and experimental results are 
also presented. 

INTRODUCTION 
Development and construction of the NICA ion collider 

[1] is underway at the Joint Institute for Nuclear 
Research. The booster in which the ion beam is 
preaccelerated and cooled is one of the main facilities of 
the complex. 

The booster injection system presupposes the use of the 
electrostatic septum and of three deflecting devices [2]. 
Electric plates are expected to be used as the actuating 
elements. Hydrogen thyratrons are used as a switches. 

CHARACTERISTICS OF ELECTRIC 
PULSES 

All electrical plates are fed with identical pulses that 
differ only by the amplitude of the applied voltage. Main 
characteristics of electric pulse with maximum amplitude 
are shown in Table 1. 

Table 1: Main characteristics of electric pulse.  
Maximum electrical potential on the plate  60 kV  
Charging time  < 50 ms  
Duration of pulse plateau at least   30 us  
Nonuniformity of voltage on the plateau  ≤ 1%  
The discharge time  ≤ 0,1 us  
Residual voltage  ≤ 0,5 kV  
The number of pulses in a row  1 ÷ 3  
The pulse repetition frequency  10 Hz  

 

 
  The parameter values given in Table 1 are generally 

achieved without major difficulties, but the residual 
voltage value stands out as an exception to this 
generalization. 

  This issue was given special attention. The 
measurements showed that the voltage at the thyratron 
(and, consequently, at the plate) nears zero by the time the 
thyratron is switched off and starts increasing after that. 
This may be attributed to the response of multiplication 
and filter circuits of the controlled power supply and the 
relaxational polarization of dielectrics (e.g., in the lead 
cables). One possible solution to this problem consists in 
implementing the “afterburning” (i.e., maintaining the 
discharge current through the thyratron with the use of an 
additional low voltage power supply). Such a system is 
presently used at the Nuclotron accelerator. The arc-
burning voltage naturally depends on the thyratron model 
and operating regime and usually falls within the range 
from 100 V to several hundred volts. 

THE SUPPLY SCHEME  
To reduce residual voltage and improve reliability of 

high voltage components, it was decided to use a pulse 
charging. 

   The PSPICE model of the power supply circuit is 
presented in Fig.1.  

The initial pulse of the thyristor generator is applied to 
the primary winding of the step-up transformer. We use 
industrial measuring transformer GE-36. Near the top of 
the pulse when the current in the primary winding of the 
transformer crosses zero value thyratron is triggered.  

The discharge chain C2, R3, R4 maintains the discharge 
current through the thyratron in a few tens of 
microseconds, thereby preventing fast afterpulses. Slow 
processes are suppressed by leakage of charges through 
the secondary winding of transformer. 
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Figure1: PSPICE model of the power supply circuit. 
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The result of calculation with program SPICE is 

presented in Fig.2. Voltage scale is reduced. Prototyping 
measurement results are presented in Fig.3. 
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Figure 2: Shape of the voltage pulse on the plate 
simulated with PSPICE. 

 
Figure 3:  Prototyping measurement results. Voltage (10 
kV/div) at the equivalent capacitance and input current 
(40 A/div) of the transformer. 

CONCLUSIONS  
Selected approach and scheme of the power supply for 
deflecting plates were simulated with PSPICE and 
compared with experimental results on equivalent load. 
The test results allow to take this scheme as a prototype 
for booster injection system. 
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VIRTUAL LABORATORY OF VACUUM TECHNIQUE 

G.P. Averyanov, V.V. Dmitriyeva, V.L. Shatokhin, 
National Research Nuclear University (Mosсow Engineering Physics Institute) 

Mosсow, Russia 

Abstract 
The report considers the interactive computer modeling 

of vacuum systems. Operation of real vacuum systems is 
modeled by simulating computer code. It is possible to 
assemble virtual installation, to choose the necessary 
pumps (from the database of low-vacuum and high-
vacuum ones), to select the vacuum connecting pipes with 
the required parameters. The vacuum chamber volume 
and its internal surfaces characteristics (roughness, types 
of preliminary processing), defining outgassing from 
these surfaces are set.  

INTRODUCTION 
Vacuum Technique virtual laboratory is part of a complex 
of similar Electrophysics Laboratories, developed at the 
Department of Electrophysical Facilities (EF) of NRNU 
MEPhI. Computer modelling and simulation of individual 
components and entire electrophysical systems is a 
promising and in some cases the only possible way to 
replace the full-scale simulation. The creation of 
computer-based simulators is used in various fields of 
technology, including nuclear physics field (i.e. nuclear 
power reactors management simulators). The 
development of the set of laboratory exercises for 
Electrophysics solves the following tasks:  
- acquire technology skills in assembly and maintenance 
of various subsystems and systems of EF (as simulator); 
- to investigate the structure and the main characteristics 
of the EF devices and different modes of their work; 
- gain experience in EF designing and master the methods 
of their calculation.  

The vacuum system is an essential specialty of any 
accelerator. In this regard, the "Vacuum Technique" 
educational laboratory has existed since the founding of 
the Department of EF. Real vacuum systems of 
accelerators can have a very large extent, complex 
structure, and the procedure for their pumping (including 
heating of system) can take many days. Therefore, the 
development of computer workshop was a logical 
continuation of the vacuum practical work, significantly 
expanding its functionality. 

VACUUM SYSTEMS MODELING 
THEORY 

The simulation program algorithm is based on the 
following basic theoretical principles of vacuum 
technology [1, 2]. The number of gas molecules in the 
vacuum system is reducing by means of vacuum pumps, 
which create a volume flow Q, determined by the speed 
with which pressure p in the vacuum system of constant 
volume V decreases with time t: 

 d( ) d
d d
pV pQ V
t t

= = ⋅ . (1) 

In reality, there is a lower limit of pressure below that 
pumping of the system is impossible - the ultimate 
residual pressure pr. The amount of gas in the vacuum 
system depends on the ratio of gas flow entering the 
system - Qin and pumping - Qp: Q = Qp – Qin. The 
magnitude of the gas flow entering the system depends on 
the quality of manufacture of the vacuum system, that is, 
the values of leakage flow Ql and outgassing flows Qgf 
from inner surfaces. When the limit of the residual 
pressure in the vacuum system is reached mode is set to 
dynamic quasi-equilibrium: Qp = Qin. Pumped flow is 
equal Qp = Sp, where S is pumping speed. Equation (1) 
takes the form: 

 d
dl gf

pp S Q Q V
t

⋅ − − = ⋅ . (2) 

Thus pr = (Ql + Qgf)/S. The result of the solution of 
equation (2) for the total pressure will be the dependence: 

 ( ) еst
Q Q tp t p
S S

τΣ Σ −⎛ ⎞= + − ⋅⎜ ⎟
⎝ ⎠

,  

where Q∑ = Qgf + Ql; pst - initial pressure in the vacuum 
system, τ = V/S. Similar dependences can be obtained for 
each partial gas component pi(t). Furthermore, the system 
pressure cannot be obtained under the pump ultimate 
pressure. In case of the continues pumping flow 
Q = Sp⋅pp = Sef⋅p, where Sp and pp - the pumping speed 
and the pressure at the pump inlet, Sef - effective pumping 
speed of the vacuum chamber. The presence of the 
connecting pipelines leads to the fact that between the 
vacuum pump and the vacuum chamber arises a pressure 
differential: p – pp = Q/U, U - the pipeline conductivity. 
Thus, the pumping of the vacuum chamber is carried out 
with some Sef, lower than Sp. 

Considering these equations, we come to the pumping 
model determined by the ordinary differential equations 
with initial conditions (Cauchy problem). The solution to 
this problem has been realized by the Runge-Kutta 
method of fourth order. 

VACUUM ELEMENTS MODELS 
Each of the pumps designed to operate over a certain 

pressure range with approximately constant pumping 
speed - S0. The ultimate pump pressure p0 determined by 
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the balance between entering and going out gas flows of 
the pump. Magnitude of the going out flow can be 
approximately given in this form Qout = S0⋅p0, thus 
Qp = S0⋅p – S0⋅p0 = Sp⋅p. With pressure decrease in the 
inlet of the pump to a value p0, pumping flow becomes 
zero. The dependence of the pumping speed from the inlet 
pressure expressed by the equation: Sp = S0(1 – p0/p). 
Actual pumping speed dependence is much more 
complicated and can be found empirically, but this 
equation quite accurately describes this dependency and 
can be used in the calculations. The pumping speed at 
pressures in the pump inlet above the operating range 
depends on operation principle of the pump. 

Calculation of parameters of pipelines is a separate 
task. Since the various vacuum components have a rather 
complicated internal geometrical shape, it is necessary to 
use Monte-Carlo method for calculation of the 
conductivity of such element in the molecular or viscose 
gas flow mode. In a simplified version, pipeline 
conductance in a wide range of pressures can be 
determined by the following formula (Knudsen equation): 
U = Uv + K⋅UM, where Uv and UM - conductance in the 
viscous and molecular gas flow modes respectively; K - 
coefficient, depending of the pressure in the pipeline. 

Leakage occurs in areas with inadequate tightness of 
the vacuum system. Leakage flow Ql = σ (pa – p). Here 
σ - total conductance determining the aggregate 
bandwidth of all leaks. Valid leakage flow is considered a 
flow, in which is possible to obtain the desired pressure p 
in the system: Ql ≤ p·S. 

The level of initial outgassing rate q0 and the total 
surface area A determine the flow rate from the inner 
surfaces of the vacuum chamber Qgf = A⋅q0⋅k⋅exp(–kt). 
Value of Q0 depends on the material and the roughness of 
vacuum chamber surface. Degassing coefficient k is 
mainly acquired experimentally. It increases with rising 
temperature of the vacuum system, which leads to 
increase the outgassing rate and simultaneously to more 
rapid decay time ~exp(–kt). Therefore, to accelerate the 
process of obtaining a high vacuum the temperature 
heating of the vacuum chamber is applied. 

THE SOFTWARE STRUCTURE 
Virtual laboratory software has a unified structure. In 

the present representation each software module of 
Electrophysics laboratory can be represented as 
interrelated functional blocks, which when necessary may 
be upgraded independently of each other. The most 
conservative components of the system (almost 
independent of the operating environment 
implementation, etc.) are the configuration file that 
defines the structure of the system and its mathematical 
description (mathematical model). All other components 
of the structure are highly dependent on the level of 
information technology and tools for their development. 

Brief description of the main functional elements.  

1) Graphical environment. In the graphic design of any 
software package that simulates electrophysical facilities 
and their individual subsystems can distinguish five basic 
elements:  
- Data input element. Used to set the numerical values of 
a specific physical quantity. 
- Graphs display element. The main function of this 
display is static or dynamic picture of the physical 
process. 
- Elements reflecting an installation diagram. 
- Reflection element help (HELP). 
- Grouping elements to create pop-up windows, tabs or 
simply dividing lines. 
2) The configuration file. Is a description of the 
components and their position in the formatted file as an 
XML document.  
3) Mathematics module. Exchange protocol. 
Mathematical module is a separate executable file, which 
is called as a system call command.  

4) The core is the basic infrastructure of the project, 
provides a coherent libraries and interfaces that defines 
communication protocols and the structure of the 
configuration files. 

USER INTERFACE 
The structure of the user interface is designed for all 

virtual laboratories by the same cathedral rules and 
determined by the main purpose of the laboratory. 
Assumes the solution of the following main tasks within 
this laboratory:  
- study of the vacuum system and the influence of various 
factors and components on its characteristics; 
- design of the vacuum system (in extracurricular time), 
its virtual assembly and check for compliance with the 
technical task. 

Laboratories environment consists of two main 
(working) modules (the window) and a number of 
additional. The main working window (see Fig. 1) is 
given the structure of the vacuum system containing the 
necessary components to ensure high vacuum in the 
required volume and panels with setting of parameters of 
the pumping system. This window consist buttons that 
define the range of parameters of vacuum chamber and 
pumping unit (based on the manufacturers’ data). The 
characteristics of pumped chamber (material, the quality 
of treatment of the inner surface, the initial level of 
surface outgassing) are entered. 

When selecting vacuum pumps popup window 
represent their nomenclature and features. As a result of 
the choice of an industrial vacuum pump its parameters 
(ultimate pressure, pumping speed, inlet sizes) are 
recorded in the right pane of the window (see Fig. 1). 
Arbitrarily adjustable pump is selectable and its 
parameters can be varied within wide limits. The panel 
also contains pumping system parameters (pipelines), 
which are specified in the design of the vacuum system.  
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Figure 1: Simulation of vacuum system parameters. 

 
Figure 2: Dynamics of vacuum chamber pumping. 

 
In the left pane of the main window (see Fig. 1) 

"pumping on" and the management of pumping process 
are performed. Here you set the timing diagram of 
pumping and all process total time. It's possible to select 
only preliminary pumping (low vacuum), or connect 
thermal degassing phase at high vacuum pumping.  

The second working window displays the dynamics of 
the pumping process in time for given characteristics of 
the vacuum system (see Fig. 2). There is a possibility of a 
detailed study of the pumping process at different time 
stages. As a result of the analysis of the results an 
adjustment of the characteristics of the elements of the 
pumping system is performed to achieve the desired 
parameters. 

Additional windows contain the traditional set of 
features of virtual laboratories - theoretical principles of 
developed topic, guidelines for carrying out the works, 
individual assignments, and tests for self-control. 

CONCLUSION 
Developed virtual environment provides a choice of 

means of pumping and traditional elements of vacuum 
systems, the choice of material of pumped volume, its 
pre-treatment, monitoring the process of pumping, 
registration, analysis of the data and making changes to 
complete system in order to obtain the desired results. It 
becomes possible in a short time (with the assessment of 
real-time) to pass through full cycle of the technologies to 
reach high vacuum state and to estimate the necessary 
time. Modeling of vacuum systems significantly expands 
the functional capabilities of vacuum laboratory. 
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MEASUREMENT OF THE DOSE RATE AND THE RADIATION 
SPECTRUM OF THE INTERACTION OF 2 MeV PROTON BEAM WITH A 

VARIETY OF STRUCTURAL MATERIALS* 
 

D. Kasatov#, A. Makarov, S. Taskaev, I. Schudlo 
BINP SB RAS, Novosibirsk, Russia,

Abstract 
At the BINP, a pilot epithermal neutron source is now 

in use. It is based on a compact Vacuum Insulation 
Tandem Accelerator (VITA) and uses neutron generation 
from the reaction 7Li(p,n)7Be. Irradiation experiments 
using various structural materials were carried out. The 
results of measuring the intensity and the spectra of the γ 
and X-ray radiation are discussed in the present work. 
This work is a part of a plan to create a therapeutic beam 
and strategies for the use of the accelerator for clinical 
application. 

INTRODUCION 
Presently, Boron Neutron Capture Therapy (BNCT) [1] 

is considered to be a promising method for the selective 
treatment of malignant tumors. The results of clinical 
tests, which were carried out using nuclear reactors as 
neutron sources, showed the possibility of treating brain 
glioblastoma and metastasizing melanoma not curable by 
other methods [2, 3]. The broad implementation of the 
BNCT in clinics requires compact inexpensive sources of 
epithermal neutrons. At the BINP the source of 
epithermal neutrons based on 2 MeV Vacuum Insulation 
Tandem Accelerator (VITA) and neutron generation 
through 7Li(p,n)7Be reaction was proposed [4] and 
created. 

General view of the accelerator is shown in Fig. 1. 
Negative hydrogen ions are injected and accelerated up to 
1 MeV by potential applied to the electrodes, then H- turn 
into protons in the stripping target and at last the protons 
are accelerated up to 2 MeV by the same potential. 
Pumping of the gaseous stripping target is carried out by 
cryogenic and turbomolecular pumps through the 
jalousies. The potential of the high-voltage and five 
intermediate electrodes is supplied by a high-voltage 
source through the insulator which has a resistive divider. 

Presented work is aimed on measurement of lithium 
target radiation hazard and to find materials for high-
energy beam transporting channel and for substrate of 
neutron producing target with minimum radiation 
emission during proton bombardment. There were studied 
different materials. 

EXPERIMENTAL LAYOUT 
Generation of γ- rays was carried out by directing the 

proton beam on targets made of various materials. The  

 

 
Figure 1: High-current vacuum insulation tandem 
accelerator: 1 –ion source (H-); 2 – high voltage 
electrode; 3 – electrode shutters; 4 – cryo pump; 5 – 
accelerator vacuum volume; 6 – intermediate 
electrodes; 7 – stripping target; 8 – feedthrough 
insulator (vacuum part); 9 – feedthrough insulator (gas 
part); 10 – high voltage source; 11 – coaxial feeding 
tubes. 

target is a disc of 100 mm diameter and thickness from 1 
mm to 10 mm depending on the material mounted on a 
cooled copper substrate. Gamma spectra were detected by 
BGO spectrometer. BGO spectrometer was located at a 
distance of 75 cm from the target along the beam axis and 
was covered by a lead shielding having thickness of 50 
mm with collimation hole 25 mm in diameter. The 
spectrometer was calibrated using the isotopes 137Cs and 
60Co taking into account the background radiation from 
the accelerator [5]. After irradiation the target was 
extracted and induced radioactivity was measured. For 
this purpose we used NaI and BGO detectors. 

Dose rate measurements were carried out by an 
automatic system based on ionization chambers. In some 
cases the neutron yield was registered by the lithium glass 
detector. 

____________________________________
 

* The study was performed by a grant from the Russian Science 
Foundation (Project No.14-32-00006) with support from the 
Budker Institute of Nuclear Physics. 
# kasatovd@gmail.com 
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EXPERIMENTAL RESULTS 
Gamma-ray Generation 

Various materials (Li, C, Al, Si, Ti, V, Fe, Cu, Mo, Ta) 
were bombarded by 2 MeV protons. The average proton 
current was 400 mkA. Gamma spectra normalized to the 
current and time are shown in Fig. 2. 

 
Figure 2: Gamma spectra of different materials under 
proton beam. 

Titanium and graphite showed significant activation by 
the proton beam (Fig.2 and Fig.3). In other cases 
activation dropped fast before the target was retrieved. 
Target retrieving time was about 15 minutes. 
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Figure 3: Gamma spectrum of 12C(p)13N → β+(10 min) 
→ 13C (dose rate 0.5 µSv/h). 

Also irradiation experiments were carried out using a 
proton beam deposited on lithium fluoride and barium 
fluoride as an attempt of generating positrons in reaction 
19F(p,αe+e–)16O. Spectra are shown in Fig. 5. In case of 
lithium fluoride the positron line is superimposed with 
478 KeV line which is produced in 7Li(p,n)7Be reaction. 

 
Neutron Generation 
At energy of 2 MeV protons on some materials (Ti, V, 

LiF2 and stainless steel) experienced significant neutron 
flux. For them, the neutron yield was measured at a lower 
energy proton beam. 
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Figure 4: Gamma spectrum of activated natural titanium 
3 days after irradiation (dose rate 4.6µSv/h). 
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Figure 5: Gamma spectra of lithium fluoride (red) and 
barium fluoride (blue). 
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Figure 6: Neutron yield for different materials. 

SUMMARY 
Bombardment of C, Al, Si, Ti, V, Cu and stainless steel 

by 2 MeV protons leads to intense γ-ray emission. 
Bombardment of stainless steel, titanium, vanadium and 
lithium fluoride by 2 MeV protons leads also to neutron 
generation. Therefore the best materials for minimizing of 
gamma-rays radiation under 2 MeV protons are tantalum 
and molybdenum. 
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MEASUREMENT OF THE SPATIAL DISTRIBUTION OF GAMMA 
RADIATION AT TANDEM ACCELERATOR WITH VACUUM 

INSULATION * 
I. Schudlo#, D. Kasatov, A. Makarov, S. Taskaev  

Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia 
  

Abstract 
The experiments on generating 2 MeV proton beam

 with the current of 1.6 mA were carried out at BINP.
 During the experiments the spatial distribution of the 

bremsstrahlung dose rate was studied. According to the 
experimental results the suggestion of the reasons for the 
radiation appearance and ways to reduce it were made. 

INTRODUCTION 
At the BINP, the source of epithermal neutrons for

 boron neutron capture therapy of malignant tumors based 
on the tandem accelerator with vacuum insulation and a

 lithium target is created and put in operation [1]. The 
circuit source is shown at Fig. 1. The proton beam energy 
of 2 MeV and a current of 1.6 mA is obtained at the 
accelerator-tandem with vacuum insulation, marked by

 rapid acceleration - 25 kV/cm. Generation of neutrons
 occurs as a result of the threshold reaction 7Li(p,n)7Be 

while dumping the proton beam onto the thin lithium 
target with intense cooling. 

 

 
Figure 1: High-current vacuum insulation tandem 
accelerator.  

To conduct BNCT it is required to increase the 
proton beam current at least up to 3 mA. But the increase 
in the injected current accelerator leads to unstable 
operation of the accelerator and requires research to 
ascertain the causes of the current limit. It was assumed

 that one of the beam current limitations is presence of 
accompanying electrons in the accelerator channel. The

 electrons are produced by the interaction of low energy
 beam of H- ions with the residual gas in the input node of 

the accelerator. The electrons are accelerated to the full 
energy according the accelerator voltage and absorbed in 

the construction materials of the accelerator generating 
intense bremsstrahlung radiation. To investigate the 
electron current the experiment was conducted on 
measurement of the angular distribution of the accelerator 
gamma radiation. 

EXPERIMENTAL LAYOUT 
During the experiment, the beam of accelerated 

protons with a current of 0.5 mA is measured by the 
Faraday cup, located at the accelerator output. 
Measurements of gamma dose are carried out using two 
dosimetry detectors Berthold LB-112. One detector is 
placed at a distance of three meters from the center of the 
accelerator at a 90 degree angle to the beam axis, the 
measurements with the second detector were carried out 
at different angles to the beam axis at the same distance to 
the accelerator. The detectors are located at the horizontal 
plane with the acceleration tract. 

EXPERIMENTAL RESULTS 
The measured gamma dose distributions are 

presented at Fig. 2 and 3. 

 
Figure 2: A gamma dose rate in dependence on the 
radiation emission angle. The value is normalized to the 
reading of the detector mounted at an angle of 90° to the 
beam axis. 
 

The dose rate lowering at the angles 0°-30° is the 
result of gamma attenuation by the construction elements: 
the stripping tube and output pumping volume are located 
between the detector and the gamma source area. Actual 
trend should have higher values according to Fig. 3. Such 
a dose distribution having the preferred direction 
coinciding with the accelerated beam could be explained 
if the bremsstrahlung radiation is caused by the relativistic 
electrons.  

___________________________________________  

* The study was performed by a grant from the Russian Science 
Foundation (Project No.14-32-00006) with support from the Budker 
Institute of Nuclear Physics. 
# Cshudlo.i.m@gmail.com 
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Forward direction of radiation can be attributed to the 
direction of flow of electrons incident on the materials of 
the facility construction. The most probable process is the 
following: negative hydrogen ions injected into the 
accelerator ionize the residual and stripping gas at the 
entrance of the accelerator with high efficiency because 
the velocity of the injected particles is small. Arising in 
the area with the accelerator electric field, electrons are 
accelerated to the full energy by 1 MV voltage and 
thereof the appreciable part of electrons reaches the end 
of the stripping tube installed inside the high voltage 
electrode. Such a directed high-energy electrons flow 
causes the directed flow of the bremsstrahlung while 
absorbing in the construction metals. 

 
Figure 3: Angle distribution of gamma radiation. Blue 
line – experimental results, red line – theoretical 
dependence for the case of 1 MeV electrons dumped 
onto an iron [2]. 

 

SUMMARY 
The measurements of the spatial distribution of the X 

and gamma radiation dose rate were carried out at the 
tandem accelerator with vacuum insulation. Directional 
effect of bremsstrahlung is discovered, which is described 
as radiation of 1 MeV electrons. This result confirms the 
assumption that a significant current in the accelerating 
gap is a result of the interaction of the injected and 
accelerated beam of charged particles with a residual and 
the stripping gas. The understanding of the processes 
allows one to propose suggestions for the modernization 
of the accelerator in order to obtain 3 mA proton beam. 
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ESTIMATION OF THE EFFICIENCY OF BIOLOGICAL SHIELDING FOR 
THE CIRCULAR HALL OF U-70 ACCELERATOR AT IHEP 

G. Britvich, M. Kostin, V. Pikalov, O. Sumaneev, IHEP, Moscow Region, Russia

Abstract 
Report presents estimation of biological shielding 

efficiency for annular hall of U-70 accelerator. 
Distribution of neutron flux in concrete shielding of 
proton accelerator measurements carried out by method of 
long-lived isotopes specific activity determination. The 
experimental data may be compared with Monte-Carlo 
simulation. 

INTRODUCTION 
During construction of the new medical channel for 

carbon ions beam extraction the side concrete shielding of 
the accelerator was disclosed. We have got a good 
opportunity to measure depth distribution of the gamma-
activity of the shielding on the height of 10 cm from the 
beam orbit plane. Such measurement allows us to 
estimate efficiency of the neutron radiation attenuation in 
the biological shielding of accelerator. 

GEOMETRY OF MEASUREMENTS AND 
BOUNDARY CONDITIONS 

Cross-section of the U-70 side shielding is shown in 
Fig.1. This shielding was partly disclosed for the new 
channel construction. Point M corresponds to the internal 
target 35/1 of channel #18. This target was working 
during previous run of U-70 since 09 to 21.04.2012. 
Berillium target (with 3×3 mm2 cross-section and 30 mm 
length) was irradiated by 5×1011 protons with 50 GeV 
energy during every 9.7 sec cycle. Induced radioactivity 
was measured along lines 1-4 in the Fig. 1. Measurements 
were done on the surface of concrete blocks at the level of 
2 m from the floor. Beam orbit is laying at the level of 
2.15 m from the floor. Blocks were removed from the 
shielding for the measurements to improve background 
conditions. One can see measurement points marked, 
detector and its shielding. 

GAMMA-SPECTROMETER 
Scintillation gamma-spectrometer with NaI(Tl) crystal 

was used for the measurements. Crystal size is 40×40 
mm2, it was equipped with PMT XP 2212. Parameters 
were measured in operational conditions, with 50 m cable 
and rate ~ 103 Hz. 43 calibration sources were used. 

GAMMA-ACTIVITY OF THE CONCRETE 
Measurements were done in two concrete blocks along 

lines 1-4 (see in Fig. 1) in set of points placed in 25.4 cm 
from each other. Typical gamma spectrum is shown in 
Fig. 2. Two isotopes – 22Na and 54Mn – could be easily 

identified. 22Na is created by the fast neutrons with energy 
threshold 13 MeV in the reaction 23Na(n, 2n)22Na, and 
54Mn in the reactions 55Mn(n, 2n)54Mn with 11 MeV 
threshold and 54Fe(n, p)54Mn with 1.5 MeV threshold [1-
2]. 24Na is presented in cement, 55Mn and 54Fe are  
presented in cement, gravel and steel fixtures. 

Figure 1: Accelerator equipment and shielding layout in 
the U-70 circular hall in the region of 34, 35 and 36th 
magnet blocks. 
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Figure 2: Gamma-spectrum measured on the concrete 
surface. 

ABSOLUTE ACTIVITY OF 22NA AND 54MN 
ISOTOPES IN CONCRETE 

Detector is placed on the concrete surface and measure 
number of gamma rays (Nγ) in the point from the semi-
infinite layer of concrete. 
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If specific activity of the concrete (q, in Bq/kg) can be 
treated as a constant in the vicinity of the point of 
measurement, Nγ value is equal to 2π×q/µ, where µ is the 
linear coefficient of gamma rays attenuation in the 
concrete. Practically detector can “see” semi-spherical 
volume of the concrete with radius equal to 1/µ.  

For 22Na (Eγ = 511 keV) L is equal to 4.87 cm, for 22Na 
(Eγ = 1274.537 keV) L is equal to 7.53 cm, and for 54Mn 
(Eγ = 834.838 keV) L is equal to 6.15 cm. Activity 
measurements with E = 511 keV is most suitable for 
coordinate resolution, because in this case detector can 
see less volume of concrete. 22Na is a positron-active 
nucleus with positron mean energy ~ 200 keV. Range of 
such e+ in concrete is near 250 um [3], therefore point of 
511 keV photon generation is coincides with 22Na 
nucleus. Measurements of such photon in the 
spectrometric mode indicates that this photon does not 
interact between generation point and detector. 

Number of pulses in the total absorption peak for Еγ = 
511 keV at all points of measurements are presented in 
Appendix 1. The same data are presented in the 
normalized form as a distribution of specific 22Na activity 
along the side concrete shielding. 

CONCLUSION 
Result of the measurements can be used for the 

estimation of U-70 accelerator shielding residual 
radioactivity, and for the tests of shielding codes.  
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APPENDIX 
Table 1: Counts rate in the full absorption peak for    Еγ = 
511 keV. Measurements along the Line #1. 

poi
nt file L, 

(cm) 
L, 

(g/cm2) 
S, 

puls/s 
Uncer-

tainty,% 

1 act157 25.4 59.7 32.06 4 

2 act158 50.8 119.4 15.00 4 

3 act159 76.2 179.1 7.96 7 

4 act160 101.6 238.8 4.34 6 

5 act161 127.0 298.5 2.34 7 

6 act162 152.4 358.1 1.43 11 

7 act163 177.8 417.8 0.79 11 

8 act164 203.2 477.5t 0.42 23 
 

Table 2: Counts rate in the full absorption peak for    Еγ = 
511 keV. Measurements along the Line #2. 

poi
nt file L, 

(cm) 
L, 

(g/cm2) 
S, 

puls/s 
Uncer-

tainty,% 

1 act147 25.4 59.7 43.78 3 

2 act148 50.8 119.4 20.43 4 

3 act149 76.2 179.1 10.59 5 

4 act150 101.6 238.8 6.35 5 

5 act151 127.0 298.5 2.81 8 

6 act152 152.4 358.1 1.80 12 

7 act153 177.8 417.8 1.08 12 

8 act154 203.2 477.5t 0.63 23 
 

Table 3: Counts rate in the full absorption peak for    Еγ = 
511 keV. Measurements along the Line #3. 

poi
nt file L, 

(cm) 
L, 

(g/cm2) 
S, 

puls/s 
Uncer-

tainty,% 

1 act124 25.4 59.7 61.94 3 

2 act125 50.8 119.4 31.67 6 

3 act126 76.2 179.1 15.57 6 

4 act127 101.6 238.8 9.96 12 

5 act128 127.0 298.5 4.14 10 

6 act130 152.4 358.1 2.65 15 

7 act131 177.8 417.8 1.59 25 

8 act132 203.2 477.5t 0.93 40 
 

Table 4: Counts rate in the full absorption peak for    Еγ = 
511 keV. Measurements along the Line #4. 

poi
nt file L, 

(cm) 
L, 

(g/cm2) 
S, 

puls/s 
Uncer-

tainty,% 

1 act137 25.4 59.7 68.92 2 

2 act138 50.8 119.4 28.34 4 

3 act139 76.2 179.1 16.02 6 

4 act140 101.6 238.8 8.48 7 

5 act141 127.0 298.5 4.62 7 

6 act142 152.4 358.1 2.66 7 

7 act143 177.8 417.8 1.37 10 

8 act144 203.2 477.5t 0.92 16 
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DEVELOPMENT OF ACCELERATOR FACILITIES AT SSC RF – IPPE 

V.A. Romanov, S.V. Bazhal, A.I. Glotov and K.A. Rezvykh, SSC RF – IPPE, Obninsk, Russia

Abstract 
Short overview of status and operation of accelerator 

facilities of the SSC RF – IPPE for various applications in 
nuclear science and technologies is given. Some results 
obtained as well as prospect of development of the 
accelerator facilities are described. 

INTRODUCTION 
An infrastructure for experimental research in nuclear 

physics based on high-voltage accelerators has been 
developed at the SSC RF-IPPE for more than half a 
century. The results obtained have made significant 
contribution to the solution to problems of fission physics, 
solid-state physics and studies of materials under 
radiation, as well as to the build-up of nuclear data for 
development of fast neutron reactors and to some other 
fields of basic and applied research. 

At the present time scientific research on the 
accelerators at the SSC RF-IPPE is carried out in the 
following main fields: 
• Low and intermediate energy nuclear physics. 

Nuclear data for nuclear power engineering. Closed 
fuel cycle. Safe handling of radioactive waste and 
spent fuel [1-4]. 

• Solid state physics. Physics of radiation damage and 
studies of materials under radiation [5-7]. 

• Nuclear microanalysis. Analysis of composition and 
structure of materials [8-10]. 

• Basic research on dusty plasma physics [11-13]. 
• Development of technology of membranes [14]. 
• Nuclear medicine [15-16]. 
Experimental facilities based on six electrostatic 

accelerators were constructed at the institute. The EGP-15 
tandem accelerator (Fig. 1), the largest electrostatic 
accelerator in Russia, is among those six machines. This 
tandem accelerator was designed and manufactured at the 
Institute for Physics and Power Engineering in close 
cooperation with many Russian scientific organizations. 

The accelerator facilities provide a wide spectrum of 
species of accelerated ions (H, He, Li, C, O, F, Al, Si, Cl, 
Fe, Ni, Zr) formed in the continuous or pulsed ion beams 
with current in the range 10-8 A to 10-3 A and energy 
varying from several hundred keV to tens of MeV. The 
main operational characteristics of the accelerators are 
given in Table 1. 

The following factors determining interest in 
electrostatic accelerators can be mentioned among the 
others: 
• high uniformity of energy of accelerated beam; 
• broad range of accelerated ions; 
• possibility of quick alteration of species of 

accelerated particles; 

 

Figure 1: The EGP-15 tandem electrostatic accelerator. 
 
Table 1. The main operating characteristics of accelerator 
facilities of the SSC RF-IPPE 
Model Ion 

Energy, 
MeV 

Ion 
species 

Beam 
Mode 

Beam 
Current
µA 

P, D 0.1÷30 
EG-2.5 0.2÷3.1 He, N, 

Ar, O 
continuous 0.01÷10 

continuous 1.0÷20 EG-1 0.9÷4.5 P, D pulsed 2000 
KG-2.5 0.3÷2.2 P, D continuous 100÷2000

continuous 5 P, D pulsed 400 EGP-15 4÷12 (P) heavy 
ions continuous 0.01÷1.0 

continuous 0.01÷10 EGP-10 
(temporarily 
closed) 

3.5÷9.0 P, D pulsed 400 
continuous 10÷2000 KG-0.3 

(temporarily 
closed) 

0.3 P, D pulsed 5000 

• intensity of ion beams produced at the accelerators of 
this type are in the range 10-8 A to 10-3 A; 
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• smooth adjustment of energy of accelerated ions 
from several hundred keV to several tens of MeV; 

• simplicity of service, reliability, small energy 
consumption (power consumption - some tens of 
kW). 

Wide use of these accelerators in the world as tools for 
basic and applied research, as well as for beam 
technologies is caused by the features mentioned above. 

Ion sources of various types, accelerating tubes, 
charging systems, ion-optical devices, high voltage power 
supplies, special electronic systems for the accelerators, 
as well as beam control instruments were developed and 
implemented at the accelerator facilities of the Institute 
for Physics and Power Engineering. Vacuum systems, 
beam lines and cooling systems of the accelerators were 
upgraded. Many of the developments are protected by 
copyright certificates and patents. 

ACCELERATING TUBES FOR 
ELECTROSTATIC ACCELERATORS 

Research-and-development activities aimed at 
designing, production and comprehensive studies of the 
accelerating tubes for the electrostatic accelerators have 
been carried out at the Institute for Physics and Power 

Engineering for more than 50 years. For many years of 
research, development and operation of the accelerating 
tubes a wide range of activities was fulfilled, including: 
• identification of features of discharge processes 

determining the level of electric strength of the 
individual accelerating gaps and accelerating tubes in 
general; 

• development of techniques of high-voltage tests of 
accelerating gaps; 

• development of method of manufacture of 
accelerating tubes; 

• elaboration of the criteria of electric strength that 
must be taken into account in the manufacturing of 
accelerating tubes designed for operating gradient 
over 1.2 MV/m; 

• studies of the gaps of accelerating tubes depending 
on surface area and the shape of electrodes, as well 
as material of insulating rings and the shape of their 
vacuum-side surface; 

• development of ion-optical calculation techniques as 
applied to the accelerating tubes with straight and 
inclined fields; 

• calculation analysis of dynamics of multiply charged 
heavy ions in the inclined field accelerating tubes of 
the tandem accelerators; 

• development of various designs of the accelerating 
tubes with straight and inclined fields, as well as 
their full-scale testing.  

A design of the accelerating tube of the EG-2.5 
electrostatic accelerator is shown in Fig. 2 as an example 
of the developments carried out at the Institute for 
Physics and Power Engineering. 

Fig. 3 shows the motion of multiply charged heavy ions 
in the inclined field tube of the EGP-15 tandem 
accelerator. This accelerating tube was designed and 
produced at the SSC RF-IPPE as well. A feature of the 
inclined field accelerating tubes in the mode of 
acceleration of multiply charged heavy ions is dispersion 
of the ion trajectories depending on their charges. The 
dispersion is caused by change of the ion charges from -e 

 
Figure 2: Design of accelerating tube of the EG-2.5 
electrostatic accelerator. 

 
Figure 3: Trajectories of ions with charge states of 1 and 5 
in high-energy inclined field tube of the EGP-15 tandem 
accelerator. 
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to +Qe occurring in the stripper. An electrode structure 
for the inclined field tube of the EGP-15 tandem 
accelerator making it possible to minimize the dispersion 
of ion beams with different charge states was selected on 
the basis of calculation results [17]. 

CHARGING SYSTEMS FOR 
ELECTROSTATIC ACCELERATORS 

Until recently, one of the most unreliable units of the 
electrostatic accelerators was the charging system based 
on the belt conveyor of charges. The main disadvantages 
of the previous charging belts were their short lifetime 
and high degree of wear of the working surface. Limited 
lifetime of the belt prevented from efficient use of the 
expensive equipment and resulted in additional costs of 
purchase of the insulating gas mixture. Increased wear of 
the belt led to the dust pollution of insulating gas and 
elements of the high-voltage structure that caused 
significant decrease of electric strength of the accelerator. 

Activities aimed at development of the reliable belt 
conveyor of charges for the electrostatic accelerators have 
been carried out at the SSC RF – IPPE for many years. 
Previously used belts produced on the basis of cotton 
fabric had short lifetime (300-1000 hours) and high 
degree of wear of the rubber coating. Many types of 
synthetic and cotton fabrics, as well as their various 
combinations have been tested. 

The new KBN-1591-RD conveyor of charges produced 
on the basis of combined polyester cotton fabric with the 
use of butadiene-nitrile rubber was developed in 
cooperation with the experts of JSC 
"Jaroslavrezinotehnika" [18]. This belt conveyor of 
charges is characterized by high electrical and mechanical 
properties and high wear-resistance. Production of two-
layer and four-layer belts with thickness from 1.2 mm to 
3 mm and width up to 800 mm has been organized. The 
lifetime of belt conveyors of this type is more than 10000 
hours. 

HIGH-VOLTAGE STRUCTURES 
A computer code for optimization of high-voltage 

accelerator structures was developed at the Accelerator 
department of the SSC RF – IPPE [19-24]. The “Modulus 
of electric strength” calculation model now in use allows 
finding the breakdown voltage of elements of rather 
complicated systems such as accelerators solely by 
analytical techniques. The model has no analogs in the 
world practice in terms of simplicity and calculation 
accuracy (2-3%). 

Upgrade of the high-voltage structures of the EG-2.5 
electrostatic accelerator and the EGP-15 tandem 
accelerator was carried out on the basis of calculations. 
The modernized column of the EG-2.5 accelerator is 
shown in Fig. 4. Some results of high-voltage tests of the 
column are given in [24]. 

Operational voltage exceeding the nominal value by 
24 % was achieved as a result of implementation of the 

“Twice orientated oval” engineering solution at 
the EG-2.5 accelerator. 

ION SOURCES 
Several designs of RF-ion sources developed at the 

Institute for Physics and Power Engineering are widely 
used at the electrostatic accelerators in Russia and abroad. 
The main features of these sources are low gas flow rate 
and high content of atomic ions (more than 80%) in the 
extracted beam. Characteristics of some RF-ion sources 
designed at the institute are given in Table 2. 

The MISS-790 Cs-sputter negative-ion source designed 
at Helmholtz-Zentrum Dresden-Rossendor, Germany is 
used at the EGP-15 tandem electrostatic accelerator to 
produce negatively charged heavy ion beams. 

To ensure required energy of injection of the negative 
ion beams into the EGP-15 tandem accelerator, a pre-
acceleration tube with improved electric strength of the 
vacuum insulation was designed and manufactured at the 
SSC RF – IPPE. In spite of the possibility of penetration 
of cesium vapour to vacuum volume of pre-acceleration 
tube from working chamber of the ion source, the tube is 
able to withstand required high-voltage for the long 
period of time. 

 

Figure 4: High-voltage column of the EG-2.5 electrostatic 
accelerator after upgrading. 

Table 2.  Characteristics of the RF-ion sources 

Model # Beam 
Current, µA 

Gas Flow 
 Rate, cm3/h 

Cathode 
Lifetime, h 

1 200 1.5 1000 
2 2000 2.5 500 
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ION OPTICS AND BEAM TRANSPORT 
Work performed at the SSC RF – IPPE in the field of 

ion optics and charged beam transport reflects the 
specifics of high-voltage accelerators, namely: 
a) predominance of devices in which static fields are used 
for acceleration, focussing and transport of charged 
beams; b) close interrelation between the process of ion 
acceleration and phenomena in the accelerating channel 
leading to breakdown of vacuum electric strength of the 
accelerator; c) wide range of accelerated particles: from 
single-charged ions of the hydrogen isotopes to multiply 
charged heavy ions; d) need for efficient change of the 
acceleration mode (for example, change of ion species or 
beam energy). 

In the framework of the research, analytical and 
numerical methods of computation of the straight and 
inclined field tubes were developed [17, 25]. The results 
obtained were used in designing, modernization and 
running of accelerating tubes of the accelerator facilities. 

Considerable attention was paid to the development of 
the system of injection of negatively charged heavy ions 
into the EGP-15 tandem accelerator. This accelerator was 
designed to accelerate the beams of light ions, first of all, 
ions of hydrogen isotopes. This circumstance, in 
particular, determines application of electromagnetic 
quadrupole lenses in the injection channel. During 
transition to the modes of acceleration of heavy ions, such 
as Ni ions, it was found that the optical power of the 
electromagnetic quadrupole lenses was insufficient to 
transport beams of singly charged negative heavy ions 
from the ion source to the entrance to the accelerating 
tube, as well as to ensure the appropriate conditions for 
matching of the injected beam to the accelerating channel. 

The first stage of modernization of the injection 
channel including the replacement of two electromagnetic 
quadrupole lenses by the electrostatic quadrupoles was 

performed on the basis of the ion-optical calculations 
[26]. This, in particular, allowed increasing current of the 
beam injected into the accelerating tube from 2.5 µA to 
7.0 µA and more for Ni- ions and from 0.2 µA to 1.5 µA 
for ZrH- ions. The calculated envelopes of the beam of 
negatively charged Ni ions in the injection channel and 
the low energy accelerating tube of the EGP-15 tandem 
accelerator are shown in Fig. 5. 

In more detail this ion-optical studies (the calculation 
methods and their applications) are described in the 
papers [27-31]. 

PROSPECTS OF DEVELOPMENT OF 
THE ACCELERATOR FACILITIES 

With a view to enhancement of the unique accelerator 
facilities it was decided to purchase a new commercially 
available tandem accelerator with potential of the high-
voltage terminal up to 3.3 MV. 

It is assumed that experimental research on nuclear 
physics, solid state physics, studies of materials under 
radiation, nuclear microanalysis and high-energy ion 
implantation will be carried out at this new accelerator. 

To ensure optimal conditions of the experimental 
research the ion beams will be extracted to the existing 
experimental chamber of the KG-2.5 high-current cascade 
accelerator. This allows performing experiments on two 
ion beams obtained simultaneously from two 
accelerators. 
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PRODUCTION OF ACCELERATING EQUIPMENT FOR NUCLEAR 
MEDICINE IN NIIEFA. POTENTIALITIES AND PROSPECTS 

M.F. Vorogushin#, Yu. N. Gavrish, A. P. Strokach 
JSC “D.V. Efremov Institute of Electrophysical Apparatus”, St. Petersburg, Russia 

Abstract 
The D.V. Efremov Institute (NIIEFA) is the leader in 

Russia in designing and manufacturing of the accelerating 
equipment for medicine. About one hundred of linear 
accelerators for the beam therapy and more than forty 
cyclotrons for production of radiopharmaceuticals have 
been designed, manufactured and delivered to clinics of 
Russia and some foreign countries. 

The equipment designed and manufactured in NIIEFA 
in its technical characteristics is on a par with foreign 
analogs and sufficiently cheaper in expenditures for 
personnel training, hardware and software compatibility, 
warranty and post-warranty service, delivery of spare 
parts and updating. 

In accordance with Federal Targeted Programs on the 
development of medical and pharmaceutical industries up 
to 2020, the production facilities, material and technical 
resources have been prepared for the organization of 
serial production of cyclotrons and gamma tomographs. 

A leap forward in the nuclear medicine, understood as 
the introduction of nuclear–physical technologies into 
medicine, is directly connected with a broad application 
of charged particle accelerators. This is most distinctly 
manifested in diagnostics and treatment of the most 
dangerous and widely spread oncologic and 
cardiovascular diseases, which rate of mortality mainly 
defines an average age of human life in Russia. 

A single-photon emission computer tomograph 
«EFATOM» [1] has been designed in NIIEFA for 
radionuclide diagnostics. It is used to visualize images 
obtained by using special radiopharmaceuticals. This 
method allows the anatomy and functioning of various 
organs to be studied as well as, osteal pathologies to be 
diagnosed. A wide range of available 
radiopharmaceuticals and methods makes possible 
diagnostics practically of any organ. The information 
obtained is used in oncology, cardiology, nephrology, 
neurology, endocrinology, traumotology, hematology, 
gastroenterology, in cases of cerebrum brain diseases, etc. 
A package of clinical programs was developed in 
cooperation with the staff of the State St. Petersburg 
University for diagnostics of the aforementioned scope of 
diseases. It was tested in leading clinics of Russia and 
was awarded the top assessment. Radionuclide 
examinations with emission tomographs are one of the 
main diagnostic methods all over the world. In developed 
countries, tens of millions radionuclide examinations are 
carried out annually, and this number increases by 10-
12% each year. 
____________________________________________ 
#vorogushin@luts.niiefa.spb.su 

Upon completing clinical tests, the «EFATOM» (see 
Fig.1) was included on the State Register of RF Medical 
Products, and in 2011 it was included on the List of 
products intended for serieal production. More than 15 
thousand examinations have been performed with the 
«EFATOM» in clinical hospital № 83, Moscow. 

The main features of the «EFATOM» are as follows. 
Analog signals are transformed in the digital detection 
block at the output of each photomultiplier with a 
subsequent processing by a ditgital processor. This allows 
the maximum resolution to be realized. The gantry 
provides fixing of two detection units and their travel 
along radial, axial and angular coordinates. Detectors’ 
positioning is computer-controlled. Patient’s support 
system provides patient’s fixation in the lying position 
and its travel in vertical and horizontal planes. Both 
manual and computer control is possible. 

Further progress of this diagnostic method can be 
facilitated by application of the gamma-tomograph 
together with a computer tomograph, which realizes a 
technology combining the functional sensitivity of the 
single emission tomography with a high anatomic 
resolution of CT. Designing and construction of such a 
combined apparatus is a near-future aim of NIIEFA in the 
field of diagnostics. 

 

Figure 1: The «EFATOM» gamma-tomograph. 

The accumulated clinical experience shows that nearly 
in 20% of cases more exact diagnostics with the positron-
emission tomography (PET) using ultra-short-lived 
isotopes is required after the gamma-tomograph 
examination. PET allows the visualization of biological 
processes behavior in organs and tissues of a human-
being on the molecular level, and both quantitative and 
qualitative assessments of the information obtained. For 
example, the accuracy of  a malignant tumour detection, 
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including metastases of any localization, is up to 95-97%. 
In cardiology, PET allows the detection of the 
myocardium viability with a high accuracy. Early 
treatment along with a possibility to choose proper 
methods for treatment and to observe the dynamics of the 
process will significantly increase chances for recovery. 

To produce medical isotopes directly in clinics, a series 
of compact cyclotrons [2] has been designed and 
manufactured in NIIEFA. The main technical 
characteristics of these machines are given in Table 1. 

Table 1: Main Characteristics of Compact Cyclotrons. 

Cyclotron Model Technical 
Characteristics СС-12 СС-18/9 М МСС-30/15 

Accelerated ions H- H-/D- H-/D- 

Beam energy, MeV 12 
12…18/ 

6…9 
18…30/ 
9…15 

Beam current, µA 50 150/70 200/100 

Power consumption, 
kW 30 70 100 

Shielding magnet 
weight, t 10 34 41 

RF generator power, 
kW 

15 20 25 

Distinctive features of compact cyclotrons of the new 
generation are: shielding type magnet with the vertical 
median plane; vacuum chamber of the cyclotron made as 
a part of the magnet; resonance system completely 
located inside the vacuum chamber; possibility to move 
apart the movable part of the magnet to a distance of up to 
800 mm to give an easy access to the in-chamber devices; 
system for external injection of hydrogen and deuterium 
negative ions; acceleration of negative ions of hydrogen 
and deuterium at one frequency of the RF field (the 2nd 
and 4th harmonics, respectively); extraction of beams  of 
accelerated protons and deuterons by stripping negative 
ions on carbon foils practically with no loss of  intensity; 
completely automated control of all cyclotron systems 
from a computerized operator workstation. 

Figure 2 shows the СС-12 cyclotron at a test-facility in 
NIIEFA. Two СС 18/9 cyclotrons are operated in Russia; 
СС-18/9 and МСС-30/15 machines are in service in PET 
centers in Finland.  

Over the last two years, the СС-18/9 machine was 
updated to vary the final energy of protons and deuterons 
and to increase the output beam current up to 150 and 70 
µА respectively. In addition, target devices for production 
of F-18 (see Fig.3) and C-11 (see Fig.4) radionuclides 
have been designed for cyclotrons of the СС series. An 
automated system for remote replacement of targets 
allows one from five available targets to be placed under 
the beam at the operator option. The equipment of the 
СС—18/9 M cyclotron together with the target system 
has been manufactured and delivered to the JSC 

«NIITFA», Moscow and now it is under final acceptance 
tests [3]. 

Figure 2: The СС-12 cyclotron. 

 

Figure 3: Target device for production of F-18.  

 

Figure 4: Target device for production of C-11. 

In future, it seems reasonable to update the CC-12 
cyclotron to equip it with an internal ion source instead of 
the external injection system and a local radiation 
shielding. Highly promising may be designing and 
manufacturing of a 70 MeV proton cyclotron with a beam 
current of about 200 µA intended for production of a 
more comprehensive set of radionuclides and for neutron 
and proton therapy of superficial tumors. NIIEFA is ready 
to take part in designing and manufacturing of a number 
of units of a medical cyclotron intended for proton, 
neutron and hadron therapy. 

However, to the present day the radiotherapy with 
electron beams and X-rays still takes the main part among 
radiation methods in the vast majority of clinics all over 
the world. In the late 1990s, within the frames of 
cooperation with the «PHILIPS MEDICAL SYSTEMS. 
RADIOTHERAPY» firm (Great Britain), NIIEFA 
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pioneered in Russia in the small-scale production of 6 
MeV medical accelerators for radiotherapy (SL-75-5М). 
Sixty similar machines were delivered to clinics of 
Russia; part of these accelerators have been operated till 
now. 

Recently, an accelerator of new generation «ELLUS -
6M» with a set of additional medical equipment has been 
designed and manufactured in NIIEFA. This accelerator 
is an isocentric radiation facility intended for 3-D beam 
therapy with 6MeV X-rays in multi-static and arc modes. 
It is equipped with a multi-leaf collimator, portal vision 
system and patient-support system [4]. 

In 2012 in the N.I. Petrov Scientific Research Institute 
of Oncology of the RF Ministry of Health (St. 
Petersburg), clinical tests of «ELLUS-6M» were 
successfully completed. The accelerator was integrated 
into a radiotherapeutical system with a standard set of 
technological processes [5]: 
• analysis of obtained diagnostic results on a tumor, in 

particular, its biological type, stage of a disease and 
choice of radiotherapy method to be applied; 

• topometric preparation including the choice of a 
patient’s treatment position and immobilization 
means on the therapeutic coach; reconstruction of 3-
D volumes of anatomical structures and a tumor on 
the basis of the X-ray tomograph data; 

• treatment planning including preparation of 
treatment prescriptions, calculation of dose field 
distributions for a chosen configuration,  and a set of 
control programs for the accelerator; 

• treatment simulation and verification. The 
accelerator control program is simulated   on the 
simulator, which X-ray verification system compares 
projection images of a patient in the treatment 
position with projection images calculated by the 
planning system; 

• treatment. The treatment basic method is built upon 
formation of a dose field with a multi-leaf collimator. 
The position of the collimator leaves for a particular 
field is preset from a file of data of the accelerator 
control computer. The portal vision system fixes 
parameters of a dose field in the process of 
treatment. Data for a passed treatment session are 
transferred through a local network to the 
information system of the radiotherapeutical system. 

The results of performed medical tests have shown that 
the «ELLUS-6M» accelerator designed and manufactured 
in NIIEFA completely meets the requirements for modern 
therapeutic facilities with an X-ray energy of 6 MeV.  

Progress in the field of radiotherapy is associated with 
a need for creation of domestically produced 3-D 
tomograph-simulators and treatment planning systems, 
high-energy (up to 25 MeV) radiation sources and mobile 
radiation sources for operational theatres. To solve these 

problems within reasonable periods of time and with 
lower costs, organization of joint manufacturing with the 
participation of foreign firms seems reasonable. The 
experience gained in NIIEFA proves that this measure 
will allow the compatibility of both hardware and 
software with the equipment available in clinics to be 
ensured and the matters of delivery of unique 
technologies and completing parts as well as servicing of 
the equipment to be solved.  

In conclusion I wish to draw your attention that in 
accordance with the Federal targeted program 
«Development of Pharmaceutical and Medical Industry 
up to 2020 and Further», NIIEFA has performed works 
on the reconstruction and technical re-equipment of 
production rooms with a total area of about 3500 m2 to 
organize serial production of medical cyclotrons and 
gamma-tomographs. Design documentation was worked 
out, production areas with engineering support for 
installation works and tests of equipment were prepared, 
and commissioning works of new machine tools and 
processing equipment, totally 60 in amount, were carried 
out. As a result, production facilities and processing 
equipment necessary for a planned annual production 
output of 10 CC cyclotrons with target devices and 20 
«EFATOM» gamma-tomographs are provided. 

However, until now the questions of procurement and 
introduction of domestic equipment for nuclear medicine, 
training of attending personnel, designing and 
construction of specialized areas to house radiation-
dangerous equipment, its maintenance/repair and 
updating are still open. These problems can be solved by 
working out an inter-ministerial Program of Nuclear 
Medicine Development, including all the stages of 
creation, introduction and operation of equipment. 
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RADIOBIOLOGICAL RESEARCH WITH CHARGED PARTICLES BEAMS 
IN ITEP 

N. Markov#, A. Kantsyrev, I. Roudskoy, ITEP, Moscow, Russia 
A. Colubev, ITEP, Moscow, Russia and MEPhI, Moscow, Russia

Abstract 
Radiobiological researches with heavy ions have been 

started at ITEP in 2006 on unique heavy ion accelerating 
facility ITEP-TWAC. The main purpose of these 
researches is study of the biological efficiency of carbon 
ions for different types of biological objects, such as 
tumor and normal cells, in the framework of the 
development of heavy ion therapy for cancer treatment in 
Russia. Another possible area of application of this 
research is the space radiobiology, studying stochastic and 
deterministic effects of ionizing radiation in the space 
environment on human. In this work the experimental 
setup for radiobiological research with heavy ions in 
ITEP, the dosimetry system for dose measurements and 
the results of the radiobiological researches with carbon 
ions are presented. 

INTRODUCTION 
In the last few decades there is a tendency in the 

increasing of the number of hadron (protons and heavy 
ions) therapy centers, that are in general hospital-based 
facilities in versus the previous times when the treatments 
were performed in nuclear physics research centers. For 
today, hadron therapy in Russia is only represented by 
proton therapy, that is carried out in three scientific 
research centers in ITEP (Moscow), JINR (Dubna) and 
PNPI (Gatchina). Research in the field of carbon ion 
therapy is at the very beginning and currently several 
projects of the new facilities construction, mainly based 
on the particle accelerators for nuclear physics research, 
are under discussion. 

In 1997 the project for the reconstruction of ITEP U-10 
proton synchrotron (TWAC-ITEP project) was started. 
The aim of this project was to create new facility for 
heavy-ion acceleration up to relativistic energies and ion 
accumulation with energies up to several hundreds of 
MeV/u [1]. In 2004 realization of the first stage of the 
TWAC-ITEP project has been completed and as one of 
the results a possibility to accelerate and accumulate 
carbon ions C6+ with energy suitable for therapy 
application was shown [2]. After several years 
radiobiological research program with carbon ions was 
initiated in ITEP. Since then in collaboration with 
biophysicist and radiation oncologist from JINR and 
Russian Cancer Research Centre various kind of 
radiobiological experiments (surviving of irradiated cells, 
chromosome aberration, mutagenic influence of heavy 
ions) with cancer and normal cells, as well as with other 
types of biological systems have been carried out. 

 

EXPERIMENTAL SETUP 
For radiobiological research at the TWAC-ITEP 

accelerator facility an experimental setup was organized 
at the end of the 511 beam-line (fast extraction beam-line 
from accelerator-storage ring U-10) in the building 120. 
Layout of the experimental setup is illustrated in Fig. 1 

 

Figure 1: Layout of the experimental setup. 

Formation of the dose fields with characteristic 
transverse dimensions of 20-100 mm was performed by 
system of magnetic elements, defocusing the ion beam at 
a considerable distance from the place of exposure and 
passive collimating system, located in the immediate 
vicinity of the irradiated target. Homogeneity of the field 
was controlled by the intensity of the luminescence of the 
plastic scintillator (Bicron BC412). The image of the 
beam on the scintillator was transferred to the CCD 
camera by means of a mirror from metalized Mylar, 
placed at an angle of 45 degrees to the beam axis. 

For measurements of spatial distributions of the 
absorbed dose to water, as well as alignment of the 
biological targets during irradiation, was developed and 
produced water-phantom with the established three-axis 
manipulator. For readout and analysis of the signals from 
the detectors and instruments used in the experiment, as 
well as for operation of the manipulator, developed in 
ITEP hardware-software complex was used [3]. 

DOSE-FIELD MEASURMENTS 
In the study a beam of carbon ions, accelerated to 

energy of 215 MeV/amu in the booster synchrotron UK 
was used. The level of ion accumulation in a storage ring 
U-10 varied the number of particles per pulse. As in these 
experiments it was possible to use only ion beam pulses, 
generated in fast extraction mode, with single pulse width 
approximately 800 ns  (FWHM), firstly questions of the 
carbon ions dosimetry have been considered. Due to the 

____________________________________________ 

#markov@itep.ru                
 

WECA02 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

128C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

13 Medical and industrial applications



possible height ionization densities in short time period, 
caused by short width of ion beam pulse and high particle 
fluence per pulse, additional uncertainties in adsorbed 
dose determination can occur when widely accepted in 
clinical dosimetry detectors, such as ionization chambers, 
are used. To eliminate this problem a method of absorbed 
dose determination, based on information about particle 
fluence, measured with fast current transformer, and 
relative dose distribution in water phantom, measured 
with point-like silicon detector (SSD), was realized [4]. 
As an example, Fig. 2 shows the relative depth dose 
distribution of monoenergetic carbon ion beam in water, 
measured with the SSD. 

 

Figure 2: Depth-dose curve. 

Although this approach showed reasonable results, with 
uncertainty not more than 5 %, it is only employed for 
determination of the ion beam characteristic, e.g. particle 
fluence, energy and angular distributions, as well as for 
commissioning of the dose fields required, for biological 
target irradiation. At the same time for the biological 
results assurance additional information about dose field 
homogeneity in target volume is essential. For that 
purpose radiochromic films were used.  

For research was chosen radiochromic film 
GafChromic MD-V2-55, allowing measurments of the 
absorbed dose in the range from 1 to 100 Gy. Calibration 
measurements on a beam of photons with energy of 6 
MV, as well as a series of irradiation experiments with 
carbon ions were carried out. To quantify the observed 
effect of reducing the sensitivity of the type of films with 
increasing ions LET, on the basis of the obtained data the 
dependence of the relative sensitivity of the films as a 
function of the ion energy was determined. Subsequently, 
the obtained dependence was used for reconstruction of 
the iso-dose distributions in the transverse plane to the 
beam direction based on the measured distribution of the 
optical density of the exposed film. Dose distribution, 
measured with GafChromic MD-V2-55 radiochromic 
film for beam field size with diameter 12 mm at the depth 
80 mm in water, is shown in Fig. 3. 

 

Figure 3: Dose distribution in transverse plane. 

RESULTS OF RADIOBIOLOGICAL 
EXPERIMENTS 

“In vitro” Experiments 
A series of radiobiological experiments “in vitro” by 

irradiation with carbon ions of different types of cells, 
such as tumor and normal. In particular, irradiation was 
carried out in human peripheral blood lymphocytes 
(HPBL), mammary cells adecarcinoma Cal51, Chinese 
hamster cells CHO-K1 and melanoma cells B16F10. 

Depending on the size of the target in the preparatory 
phase prior to the experiments were formed homogeneous 
dose fields with diameter of 45 mm and 80 mm 
(inhomogeneity of the field did not exceed 5%). All 
studies were conducted using a monoenergetic beam of 
carbon ions with an initial energy of 215 MeV/amu. 
Irradiation of cells were carried out at two points located 
at different depths in a water phantom, corresponding to 
different LET values, with the exception of lymphocytes, 
irradiated only in the plateau region. 

To assess the biological effect of carbon ions in the 
investigated cell types used two methods. In the case of 
irradiation of HPBL and Cal51 cell biological efficiency 
was determined based on the method of analysis of 
chromosomal aberrations in dividing cells - the so-called 
metaphase method of analysis of chromosomal 
aberrations. In the case of irradiation of B16F10 and 
CHO-K1 cells efficiency of carbon ions was determined 
by cell survival. As a general method for determining the 
number of surviving cells a test for colony formation was 
used. It has to be mentioned, that the results of HPBL 
irradiation were used as biological method of dosimetry 
and they were compared with the data of HPBL 
irradiation with different heavy ions (LET range from 11 
to 3160 keV/mkm) in GSI (Darmstadt, Germany) [5]. 
Table 1 summarizes the results of experiments on the 
irradiation of the four types of cells held within the 
reported studies, where RBE is the relative biological 
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effectiveness of carbon ions in comparison with x-rays or 
60Co photons.  

Table 1: Results of the radiobiological experiments 

Cell  
type 

Depth 
in 
water, 
mm 

LET, 
keV/mkm 

Dose 
range, 
Gy 

RBE 
(x-ray) 

RBE 
(60Co) 

HPBL 0 16 0-8 1.53 1.77 

Cal51 0 
82 

16 
40 

0-4 
0-4 

- 
- 

2.02 
3.63 

B16F10 23 
85 

20 
44 

0-10 
0-8 

- 
- 

1.45 
2.46 

CHO-
K1 

0 
82 

16 
40 

0-8 
0-5 

1.65 
2.27 

- 
- 

“In vivo” Experiments 
In addition to the “in vitro” radiobiological research 

were conducted several experiments on irradiation of 
laboratory animals with carbon ions. The study used a 
laboratory mouse lines C57BL/6 with inoculated 
melanoma B16F10 tumor. 

For the formation of the depth-dose distribution (so-
called spread-out Bragg peak), allowing the irradiation of 
an extended target a comb filters, developed in the 
Department of Medical Physics in ITEP, were used. Fig. 
4 shows the measured with SSD depth-dose distribution 
for one of the comb filters. The graph shows that the 
length of the modified peak is about 10 mm, wherein the 
peak-to-plateau dose ratio corresponds to 1.7. 

 

Figure 4: Spread-out Bragg peak. 

Based on these results the thickness of the water-
equivalent plastic, required for conformal positioning of 
the spread-out Bragg peak within the tumor location, was 
calculated. To adjust the position of the tumor relative to 
the axis of the beam using a system consisting of two 
semiconductor lasers (Fig. 5). 

Further analysis of the results of irradiation showed that 
for laboratory animals irradiated with carbon ions 

observed tumor growth delay compared to control 
animals not exposed to radiation. It was thus 
demonstrated in principle the possibility of "in vivo" 
studies on the basis of established in ITEP experimental 
setup. 

 

Figure 5: Irradiation of the laboratory animals. 

CONCLUSION 
An experimental setup for radiobiological research with 

pulsed heavy ion beams, including corresponding 
dosimetry system, was created in ITEP. A series of 
radiobiological research for irradiation of different 
biological targets were carried out. The further research 
will be focused on the investigation of various 
radiobiological aspects of the low-energy protons in the 
linear accelerator I-2 in ITEP. 
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ACELERATOR HADRON  TERAPY TECHNIQUE  DEVELOPED  AT JINR 
 

Е.М. Syresin, Joint Institute for Nuclear Research, Dubna, Russia 
 

Abstract 
  Accelerator hadron therapy technique is one of 

applied researches realized at JINR. The JINR-IBA 
collaboration has developed and constructed the C235-V3 
cyclotron for  Dimitrovgrad hospital center of the proton 
therapy. Proton transmission in C235-V3 from radius 
0.3m to 1.03 m is 72% without beam cutting diaphragms; 
the extraction efficiency is 62%.  The main advantage of 
this cyclotron in comparison with serial commercial 
cyclotrons of IBA is related to higher current of the 
extracted beam.   

The cancer treatment is realized in JINR on  the 
phasotron proton beam. More than 1000 patients were 
treated there. A project of the demonstration center of the 
proton therapy is discussed on base of a superconducting 
230 MeV synchrocyclotron.  The superconducting  

 synchrocyclotron is planned to install instead of phasotron  
in Medical Technical Complex of DLNP.  

The project of the medical carbon synchrotron together 
with superconducting gantry was developed in JINR.  The 
basis of this medical accelerator is the superconducting 
JINR synchrotron – Nuclotron.   One important feature of 
this project is related to the application of 
superconducting gantry.    

PROTON CYCLOTRON C235-V3  
    The JINR-IBA collaboration has developed and 

constructed the C235-V3 proton cyclotron (Fig.1) for 
Dimitrovgrad hospital proton center. The C235–V3 
cyclotron, superior in its parameters to the IBA C235 
medical proton cyclotron, has been designed and 
manufactured by the JINR-IBA collaboration. This 
cyclotron is a substantially modified version of the IBA 
C235 cyclotron. 

Modification of the extraction system is the main aim 
of the new C235-V3 cyclotron [1-2]. The main feature of 
the cyclotron extraction system is a rather small gap (9 
mm) between the sectors in this area. The septum surface 
consists of several parts of circumferences of different 
radii. The septum thickness is linearly increased from 0.1 
mm at the entrance to 3 mm at the exit. The proton 
extraction losses considerably depend on the septum 
geometry.  In the septum geometry proposed by JINR, 
where the minimum of the septum thickness is placed at a 
distance of 10 cm from the entrance, the losses were 
reduced from 25% to 8%. Together with the optimization 
of the deflector entrance and exit positions it leads to an 
increase in the extraction efficiency to 80%. The new 
extraction system was constructed and tested at the IBA 
C235 cyclotron. The experimentally measured extraction 
efficiency was improved from 60% for the old system to 
77% for the new one.    

  

 
Figure 1: Cyclotron C235-V3 in JINR engineering center. 

 
   Another difference in the structure of the magnetic field 
for the C235–V3 cyclotron compared to an IBA C235 
serial cyclotron is related to the value of the radial 
component of magnetic field in the median plane, bump 
parameters, and the minimal value of the vertical betatron 
frequency in the central area of the cyclotron. 
   The bump of magnetic field Bz in the center is used in 
many cyclotrons for axial focusing during the first turns, 
when the Bz variation is low. When the decreasing field of 
the bump passes to the increasing isochronous one, the 
dip in the axial betatron frequency Qz could appear. In the 
C235-V3, Qz decreases at a radius of 10 cm down to 
~0.04–0.05. 
   The presence in the area of the Qz minimum of the 
mean radial component of the magnetic field Br with a 
level of 5 G and gradient of 5 G/cm in the median plane 
(Fig.2) results in the transformation of coherent motion of 
the center of gravity of the beam in this area into the 
noncoherent oscillations of individual particles and 
coherent oscillations of the center of gravity. The 
simulated axial  r.m.s. (±2σ) size (Fig.3) is equal to 6 mm 
at Br=0, it increases up to 12 mm at Br corresponded to 
shimm thickness of 2mm (Fig.2) and 8 mm at optimized 
shimm thickness of 1.7 mm. In the C235-V3, the Br 
component was optimized using the establish of shim 
correctors at the sectors. 
    In experiment, the r.m.s. vertical size of the beam (2σ) 
(Fig.4) at the radii of 15–20 cm is ~17–18 mm and 
becomes comparable with the vertical aperture of the 
accelerator of 20 mm determined by the interdee gap.  
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Figure 2: Distribution of average radial component in  
cyclotron median plane at  shim thickness 2 mm (curve 1) 
and shim thickness 1.7 mm (curve 2). 

 
Figure 3: Simulated dependence of axial  r.m.s. (±2σ) size 
on radius: curve 1 at  Br (curve 1in Fig.2), curve 2 at Br 
(curve 2 in Fig.2), curve 3 at Br=0. 

 

 
Figure 4: Experimental dependence  of axial r.m.s. size 
(1, 2) and  beam center gravity (3, 4) on radius  1, 3 – 
before magnet field optimization, 2, 4 after optimization. 

   During the further acceleration of protons in the area of 
large radii, where the aperture of the accelerator 
decreases, the appearance of the radial field in the median 
plane leads to beam losses because of the large amplitude 
of noncoherent oscillations occurring in the central area 
of the accelerator.  

    After shimm optimization, the axial size of the proton 
beam at radii of 15–20 cm was reduced by a factor of two 
and was ~7–8 mm (Fig. 4). This led to the efficiency of 
acceleration in the C235–V3 cyclotron being increased to 
72% without the establishment of restrictive diaphragms. 

DEMONSTRATION CENTER OF 
PROTON THERAPY 

The final stage of the project is creation of the Dubna 
hospital center of proton therapy on basis of 
superconducting  synchrocylotron  and  rotating  gantry.  

The first stage of the project is related to the construction 
of demonstration center of proton therapy on base of a 
superconducting 230 MeV synchrocyclotron. 

The superconducting   synchrocyclotron [3] is planned to 
install instead of phasotron in Medical Technical 
Complex of DLNP. The new transport channel is 
designed for beam delivery to the JINR medical cabin. 
The equipment of demonstration center of proton therapy 
and realized here technologies will be lay in the base of 
the Dubna hospital center of  the proton therapy. 

 

          
Figure 5: Scheme of synchrocyclotron with beam delivery 
channel and modernized medical cabin in demonstration 
center of proton therapy. 

 

The synchrocyclotron S2C2 [3] (Table 1)  has diameter of 
2.3m. Main peculiarity of synchrocyclotron is connected 
with its superconducting magnets with magnetic field in 
hills and valleys of 5.64/5.24 Т, correspondently. Four 
Sumitomo cryocoolers  are used at realization of  
superconducting regime.  
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Table 1. Parameters of synchrocyclotron S2C2. 

Irradiation Active 

Diameter, m 2,3 

Weight, t 50 

Magnet Superconducting 

Average field, 

center/extract.,  Т 

 

5,64/5.24 

Voltage of dee-electrodes, kV 14 

RF–frequency, MHz 90-61.5 

Frequency of beam pulses, kHz 1 

Average current, nA 20 

Proton energy, MeV 230 

Energy spread, 2σ, MeV 2,5 

 The peculiarity of synchrocyclotron S2C2  is relatively  
low average current of extracted beam. At present time 
this current is equal to 20 nА.  

 
SUPERCONDUCTING SYNCHROTRON 

FOR CARBON THERAPY 
 
A project of the medical superconducting synchrotron   

(Fig.5) dedicated for the carbon therapy has been 
designed in JINR [4]. The basis of this medical 
accelerator is the superconducting JINR synchrotron – 
Nuclotron. The Nuclotron type straight dipole magnets  
were adopted for the optic of the medical synchrotron and 
beam delivery system. The superconducting magnets 
permit to reduce the accelerator electrical consumption, 
the size and weight of the accelerator and the carbon 
gantry.  

The superconducting electron string ion source is planed to use 
for 12C4+ injection in the carbon linac. The compact IH linac will 
apply as synchrotron injector.  

The FODO structure is more preferable for   injection 
and extraction schemes and corrections of the closed orbit 
distortions. The synchrotron magnetic system [4] consists 
of 4 superperiods, which involves 8 straight dipole 
magnets, 8 quadrupole lenses and multipole correctors. 
The maximum magnetic field in dipole magnets 
corresponds to 1.8 T. The multiturn injection  is realized at 
fulfilling of the horizontal acceptance during 10-15 ion turns. The 
stored beam intensity is equal to 1010 ions C6+ per pulse. 
The working point corresponds to betatron tunes Qx,z 

≈3.25. Nonlinear 3 order resonance  3Qx=10 is used for 
slow beam extraction.  The intensity of extracted beam is 
equal to 109 pps.  

 
Figure 6: Layout of the carbon therapy hospital center on 
the basis of superconducting synchrotron. 

 
   One important feature of this project is related to the 
application of superconducting gantry. The 
superconducting magnets of low aperture (about 120 mm) 
are used in the gantry. The gantry consists of two 67.5°  
and one 900 bending sections, each including  similar 
dipole magnets.  

 

 
 

Figure 7: Layout of the  JINR superconducting carbon ion 
gantry. 
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OPERATION AND DEVELOPMENT OF THE BINP AMS FACILITY  

S.A. Rastigeev, V. V. Parkhomchuk,  BINP SB RAS, Novosibirsk, and NSU, Novosibirsk, Russia 
A.R. Frolov, A.D. Goncharov, V. F. Klyuev,  E.S. Konstantinov,  A.V. Petrozhitskii, BINP SB RAS, 

Novosibirsk, Russia 
L. A. Kutnykova, IAE SB RAS, Novosibirsk, Russia 

Abstract 
The BINP AMS facility is the accelerator complex for 

accelerator mass spectrometry. The most distinguishing 
features of BINP AMS is the use of the middle energy 
separator of ion beams, the magnesium vapors target as a 
stripper and time-of-flight telescope for accurate ion 
selection. Present status and development of AMS 
complex for extension of applications are reviewed. 

INTRODUCTION 
The accelerator mass spectrometry is an ultra-sensitive 

method of isotopic analysis for archaeology, biomedical, 
environment science and for another field. It’s based on 
measurements of the ratio between isotopes. The ratio 
between isotopes in sample can be less than 10-14. So, the 
counting methods are used for detection of such low 
radiocarbon concentration [1-3]. The AMS system 
consists of the ion source, low energy channel, tandem 
accelerator and high-energy channel [4-6]. The tandem 
accelerator is a folded type vertical machine. The low 
energy beam line is used for initial isotopes selection. The 
tandem accelerator is applied for rejection of the 
molecular ions and of course for obtaining necessary 
beam energy for radioisotopes detector. The high-energy 
beam line is used for the subsequent ions selection and for 
radioisotopes detection.  

The most distinguishing features of our AMS machine 
are the use of the middle energy ions separator. The 
middle energy electrostatic separator is located inside the 
tandem terminal. It can essentially decrease the ion 
background [7,8]. The next important distinguishing 
feature is the magnesium vapors stripper [9] instead of the 
gaseous one. The molecular destruction and ion 
recharging by magnesium are localized into the hot tube 
of the stripper. Moreover, the moment of time for ion 
detection can be registered with 16 μs channel width by 
TOF detector [10,11]. This data is used for calculation of 
number of detected ions per unit time, allowing filtering 
the background ions from electrical breakdowns. 

The accelerator mass spectrometer created at BINP SB 
RAS is installed at CCU “Geochronology of the Cenozoic 
era” for sample dating by the 14С isotope and recently 
upgraded for biomedical applications. Over the past year 
have been analyzed more then 500 samples. Given the 
interest in using AMS in the biomedical field, the first 
biomedical researches are started jointly with biologists 
[12]. 

ION SOURCE  
The multi-cathode (for 23 samples) sputter ion source is 

used for AMS analysis. The typical current of negative 
carbon ions is about 10 uA for analyzed samples. The 
negative ions are produced by bombarding the graphite 
target with positive cesium ions. The vapor is formed by 
heating of the reservoir with cesium. Then the vapor via 
the pipe rises from the reservoir to the ionizer. The 
positive charged Cs ions are produced on a hot tantalum 
ionizer. The cesium ion beam is focused on the carbon 
sample placed on the cathode, because the working 
surface of ionizer is a spherical-shape cup. The copper 
sample holder has the inner diameter of 2 mm. The 
sample after AMS analysis is present at the Fig.1. As 
seen, the sputtering region of the sample is about 0.5 mm 
in diameter. 

 

Figure 1: The sample in the ion source sputtered by 
cesium beam.  

ION SELECTION 
The sensitivity and reliability of radiocarbon 

measurement is limited by ion background.The nitrogen 
ions have the same mass as radiocarbon ones, but they are 
filtered by BINP AMS complex. The negative nitrogen 
ions are unstable, but the negative molecular NH– ions 
can rich high voltage terminal. The positive nitrogen ions 
are produced from the breakup of NH– ions after passing 
through the stripper. The energies for nitrogen from NH 
molecules are always less than the radiocarbon ions 
energy into tandem terminal, because nitrogen ion gets 
only a part of the molecule’s energy. The BINP AMS 
complex has the electrostatic filter into tandem terminal 
for effective filtration of the different energy ions.  

To test such selection, the NH molecular ions was 
accelerated and passed through 1800 electrostatic bend 
which was set for ions energy 14/15 and charge state 3+ 
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for a good passing through of nitrogen ions. The terminal 
voltage was increased so that the energy of nitrogen ion 
was same as usual radiocarbon energy at the exit of AMS. 
Thus, the time-of-flight of nitrogen and radiocarbon ions 
become the same, as shown at Fig.2.a. But the energy loss 
by passing the film is different for nitrogen and 
radiocarbon ions. The time-of-flights of such ions after 
passing through 2.5 um Mylar film are present at Fig.2.b. 
As seen, radiocarbon beam at the exit of AMS is clean 
without nitrogen additive. The 1800 electrostatic bend is 
very effective for the isobaric background filtration. 
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Figure 2: The time-of-flight of ions at the exit of AMS (a) 
and same, but after passing through 2.5um Mylar film (b). 

AMS ANALYSIS 
Now, during the routine measurements of user samples, 

the injection energy of radiocarbon beam was 25 keV. 
The terminal voltage of tandem accelerator was 1 MV. 
The 180° electrostatic bend was set to transmit the ions 
with charge state 3+.  

The 20 graphitized samples are setted in the ion source 
sample wheel to measure the concentration of 
radiocarbon. Furthermore, the 3 control sample with a 
known concentration of radiocarbon is setted in ion 
source sample wheel for control and normalization of the 
measurement samples. Typically, this sample are two 
carbon fiber with a carbon concentration on the natural 
content of modern plants and one sample of graphite 
MPG with radiocarbon concentration at 2*10-3 compared 
to modern plants. It should be noted that the control 
samples did not require the procedure of graphitization 
and setted in the sample wheel in natural form.  

When measuring the concentration of radiocarbon in 
the samples, the switching algorithm is used. The isotope 
14C is detected by TOF telescope and 13C currents are 
measured at the exit of AMS. For switching algorithm the 
high voltage of ion source is changed. The energy of the 
cesium ions remains constant. The electrostatic lens and 
correctors at the exit of the ion source are changed for 

each isotope.  Thus, the passage of isotopes is carried out 
through a first dipole magnet, without changing the 
magnetic field. The magnetic field in high energy magnet 
is not changed to, because the radial aperture is wide 
enough for passing radiocarbon ions to TOF detector and 
13C ions to shifted FC.  

Now, the cycle of AMS-analysis of samples is 
represented as follows. For each sample, the 14C ions are 
twice counted (20 seconds each) and twice the 13C 
currents are measured. After that, the samples wheel is 
turned to the next sample for process repetition. 
Measuring of whole sample wheel (23 samples) takes 
about 20 minutes. For a set of statistics the wheel are 
moving to the second turn, third, etc. Typically, the 
measurement will take approximately 10 hours, with a 
statistical error of measurement for modern samples of 
approximately 2%. Typically, the next day the cycle 
repeats. The data from different days are compared. If 
they are within the statistical spread, the final result is 
given as a set of data for all measurements of these 
samples. The process of isotope measuring and sample 
changing (wheel rotation) is fully automated. The 
measured radiocarbon concentrations in samples are 
normalized to the radiocarbon concentration in carbon 
fiber (1.045 PMC). 

The contamination level in the samples during the 
sample preparation procedure estimated by the 
radiocarbon content in graphite after combustion and 
graphitization (the radiocarbon concentration in graphite 
is insignificant before this procedure). Typically, the 
quantity of pollution (radiocarbon concentration) 
composes approximately 1% of the concentration level in 
the modern plants. The typical radiocarbon concentration 
of graphite MPG with and without sample preparation are 
shown at Fig. 3.  
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Figure 3: The radiocarbon concentration in graphite MPG 
samples with and without sample preparation procedure. 

As an example of AMS-analysis, the data from 
archeological samples - peat deposits near Lake Baikal , 
depending on the depth from surface level (samples of 
Bezrukova EV, IAET SB RAS), presented in Fig. 4 . 
Such analyzes are necessary to obtain a timescale for peat 
deposits. Such results are quite revealing, since in the 
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absence of mixings deposits should be observed 
dependence - the deeper the ancient.  
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Figure 4: The radiocarbon age of peat deposits, depending 
on the depth from surface level. 

Now, jointly with NSU (Gulyaeva LF et al.), the 
biomedical researches are started. As an example, the 
radiocarbon concentrations in the mice kidney versus time 
after injection of methanol with (20 Bq/mouse) and 
without 14C labels for each individual are present at Fig. 
5. As seen, the radiocarbon concentration in the labeled 
mice significantly lager, than the concentration in the 
control mice. The range of radiocarbon concentration 
values for individual animals is considerably greater than 
the statistical error of AMS analysis. Radiocarbon 
concentration in samples without 14C label is independent 
of time and corresponds to the natural level. 
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Figure 5: The radiocarbon concentrations in the mice 
kidney versus time after injection of methanol with and 
without 14C labels. 

SUMMARY 
The BINP AMS with additional ion selection properties 

has demonstrated the good radiocarbon ions 
identification. The process of AMS analysis was 
described. The BINB AMS is used for radiocarbon 
dating, and more recently for biomedical applications.  
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EXTENDED SCOPE OF APLICATION OF INDUSTRIAL ELV 
ACCELERATOR 

N.K. Kuksanov, Yu.I. Golubenko, P.I.Nemytov, R.A. Salimov, S.N. Fadeev, 
A.I. Korchagin, D.A. Kogut, E.V. Domarov, A.V. Lavruchin, V.G. Cherepkov,  V.A. Semenov, 

Budker INP, Novosibirsk, Russia 

Abstract 
     ELV accelerators are DC machines, designed and 
manufactured by Budker Institute of Nuclear Physics of 
Siberian Branch of Russian Academy of Science. These 
machines are well known in the world. They are operating 
from Germany in West to Indonesia and Malaysia in East. 
Main application of these accelerators is the treatment of 
polymers. New development of ELV accelerators is 
concerning the low energy range and design of self-
shielded accelerators. There are the set of self-shielded 
accelerators. The lowest energy is 150 - 200 kV. These 
machines are unified with usual ELV accelerators and 
extend their application area. For industrial tomography 
based ELV4 accelerator was developed with low values of 
ripple current (≤2%) and the instability of energy (≤5%) of 
the electron beam. 

INTRODUCTION 
Radiation-chemical technology with the use of 

electron accelerators as the sources of ionizing radiation 
had been widely developed. Budker Institute of Nuclear 
Physics of the Siberian Branch of Russian Academy of 
Sciences is one of the world leaders in the development, 
design, production and delivery to the industry of 
electron accelerators of different types (i.e. continuous 
accelerators based on high-voltage rectifier, high 
frequency, pulse, etc.), covering a wide range of 
accelerated electrons energy and power. ELV 
accelerators hold a specific place in the range of 
equipment manufactured by the Institute. Compact 
dimensions and high operational qualities have allowed 
BINP take a leading position in the market of industrial 
accelerators, both in Russia and abroad. The ELV 
accelerators series has the range of accelerated electrons 
energy from 0.3 to 2.5 MeV, maximum beam power for 
separate machines from 20 to 100 kW   and maximum 
beam current up to 100 mA. The special accelerator was 
designed and manufactured for ecological and research 
purposes with a beam power 400 kW.  

DEVELOPMENT OF ELV 
ACCELERATORS FAMILY 

ELV accelerators high voltage source is a generator 
with a cascade of parallel inductive links. НV rectifier 
column is installed inside the primary winding. The 
primary winding is powered by a frequency converter on 
the base of IGBT transistors. The secondary winding of 
the coil have the maximum induced voltage of about 20 
kV. This voltage is rectified by voltage doubling circuit. 

Rectifier unit connected in series or series-parallel to form 
the column of HV rectifier, ending with the high-voltage 
electrode. The injector control unit is located inside the 
high-voltage electrode. Accelerator tube is placed inside 
the rectifier column and the top of the tube is connected 
with the high-voltage electrode. All these elements are 
placed inside the pressure vessel filled with insulating gas 
(SF6). This design reduces the overall dimensions of ELV 
accelerators and makes them the most compact among the 
devices of this class. The accelerator is supplied with gas 
system that enables to save SF6 gas during maintenance 
and repair. Vacuum systems and the extraction device are 
attached to the bottom of the vessel. The cathode is placed 
at the upper end of the accelerator tube. The electrons 
emitted by the cathode have the full energy at the exit of 
the accelerator tube. They are passing through the system 
of scanning magnets that evenly distribute electrons on 
the foil window. The electron beam is scanned in 2 
directions along and across the window. The material 
moves under the window in the transverse direction and is 
treated by extracted electrons. The beam position inside 
window is monitoring. The accelerator control is 
equipped with an automated system that enables not only 
to make the operator's job easy, but to synchronize the 
process equipment and the accelerator, or combine them 
into one complex.  

Net chain

 
Figure1: 0.3 MeV*100 mA accelerator for tire industries. 

 
The analysis of demands for accelerators (a market for 

accelerators) was made in 2011. As a result, the in-
demand accelerators are distributed evenly for maximum 
energy from 1 MeV up to 2.5 MeV. Concerning the beam 
power – all queries on the boosters had 100 kW beam 
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power. In accordance with the results of the analysis of 
ELV family was supplemented by accelerators with the 
maximum current up to 100 mA in the range 0.5-1.0 
MeV, with max. current 80 mA in the range of 0.8-1.2 
MeV, max. current 67 mA - in the range of 1.0-1.5 MeV.  

For the range of energy 1.0-2.5 MeV max. current is 
the same as previous - 50 mA. Maximum beam power for 
all of the accelerators is 100 kW.  

Analysis of last years’ activity concludes the 
increasing requests of low-voltage machines (range 0.3-
0.7 MeV).  In all these settings, it was the wish of the 
local radiation protection. It should be noted that the 
increasing interest in low-voltage accelerators is caused 
by the mobile accelerators, among others. This  mobile 
accelerator was developed together with our South Korea 
partner EB-TECH Co Ltd. The main purpose of this 
machine is to demonstrate the advantages of electron 
beam technology for environmental purposes (Fig. 2). 

 
 

Figure 2: Mobile accelerator. 
As a result of the carried out research the Institute 

offers a series of accelerators in the local protection of 
overlapping energy range of 0.25-0.7 MeV. The value of 
the maximum current depends on the design of the 
extraction devices (length of foil windows, one window, 
two windows) and can reach up to 150 mA.  

 

 
Figure 3: Accelerator for producing of foamed 

polyethylene was upgrade in 2012. 

The accelerator for rubber industry 0.3 MeV*100 mA 
is shown in Fig.1. The new concept enables to upgrade 
accelerators produced by other manufacturers. Figure 3 
shows the accelerator which was manufactured by 
Efremov Electro-physical Institute (Russia) in 1970 and 
modernized by BINP in 2012. The exhaust system of the 
electron beam to the atmosphere has been remained non-
upgraded, the system scans the beam was changed to the 
original for ELV accelerators. 

UTILIZATION OF ELV ACCELERATOR 

Electron beam tomography is highly attractive as an 
imaging tool for technical flow studies, because it is fast 
and gives a good spatial resolution of one millimetre or 
better. Furthermore, this technology is very versatile, that 
is, electron beam scanning can be adapted to complex 
object shapes and can be extended to multi-slice and 
three-dimensional imaging . One particular problem 
associated with technical multiphase flow studies is 
associated with the fact that multiphase flows do often 
occur in vessels of complex geometries, with thicker 

metal walls and internals. Examples are pressurized pipes 
and reactors with steel walls, heat exchangers, rod 
bundles or chemical reactors with packings, stirrers, 
injectors, heaters, coolers and other internals. Spatial 

Figure 4: Common design of accelerator:  Common 
design of accelerator: 1 - column rectifying sections; 2 - 
accelerating tube; 3 - gas feeder; 4 - the primary 
winding; 5 - the case of the pressure vessel; 6 -block 
injector control; 7, high voltage electrodes; 8 - the 
optical elements of the beam current control system; 9 
entries of the primary winding; 10 - lens; 11 - supports 
to support tube; 12 - ion pump vacuum system; 13 - 
docking port of the vacuum system; 14 - bellows for 
fixing the accelerating tube. 

FOR TOMOGRAPHY 
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resolution in X-ray tomography images is mainly limited 
by the focal spot size of the X-ray source due to the fan-
beam geometry. The permissible spot size in electron 
beam tomography depends on many parameters. One is 
the focusability of the beam, which decreases with 
increasing beam emittance, increasing beam current due 
to space charging effects and decreasing electron energy. 
Another limit is the permissible power density in the spot, 
which is determined by the melting/sublimation point of 
the target material, the beam power and the scanning 
speed. For fast scanning of several hundred meters per 
second focal spot speed, the main limitation comes from 
beam emittance, which is inherent to the accelerator 
design. The ELV accelerators may achieve spot sizes well 
below one millimeter.  

If the application of ELV accelerators for radiation 
modification of materials related with ensuring the 
required level of uniformity of the radiation dose [3], the 
use of ELV accelerators for the tasks of industrial 
tomography  is associated with the need to fulfill the 
following requirements on the parameters of the injected 
beam: 

- energy pulsing at the level E = 1,0 MeV
 ≤±5%; 

- current ripple at the level Ibeam = 100 mA 
 ≤±2%. 

To solve these problems and meet the specific 
requirements of design-based accelerator ELV4 was 
developed and is now in the process of installing the 
accelerator for fast imaging (Fig. 4). 

 
To reduce the ripple current and energy, a series of 

experiments were conducted on a standard accelerator 
ELV-4 as a simplified model of the accelerator for 
tomography. The main difference is that the high-voltage 
rectifier has a lower output capacitance, and the 
accelerating tube is positioned within the high-voltage 
rectifier. 

As a result, has reduced volatility in energy of up to ± 
5% at a beam current of 100 mA. To reduce the ripple 
current divider resistances in parallel tubes were placed 
additional capacity (Fig. 5). It is possible to reduce the 
instability of current to ± 0.14%. 

Currently the accelerator for industrial tomography 
has been assembled at the customer's site and is subjected 
to adjustment tests (Fig. 6). 

 
Figure 6: Assembled accelerator for tomography. 

   ELV accelerators continuously adapted for use in a 
variety of processes of radiation in industry and can be 
used for research into and development of new techniques 
and materials by electron irradiation. 
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LIA-2 AND BIM ACCELERATORS AS PART OF RADIOGRAPHIC 
COMPLEX AT RFNC-VNIITF 

A. Akhmetov, S. Khrenkov, P. Kolesnikov, E. Kovalev, O. Nikitin, D. Smirnov, Russian Federal 
Nuclear Center — Zababakhin All-Russian Scientific Research Institute of Technical 

Physics (RFNC-VNIITF), Snezhinsk, Russian Federation 

 
Abstract 

The paper describes installations included in the 
radiographic complex at RFNC-VNIITF, their purpose, 
composition, and principle of operation. The paper 
presents the synchronizing system for the betatron 
complex based on BIM pulse air-cored betatrons and 
LIA-2 linear induction accelerator, as well as the 
synchronizing circuit and functioning algorithm in the 
mode of BIM and LIA-2 combined operation. This 
combined mode of operation was tested and results of this 
testing are also provided. 

COMPOSITION OF THE 
RADIOGRAPHIC COMPLEX 

The radiographic complex includes the betatron 
complex consisting of two pulse air-cored betatrons BIM 
(further – betatron complex) and linear induction 
accelerator LIA-2 (further – LIA-2). The betatron 
complex ensures two-direction recording of dynamic 
objects at 90° between directions. Each betatron in the 
betatron complex can generate from one to three radiation 
pulses in one gas-dynamic experiment. LIA-2 is placed 
between betatrons and can generate up to two radiation 
pulses. 

The betatron complex and LIA-2 are independent units. 
The betatron complex is intended study high-speed 

processes in gas-dynamic experiments using the pulse 
shadow X-ray diffraction technique. Main technical 
characteristics of the betatron complex are given in 
table 1 [1]. 
Table 1: Main technical characteristics of the betatron 
complex 

Parameter (Units) Value 
Boundary energy of bremsstrahlung 
spectrum (MeV) 

65 

Penetrability in Pb (mm) 165 
Radiation source size (mm) 2.5х6 
Duration of γ-radiation pulse in the mode of 
one radiation peak generation (ns) 

100 

Max. number of successive pulses 3 
Time interval between γ-radiation pulses in the 
mode of three radiation peaks generation (µs) 

0.5-5 

 
Penetrability of the betatron complex was estimated 

based on a X-ray diffraction image of a lead test object 
”wedge” [2] positioned at the 4-m distance from a target. 
Maximum thickness of the test object was 100 mm with 

the 10-mm step. Two more lead blocks with the total 
thickness of 100 mm were placed in front of the test 
object. The recording unit was immediately adjacent to 
the “wedge”. The maximum penetrability of the betatron 
complex was 180 mm. The X-ray diffraction image of the 
“wedge” is given in Fig. 1. 

 
Figure 1: X-ray diffraction image of test object “wedge”.  

The radiation source size was estimated based on the 
X-ray diffraction image given by the pinhole camera 
positioned at the distance of 1 m from the target. The 
recording unit was positioned at the 3-m distance. The 
radiation source size was measured at 0.5 blackening 
density minus background. Blackening density 
distribution after X-raying of the pinhole camera is given 
in Fig. 2. 
 
 
 
 
 
 
Figure 2: Blackening density distribution after X-raying 
of the pinhole camera. 

Electrons are deflected onto the target either in one 
pulse or in portions with the formation of up to three X-
ray pulses with a certain intensity relation between them 
depending on a particular task. For this purpose, 
installation is equipped with generators that deflect the 
electron beam onto the target. Usually, total energy is 
distributed as follows: 1-st pulse takes 10-15%, 2-nd 
pulse – 30%-40%, and 3-d pulse – 50%-60%. 

LIA-2 is a high-quality injector of a large-scale linear 
induction accelerator LIA-20 intended for small-direction 
X-ray tomography complex. Thanks to high-quality of the 
formed electron beam, LIA-2 is used as an independent 
X-ray installation. Main technical characteristics LIA-2 
are given in table 2 [3]. 

Table 2: Main technical characteristics of LIA-2 
Parameter (Units) Value 
Max. beam energy (MeV) 2.0 
Max. beam current (kA) 2.0 
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Min. beam spot size on the target in all 
modes (mm) 

1.5 

Current pulse length (ns) 180 
Max. number of successive pulses 2 
Time interval between pulses (µs) 3-20 

 
LIA-2 penetrability is determined with the help of the 

test lead “wedge” positioned at the distance of 1.5 m from 
the target. Maximum thickness of the “wedge” was 
100 mm. 

Fig. 3 shows the X-ray diffraction image of the lead 
“wedge” with the electron energy of 1.1 MeV. LIA-2 
penetrability at the observability limit is 60 mm in lead 
when Image Plate is used for recording. 
 
 
 
 
 
Figure 3: Penetrability determination at 1.1MeV electron 
energy. 

Fig. 4 shows the X-ray diffraction image of the lead 
“wedge” with the electron energy of 1.3 MeV. With this 
electron energy, LIA-2 penetrability equals 70 mm. 
 
 
 
 
 

 
Figure 4: Penetrability determination at 1.3MeV electron 
energy. 

Fig. 5 shows the X-ray diffraction image of the lead 
“wedge” with the electron energy of 1.5 MeV. With this 
electron energy, LIA-2 penetrability equals 70 mm. 

X-radiation source size was estimated based on the X-
ray diffraction image of the pinhole camera positioned at 
the 1.5-m distance from the target. 

 
 
 
 
 
 
 

Figure 5: Penetrability determination at 1.5MeV electron 
energy. 

The recording unit was positioned at the 3-m distance. 
The radiation source size was measured at 0.5 blackening 
density minus background. Fig. 6 shows X-ray diffraction 
image of the pinhole camera. 

 
 
Figure 6: X-ray diffraction image of the pinhole camera. 

Blackening density distribution after X-raying of the 
pinhole camera is given in Fig. 7. 

 
 
 
 
 
 
 
 
 
 
 

Figure 7: Blackening density distribution over the 
horizontal and vertical axes, respectively. 

SYNCHRONIZING SYSTEM 
Analysis of time diagrams for technological processes 

in the betatron complex and LIA-2 in the independent 
operational mode demonstrated that physical 
implementation of the synchronizing system is possible. 
Installations are synchronized through “wedging-in” of 
the LIA-2 start-up into the betatron complex functioning, 
i.e. after the switch-on and charging stage and before the 
injection stage and the acceleration cycle. Duration of the 
technological process in LIA-2 is ~57 ms, duration of the 
switch-on and charging stage for the betatron complex is 
60 seconds, duration of the injection stage and the 
acceleration cycle is ~0.4 ms. 

Synchronization diagram for the betatron complex and 
LIA-2 is given in Fig. 8 (numbers denote the sequence of 
signals formation). 

 
Figure 8: Synchronization diagram for the betatron 
complex and LIA-2. 

Fig. 9 shows the synchronization algorithm block-
diagram for the betatron complex and LIA-2 operation. 
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Figure 9: Synchronization algorithm block-diagram for 
the betatron complex and LIA-2 operation. 

Pressing the button START on the control panel of the 
betatron complex initiates start of the betatron complex 
and LIA-2 in the mode of combined synchronized 
operation. Then, all capacitive storages of the betatron 
complex are charged. 

Then, functional parts and systems of LIA-2 are started 
up; time delays of their start-up are preliminarily adjusted 
on the LIA-2 control panel [4]. Somewhere about 300-
450 µs prior to the γ-radiation pulse generation, the LIA-2 
control system forms the signal to continue BIM start. 

In parallel, operation of all LIA-2 units and systems, as 
well as of the betatron complex is controlled. In the case 
of any discrepancies in the technological process, an 
appropriate blocking signal is formed to stop betatron 
complex functioning; the control panel displays the 
appropriate information.  

In the normal mode of initiation system actuation, the 
system of beam deflection onto the target of each 
installation of the betatron complex is initiated and 
γ-radiation pulses are generated. Fig. 10 shows the time 
diagram for the combined synchronized operation of the 
betatron complex and LIA-2. 

Figure 10: Time diagram for the combined operation of 
installations. 

TESTING 
Testing of the combined mode of betatron complex and 

LIA-2 operation included a series of start-ups with the 

registration of γ-radiation pulses. These tests allowed us 
to record γ-radiation pulses of the betatron complex and 
LIA-2. Time delays in the recorded γ-radiation pulses 
were observed to correspond to those specified. A typical 
oscilloscope record of γ-radiation pulses recorded during 
a technological start-up of the betatron complex and LIA-
2 in the combined operation mode is given in Fig. 11 
where: channel 1 – is the signal of the initiation system 
start; channels 2 and 3 – are signals of γ-radiation pulses 
from installations of the betatron complex; channel 4 – 
are signals of γ-radiation pulses of the betatron complex 
and LIA-2. 

 
Figure 11: Oscilloscope record of γ-radiation pulses. 

CONCLUSION 
Nowadays, the radiographic complex at RFNC-VNIITF 

includes a number of up-to-date installations that can 
successfully meet challenges of gas dynamic testing. 

By now, the combined operation mode was tested for 
the betatron complex and LIA-2 with the generation of 
γ-radiation pulses at a specified instant. 

Radiographic installations capable of generating both 
soft and hard radiation spectra will allow one to solve a 
wider range of tasks during the same explosive 
experiment. Combined operation of the betatron complex 
and LIA-2 will also provide X-ray diffraction images in 3 
directions during the same explosive experiment. 

Development of appropriate recording systems will 
allow realization of inherent potential and, on the whole, 
increase operation efficiency of the radiographic complex 
at RFNC-VNIITF. 
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Abstract 

We describe main parameters and operational 
experience with new generation of electron accelerators 
for radiography and cargo inspection developed with 
participation of scientists, engineers and technologists 
from Lomonosov Moscow State University and 
"Research and Production Enterprise "Toriy". Two 
accelerators are described: accelerator for radiography 
UELR-8-2D with beam energy regulated in the range 3-8 
MeV and dose rate from 0.5 to 15 Gy/min and accelerator 
for cargo inspection UELR-6-1-D-4-01 with pulse to 
pulse energy switching between 3.5 and 6 MeV, with 
repetition rate 400 Hz and dose rate 4 Gy/min. Both 
accelerators use klystron as an RF source, which is fed by 
a solid state modulator. 

INTRODUCTION 
Main directions for perfection of electron accelerators 

for radiography are connected with the possibility of 
regulating the accelerated beam energy and dose rate of 
bremsstrahlung in a wide range to achieve optimum 
conditions for defects visualization for different 
thicknesses of material; with minimization of the electron 
beam spot size at bremsstrahlung target in order to 
improve spatial resolution; with extended life of the 
bremsstrahlung target; reduction in weight and size 
characteristics of the accelerator; increasing its resource; 
simplifying the operator work and servicing; in reducing 
parasitic radiation. 

Electron accelerator for modern cargo inspection 
complex capable to recognize the effective atomic 
number of the contents of the container [1] in addition to 
the features listed above must be able to switch the energy 
of the accelerated beam from pulse to pulse between two 
or more values; must ensure high stability of the beam 
energy and dose rate; must have a short transient time 
after switching on X-rays; must be able to generate 
packages of closely spaced pulses of different energy [2], 
following with a high repetition rate. 

The above requirements are the basis for the design of 
accelerators described in this report. 

COMMON FEATURES 
Developed accelerators for radiography and cargo 

inspection have several common features. In particular, 
the change of the energy of the accelerated beam in both 
cases is done by changing the level of the accelerating 
field. To ensure the high quality of the beam at more than 
twice change of the energy the standing wave on-axis 
coupled accelerating structure was optimized in order to 
produce the transverse and longitudinal beam focusing 
with capture efficiency more than 60% in the whole range 
of the accelerating field variation. The sealed-off design 
of the accelerating system, consisting of an accelerating 
structure with RF antenna, electron gun, vacuum RF 
window, ion and getter pumps and intensively cooled 
bremsstrahlung target, is used. The electron gun is 
attached to the accelerating structure using Conflat joint 
that facilitates the repair in the case of cathode filament 
failure. Exterior view of the accelerating system is shown 
in Fig. 1. 

 

 
Figure 1: Accelerating system. 

 
 Accelerating structure is fed by the pulse multi-beam 

klystron KIU-168 [3] operating under reduced high 
voltage. To power klystron and electron gun solid state 
modulator [4] is used. The parameters of the modulator 

____________________________________________ 
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provide the maximum output pulsed power of the klystron 
3.5 MW. 

Both accelerators have similar design of the radiation 
shielding, which provides precise positioning of the 
accelerating structure, shielding the electron beam from 
stray magnetic fields and allows for quick replacement of 
the structure. To reduce parasitic radiation a combination 
of lead and tungsten is used. The dose rate of the 
bremsstrahlung at a distance of 1 m from the 
bremsstrahlung target in all directions except the working 
area is reduced by 104 times for radiographic accelerator 
and 105 times for cargo inspection as compared to the 
dose rate on the axis. 

The dose rate measurement is done by built-in 
ionization chamber. The pressure of the insulating gas in 
the waveguide is automatically maintained constant by 
means of the gas system, including besides other parts 
also a vacuum pump, pumping out waveguide before 
filling by gas. X-ray head and modulator are combined 
into a single module. 

Both accelerators have the same principle of the control 
system. Control of the individual subsystems of the 
accelerator is produced by controllers coupled to the 
control computer via Ethernet. All controllers and control 
computer are located in the X-ray head cabinet in the 
vicinity of controlled objects. The remote control panel is 
connected to the control computer also using Ethernet. 
Control of the accelerator operation is done by the 
original software. The system of the accelerator interlocks 
ensures safe operation in accordance with the applicable 
rules. Control of the accelerator operation and fault 
diagnostic can be performed via remote access. Details of 
control system are described in [5]. 

ACCELERATOR FOR RADIOGRAPHY 
Photo of accelerator for radiography is shown in Fig. 2, 

the basic parameters are given in Table 1. During 
accelerator commissioning its calibration is carried out. 
Built-in ionization chamber is calibrated by an external 
camera. Beam energy is determined by attenuation of 
bremsstrahlung by barrier. For each of the energy values 
in a fixed range of 3 to 8 MeV, following with steps of 
1 MeV, parameters of RF system operation are calculated 
using theoretical models and measured data. The 
parameters of RF system such as the frequency of the RF 
generator, pulse repetition rate, the output power of the 
klystron depend on the set energy, dose rate, and the 
temperature of the coolant. In the operation of the 
accelerator parameters for the selected mode of operation, 
are installed automatically. Also the process of the 
accelerator on and off is fully automated. 

Measurement of the size of the electron beam focal spot 
at the bremsstrahlung target is illustrated by Fig. 3 (a). 
Lead diaphragm (2) which is 10 mm thick with d = 2 mm 
hole is placed at distance s = 0.18 m from the target (1). 
Bremsstrahlung beam spot is registered by X-ray film (3) 
placed at L = 3 m from the target. Electron beam focal 
spot diameter in this geometry is defined by the: 

db = S_L D1 – d   (1) 
Beam image recorded by film, is shown in Fig. 3(b) 

Image diameter can be estimated as, D1 ≈ 38 mm, hence 
electron beam focal spot diameter at target is db ≈ 0.28 
mm, which well correlate with spot diameter measured 
directly using transition radiation during accelerator 
design stage. 

 
 

Figure 2: Accelerator for radiography. 
Table 1: Radiographic accelerator parameters 

Parameter Value 
Beam energy 3 - 8 MeV 
Dose rate 1 – 15 Gy/min 
Beam spot size < 1 mm 
Dimensions W×L×H 640×1090×1460 
Weight 1025 kg 

 

 
(a) 

 

 
(b) 

Figure 3: (a) Geometry for electron beam focal spot size 
measurements. (b) Bremsstrahlung beam spot registered 
by X-ray film. 
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ACCELERATOR FOR CARGO 
INSPECTION 

Photo of the accelerator for cargo inspection is shown 
in Fig. 4, the main parameters are listed in Table 2. 

 

 
 

Figure 4: Accelerator for cargo inspection.. 
Table 2: Cargo inspection accelerator parameters. 

Parameter Value 
Beam energy 3.5/6 MeV 
Energy stability 0.5 % 
Dose rate 4 Gy/min 
Dose rate stability 2 % 
Repetition rate 2×200 Hz 
Beam spot size < 1 mm 
Dimensions W×L×H 640×1090×1460 
Weight 1250 kg 

 

 
 

Figure 5: Low and high beam energy regulation. 
 

Presented here accelerator is a fundamental 
modification of the accelerator prototype described in [6]. 
The accelerator can operate in a low-energy or high-
energy mode with a pulse repetition rate up to 400 Hz, or 
in energy switching mode with a repetition rate of pairs of 
closely spaced pulses of 200 Hz. The interval between a 
pair of pulses in energy switching mode can be adjusted 

in the range of 200-600 μs [2]. The values of the low and 
high energy can be regulated independently over a wide 
range, as shown in Fig. 5. 

Important for cargo inspection accelerators is reduced 
transient time after the X-rays switching on. To 
compensate for changes in the energy and dose rate 
caused primarily by thermal processes, we have 
developed a model describing the behavior of accelerating 
structure in the transient period taking into account a load 
by beam current, which is different for low and high 
energies. Based on this model and measurements the 
control algorithm for RF system was developed to 
compensate for changes in the energy and dose rate. 
Fig. 6 shows example of time dependencies of the values 
of the low and high energy when operating in the energy 
switching mode without and with compensation 
mechanism. To measure beam energy the detector line [1] 
was used. 

 
(a) 

 
(b) 

Figure 6: Time dependencies of low (a) and high (b) 
energies in energy switching mode with compensating 

mechanism switched off and on. 

CONCLUSION 
We have developed a new generation of accelerators for 

radiography and cargo inspection. The authors are 
grateful to Mr. A.V. Nalivaev for support of this work and 
Dr. S.A. Ogorodnikov for measurements of the cargo 
inspection accelerator parameters. 
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DEDICATED DC-110 HEAVY ION CYCLOTRON FOR INDUSTRIAL 
PRODUCTION OF TRACK MEMBRANES  

B.N.Gikal, S.N.Dmitriev, G.G.Gulbekian, P.Yu.Apel, S.L.Bogomolov, O.N.Borisov, V.A.Buzmakov, 
A.A.Efremov, I.A.Ivanenko, N.Yu.Kazarinov, V.I.Kazacha, I.V. Kalagin, V.N.Melnikov, 

V.I.Mironov, S.V.Pashchenko,  O.V.Semchenkova, V.A.Sokolov, N.F.Osipov, A.V.Tikhomirov, 
A.A.Fateev, M.V.Khabarov, FLNR JINR, Dubna, Russia 

Abstract 
In the Laboratory of nuclear reactions JINR dedicated 

accelerator complex on the basis of the heavy ion 
cyclotron DC-110 for the industrial track membrane 
production has been developed and created. The 
isochronous cyclotron DC-110 accelerates the ions Ar, Kr 
and Xe with a fixed energy of 2.5 MeV/nucleon and 
intensity of 10-15 μA. The cyclotron is equipped with 
ECR ion source - DECRIS-5 (18 GHz) and axial injection 
system. The pole diameter of the magnet is 2m. 
Isochronous magnetic field formed by shimming sectors 
on the level of 1.67 T. Accelerated ions 40Ar6+, 86Kr13+, 
132Xe20+ have close mass-to-charge ratio, which allows 
changing particles without changing the operation mode 
of the cyclotron. Accelerator complex DC-110 is capable 
of producing up to 2 million square meters of track 
membranes per the year. 

INTRODUCTION 
A series of heavy-ion accelerators for applied purposes 

have been developed and created at the Laboratory of 
Nuclear Reactions of the Joint Institute for Nuclear 
Research. The IC-100 cyclotron was put into operation in 
1985 and upgraded in 200-2002 [1,2]. In 2004-2006 the 
DC-60 cyclotron was created for the Interdisciplinary 
Research Center of the Gumilev Eurasian National 
University (Astana, Kazakhstan) [3,4]. The accelerator 
beams are successfully used for solid state physics 
research, and track membrane production. Based on the 
technological solutions and experience of operating the 
IC-100 and DC-60 accelerators there has been developed 
the project of the DC-110 cyclotron [5,6]. The accelerator 
complex produces intense Ar, Kr, and Xe ion beams with 
a fixed 2.5 MeV/nucleon energy, which allows the 
production of track membranes on the basis of up to 30 
μm thick polymer films. 

The accelerator complex includes: 
- the DC-110  cyclotron, 
- ECR ion source and axial beam injection system, 
- accelerated beam transport channel equipped with 
technological equipment for irradiating the polymer film, 
- vacuum system, 
- electrical supply and control system, 
- cooling system. 

The accelerator is furnished with one polymer film 
irradiation channel. The possibility of installing a 
switching magnet and assembly of a second channel is 
provided for increasing the productivity of the equipment 

by simultaneous irradiation of film on one channel and 
preparing for installation on the other. 

The cyclotron magnet has a 2m pole diameter. The ions 
being accelerated are 40Ar6+, 86Kr13+ и 132Xe20+ with close 
mass-to-charge ratios of 6.667, 6.615, and 6.600, which 
allows realizing an acceleration regime practically at a 
fixed frequency of the accelerating system and fixed 
magnetic field.  

The DC-110 accelerator does not provide for ion 
energy variation and changes in the mass-to-charge ratio 
of accelerated particles. This concept is characterized by 
increased reliability and by simplicity of controlling the 
complex. 

ION SOURCE 
The 18 GHz DECRIS-5 ion source was developed on 

the basis of sources of the DECRIS-4 (14 GHz) series 
with copper windings created at LNR (JINR, Dubna) [7] 
by intensifying the magnetic structure and changing to a 
new type of microwave oscillator. The DECRIS-5 ion 
source created for industrial application is characterized 
by  increased reliability. 

To ensure the design parameters of the beams 
accelerated on the DC-110, the ion source should 
generate intensities of 40Ar6+, 86Kr13+ and 132Xe20+ ion 
beams of not less than 85μA, 150 μA and 150 μA, 
respectively. After assembling the ECR source and axial 
injection system, thorough adjustment of all systems of 
the source and axial injection channel was carried out. 
Beams of Ar, Kr, and Xe ions were produced from the 
source. The possibility of producing maximum Ar, Kr, 
and Xe ion beam intensity was investigated, the results 
are given in Table 1. 
Table 1. Maximum ion beam intensities obtained from 
DECRIS-5 source in μA (Z - ion charge). 

Z 8+ 9+ 11+ 15+ 18+ 19+ 20+ 
Ar 1200 750 300     
Kr    325 182 120 70 
Xe       220 

BEAM AXIAL INJECTION SYSTEM 
For transporting the ion beam of the ECR source to the 

center of the cyclotron, beam axial injection system is 
used, which is composed of:  

-  3 focusing elements, 2 correcting elements,  
-  analyzing magnet, 
-  diagnostic elements of the injected beam, 
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-  linear buncher located 2450 mm away from median, 
- sinusoidal buncher located 800 mm away from 
median plane, 
- vacuum system based on turbomolecular pumps and 
cryogenic pumps, 
- electrostatic inflector located in the center of the 
cyclotron for deflecting the injected beam from the 
vertical channel into the cyclotron median plane. 

The 20 kV injection voltage was selected for the optimal 
conditions of beam dynamics in the cyclotron center. 

CYCLOTRON MAGNETIC STRUCTURE 
The DC-110 magnetic structure is created on the basis 

of an electromagnet with a 2m pole diameter.  
The use of radial correction coils is not provided for in 
the DC-110 cyclotron; the isochronous magnetic field is 
formed by iron structure. Azimuthal correction coils are 
installed in the valleys of the cyclotron for correcting the 
first harmonic. 
     In the working gap of the magnet there are four pairs 
of sectors with straight boundaries fastened at the 
magnet’s pole. Each sector is equipped with lateral 
detachable shims. Azimuthal or vertical processing of the 
lateral sector shims was used for correcting the magnetic 
field when forming the isochronous acceleration 
conditions and also for compensating the effect of the 
magnetic channel used for focusing the beam in the 
cyclotron’s beam extraction system. A compensating 
channel identical in design to the main channel is 
installed in the cyclotron centrally-symmetrically to the 
focusing magnetic channel for suppressing odd harmonics 
of the magnetic field. The main parameters of the magnet 
of the DC-110 cyclotron are given in Table 2. 

Table 2. Main parameters of DC-110 cyclotron magnet. 
Pole diameter, [mm] 2000 
Number of sector pairs 4 
Angular length of sector (helicity) 52o (0o) 
Number of radial correction coils 0 
Number of sets of azimuthal correction coils 2 
Electromagnet weight [tons] 250 
Isochronous magnetic field at center, T 1.67 

RADIO FREQUENCY SYSTEM OF 
CYCLOTRON 

A resonance system consisting of the following 
components is used in the DC-110 isochronous cyclotron 
for producing a dee-accelerating voltage: 

• two quarter-wave coaxial resonators, which are 
stainless-steel tanks plated inside with copper,  
• two copper dees with an angular span of 40°, 

The characteristics of the RF system are given in Table 3. 
 

 
 

Table 3. General characteristics of RF system. 
Resonance frequency of resonators 7.494 - 7.806 MHz 

Acceleration harmonic 2 
Dee voltage 55 kV 
Maximum power of RF generator 20 kW 

BEAM EXTRACTION 
An electrostatic system based on a deflector with a 50–

60 kV/cm and focusing magnetic channel is used at the 
DC-110 cyclotron for extracting accelerated beam. The 
deflector is located in the valley. A passive magnetic 
channel is used in the cyclotron chamber for focusing the 
beam during extraction. 

BEAM CHANNELS FOR IRRADIATION 
OF POLYMER MATERIALS 

The DC-110 cyclotron complex (Fig.1) has one channel 
for transporting accelerated ion beams with the possibility 
of installing a switching magnet and assembling a second 
channel.  

The horizontal heavy ion beam scanning system is 
created on the basis of a magnet supplied by a sawtooth 
current. Vertical scanning is accomplished by an 
electrostatic deflector with a sawtooth voltage of 15 kV. 
The scanning system provides irradiation of a 600×200 
mm2 stationary target with uniformity not worse than 
±10% and irradiation of a moving film up to 600 mm 
wide at a speed from 0.05 to 1 m/s. 

 

Figure 1: DC-110 cyclotron. 
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CYCLOTRON OPERATING REGIMES 
AND ACCELERATED IONS  

To accelerate 40Ar6+, 86Kr13+, 132Xe20+ ions have a small 
difference in the mass-to-charge ratio (6.667, 6.615, and 
6.600), it was decided to use an acceleration regime with 
a fixed magnetic field. The frequency of the accelerating 
system should be changed in conformity with Table 4. 
Table 4. Optimal frequency values of RF system  (FRF) 
and magnetic field (B0) . 

Ion A/Z B0, T FRF, MHz Frequency 
difference, kHz

40Ar6+ 6.6667 1.6612 7.653 23 
86Kr13+ 6.6154 1.6612 7.712 -18 
132Xe20+ 6.6000 1.6612 7.730 0 
 
     The acceleration regime indicated in Table 6 doesn’t 
require a change in any parameters of the accelerator 
systems when changing the type of ions being accelerated 
except for tuning the frequency of the resonance system. 

The phase acceptance of the DC-110 cyclotron is about 
30°; a beam bunching system is used for increasing 
capture efficiency of the injected beam into acceleration. 
The efficiency of capturing the beam into acceleration 
and the coefficient of the beam intensity increase 
compared to the unbunched beam are shown in Table 5.  

An increase of the capture coefficient to 48% at a low 
injected beam intensity of 6 μA, is related not only to a 
decrease of the space charge effect in the beam but 
mainly to a decrease of beam emittance at a low intensity 
from the ion source.  

Table 5. Capture coefficient of injected beam into accele-
ration in different regimes. 

Capture coefficient into acceleration in % Iinj, μA 
without 

bunching 
Lin-on. 
Sin-off. 

Sin-on. 
Lin-off.  

Sin+Lin – on. 

6 9.3 23.2 25.8 48.2 
18.4 8.7 15.6 25.0 38.0 
49 9.1 15.7 25.7 36.7 
103 8.7 14.1 24.8 34.0 

 
The main tuning of the DC-110  cyclotron to achieve 

the design parameters was done with the use of a 86Kr13+ 
ion beam. During accelerator tuning, a regime was found 
with a high beam transmission coefficient from the ion 
source to the polymer film irradiation device at an 
injected beam intensity close to the maximum, 150 μA. 

In a working regime, the pressure in the cyclotron 
chamber as at the moment of commissioning was 2.4⋅107 
Torr (without the beam, 1.7⋅10-7 Torr). Losses of 86Kr13+  
ions during acceleration from radius 140 mm to radius 
890 mm were about 37% both in the case of a bunched 
beam and in the case of disconnected bunchers, of which 
vacuum losses amount to about 30%. In 2013 as a result 
of vacuum training of the cyclotron chamber internal 
surfaces there was achieved a pressure of ~1⋅10-7 Torr in 

the acceleration mode. Vacuum losses in this case 
decreased by a half.  

Works on creating the DC-110 cyclotron complex 
began in August 2009. In 2012, assembly and adjustment 
of the cyclotron equipment were carried out in the 
building of the BETA research and industrial complex 
and beams of accelerated Ar, Kr, and Xe  ions were 
obtained.  

Table 6 presents design and experimentally obtained 
parameters of ion beams after the completion of 
commissioning. There was carried out the irradiation of a 
polymer film of 12μm thickness with ions of Kr.   The 
non-uniformity of pore density in the manufactured track 
membranes was better than ±10%.  

Table 6.  Ion beam parameters of the DC-110 cyclotron. 
Extracted beam 

intensity, μA 
Ion ECR beam 

intensity, 
μA design obtained 

Ion energy, 
MeV/nucleon

40Аr 6+ 94 6 13 2.5 
86Kr13+ 150 13 14.5 2.5 
132Хе20+ 190 10 10.9 2.5 
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СС-18⁄9М CYCLOTRON SYSTEM 

A.P. Strokach, O.L. Veresov, Yu.N. Gavrish,A.V. Galchuck, S.V. Grigorenko, V.I. Grigoriev, 
M.A. Emeljanov, M.L. Klopenkov, A.N. Kuzhlev, V.G. Mudroliubov, G.V. Muraviov, 

V.I. Nikishkin, V.I. Ponomarenko, Yu.I. Stogov, S.S. Tsygankov,  
JSC “D.V. Efremov Institute of Electrophysical Apparatus”, St. Petersburg, Russia 

Abstract 
The СС-18/9M cyclotron system has been designed, 

manufactured and delivered to NIITFA, Moscow. The 
system consists of an updated СС-18⁄9М cyclotron and a 
targets system. The cyclotron is intended to produce 
accelerated proton and deuteron beams with an energy of 
12-18/6-9 MeV and current up to 150/70 µA, 
respectively. For this purpose, a shielding-type 
electromagnet and a resonance system have been afresh 
designed. The target system for the production of F-18 
and C-11 radionuclides for PET has been designed in 
NIIEFA for the first time. 

 
The СС-18⁄9М cyclotron system was designed for the 

delivery to JSC «NIITFA», Moscow with a view to 
creating a pilot PET center. The cyclotron system consists 
of an updated СС-18⁄9М cyclotron and a target system. 
This cyclotron is a new version of three СС-18⁄9 
machines manufactured previously and delivered to PET 
centers of the University in Turku, Finland, Russian 
Research Center for Radiology and Surgical 
Technologies, Pesochny, St. Petersburg and «VNIITF », 
Snezhinsk town, Chelyabinsk region, Russia. To widen 
the possibilities of application and increase the 
marketability of the СС-18⁄9М cyclotron, the energy of 
accelerated proton and deuteron beams is made variable 
in the range of 12-18 and 6–9 MeV, respectively. 
Simultaneously, the design current of protons and 
deuterons is increased by one and a half in comparison 
with the original model, i.e. up to 150 и 70 µА, 
respectively.  

The new version of the cyclotron keeps the continuity 
in the main engineering solutions proven in СС-18⁄9 and 
МСС-30⁄15 machines [1, 2]: 
• shielding-type electromagnet with a limited number 

of holes in the shielding, 
• vertical median plane to give an easy access to in-

chamber devices by moving apart the movable part 
of the magnet along the guides, 

• the vacuum chamber of the cyclotron made as a part 
of the electromagnet, 

• the resonance system located completely inside the 
vacuum chamber of the electromagnet [3], 

• extraction of beams of accelerated protons and 
deuterons by stripping negative ions on carbon foils 
practically with no loss of intensity, 

• an external injection system, which significantly 
reduces the working gas admittance from the source  

• to the vacuum chamber, facilitates production of high 
vacuum and consequently reduces the losses of ions 
in the acceleration process by molecules of the 
residual gas [4], 

• acceleration of negative ions of hydrogen and 
deuterium at one fixed frequency of the RF field (the 
2nd and 4th harmonics, respectively), 

• installation of movable shims in special recesses to 
correct the magnetic field topology and to ensure 
isochronous field when changing the type of ions to 
be accelerated, 

• extraction of proton and deuteron beams through 3 
windows made in the vacuum chamber. Two 
windows are intended for installation of targets 
directly onto the magnet (“near” targets) and the 
third window is used to transport the beam to remote 
targets, 

• simultaneous extraction of beams with a max energy 
to one of remote and one of near targets, 

• standard set of components of a beamline 
transporting the beam to remote targets: matching 
magnet, 2 correcting magnets, doublet of quadrupole 
lenses and switching magnet making possible the 
beam transport to 3 target devices, 

• compete automatic control of the cyclotron system. 
In the process of designing, the following principal 

modifications were made, which significantly improved 
the conditions of service and maintenance/repair 
compared to the original model: 
• A new resonance accelerating system consisting of 2 

mirror-symmetrical resonators has been designed. In 
СС-18⁄9 cyclotrons, one resonator was used, the 
central conductor of which consisted of two dees, 
two stems, which had a common part with a shorting 
flange. The new design allowed the loss power to be 
reduced from 18 to 13 kW. Due to the resonance 
system symmetry, was reduced the effect of thermal 
deformations, which in the original machine limited 
the beam current in the continuous mode. The 
operating frequency of the new resonance system of 
40.68 MHz (38.2 MHz -in the original model) 
coincides with the operating frequency used in the 
МСС-30⁄15 cyclotron., so in both models identical 
RF power supply systems can be used. 

• The new cyclotron design allowed 2 cryogenic 
pumps to be installed on the vacuum chamber, which 
provided more uniform distribution of pressure and, 
as a consequence, lower losses of ions in the 
acceleration by molecules of the residual gas. 
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• The main magnet of the cyclotron was designed 
anew taking into account modifications in the 
resonance and vacuum pumping systems. 
Manufacturing of the whole magnet yoke at one 
enterprise, the Novokramatorsky machine-building 
plant, starting from steel making to metal finishing 
treatment, allowed the beam, pillar and pole of each 
half-yoke to be made as an integral element. Such a 
design provides uniform magnetic properties (steel 
of one melting cycle), makes significantly easier the 
magnet yoke assembly and increases the accuracy of 
critical dimensions. 

• A new system of shims similar to that used in the 
МСС-30⁄15 cyclotron has been designed (4 shims 
instead of 16 used in the original model), which 
made much more simpler shims’ manufacturing and 
change of the magnetic field topology when the type 
of accelerated ions is changed. Shims are located in 
valleys not occupied with resonance system dees [5]. 

• New constructions of stripping devices, probe and 
AFT trimmer has been designed. Due to the use of 
standard articles, linear translators, which ensure 
their travel in vacuum, less labor efforts and time 
were spent for manufacturing the aforementioned 
equipment in the NIIEFA production department. 

• It was for the first time in the NIIEFA practice, that a 
cyclotron was delivered together with a target 
system. Design and operational documentation for 
the target system of the cyclotron has been worked 
out. The target system consists of a target station 
with systems for fore-vacuum pumping, water and 
helium cooling; liquid and gas targets; control 
system and system for target loading[6]. 

The main characteristics of cyclotron are given in Table1. 
Table1: Main characteristics of the cyclotron 

System, parameter Characteristics, value 

Accelerated ions Н-/D- 
Extractedions H+/D+ 
Beam energy, variable, MeV 12-18/6-9 
Beam current, µА 150/70 
Electromagnet 
- type 
- pole diameter, cm 
- mass, t 

 
shielded-type 

1150 
34 

Resonance system 
- operating frequency, MHz 
- dee number 
- RF voltage amplitude,kV 

 
40.68 

2 
38 

RF power,kW 20 
Ion source external 
Operating mode continuous/pulse 
Total power consumption, not 
more, kW 
 - beam on target 
- stand-by mode 

 
 

90 
15 

The cyclotron system has been designed, delivered and 
installed in the laboratory building in JSC «NIITFA», 
Moscow. Fig.1 demonstrates the layout of the cyclotron 
system equipment in rooms with radiation shielding. At 
the forefront, diagnostic units with target devices are 
shown, under which units for targets’ loading with target 
materials are placed. Fig.2 demonstrates the movable 
half-yoke of the main electromagnet moved apart and in-
chamber units can be seen. The target station rack is given 
in Fig.3. 

 
Figure 1: Cyclotron system. 

 
Figure 2: Electromagnet with open vacuum chamber. 

 
Figure 3: Target station rack. 

To date, the adjustment works have been finished, and 
the design ranges of proton energy and extracted beam 
current have been attained. Final acceptance tests have 
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been performed with extraction of proton beams to 
targets. Tests of the target system with production of F-18 
and C-11 and their transport to modules of 
radiopharmaceuticals’ synthesis have been done. 
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SEE TESTING FACILITIES AT FLNR ACCELERATORS COMPLEX: 
STATE OF THE ART AND FUTURE PLANS* 

S. Mitrofanov, B. Gikal, G. Gulbekyan, I Kalagin, V. Skuratov, Y. Teterev, N.Osipov, S. Paschenko 
JINR, Dubna, Moscow Region, Russia 

 V. Anashin, United Rocket and Space Corporation, Moscow, Russia 
 

Abstract 
The Russian Space Agency (Roscosmos) utilizes U400 
and U400M cyclotrons at accelerator complex of the 
Flerov Laboratory of Nuclear Reactions (FLNR) of the 
Joint Institute for Nuclear Research (JINR) in Dubna for 
heavy ion SEE testing. The ions up to the Xe and Bi with 
the energy up to 40 AMeV are available for the users. The 
detailed overview of the facility and the features of 
diagnostic set-up used for ion beam parameters evaluation 
and control during SEE testing are discussed. The road 
map for the strategic development of this field in FLNR is 
presented. 

INTRODUCTION 
  Since becoming discovery in 1975 [1], intensive 
investigations of single-event effects (SEE) in electronic 
devices have resulted test method and facility 
developments. As known, the ion energy for such 
experiments should be high enough as 3 MeV/nucleon. 
Therefore, heavy ion beams in this energy range are 
delivered from large accelerators. Usually they are 
located at basic physics research laboratories. Currently, 
there are several major heavy ion beam facilities in the 
U.S. and Europe that are available for SEE testing [2]. 
The Russian Space Agency (Roscosmos) utilizes U400 
and U400M cyclotrons at accelerator complex of Flerov 
Laboratory of Nuclear Reactions (FLNR) of Joint 
Institute for Nuclear Research (JINR) in Dubna for heavy 
ion testing. U400 cyclotron has been in operation since 
1978 and delivers ion beams of atomic masses 4÷209 at 
energies of 3÷29 MeV/nucleon [3]. U400M cyclotron has 
been in operation since 1991. This cyclotron was 
originally intended for acceleration of ion beams with 
A/Z=3÷3.6 (A- atomic weight of the accelerated ion; Z - 
ion charge when accelerated) at energies of 34-50 
MeV/nucleon. The beam is extracted from cyclotron 
using stripping foil. In 2008 the U400M possibilities have 
been extended by addition of the ion beams with 
A/Z=8÷10 at energies of 4.5-9 MeV/nucleon to carry out 
the experiments on synthesis the new super heavy 
elements as well as applied researches [3]. Last few 
decades the SEE testing have been carried out using ion 
beam transport lines designed for nuclear physics 
experiments. However, specific requirements to ion beam 
parameters, like uniformity over large irradiating area, 
beam intensity variation from units to hundred thousands 
of particles per second and etc., could not be realized in 
full by these facilities.  

To reproduce the effects of a heavy component of cosmic 
radiation for the SEE testing one should use the low-
intensity (103 - 106 cm-2 s-1) heavy ion beams with the 
LET range in silicon, typical for ion energies of 50-200 
MeV/nucleon. But, keeping in mind to test the real DUT 
which are in metal and plastic housings, as well as ready-
to-use electronic boards, the heavy ion beams with 
energies in the range 5 - 50 MeV/nucleon must be used in 
experiments. 
   The main purpose of this report is to describe heavy ion 
beam lines specialized for SEE testing at FLNR JINR 
accelerator complex. Originally these facilities were 
designed to meet demands of EIA/JESD57 and ESCC BS 
25100. Since becoming operational in 2010, the low 
energy beam (3÷6 MeV/nucleon) facility has been 
available to users. The facility for the SEE testing at high 
energy (20÷40 MeV/nucleon) was successfully 
commissioned in January’14. The third line is based on 
U400 and after modernization of this cyclotron in 2015 
there will be the possibility to make the SEE testing with 
the fluent energy variation for every ion [3]. 

ION BEAM LINE WITH ENERGIES OF 3-
6 MEV PER NUCLEON AT U400M. 

The ion beam line for SEE testing is a part of the 
U400M cyclotron. This beam line contains: ion beam 
transportation system, beam monitoring system, energy 
measurement system and user’s vacuum test chamber 
with a mounting and positioning assembly to hold the 
sample in the irradiation field. The photograph of the 
experimental set up showing its components is given in 
Fig. 1. The beam leading line is separated from a bending 
magnet (1) by vacuum gate valve (2). The next transport 
element is two-coordinate beam-positioning magnet (3) 
guiding the beam through variable size diaphragm placed 
in entrance of the 50 Hz X-Y magnetic scanning system 
(4). Scanning system provides exposure over the target 
area 200x200 mm with inhomogeneity better 30% in the 
flux range of 1÷105 particles/cm2s. To choose appropriate 
ion energy and the LET value we use a degrader with 
tantalum foils of 5, 9, 12.5, 14, 19, 22.5, 25 of 27 microns 
thickness. A driver of foils holder is designated as (5) in 
Fig. 1. Energy of particles passed through the foils as well 
as initial ion energy is measured by time-of-flight (TOF) 
method. Ions with 3÷9 MeV/nucleon energy pass the 
distance between two pick up electrodes (8), 1.602 m, 
during 39÷67 ns. These parameters were chosen to 
register the time of passage of one bunch according to the 
beam time structure at U-400M cyclotron - the duration 
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Figure 1: General view of the ion beam transport line and experimental set up for SEE testing at U400M cyclotron. See 
explanations in text. 
                                                                                      
of a pulse is 6÷7 ns and frequency 15÷15.5 MHz. The 
accuracy of ion energy measurements is no worse than 
1%. Diagnostic elements such as Faraday cup (6) and 
luminophor holder (7) are used during beam adjusting and 
tuning at high intensity. The beam line is pumped by 
three turbo molecular pumps (9). The user target chamber 
(11), the out – and inside photographs of which are given 
in Fig. 2, is separated from the ion transport line by 
vacuum gate valve (10) and is equipped with own vacuum 
system. This system is fast enough to pump down in less 
than 10 minutes. The pumping system is fully interlocked 
for ease of use and safety of the equipment. 

 

Figure 2: Target chamber for SEE testing. 
The internal diameter of a chamber having shape of a 
barrel is 28 cm, the depth is 30 cm. The beam diagnostic 
elements (1) and user connectors are placed on the end 
flange of the chamber. Testing targets (4) are mounted on 
the frame (3) which can be tilted to the ion beam direction 
within 0÷75 degrees using turning gear (2).  
 
Table 1. Ion beam parameters used for the low energy 
SEE testing 

Accelerated 
ion 

Extracted  
ion 

Energy,  
 MeV 

LET,  
MeV/(mg/cm2

) 

Ion flux,  
cm-2s-1 

16O2+ 16O8+ 56±3 4.5 1 ÷ 105 
22Ne3+ 22Ne10+ 65±3 7 1 ÷ 105 
40Ar5+ 40Ar16+ 122±7 16 1 ÷ 105 
56Fe7+ 56Fe23+ 213±3 28 1 ÷ 105 

84Kr12+ 84Kr32+ 240±10 41 1 ÷ 105 
136Xe18+ 136Xe46+ 305±12 67 1 ÷ 105 
209Bi22+ 209Bi58+ 490±10 

(820±20) 
95 

(100) 
1 ÷ 105 

Ion beam parameters used for SEE testing, like ion type 
and energy, the LET and ion flux range, are listed in 
Table 1. 

ION BEAM LINE WITH ENERGIES UP 
TO 40 MEV PER NUCLEON 

In order to cover the necessary energy range (up to 40  
MeV/nucleon) for the SEE testing the high energy beam 
line was created.  

 
Figure 3: The user target chamber. Outside view. 

 
 The beam line was named A1S and consists of a part 

of existing physical channel for the ion beams extraction 
and transportation and the new part by using. The line has 
length about 6 meters. The scheme of the experimental 
equipment is given in Fig. 4. The beam leading line is 
separated from a last bending magnet M4 by vacuum the 
gate valve (1). The two- magnetic quadrupole lenses (2) 
provide exposure over the target area with uniformity 
better 20% in the flux range of 1÷105 particles/cm2s. 
After lenses two steering magnets (3) are places for the 
vertical beam correction.  The A1S beam line consists of: 
ion beam transportation system (is pumped by three turbo 
molecular pumps (4)), beam monitoring system (5, 
6,8,10, and 11), energy measurement system (to measure 
the ion energy the TOF technique is used(7)) and DUT’s 
chamber (12) with a mounting and positioning assembly 
to hold the sample in the irradiation field. The user target 
chamber (Fig.3), is separated from the ion transport line  
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Figure 4: General scheme of the high energy ion beam transport line and the experimental set up for SEE testing at 
U400M cyclotron. See explanations in text. 

 
by the vacuum gate valve (9) and is equipped with own 

vacuum system. This system is fast enough to pump down 
in less than 2 minutes. The pumping system is fully 
interlocked for ease of use and safety of the equipment. 
The target chamber provides two operational modes: at 
atmospheric (ATM) pressure and at vacuum (VAC) of 10 
mbar. To provide the ATM mode shaped ion beam 
extracted from beam-line to the chamber through a 
stainless steel foil of 12.6 µm thickness with diameter up 
to 60 mm (the extraction window). The DUT frame has 
possibility to move remotely (13) in X-Y directions (to 
place the DUT into beam spot area with accuracy 0.1 
mm) and can be tilted to the ion beam direction within 
0÷90 degrees using turning gear.  

ION BEAM DIAGNOSTIC 
The wide range of beam control systems are used during 
beam run. To catch the beam movable probes inside the 
U400M are used. Diagnostic elements such as the 
luminophor and the Faraday cup are used during rough 
beam adjusting at high intensity. For the fine beam 
tuning, double side Si strip detector (Fig.5) and arrays of 
proportional counter are installed. The last one provide 
on-line control of beam flux with air ambient as working 
gas. The choice for this type of counters was done due to 
their operation simplicity, radiation-resistant and almost 
infinite resource. The beam uniformity and flux are 
determined using an array of five active particle detectors. 
Two kind of active detectors can be utilized in the 
diagnostic system - proportional counters and scintillation 
detectors. The four detectors are placed in corners (for the 
ion beam halo control) of DUT irradiating area and the 
fifth in its center. To increase the reliability of ion fluence 
measurements, total number of ions which hit the target is 
controlled additionally by using polycarbonate or 
polyethylene terephthalate track detectors placed in close 
vicinity of any testing device in all irradiation sessions. 
The efficiency of swift heavy ion registration by such 
detectors is close to 100%. Besides of ex situ monitoring 
of accumulated ion fluence, polymer track detectors are 
used also for precise determination (with accuracy no 
worse than 5%) of the beam uniformity over the 
irradiating area after change from one ion to another. 

 
Figure 5: Double-side Si strip detector. Dual axes (X-Y) 
orthogonal beam detection Kr beam profile as example. 
 

CONCLUSION 
The only facility in Russian Federation dedicated for 

the SEE testing with heavy ions up to 40 MeV/ nucleon is 
open for the users. The LET range 4.5÷100 
MeV/(mg/cm2) meet in full the requirements for SEE 
testing experiments. Since becoming operational in 2010, 
more than 500 devices have been tested (10000 hours of 
heavy ion beam operation time). All needed infrastructure 
was created in the way to provide to the users the 
friendliest atmosphere during the irradiation procedure.  
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MODERNIZATION THE MODULATOR OF THE RF-GENERATOR ION 

LINEAR ACCELERATOR LU-20 

A.V. Butenko, A.I. Govorov, D.E. Donets, V.V. Kobets,  

V.A. Montchinsky, A.O. Sidorin, Dubna, Russia 

Abstract 

The report discusses the replacement of the lamp switch 

the modulator semiconductor. A schematic of the 

modulator and a semiconductor switch scheme protection 

against voltage surges in the generator lamp. Replacing 

the lamp switch it possible to increase the output power 

generator. 

INTRODUCTION 

    Modulator frequency generator ion linac LU-20 was 

commissioned at the beginning of 70th years. Currently 

modulator lamps GMI-34B used in this modulator, taken 

out of production and the existing stock has long worn out 

and due to the increase of the internal resistance of these 

lamps, the anode voltage on the generator lamps 

significantly decreased and the generator does not 

produce RF-power required to normal operation of the 

accelerator. It was therefore decided to replace the 

modulator lamps solid state switch HTS 501-80-LC2 firm 

"BEHLKE" Germany. This decision was implemented. 

THE MODULATOR 

    RF-generator supplying linear accelerator LU-20 was 

 
 

Figure 1: Modulator of the RF-generator. 

 

launched in 1970. It provides a nominal power level in the 

cavity of the accelerator. Eventually all aging occurred 

generator elements. In the 90 years has stopped the 

release of modulator tubes GMI-34B used as a key 

modulator of the generator. I had to work on finding a 

used lamps. To ensure the total anodic current generator 

tubes 220 A key is a four connected in parallel modulator 

tubes GMI-34B (Fig. 1). Since the lamp old internal 

resistance from them several times the rated and thereon a 

high voltage drop is applied to the anodes generator tubes. 

As a result, the output power of the generator is 

insufficient to provide desired accelerating voltage in the 

resonator of the accelerator. 

    It was decided to replace the modulator tubes 

semiconductor switches. The switches were ordered us 

"BEHLKE" Germany. The first experience of 

replacement bulbs semiconductor switches proved 

unsuccessful. After working the switches was breakdown. 

SIMULATION OF THE MODULATOR  

After analyzing the causes of the breakdown of the switch 

modeling work was conducted modulator using Micro-

cap 9. The modeling was made for the lamp and the 

semiconductor switch. Several schemes have been 

analyzed with a semiconductor switch. The modeling was 

assembled circuit protection semiconductor switch and 

then on the simulator breakdowns in generator lamps 

were tested semiconductor switch and perfected the 

technique of working as part of a key generator in normal 

mode  and   circuit   protection  from  breakdowns  in  key  

generator lamps and from spontaneous elongation of the 

anode   pulse.   Fig. 2  is   a   schematic   diagram   of   the  

 

 
 

Figure 2: Scheme of the modulator. 
 

modulator on which to carry out simulation of the 

modulator.   Figure  3    shows    the    simulation   results. 
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Figure 3: The results  simulation of the modulator. 
 

After testing a semiconductor switch and protection 

circuits (Figure 4, 5) modulator lamps were replaced by a 

switch (Figure 6) and has been successfully operated at 

the Nuclotron session. 

 

 
 

Figure 4: Oscillograms of the protection scheme. 

 

 
 

Figure 5: Oscillograms of the protection scheme. 

  
 

CONCLUSION 

    As a result of the work done modulator tubes were 

replaced by semiconductor switches HTS 501-80-LC2 

firm "BEHLKE" Germany, which led to a successful 

work session at the Nuclotron[1] and provide work of 

Nuclotron on the carbon the fourth charge states. 
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Figure 5: The modulator with semiconductor switche. 
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MODERNIZATION THE MODULATORS KLYSTRONS ACCELERATING 

STAND OF THE ELECTRON LINEAR ACCELERATOR LINAK-800 

V.V. Kobets, N.I. Balalykin, P.P. Zhuravlyv, A.G. Kobets, V.G. Shabratov, 

G.D. Shirkov, A.G. Sorokin, JINR, Dubna, Russia 

Abstract 

The report presents the work on the modernization of 

the modulator klystron second accelerating station of the 

acceleration stand on the basis of electron linear 

accelerator LINAC-800. The analysis of the modulator 

first accelerating station and made suggestions for 

improving the management system modulator. The 

functional circuit blocks control the modulator. 

INTRODUCTION 

    Equipment for control of the modulator klystron 1-st 

accelerator accelerating station of the acceleration stand 

on the basis of a linear electron accelerator LINAC-800 

was based on the so-called "hard" logic and provides a 

fixed control algorithm modulator.[1] Operational 

management of the klystron power level produced a local 

manual closing desired number of sections modulator 

(PFN modules). Also carried out manually switching 

frequency modulator battery life and modulator switching 

trigger from an external clock source. In the operation of 

the modulator identified the need provide both local 

manual control modulator and local indication of the state 

of the modulator, and the potential control modulator 

using computational tools and providing top-level to the 

top level of operational information section operation 

modulators. 

    To implement the requirements set forth above new 

algorithms have been developed management of the 

modulators klystrons of the accelerating stations the linear 

electron accelerator of the acceleration stand and new 

hardware requirements. They are as follows. 

    Instead, the pulse generator to the "hard" logic was 

applied management controller specifically designed for 

this task. Due to the need to develop specific 

requirements regarding management of the modulator, the 

implementation of the user interface and the input and 

output channels of information. 

    Instead, the control unit on the PFN "hard logic" used 

block-based 8-bit microcontroller. 

    To increase the reliability of electronic components and 

diminishing the amount of electronic components instead 

of discrete active components and chips low degree of 

integration applied chips with medium and high level of 

integration, applied to surface mounting technology 

instead of mounting holes. This reduced the size of the 

nodes, which reduced the level of interference from the 

pulse amplifier and improve noise immunity of the whole 

device. 

    To organize the cable connections between control 

units PFN and PFN modules was introduced patch panel, 

allowing to increase the reliability of connections and 

reduce errors when connecting modules. 

    For communication with the top management level was 

selected RS-485 interface. Selection of the interface due 

to the fact that the requirements on the speed of 

information exchange with the upper level is initially low 

(not more than several packets per second) on the one 

hand and on the other - to the requirements of simplicity 

and reliability of the interface RS-485 fully satisfies. 

FUNCTIONAL BLOCK DIAGRAM OF 

THE CONTROL MODULATOR 

    As a result, the control circuit is a modulator of a 

multiprocessor system with one master controller and 

several slave controllers (Fig. 1). 

 

 
 

Figure 1: Functional diagram of the control unit 

modulator. 
 

    The control unit by a modulator consists of the control 

controller which generates pulses start modules PFN, and 

ten controllers PFN, which form the charge and discharge 

pulses modules PFN, PFN modules include team-master 

controller and the controller sends control information on 

the charging and discharging storage modules PFN. 

Operator on the master controller is set startup frequency 

modulator with local work or run mode from the external 

clock. Is defined as the number of units involved PFN to 

obtain the required RF power. Next, the master controller 

generates control pulses to the general charge and 

discharge of storage modules PFN and sends serial 
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commands to turn on or off the required modules PFN. 

PFN controllers confirm their activation or deactivation, 

the impulse to run their modules PFN and on request of 

the control of the controller provide information on the 

real events charge and discharge of a particular module. 

PFN is controlled by the controller as a fact of physical 

cable connections to the modules PFN. In the master 

controller laid excess computing power for a possible 

modulator control system modernization. For the same 

purposes are reserved 8 input logic signals with levels 

0..24V, 8 input logic signals with levels 0..5V 7 output 

logic signals with levels 0..5V and 8 analog signals that 

may be involved either directly or through additional 

normalizing signal conditioners. 

FUNCTIONAL OF THE PULSE START OF 

THE PFN-MODULES 

    Functional diagram of the pulse start PFN is shown 

below in Fig. 2. The microcontroller generates a local 

charge and discharge pulses drive the modulator controls 

the switch clock to supply pulses of charge (\ LTR) and 

discharge (\ OTR) for PFN either from its own clock, or 

galvanically separated from the external clock. Diagrams 

indicating pulses control the corresponding LEDs on the 

front panel. Character OLED display and encoder are also 

located on the front panel and provide operator feedback. 

Through the driver «serial TTL» microcontroller 

communicates with the slave controller PFN modules, 

and through the RS-485 driver microcontroller can 

communicate with the upper level. In the EEPROM stores 

the current settings and the settings of the control unit 

modulator, correction factors and other service 

information. 

 

 
 

Figure 2: Functional diagram of the control of the 

controller. 
 

FUNCTIONAL DIAGRAM OF THE 

CONTROL UNIT PFN-MODULES 

Functional diagram of the control unit PFN modules is 

shown below in Fig. 3. MCU control unit PFN modules 

enables or disables the pulse amplifier, run the module 

PFN. The microcontroller provides control of two pairs of 

PFN modules. The signals on the prohibition or 

authorization of the microcontroller module control unit 

PFN module receives from the master controller. Pulses 

supporting charging and discharging PFN module 

supplied to an amplitude discriminator is processed by 

microcontroller and serial controller transmits control on 

request. Also transmits information about the physical 

connection PFN modules. When the real presence of the 

pulse charge and discharge is displayed flashes of the 

LED display circuit pulses. It also displays the fact 

physical connection PFN module and enable signal 

operation. 

 

 
 

Figure 3: Functional diagram of the control unit PFN 

modules. 
 

The output current  of the accelerating section of the 

induction sensor and the measured Faraday (Fig. 3) cup 

energy through 45-degree bending magnet. Electron beam 

with a current of 5 mA was accelerated to an energy of 20 

MeV. Further work continued to increase in the current 

and began assembling the undulator infrared. After 

installation of the undulator (Fig. 4) the accelerated 

electron beam was conducted through an undulator and 

outlet undulator registered  the  infrared  radiation with a 

wavelength of 14 microns. Studies over the undulator 

radiation were stopped in order to continue the work on 

the second accelerator station. Was upgraded modulator 

the  klystron second accelerating station mounted klystron 

and the waveguide system. Obtained working vacuum in 

the accelerating sections and waveguide tract (Fig. 5). Are 

currently under commissioning in the second accelerator 

station. 

CONCLUSION 

    As a result of this work has been offered a new concept 

of management of the modulator klystron, designed and 

created functional circuit control unit modulator. Are 

currently under commissioning at the modulator. 
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SYSTEM POWER MICROWAVE IMPULSE COMPRESSION BASED ON 
DOUBLE FORMING LINE 

G.O. Buyanov, A.P. Klachkov, A.A. Osipov, A.G. Ponomarenko, National Research Nuclear 
University «MEPhI», Moscow, 115409 Russia 

Abstract 
In this article presents the results of an electrodynamic 

modeling and optimization of the design of the 
compressor based on double forming line (DFL), 
proposed new structure to effectively accumulate and 
output energy from a multimode resonator with working 
mode H□

01. 

THE PRINCIPLE OF OPERATION OF 
THE COMPRESSOR BASED ON DFL 

 

Figure 1: Compressor based on DFL. 

In the compressor which bases of the double forming 
line (DFL) resonator-energy accumulator (see Fig. 1) 
consists of two waveguides 1, 2 long odd number of 
quarter-wave [1,2]. On the one hand, these waveguides 
are shorted, and with the opposite side waveguide 3 is  
connected to these waveguides, whose height in this 
location is twice the height of the waveguide drive. A 
standing wave is excited in the drive so that throughout 
the process of accumulation of the field in the two 
waveguides are strictly antiphase. Due to this fact and 
because of the special choice of the length of the 
waveguide cross-sectional load connection antinode of 
the electric field  is realized. The waveguide load is 
excited at the same time load the fields of the two 
waveguides drive in opposite to the load and the energy 
does not go (see. Fig. 2 a). 

 
Figure 2: The field structure and scheme of wave 
propagation in a compressor with DFL. a-accumulation, 
б-output after t=l/vgr. 

 Switchboard (position 7 in Fig. 1) is placed inside of 
any waveguides spaced at the distance λв/4  from the 
shorted end. Its inclusion leads to the fact that the phase 
of the wave reflected from the left end, changes to π. 
After a time, l/vg (see Fig. 2, b), this wave reaches the 
section connecting the load, radically changes the 
conditions for the excitation of the waveguide 3, now the 
waveguide load is exciting in phase by  two waves 
arriving here on the left,  both of them rush to the load 
without reflection. So, the reflected waves in waveguides 
formed by the trailing edge of the drive, which section 
returns to the load after a time 2l /vg. At this moment all 
the electromagnetic energy originally stored in two 
sections of the resonator drive is transmitted to the load. 

 

COMPRESSOR DFL BASED ON 
MULTIMODE WAVEGUIDES. 

 Previously worked on the design of single-mode 
waveguides [3,4,5,6]. The aim of this work is to study the 
compressor to work with oversized waveguides mode 
H□

01. Compressor design built on the single-mode 
waveguides have large losses, low dielectric strength, 
which significantly limits the maximum compression 
ratio and power of the compressed pulse. The 
performance parameters of the compressor can be 
improve by using multimode waveguides with a working 
mode H□

01n. For example, cross-section waveguides 
increases from 28,5 × 12,6 mm to 72 × 34 mm allows you 
to raise the compression ratio in 2.65 times and the 
maximum output power in 6.3 times. 

The device power output (see Fig. 3) is H-tee matched 
two inductive pins. 

 
Figure 3: Sketch of the microwave - compressor 

1 2 3 1 2

It is known that in the output device power have to use 
nonstandard waveguide section 72 × 28,5 mm at the 

l =53.4 mm; l =42.5 mm; l =27 mm; R =2 mm; R =3.2 mm 
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operating frequency of 8568 MHz for suppressing 
parasitic oscillation modes. As the result of optimization 
of the geometry of the H - tee reflection coefficient on the 
operating frequency is -35 dB (see Fig. 4). Due to 
reducing the height of the waveguide to a value of 28.5 
mm wave excitation of higher type does not occur in the 
vicinity of the operating frequency. 

 
 

Figure 4. Dependence of the parameter of the scattering 
matrix S11 in the frequency range 8000-9000 MHz using 

Fig. 5. shows the device of power input. 

 
Figure 5: Input device of power. t=0.5 mm; k=6 mm; 

As can be seen from the calculated distribution of the 
electric field (see Fig. 6) ,(see Fig. 7) there is modulation 
of the field of the working modes of waves H□

01p higher 
types in the resonator – accumulator along the trajectory. 
A significant part of the energy in the resonator - 
accumulator is stored in the form of spurious waves. 

Figure 6: Trajectory along which investigated the electric 

 

 
 
Figure 7: The distribution of the electric field in the 
resonator - storage along the trajectory. 

There were carried out a series of calculations of 
various designs compressor microwave for suppressing 
parasitic oscillation modes and reducing the operating 
wave modulation field H□

01. 

 

Figure 8: Compressor design I. The curve along which 
the electric field distribution was investigated. 

 

 

Figure 9: Compressor design II. Curve along which the 
electric field distribution was investigated. 

Modulation ratio of the amplitude of the electric field 
in the first construction is M = 1.01. In the second 
structure it is M = 1.08. 

For next structures, with another device of exciter, were 
stored the energy for two lengths (968 and 2,300 mm)   
was calculated in the waves of higher types, as well as the 
modulation factor of the amplitude of the electric field.  

Design II was examined in two versions: with E-tee on 
the output waveguide section and section 28.5x12.6 mm 
23x10 mm. Also considered the design based on III-E tee 
on waveguides 28.5x12.6 mm with step-smooth 
transition. 

Fig. 10 shows one of the designs of the compressor. For 
the design I was used to study the dependence of the 
modulation M on the distance d between the plates (see 
Fig. 11). 

waveguides 72 × 28.5 mm. 

 mm. 

field distribution. 
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Figure 10: Compressor design I. 

 

Figure 11: The dependence of the modulation M on the 
distance d between the rows of plates. 

The diagram shows that the optimal distance d between 
the plates for the design length of 2,387 mm (Figure 10), 
is equal to 25 mm. 

 
Table 1: Comparison of compressor designs 

Type of 
constructi
on 

The 
modu
lation 
index 

Stored 
energy 
in the 
parasit
es, % 

Stored 
energy 
in the 
wave of 
the type 
H□

01, % 

Length 
of the 
resonato
r-
storage 
l, mm 

I 1,047 0,06 99,94 2386,98 
II 
28.5x12.5 1,027 0,01 99,99 968 
  1,043 0,02 99,98 2387 
II 23x10 1,056 0,22 99,78 969,88 
  1,083 0,14 99,86 2386 
III 1,026 0,01 99,99 968 
  1,040 0,02 99,98 2386 
I with 9 
rows 1,011 0,05 99,95 968 

 

This chart shows that the design of the compressor with 
the E-tee on the output waveguides 23x10 mm proved to 
be worse than others, due to the fact that the transition 
from the waveguides 23x10 mm to the waveguides  
72x34 mm waveguide resonator has a large reflection 
coefficient (-10 dB). It also shows that the modulation 
factor and the stored energy in the parasitic forms of 
oscillations have the lowest values in the design of 
Design  III with a smoothly-step transition. (М=1.04, 
Wpar=0.02%Wfull). 
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FIELD OPTIMIZATION TECHNIQUE OF THE MULTIGAP  
H-MODE RESONATORS 

A.B. Buleyko, M.V. Lalayan, S.E. Toporkov, National Research Nuclear University MEPHI 
(Moscow Engineering Physics Institute), Moscow, Russia 

Abstract 
High frequency optimization of multigap IH-/CH-

resonators involves the number of problems to be solved. 
It is important to obtain high values of effective shunt 
impedance and uniform accelerating field distribution 
along the axis. To reach both of these goals design of H-
mode resonators contains flat vanes (pylons). This article 
presents the results of electrodynamic modelling of CH- 
and IH-resonators in case of zero gap between end walls 
of the vanes and resonator sidewall [1]. The values of the 
optimized shunt impedances, Q-factor and field flatness 
for IH- and CH-designs are presented. 

INTRODUCTION 
Investigated IH- and CH- cavities were designed for the 

beam velocities 0.1. The operating frequency of the 
inter-digital structures is equal to 162 . Whereas, 
CH-resonators operate in 324 MHz band since they are 
excited at higher operating mode . Each cavity type 
works on π-mode. Cavity design in either case features 
constant period D along axis and acceleration gap 
between drift tubes /2. Whole structure consists of 
9 RF gaps with beam aperture diameter 15 . 

To estimate the field flatness following factor was used:  

· 100%, 
where  and  – on-axis minimal and maximal 
accelerating field strengths. 

ELECTRODYNAMIC MODEL 
CH-resonator 
As it was mentioned the CH-cavity design includes flat 

vanes (see fig.1.). Each pylon has one rectangular hole cut 
out at the last drift tube end.  The opposite pylon part is 
flat but its position is variable and defined by parameter 

. 
First step of the field flatness optimization consists in 

selection of correct start length of holding rods  and 
correct vane height . It should be mentioned that 
each  value ( e. g. 35, 40, 45, 50 mm) could 
be associated with different pylon geometries defined by 

. Almost all of these combinations could be tuned to 
the operating frequency by appropriate geometry of the 
pylon hole choice. But during selection the necessary 
geometry from all possible designs the field flatness also 
needs to be considered: in our case initial  values should 
lie in the range from 85% to 95%. Dimensions of possible 
holes could be different: for long rods (

45,50mm) the longitudinal length reaches 110mm (which 
is quite large regarding 46.3 mm),  for short rod 
length ( 35 mm) they become compact (as it 
shown at fig.1.). Maximum value of shunt impedance 
among all values stays unchanged. Thus there was 
chosen the geometry with short holding rods 35 , large vane ~100 mm and compact holes in 
it. 

At the fig.2 the dependence of the field flatness during 
parametric sweep of  is presented. All another 
geometric dimensions stay fixed. 

 
Figure 1: The designed layout. Each vane contains 1 
rectangular hole and 1 movable sidewall (positioned by 

). 

From the graph it could be found out that the best field 
flatness is observed in case of zero gap      0 mm. 
According to the magnetic field distribution inside such 
geometry four separated magnetic fluxes around each 
vane combine in one common flux. Absolute value of 
magnetic field distribution is presented at fig. 3: the flux 
turns around the vane at point A, then goes through plane 
B to point C, makes another turn around vane and then 
continues the propagation to the point D in similar way.  

 
Figure 2: Dependence of the field flatness vs. distance 

. 

Also it should be noted that during parametric sweep 
resonant frequency and shunt impedance had negligible 
changes: frequency was shifted from 324MHz  
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OPTIMIZATION OF ELECTRIC FIELD DISTRIBUTION INSIDE MULTI-
GAP CH-RESONATOR 

S.E. Toporkov, National Research Nuclear University MEPHI (Moscow Engineering Physics 
Institute), Moscow, Russia 

Abstract 
RF H-mode resonators are frequently used in the 

most modern proton accelerators. For instance crossbar 
H-mode (CH) [1] resonators could be mentioned. For 
this cavity type the task of accelerating field flatness 
tuning is quite important. This paper presents the 
results of the electric field adjustment on the beam axis 
for different CH-geometries. 

INTRODUCTION 
The main goal during investigation was to achieve 

the even accelerating field distribution for the different 
geometries of СН-resonator. Main variable parameters 
are presented at table 1. 

Table 1: The designed parameters 

Number of periods 7; 9; 11; 

Aperture diameter, mm 15; 20; 30 

Beam velocity β=v/c 0,07; 0,08; 0,09; 0,10 
 
The layout of the 7 and 9-gap CH- cavities is 

presented in Fig. 1-2. All CH-cavity designs considered  
operate at 324MHz and have a constant period D=βλ/2. 
Acceleration gap between drift tubes t=D/2.  

 
Figure 1: The designed layout. 

To estimate the field flatness the uniformity factor 
was used: 

%100
max

min ⋅=
E
Ek , 

where Emin - minimal accelerating field amplitude, Emax 
- maximal accelerating field amplitude. 

FIELD FLATNESS TUNING TECHNIQUE 
To optimize both electric field distribution and effective 

shunt impedance geometry includes flat vanes (see Figs.1, 
2.). Each vane (pylon) has one rectangular hole made on 
downstream pylon side.  The opposite pylon part is flat but 
its position is variable and defined by parameter Lgap. 

The tuning task consists of several steps. First the optimal 
start value of holding rod length lstem and its optimal relation 
with the pylon height (bpil / lstem see Fig.1.) should be chosen 
for specified beam velocity, aperture diameter and number 
of periods. It determines initial values of field flatness (it 
should be better than 15-20%) and optimal values of 
effective shunt impedance  

Then the most significant improvement on the field 
distribution is introduced by the length Lgap (see Fig.2.) 
between end walls of the tank and the pylon. Dependence of 
the field uniformity vs. this length is presented in the Fig.3. 
It could be mentioned that the best field flatness was 
obtained in case of zero gap (Lgap=0 mm). For such cavity 
geometry magnetic field distribution differs from the 
classical CH – resonator, it transforms in one common 
magnetic flux like in split-coaxial cavities [2]. According to 
the magnetic field distribution inside such geometry four 
separated magnetic fluxes around each vane combine in one 
common flux.  

 
Figure 2: 3D-view of the CH-resonator. Each vane contains 
1 rectangular hole and 1 movable sidewall (position defined 
with Lgap value). 

It should be noted that resonant frequency and effective 
shunt impedance have some changes with  Lgap variation: 
frequency shifts to 1-3% and effective shunt impedance 
changes to 5-15% depending on aperture diameter, number 
of periods etc. 

WEPSB05 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

164C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

10 RF power structures and systems



 
Figure 3: Dependence of the field flatness vs. Lgap. 

DIFFERENT GEOMETRIES 
OPTIMIZATION 

The case of zero gap between end walls of the tank  
and the pylon was used to tune the field uniformity for 
all investigated CH-geometries. In examples discussed 
below field flatness k is better 95%. 

At the figure 4 the dependence of effective shunt 
impedance vs. particle velocity for the 7-gap model is 
presented. It should be mentioned that period D was 
changed according to particle velocity β. To achieve 
necessary field flatness for low β cases the holding 
stems were shortened. 

 
Figure 4:Dependence of effective shunt impedance vs. 
particle velocity. 

The dependence of effective shunt impedance vs. 
aperture diameter Da is presented in figure 5. Results 
were obtained for 7 gap cavities and two different 
particle velocities β. To optimize field flatness in case 
Da=30mm correct rounding of the drift tube outer wall 
was used.  

 
Figure 5: Dependence of effective shunt impedance vs. 
aperture diameter. 

The uniform field distribution was also reached for 
the cavities with different number of accelerating gaps. 

The results of optimization are presented in Fig.6 for two 
different particle velocities β.  

 
Figure 6: Dependence of effective shunt impedance vs. 
number of periods. 

The flat field distribution could be obtained for different 
holding vanes geometries (see Fig.1.).  The dependence of 
main electrodynamic characteristics from the vane geometry 
and tuning hole dimension is presented at the table 2: 

Table 2: Dependence of the main eletrodynamic 
characteristics from the vane geometry. 

Parameter Value 
bpil, mm 87.5 91 94.5 98 
bhole, mm 45 50 60 65 
rsheff, MOhm/m 63 67 74 77 

T 0.841 0.840 0.840 0.840 
Q – factor 11680 12150 13000 13400 
Field flatness, % 4.6 3.7 3.3 3.2 

CONCLUSION 
Field flatness tuning technique for CH cavities 

development is employed. This method allows one to find 
right cavity dimensions resulting cavity with flat field 
distribution and good elecrodynamic characteristics. 
Application to the multigap CH-resonators with EDCs 
obtained using computer simulation are presented. 

REFERENCES 
[1] Podlech H., Bechtold A., Busch M., Klein H., 
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THE OPTIMIZATION OF THE BUNCHER AT 145.2 MHZ  
TO REDUCE MULTIPACTOR EFFECT 

M.A. Gusarova, I.I. Petrushina, S.M. Polozov, National Research Nuclear University «MEPhI», 
Moscow, Russia 

A.S. Plastun, T.V. Kulevoy, FSBI «SSC RF ITEP», Moscow, Russia 
  
Abstract 

The results of the 145.2 MHz single gap buncher cavity  
in order to reduce multipacting discharge influence are 
presented in this paper. Resonant voltages, impact 
energies and corresponding particle trajectories are 
obtained. The ways of cavity design modifications to 
reduce multipacting discharge effects are considered. 

INTRODUCTION  
The proposed cavity is a single gap buncher of medium 

energy beam transport system (MEBT) for linear injector 
of Nuclotron-NICA project (JINR) [1-2]. The cavity 
shape is a modified E010 pillbox. The modifications are 
performed in order to decrease the cavity size and to place 
MEBT quadrupoles near the cavity, according to the 
general layout. 3D model of the buncher cavity before the 
optimization is presented in Figure 1. 

 

Figure 1: Side-view of the buncher cavity. 

 
Computer simulations of the multipacting dischegre 

were performed using MultP-M [3] and CST PS [4] 
software. The possibility of multipacting discharge was 
concluded from the percentage growth rate of secondary 
electrons number inside the cavity, the shapes of resonant 
electron trajectories and the energy of impact with the 
cavity surface. Secondary emission coefficients for 
copper surface that were used in simulation are taken 
from [5]. 

MULTIPACTING DISCHARGE 
SIMULATIONS OF THE NON-

OPTIMIZED CAVITY  
Electric field and voltage values presented in this paper  

are normalized to 1 J of energy stored in the cavity. Initial 

computer simulation with MultP-M code was performed 
in order to identify the most dangerous levels of 
normalized voltage in the range UN = 0 - 5, which can 
induce the progress of multipacting. The operating 
voltage of 150 kV corresponds to the normalized voltage 
of UN = 0.45, and the operating voltage of 337 kV 
corresponds to UN = 1.0 . Figure 2 illustrates the number 
of particles percentage growth rate after 10 RF periods for 
UN levels from 0 to 5. 

 
Figure 2: Number of particles percentage growth rate of 
after 10 RF periods for UN levels from 0 to 5. 

Figure 2 shows the possibility of multipacting at UN 
voltage levels from 0 to 3 with two or three peaks, which 
correspond to several different multipacting spatial 
domains. The detailed analysis has detected these three 
spatial domains of multipacting discharge, which are 
presented in Figure 3 along with particle trajectories. In 
the range of UN = 0.001 - 0.018 (Figure 3a), the number 
of particles growth rate peak is observed at UN = 0.015. 
Multipacting discharge shifts outside from accelerating 
gap and totally attenuates after 40 RF periods. 

The trajectories in the range of UN = 0.063 - 0.461 is 
shown in Figure 3b. Secondary electrons return to the 
cavity surface every single RF period, so this discharge is 
of the 1st order. Simulation has shown stable electron 
trajectories in the whole range of UN = 0.063 - 0.461 
during 50 - 200 RF periods. The number of particles 
growth rate peak is observed at UN = 0.417, which is close 
to the operating value. In this case, the discharge remains 
stable for more than 200 RF periods. The impact energy is 
800 eV at UN = 0.14, while at UN = 0.424 it is 1400 eV. 
Analysis of secondary emission coefficient variation has 
shown that the surface quality and polishing are very 
important for discharge attenuation. 
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a: UN = 0.001 - 0.018 b: UN = 0.063 - 0.461 

 

c: UN = 0.424 - 2.992 
Figure 3: Spatial domains of multipacting trajectories. 

The multipacting discharge in the range of UN = 0.424 
- 2.992 is shown in Figure 3c. This range overlaps with 
the previous one shown in Figure 3b. Thus, multipacting 
can occur in both 3b and 3c spatial domains in the voltage 
range of UN = 0.424 - 0.461.The most dangerous voltage 
level is UN = 2.5. It provides a stable 1st order 
multipacting discharge with  the impact energy of 1400 
eV. Higher voltage levels are dangerous only for dirty 
copper surfaces. Fortunately, UN  level of 2.5 is 
significantly higher than the operating level.The first peak 
shown in Figure 2 corresponds to multipacting discharge 
in the domain shown in Figure 3b and, probably, Figure 
3c. The Second and the third peaks correspond to 
multipacting discharge in the domain shown in Figure 3c. 

Computer simulation of multipacting discharge in the 
cavity were also performed in CST Particle Studio. The 
results of these simulations are in agreements with the 
MultP-M code results. . Figure 4 illustrates the domain of 
discharge avalanche at UN = 0.45 and the increase of 
particles number in time. 

As mentioned above, the multipacting discharge can 
occur in the spatial domains, shown in Figures 3b and 3c, 
at operating voltage level of 150 kV or UN = 0.45. 
Therefore, the cavity geometry optimization has been 
done to avoid multipacting discharge progress. Blending 
radius Rs (shown in Figure 1) was increased and the 
parallel surfaces near the accelerating gap were replaced 
with conical. 

 
 

Figure 4: Multipacting discharge area and an increase of 
particle number in time. 

MULTIPACTING DISCHARGE 
SIMULATION OF THE OPTIMIZED 

CAVITY  
The side-view of the optimized cavity is presented in 

Figure 5b. 

 

a  

 

b 

Figure 5: Geometry of the cavity (a) before and 
(b) after optimization. 

Simulation show that the increase the blending radius 
Rs from 60 mm to 120 mm, allows us avoiding the 
resonant conditions at UN = 0.45. But multipacting isn't 
totally suppressed – the trajectories remain stable during 5 
to 15 RF periods. 

Figure 6 presents the number of particles percentage 
growth rate of for 100 initial electrons in the voltage 
range of UN = 0 - 1 at the step of 1/400 of RF period 
during 100 RF periods. The plot illustrates the 
contribution to this growth only from particles which had 
more than 25 hits with cavity surface. 
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Figure 6: Percentage growth rate of number of particles in 
optimized cavity after 100 RF periods of simulation for 
UN levels from 0 to 5. 

Further increase of the blending radius Rs doesn't 
change the result - multipacting trajectories remain stable 
during 5 -10 RF periods.,The surface cleaning and the 
longtime RF conditioning of the cavity should be 
performed in order to avoid the progress of multipacting 
discharge.  

Conical or V-shape surfaces near the accelerating gap 
provide multipacting suppression in spatial domain shown 
in Figure 3a at low voltages of UN  from 0.009 to 0.016. 
Strong resonant conditions don't remain active during 
multipacting discharge, but also don’t suppress the 
discharge totally (see Figure 7). 

        
a   b 

 
Figure 7: Electrons trajectories for (а) parallel and  
(б) V-shape surfaces.  

The results of the computer simulations of multipacting 
sicharge in domains, illustrated in Figure 7s, done in СST 
Particle Studio, are in agreement with the results achieved 
in MultP-M code. The optimized geometry is presented in 
Figure 8. 

 

 
Figure 8: The optimized geometry of the single gap 
buncher cavity. 

SUMMARY 
     In order to reduce the multipacting discharge effect, 
the , the 145.2 MHz single gap buncher cavity shape was 
optimized. . The threshold values of the accelerating 
gradient when the discharge may occur in these structures 
have been calculated. Several ways of the cavity design 
that help to reduce multipacting discharge effect were 
considered. 
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MULTP-M CODE GEOMETRY IMPORT MODULE  
PERFORMANCE OPTIMISATION  

S.A. Khudyakov, M.A. Gusarova, M.V.Lalayan, National research nuclear university MEPhI, 
Moscow, Russia   

Abstract 
Introduces the new features of the module import 

geometry for three-dimensional modeling program 
multipactor MultP-M. On an example, consider an 
increase in the speed and accuracy of the calculation 
using a new algorithm for calculating the use of loading 
geometry format STL. 

INTRODUCTION 
Earlier [1] new module of geometry import for 

multipactor discharge simulation code MultP-M 
implementation and testing results were presented. This 
upgrade allows device under investigation geometry to be 
directly imported as STL file. Previously device under 
simulation shape was described using Boolean operations 
on basic geometry primitives like brick, torus, sphere etc. 
Results obtained using this code were compared and 
found coincident with known numeric, analytical and 
experimental data. Figure 1 shows geometry import 
module interface developed.  

 

 
 

 

Figure 1: STL import module interface. 

Tests showed [1] that new module operates correctly 
and could be used instead of preceding one with 
practically the same accuracy as it is illustrated in Figure 
2. However despite of pretty effective algorithms and 
numeric models implementation it was found that 
computation time significantly grows for fine mesh 
models. This paper reports the simulation algorithm 

optimization solutions developed for MultP-M code that 
allow it to operate faster without detriment to accuracy.  

 

 

Figure 2: Simulation accuracy test. 

MULTP-M AND STL FILE 
While MultP-M multipactor discharge simulation code 

runs the main task to be solved is to determine each 
electron location with respect to model confines, i.e. to 
decide whether particle is inside the model boundaries or 
not. In case of  boundaries defined as set of geometric 
primitives this task could easily solved using simple 
math. STL file describes 3D objects by their facets thus 
making this math much more complicated. 

Geometry import module developed incorporates ray 
tracing algorithm [2] in order to get point position with 
coordinates (x, y, z) relative to facets specified 3D body.   

 

 

Figure 3: Different point and body collocation: a – point 
is outside body, ray has even number of boundary crosses; 
b – point is inside body, odd crosses number. 

 
This algorithm demands 3D body under consideration 

to be closed. STL standard also sets the same requirement 
to all objects described.  

So one has to develop algorithm that calculates 
number of ray and boundary crossings. This algorithm is 
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to be accurate and effective with respect to code 
performance.  

Net crossings number is calculated by searching for 
possible ray intersection with every facet. In case ray 
crosses the plane of facet one should check whether the 
point lies inside facet or not. In case of STL file triangle 
facets are used therefore known intersection theory for 
barycentric (areal) coordinate system [3] suits well.  

However for facets number exceeding 20,000 severe 
computation speed drop was noted despite of powerful 
algorithms implemented for checking of ray and plane 
intersection and if cross point belongs to facet triangle.  

Thorough algorithm performance analysis and its 
efficacy for different facets number it was stated that ray 
traced form every point crosses just a few facets. 
Crossings number is appreciably less than total facets 
amount and it seldom exceeds 5 to 6. Obviously 
algorithm computation rate increases with diminishing 
facets considered number. This could be done if only 
facets in some area close to ray are considered.  

Basic idea of algorithm developed is to split whole 
body into equal areas (Figure 4). First the area consisting 
ray source point with coordinates (x, y, z) is considered.  
Then algorithm checks for crossings of ray and facets 
only from selected area. In case of triangle facet partially 
lies in several adjacent areas it is simultaneously 
attributed to the both because only triangles of single 
selected area are considered.  

 

 

Figure 4: Area selection scheme. 

 
     Algorithm developed will run correctly in case the 
following conditions are met:  

1. projection plane (XY, XZ, YZ) for the whole 
model division in areas is to be chosen; 

2. ray traced from given point is to be 
perpendicular to the chosen projection axis.  

These conditions are caused by the fact that in order to 
evaluate ray traced from the point and surface crossing 
number all facets are to be checked. Figure 5 shows 
computation time dependence on triangles number for 
two algorithms, one without optimization and the second 
with optimization at 50 areas.  
It is clear that non-optimized algorithm run time has liner 
dependence on triangles number. Optimization leads to 

noticeable run time growth only for large models having 
250,000 triangles. 

 

Figure 5: Different algorithms run time vs. triangles 
number. 

    It should be mentioned however that  is triangles 
number in every area increases with total triangles 
number growth, so areas number is also to be increased. 
This fact is illustrated by the dependence of run time vs. 
areas number for model having 250,000 triangles shown 
in Figure 6.  

 

Figure 6: Computation time vs. areas number for model 
of 250000 triangles. 

CONCLUSION 
    Model import module algorithm of computer 
simulation code MultP-M was done. This upgrade made  
simulated task preparation time shorter and more 
convenient.  
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MULTI BEAM GENERATOR CAVITY FOR THE PROTON LINEAR 
ACCELERATOR FEEDING SYSTEM ON 991 MHz FREQUENCY 

GEOMETRY OPTIMIZATION 
 

E.A. Savin, S.V. Matsievskiy, N.P. Sobenin, National Research Nuclear University MEPhI 
(Moscow Engineering Physics Institute), Moscow, Russia 

A.A. Zavadtsev, OOO “Nano Invest”, Moscow, Russia 
 
Abstract 

For the proton linear accelerator feeding system 800 
kW input power value is required [1]. The system consists 
from pillbox cavity with six beam tubes connected to the 
rectangular waveguide as a power output system is 
designed. In case of using high voltage gun with 
modulated six-bunch injection, this system allows to 
transform the energy of electron bunches, which flies 
throw beam tubes, to accelerating section feeding power. 
Different types of the structure geometry were calculated. 
The whole structure consists both from generator cavity 
and accelerating structure, has been designed [2].  

 
ACCELERATING STRUCTURE 

Proton linear accelerator is based on the diaphragm-
washers loaded structure [3]. The accelerating mode is 
E020 (see Fig.1). This kind of structure has a coupling 
coefficient bigger than in DLS or biperiodic accelerating 
structure (see Table 1). 

 
Figure 1.Accelerating structure geometry and field lines 
in it. 

Table 1: Accelerating structure parameters 
Parameter Value 

Q0 21376 
rsh.ef, MOhm/m 19.16 

rsh.ef/Q, KOhm/m 896 
T 0.79 

Ploss, kW 125 
Eacc, MV/m 5.23 
Emax/Eacc 1.85 

 
THE CHOICE OF THE GENERATOR 

CELL GEOMETRY 
E020 mode [3] was chosen as an operating mode in the 

resonator. This mode provides one field main maximum 
in the center of a pillbox cavity and local maximum 
across the perimeter (see Fig. 2).  

 
Figure 2: E020 mode field lines in a pillbox cavity. 

 
By inserting beam channels in these maximums we can 

obtain local maximums centered in each channel (see Fig. 
3). 

       
Figure 3: Modified structure. 

 
Second geometry type is the geometry based on E310 

mode (see Fig.4). On this mode the parasite center main 
maximum doesn’t exist, thus all energy goes to the local 
maximums (see Fig.5) that will increase shunt impedance. 
The difference of shunt impedances along beam channels 
for these two most efficient structures is shown in the 
table 2.  

 

 
Figure 4: E310 field lines in the pillbox cavity. 
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Figure 5: E310 lines in the tuned cavity. 

. 
Table 2: Different modes operating structures comparison 
Cavity type E020 E310 
diameter, mm 466 341 
rsh, MOhm/m 1.96 4.74 
 
From the table 2 we see that the E310 mode based 

structure has a bigger efficiency. Another method of the 
shunt impedance increasing along the channels – is to put 
the coaxial core in the center of a resonator (see Fig. 6). 
By varying the diameter d3 of this core it is possible to 
obtain maximum shunt impedance in beam channels (see 
Fig. 7). 

 
Figure 6: The geometry with a coaxial core. 

 
Figure 7: Rsh dependence from the core diameter. 

 
From the Fig. 7 it is easy to see, that the maximum 

shunt impedance that it is possible to obtain in this 
geometry is equal to 2.8 MOhm/m, but the diameter of the 
resonator is so big: 737 mm. It means. that E310 based 
structure has the best efficiency and is the most suitable to 
be used in the accelerator feeding system. Now it is 
needed to calculate the power input in the accelerator to 
connect it with the generator cell. 

POWER INPUT TUNING 
This resonator is connected to the accelerating structure 

throw rectangular waveguide (see Fig. 8). The required 
coupling was obtained by changing window width w and 
the resonator radius. 

 

 
Figure 8: Waveguide to resonator connection 

 
CONNECTING TO THE ACCELERATING 

STRUCTURE 
On the Fig. 9 the connection between waveguide and 

accelerating structure is shown. 
Coupling was tuned by coupling hole angle phi and by 

changing sizes d and z of the recess in the coupling cell. 
The dependence of the resonant peak from the recess 
diameter d with z=5mm and phi=29 grad is shown on the 
Fig. 10. There we can see that further increasing of the 
size d is unjustified, that’s why next tuning step was 
changing recess depth z (see Fig.11). 

 

 
Figure 9: waveguide to accelerating structure 

connection. 
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Figure 10: recess diameter variation. 

 
Figure 11: recess depth variation. 

 
After the final tuning we can see the asymmetric field 

distribution in the accelerating structure (see Fig. 12).  
  

 
Figure 12: Asymmetric field. 

 
The field symmetry was obtained (see Fig. 13) by 

increasing the diameter of the coupling cell of the 
accelerating structure and further coupling tuning. 

 

 
Figure 13: Tuned symmetrical field. 
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COMPARSION OF HIGHER ORDER MODES DAMPING TECHNIQUES 
FOR AN ARRAY OF SINGLE CELL CAVITIES 

 
Ya.V. Shashkov, N.P. Sobenin, National Research Nuclear University MEPhI 

(Moscow Engineering Physics Institute), Moscow, Russia 
 M.M. Zobov, LNF-INFN, Frascati (Rome), Italy  

 
Abstract 

The LHC High Luminosity upgrade program considers 
an option of using additional cavities, operating at 
multiplies of the main RF system frequency of 400 MHz. 
Such harmonic cavities should provide a possibility to 
vary the length of colliding bunches. In order to supply 
the required harmonic voltage several single cell 
superconducting cavities are to be used. It is desirable to 
house more cavities in a single cryostat to reduce the 
number of transitions between "warm" and "cold" parts of 
the cryogenic system. In this paper we study 
electromagnetic characteristics of a chain of the single 
cell superconducting cavities coupled by drifts tubes. In 
order to reduce the influence of Higher order modes 
(HOM) excited in the structure on the beam stability and 
to minimize eventual power losses we analyze the HOM 
parameters and calculate the wake potential decay rates 
due to application of different HOM damping devices. In 
particular, the methods of HOM damping with 
rectangular waveguides connected to the drift tubes, the 
loads placed in the fluted and ridged drift tubes, as well as 
combinations of these methods are compared. 

INTRODUCTION 
In the frameworks of High Luminosity LHC upgrade 

[1] an application of additional second harmonic cavities 
with the operating frequency of 800 MHz is currently 
under discussion. It is desired to combine more such 
cavities in a single cryostat in order to avoid multiple 
transitions between cryogenic and warm areas.  However, 
connecting several cavities in a chain can create parasitic 
higher order modes (HOM) that may affect the stability of 
circulating beams and lead to excessive power loss. In 
order to reduce the influence of HOM excited in the 
structure by passing beams their electromagnetic 
characteristics were calculated and the decay rates of the 
induced wake potential in the chain of cavities with 
different HOM damping devices were analyzed. In 
particular, the methods of HOM damping with 
rectangular and ridged waveguides attached to the beam 
pipes, usage of fluted and ridged beam pipes, as well as 
combinations of these methods were considered and 
compared. 

ARRAY OF TWO CELLS 
HOM extraction from superconducting cavities could 

be realised in different ways. The most common HOM 

damping technique is the HOM extraction with couplers. 
These devices are effective but they also have some 
disadvantages. They break the cylindrical symmetry of 
operating mode leading to appearance of the transverse 
potential (kick-factor); they are subjects to all kinds of 
pollutions and multipactor discharge [2]. Another method 
implies HOM extraction to the load placed outside of a 
cryogenic system. The load can be made of ferrites or in a 
form of resistive material on an inner surface of the drift 
tube. In this case, it is necessary to have frequencies of 
these HOM higher than cut-off frequencies of drift tube in 
order to provide conditions for HOM propagation toward 
the load.   

In [3, 4] HOM damping technique for the structure with 
fluted beam pipe was considered. Such beam pipe 
provides conditions for HOM propagation toward the 
load. In this structure a high speed of wake field decay 
was observed that is why it was decided to consider the 
option of a chain of two such resonators (Fig 1a).  

 

  

 

Figure 1: a). Array of 2 cells with fluted beam pipe; b). 
Dipole wakefield; c). Transverse impedance; d). 
Longidtudinal impedance.

 
Fig 1b shows that the wake potential falls almost to 

zero at a distance comparable to the bunch separation in 
LHC. The high decay rate could be achieved due to the 

 ___________________________________________  
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low cut-off frequencies of H11 and H21 waves in the fluted 
beam pipe. Nevertheless, E01 cut off frequency is high 
enough to keep operating mode trapped in cavity 
preventing its dissipation in the load.  

In [3, 4] the HOM damping technique for the structure 
with ridged beam pipe was also considered. Such beam 
pipe also provides conditions for HOM propagation 
toward the load. In this structure a high speed of wake 
field decay was observed so that it was decided to 
conduct the same calculations (Fig 2a) as for the 2 cell 
array of structure with fluted beam pipe. 

 
  

 

Figure 2: а). Array of 2 cells with ridged beam pipe; b). 
Wake potential; с). Transverse impedance; d). Longi-
tudinal impedance. 

 
From Fig. 2b it is seen that the wake potential decays 

very fast. Respectively, there also no sharp peaks 
corresponding to HOM with Qext higher than 100 on the 
graph of the transverse impedance (Fig. 2с) and 
longitudinal impedance (Fig. 2d) 
 

HOM DAMPING WITH WAVEGUIDES 
 

We can conclude that in an array of two cavities HOM 
damping is not a problem. But if we want to increase the 
number of cells we will face a problem of damping modes 
trapped between the cells in a drift tube. So we have to 
study methods to suppress these modes. HOM extraction 
of the trapped modes could be obtained with waveguides 
attached to the connecting drift tubes (Fig. 3a). Such a 
solution with “wings” has proven to be effective in 
extraction of fields propagating along the beam pipes [5]. 
At a certain length of the connecting drift tube and the 
waveguide the high rate of decay of the wake potential is 
provided (Fig. 3b) and the absence of sharp peaks in the 

graph of the transverse impedance is observed (Fig. 3c). 
However, the longitudinal impedance exhibits several 
peaks that can be potentially dangerous. These peaks 
correspond to the monopole HOM. The extraction of this 
HOM is complicated by the fact that the wave that they 
excite in the waveguide does not propagate through, since 
the cut-off frequency of this wave is much higher than the 
frequency of these HOM.  
 

  

 

Figure 3: a). Array of 2 cells with attached waveguide; b). 
Wake potential; с). Transverse potential; d). Longitudinal 
impedance. 

 
In order to provide conditions for monopole modes 

damping the waveguides with increased height were 
attached to the structures with the ridged beam pipe (Fig. 
4a). A number and amplitude of peaks on longitudinal 
impedance graph decreased (Fig 4b).  

 

Figure 4: Array of 2 cells with attached wide waveguide 
and Longitudinal impedance. 
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Unfortunately, application of such large waveguide 
structures could break the cylindrical symmetry of the 
operating mode; lead to an excitation of the transverse 
potential and could be difficult in manufacturing. That is 
why it was decided to add “teeth” to these waveguides 
(Fig 5a) that decrease the cut-off frequency for the 
monopole and other HOMs. This will allow us to 
decrease sizes of the waveguides.  

 
  

 

Figure 5: а). Array of 2 cells with ridged waveguides; b). 
Wake potential; с). Transverse potential; d). Longitudinal 
impedance. 

 
In such a structure, the fast wake decay was achieved 

(Fig. 5b). The absence of sharp peaks was obtained for 
both the transverse (Fig. 5c) and the longitudinal (Fig. 5d) 
impedance. 

 

 

 
 

  

Figure 6: а). Array of 4 cells with waveguides; b). Wake 
potential; с). Transverse impedance; d). Longitudinal 
impedance. 

 

 

4 CELL ARRAY 
As long as the structures shown in Fig 1a and Fig 3a 

have demonstrated good results the calculations for an 
array of four cells (Fig 6a) have been conducted. As 
expected, the wake potential decays reasonably fast (Fig 
6b) and the transverse and longitudinal impedances (Fig 
6c, 6d) do not reveal strong HOMs. For the array of 6 and 
8 cavities the dependences shows similar behaviour. 

The same calculations have been performed for the 
combination of structures shown in Fig 2a and 5a. The 
obtained results are presented in Fig 7a. 

 

  

 

 

Figure 7: a). Array of 4 cells with ridged waveguide; b). 
Wakepotential; c). Transverse impedance; d). 
Longitudinal impedance. 

 
The results (Fig 7b-7d) are the similar to those for the 

structure in Fig 5a. 
CONCLUSIONS 

The simulation results and the following analyses show 
that all options with two cavities connected by the drift 
tube have no problems with HOM damping. In turn, the 
HOM damping in arrays of 4 cavities could also be 
efficient with the help of waveguides. 
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TEST RESULTS OF 433 MHZ DEUTRON LINAC (RFQ) 

O.L. Veresov,  S.V. Grigorenko, Yu.V. Zuev,  A.N. Kuzhlev, A.K. Liverovskij,  
I.I. Mezhov,   A.A. Ryaskov, Yu.A. Svistunov, A.P. Strokach, V.F. Tsvetkov, 

JSC “NIIEFA”, 196641 Saint-Petersburg, Russia 

Abstract 
The results of bench tests of an RF-frequency  deuteron 

accelerator (RFQ)  with an output energy of 1 MeV and 
operating frequency of 433 MHz are presented. The paper 
describes specific features of the RFQ construction and 
assembly, RF power supply system and test procedures. 
Parameters of the facility when operating with a beam 
energy analyzer and Be target are given. 

 INTRODUCTION 
Starting from 2005, JSC "NIIEFA" carried out R&D 

works on the creation of compact accelerating structures 
with RFQ and APF. These structures can be used in 
contraband detection systems, ADS, medical facilities for 
BNCT, or carbon therapy [1]-[3]. In the paper we consider 
an RFQ structure designed for use as a part of a small-
scale facility for neutron production. The main design 
parameters of the structure are shown in Table 1. 
Specificity of operation at a frequency of 433 MHz and 
problems in the manufacturing of an RFQ with a precise 
channel for the beam acceleration are discussed in [4]. 

FEATURES OF DESIGN AND ASSEMBLY  
Four massive parts with space-modulated vanes made 

of oxygen-free copper serve as a base of the RFQ 
construction, Fig.1. When assembling, the components 
are joined together in pairs like a sandwich, and adjusting 
copper spacers are set between the parts. The rigidity of 
the construction is provided by bolting the parts with 
numerous connecting rods placed along the vanes from 
the outer side.  Bolting power is used for additional tuning 
of operating frequency. The longitudinal alignment of 
modulated vanes consists in a small shifting of supporting 
parts and control of their mutual position. In case of the 
vane-tip damage, a 10-20µm layer can be removed from 
the tip surface with a corresponding decrease in  spacers 
height to remain unchanged the operating frequency.  

 

 

Figure 1: Structure cross-section. 

Table 1: RFQ Design Parameters 

Parameter Value 

Type of resonator 4-vane 
Accelerated particles D± 
Operating frequency, MHz 433  
Beam injection energy, keV 25 
Beam output energy, MeV 1 
Current pulse length, µs  100 
Pulse repetition rate, Hz  10 
Intervane voltage, kV 50 
Average channel radius, mm 1.8 
Minimal channel radius, mm 1.18 
Peak surface electric field, Kilpatrick  ≤ 2  
Input beam  synchronous phase, degrees -90 
Output beam synchronous phase, degrees -23 
RFQ acceptance (norm.), π·mm · mrad 0.89 
Vane length, mm 1090 
RFQ  resonator  length, mm 1300 

      The modulation of each vane was checked in twenty 
points with a precision calibrated ruler of black granite 
and a linear encoder for sub-micron measurements. The 
results have shown that deviations in the modulation 
amplitude were not more than  8 µm. A difference in the 
distance between neighboring vanes, which disturbs the 
channel quadrupole symmetry, was not more than 10 µm. 
High quality of the RFQ manufacturing and assembly 
made unnecessary  special  tuners  reserved for the 
equalization of the RF field along the resonator length. 

ELECTRODYNAMIC 
CHARACTERISTICS OF RFQ 

RESONATOR  
     The measured Q-factor of the resonator was 6800. The 
results of measuring the magnetic field distribution along 
the resonator are shown in Fig.2. Fig.3 demonstrates the 
intervane voltage as a function of measured RF power. 
The RFQ intervane voltage corresponding to different 
levels of  RF power was determined from the endpoint of 
the  bremsstrahlung spectrum [5]. To make the spectral 
analysis, a measuring system [6] with a scintillation 
detector was used. The results of the detector calibration 
by  reference to Am-241 are shown in Fig.4. The 
FWHM–to-maximum position ratio is 21keV/59.5keV, 
consequently, the detector energy resolution is 0.35.  
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Figure 2: Distribution of a normalized magnetic field 
along RFQ quadrants. 

 

Figure 3: Peak intervane voltage versus RFQ resonator 
power. 

 

Figure 4: Energy spectrum of Am-241 at the 
spectrometer output. 

DESCRIPTION OF THE TEST-FACILITY 
   The RF power was supplied to the RFQ from an 
amplifying system comprising a low-power master-
oscillator, preamplifier with an output power of 2 kW and 
final amplifier with an output power of up to 450 kW per 
pulse. An endotron-type device, “Colesso”,  was used as 
the final amplifier; its functional diagram is given in 
Fig.5. To protect amplifiers against overloads under 
breakdown in the RFQ cavity, a ferrite circulator was 
installed between the endotron and accelerating structure. 
Pulsed voltages of 2kV and 12 kV were fed to amplifiers 
from a common modulator. 

    Operation of the RFQ under the beam load was 
studied on a facility shown in Fig.7. An injector unit of 
the facility consists of a multi-cusp source of charged 
ions, two einzel (unipotential) lenses  and two steering 
magnets. The einzel lenses were used for transport and 
matching the beam with the RFQ acceptance. The first 
step of the beam forming was done by the multi-cusp 
source. In the continuous mode the source can produce a 
weakly divergent H- beam with a current of up to 2 mA 
and normalized emittance of 0.3 π⋅ mm mrad [7]. Phase 
characteristics of a pulsed beam were not measured. D- 

current at the output of the source vacuum chamber was 
measured with a movable Faraday cup. In addition, the 
beam intensity was controlled with two beam current 
transformers (BCTs) at the RFQ input and output. 

exciter

pump
feeding

filament
feeding

filament
feeding

pump
feeding load

modulator

 

Figure 5: Functional diagram of the  endotron. 

MEASUREMENT  OF  BEAM  CURRENT  
AND  ENERGY SPECTRUM 

    To measure the energy spectrum and current of the 
accelerated particles we used either a standard magnetic 
analyzer with a set of lamellae or a foil analyzer (a set of 
Al foils of a fixed thicknesses installed in front of a beam 
collector). Fig.6  presents experimental data on the 
collector current as a function of the RFQ intervane 
voltage, which (in contrast to Fig.3) was found taking into 
account the energy resolution of the  x-ray analyzer. The 
same figure shows the results of an end-to-end simulation 
of the beam dynamics under the experiment conditions. 
The simulation was started from the beam source with a 
measured  beam  current of 1.7мА and  assumed phase 
distribution of particles; potentials of the 1st and 2nd einzel 
lenses  were  -16kV and  -23.8kV respectively. The blue 
(top) curve corresponds to the calculated current of all 
particles  at the RFQ output. The red line with crosses 
shows the current of particles with an energy more or 
equal to 1 MeV. The black line with circles describes the 
data obtained experimentally. The measured and 
calculated data are in agreement. The simulation explains 
the beam current losses at nominal intervane voltage by 
mismatch of the beam and RFQ in angle characteristics of 
particles. Similar conclusions were drawn in [8]. 

TEST RESULTS WITH BERYLLIUM 
TARGET 

     In addition to the experiments described above, the 
accelerator was tested when operating with a Be target of 
5mm thickness. The target is intended to produce 
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neutrons by the 9Be(d,n)10B reaction. Cylindrical form of 
the target was designed for the beam power of 10 kW per 
pulse. The target is sited on a water-cooled 1 mm-thick 
copper disk.  
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Figure 6: Beam current at the RFQ output as a function 
of the intervane voltage: Ifull  is the total current (calc.), 
Iacc is the current of accelerated particles (calc), 
Icoll  is the current on the beam  collector (measur.). 
      Neutron fluxes were measured in two stages by the 
personnel from  FSUE «D.I. Mendeleyev Institute for 
Metrology (VNIIM)». First, direct measurements of the 
neutron flux at a minimum ion current of 0.033mА were 
done with a calibrated all-wave detector OVS-3M. Then,  
relative  measurements were carried out with  indium 
activation detectors at ion current values of 0.033 mА and  
1.0 mА. In direct measurements, the neutron flux density 
was measured at angle 0° with respect to the direction of 

the accelerated ion beam. Contribution of the scattered 
radiation was estimated by the “shadow cone” method in 
accordance with ISO-8582. The obtained neutron flux 
value of 108 n/s correlates well with previously  published 
data for a beam current of 1 mA.  
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Figure 7: The test-facility schematically. 
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CASCADE INTERFERENCE SWITCHES IN ACTIVE MICROWAVE 
COMPRESSORS* 

S.Gorev, S.Artemenko, V.Avgustinovich, V.Igumnov, V.Kaminsky, S.Novikov, Yu.Yushkov#, 
Tomsk Polytechnic University, Tomsk, 634050, Russia  

Abstract 
The switching element is usually located in the area of 

maximum electric field strength and the desire to put it in 
the area of lower field strength, but keeping the same 
efficiency and steadiness, of operation is quite 
understood. Presumably a cascade switch might provide 
the required way of operation. Two designs of cascade 
switches were examined. The first one was formed by 
waveguide tees connected in a way when a direct input 
arm of a next tee is connected to a side arm of a preceding 
tee. The second was a set of tees connected in series 
through their direct arms. It was shown that the 
considerable decrease of the switched power value and 
the increase of the output power and stability of the 
output pulse parameters can be provided. 

INTRODUCTION 
Requirements applicable to high power microwave 

sources are diverse. The sources in particle accelerator 
technique should have high efficiency, beside high pulse 
power values, steady phase and oscillation frequency and 
also rectangular envelope of output pulses. The possibility 
of meeting most of requirements in resonant microwave 
compressors [1] is strongly influenced by operating 
quality of the switch controlling the coupling between a 
cavity and a load and being, factually, a device of energy 
extraction. Precisely this device determines the output 
power level, repetition rate and steadiness of output pulse 
parameters. Taking strict requirements for switch 
operation into account it is one of the most troubled 
elements of a compressor. The trigatron type of a gas-
filled microwave switch is usually used as the energy 
extraction device. Its electric strength is normally lower 
than one of the cavity volume as it is located in an area of 
high electric field strength. Therefore the electric strength 
of the switch determines the compressor limiting output 
power and steadiness of output pulse power. 

The way of a power increase and output pulse 
steadiness improvement when the energy is extracted 
through the H-tee waveguide interference switch is 
considered in the report. The main idea of the element 
operation is that the switched power is distributed 
between several switches connected by a certain manner 
[2,3]. The cascade of tees connected as “side arm – direct 
arm” and series connection “direct arm – direct arm” may 
serve as main designs. Conditions enabling the 
considerable electric field strength decrease in arms of the 

switching tees along keeping field strength in the volume 
of the storage cavity are considered as well. 

CASCADE OF TEES IN SIDE ARM 
In the cascade of tees in the side arm of the switch a 

direct arm at each sequential tee is connected with a side 
arm of the proceeding one. Other direct arms of tees are 
short circuited. The switching arm is the side short 
circuited arm of the last tee. In this arm the microwave 
switching gap is located at quarter of the waveguide 
wavelength from the short circuiting end plate. Input 
direct arms of the tees have lengths equal to half 
wavelength in a waveguide and output short circuited 
ones – quarter of the wavelength. This configuration of 
tees provides mode “closed” to the switch. The tees are 
opened in sequence starting with the lost tee. Once the 
microwave switch gap for the lost tee is closed this tee is 
getting opened and the half wavelength of its input arm 
changes into the quarter wavelength of the total section of 
input direct arms. This results in sequential opening of all 
tees. 

The power decrease is obtained due to matching each 
tee from the side arm. It is well known the power in the 
side arm in tees of this type is half as much as the power 
fed by the direct arm [4]. This means the switched power 
is decreased by the factor of 23, which is equal to eight 
times, when three tees are used in the circuit design. 

The main switch characteristic – the transition 
attenuation in storage and extraction modes of operation 
and the wave amplitude amplification in the cavity 
volume and the side tee arm of the storage mode – can be 
easily obtained by using of scattering matrix method. The 
results of calculation are presented as plots on Fig.1. 

 
Figure 1: wave amplitude amplification A in the cavity 
volume and side arms of tees against the phase shift at 
discharge gap operation. 

___________________________________________  
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Following marks are used in Fig. 1: 1 – cavity 
amplification factor with the ordinary switch; 2 – three 
sequential tee switches; 3,4,5 – amplification in the 
volumes of side arms of consecutive tees. The curves are 
plotted for the compressor tested experimentally with the 
attenuation constant along the cavity α ≈ 1.5×10-3 and for 
other elements 5×10-4. The attenuation constant values 
here derived from the Q-factor value determined 
experimentally. As the comparison of curves 1 and 2 
shows the amplification of the cavity with the ordinary 
switch is higher than one for the cavity with the cascade 
switch by 0.5dB. The reason of the difference is the 
additional energy losses for field excitation the cascade of 
tees. Obviously the cascade switch is suited in a greater 
degree for compressors with cavities of large volumes. 
The plots of Fig.1 prove that the switched power can be 
decreased by the factor of 23 in the switched combined of 
three tees and so, if the amplification in the cavity volume 
is 24dB, the amplification in the switching tee arm does 
not exceed 16dB. 

The experimental tests were made with the microwave 
S-band compressor at the operational frequency f0 of 
2800MHz. The energy was extracted through different 
interference switches – through the ordinary switch with 
one tee only, through cascade switches with two and three 
tees. The tees were made of circular waveguides of 90mm 
cross section diameter. The copper cylindrical cavity with 
the diameter of 120mm and length of 55cm was used as 
an energy accumulator. The cavity was matched with the 
switch by the smooth matching transition. The total length 
of the cavity was 710mm. The working oscillation mode 
was H11(8), its measured intrinsic Q-value Q0 was 3×104, 
the estimated time T1 of  H11 wave mode round trip along 
the cavity was about 5ns. The maximum estimated 
amplification factor G of the compressor with the output 
pulse width equal to T1 was G = Q0/2πf0T1 ≈ 25dB. Two 
perspectives of the external view of the microwave 
compressors with the two tees incorporated into the 
switch by connecting to side arms are shown in Fig.2. 

 
Figure 2: Microwave resonant compressor with the 
cascade switch based on two H-tees in side arms. 

The microwave magnetron generator with the pulse 
power of 0.8..2MW and the pulse width of 3μs was used 
as a source of input pulses. The estimated efficiency of 
storing reached 0.47 and the amplification factor 24.5dB. 
So the estimated maximum output power of the

compressor was 480 MW at the output pulse width of 5ns. 
The electric field strong in the switching arm of the 
ordinary switch was close to the value 185 kV/cm.  In the 
cascade switch with two tees it decreases down to the 
value 130 kV/cm and with three tees – down to the value 
90 kV/cm. 

Before the characteristics of the cascade switch were 
determined the pilot experiment with the compressor 
including the ordinary switch was made. The blown 
through quartz tube was used to confine the discharge 
area of the microwave switch. The tube was positioned 
diametrically along the electric field line of the working 
H11 mode and had the triggering spark gap at one of the 
ends [5]. The compressor with such a switch provided 
pulses of 300MW pulse power at the amplification factor 
22dB and pulse width of 4.8ns. The typical envelope of 
the output pulse is presented in Fig.3. When the tube was 
filled with argon steady spontaneous breakdowns 
occurred at the input pulse power of 1MW and 
corresponding output power of 150MW.  The occurrence 
of steady spontaneous breakdowns was the sign of 
reaching the limiting working power of the switch. 
 

 
 

Figure 3: Oscillogram of output pulse envelopes of 
microwave compressor with  the ordinary switch. 

There were three stages of experimental tests of the 
cascade switch. The first stage was investigation of the 
tee cascade when tees were mismatched from directions 
of the side arms. The wave power values in the storage 
volume and the switching arm are practically equal for 
this   type of design. The tees wave matched from the 
direction of side arms at the second stage but that 
mismatched the compressor output. The third stage 
involved matching the compressor output line with the 
cascade switch having tees matched from the directions of 
side arms. That required installing the additional 
matching element at the output. The principal result of the 
experiments is presented by the oscillogram in Fig.3 
displaying the figure of output pulse envelope of the 
compressor with the two tees switch. The amplification 
was lower than 21dB and that is 1dB less than the 
amplification value of the compressor with an ordinary 
switch. But the discharge area of the tube was filled with 
argon only at the excess pressure at 0..0.5bar, the input 
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pulse power could be increased to 2MW, the output pulse 
power reached 250MW and all that proved the decrease 
of the switched power and potential opportunity for the 
further output power increase. 

 

 
 

Figure 4: Oscillogram of output pulse envelopes of 
microwave compressor with the cascade switch including 
two tees. 

The three tees cascade switch was tested at the final 
stages of the experiments. The experiments exhibited the 
stored energy exerted the noticeable effects on the output 
parameters such as steadiness, shape, pulse width and 
amplitude. So it should be perspectives of these type of 
switches in microwave compressors with big volume 
cavities. 

SIERIES DIRECT ARM CONNECTION 
Experimental studies of the compressor with a serial 

cascade switch were performed at the same laboratory 
bench. The difference was only in design of the cascade 
switch. The cascade of two tees was used. External view 
of the compressor with the switch is presented in Fig.5. 

 

 

direct arm connection. 

The formation of two types of pulses due to precedence 
in acting of switches was observed. One of the switches 
was controlled by external triggering, the other switch 
acted spontaneously. Therefore, in both cases, the main 
pulse is usually preceded by a pre-pulse. The prepulse 
associated with either energy extraction of the waveguide 

section between the tees when the second switch was 
externally triggered or by leakage of the second tee and 
the delayed of starting of spontaneous breakdown this tee 
when the first tee switch is controlled. This is the reason 
the main pulse is shorter in the first case and has higher  
power while the second is longer. Alternating triggering 
tees alternately generates pulses of both types. When the 
spontaneous breakdown formation time coincides with 
the transmission time of the line between the waveguide 
tees the output pulse is short and has maximum 
amplitude. Significant prepulse amplitude due to the 
comparability of the lengths of the side shoulder tees and 
a segment of the waveguide between the tees with long 
storage cavity. A consistent cascade switches allowed to 
increase the working capacity of the compressor switched 
in argon in half, bringing it to a level of about 150 MW. A 
lower power level compared to the power compressor 
cascade tees lateral shoulder due to the use of the cascade 
tees not approved by the lateral arm, and energy losses 
due to the pre-pulse. To reduce losses in the pre-pulse is 
necessary to use a larger cumulative cavity. 

CONCLUSION 
   Possibility of making the output parameters higher in 
the microwave compressor with the energy extraction 
through the waveguide H-tee was proved. Practically it 
can be brought about by making the switching side arm as 
a cascade of H-tees. This design is especially effective in 
compressors when the energy extraction period is bigger 
than the time of wave travelling along the storage 
microwave structure. The cascade switches could be 
useful for compressors with solid state switches which 
level of the switched power is considerably lower than 
one of the gaseous switches and electron beam switches. 
It is seems quite possible to decrease the switched power 
to the level acceptable for a semiconducting switch. The 
cascade switches will be functionally operative if they are 
made of oversized tees [4] or in the figure of a packet of 
standard tees with the oversized switching arm [5]. 
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OVERSIZED INTERFERENCE SWITCHES IN MICROWAVE PULSE 
COMPRESSORS* 

S.Artemenko, V.Avgustinovich, S.Gorev, V.Igumnov, V.Kaminsky, S.Novikov, Yu.Yushkov#  
Tomsk Polytechnic University, Tomsk, 634050, Russia 

Abstract 
Oversized interference switches in resonant microwave 

compressors have high electrical strength. The switches 
of two types with a gaseous discharge gap were studied 
experimentally. The first type was developed on basis of 
the oversized rectangular waveguide H-tee with the H01 
operation mode. The output pulse power of 2.8MW and 
pulse width of 3.5ns were obtained. The second type was 
a compact packet of common single mode switches 
incorporating the five identical waveguide tees. 
Synchronous operation of the switches was provided by 
the gas discharge plasma formed in the mutual side arm 
of the packet.   

INTRODUCTION 
Microwave resonant compressors (MRC) produce 

pulses by accumulating energy in a resonant cavity during 
a relatively long time and subsequent rapid extraction of 
the energy into a load. The ultimate output power of a 
MRC is equal to a power of the travelling wave 
component in a resonant volume. The coupling between a 
cavity and a load is controlled by the phase shift between 
the waves radiating from the cavity and from the side arm 
of the tee. The phase is inverted by the gaseous 
microwave switch having the trigatron type triggering. 
The limited cross section of a single waveguide limits the 
electrical strength of the elements and the output power 
value. An increase of gas pressure leads to big energy 
losses in the discharge plasma and a decrease of 
efficiency. For example the output pulse power for 
switches located in S-band waveguides of the cross 
section 72×34 mm2 does not usually exceed 200 MW [1] 
and the efficiency is within the range of 0.2-0.3 at the 
losses value in the switch of 2-3dB. The switching in 
oversized cavities involving mode transformation 
increases the limiting output power [2,3]. This report 
presents the study of switch designs based on oversized 
waveguides but intended for fast energy extraction and 
keeping high values of amplification. 

OVERSIZED INTERFERENCE SWITCH 
It was assumed the strong coupling between the output 

line and the switching resonator and the necessary 
frequency change are enough for developing an effective 
interference switch no matter what operational wave 
mode is used. 

     
 
 

Switching resonators made of single mode waveguides  

were connected to storage volumes by T-junctions or 
bridge junctions and demonstrated high switching 
efficiency. Although the cross section limited by the cut-
off frequency value limits the electric strength and the 
output power. 

One possible solution of increasing a waveguide cross 
section is the use of rectangular waveguides with H01 
operational wave mode [4]. Corresponding elements in a 
tee or bridge manner keep the switching parameters of 
single mode analogs, does not require the special mode 
transformation into the primary mode of an output 
waveguide and make the maximum output peak power 
greater by several-fold. These oversized switches, besides 
usual requirements to the level of multimode 
transformation, raise some specific conditions to be 
provided for effective operation of the switch and the 
compressor. In order to provide switching over to 
extraction the phase of wave reflected from the tee should 
be changed by about 1800 along with the change of the 
frequency beyond the resonance curve by value of 

/ af nf Q≈δ , where n ≥ 3 and aQ - quality factor of the 
tee arm. Although it was found the dimensions of 
switching arm should be less some value determined by 
the ratio of the volume parameter transient time to the 
time of two ways wave travelling along the storage 
cavity. 

The expression for the limit of the oversized waveguide 
wall size at the given arm length of / 2arm wL λ≈  was 
derived: 

 

( )3
3

00
max

0.2
2 0.490 lg 90 lg

arm pl garm

pl g
arm arm

z Q Lv vz Q lb
l Lv vnaL naLr r

< =
⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠     (1)                     

where νg – wave group velocity, νpl – plasma propagation 
velocity, / 2arm gL Tν≈ , l – length of the plasma spark 
channel, r – cross section radius of the plasma channel. 
As is clear from (1) the size is proportional to f1.5. This 
means the switches are more efficient for higher 
frequencies of the microwave band when the relative 
increase of the wall size is higher at given T.            

Experimental study was made in X-band and the tee 
waveguides had the cross section of 58×25 mm2. External 
view of the tee is shown in Fig.1. The longitudinal section 
of the tee is identical to the single mode one. So when 
dimensions are precise and operational mode H01 is not 
converted the switch of this type operates similarly to the 
common switch as there are no physical causes impeding 
that. It was proved by measuring the transition attenuation 
in the switch close state. The attenuation was 41±2 dB in 

------------------------ 
*The work was partially supported by  the state order “Nauka” of 
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the frequency range 8800-9500 MHz and that 
corresponded to the attenuation of a common tee.  

Figure 1: Interference switch on the basis of oversized 
rectangular waveguide. 

 

 

 

 

 

 

 

Figure 2: Envelope of the formed microwave pulse. 

The tee with H01-mode came to the open state by a slight 
change of the short-circuited arm parameters. It was 
verified as well when the switch was installed in the 
compressor. The calculated double time interval of wave 
travelling along the storage cavity was 4 ns at the quality 
factor of 1.6×104. That gave the calculated power gain of 
about 20dB. The measured gain value was 17.5dB at the 
pulse width of 3.5ns. The primary exciting microwave 
source was the pulse magnetron generator with the power 
of 50 kW and so the output pulse power reached 2.8 MW. 
The switch was triggered by illumination of the discharge 
gap by the electric discharge spark or by the light beam of 
the nitrogen laser. The switch discharge was formed in 
argon at atmospheric pressure in a waveguide volume or 
in a quartz tube located in the area of maximum electric 
field and aligned along the electric flux. The typical 
output pulse envelope is shown in Fig. 2. As the figure 
shows the energy extraction time is equal to the double 
time of wave travelling along the cavity that is similarly 
to operation parameters of a singlemode switch. 

PACK OF SYNCHRONIZED SWITCHES 
Several synchronized switches connected to a single 

cavity can enable the energy extraction time close to the 
double time of wave travelling along the cavity volume. 
The extraction time decreased with increase in the 
number of switches but the spread of switch triggering 
was compared to the output pulsewidth recorded at a 
single switch output [5]. High-level synchronization was 
reached when the switches were arranged closely to each 
other i.e. they formed a packet of parallel switches [6]. 
External view of the switch packet in a rectangular 

waveguide of the tee, the short-circuit plate is 
disconnected, is shown in Fig. 3. 

Figure 3: Packet of switches with mutual side arm. 

The key problem of synchronous power extraction is 
maintaining identical switching conditions in each gap. 
First, the electric field strength values in the gaps should 
be equal and this condition depends on the cavity 
geometrical arrangement, the type of the wave working 
mode, the waveguide interior surface quality, the coupling 
between switches and the cavity. For the proposed design 
the H01 mode of a prismatic cavity is most acceptable. 
The E-field strength along the larger wall is constant and 
this contributes to equality of field strength values in the 
switches. The wave modes H01 and H10 are easily 
transformed into each other and so combining the energy 
extracted through all switches is not difficult.  

The second issue is the quantity of switches in the 
packet which affects the compressor limiting power. The 
effective switching corresponds to the switching time less 
than T and if tf is a characteristic time of the discharge 
development then the maximum number of switches is 
given by ftTn /< . For example, in X-band the 
acceptable number is in the range 2…5 at T = 5ns and 

nst f 2≈  that is the number is not so great. For higher 
frequencies the usage of the packet may be efficient as 

nst f 1<  and, keeping the same T value, the allowable 
switch number is larger. 

The larger number of switches requires hard locking of 
discharge triggering. The mutual switching area as a joint 
oscillation system was supposed to be realized as a 
mutual switching tee arm. The switching process should 
be controlled by a single discharge and should not be a 
need for special synchronization of switches. But the 
resonant frequency of the arm should be withdrawn 
beyond the resonant curve during the time interval about 
T. It may be executed by the discharge having the spark 
channel length much less than the total length of channels 
when switching proceeds in uncoupled arms. The wave 
traveling time along the mutual arm is less than the 
discharge formation time so the phase inversion of waves 
reflected by the arm is synchronous and so the switches 
of the packet come to open state also synchronously. The 
maximum number of switches is estimated by bLn /< , 
where b- size of the narrow wall of the tee waveguide. 
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Experimental tests in X-band proved that the strong 
coupling between the switching arms is the requirement 
for synchronous operation. The coupling in the packet 
was introduced by different ways e.g. by holes in 
adjoining switch walls, by slots between the short-circuit 
and flat ends of side arms and by integrating the side arms 
into a mutual side arm in the form of an oversized regular 
waveguide section. The level of synchronism rose with 
increase of the coupling between the arms. The packet 
with coupled not in full arms is responsible for unsteady 
process of energy extraction characterized by the spread 
of output pulses as shown in Fig. 4. 
 
 

 

 

 

 

 

 

 

Figure 4: Output pulse envelope when separate side arms  
are coupled not in full. 

The simultaneous energy extraction during the double 
transmission time along the cavity is reached with the 
strong coupling. The strong coupling is reached by 
integrating the side arms of tees of the packet into a 
section of a regular rectangular oversized waveguide. The 
power gain of the compressor with the oversized storage 
cavity and the mutual oversized side arm of 58x25 mm2 
cross section was 16.5dB at the pulsewidth of 3.5 ns and 
the corresponding peak power of 2.2MW. The envelope 
of the output pulse is shown in Fig. 5. According to 
estimate the energy extraction through a packet with 5…7 
switches can form pulses with the peak power of 0.1GW 
in X-band and the peak power 1GW to 2GW in S-band.  
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5: Output pulse envelope with switching in the 
mutual oversized side arm. 

The packet of interference switches may combine 
parallel resonant cavities fed by different sources into a 
single high power compression system. 

                           CONCLUSION 
Thus, we demonstrated that microwave power can 

rapidly be extracted from a set of cavities through a 
packet of synchronized switches based on H tees. It was 
established that the commuting arms of the tee junctions 
should be strongly coupled to obtain complete 
synchronization. The limiting number of switches in the 
packet is proportional to the ratio of the cavity length to 
the small wall dimension of H- tee waveguide. Therefore, 
the use of a packet is most efficient for short microwaves 
at a specified cavity length. For example, according to 
estimates, in the case of X- band, power extraction 
through a packet containing five to seven switches can 
provide formation of pulses with a power up to 0.1 GW. 
In the 10_cm range, a system similar to the investigated 
one can generate 1 to 2GW pulses. A packet with single 
mode cavities and uncoupled commuting arms can be 
used to form nanosecond microwave pulses with a high 
repetition frequency. This packet can also be used to 
increase the pulse energy of resonant microwave 
compressors with large accumulating volumes, fed from 
different sources and coupled via a packet. 
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THE UTILIZATION OF STANDARD DC ACCELERATOR ELV FOR THE 
TOMOGRAPHY 

 
N.K. Kuksanov, R.A. Salimov, P.I.Nemytov, S.N. Fadeev, E.V. Domarov, K.A. Bryazgin,  

D.A. Kogut, Budker INP, Novosibirsk, Russia 
 

Abstract 
    ELV accelerators have been developed at the Institute of 
Nuclear Physics, Siberian Branch of the Russian Academy 
of Sciences and occupy a special place in the spectrum of 
the equipment produced by the Institute. These machines 
are widely used for radiation modification of polymers and 
worked well in a variety of processes in many countries of 
the Eurasian continent. Using serial ELV accelerators for 
industrial tomography opens up new possibilities for 
industrial technologies. This increases the requirements on 
the stability parameters of the injected electron beam. 

The article formulates the requirements for electron 
accelerator ELV for tomographic studies, pulsation energy 
and beam current. Described Schottky effect affects to the 
shape and size of the ripple current, and the method for 
increasing the stability of the beam parameters. These 
machines are unified with conventional accelerators ELV 
and expand the scope of their utilization. 

 
INTRODUCTION 

Budker Institute of Nuclear Physics of the Siberian 
Branch of Russian Academy of Sciences is one of the 
world leaders in the development, design, production 
and delivery to the industry of electron accelerators 
based on high-voltage rectifier, covering the energy 
range from 0.3 to 2.5 MeV, maximum beam power for 
separate machines from 20 to 100 kW and maximum 
beam current up to 100 mA. These properties, as well as 
compact dimensions and high operational qualities have 
allowed BINP take a leading position in the market of 
industrial accelerators, both in Russia and abroad. But if 
the application of ELV accelerators for radiation 
modification of materials is related with ensuring the 
required level of uniformity of the radiation dose [1], the 
use of ELV accelerators for the tasks of industrial 
tomography is associated with the need to fulfill the 
following requirements on the parameters of the injected 
beam: 

- energy pulsing at the level E = 1,0 MeV ≤±5%; 
- current ripple at the level Ibeam = 100 mA ≤±2%. 

These conditions were formulated as a result of a 
number of experiments on the industrial 100-kW 
accelerator of the ELV type, whose special features are 
the high electron energy (1.4 MeV) and the possibility 
of extracting the focused electron beam directly into 
atmosphere. 

 
The Design of the Accelerator 

To conform to these requirements and to take to 
account specific requirements of design, ELV4-based 
accelerator has been developed (Figure 1). 

 

 
Energy Pulsing 
To reduce the energy pulsing, the series of experiments 
was carried out on a standard accelerator ELV-4. Energy 
was measured by the sensor circuit shown on Figure 2. 

 
Figure 2: Sensor circuit for measuring pulsation energy. 

 
The pulsing of energy measured by this sensor and the 

spectral decomposition of the signal is shown in Figure 3. 
It shows three distinct peaks: 
 

 
Figure 1: Common design of accelerator:  Common 
design of accelerator: 1 - column rectifying sections; 2 - 
accelerating tube; 3 - gas feeder; 4 - the primary 
winding; 5 - the case of the pressure vessel; 6 -block 
injector control; 7, high voltage electrodes; 8 - the optical 
elements of the beam current control system; 9 entries of 
the primary winding; 10 - lens; 11 - supports to support 
tube; 12 - ion pump vacuum system; 13 - docking port of 
the vacuum system; 14 - bellows for fixing the 
accelerating tube.
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Figure 3: Waveform pulses with energy(up) and the 
spectrum of the signal pulses(down), E = 1 MeV 
IBeam = 100 mA. 
• The peak frequency of 300 Hz is due to ripple 

voltage mains rectifier inverter. At the input of the 
inverter is installed six-phase rectifier with the filter 
capacitance Cф. Ripple voltage of the rectifier with a 
frequency of 300 Hz will contribute to accelerating 
voltage ripple. Increasing the filter capacitance at the 
input of the frequency converter giving energy to further 
reduce ripple of ± 5% when a beam current of 100 mA at 
an energy of 1 MeV (Figure 4). 

 
Figure 4: 300 Hz ripple component at different Cф 
depending on the beam current 

Figure 5: Series-parallel circuit connection rectifying 
sections. 

• peak at a frequency of 840 hertz (main) is due to 
a full-wave mode of operation of high-voltage rectifier. 
Using an electric circuit with a series-parallel connection 
rectifying sections (Fig.5), allowing to limit the ripple HV 
column. 

• third peak has a frequency of 420 Hz voltage. 
His appearance associated with fact that capacitors 
rectifying sections in different half-lives are fed from 
different windings. The voltage distribution on the 
secondary windings is not entirely uniform, it slightly 
decreases from the center of the column to its upper end. 
Therefore the half cycle when the capacitors are charged 
from the upper winding, they get smaller charge and, 
conversely, when charged from an underlying winding, 
produced a larger amount, i.e. appears with frequency 
ripple voltage. 

 
Current Pulsing and Schottky Effect 
   Measurement beam current ripple produced by a special 
discharge device used for generating x-rays radiation, 
which fully absorbs the electron beam (Figure 7). 
 

Раструб

R изм.

Мишень

Осциллограф

 
Figure  7: Scheme of the measurement current ripple. 
 
Measurements of beam current showed the presence 

of pulsations correlated with the ripple voltage on the 
upper rectifying sections. Schottky effect is that when the 
electric field around the cathode current changes its 
saturation. If the electric field will have a variable 
component, the saturation current will also pulsate with 
the same frequency. Figure 8 shows the appearance of the 
variable component of the electric field near the cathode 
in the accelerator. 

 
Figure 8: The upper part of the accelerator. 

 
All capacitance shown in Fig. 8 form a complex 

capacitive divider, so there is a variable voltage 
component in the capacitance between the cathode and 
the first electrode to the accelerating tube. Increasing the 
capacitance (Fig. 9) causing it to fall the value of the 
variable component, thereby reducing the pulsation of the 
beam current. 
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The table 1 shows the results of measurements of 
different plug to the electrodes of the tube containers, 
where 30 pF is standard capacitance between the 
electrodes without additional connections. 

 
As a result, has reduced volatility in energy of up to ± 

5% at a beam current of 100 mA. To reduce the ripple  
current the additional capacity were placed in parallel the 
divider resistances of tube. It reduces the instability of 
current to  ± 0.14%. 

 
CURRENT STATUS 

     Currently the accelerator for industrial tomography 
has been assembled at the customer's site and is subjected 
to adjustment tests (Fig. 10). 
      ELV accelerators continuously adapted for use in a 
variety of processes of radiation in industry and can be 
used for research into and development of new techniques 
and materials by electron irradiation. 
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Figure 9: Modified accelerating tube.

 
Figure 10: Assembled accelerator for tomography. 

Table 1.The dependence of the pulsation energy and 
beam current  from the interelectrode capacitance. 
The capacitance  

between 
electrodes 

30 pF 310 pF 590 pF 

Ripple of the 
beam current ± 6% ± 1.3% ± 0.8% 

Pulsation of the 
electric field near 

the cathode 
± 21% ± 1.2% ± 0.7% 

 
0,29 1,08 1,14 
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STUDYING OF THE ACCOMPANYING CHARGED PARTICLES IN THE 
TANDEM ACCELERATOR WITH VACUUM INSULATION* 

D. Kasatov, A. Makarov#, I. Shchudlo, S. Taskaev,  
Budker Institute of Nuclear Physics, Novosibirsk, Russia  

 
Abstract 

On the tandem accelerator with vacuum insulation in a 
steady long mode it was obtained 1.6 mA current of 
protons with 2 MeV energy. It was studied the one of the 
possible reasons of current limitation – the appearance of 
accompanying charged particles during acceleration of the 
ion beam.  

The paper presents and discusses the results of the 
accompanying beam measurement using a special 
detector. The detector registered an opposite positive 
current in the range of 80-170 µA, which is directly 
dependent on vacuum conditions in the accelerator. Also 
it was measured the dependence of the dose rate on the 
total current in the accelerating gap. These measurements 
confirmed that injected H- beam ionizes residual and 
stripping gas mainly in the area before the first electrode 
and two proposals were made to minimize the 
accompanying current.  

INTRODUCTION 
Presently, Boron Neutron Capture Therapy (BNCT) is 

considered to be a promising method for the selective 
treatment of malignant tumours [1]. The results of clinical 
trials, which were carried out using nuclear reactors as 
neutron sources, showed the possibility of treating brain 
glioblastoma and metastasizing melanoma incurable by 
other methods. The broad implementation of the BNCT in 
clinics requires compact inexpensive sources of 
epithermal neutrons. At BINP the source of epithermal 
neutrons based on Vacuum Insulation Tandem Accelerator 
(VITA) and neutron generation through 7Li(p,n)7Be 
reaction was proposed [2] and launched [3,4]. 

For providing BNCT it is required a high flux of 
epithermal neutrons which is dependent on proton current 
and energy. Now on VITA it is obtained 1.6 mA current of 
protons with 2 MeV energy in a steady long mode [5]. 
These parameters are sufficient for in vitro [6] and in vivo 
studies, but not enough for treating people. In this work it 
was investigated the one of the possible reasons of current 
limitation – the appearance of accompanying charged 
particles in the accelerating channel. There were proposed 
several origins of these spurious particles: ionization of 
the residual gas, ionization of the stripping gas in the 
accelerating channel and positive argon ions coming out 
of the charge-exchange target. 

EXPERIMENTAL SETUP 
In order to register and measure the accompanying 

current the special detector was constructed and installed 
in the input flange of the accelerator tank.  It is mounted 
in such a way that H- particles can not reach it,  and only 
positive particles that are going from the opposite 
direction to H- beam can hit the detector (Fig. 1).  

 
 The choice of this location for the detector is made due 

to previously registered modification of the surface of 
rotating diaphragm, which was mounted in the input 
flange of the accelerator tank. During the planned 
disassembly of the accelerator it was found the distinct 
imprint on the diaphragm presumably left by outgoing 
positive beam. Surface modification of the imprint was 
confirmed by scanning electron microscope Jeol JCM-
5700 and energy dispersive X-ray analyzer of elemental 
composition IncaEnergy. 

The detector consists of two insulated rings (with 
diameters  52 – 90 mm and 92 – 138 mm) surrounding the 
beam transporting channel and covered with suppressing 
grid under -40 V potential (Fig. 2). For convenience the 
square of the inner disk is twice as much as the aperture 
square; the square of the outer disk is twice as much as 
the inner disk square.  

 

 
Figure 1: Placement of the argon detector. 

 ___________________________________________  

* Work is financially supported by the Russia through the Ministry of 
Education and Science of Russia (project RFMEFI60414X0066) 
# A.N.Makarov@inp.nsk.su 

MEASUREMENTS 
Fig. 3 shows that the positive current in the range of 

80-170 µA measured by the detector is a direct function 
of the vacuum conditions in the accelerator. It can be seen 
that once the gate of the cryogenic pump was opened 
(1400 s) – the positive argon current has immediately 
decreased by 5 times and no breakdowns happened after 
that. In the same time the output proton current stayed 
almost unchanged. It can also be seen that argon current 
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Figure 2: Photo of the argon detector mounted in the 
input flange of the accelerator tank. 

 
depends very little on argon puffing in the stripping 
target. This means that argon is ionized mainly in the 
accelerating gaps, producing an opposite Ar+ beam and an 
electron beam (which is accelerated toward the central 
electrode, causing intense braking radiation production). 
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Figure 3: The time dependence of the argon current, 
proton current (divided to 10 for convenience) and 
vacuum conditions.  
 

Fig. 4 shows that the increase in argon puffing leads to 
an increase in current in the accelerating gap and increase 
of the braking radiation (Bremsstrahlung). Measurements 
were made without cryogenic pump. Approximation the 
graph to zero gives the value of the input current, 
excluding the impact of residual gas. 
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Figure 4: The dependence of the dose rate on the total 
current in the accelerating gap. 

 

CONCLUSIONS 
It is confirmed that injected H- beam ionizes residual 

and stripping gas mainly in the area before the first 
electrode. In this area electrons are born and accelerated 
to the full voltage of 1 MV and absorbed by construction 
materials leading to significant braking radiation 
emission [7]. At the same time positive argon ions are 
born and accelerated in the opposite direction. They were 
registered by the special argon detector mounted on inlet 
flange of the accelerator. The magnitude of the current of 
accompanying charged particles reaches 25 % of the 
current of the accelerated ion beam. Probably, it is the 
presence of a beam of charged particles in the 
accelerating gap that limits high voltage reliability of the 
gap and does not allow increasing of the proton beam 
current. 

To reduce the flow of charged particles and to improve 
the vacuum conditions, two solutions are proposed. 

The first proposal is to install a cooling aperture and to 
use a cryogenic pump at the input of the accelerator. This 
will allow reducing significantly the gas flow from the ion 
source to an accelerating gap. 

The second proposal is to reduce the gas flow to the 
accelerating gap from the gas stripping target. It is 
proposed to tilt the stripping target, to place permanent 
magnets in the space between the target and the input 
aperture of the high voltage electrode [8] and to put the 
turbo molecular pump inside the high-voltage electrode. 
This will make it possible not only to reduce the gas flow 
into the accelerating gap, but also to reduce the ultraviolet 
radiation and suppress the flow of positive argon ions 
from weakly ionized plasma inside the stripping tube. 
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DEVELOPMENT OF THE INJECTOR FOR VACUUM INSULATED 
TANDEM ACCELERATOR 

А. Kuznetsov, A. Ivanov, A. Koshkarev, D. Kasatov, M. Tiunov, BINP SB RAS,  
Novosibirsk, Russia 

 

Abstract 
The new beam injector of negative hydrogen ions was 

designed for modernization of the epithermal neutron 
source based on the tandem accelerator with vacuum 
insulation. The parameters of the ion source used in the 
injector construction allow one to increase the H- current 
from 5 mA to 15 mA. Preliminary acceleration of the 
injecting beam can provide more reliable operation of the 
facility when changing the parameters of the injecting 
beam or the tandem accelerator voltage. Realization of 
this injector will make the next step towards the creation 
of a compact source of epithermal neutrons for boron 
neutron capture therapy of malignant tumors in clinics. 
The paper presents the injector design and computer 
simulations of the beam transportation. 

INTRODUCTION 
The tandem accelerator with vacuum insulation of 

electrodes (VITA) [1, 2] built at BINP is designed 
specifically for the development of the AB-BNCT 
concept [3]. The epithermal neutrons generation reaction 
is 7Li(p,n)7Be, and the estimated proton current for 
minimal therapeutic neutron flux should be higher than 3 
mA @ 2.5 MeV energy [4] meanwhile about 10 mA 
required for comfortable BNCT treatment.  

The VITA facility design is shown at Fig. 1. The 
particles acceleration takes place in two stages in a 
tandem accelerator. At the first stage the negative 
hydrogen ions are accelerated by the high voltage 
electrode potential to the half of required energy, and 
then the ions meet the gas stripping target to be converted 
into protons and accelerated again by the same potential 
to the full beam energy. Several innovative ideas were 
realized in the accelerator design to allow for stable 
acceleration of intense beam in a compact facility. 

The initial ion beam is produced by the injector 
composed of the ion source, low energy beam line and 
magnetic elements providing focusing and correction of 
the beam. Series of investigations have revealed the 
limitations of injecting current. The main problems are 
the ions loss due to high residual gas concentration and 
the ability of the stripping gas to rich the injector and 
corrupt the stability of the ion source [4]. To provide a 
reliable H- beam for clinical application of the facility the 
new injector is designed. The paper presents the design 
scheme of the injector and the results of calculations 
performed. 

 

 

Figure 1: Scheme of the VITA facility. 1–ion source (H-); 
2 – high voltage electrode; 3 – electrode shutters; 4 – cryo 
pump; 5 – accelerator vacuum volume; 6 – intermediate 
electrodes; 7 – stripping target; 8 – feedthrough insulator 
(vacuum part); 9 – feedthrough insulator (gas part); 10 – 
high voltage source; 11 – coaxial feeding tubes. 

EXISTING INJECTOR CONSTRUCTION 
The scheme of the existing injector is shown at Fig. 2. 

The surface-plasma ion source with Penning discharge 
and with hollow cathode is used to generate the beam of 
negative hydrogen ions with the energy of 21 keV and the 
current up to 5 mA. The output aperture of the ion source 
has the diameter of 3 mm and the beam angular 
divergence is about ±100 mrad. The magnet required for 
Penning discharge turns the beam to the angle of 15°, and 
the cone diaphragm passes the axial part of the beam into 
the transport channel through the aperture with 28 mm 
diameter. Then the beam is focused by two magnetic 
solenoids and directed to the accelerator through the 
beam diagnostics chamber. The beam transport channel is 
a long tube with 50 mm diameter that limits the pumping 
speed significantly and does not provide the appropriate 
vacuum level resulting in up to 50% of generated ions 
loss due to interaction with the residual gas. 
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In addition, the is a back streaming of the stripping gas 
ionized by the H- beam and accelerated to an energy of 
1 MeV. A strong electrostatic input lens of the accelerator 
makes the beam transportation to be very sensitive to the 
range of parameters: the alignment of the magnetic 
elements of the low-energy beam line, the adjustment of 
the accelerating voltage and H- beam parameters.  

 

Figure 2: The scheme of existing injector: 1 – H- ion 
source; 2 – cone diaphragm; 3 – focusing solenoids; 
4 – magnetic beam corrector; 5 – beam aperture; 6 – first 
accelerator electrode; 7 – beam diagnostics; 8 –
turbomolecular pump. 

Figure 3: The new injector for BNCT facility: 1 –H- ion 
source; 2 – bending and focusing magnet; 3 –
 accelerating tube; 4 – beam diagnostics; 5 – valves for 
turbomolecular pumps. 

PROPOSED INJECTOR CONSTRUCTION 
To raise the injecting current and to improve the beam 

quality the new injector is proposed and designed. The 
scheme of the injector is presented at Fig. 3. 

The construction implements the new ion source with 
the current increased up to 15 мА [5-7]. The bending 
magnet is placed inside the vacuum chamber to direct the 
beam into the electrostatic tube for preliminary 
acceleration. The magnet is designed to provide 
additional beam focusing and ensure axially symmetric 
round beam profile in the output (Fig. 4). The vacuum 
chamber has several inputs and windows to hold the 

beam probes and to improve the construction elements 
adjustment using a laser. To provide high vacuum level 
and to reduce particle loss the turbomolecular pump of 
3000 l/s pumping speed is used. The acceleration tube 
and diagnostic chamber are pumped by separate pump 
with the same pumping speed. 

The ion source with vacuum chamber and the cabinet 
with power supply and control electronics are placed on 
the isolated platform with Faraday cage. This platform 
can be at high potential while being supplied by an 
external power source. With the preliminary acceleration 
the injector can produce the beam of 120-200 keV energy 
that provides more stable operations with adjustable 
accelerator voltage and beam parameters. 

The trajectories simulation made by MAGEL code 
proves the effective transportation of the beam through 
the acceleration system (Fig. 5, 6).  

 

Figure 4: Beam profile at the bending magnet exit. 

 

Figure 5: The ion beam transportation through the pre-
acceleration tube. 
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a) 

b) 

Figure 6: The ion beam transportation through the low 
energy beam line, 1-st stage of tandem acceleration and 
stripping target. 

SUMMARY 
The new injector was developed to modernize the 

epithermal neutron source based on the Vacuum Insulated 
Tandem Accelerator. This injector designed to produce 
H- beam of 15 mA current and energy of 120-200 keV. 
Better vacuum condition, more stable operation and 
effective beam transportation provide the ability to 
generate high power proton beam with VITA and create 
compact facility for clinical AB-BNCT. 

 
Applied research is carrying out with the financial 

support of the Russian Federation represented by the 
Ministry of Education and Science of Russia (unique 
identifier RFMEFI60414X0066). 
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MODIFICATION OF THE ARGON STRIPPING TARGET OF THE 
TANDEM ACCELERATOR 

 
A. Makarov, S. Taskaev, P. Vobly, Budker Institute of Nuclear Physics, Novosibirsk, Russia 

Yu. Ostreinov, Novosibirsk State Technical University, Russia 
 

Abstract 
Presented work is aimed on modernization of the gas 

stripping target that is used in the Vacuum Insulated 
Tandem Accelerator (VITA) to recharge negative 
hydrogen ions into protons. The target construction was 
modernized to get higher efficiency of the beam 
transportation, suppressing gas flow into the acceleration 
channel, and to raise the current of the accelerated proton 
beam. The design of the modernized stripping target, the 
calculated data on the magnetic fields and particle 
trajectories are presented.  

INTRODUCTION 
The Vacuum Insulated Tandem Accelerator (VITA) 

was developed in the Budker Institute of Nuclear Physics 
[1] to produce epithermal neutrons for boron neutron 
capture therapy in the 7Li(p,n)7Be reaction. The 
parameters of the generated radiation allow us to carry 
out in vitro and in vivo investigations of BNCT. In 
present moment the modernization of the facility 
elements is carrying out to meet the parameters required 
for clinical usage. 

The design of the VITA facility is shown at figure 1. 
The principle of the tandem accelerating scheme is 
accelerating of the negative hydrogen ions to the 1 MeV 
energy determined by the high voltage electrode 
potential, recharging the ions into protons in the gas 
stripping target and then accelerating to the 2 MeV 
energy by the same accelerating potential. Stripping 
target is made as a tube 16 mm in diameter and 400 mm 
long with the supply of the stripping gas (argon) in the 
middle (figure.2). 

When studying the dependence of beam stripping on 
the argon pressure we have found an effect that can be 
explained by the appearance of the additional flow of 
positively charged ions of the stripping gas in 
accelerating channels. The interaction of the injected ion 
beam with the gas in the stripping target leads to 
ionization of the argon and to appearance of a low-
ionized plasma with a positive potential. Under the 
influence of this potential part of positive argon ions 
comes out of the stripping target, enters into the 
acceleration channel where it is accelerated. This effect 
causes an additional load of power source, deterioration 
of the high-voltage strength in the vacuum gap and 
limiting of the proton beam current. 

 
 
 
 

 
 

 

Figure 1: High-current vacuum insulation tandem 
accelerator. 1—H ion source, 2—diaphragm, 3—
magnetic lenses, 4—corrector, 5—a temporary location 
of thebeam detector, 6—accelerator, 7—electrodes, 8—
stripper, 9—high voltage electrode,10—high energy 
beam transport, 11—turbo molecular pumps, 12—
insulator. 

 

Figure 2: Ø16-mm stripping target placed on the 
feedthrough insulator. 
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TARGET CONSTRUCTION 
Suppression of the ion flux of the stripping gas is 

proposed using a magnetic field applied in the region 
between the stripping target and the apertures in the high-
voltage electrode. The idea of the target modification is 
the following. Inside the high-voltage electrode just 
behind inlet aperture it is proposed to apply 0.4 T 
magnetic field using a two-pole permanent magnets 
(NdFeB). In this field is performed rotation at a small 
angle of the injected beam of negative hydrogen ions. 
Similar magnets at the exit of the stripping target return 
proton beam back to the axis of accelerator channel.  

In this geometry not only significant suppression of ion 
penetration of the stripping gas into the accelerating 
channel can be achieved, but also a significant 
improvement of vacuum conditions in the accelerating 
channel and reduction of the ultraviolet radiation from the 
plasma in the stripping target. Stripping target 
modification scheme is shown in Figure 3. 

 
COMPUTER SIMULATION 

Simulation of the considered system is executed in a 
software package COMSOL Multiphysics. The first step 
was to obtain distribution and value of the magnetic fields 
for proposed construction. Maximum value of the field in 
the magnet’s gap was 0.35 T, the value of the field 
penetrating into the stripping target is insignificant and it 
doesn’t influence on the beam angular divergence. The 
field distribution along the beam trajectory is shown in 
Figure 4.  

The second step was the calculation of the beam’s 
trajectory and its the cross profile change. Transverse 
displacement of the beam after passing through the dipole 
magnets was 74 mm (Figure 5.). Desired rotation angle of 
the target was 8 degrees. Beam passage in the dipole 
magnet field is accompanied by focusing on one 
coordinate, and defocusing in the other. In the simulation, 
it is assumed that the initial beam is flat and parallel to 
that with good accuracy correspond to reality[1]. The 
beam profile produced at the output of the second magnet 
is shown in Figure 6. 

 

 

 

 
 

Figure 3: Concept of rotated stripping target with a 
magnetic field. 1–Stripping target; 2–Central electrode; 
3–Permanent magnet. 

 
Figure 4: Transverse component of the magnetic flux 
density along the beam trajectory. 

 

 
 
    Figure 5: Results of particle trajectories calculations.  
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FIRST RESULTS OF EXPERIMENTS WITH THE EXTRACTED CARBON 
BEAM AT THE U-70 ACCELERATOR  

G. Britvich , S. Gorokhov, N. Ivanova, V. Kalinin, M. Kostin, A. Koshelev, A. Lukyantsev,  
S. Makonin, A. Matyushin, A. Maximov, V. Milyutkin, A. Ostankov , V. Pikalov, M. Polkovnikov, 

V. Seleznev, A. Sotnikov, IHEP, Moscow Region, Russia 
E. Beketov, S. Koryakin, A. Lychagin, M. Troshina, S. Ulyanenko, MRRC, Obninsk, Russia 

Abstract 
The scheme of the C ions beam production with energy 

455 MeV/nucleon from the U-70 accelerator was 
described briefly. The equipment facilities for the 
radiobiology experiments were shown. Experimental 
parameters of the carbon beam were described. The first 
experimental results were shown. 

INTRODUCTION 
Carbon beam program at IHEP has been started at 

2001. The goal is to create an Ion beam therapy Center. 
Project state. For today we have finished: 
- Laser based carbon ions source; 
- Acceleration of carbon ions in the I-100 linac; 
- Transfer line between I-100 and U-1.5 booster; 
- Modernization of U-1.5 and U-70 equipment; 
- Stable acceleration of carbon ions in U-1.5 and U-70; 
- Slow extraction of the carbon beam from U-70 with 

parameters appropriate for the medical practice; 
- U-70 biological shielding was modified to build 

radiobiological extraction line (Channel #25) in the ex-
perimental hall; 

- Magnetic elements for the head part of the Channel #25 
mounting (four dipoles and four quadrupoles); 

- Slow extraction of the carbon beam with 450 MeV/A 
energy into the temporary radiobiological setup (VRBS) 
at the Channel #25; 

- Three runs of the VRBS with the carbon beam at 450 
MeV/A. 
Carbon ions are accelerated up to the 450 MeV/A in U-

1.5 booster, and then are transferred into the U-70 
synchrotron. Carbon beam is not accelerated in the U-70. 
Carbon ions are collected in the U-70 and then are 
transferred by means of slow extraction scheme into the 
VRBS region. 

Parameters of the extracted carbon beam and 
background conditions were measured, and VRBS was 
qualified for the radiobiological studies. 

EXPERIMENTS WITH EXTRACTED 
CARBON BEAM 

Experimental studies with extracted carbon beam at 
VRBS were done during three last runs of U-70. Water 
phantom with 3D system of detector movement. This 
phantom is installed in the VRBS zone. It has 15 mm 
thick side walls and 30 mm front wall made from 
polycarbonate.  

Bragg peak position was measured in this phantom by 
means of: 
- Clinical dosimeter with natural diamond detector; 
- Clinical dosimeter with TM-30013 ionization chamber 

with graphite walls; 
- Radiochromic film Gafchromic EBT3.  
Thin ionization chambers were used to measure intensity 
of the extracted carbon beam. These chambers were 
designed and produced at IHEP. Chamber with 200x200 
mm2 cross-section was used for general beam intensity 
measurements. To measure transversal distribution of the 
extracted beam density 2D multicellular chamber was 
used. One cell has 1x1 cm2 size, number of cells is 64 
(8x8) wall. 

Ionization chambers were calibrated with activation 
detectors data. Pure carbon discs 40 mm in diameter and 5 
mm thickness were used as activation detectors. Detectors 
were placed on the flange of OM-1 magnet in between 
OM-1 and OM2 magnets. Measurements data are shown 
in Table 1. 

Table 1: Activation detectors calibration 

Date Particles Cycling Intensity by 
cycle 

30.03.2014 Proton Е=1,3 
GeV 

7 1,9х1010 

04.04.2014 Proton Е=1,3 
GeV 

7 1,3х1010 

04.04.2014 Carbon 
Е=455 
MeV/nucleon 

7 4,5х108 

21.04.2014 Carbon 
Е=455 
MeV/nucleon 

7 1,5х109 

  
Extracted beam composition was studied. For this goal 

detecting setup was combined from three 1 mm thick and 
1 cm2 square scintillation detectors, dE/dx ion-implanted 
Si detector with 450 um thickness and 1 cm2 square, and 
full absorption BGO detector. Time-of-flight, amplitude 
analysis and 2D amplitude analysis methods were used. 
As a result of measurements it was found that extracted 
carbon beam at VRBS has 11% of admixtures, which 
corresponds to the amount of matter crossed by beam 
upstream of the VRBS. 
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Figure 1: Dose distribution measured around the 
irradiation point. 

    For the radiobiological studies one needs to have 
heterogeneity of the carbon field not worse than 5% in the 
VRBS region. Method of the longitudinal transversely flat 
paraxial dose field production was developed for this. 
Carbon ions beam was slowly extracted during the lower 
plateau of the U-70 synchrotron magnetic field. Dose 
field is produced by compact electromechanical wobbler 
using rotating constant di-pole magnets. As a result we 
have got uniform irradiation field with diameter 60 mm 
for the first radiobiological experiments. Dose 
distributions around the irradiation point, measured by the 
radiochromic film Gafchromic EBT3, are shown in Fig.1. 
    Irradiation of the biological objects by carbon ions 
beam was performed. Culture of cells of the mouse 
melanoma B-16 was used as an experimental biological 
test-system. Cells were received from Moscow institute of 
medical ecology. Culture was cultivated in monolayer 
according by standard method and was irradiated in the 
late log-phase. Irradiation of the cells monolayer was 
done at a room temperature in vials totally filled with 
RPMI-1640 medium with addition of 2% of embryonic 
veal serum. There are three sets of irradiation were 
performed – through up to the Bragg peak (“on the 
cross”), in the Bragg peak and be-hind the Bragg peak. 
Positioning of the vials is shown in Fig. 2. 

Doses of irradiation are shown in Table 2. Standard 
gamma-irradiation for the comparison was performed on 
the isotope gamma-setup “Luch” (Co60, E = 1.25 MeV) 
with dose rate 1.04 Gy/min. Residual clonogenic activity 
of cells was determined in standard way after irradiation.  
Experimental curves for “dose-effect” are shown in Fig. 
3. Experimental data was approximated by the linear-
quadratic model:  log = + 2,   (1) 
where S is a fraction of survived cells, D – irradiation 
dose in Gy, α and β – coefficients equal to the probability 
of lethal damages in tracks of one or different particles. 

 

Figure 2: Irradiation of the vials with monolayer of 
melanoma B-16 in the region of the Bragg peak. First veal 
is sitting in the region of the peak, second – behind the 
peak. Beam is hitting from the right side. 

Table 2: Radiation dose. 
Namber Dose , Gr Errors Cycling Time 

602 1,97 0,14 67 10 min. 

603 1,53 0,11 52 6 min. 

604 1,10 0,04 33 5 min. 

605 0,54 0,04 14 2 min. 

606 1,65 0,04 126 18 min. 

607 2,55 0,07 133 19 min. 

608 3,81 0,10 223 31 min. 

609 5,05 0,15 251 33 min. 
 
The coefficient of the relative biological effectiveness 
(RBE) was determined according to the level of 10% 
survival of cells: 

RBE = ,   (2) 
where Dγ – dose of standard γ-irradiation, DC – dose of 
the carbon beam irradiation. RBE value was calculated 
equal to 2.7 in the Bragg peak position and 1.7 at “on the 
cross” irradiation. 

 

Figure 3: Survival probability curves for mouse 
melanoma cells B-16 after gamma-irradiation (4) and 
carbon irradiation (1 – 3). 
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    Experimental date presented in the Fig. 3 does not 
contradict to the published date and support attraction of 
the carbon beams to goals of radiation therapy. 

CONCLUSION 
1. Carbon beam with parameters suitable for radio-

biological studies was extractive into VRBS region. 
2. Beam diagnostics equipment was tested. 
3. Experimental data for the future development of 

wobbler magnet were obtained. 
4. First irradiations of biological objects were performed. 
5. Future development of dosimetry approaches is 

required. 
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EXPERIMENTAL STUDY OF THE TIME DEPENDENCE OF THE 
ACTIVITY OF DELAYED NEUTRONS IN THE FISSION OF 235U BY 

NEUTRONS FROM THE REACTION 7LI(P, N) ON THE ELECTROSTATIC 
ACCELERATOR EG-1 

K.V. Mitrofanov, V.M. Piksaikin, A.S. Egorov, V.F. Mitrofanov, D.E. Gremyachkin, B.F. Samylin,  
State Scientific Center of Russian Federation Institute of Physics and Power Engineering,  

Obninsk, Russia 
 

Abstract 
    In the present work the installation created on the basis 
of the accelerator EG-1 (IPPE) for the experimental 
studies of the time dependence of delayed neutron activity 
from neutron induced fission of 235U is described. 
Measurements were carried out with neutron beam 
generated with the help of the 7Li(p,n) reaction. The lower 
limit of the investigated time range was governed by the 
proton beam switching system that was 20 ms. It was 
shown that the temporary characteristics of delayed 
neutrons from the fission of 235U by epithermal neutrons 
is consistent with the time dependence which at present is 
recommended as a standard. In case of the fast neutron 
induced fission of 235U the measured decay curve of 
delayed neutrons shows excess of counting rate in the 
time interval 0.01-0.2 s as compared with the decay curve 
corresponding to the recommended data. 

 
    Experiment was carried out at the accelerator IPPE EG-
1. Block scheme of the experimental setup is shown in 
Figure 1.  
 

National 
Instruments

 
Figure 1: Block scheme of the experimental setup is 
performed on the basis of the system of accumulation of 
National Instruments. 1 – high voltage source; 2 – 
preamplifiers of signals from the counters SNM-18; 3 – 
summator of signals from the preamplifier of detector 
counters. 
 

 
The neutron detector is an assembly of three counters 

SNM-18 (working gas: a mixture of 97% He-3 + 3% Ar. 
The pressure of 405 kPa) mounted in a polyethylene box. 
Signals from the counters SNM-18 received consistently 
to preamplifiers, amplifiers and conditioners. TTL signals 
received on the adder were formed at the output of the 
last, combined into a single digital stream of information 
transmitted by electronic analysis system and 
accumulation. 

In this work, the neutron detector was set up, in which 
the effect of the distortion of the counting characteristics 
was absent at the initial time after irradiation session. In 
addition, the counting characteristics of the detector is not 
distorted even during irradiation intense beam of neutrons 
generated in the lithium target under the action of protons. 
The neutron source was a lithium target irradiated by a 
proton beam. The current in the experiment was 10 µA. 
The proton energy was 2.6 MeV. 

There were two types of experiments. In the first 
experiment, the irradiated sample was placed on a side 
surface of a neutron detector. In a second experiment, a 
235U sample was placed in cadmium cover and a lead 
shield was placed between the detector and the sample. 
Obviously, in the first experiment, the neutron spectrum is 
significantly softer than the case of experiment №2, 
because the direct beam of the neutrons from the target is 
added the neutrons scattered by the material of the 
neutron detector. In the second experiment, a sample of 
235U is at a distance of 5 cm from the detector, and the 
scattered neutron at the detector are intensity absorbed by 
cadmium filter. Lead filter is designed to shield the 
detector from the possible detection of delayed gamma 
rays from the sample 235U. A sample of 235U is a metal 
disk of 3 mm thickness and 41 mm in diameter, located in 
a metal shell. Measurements in the experiments were 
carried out for two different irradiation times – 180 s and 
15 s. The experimental method used in this experiment 
based on the cyclic irradiation of fissile samples in a 
neutron flux of Li(p,n) reaction and the measurement of 
the time dependence of the delayed neutron activity [2]. 

THE FIRST EXPERIMENT 
To verify the correct operation of all the experimental 

equipment (neutron detector with a registration tract, the 
electronic data storage system) the obtained data were 
processed to evaluate the time parameters of the delayed 
neutron. The estimation of parameters of the delayed 
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neutron performed by an iterative least-squares method 
[3]. The evaluation was carried out as part a 6-group 
model of time parameters of the delayed neutron. The 
obtained data are presented in Table 1. The table shows 
the analogous data from Kipin work [5]. The value of the 
average half-life obtained in the present work is the same 
as the corresponding recommended data [4]. 

 

dN
/d

t, 
co

un
ts

/s

t, s

s

 
Figure 2: Time dependence of the activity of the 235U 
sample obtained in experiments №1 with irradiation time 
of the sample tirr = 180 s, presented as a count rate. 
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Figure 3: Time dependence of the activity of the 235U 
sample obtained in experiments №1 with irradiation time 
of the sample tirr = 15 s, presented as a count rate. 

 
 

The Figures 2 and 3 show that in this configuration the 
experimental data for the time of irradiation tirr = 15 do 
not show a significant excess of delayed neutron activity 
at the lower boundary of the investigated time range 
(0.01-0.5 s) as in the case of long irradiation (tirr = 180). 

 
THE SECOND EXPERIMENT 

Figure 4 shows that data of experiment №2 indicate  the 
excess of count numbers in the low times in relation to the 
recommended data [4]. Similar results were obtained in 
experiments with a configuration corresponding to a fast 
spectrum of primary neutrons for the irradiation time of 
the sample tirr = 15 s. These data are presented as the 
count rate of pulses from a neutron detector in Figure 5. It 
is seen that there is an increase the count rate of delayed 
neutrons in the times region up to 0.12 s compared with 
the data obtained on the basis of the recommended data. 
The recommended data were measured in the time range 
starting from 0.1 s. 
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Figure 4: Time dependence of the activity of the 235U 
sample obtained in experiments №2 with irradiation time 
of the sample tirr = 180 s, presented as a count rate. 

Thus, it was shown in the experiment that the measured 
time dependence of delayed neutron activity for soft 
neutrons agrees with the recommended one. As for the 
fast spectrum of primary neutrons the excess of count 
numbers is observed on the decay curve in the time range 
of 0.01 - 0.2 s as compared to the decay curve 
corresponding to the recommended data. 

Table 1. Relative yields and periods of delayed neutrons in the fission of 235Uby neutrons from the reaction 7Li (p, n).

№ 1 2 3 4 5 6 T1/2 ср
235U 
(present 
work, fast 
spectrum)

ai 0.03950 
±

0.00131

0.20823
±

0.00692

0.19670
±

0.00881

0.38126
±

0.01501

0.14655
±

0.00692

0.02776
±

0.00139
8.90932

±
0.48652

Ti 54.12201
±

1.01994

22.38173
±

0.29337

6.09608
±

0.22313

2.2432
±

0.05674

0.45424
±

0.02208

0.17896
±

0.00894
235U  
Kipin (fast)

a i 0.038 0.213 0.188 0.407 0.128 0.026
8.83

Ti 54.51 21.84 6.0 2.23 0.496 0.179
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Figure 5: Time dependence of the activity of the 235U 
sample obtained in experiments №2 with irradiation time 
of the sample tirr = 15 s, presented as a count rate. 

 
In this work, the set-up was created on the basis of the 

accelerator EG-1 IPPE allowing to measure the activity of 
delayed neutrons of fission of heavy nuclei in the time 
range, which the lower limit is determined by the speed of 
the charged particle beam interruption. It was shown in 
the experiments that the measured time dependence of 
delayed neutron activity in the fission of 235U on the soft 
spectrum of primary neutrons agrees with the 
recommended one. As for the fast spectrum of primary 
neutrons the excess of count numbers is observed on the 
decay curve in the time range of 0.01 - 0.2 s as compared 
to the decay curve corresponding to the recommended 
data. 

The microscopic approach using the data on the 
probability of emission of delayed neutrons and 
cumulative yields of fission products for 368 nuclei 
precursors also indicates the existence of short-lived 
component (T1/2 <0.2 s) in the decay curve of activity of 
delayed neutrons emitted in the fission of 235U. 
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REGISTRATION OF GAMMA RAYS FROM THE REACTION 16O(N,P)16N 
ON THE DIRECT NEUTRON BEAM OF CASCADE GENERATOR KG-2.5 

K.V. Mitrofanov, V.M. Piksaikin, A.S. Egorov, B.F. Samylin, 
State Scientific Center of Russian Federation Institute of Physics and Power Engineering,  

Obninsk, Russia 
 

Abstract 
In the present work the results of analysis of the oxygen 

content in the water with the help of gamma-rays 
registration from the reaction 16O(n, p)16N is described.  
The samples were installed permanently on the direct 
beam of neutrons generated by the reaction 7Li(d, n) in 
the cascade generator KG-2.5 (IPPE). A comparison was 
carried out with experimental data obtained by the 
activation method in similar experimental conditions. 

The method of determination of oxygen in the samples 
is based on the reaction 16O(n,p)16N(β-). A beam of 
neutrons generated in the reaction 7Li (d,n) on the cascade 
generator KG-2.5 was used for irradiation of the sample. 
The energy distribution of neutrons from the target in the 
case of deuterons with an energy of 0.7 MeV is shown in 
Figure 1. There is a homogeneous group of neutrons in 
the region of 14 MeV (the channel of reaction 
7Li(d,n)8Be) and a continuous spectrum of neutrons with 
energies ranging from very small up to 14 MeV. The total 
neutron yield from this reaction for deuterons with an 
energy of 1 MeV and a thick target is about 3·107 
neutrons/µA/sr. 
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Figure 1: The energy spectrum of neutrons in the 7Li(d,n) 
at an angle θ=00 at Ed=0,7 MeV and a cross section of 
reaction 16O(n,p)16N. 

The same figure shows a cross section of the reaction 
16O(n,p)16N. It is seen that only a small fraction of the 
total neutron spectrum is effective for generating reaction 
16O(n,p) (~ 15%). The rest of the neutrons generates the 
background component of the resulting gamma-spectra, 
which is caused by the reactions (n,γ), (n,2n), (n,α), (n,p) 

of setup constructional materials (including detector 
materials), which generate a spectrum of gamma rays in 
the range of 0-3 MeV. There is an opportunity to 
distinctly register gamma rays with energies 7.12 and 6.13 
MeV produced by beta decay of 16N. [1] 

Methodical difficulty of this experiment is the intensity 
of gamma background caused by the above reactions. 
These gamma rays produce a large load electronic path of 
the spectrometer. It leads to a distortion of the response 
function of the spectrometer and bandwidth of gamma 
spectroscopy system.  

One of the consequences of high load detector is, for 
example, blocking the registration of high-energy gamma 
rays. The parameters of the electron spectrometric 
channel and of the detector shielding was optimized to 
solve this problem (choosing the correct amplifier and its 
mode of operation, the choice of parameters for the 
formation and registration of signals). There was also 
selected the optimum exposure time mode irradiation of 
samples and recording the spectra of gamma-ray induced 
activity. 

The water was selected as a sample. The permanently 
installed water sample was irradiated for 10 s. Time of 
measurement of the induced activity was 100 s. The 
experimental scheme for the case of a stationary target is 
presented in Figure 2.  

Cooling of 
the target

shadow protection

sample

detector protection

 
Figure 2: The experimental scheme for the identification 
of oxygen on the direct beam accelerator. NaI(Tl) -
100x100. 

A similar experiment was carried out in the absence of 
the sample (background measurement). The results are 
shown in Figure 3. 
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Figure 3: The energy distribution of gamma rays in the 
range of 0-20 s registered after irradiation the sample H2O 
by neutrons from the reaction 7Li(d,n) for 10 s. NaI(Tl) -
100x100. 

The figure shows that the number of gamma rays 
corresponding to the double peak emission of gamma rays 
is significantly higher than the number of pulses 
background. High-energy gamma rays in the background 
spectrum is due to the reactions of the isotopes of oxygen, 
which is part of the atmosphere and the reflector (MgO2) 
crystal NaI(Tl) [2]. The selection of the time dependence 
of pulses belonging to the energy range 3.5-6 MeV was 
conducted to determine the decay rate of activated nuclei 
16N. The resulting decay curve for one cycle of 
measurements is shown in Figure 4. 

The resulting decay curve of gamma activity was 
processed to evaluate the half-life of the induced activity. 
The processing of decay curves showed that the half-life 
of accumulated activity is 7.14 ± 0.39 s and belongs to the 
nuclei of 16N. 

For demonstration of the possible use of this method for 
practical applications was carried out continuous 
irradiation of the pipeline through which water moves 
from the target to the neutron detector. 

Figure 5 shows the scheme of an experiment to 
determine the induced activity of water moving in the 
pipe from the accelerator target to the neutron detector. 

The results of the experiment are shown in Figure 6. 
The difference in the number of counts in the peak is due 
to the fact that the curves are not normalized to the total 
neutron flux. Some difference may also be due to the 
fluctuation of water flow in the pipeline. One of the 
curves was obtained at a reduced flow rates. 
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Figure 4: The decay curves of gamma-activity of nuclei 
16N accumulated in the reaction 16O(n,p)16N. Energy 
window: 3.5-6 MeV. NaI (Tl) -100x100. 

Cooling of 
the target

concrete

concrete

detector of 
gamma-ray

pump

1.5 sm

L=5m

 
Figure 5: Scheme of the experiment to determine the 
induced activity of water in the pipeline. NaI (Tl) -
100x100. 
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Figure 6: The energy distribution of gamma rays 
registered during continuous irradiation of water flow by 
neutrons from the reaction 7Li(d,n). The irradiation time 
of 600 seconds. NaI(Tl) -100x100. 

Figure 6 shows that there is a significant excess of the 
number of counts of reaction 16O(n,p)16N in the sample 
over the count number of background. The effect will be 
greatly enhanced in the case of detectors with higher 
energy resolution - BGO or lanthanum bromide. 

This method may obtain application in actual practical 
applications, not only in the nuclear industry, but also in 
the oil and gas industry. A compact 14 MeV neutron 
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generator is used as the neutron source - neutrons 
generated by the reaction T(d,n). Currently, these 
generators are produced by the domestic industry. The 
intensity of the neutron flux is approximately 109-1010 
neutrons/s.  

The following are the possible practical applications 
related to the registration of induced activity 16N: 

 Creating a device for determining the velocity 
and flow rate (oil and gas) in pipelines. (Contents of 
oxygen. Flow rate and liquid). 

 Source of High-Energy Gamma-rays (2.75, 6.13 
and 7.11 MeV) for the calibration of the energy scale of 
gamma spectrometers. 

 Monitoring the spatial distribution of oxygen in 
the fuel rods. 

 Certification of the chemical composition of 
irradiated fuel rods, which must be disposed. 
It should be noted that the present measurements were 

carried out in the presence of a large background of 
gamma radiation. A similar situation will occur with 
irradiated fuel. 
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CONDITIONING AND MONITORING OF CLEANNESS  
OF HIGH VOLTAGE SYSTEM WITH GASEOUS INSULATION 

 
K.A. Rezvykh and V.A. Romanov, SSC RF – IPPE, Obninsk, Russia  

 
Abstract 

New effective technique of conditioning of gaseous 
insulation of electrostatic accelerator is described. To 
achieve stable breakdown voltage, accelerator 
conditioning procedure would take 7-8 hours (volume of 
pressure tank is 9 3m ). Three methods of monitoring 
cleanness of gaseous insulation are proposed. 

 
HIGH UNSTABLE VOLTAGE 

The paper is devoted to preliminary tests of accelerator 
without tubes. Cleanness of the system is usually 
achieved by step-like increasing of gas pressure (“from 
low to high pressure” method). Breakdowns are repeated 
until the breakdown voltage rise stops. The method is 
ineffective since it disregards the second source of 
instability of breakdown voltage, namely: presence of free 
solid particles in the vessel space. 

 Influence of particles was evidently found when 
testing the EG-2.5 and the EG-3 accelerators without 
tubes with positive voltage polarity. 2 2/N CO  gas mixture 
always contained 20% of 2CO . Tests were carried out by 
step-like decreasing of gas pressure (“from high to low 
pressure” method). High unstable breakdown voltage first 
appeared under gas pressure of 1 MPa during fourth 
breakdown after the start of the experiment. Then the 
breakdown voltage gradually decreased down to about 0.8 
of high unstable value and increased again up to 1.09 of 
this value in the thirteenth breakdown.  

 
   Figure 1: Breakdown voltage of the EG-2.5 accelerator 
before conditioning versus vessel pressure measured in 
descending and ascending series of tests. Descent_1 curve 
corresponds to “low unstable breakdown voltage” mode, 
Descent 2 curve corresponds to “stable” and “high 
unstable voltage” modes. Ascent_1 and Ascent_2 curves 
correspond to “high unstable breakdown voltage” modes. 

 

After that we replaced the whole amount of insulation 
gas and obtained “four parallel lines” picture (Fig. 1), i.e. 
four voltage values corresponding to the same pressure. 
No special gas conditioning was conducted. The first 
descending series of tests started with 1 MPa pressure in 
“low unstable voltage” mode  and it was converted into 
“high unstable voltage” mode upon pressure decrease 
down to 0.17 MPa. In the first ascending series of tests, 
“high unstable voltage” mode was stopped upon reaching 
1.0 MPa pressure and it was converted into “the low 
unstable voltage” mode starting from 1.2 MPa pressure. 

The abrupt change of the average stable breakdown 
voltage to high unstable value was observed in the second 
descending series of tests under 0.5 MPa pressure (after 
the fifth breakdown) with multiplicity of 1.9 relative to its 
value. It should be noted that high unstable breakdown 
voltage naturally arose under constant 2 2/N CO  gas 
pressure maintained within 0.1–1 MPa operating range 
and it was kept during the second ascending series of 
tests. 

“High unstable voltage” mode is slightly mentioned in 
[2]. 

 
Figure 2: Breakdown voltage of the EG-2.5 accelerator 
versus vessel pressure before and after “from high to low 
pressure” conditioning. Curves 1 and 2 correspond to 
“low unstable” and “stable” modes, and curve 3 
corresponds to “conditioning without breakdowns” 
technique (to remove light particles from the vessel). 

 
NEW CONDITIONING TECHNIQUE 

It is experimentally found that polished electrodes have 
the most relative increase of breakdown voltage, i.e. the 
highest conditioning effect [3]. Therefore one can 
consider free solid particles as the main cause of 
insulation deterioration. The particles arise and start 
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moving between the electrodes under high voltage. 
Besides, accelerators operating experience showed that 
particle traps installed in the gap were ineffective. As a 
result of a breakdown trap is shaken and particles are 
returned to the gap space. 

The new technique [4] combines high voltage 
application to the system electrodes and pumping out 
insulation gas from the vessel in order to completely 
remove particles instead of their trapping.  

Diagrams in Figs. 3 and 4 are made on the common 
time scale. 

 
Figure 3: Vessel pressure change versus time. 

 

 
Figure 4: Electrodes voltage change versus time. 

 
In the initial stage, dust filter with pores of 1 mμ  is 

installed in the vicinity of the gas main inlet to the vessel, 
insulation gas is dried to humidity of 30-50 ppm and 
pumped to the vessel up to the max permissible pressure 

maxp  (Fig. 3).  
System cleanness degree is determined by the stable 

breakdown voltage value for the clean system, e.g. Umax. 
To estimate anticipated maxU  voltage the following 
procedures are conducted as the second step: rise of static 
voltage on the electrodes to about haft of maximum 
anticipated breakdown voltage value (Fig. 4); gas 

pumping out from the vessel to reserve tank until the 
occurrence of the first breakdown of gas; pressure change 
stop; voltage decrease followed by its slow increase until 
repeated breakdown occurs; and calculation of anticipated 
voltage value using the following relationship: 

1
max max( / ) pX

cl in inU k p p U−= ⋅ ⋅ ,  (1) 

where maxU  is the stable breakdown voltage under 
maximum pressure in the clean system: 

max max( )BU U p= , inU  is the breakdown voltage 

measured under initial gas pressure in the vessel; maxp  

and inp  are, respectively, maximum and initial values of 

absolute gas pressure reduced to 20°C temperature; pX is 

exponent, clk  is an empirical cleanness coefficient: 

/cl in stblk U U= ; and stblU  is gas breakdown voltage 
under the same pressure in the clean system.  

The third step implies decrease of electrode voltage 
and vessel pressure to the minimum level corresponding 
to electric field strength on gap electrodes not lower than 
0.5 kV/mm value. 

The fourth step includes cleaning cycles repeated till 
the min fluctuations of breakdown voltage under max 
pressure are achieved. Results of “from high to low 
pressure” conditioning technique application for rare 
breakdowns [4, 7] are presented using least-square 
method as follows:  

pX
BU A p= ⋅ , (2) 

where BU  is breakdown voltage of the gap, MV; p  is 
gas pressure (MPa) reduced to 20˚C temperature; A 
and pX − constants. Thus Eq. (2) can be used for 
calculations on, respectively, EG-2.5 and EG-3 
accelerators as follows: 

0.6092.901 , , 4.2%, 0.21 1.2BU p MV pσ= ⋅ = = − MPa,  (3) 
0.6773.613 , , 5.0%, 0.21 1.2BU p MV pσ= ⋅ = = − MPa,  (4) 

where σ – standard deviation of the experimental values 
from the curve.  

The “MNK_one” code written in Pascal for calculation 
of A  and pX constants in Eq. (2) was published [7]. 
Absence of high unstable breakdown voltage and 
coincidence of max( )BU p  values provide the strict proof 
of cleanness of tested systems. 

 
CHECKING SYSTEM CLEANNESS 

Two simple criteria of conditioning completion and 
three methods of conditioning obtained recently are listed 
below. 

(1) Independence of breakdown voltage of its serial 
number. 

(2)  Change of the average breakdown voltage values is 
insignificant for two successive series of 5-10 
breakdowns [3].  
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The above two criteria assume the use of “from low to 
high pressure” testing method and conditioning by 
successive breakdowns. Both criteria are ineffective in 
“high unstable voltage ” mode. 

(3) Conditioning by “from high to low pressure” 
technique with applied voltage and rare breakdowns 
provides reliable cleanness checking with small 
fluctuations of voltage max( )BU p  and without high 
unstable voltage. 

(4) Eq. (2) can also be used for verification of 
experimental data. It is known that pressure increase 
results in non-linearity of breakdown voltage / pressure  
dependence due to the rough electrode surface. Condition 
of 1pX ≤  in Eq. (2) with min 0.2p ≤  MPa corresponds to 
the “stable” test mode.  

Let us calculate parameters of Eq. (2) using code from 
[7]. For this purpose data file length is varied several 
times by successive decrease of maximum pressure 

maxp in the data file. If pX  parameter approaches 1 
asymptotically, then the breakdown voltages are stable. 
Otherwise the experimental data contains a systematic 
error caused by unfinished conditioning. 

 
Figure 5: Exponent pX  in Eq. (2) versus maximum 

pressure in the ( )BU p  file. 
 

Thus EG-2.5 curve in Fig. 5 characterizes dependence 2 
from Fig. 2 of this paper; it is related to polished 
electrodes and stable voltages. EG-2 curve shows the 
presence of low or high unstable breakdown voltage 
under 0.2 MPa pressure in the preliminary tests of the 
other accelerator [5] with 2 2 6/ /N CO SF  gas mixture.  

It is in the case of CYLINDER for coaxial cylinders in 
6SF  gas [6, Fig.3] that exponent pX  does not approach 1 

apparently due to the rough surface of electrodes having  
arithmetic mean profile deviation 10aR mμ= . 

(5) If conditions of the base experiment and input data 
of calculation are taken into account, then mathematical 
model described in [1, 7] extrapolates result of the base 
experiment to the calculated breakdown voltage of the 
object. If the base breakdown voltage is stable (e.g. that in 
MP, EG-2.5 and EG-3 accelerators), then calculated 

breakdown voltage for the object would also correspond 
to the stable performance accurate to (2 3)%± − . Hence 
the calculated breakdown voltage determines reachable 
limit of electric object’s strength. 
 

CONCLUSION 
1. “High unstable” breakdown voltage mode arises 

within operating range of 2 2/N CO  gas pressure 
indicating deterioration of the system insulation. 

2. In contrast to the unsafe “from low to high pressure” 
technique based on repeated breakdowns with step-like 
pressure changes, “from high to low pressure” method 
with limited number of breakdowns allows to effectively 
remove free solid particles from the gap. 

3. Quantitative criteria of insulation cleanness, namely: 
maximum voltage max( )BU p , exponent pX , and 
calculated breakdown voltage _B CALCU  make it possible 
to determine electrical strength of a system, its 
shortcomings and reserves. 
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SET-UP FOR MEASUREMENTS OF DELAYED NEUTRON 
CHARACTERISTICS IN INTERACTION OF HEAVY NUCLEI WITH 
RELATIVISTIC PROTONS OF THE SYNCHROCYCLOTRON PINP 

GATCHINA  
 

A.S. Egorov, V.M. Piksaikin, V.F. Mitrofanov, B.F. Samylin, State Scientific Center of Russian 
Federation Institute of Physics and Power Engineering, Obninsk, Russia 

 
Abstracts 
    In present paper the method and set-up for 
measurements of delayed neutron characteristics in 
interaction of heavy nuclei with relativistic protons are 
described. On the basis of this method the time 
dependence of delayed neutron activity has been 
measured from interaction of 238U sample with 1 GeV 
pulsed proton beam of the synchrocyclotron of the 
Petersburg Institute of Nuclear Physics, Gatchina. The 
measured data was analyzed in frame of 8-group 
precursor’s model with a consistent set of half-lives. 
Obtained results on the fractional yields of delayed 
neutron precursors are compared with an appropriate data 
from the fast neutron induced fission of 238U. 
 
EXPERIMENTAL METHOD AND SET-UP 
    The measurements of delayed neutron decay from the 
fission of 238U induced by relativistic protons were carried 
out on the set-up installed at the synchrocyclotron of the 
Petersburg Institute of Nuclear Physics, Gatchina. The 
synchrocyclotron is a pulsed accelerator with a 1 GeV 
proton beam intensity of about 1010 protons/cm2·s in the 
location of sample. The width of proton pulses in the 238U 
experiment was 0.008 s with the repetition time of 0.02 s  
    The experimental method employed in the 
measurements of delayed neutron decay curves is based 
on cyclic irradiations of the 238U samples by protons 
followed by the registration of the time dependence of 
accumulated delayed neutron activity.[1] 
    Block diagram of the experimental setup is presented 
on figure 1.  
    The detector is shielded against the neutron background 
by borated polyethylene and cadmium sheets. The 
amplifier (A) and pulse discriminator (D) were used for 
two sets of counters – outer and inner as related to 
incident neutrons. The output signals from these 
electronic channels are fed to a mixing module (Σ) 
coupled with DAQ electronic system. The dead time of 
neutron detector is 2.3±0.2 µs. 
    The pneumatic transfer system is capable to transport 
the sample for the time short enough to measure the 
delayed neutron yields with the shortest half-lives. Two 
electromagnetic valves are responsible for the sample 
transportation route. The stainless steel tube with inner 
diameter of 12 mm and wall thickness of 1 mm serves as 
a pneumatic flight guide (3). The positions of the sample 
in the neutron detector and irradiation location are fixed 
by the plugs with adjustable central hole which provides 

the excessive pressure in front of the moving sample and 
smoothes the contact between the sample and the plug. 
The information on the sample location is obtained from 
sample position detector (6). Time of flight of the sample 
is about 150 ms. 

 
Figure 1: Block diagram of the experimental setup: 1,6-
sample position detector; 2-neutron detector; 3-pneumatic 
transfer system; 4-neutron detector shield; 5-beam line; 7-
sample of 238U; 8,9  Laser positioning device; (P) 
preamplifier, (D) pulse discriminator; (Σ) summator; 
(PSC) Pneumatic System Controller; In the bottom of the 
fig.1 is presented Data Acquisition system by National 
Instruments based on Labview. 
   

RESULTS AND DISCUSSION 
    Composite decay curves which were measured in 
interaction of 1 GeV pulsed beam of protons with 238U 
with irradiation times 15 and 180 s is presented on fig.2. 
The original scale of time analyzer  (0.0001 s/channel) 
were transformed in scale of 0.1 s/channel. The obtained 
data were also corrected for the degradation effect of 
counting response of neutron detector placed in a high 
intensity fields of neutrons and gamma rays during 
irradiation time [2]. 
    The accumulated decay curves were analyzed in the 8-
group model approximation [3] with the help of the 
iterative least-squares method [4]. The relative 
abundances for 238U were obtained on the basis of 
experimental data which were measured with different 
irradiation times. In the analysis of the delayed neutron 
time-dependence the data with irradiation time of 180 s 
were used to obtain the group constants for the first, 
second and third group of delayed neutrons. Group 
constants for the fourth to the eighth groups were 

Proceedings of RuPAC2014, Obninsk, Russia WEPSB23

13 Medical and industrial applications

ISBN 978-3-95450-170-0

209 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



obtained from the data measured in the experiment with 
the irradiation time of 15 s. The group constants obtained 
from the long time irradiation data were fixed in the 
analysis of short time irradiation data. 
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Figure 2: Composite delayed neutrons curves measured 
from interaction of 1 GeV pulsed beam of protons with 
238U with irradiation times 15 and 180 s. Solid lines – 
results of delayed neutron parameters estimation. Time-
channel width – 0.1 s. 

 
    In the course of data processing two additional groups 
of delayed neutron precursors were introduced to take into 
consideration decay 16C and 17N with half-life 0.747 и 
4.17 s respectively. These nuclides are produced in 
interaction of 1 GeV proton with 238U with high 
probability [5]. It is allowed to take into account a 
contribution of the fragmentation channel in the 
composite delayed neutron decay curve. Thus the 
obtained fractional yields of delayed neutron precursors 
are corresponding mainly to the fission channel of the 
investigated interaction. The average half-life of delayed 
neutron precursors was obtained on the basis of the 
relative abundances and half-lives of their precursors 
according to formula <T>=ΣTj·aj (j=1-8).  Obtained 
results on the fractional yields of delayed neutron 

precursors and their average half-life calculated on the 
basis of these data are presented in Table 1.  
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Table 1. Fractional yields of delayed neutron precursors and their average half-life from fission of  238U by 1 GeV 
protons.                                                                            

Target, 
proton 
energy 

Group number, half-life and predominant precursors of delayed neutrons 

Average half-life, 
s 

8

1
j j

j
T T a

=

< >= ⋅∑  

1 
55.6 c 

87Br 
 
 
 
 

2 
24.5 c 

137I 
 
 
 
 

3 
16.3 c 

88Br 
 
 
 
 

4 
5.21 c 

138I, 
93Rb, 
89Br 

 
 

5 
2.37 c 
94Rb, 
139I, 

85As, 
98mY 

 

6 
1.04 c 
93Kr, 
144Cs, 

140I 
 
 

7 
0.424 c 

91Rb, 
95Rb 

 
 
 

8 
0.195 c 

96Rb, 
97Rb 

 
 
 

238U   
1 GeV 

0.023 
±0.004 

0.139 
±0.004 

0.050 
±0.001 

0.365 
±0.010 

0.263 
±0.010 

0.102 
±0.002 

0.035 
±0.001 

0.023 
±0.015 

8.15 
±0.25 
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COMPARISON OF BIOLOGICAL IMPACT OF PROTON AND ION BEAMS 
 IN RADIATION TREATMENT 

Mark Kats, ITEP, 25, B.Cheremushkinskaya, Moscow, Russia

Abstract 
The work contains the comparison of biological doses’ 

distribution calculated for treatment of the same targets 
by proton and ion beams. Advantages of the ion beam are 
shown for targets with different sizes and with different 
depths. 
  
     We made an attempt to compare the distribution of the 
biological dose for treating same targets with proton and 
ion beams. The research [1] based on the calculations 
performed with TRIM program [2] contained the 
evaluation of the integral distribution of the physical dose 
D and biological dose BD = D * RBE in water 
environment with a single-direction irradiation using the 
target scan with the thin beam for different target sizes (a 
cylinder with the diameter d and the size along the beam 
d) and with varying depth within the body L. The number 
of layers for the scanning was determined by the 
allowance for the consistency of irradiation (±5%). It was 
assumed for the calculation purposes that the beam has 
impulses’ discrepancy of dP/P = ±0.5% (where P is the 
particle’s impulse), the initial angle divergence (±2 mrad), 
the lateral dimensions equal to the size of the target (in 
accordance with the target’s scan) and that it is directed at 
a patient with such variable energy that Bragg’s peak 
would be at a depth of the layer required for the 
irradiation. The calculations included the particles’ 
diminution caused by the nuclear interaction, the impact 
of repeated Coulomb’s dispersion, the statistical dispersal 
of range's size and the dependency of relative biological 
efficiency RBE of particles with the given energy at the 
current depth within the body.  

This dependency is not known authentically. The 
amount of RBE strongly depends on  dE/dx [KeV/mkm], 
from the type of cells, from the organ that is being 
irradiated, from the method of measurement and from the 
size of a single dose. The curve shown on Figure 1, taken 
from the source [3] and from Figuress 1.2, 4.1, 4.2 and 
from source [4] was used to evaluate the amount of RBE, 
depending on dE/dx. 

The calculations were made for the target sizes d 
from 1cm to 16cm with the depth of target’s deposition 
from L≥ 1cm to (L+d)=30 cm. The research [1] shows 
that the basic distribution of the integral BD in relation to 
depth can be approximately (with the accuracy of ±10%) 
described as a constant in the target (BD = 1.0) and as a 
plateau until the target with BD= K, with the transitional 
zone of 3 cm (see table 1 and Fig. 2). Tailings in the 
zone’s distribution, which appear during ions’ 
fragmentation, were not accounted for. 

Additionally, there are zones of irradiation on the 
side of the target, related to the secondary particles’ 
dispersion in the body, and beyond the target, related to 

particles’ scattering within the beam with impulses dP/P 
and with the statistical dispersion of ranges. The sizes of 
these zones depend on the depth and can be estimated 
through the calculations utilizing the THRIM program. 

3

1000
0

101 100

1

2

10000

4
C12

P

RBE

dE/dx [keV/mkm]  
Figure 1: Dependence of RBE from dE/dx. 

 
Table 1. The evaluation of K (the relation of BD on the 
plateau until the target to BD in the target), depending on 
the target’s size, during target’s irradiation in the water 
environment, using the single-direction scanning with ion 
and proton beams. 

Target  
cylinder, 
diameter  
d [cm]; 
its size d 
in depth  

        
 
     
   1 
 

    
 
 
    2 

    
 
   
    4      

     
 
  
     8     

  
 
   
   16 

Protons     
К 

0.55 
±0.10 

0.60 
±0.10 

0.70 
±0.08 

0.80 
±0.07 

0.95 
±0.05 

Carbon 
ions    К 

0.28 
±0.05 

0.38 
±0.05 

0.51 
±0.05 

0.70 
±0.05 

0.95 
±0.05 

 
Ion beams additionally irradiate the healthy tissues 

behind the target. This is related to potential nuclear 
interactions and with the possible disintegration of ions 
into charged particles and neutrons (fragmentation). 
Newly created particles have varying directions and 
energies, which is why they don’t have the maximum 
energy release at the same place, where the initial ions 
have Bragg’s peak. The distribution of the physical dose 
beyond Bragg’s peak was calculated and measured 
multiple times (Fig. 2 [5]). The lower the depth of the 
target is, the smaller are the ranges of the ions, the less 
nuclear interactions take place. For the depth of 30 cm, 
the level of the physical does immediately beyond the 
target’s volume is 15% of the does within the target, 
lowering with the depth. This means that the level of the 
biological dose beyond the target is always below 8% 
from BD within the target, due to fragmentation. 
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Figure 2: Examples of distribution of physical dose along 
the direction of carbon ions’ beam, depending on their 
energy (MeB per one nucleon) [5].  
 
       There is a dependence of the biological impact on the 
irradiated cells from the biological dose. This dependence 
is shown schematically on Fig. 3 for three different types 
of cells. Two important data points are visible on all 
graphs. The first one is BD1, which indicates the 90% 
probability of suppressing cells’ life (and higher with 
increased doses). This level is used during the therapy. 
With lower doses, the probability of suppression is 
reduced in an approximately linear pattern; in data point 
BD2, it becomes around 10%. With even lower doses, the 
probability of suppression is reduced more flatly and the 
irradiation virtually doesn’t suppress the cells [5].It’s 
important to notice that the ratio of doses in points 
BD1and BD2 does not exceed 5 and that the lower is 
Bragg’s peak depth, the lower is the impact of 
fragmentation. Therefore, the impact of fragmentation is 
not high for the evaluation of the biological dose 
distribution beyond the target with the 15% accuracy, 
despite the significant space being irradiated [5].   

0.5

1.0

0
0

х

BD=DxRBE
BD1BD2

BD<0.1xBD1

 
Figure 3:  The dependence of the biological impact from 
the biological dose. 
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   Figure 4: The scheme of the distribution of the 
biological dose BD for the irradiation of the target with 
size d, which is positioned on depth L. 
A – Useful integral BD within the target; 
B – Harmful integral BD emitted by the beam within the 
body outside the volume of the target; 
(A+B) - total integral biological dose emitted by the beam 
in the body; 
M=A/(A+B) – the share of the useful biological dose 
within the total biological dose emitted by the beam in the 
body; 
H = M(C)/M(P) – by how many times the ion beam 
distributes the biological dose in a more useful way. 
 

In order to get the same therapeutic effect using 
proton and ion beams, the target should be irradiated with 
the same biological dose. The integral of the biological 
dose within the target is labeled A, while the integral of 
the biological does outside the target is labeled B. The 
size of B depends on the particles’ type – protons B(P) or 
ions B(C). It is suggested to characterize the quality of 
irradiation by the relation of M(P)=A/(A+B(P)) and 
M(C)=A/(A+B(C)), the integrals of the biological dose A 
distributed within the target (the useful effect of the 
beam), to the total biological dose emitted by the beam in 
the body – A+B(p) for the protons and A+B(C) for the 
ions. Correlation H = M(C)/M(P) indicates by how many 
times the application of the ion beam is more effective 
than the use of the proton irradiation with the same 
targets. The results of the calculations are presented in 
table 2. It’s obvious that this correlation will be close to 
1,0 for the irradiation of surface targets (L=0), without 
taking into consideration beam’s scattering within the 
target. 
     Because the accuracy of estimating the distribution of 
BD in relation to depth was close to ±10% [1], the 
accuracy of the calculations being conducted does not 
exceed ±15%, but they do provide the general 
understanding of the degree to which the use of more 
expensive ion beams, instead of traditional proton beams, 
is justified.   
    Similar estimates can be used for the multi-directional 
irradiation of a target, setting a specific target depth L for 
every direction and the size of a target in a given direction 
d. 
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    L см 
 
d  см 

     1      2         4        8      12     18     26 

1 M(P) 
M(C) 
H 

0.51 
0.59 
1.2 

0.35 
0.42 
1.2 

0.23 
0.30 
1.3 

0.14 
0.22 
1.5 

0.10 
0.17 
1.7 

0.07 
0.13 
1.9 

0.05 
0.10 
2.0 

2 M(P) 
M(C) 
H 

0.64 
0.72 
1.1 

0.50 
0.57 
1.1 

0.36 
0.43 
1.2 

0.24 
0.32 
1.3 

0.18 
0.25 
1.4 

0.13 
0.19 
1.5 

0.10 
0.15 
1.5 

4 M(P) 
M(C) 
H 

0.76 
0.82 
1.1 

0.63 
0.70 
1.1 

0.50 
0.57 
1.1 

0.36 
0.43 
1.2 

0.28 
0.35 
1.2 

0.21 
0.28 
1.3 

0.15 
0.20 
1.3 

8 M(P) 
M(C) 
H 

0.82 
0.88 
1.1 

0.74 
0.80 
1.1 

0.63 
0.69 
1.1 

0.49 
0.55 
1.1 

0.40 
0.46 
1.1 

0.32 
0.37 
1.2 

 

12 M(P) 
M(C) 
H 

0.84 
0.90 
1.1 

0.79 
0.81 
1.1 

0.70 
0.75 
1.1 

0.57 
0.62 
1.1 

0.48 
0.53 
1.1 

0.39 
0.43 
1.1 

 

16 M(P) 
M(C) 
H 

0.86 
0.92 
1.1 

0.81 
0.87 
1.1 

0.73 
0.79 
1.1 

0.62 
0.66 
1.1 

0.53 
0.57 
1.1 

  

Table 2. Comparison of the biological impact of ion and proton beams for different target sizes and depths. 

 
 
                 CONCLUSION
    Table 2 shows that the ion beam always irradiates 
healthy tissues less then the proton beam.  This advantage 
is significant for deep targets (L≥ 4cm) with small sizes 
(d≤ 4cm). However, despite the sharper Bragg’s peak, up 
to 3 times higher RBE (in maximum of dE/dx) and 20 
times higher LET of ions, for many targets, the difference 
between the quality of irradiation with ion beams and 
with proton beams is small – below 10%.  
    These conclusions could be expected, based upon 
several basic characteristics of BD distribution in water 
by proton and ion beams. First: the bigger is the target 
size d, the closer is the BD plateau before the target K to 
the dose within the target (see [1] and table 1) and the 
difference between the application of the ion beam and 
the proton beam is reduced.  Second: the smaller the 
depth of the target is, the lower is the volume of health 
tissues that are being irradiated, and the closer are the 
results of proton and ion irradiation. Third: the bigger the 
depth of the target L is, the higher is the impact of healthy 
tissues’ irradiation due to the repeated Coulomb’s 
scattering, especially, for small targets. Ions’ angles of 
scattering are 4 times less than those of protons.  
    The presented estimates may be useful for a rough 
comparison of multi-directional irradiation plans, where L 
and d values can be determined for every direction, and 

also for the planning of the new ion and proton irradiation 
centres’ development. 
    It is very useful to repeat those calculations with more 
high precision by using well known system for planning 
of irradiation. 
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PRIOR PROTON MICROSCOPE 
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Vl.S. Skachkov, N.V. Markov, А. Semennikov, ITEP, 117218, Moscow, Russia 

D. Varentsov, P. Lang,  M. Rodionova, L. Shestov, K. Weyrich, GSI, 64291, Darmstadt, Germany 
S. Udrea, TUD, 64277, Darmstadt, Germany  

C. Barnes, F. Mariam, F. Marrill, C. Wilde, LANL, NM 87545, Los Alamos, USA  
S. Efimov, Y. Krasik, O. Antonov, Technion, 3200003, Haifa, Israel

Abstract 
The new proton radiography facility PRIOR[2] (Proton 

microscope for FAIR) was developed at SIS-18 
accelerator at GSI (Darmstadt, Germany). PRIOR setup is 
designed for measurement, with high spatial resolution up 
to 10 μm, of density distribution of static and dynamic 
objects by using a proton beam with energy up to  
4.5 GeV. In the first experiments with static objects with 
3.6 Gev proton, was demonstrated a spatial resolution of 
30 μm. Dynamic commissioning was performed with 
target based on underwater electrical wires explosion with 
electrical pulse with current amplitude of ~200 kA and 
rise time ~1 μs.  

INTRODUCTION 
The study of high-energy-density (HED) matter 

generated by the impact of intense heavy ion beams dense 
targets is one of the most challenging and interesting 
topics in modern physics [1]. Measurement of density 
distribution, with good spatial and temporal resolution, of 
matter is important task for fundamental understanding of 
dynamic material properties in extreme states.  High-
energy proton radiography exceeds X-Ray diagnostic 
method in many ways, because it has more transmission 
ability and high spatial and density resolution. The best 
spatial resolution was obtained by means of high-energy 
proton microscopy technique [2]. Novel high-energy 
proton microscope called PRIOR (Proton Microscope for 
FAIR)[3] will be the key diagnostic instrument for HED 
research program of HEDgeHOB collaboration at FAIR. 
(HIHEX and LAPLAS experiments) 

EXPERIMENTAL SETUP 
The magnetic system of the PRIOR beam-line consists 

of two sections (fig. 1). The first, matching section, 
contains electromagnetic-quadruple lenses and provides 
formation of a proton beam for the objects imaging task 
(beam size, angular distribution). The second section is a 
magnification section (K ~4) that consists of four 
Permanent Magnet Quadruples (PMQ) lenses. Length of 
the two PMQ lenses 144 mm and  288 mm the other two,  
magnetic field on pole is 1.83T, aperture 30 mm, 
magnetic material NdFeB. Tungsten collimators (with 
elliptical hole), installed at central plane of magnification 
section, provide regulation of contrast of the proton-
radiographic images.  

 

 
 

 
Figure 1: Photo and scheme of PRIOR proton 
microscope. 1- electromagnetic quadrupoles (matching 
section), 2- quadrupole lenses on permanent magnets 
PMQ (magnification section), 3-scintillator, 4- fast 
current transformer, 5- mylar foil mirror, 6- vacuum or 
water target chamber, 7- target, 8- target manipulator,  
9- beam position/profile monitor (Bicron scintillator),  
10- collimators, 11- beam position monitor, 12-  linear 
actuators, 13-  fast CCD cameras, 14- CCD cameras for 
beam tune  

  
Investigated object installed in vacuum chamber 

between first and second section. The registration system 
for static experiments consists of CsI scintillator and 
plastic scintillator (Bicron BC-412) for dynamic one with 
two types of intensified CCD cameras PCO DiMAX and 
PCO DicamPro.  

STATIC COMISSIONNING 
The aim of first experiments at PRIOR was an 

adjustment of matching and magnification sections of ion 
optical scheme of setup to achieve best spatial resolution 
of proton-radiography images. Static objects were used to 
measure spatial and density resolutions and to estimate 
chromatic aberration. Primarily the setup was expected to 
run with 4,5 GeV proton beam. However due to radiation 
damage of the magnetic material of PMQ lenses (falling 
gradient and an increase the amplitude of the high-order 
harmonics of magnetic field) static commissioning of 

WEPSB25 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

214C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

13 Medical and industrial applications



facility has been carried out at lower proton energy  
3.6 GeV. The object of tungsten, width 20 mm, with 
polished rolled edge  (rounded radius 500 mm) was used 
to measure the spatial resolution limit. The spatial 
resolution was measured as a standard deviation of profile 
approximated function of image of sharp edge of object. 
The best spatial resolution, according to the preliminary 
estimates of proton radiography images, is 30 µm. The 
tantalum step wedge was used to determine contrast 
sensitivity of facility. Fig. 2 shows the proton radiography 
image and transmission/areal density diagram of tantalum 
steps wedge  (thickness 0.56, 2, 4, 6, 8 mm), image was 
obtained by using collimator with acceptance angle of  
2 mrad. 

  
Figure 2: Proton radiography image of tantalum steps 
wedge and transmission/areal density diagram. 

 
Fig. 3 shows a photo of static object (quartz watch) and 
its proton radiography image. One can see the main parts 
of the mechanism, such as a battery, a stepping 
mechanism, and hands. 

   
Figure 3: Photo and proton radiography image of quartz 
watch.  
 

DYNAMIC COMISSIONNING 
One of the proposed experiments for PRIOR facility is 

studying of time- and space-resolved density distribution 
of different underwater exploding wires (UEWE). First 
dynamic experiments with UEWE has been carried out 
using compact high-current generator (fig. 4) producing 
~200kA electrical pulse with rise time of ~1μs. The 
external 10 µF capacitor unit with charge voltage of up to 
50 kV controlled by Marx trigger generator is used to 
generate electrical pulse. Charging of capacitor unit and 
trigger generator is performed by two high-voltage 
generator TDK-Lambda 402-50.  

 

 
Figure 4: Photo and scheme of underwater electrical wire 
explosion target.  

 
Fig. 5 shows the photo and proton radiography image 

of tantalum wire in water with diameter of 0.8 mm. Right 
part of fig. 5 shows dymanic image of wire which was 
obtained with electrical pulse of 36 kV voltage. 

 

       
Figure 5: Photo and proton radiography images of 
tantalum wire. 

 
Fig. 6 shows lineout through the 0.8 mm diameter Ta wire 
showing that there is sufficient sensitivity and resolution 
to measure the areal density of the wire. 

 

 
Figure 6: Profile of static and dynamic images of Ta wire.  
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STUDY OF POSSIBILITY OF INDUSTRIAL APPLICATION OF ION 
INJECTOR I-3 

P. N. Alekseev, ITEP, Moscow, Russia 

Abstract 
Ion injector I-3 of the ITEP-TWAC accelerator 

complex consists of a buncher, two-gap accelerating 
cavity and a beam transport line. Laser ion source is used 
to generate ions for the injector. Possibility of application 
of the injector to dope semiconductor materials with 
variable energy ions is considered. Results of beam 
parameters optimization by numerical simulation to 
produce uniform distribution of particles density and 
required energy spread on the target are presented. 

INTRODUCTION 
Layout of the ion injector [1] is shown on Fig. 1. A 

solid-state target is placed at the target chamber of Laser 
Ion Source (LIS). The chamber is under potential of 
50 kV. Laser pulse focused on the target produces plasma. 
The ion beam is formed at the extractor then is focused by 
means of electrostatic lenses, passes through the buncher 
and accelerated in the two gap resonator at the voltage of 
up to 2 MV per gap. Resulting beam energy is up to 
4 MV per charge. It is possible to accelerate ions with 
A/Z from 2 to 5. The injector is able to produce ions of 
carbon, aluminium, silicon, iron and silver with intensity 
up to 5×1011 particles per pulse and repetition rate of 
1 Hz. 

 
Figure 1: Layout of I-3. 

Parameters of the accelerator allow considering it for 
industrial application in the area of doping of 
semiconductor materials [2]. Energies of ions in range of 
hundreds keV to units of MeV allows to provide a deep or 
a mid-deep ion implantation. 

One of the possibilities of such application is 
production of buffer zone of Soft Punch Through (SPT) 
IGBT [3]. Fig. 2 shows the cross section of such SPT 
IGBT and concentration of the doping which should be 
produced to provide required electric field distribution 
inside the wafer [4]. Different technologies require 
different thickness of the buffer layer. To create the buffer 
layer some n-type particles, such as Phosphorus, should 
be implanted with a dose higher then 5×1012 cm-2. 
Required particles energy is up to 2÷4 MeV per nucleus, 
or even more. Silicon wafers have diameter of 150±1 mm 

and base slice of 57±2 mm and thickness of 120÷700 um. 
Deviation of irradiation dose over the surface should not 
exceed 20%. 

 
Figure 2: Structure of SPT IGBT. 

SOURCE OF IONS 
LIS generates ions of different charge states at the same 

time. These ions are presented in the accelerated beam in 
different concentrations depending on configuration of 
the ion source and the accelerator. 

An experiment on production of phosphorus ions on 

silicon beam on the outlet of the accelerator that was 
produced by LIS with L-100 laser in 2011 [5]. 

 

Closeness of silicon and phosphorus atoms and 
similarity of their ionization potentials [6] allows 
assuming that the structure of phosphorus beam produced 
by L-100 will include ions of charge 8, 9, 10 and even 11, 
produced by L-20 - from 4 to 8. 

By means of laser's power tuning and positioning of the 
target it is possible to achieve domination of the particles 
with required value of ion charge in the beam. 

THE SIMULATION 
While the accelerator is used as an injector of 

synchrotron it typically operates at maximum possible 
energy of ions. But in case of doping of semiconductor 

LIS is in the beginning stage. Fig. 3 shows structure of 

Figure 3: Structure of Si-beam produced by L-100. 
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materials exactly required energy distribution and 
maximum intensity of the beam should be provided. 

Simple mathematical model of an accelerating gap 
which assumes constant amplitude of acceleration field 
was used for the simulation, but values of the amplitudes 
and geometry of the buncher and the accelerator was 
chosen by approximation of accelerating field calculated 
by solving of Poisson equations [7]. The model was tested 
on different types of ions and the results are in good 
agreement with the experimental data available. 

It should be noted that beam loss results listed below 
were obtained considering only phase motion of particles 
and they are not involve space charge effects which are 
dominant prior to the first accelerating gap of the 
resonator. It was shown in work [7] space charge effects 
causes beam losses of about 70% of 50 mA and about 
80% of 100 mA. 

beam energy from the phase of the buncher for different 
ion charges of phosphorus. 

 

Acceleration efficiency of low charge ions is not high 
but the energies are in the required range for the 
implantation. Using of ions with different charge without 
separation by the energy allows providing smooth 

results of the simulation of irradiation of silicon target by 
the beam composed of phosphorus ions of various charge 
state. The simulation was performed by SRIM [8] 
software. 

Irregularity of the distribution may be simply 
eliminated by varying of accelerating voltage during of 

 
a                                               b 

0.8÷1 MV (b). 

More complicated variations of beam parameters that 
are besides may occur spontaneously during long 
irradiation process will allow providing high quality of 
the distribution. 

Simulation of longitudinal motion in the accelerator I-3 
shows that it is possible to vary the energy of the beam by 
varying accelerating voltage of the resonator in a wide 

the accelerating voltage. 

 
6+ beam energy and transmission factor vs. 

accelerating voltage. 

Transverse motion 
Space charge effects are dominant in the transverse 

motion of particles before the acceleration begins. These 
effects are not considered in this work. So, transverse 
motion was simulated only after the acceleration while 
initial data for the simulation was extracted from [7] 
where space charge effects were involved. 

Fig. 4 shows dependence of the transfer factor and the 

Figure 4: Transferring of phosphorus. 

variation of doping concentration. Fig. 5a shows the 

irradiation (Fig. 5b). 

Figure 5: Irradiation of Si-target by P-beam at 1 MV (a),  

range. Fig. 6 shows dependence of the beam energy from 

Figure 6: Р
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Triplet of the quadruples in the beamline allows 
focusing the beam on the target. If necessary, the 
analyzing magnet may be used to select required energy 
of particles. 

SCANNING OF THE WAFER 
Technology of scanning of the wafer by the beam 

should be used to produce uniform particles density on 
the surface. Technical details of this task are out of this 
work. Only the method of varying of beam coordinates 
relative to the target to provide uniform dose and 
minimize time of the irradiation is described. 

In case of using I-3 with present parameters to provide 
required particles density on the target of mentioned size 
thousands of pulses should be performed. Uniform 
density distribution may be achieved by simple regular 
shifting of the beam along the target. The beam should be 
focused to reduce particle losses on the edges of the 
target. 

In case of increased beam intensity the distribution of 
the particles inside the beam becomes important. It looks 
a good idea to use triangular mesh for positioning the 
beam along the wafer (or vise versa). Minimal number of 
pulses that provide irradiation of round wafer of radius R 
with the beam of η particles to produce a dose of ρ may 
be written as (1). 

 
η

ρπ ⋅⋅
=

2

min
Rn  (1) 

Allowable number of nodes of the concentric triangle 
mesh is defined by expression (2). 

 133 2 ++ kk , (2) 

where k - is the number of concentric hexagonal layers 
forming the mesh. Equating expressions (1) and (2) we 
get the expression for the number of layers (3). 

 ⎥
⎦

⎤
⎢
⎣

⎡
≈⎥

⎦

⎤
⎢
⎣

⎡
−

−
=

η
ρR

n
K

2
1

12
14 min  (3) 

Therefore step of the mesh may be expressed by (4). 

 
ρ
η

≈=
K
Ra  (4) 

Using these expressions we will get that to provide 
particles density of 5×1012 см-1 by the beam with 1×1011 
particles we need about 9 thousands pulses, the step of the 
mesh is about 1.4 mm and it takes about three hours. 
These values are acceptable for initial experiments. But to 
become an industrial machine we need to increase the 
beam intensity. If we get an order of magnitude then the 

irradiation of a wafer will take about 15 minutes with step 
of the mesh about 4.5 mm. 

It should be noted that in case of transverse beam size 
significantly exceeds the step of the mesh additional 
pulses must be provided outside of the wafer to 
compensate particles losses on the edges of the wafer. 
Total number of layers needed may be expressed as (5). 

 ( ) ⎥
⎦

⎤
⎢
⎣

⎡
+≈

η
ρrRKT , (5) 

where r - is the radius of the beam. Taking into account 
(5) it is reasonable to provide good focusing of the beam. 

CONCLUSION 
The investigation shows that application of ion linac I-3 

as independent industrial device may be reasonable. The 
accelerator may be tested as a machine for doping 
semiconductor devices particularly for implantation of 
phosphorus ions in accordance with SPT technology. 

Main trouble on the way of industrial application of the 
accelerator is relatively low intensity of the beam 
generated by the laser ion source and as the result long 
irradiation time and low productivity. The way to solve 
this problem is to optimize parameters of the laser ion 
source (this work is in progress now) or to use an 
alternate source of ions such as ECR. 
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DESIGN OF MULTIFUNCTIONAL FACILITY BASED ON ECR ION 
SOURCE FOR MATERIAL SCIENCE 

S. Andrianov, B. Chalykh, M. Comunian, G. Kropachev, R. Kuybeda, T. Kulevoy, A. Ziiatdinova, 
ITEP, Moscow, Russia; LNL-INFN, Legnaro (PD), Italy; NRNU "MEPhI", Moscow, Russia 

 
Abstract 

The traditional experimental method for new materials 
radiation resistance investigation is a reactor irradiation. 
However, there are some difficulties during steel exposure 
in reactor. Simulationmethod based on ion irradiation 
allows accelerating the defect generation in the material 
under investigation. Also a modification of materials by 
ion beams represents the great practical interest for 
modern material science. The design of the test-bench 
based on ECR ion source and electrostatic acceleration is 
presented. This paper describes the results of beam 
dynamics simulation in the transport channels of the test-
bench. Simulation was carried out in the "real" fields. 
Continuous ion beam achievable at the test-bench enables 
beam fluence on the target up to 1016 p/m2. 
 

INTRODUCTION 
The creation of new high-tech energy systems is 

associated with the use of new radiation-resistant 
materials. A necessity emerges to study and test the new 
materials. Neutron flux irradiation of samples occurs in 
the reactor. Certain difficulties arise when steel is exposed 
to radiation in the reactor. These problems are primarily 
associated with the time it takes to reach required doses. 
Even in fast reactors the exposure to the required doses 
may take years. There is a need to take into account the 
complexity and high cost of reactor-based systems and, 
consequently, of the tests themselves. High level of 
induced radioactivity of the materials is another factor 
which complicates their study. It emerges in the course of 
long-term irradiation in the reactor core and makes it 
difficult to further study the irradiated samples. Low-
energy ions can be used to model the process of kicking 
out atoms formed in the course of neutron irradiation. Ion 
beams irradiation is an express analysis method which 
was offered in the 80-s[1]. This method allows to 
accelerate the process of defect emergence in irradiated 
materials due to the speeding up of dose accumulation. It 
must be taken into account that the speeding up of the 
dose accumulation during the simulation may lead to 
discrepancies in the results as compared to the real 
condition that exist in the reactor. Hence, it is considered 
necessary to reproduce the conditions of the reactor as 
closely as possible. The process of defect formation 
depends on the temperature, so the irradiatiated target will 
be specially heated. Now, experiments are carried out 
using a pulse beam on HIP-1 RFQ [2]. Oscillation of 
samples temperature must not exceed 1-3 degrees Celsius. 
This criterion is very hard to achieve when using a pulse 
beam. 

In order to be able to reproduce the processes in the 
reactor with greater accuracy our target will not only be 
heated but defect containing area will be implanted with 
ions of hydrogen and helium. This will be done with the 
intention to model the accumulation of He and H in the 
reactor wall under the influence of the neutron flux. 

Besides radiation-resistant material research, 
modification of materials by high energy ion beams is of 
great practical interest. Vanadium, chromium, tungsten 
ions beams can be used for this purpose.  A great increase 
in durability and surface strength can be achieved by 
irradiation with powerful beams[3]. 

 
TEST-BENCH SET-UP 

It is planned that apart from material science related 
tests experiments to study the interaction of the ion beam 
with plasma and metal vapor targets will be carried out as 
well. For plasma target and material modification 
experiments ion beams of 1-2 MeV are necessary. In 
order to achieve this installation of electrostatic 
accelerating tube has been planned. 

ITEP is developing a multifunctional facility which will 
make possible the ion beam experiments that will allow to 
investigate materials by means of express analysis based 
on imitation of damages materials sustain in the reactor. 

The test-bench is designed to have four experimental 
channels: 
1. For experiments simulating of damage caused by 

neutrons 
2. For both modifications of material surfaces and 

simulation experiments 
3. For plasma target experiments 
4. For injection of ion beam into accelerating structure 

Experimental channels will exit the bending magnet at 
90°, 60°, 30°, 0° angles correspondingly. 

Specifications of the last two channels are still being 
discussed. So modeling of their beam dynamics will be 
carried out at a later date. 

Geometry and tract elements of the test-bench were 
chosen on the basis of beam dynamics modeling. 

It had two stages: 
1. Modeling of beam dynamics in approximation to 

“ideal” fields[4]. 
2. Modeling of beam dynamics in approximation to 

“real” fields. 
Modeling for Fe10+, H+, He+ ions was done in both 

channels. 
In order to minimize the possible effects of chemical 

reactions on the experiment it is best to use the ions of the 
same element of which the target is built. In this case the 
Fe ions are going to be used as it is the main constituent 
of construction steel. A modern ECR ion source can 
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generate highly charged particles and when working with 
Fe10+a continuous ion beam with a current of 50-70 µA 
can be reached [6]. 

 

 
Figure 1: Principal scheme of the multifunction test-
bench. 1-ECR ion source and its control cabinet, 2-
focusing system, 3-bending magnet, 4-Faraday cup, 5-
target assembly for specimen irradiation for atom probe 
analysis, 6-focusing elements, 7-accelerating tubes, 8,9- 
target assembly for high-energy experiments, 10-linac [5]. 

 As has been mentioned the area in which the defects 
appeared when it is bombarded by the main beam is 
implanted with H and He ions.  

 
Figure 2: Fe10+  ion beam envelope in 60° channel. 
 

 
Figure 3: Fe10+ ion beam form in output of 60° channel. 
 
For samples placed in the channel turning 60 degrees 

energies on the order of 150 keV are necessary. In order 
to reach such energy for Fe10+a voltage of 15 kV has to be 
applied at the source. This may lead to a decrease of beam 
intensity as max voltage is 25 kV. For this reason 
modeling for Fe6+has also been done in this channel. The 

final decision will be made after the facility is 
commissioned. 

During the initial modeling which was done in order 
choose the type of the focusing system for the channel 
that would enable the passage of the beam through the 
bending magnet with no losses. As a result the system of 
triplets of quadruple electrostatic lenses was chosen. After 
the simulation in approximation of “ideal” fields triplet of 
quadruple electrostatic lenses model was created in CST 
STUDIO. This was done to calculate the distribution of 
the “real” fields generated by the lenses.  

MODELING OF BEAM DYNAMICS IN 
APPROXIMATION TO “REAL” FIELDS 

FOR 60 DEGREES CHANNEL 
The date received from the above simulation was used 

to generate a more realistic picture of the influence of the 
field distribution on the trajectories of the particles. 

The envelope of the beam and the beam profile at the 
outputs for Fe10+ and Fe6+ are shown on the fig. 2 and 3. 

N, C, O, Fe of different charges may be present inside 
the beam due to residual gases and ion generation 
technologies. Below is the Table 1 for the most 
“dangerous” ions whose mass/charge relation is closest to 
that of the working ions. 

 
Table 1: Energy for mass/charge relation like Fe10+/ Fe6+ 

Element Ion A/Z Energy, keV 
Fe10+ 5,6 150 
Fe11+ 5,1 165 
Fe9+ 6,2 135 
Fe6+ 9,3 150 
Fe5+ 11,2 125 

Iron(56) 

Fe7+ 8 175 

O3+ 5,3 45 
O2+ 8 30 Oxygen(16) 
O1+ 4 60 
C1+ 12 25 

C2+ 6 30 Carbon(12) 
C3+ 4 45 
N1+ 14 25 

N3+ 4,6 45 Nitrogen(14) 
N2+ 7 30 

 
    Also, the quality of the separation system's operation 
was estimated under the parameters from the computer 
simulation described above. In order to ensure the 
efficiency of mass separator the modeling of the working 
and the “contaminated” beams was carried out 
simultaneously. 

For Fe10+ it also indicated that ions O3+ and C2+ 
partially stopped by the magnet and the diaphragm. 17% 
of oxygen ions and 2% of carbon ions reached the end of 
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the tract, but they don't hit the target. The profile of the 
beam at the output is shown on the fig. 4 and 5. 

 

 
Figure 4: О3+ ion beam form in output of 60° channel at 
joint calculation with Fe10+. 

 
Figure 5: С2+ ion beam form in output of 60° channel at 
joint calculation with Fe10+. 

 
MODELING OF BEAM DYNAMICS IN 

APPROXIMATION TO “REAL” FIELDS 
FOR 90 DEGREES CHANNEL 

The same kind of simulation was done for the 90 
degrees channel. Fig 6 and 7 show envelope and the 
profile of the Fe10+ beam. As well a similar simulations 
were done for Va, Ti and Cr ions under the same 
parameters. 

The efficiency of the separation system was checked. It 
showed that all non-working ions were stopped by the 
separator. 

 
CONCLUSION 

As a result of the beam dynamic simulation the 
geometry of the two channels has been developed and its 
constituent elements parameters for planned experiments 
were determined. The formation of the necessary beam 
profile, uniform distribution of the ions in the point of  the 
samples location as well as  the purity of the ion flux have 
all been achieved. 

The results of the simulation became the basis for the 
engineering project. As of now the measurements of the 
room that is going to house the facility have been 
completed. The preliminary blueprints of test-bench 
installation have also been developed. 

 

 
Figure 6: Fe10+ beam envelope in 90° channel. 

 
Figure 7: Fe10+ ion beam form in output of в 90° channel. 
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THE INDUCTION SYNCHROTRON WITH A  CONSTANT  MAGNETIC 
FIELD 

  
G.V. Dolbilov#, Joint Institute for Nuclear Research, Dubna, 141980, Russia 

 
Abstract 
       In this paper the possibility of accelerating charged 
particles in a "nearly constant" orbit in a constant magnetic 
field is discussed. 
    The trajectories of the accelerated particles are formed by 
set azimuthally short bending magnets in which the 
deflection angle is independent of the particle energy. 
    Focusing of the beam is carried out by the alternating field 
bending magnets and quadrupole  lenses. 
    The particles are accelerated by the electric field induction 
sections. Stability of longitudinal oscillations is determined 
by the shape of the top of the accelerating pulse. 
 

INTRODUCTION 
• Features Traditional cyclic accelerators: 
1. Accelerators with a constant magnetic field.  
   - High ranges of change in orbital radius. 
   - Heavy weight of magnets. 
2. Accelerators with a constant radius of an equilibrium orbit 
  - Magnetic strengths depends on energy of ions. 
  - Resonant frequencies of the HF-field depends on energy 
of particles (cyclic frequency). 
• The Induction Synchrotron with  Constant Magnetic Field 
1. The Magnetic field is constant in time.  
   - The Orbital radius r ~ rmax 
   - Particle trajectories – arc chords. 
   - Δr = rmax – r < rmax(π/N)2 ,      N - arc chord number. 
2. The Induction accelerating electric field:  
   - Isn't present resonant systems with a variable frequency.  
   - Synchronization is carried out by sync pulses. 
Scheme accelerator with a constant magnetic field is shown 
in Fig. 1. 
 

MAGNETIC SYSTEM OF THE 
SYNCHROTRON 

        1. Special sections of magnetic dipoles form the near-
circular orbit with r ~  rmax radius. 
- Each dipole of section (Fig.2) deflects the accelerated 
beam on ΔΘ/2 angle.  
- This angle doesn't depend on energy of particles if the 
internal border of dipoles corresponds to equality  
 
 
 
x - distance of internal border of dipoles to bisector of angle 
ΔΘ  
 x0 - the size determined by a concrete design of section 
r , rmax -the current and maximum radiuses determined by 
energy of a particle. 
      2. The focusing forces of magnetic section. 
- Magnetic fields of section focus the accelerated particles in 
the horizontal plane. 

- Magnetic forces of section defocus the accelerated 
particles in the vertical plane. 
- Additional lenses on an entrance and an exit of 
magnetic section are required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Scheme accelerator with a constant magnetic 
field. 1 - Injector; 2 - Set of special sections of 
magnetic dipoles; 3 - Induction accelerating sections; 4 
- Straight-line segments; 5-7 - System of fast and slow 
beam extraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: The warrant of the bending magnetic section 
using dipoles with a uniform field. 1 - Dipoles with a 
uniform field; 2 – Additional focusing lenses; 3 – 
Beam trajectories; 4 -  System tuning the beam 
trafctores, 5 − ΔΘ - The center angle of a beam 
deflection. 
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DYNAMICS OF PARTICLES IN MAGNETIC 
SECTION  

Vertical Plane of Section 
 • Matrix of magnetic section 
 
 
 

        Matrix of additional lenses 
 
 
                              Matrix of magnetic dipoles 
                                     m = rΔΘ /2       

 
 Matrix of a fringing field of   dipoles 
        f = rtgΔΘ /4 , [3]        

                                                                                              
                                                                                                                         Matrix of drift of particles 

     between dipoles 
                                                                                         

                                                                        
                

  
Horizontal Plane of Section 
 
• Matrix of magnetic section 
 

 

[ ]2
2

1 0
1 1r

f
f

⎡ ⎤
= −⎢ ⎥−⎣ ⎦

 Matrix of  additional lenses 

                                                       Matrix of    
                                                       magnetic  
                                                        dipoles                           

                                                                                                             
                                                                                              

                   Matrix of a fringing  
                                 field of dipoles                                     

                                                                                                                                                   
  Of special interest is the case where the focal lengths for 
additional input and output bending magnetic section are:       

                                                                                                                       
                               - for  z-plane                  (1)   
              

2rf f=                 - for r –plane                 (2) 
 
In this case, the matrices Mz and Mr are equivalent drift 
matrices: 
 
 
 
 
 
 
 
 

   Using on an entrance and an exit of bending 
sections a combination of a symmetric lens with focal 
length 

 
  

and  a quadrupole lens with focal length 

  
 
 
we will receive the demanded parameters of a 
combination of lenses  
 
 
 
 
 
and the simultaneous fulfillment of condition (1) and 
(2). 
 

 5.  At small angles of ΔΘ, when   
 
                             ; 
 

 
FOCUSING OF A BEAM AT 

ACCELERATION OF PARTICLES 
 

• The FODO mode of focusing can be used at 
acceleration of particles. A focusing period matrix 
for the case where the conditions (1) and (2) are 
satisfied 

 
 
 
 

 
 
 
 
 
 

 
 
 

• Change of a phase of betatron fluctuations for one 
period of the focusing system is defined by a ratio  

 
 

 
                         or 
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CONCLUSION 
 

• Frequencies of betatron oscillations 
 
At                                                     ; 
 
                           ; 
frequency range of betatron oscillations during acceleration 
is shown in Table 1 
 
Tab.1 frequency range of betatron oscillations during 
acceleration 

 
 
 
 
 
 
 
 
 
 

 
 
• For 200MeV proton accelerator, B = 1T (NdFeB-

magnet), rmax = 2.15m,    Δr = rmax- rmin= 2.2cm 
• At beam emittance ε =30πmm.mrad  equibrium radius, 

about which varies  the   beam envelopes are: 

     , max , 2.2 3.3z r z ra r mmε ν= = −  
 

• The duration of the accelerating pulses of  induction 
system [4]: 

 
 

• Azimuthal stability is provided with an inclination of a 
table of the accelerating induction impulses (See Fig.3) 

 

 
 

τc −  the acceleration cycle duration, 
τind − the induction pulse duration. 
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THE COMPACT INDUCTION ACCELERATOR OF ELECTRONS FOR 
RADIATION  TECHNOLOGIES 

 
G.V. Dolbilov#, Joint Institute for Nuclear Research, Dubna, 141980, Russia 

 
 
Abstract 
     The electron accelerator with energy <10 MEV uses a 
rectangular pulse of the accelerating induction voltage 
and a trapezoidal pulse of a leading magnetic field. To 
preserve the equilibrium orbit radius constant special 
relationship between the amplitude and temporal 
characteristics of the magnetic induction and the 
accelerating voltage inductors are made. It is possible to 
maintain an orbit close to constant in a constant magnetic 
field in time. The accelerator contains alternating-sign 
focusing in dipole magnets and rectilinear accelerator 
parts. 

INTRODUCTION 
    For receiving electron beams with energy of 0.5-10 
MeV the cyclic accelerator in which particles are 
accelerated by linear induction section can be used [1,2].  
    For formation of the closed equilibrium orbit of 
electrons two methods can be used: 

1 - a method with the magnetic field growing at 
acceleration; 
2 - a method with a magnetic field, constant on time; 

    In a both cases the accelerator contains alternating-sign 
focusing in magnets and rectilinear accelerator parts. 

 Figure 1: The scheme of the accelerator. 1 - the magnetic 
system with alternating focusing; 2 - the linear induction 
accelerating system; 3-6 -  systems of input and output of 
electrons.  
 
THE ELECTRON ACCELERATOR WITH 

A VARIABLE MAGNETIC FIELD [3] 
    For R(t) = R0 =Const, the following condition has to be 
carried out  
 

 
where n – number of inductors; Uind – inductor voltage;  
L – orbit perimeter. 
    Energy of electrons 0.5-10MeV can be reached for one 
pulse T1 - duration  
 
 
    To this end total cross-section of inductors of 
accelerating section is equal to  
 
 
 
where W  - energy of electrons, L - perimeter of an orbit,  
ΔB < 2Bs,  Bs - induction of saturation of inductors, c- 
velocity of light. 
    Diagram of magnetic induction, B(t), and the 
accelerating pulse of induction section, U(t), shown in 
Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Diagram of magnetic induction and the 
accelerating pulse of induction section. T1 – Time of 
acceleration of electrons, T2 - Beam extraction time,  T3 -
Time of magnetic reversal of inductors of section. 
 

 
THE ELECTRON ACCELERATOR WITH 

A CONSTANT MAGNETIC FIELD 
    The magnetic system of the accelerator is a set of 
special sections of magnets (Fig.3). The section contains 
two dipoles. Each dipole deflects the beam at the 
predetermined angle of ΔΘ/2 which doesn't depend on 
energy of the accelerated particles. 

• The beam trajectory with the maximum energy is 
rmax radius circle; 

• The beam trajectory with energy of injection is 
ΔΘ angle chord. 
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Figure 3: Special section of magnetic system. 1 - 
Magnetic dipoles with a uniform field, 2 - combination of 
quadrupole and symmetric lenses, 3 - Beam trajectories 
with various energy of particles, 4 - System tuning the 
beam trafctores. 

 
• Amplitude and duration of pulses of the accelerating 

voltage is 
 
 
 

Uacc – accelerating voltage,  
T1 – pulse duration, 
ΔB < 2Bs, Bs - induction of saturation of the inductor 
core, 
n -  number of inductors, S - cross-sectional area  
inductor 
• Total cross section of the inductors  
 

 
 
W - the final energy of the electrons; 
L - периметр равновесной орбиты; 
va - the average velocity of the electrons, va ~ c 
 
• The radial cross-sectional size of inductors is 

 
 
 
 
where Lp and Lind - the perimeter of the equilibrium orbit   
and length of the induction section.  
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 4:  Shematic diagram of induction accelerating 
section. 1 – Ferromagnetic cores of inductors, 2 – 
Exciting loops of inductors, 3 - The accelerating electric 
field.  
 

CONCLUSION 
• The maximum energy of the electrons, which can be 

achieved in the excitation inductors single rectangular 
pulse, depends only on: 

1.    ΔB < 2Bs , Bs - Saturation induction inductors; 
2.  Δrs - Radial dimension of the cross section of 
inductors  
3.  Lp / Lind - The ratio of the perimeter of the orbit 
to the length of the induction section. 

• When W = 5 MeV, ΔВ = 0.5 T and Lp/Lind = 2  
parameters of the accelerator is: 

1.  Δrs ~ 6 sm 
             2. Uind =102 -104V   

                   3. T1 =10-4-10-6s 
 
• When a magnetic field on the orbit equal to 0.1T and  

W = 5MeV 
                      rmax = 17 cm 
•      If B(t) = Const, ΔΘ = 300  
                  rmax – rmin = 0.6 cm 
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PROJECT OF DEMONSTRATION CENTE R OF THE PROTON THERAPY 
AT DLNP JINR 

Е.М. Syresin, G.A. Karamysheva, M.Y. Kazarinov,  N.A. Morozov, G.V. Mytzin, N.G. Shakun 

J. Bokor, Faculty of Electrical Engineering and Information Technology, Slovak University of 
Technology, Bratislava, Slovakia 

 
Abstract 

  JINR is  one of the leading proton therapy research 
centers of the Russia. The modern technique of 3D 
conformal proton radiotherapy was first effectuated in 
Russia in this center, and now it is effectively used in 
regular treatment sessions.  A special Medico-Technical 
Complex was created at JINR on the basis of the 
phasotron used for proton treatment. About 100 patients 
undergo a course of fractionated treatment here every 
year.  During last 14 years were treated by proton beams 
more than 1000 patients. 

A project of the demonstration center of the proton 
therapy is discussed on base of a superconducting 230 
MeV synchrocyclotron. The superconducting 

  synchrocyclotron is planned to install instead of phasotron  
in Medical Technical Complex of DLNP. The new 
transport channel is designed for beam delivery to  the 
JINR medical cabin. 
 
 PROJECT OF DEMONSTRATION 

CENTER OF PROTON THERAPY 
The pioneering proton therapy researches began at 

JINR in 1967 [1].  The phasotron  with the proton energy 
of 660 MeV and current of 2 μA is used for medical 
applications [1-3].  More than 1000 patients were treated 
at  JINR by the proton beams.  During the last years 
around 100 patients per year got the proton treatment 
there. 

The superconducting   synchrocyclotron is planned to 
install instead of phasotron in Medical Technical 
Complex of DLNP. The new transport channel is 
designed for beam delivery to the JINR medical cabin. 
The equipment of the demonstration center of the proton 
therapy and realized here technologies will be lay in the 
base of the future  Dubna hospital center of  the proton 
therapy. The final stage of the project is creation of the 
Dubna hospital center of  the proton therapy on basis of  
the superconducting synchrocylotron  and the  rotating  
gantry  (Fig.1). The first stage of this project is related  to 
the construction of  the demonstration center of  the 
proton therapy on base of a superconducting 230 MeV 
synchrocyclotron. 

High magnetic field of 5T is used in the 
superconducting synchrocyclotron where the requirement 
of isochronism is unnecessary and weak focusing is 
obtained from the negative gradient of the rotationally 
symmetric magnetic field. The synchrocylotron has 

following peculiarities in comparison with the 
isochronous cyclotron: the RF frequency is periodically 
modulated and the beam is pulsed;  the longitudinal 
dynamics becomes a major aspect of the beam physics 
with energy-phase oscillations bound by a separatrix;  the 
beam is captured at injection only during a limited time 
window;  the regenerative extraction is needed to recover 
the beam which has a very small turn separation at 
extraction; the extracted beam has a relatively low 
intensity of 20 nA; the central region is strongly reduced 
in size compared to an equivalent isochronous cyclotron. 

 
Figure 1: Scheme of Dubna hospital center of proton 
therapy. 

 

 
 
 Figure 2: Scheme of synchrocyclotron with beam 
delivery channel and modernized medical cabin in 
demonstration center of proton therapy. 

Joint Institute for Nuclear Research, Dubna, Russia 
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The synchrocyclotron S2C2 [4] (Table.1) has diameter 
of 2.3m. Main peculiarity of synchrocyclotron is 
connected with its superconducting magnets with 
magnetic field in hills and valleys of 5,64/5,24 Т, 
correspondently. Four Sumitomo cryocoolers  are used at 
realization of  the superconducting regime.  

    
Table 1. Parameters of synchrocyclotron S2C2. 

Irradiation Active 
Diameter, m 2,3 
Weight, t 50 
Magnet Superconducting 
Average field, 
center/extract.,  Т 

 
5,64/5.24 

Voltage of dee-electrodes, kV 14 
RF–frequency, MHz 90-61.5 
Frequency of beam pulses, kHz 1 
Average current, nA 20 
Proton energy, MeV 230 
Energy spread, 2σ, MeV 2,5 
Horisontal/vertical emittance, 
π⋅mm⋅mrad 

23.1/4.1 

 

 
Figure 3: View of synchrocyclotron S2C2. 

Many aspects were considered at optimization of the 
synchrocylotron  magnetic system [4]: optimization of the 
pole-gap profile; definition of the pole radius and the 230 
MeV extraction radius; optimization of coil current 
density and dimensions; dimensioning of the yoke to 
reasonably balance the outside stray fields; dimensioning 
and placement of all horizontal and vertical yoke 
penetrations; the optimization of the extraction system the 
shielding required for external systems such as the rotco 
and the cryo-coolers;  the influence of the external iron 
systems on the accelerated beam; the influence of the 
fringe field on the external beam line;  median plane 
errors introduced by the vertical asymmetry in the 
magnetic design and compensation of these errors; 
magnetic forces acting on the return yoke, the coils, the 
extraction system elements, external components. 

Rf–frequency is changed from 90 МHz to 61.5 МHz, to 
compensate variation of the revolution period at 
acceleration caused by increase of the proton relativistic 
mass and reduction of the magnetic field. The RF 

resonator operates as a half-wave transmission line 
terminated on one side by the 1800 dee and on the 
opposite side by the rotco. The 8-fold symmetry allows 
excellent mechanical stability and very good 
reproducibility of the RF pulse. It rotates at 7500 rpm 
giving 1 kHz  repetition rate. 

The central region  is extremely compact with a first 
turn radius less than 2.5 mm and the first 100 turns within 
a radius of about 3 cm. Calculations show that particles 
with RF-phases in the range of [-60; +10]° are 
successfully accepted in synchrotron regime of stable 
acceleration. Pulse duration of particles captured in 
acceleration is equal to 7 us,  the repetition frequency of 
beam pulses is 1 kHz, the duty factor corresponds to     
0.7 %. Quantitative analysis of losses at injection and 
during a period of one synchrotron oscillation was carried 
out to estimate capture as a function of injection time 
relative to moment when the RF-frequency equals to the 
revolution frequency of the particles in the centre. 
Capture efficiency  for the synchrocyclotron with driving 
magnetic field of ~5 Tesla was simulated  [5]. Obtained 
results give capture efficiency of 8·10-4. 

Fast and precise pencil beam scanning  requires a high 
dynamic range (a factor 100) in the charge per pulse and 
also good pulse repeatability. A cold-cathode PIG source 
is used because of its fast response, long cathode life-time 
and good pulse stability. The source is pulsed during 50 
μsec, in synchrony with the RF. 

   Regenerative extraction based on  2Qh = 2 resonance 
is used. The regenerator creates a strong bump  which 
locally increases the radial focusing and locks Qh to 1. 
Extraction sets at this condition and a displacement of the 
beam towards the extraction channel steadily builds up. 
Correctors are used to compensate the undershoots of the 
regenerator and the extraction channel. A 3-bar corrector 
guides the beam through the fringe field. A permanent 
magnet quadrupole in the return yoke matches the 
cyclotron to the beam line.  

   In frame of JINR-IBA collaboration are planned to 
perform  special research program oriented on formation 
of high average current of 100 nA as it was done for  
proton cyclotron C235-V3.  
     The simulation of the beam delivery was done from 
synchrocyclotron to the entrance in the treatment room. 
The beam is focused to the waist at the entrance of the 
energy degrader (Fig.4) with  a small sizes of 1.95/1.3 
mm in order to decrease a growth of the beam 
geometrical emittances after passing through the energy 
degrader. 
     After proton  deceleration to energy of 180 MeV at 
passage through carbon degrader with thickness of 54 mm   
the  beam energy spread corresponds to 4.5 MeV (3σ) and  
horizontal/vertical beam emittances increase up  36.9/19.3 
π⋅mm⋅mrad. 
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Figure 4: Beam transportation from cyclotron to degrader. 

      The energy spread (2.4%) is almost 4 times higher 
after passing the energy degrader than in the case of the 
extracted beam at the exit of the S2C2 accelerator. To 
decrease this energy spread and improve the energy 
distribution quality a momentum slit is placed in the beam 
line (Fig.5). The momentum slit is placed downstream the 
dipole magnets to such  position where the 
horizontadispersion function is 1.6 m.  
     A collimator with a horizontal gap of 10 mm was 
chosen as a momentum slit. After passing the beam 
through this  slit the energy spread is decreased from 
2.4% to 1.6%. Beam transmission of the momentum slit 
corresponds to 42%.  
     The horizontal and vertical beam envelopes for the last 
part of the beam line from the exit of the momentum slit 
to the final focal point at the entrance to the treatment 
room are shown in the  Fig.6. At the focal plane  the 
horizontal/vertical beam sizes are equal to 9.6/9.7 mm. 
The horizontal/vertical beam emittance corresponds to 
18.3/19  π⋅mm⋅mrad.  
     Two wobbling magnets will be installed to form the  
uniform dose distribution with transverse size of 15×15 
cm in double scattering scheme. The efficiency of beam 
formation in double scattering scheme is about 30%.  As 
result the average current on tumor target is about 2.4 nA 
at proton energy of 180 MeV.  
     At deceleration of proton beam in degrader to energy 
of 140 MeV it has the energy spread of 2.7 % (3σ) in 
focal plane,  the horizontal/vertical beam size of 11/11.5 
mm, horizontal and vertical beam emittances of 26.7/29.2 
π⋅mm⋅mrad. The efficiency of momentum slit 
corresponds to 42% at slit gap of  15 mm.         
 

 
Figure 5: Beam transportation from degrader to 
momentum slit. 

 
Figure 6: Beam delivery from momentum slit to entrance 
of treatment room.  
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 POSITRON ANNIHILATION SPECTROSCOPY AT LEPTA FACILITY 

P. Horodek, Institute of Nuclear Physics PAN, Krakow, Poland 
A.G. Kobets, Institute of Electrophysics and Radiation Technologies NAS, Kharkov, Ukraine 

I. N. Meshkov, O.S. Orlov, A.A. Sidorin, JINR, Dubna, Russia 

Abstract 
Positron Annihilation Spectroscopy (PAS) is a sensitive 

method dedicated to detection of open-volume type of 
defects in materials. Nowadays, this technique is of a 
great interest due to the practical character of obtained 
results. New devices using monoenergetic positron beams 
are built. The poster presents progress in this field at 
LEPTA project at Joint Institute for Nuclear Research in 
Dubna, present and future directions of works.  

INTRODUCTION 
Positron Annihilation Spectroscopy (PAS) is a great 

method for detection open-volume defects on the atomic 
level. It is applied in the field of solid body physics as 
well as in the material research. It gives interesting results 
as the independent method or the complementary 
technique for other methods such as Rutherford Back 
Scattering (RBS) or Mossbauer Spectroscopy. 

PAS is based on the special properties of positron – 
electron annihilation process. Positron annihilates with its 
antiparticle – electron and as a result in 99.8 % cases two 
gamma quanta with energy of about 511 keV are emitted. 
[1] The annihilation process does not take place 
immediately, but positron spends some time in the matter 
on the thermalization and diffusion stages. [2] This time 
depends on the electron concentration in the structure. If 
the lattice includes defects the electron density is lower in 
comparison to a non-defected area and in this was 
positron life time will be longer. The positron life time 
means the time between positron emission eg. from the 
22Na isotope and annihilation. Because the electron 
momenta inside traps are also lower in comparison to the 
bulk, it also finds a reflect in the annihilation 
characteristics. In this way the energy of gamma quanta 
will be changed as a result of Doppler effect according to 
formula 

                                                   (1) 

where Eb is the energy of positron-electron pair coupling 
and p|| is a perpendicular component of the positron-
electron pair’s momentum. This effect is observed as the 
broadening of annihilation line 511 keV. The broadening 
always appears in this case but for positrons trapped in 
the defects will be smaller considering the lower electron 
mementa. It should be noticed that the momentum of 
thermalized positron can be negligible. Thus the 
registration 511 keV line gives information about 
momentum state of electrons taking part in annihilation 
process. It is the role of Doppler Broadening of 
Annihilation Gamma Line (DB) technique. 

DOPPLER BROADENING OF 
ANNIHILATION GAMMA LINE 

TECHNIQUE (DB) 
The formula describing the changing of gamma energy 

can be also expressed as following 

                        .                    (2) 

If the energy of an annihilating positron equals e.g. 7eV 
(Fermi energy for copper), then a change of energy of 
annihilating gamma quantum, according to the above 
formula, will equal 1,34 keV. Thus, the total broadening 
of annihilation line will equal 2,68 keV.  

Observation of such broadening requires using 
detectors of a high energetic resolution. Currently 
available germanium detectors allow to take 
measurements with resolution equal to 1-2 keV around 
511 keV energy.  

Doppler broadening of annihilation line technique is 
used to detect concentrations of defects such as vacancies 
and their accumulations. A signal from annihilation of a 
trapped positron gives broadening of the 511 keV line 
accordingly smaller than the one that would occur in case 
of annihilation with nucleus electrons. In other words, 
less defected sample gives smaller broadening of the 511 
keV line. 

In practice, the broadening of 511 keV line is not 
calculated but the analysis is limited to evaluating of two 
characteristic parameters, the so-called S- and W- 
parameters (see Fig. 1). [3,4] 
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Figure 1: 511 keV lines for defected and nondefected 
samples. 

S parameter defines proportion of annihilation of 
positrons with low-momentum electrons. It is closely 
related to concentration of defects in a material. It is 
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defined as ratio of surface area under the central part of 
the 511 keV line to total surface area under this line. 
Areas are usually selected so that their ratio approximated 
0.5. Bigger S parameter value means bigger concentration 
of defects.  

The second parameter, the so called W parameter is 
defined as a ratio of surface area under the wing part of 
511 keV line to total surface area. It is related to 
annihilation of positrons with high-momentum electrons 
and it provides information about chemical environment 
of the defect. Value of this parameter is also selected 
arbitrarily – it tends to be smaller than 0.01.  

Both S and W parameters are calculated after the 
background reduction. Calculations are made by special 
computer software. As stated above, the analysis of 
results of Doppler broadening of annihilation line is based 
on calculating S and W parameters, changes of which 
provide information about changes in concentration of 
defects. 

SLOW POSITRON BEAM AT LEPTA 
FACILITY 

The PAS can be realized in two ways. As the standard 
experiments when positrons emitted directly from the 
source eg. 22Na are used or using the so called slow 
positron beam. In the first case positrons have continuous 
energy spectrum from zero to some maximal energy 
characterized for chosen isotope eg. 545 keV for 22Na and 
1.89 MeV for 68Ge. In this way the mean implantation 
depth is a few dozen micrometers in dependency on the 
kind of material. Changes in the structure near the surface 
are invisible. The second solution allows slowing-down 
positron to the energy of abou 50 eV and accelerating to 
the chosen energies - in practice not higher than 40 keV. 
It is possible to use special moderators based on the W 
foil or frozen Ne gas. This approach makes the detection 
of defects in the range up to a few micrometers under the 
surface possible. 

Since the year 2000 at JINR in Dubna project LEPTA 
has been realized. Its main aim is to acquire a positronium 
atom in flight [5]. A positron beam (see Fig. 2) 
constructed for this aim can also be used for PAS. 

The idea of producing the beam is following. Positrons 
emitted from 22Na go through a moderator, which is a 
condensed Ne source. As a result of elastic scatterings on 
gas particles some electrons lose their energy. Those two 
types of particles are separated by the use of 

perpendicular magnetic fields. Fast positrons are stopped 
at diaphragm, while the slow ones are slaloming and are 
then formed into a beam and accelerated by negative 
potential to needed energies. Currently available beam’s 
parameters are given in Table 1. 
Table 1: Parameters of Positron Beam at LEPTA Facility 

Feature Value 

activity of 22Na isotope 25 mCi 

moderator frozen Ne (7K)  

longitudinal magnetic field 100 Gs 

vacuum conditions 10-9 Torr 

intensity 3×105 e+/s 

energy range 50 eV ÷ 35 keV 

diameter of the flux 3 mm 

EXAMPLE OF APPLICATION 
The problem of formation of oxide films on surfaces of 

stainless steel 304 AISI annealed for 2, 3 and 8 hours at 
800 ˚C in vacuum of 6×10-6 mbar, air and in flow N2 of 
0.35cm3/s atmospheres was studied using slow positron 
beam. 
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Figure 3: S parameter on dependency the positron 
implantation energy for studied samples. The solid lines 
represent the best fits of model function using VEPFIT 
code. [6] 
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Figure 2: The scheme of slow positron beam at lepta facility. 

The S- parameter profiles in dependency on the 
positron implantation are presented in Fig. 3. The creation 
of multilayer systems of oxides on the surface after 
annealing in air and N2 conditions was confirmed. The 
fitting procedure [6] of obtained S parameter profiles 
allowed to find the thicknesses of oxide layers. The S- 
parameter profiles in dependency on the positron 
implantation are presented in Fig. 3.  

The creation of multilayer systems of oxides on the 
surface after annealing in air and N2 conditions was 
confirmed. The fitting procedure [6] of obtained S 
parameter profiles allowed to find the thicknesses of 
oxide layers.  
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Figure 4: The time-dependencies of parameters obtained 
from fitting profiles presented in Fig. 3 

The information about formation of duplex oxide on the 
surface, where α-F2O3

 
is created in the outermost layer 

before the inner spinel rich in chromium up to 
temperature of 850 ˚C is given in the literature [7]. There 
is no information about the thickness of these layers. The 
time-dependencies of parameters obtained from fitting 
profiles presented in Fig. 3 are presented in Fig. 4. 

In the case of sample annealed in vacuum the positron 
diffusion length in the 4.2±0.9 nm thick oxide layer was 
8±1nm, while in the bulk it was 94±3 nm. The thickness 
of the oxide layer depends on the kind and time of 
annealing atmosphere. The shield atmosphere of N2 in 
flow does not protect the material before oxidation. 

 

CONCLUSIONS 
The standard version of DB spectrometer works at 
LEPTA facility at JINR in Dubna. The first results 
confirm the beam works in an appropriate way. The 
research is going to concern mostly materials engineering, 
both in metals and semi-conductors. The main research is 
going to include studies on the influence of surface 
treatment processes on the defecting of the surface layer 
in materials which are commonly used in industry, such 
as stainless steel. Furthermore, plans are made to conduct 
research oriented around thin layers and layers created by 
ion implantation. In further perspective there are plans to 
develop the equipment to automatize the measurements 
and using Surko trap for bunching signal in the aim of 
building pulsed positron beam for life time 
measurements. 

APPENDIX 
All works were supported by RFBR grant No. 12-02-

00072. 
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Abstract 
    The report deals with the construction of the carbon 
beam transport line for biomedical research at the 
Nuclotron accelerator complex, JINR, Dubna. We have 
studied the scheme and modes of magneto-optical 
elements of the channel. Used electronics described. We 
are discussed  the compilation and realization of the plan 
of treating a tumor located at a depth up to 30 cm. Choice 
of beam scanning schemes and their optimization are 
shown. 

 
INTRODUCTION 

 

    One direction in the development of the Joint Institute 
for Nuclear Research (JINR) accelerator complex is the 
design of a test bench for medicobiological research based 
on the JINR Nuclotron [1]. 
    While designing the test bench, the general technique 
for manufacturing the hadronic therapy complex is tested. 
    In this work we present a calculation procedure for the 
optics of the charge particle transport channel of the 
hadronic therapy complex. This channel is intended for 
the transportation of the  12C+6  carbon ions with an 
intensity of ~2 × 109 and an energy of 100–550 
MeV/nucleon. 
   Figure 1 shows the circuit of the primary transport 
channel from the Nuclotron to experimental hall 205. An 
additional channel starts near the F3 focus of the primary 
channel. 

 
 
Figure 1: Layout of the primary transport channel from 
the Nuclotron. Top and side view. A branch of the 
designed channel before the F3 focus is shown. 

 
*yudin@jinr.ru 
 

PROBLEM STATEMENT 
 
Mathematical Statement 
    To describe an envelope during beam transportation, 
one can use the matrix formalism:  

Xout = MN ·…·M2·M1· Xin  ,      (1) 
where Xout  and Xin  are the column vectors 
( ( , , )ТX β α γ= )  of the terminal and initial conditions 
(consisting of the parameters of Twiss matrix) describing 
the beam; M1, … MN  are the transformation matrices of 
channel elements, i.e., drift gaps and quadrupole lenses. 
The thick lens approximation is used for the quadrupole 
elements. All transformation matrices are nonlinear with 
respect to the channel parameters, i.e., geometrical sizes 
of the elements and lens gradients. 

 
Figure 2: Position of the scanning system of magnets on a 
beam (CC). The scanning region in the beam focus (C). 
 
    The initial conditions for beam transport in the 
additional channel are taken as current values of the beam 
parameters from the Nuclotron primary channel. They 
should satisfy the conditions  
 Mdrift·Xin = XF3 ,         (2) 
where Xin is the initial conditions from Eq. (1), XF3 is the 
beam parameters in the F3 focus of the primary channel, 
and  Mdrift is the matrix of transformation from the 
additional channel branching point to the F3 focus. 
    The output transport values Xout   should satisfy the 
focus conditions, i.e., the zero derivative of the beam 
envelope with respect to the transport coordinate: 

αx.out = αy.out = 0 ,    (3) 
where αx.out  and αy.out   are the  α components of the Twiss 
matrix in the focus of the additional channel. 
    The size of the beam envelope in the focus Fk of the 
additional channel is close to the possible minimum 
satisfying the geometrical limits of the setup. The 
envelope minimum is considered known and determined 
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by the relative position of the scanning system and the 
scan region. 
    Thus, the problem is reduced to a determination of the 
parameters of transformation matrices from Eq. (1) 
belonging to the region of setup geometry and 
corresponding to the minimum envelope size in the 
additional channel focus (3) at specified parameters of the 
F3 focus of the primary channel. 
 
Setup Restrictions 
    Additional restrictions of the transport problem arise in 
the use of specific optical elements and their mounting in 
the experimental hall. The following optical elements are 
used in the channel: dipole and deflecting magnets (SP-
94) and a magnetic lens (ML-17). 
    The length of the transport channel is 12 m. The 
designed channel starts from a dipole magnet mounted in 
the primary transport channel at a distance of 5.25 m in 
front of the F3 focus (Fig. 1). Optical elements 
(quadrupole lenses) are located over the channel. There is 
a beam trap at the end of the channel, the test bench in Fk 
is right before the trap, and the beam scanning system is 
before the test bench. The scanning system consists of 
two similar deflecting magnets rotating at an angle of 90° 
around the axis relative each other. 
    One natural restriction of beam transportation is that 
the diameter of the vacuum pipeline is equal to 0.25 m, 
which passes through all the quadupole elements of the 
system. A magnet aperture of 0.3 × 0.13 m is a restriction 
at the final stage of the scanning system. The mutual 
position of the scan region and the system of scanning 
magnets is fixed. 
    The maximum current is limited for each quadrupole 
lens; this results in a limitation of the coefficient K <1.5 
m-2  used for calculating the phase incursion on the lens at 
a preset energy range of 100–550 MeV/nucleon. 
    The beam cross section in the F3 focus of the primary 
transport channel is a circle 0.04 m in diameter [2], which 
makes it possible to define the initial conditions of beam 
propagation. 
    Horizontal and vertical emittances of the beam are 
assumed equal in the calculations [3, 4]; values of 25π 
mm mrad and 50π mm mrad were used [3]. 
    The space region around the focus in the form of a cube 
with a side of 0.1 m is planned for the experiments. When 
scanning the region, the transport channel length changes. 
Correspondingly, the prolongation of the transport 
problem solution to the whole scan region should exist 
with fixed parameters of the channel geometry. That is, in 
addition to geometrical restrictions, conditions of the 
existence of a solution to the problem in the vicinity of 
scanning the final focus are imposed on the problem. 

 
SOLUTION 

 

Minimum Beam Size in Focus and Beam 
Emittance 
    The position of the scanning system relative to a target 
(Fig. 2) specifies the minimum beam size in focus 

restricted by the scanning system aperture. In view of the 
emittance formula E = x'x, the minimum beam size in 
focus can be estimated with good accuracy. Here, x' is the 
mean slope of the envelope at a segment before the focus 
and x is the envelope value in the focus. 
    For a preset aperture and the magnet arrangement, we 
have: 
    (i) a minimum focus diameter of 2.8 mm for an  
    emittance of 25π mm mrad; 
    (ii) a minimum focus diameter of 5.6 mm for an  
    emittance of 50π mm mrad. 
 
Geometrical Restrictions to a Scan Region 
Normal to the Beam 
    The region of target scanning is restricted by an 
aperture of two successive magnets in a plane normal to 
the beam. The magnet aperture is 0.3 × 0.13 m for a 
specific channel; this agrees with the planned scan region 
of 0.1 × 0.1 m. 
 
Results Obtained: Beam Envelope 
    Solutions have been found for emittances of 25π mm 
mrad and 50π mm mrad based on the above specified 
restrictions. The beam cross section in the focus Fk is 
close to the minimum for the given scanning system 
geometry: 
    (i) 3.0 × 3.0 mm for an emittance of 25π mm mrad; 
    (ii) 5.6 × 6.0 mm for an emittance of 50π mm mrad. 
 

BEAM CONTROL 
 
Beam Spreading and Additional Lens Focusing 
Suring Scanning along the Beam 
     Deviating along a beam from a focusing point, the 
beam spreads. The change in the beam size depends on 
the focus size for a fixed geometry of the scanning 
system. The change is as follows : 

(i) 20% for a beam 3 mm in diameter (emittance of 25π 
mm mrad), i.e., 0.6 mm; 

(ii) 6% for a beam 5.8 mm in diameter (emittance of 
50π mm mrad), i.e., 0.35 mm along a beam over a 
scan region of ±0.05 m. 

    The beam spreading can be compensated by means of 
correcting the tuning of optical elements simultaneously 
with motion over the scan region. The maximum 
correction value is about 2%. 
 
Features of Energy Absorption 
    The clearly pronounced feature of the energy 
absorption peak (Bragg peak) is used during target 
irradiation; therefore, the value of beam defocusing 
compensation increases when deviating from the central 
position during scanning. 
    The beam control function is chosen from the way 
target scanning and tolerance of the experiments is 
chosen. 
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CONFIGURATION VARIANTS 
 
The Number of Magnetic Lenses 
     To choose a specific configuration of the transport 
channel, variants of different numbers of focusing 
elements were considered. 
    We did not find solutions satisfying the initial and 
boundary conditions of the physical setup for the simplest 
configurations consisting of one or two quadrupole 
elements. The resulting envelops for configurations of 
three and four elements are shown below. These variants 
differ in size and focus shape; i.e., when increasing the 
number of lenses, an elliptical focus can be changed to a 
circular one. 
    The beam cross section in the focus Fk (emittance of 
50π mm mrad) is as follows: 
    (i) 5.6  × 12.0 mm for a configuration of three lenses; 
    (ii) 5.6 × 6.0 mm for a configuration of four lenses. 
    A more complicated configuration of four lenses can be 
used when two lenses are mounted in the additional 
channel and two lenses are mounted in the primary one. 
In this case, the tuning of the lenses from the primary 
channel should be controlled for the beam transport. 
 
Initial Conditions 
    To check the existence of a solution in other operating 
modes, other initial conditions of beam propagation in an 
additional channel were considered. The beam cross 
section in the F3 focus acts as a parameter determining 
these initial conditions.  
    In addition to a solution with a focus on the primary 
channel target of 0.04 × 0.04 m, we considered the 
solution for a focus of 0.1 × 0.12 m [4]. The beam 
envelopes are shown in Fig. 3 for both solutions. 
    The beam cross section in the focus on a target for 
configurations with initial conditions corresponding to 
different beam sizes in the F3 focus of the primary 
channel (the emittance is 50π mm mrad) is equal to 
    (i) 5.6 × 6.3 mm for the focus 0.1 × 0.12 m 
    (ii) 5.6 × 6.0 mm for the focus 0.04 × 0.04 m. 
 

EQUIPMENT OF THE ADDITIONAL 
CHANNEL 

    We suggest the following equipment for the additional 
channel: 
    (i) magnetic lenses ML-17; 
    (ii) scanning and dipole magnets SP-94; 
    (iii) the pixel chamber and the wire chamber and read  
    out electronics (see  Fig.3). 
 

CONCLUSIONS 
    The possibility in principle of designing an optical 
system for beam transport with different numbers of 
optical elements has been shown in the work. The 
correction values for the beam scanning function have 
been found. 
    The choice of parameters of the optical system is 
determined by the operating mode of the primary channel 

of the Nuclotron and the requirements of the 
medicobiological experiments that were conducted. 
    The choice of the temporal control functions of 
magnetic elements is determined by the planning 
problems of the experiment, i.e., the way the beam energy 
was controlled, the type of target scanning, etc. 
    The view of distribution of beam can see on fig.4 for 
on-line monitoring of the carbon beam (as one example). 
 

 
Figure 3: The pixel chamber and the wire chamber and 
read out electronics which were developed for on-line 
monitoring of the ”intensive” extracted carbon beams. 

 
Figure 4: The view of distribution of beam is for on-line 
monitoring of the carbon beam.  
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THERMAL SIMULATIONS OF THE BIPERIODICAL ACCELERATING 
STRUCTURE WITH THE OPERATING FREQUENCY 27 GHZ 

Yu.D. Kliuchevskaia, S.M. Polozov National Research Nuclear University MEPhI (Moscow 
Engineering Physics Institute), Moscow, Russia 

Abstract 
Biperiodical accelerating structure (BAS) represents a 

system based on disk loaded waveguide (DLW) with π/2 
operation mode. The 1 cm band structure will have very 
compact transverse size. Such characteristics give it 
perspective to use in medical accelerators. The results of 
beam dynamics simulation and electrodynamics study 
was discussed early [1]. It will important to study the 
BAS electrodynamics taking into account thermal 
processes in structure and to design the cooling system. It 
is important because of the high pulse RF power (about 
1.5 MW) necessary for the beam acceleration. The 
simulation results which are defined using CST code will 
presented in report. Calculation and definition of the 
thermal coefficient depending on speed, temperature and 
the water flow direction will make. 

 
INTRODUCTION 

Many medical applications need to design a compact 
electron accelerator. Compactness of accelerating 
structure can be reached by increase of the accelerating 
RF field frequency (frequency ranges of 6, 10 GHz are

 widely used and 17 and 30 GHz are also possible). 
Besides these accelerating structures demand lesser RF-
power due to smaller internal volume and surface area. 
The effective medical accelerators operating on S-and H-
bands are well-known [2-4]. The design of 17 GHz linear

 accelerator was offered [5]. BAS represents a modified 
structure on the π/2 mode in which case the accelerating 
cells length increase and coupling cells length decrease.

 The main aim of simulation was geometry definition
 providing the operating frequency 27 GHz. General view
 of the accelerating structure is shown in Figure 1. As a
 result of tuning the cell geometry with optimal
 characteristics was defined and they are presented in
 Table 1.  

Table 1: Optimal parameters values of the BAS 
Parameter Value 
Operating mode π/2 
Length  of accelerating cell, mm 4.5 
Length of accelerating system, mm 55 
Frequency, GHz 27 
Length of wave, mm 10 
Radius of the drift tube, mm 4.5 
Radius windows coupling, mm 0.8 
Radius of the accelerating cell, Rcell, mm 8.8 
Radius of blending sidewall, Rlc, mm 1 
Radius of coupling cell, mm 3.8 
Length of coupler, mm 50 

 

High power pulse gyrotrons are one of possible power 
sources types in 30 GHz band. The power system of 
proposed linac will differ from conventional C-band 
medical linac therefore gyrotrons can produce the long 
pulses (hundreds of μs) with low repetition rate. High-
efficiency pulse and CW gyrotrons of frequency range 
27–30 GHz have been developed at the Institute of 
Applied Physics of Russian Academy of Sciences. Pulse 
power reaches to 15 MW at the efficiency of 50 % in 
gyrotrons with the high operating voltage 500 kV [6]. 
Accordingly to preliminary estimations based on the 
gyrotron theory and experimental results pulse and 
average power of the order the gyrotron is capable of 
producing 2 MW peak RF power in pulses with pulse 
duration 400 μs and a repetition rate of 10 Hz. 

The combination of high electromagnetic fields and 
long RF pulse in resonators on operating frequency leads 
to temperature increase on the surface, to thermal 
deformations and to noticeable change the resonator 
characteristics during the RF pulse [7]. The thermal 
analysis was performed for such structure due to. Thermal 
calculations to define the frequency shift depending on 
temperature of cooling liquid were done. 

Figure 1: General view of the accelerating structure,  
1 – coupler, 2 – power feeding waveguide, 3 – regular 
accelerating cell. 

COOLING SYSTEM FOR BIPERIODICAL 
STRUCTURE AT 27 GHZ 

The simulation of BAS thermal characteristics was 
done using the model consisting of one accelerating cell 
and one coupling cell operating on frequency of 27 GHz. 
The geometry of the BAS cell is shown in Figure 2. The 
copper BAS based on the DLW with magnetic coupling 
was studied, it operates on the standing wave. The high 
operating frequency 27 GHz is the feature of this structure 
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which is much higher than the standard frequency used 
for electron accelerators (2856, 2898 or 5712 MHz).  

Figure 2: The geometry of the BAS cell, the shell 
material – copper. 
The influence of pulse high-frequency heating effects 

for accelerating structure with magnetic coupling both 
negative dispersion and rejecting structure with bores in 
walls of cells was investigated, the methodology was 
described in [8]. Modeling was performed using the three-
dimensional electrodynamics code CST STUDIO SUITE 
[9]. 

Eight water tubes oriented along of the BAS and spaced 
radially from cells were added to the model (see Fig. 3). 
The diameter of tubes is equal to 8 mm. 

 
 

Figure 3: View of the BAS cell with cooling system. 

Adiabatic boundary conditions were used at all 
structure cell's walls before start of the thermal analysis. 
The water temperature in the cooling tubes was defined 
equal to 20  C.  

Microwave power losses in structure wall’s were 
defined with: 

 
Q
WP ω

=  (1) 

where −ω  frequency, −W storaged energy, Q –            
Q-factor. 

The calculation of a water flux is one of important aims 
at developing of cooling system also. It is determined by 
the equation: 

 2πdUG =   (2) 

where U – liquid of the velocity, d – diameter of the tube.  
Thermal analysis of structure includs continuous 

process of structure heating simulation and it’s cooling by 
water flux study. As it was defined by electrodinamics 
simulations that the value of pulse power loses in 
structure walls are equal to 1.05 MW. Average power 
loses are equal to 2.7 kW per one period with pulse length 
400 µs and pulse repetition 10 Hz. 

Distributions of frequency shift and maximal 
temperature in structure versus water flux are presented in 
Figures 5-6. It was shown that water flux should be equal 
to 0.33 l/s for one channel to limit the maximum 
temperature into the cell by 34 °C. The frequensy shift is 
negligible with such temperature in the structure. The 
temperature distribution in structure with water flux and 
temperature of 0.3 l/s and 34 °C accordingly is shown in 
Figure 7. At the obtained parameters the maximum 
temperature in structure reaches 40 °C and gives the 
frequency shift of 290 kHz down. 

 

 
Figure 4: Frequency shift versus on temperature. 

 

 
Figure 5: Frequency shift versus of water flux. 
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Figure 6: Maximal temperatue versus of water flux. 

 
Figure 7: The view of the BAS section and temperature 
distribution ,water flux equal 0.3 l/s. 
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CONCLUSION 
The BAS was designed and tuned on 27 GHz operating 

frequency. The optimal geometrical parameters of the 
BAS necessary for π/2 mode were defined by means of 
accelerating and coupling cell tuning. The high power 
gyrotron was discussed as a perspective power source on 
27 GHz. Numerical simulations of accelerating structure 
thermal characteristics were carried out. By the results of 
thermal calculations necessary parameters of cooling 
system were defined to limit the maximal temperature by 
34 °C in which case the frequency shift is negligible. 
Liquid flux value should be equal to 0.33 l/s per each 
cooloing tube and the frequency shift will limited by 
80 kHz in this case. 
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A PROTOTYPE OF A PHASED ARRAY FOR DEEP 
THERMORADIOTHERAPY 

    

 

It is proven that hyperthermia increases radiation and 
chemotherapy efficiency. In oncology, the generation of a 
higher temperature at a tumor-involved region of the body 
is called hyperthermia. The thermoradiotherapy is widely 
and effective uses. A phased array of eight dipoles for the 
hyperthermia treatment of deep-seated tumors is proposed 
earlier. The power and phase coherently delivered to the 
radiating elements can be varied, so that the 
electromagnetic field is increased at the tumor location 
and decreased in the normal tissues. The prototype of the 
phased array of two dipoles and the RF power scheme are 
presented and results of experiments are discussed. 
Measured and simulated temperature distributions along 
the line connecting two dipoles are discussed in this 
paper. 

 
Hyperthermia is an efficient adjuvant for the common 

modalities such as surgery, radiation and chemotherapy. 
Many researches have shown that hyperthermia 
temperature can damage and kill tumor cells, thus reduces 
tumor size. However the main advantage is that 
hyperthermia is a promising approach to increase 
efficiency of chemotherapy or radiation therapy. Under 
hyperthermia temperature some tumor cells become more 
sensitive to the radiation and anticancer drugs. The effect 
on surviving fraction depends both on the temperature 
increase and on the duration of the expose [1, 2]. 
Treatment requires that temperatures within tumor remain 
above 43 C during 30-60 min, while maximum 
temperature in normal tissues have to be lower than 4 C. 

In previous papers the phased array for deep 
hyperthermia was suggested [3, 4]. This phased array 
consists of eight dipole antennas arranged on an inner side 
of a cylindrical dielectric tank. Dipoles are surrounding 
the patient body and the amplitudes and phases of each 
antenna are under control of the operator as shown in 
Figure 1. Necessary distribution of E-field can be reached 
by means of independent feeding of each dipole that 
permits us to vary amplitudes and phases of 
electromagnetic field. In other words we can concentrate 
absorption energy of E-field and deliver therapeutic heat 
in tumor and at the same time prevent extra heating of 
normal tissues. 

Deionized water filling space between patient and array 
is for cooling outer side of body and for better matching. 
The E-field energy is extremely concentrated in the inner 
side of a shell due to the electric field energy density 
inside the shell is higher by a factor  (the relative 
dielectric constant of the medium) than outside the shell. 

 
Figure 1: Patient body surrounded by phased dipoles 
array. Dipole antennas have amplitudes A1 8 and 
phases 1 8 respectively. 

 
In this paper the prototype of the phased array of two 

dipoles is presented. The RF power system schematic 
layout of this prototype is shown in Figure 2, where 1  
driving generator Agilent N5181A, 2  preamplifier 
Analog Device 5545 (fixed gain 25 dB, 30 MHz-6 GHz, 
5 V), 3  Wilkinson power divider, 4  phaseshifter Mini-
Circuit JSPHS-150 (100-150 MHz, 0-12 V), 5  amplifier 
Toshiba S-AV32A (134-174 MHz, 12.5 V, 60 W), 6  
matching circuit. Single phaseshifter is enough to produce 
any phase lag between two dipoles. The operating 

principle of such layout is the following. The RF signal at 

150 MHz from signal source splits into two channels by 

microstrip power divider. Then by means of controlled 

one phase shifters and two solid state amplifiers we can 

adjust phase and amplitude of every signal. Due to these 

adjustments peak temperature moving is available. Solid 

state RF amplifier Toshiba S-AV32A is simple and stable 

in operation but it needs intensive cooling system. 
For impedance measurements a commercial network 

analyzer system Agilent Technologies E5061A was used. 
Impedance matching is provided with short circuit stub. 
The stub is positioned a distance from the load. This 
distance is chosen so that at that point the resistive part of 
the load impedance is made equal to the resistive part of 
the characteristic impedance by impedance transformer 
action of the length of the main line. The length of the 
stub is chosen so that it exactly cancels the reactive part 
of the presented impedance. Return loss plot for one 

WEPSB36 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

240C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

13 Medical and industrial applications



single channel after matching is depicted in Figure 3. The 
operating frequency is about 150 MHz.  

 

 
Figure 2: RF power schematic layout. 

 

 
Figure 3: Return loss plot after matching with short circuit 
stub for one single channel. 

 
As it noted above this phased array consist of two 

dipoles, thus temperature peak can move along the line 
connecting these dipoles. Water is used as an absorbing 
medium because it has dielectric properties and density 
similar with the muscle tissue. A number of dielectric 
tubes were positioned along the line connecting dipoles 
like it is shown in Figure 4 to prevent water blending 
during heating. These tubes were also filled by water and 
temperature measurements were carried out inside tubes. 
Tubes are made of aluminum oxide (permittivity =9.4 

3). Tubes diameter is 10 mm and 
wall thick is 2 mm.  

Thermocouple-sensing element ATE-9380 was used to 
perform temperature measurement. Whereas it has 
metallic compounds TSE introduce alternations in electric 
distribution when RF is on. Thus temperature 
measurement was carried out after switching RF off. 

In these experiments, all channels were driven 
separately with a power of 15 W. Initially water 
temperature inside shell and tubes was equal. After 
switching RF on temperature starts to increase. In the first 
series of experiments dipoles have equal phases. Phase 

temperature peak. That was the 
second set of experiments. 

 
Figure 4: Experimental setup schematic view. 

 
 

RESULTS 
Experimental results were compared with simulation 

one. Simulations results are performed by CST Studio 
Suite [5]. Both dielectric and thermal properties of plastic 
enclosure, water, dielectric tubes were included. The 
simulations are performed with CST Microwave Studio 
which uses the Finite Element Method (FEM). Their 
solvers feature curved elements of arbitrary order. These 
elements enable a conformal representation of the 
geometry which improves the simulation accuracy. In 
combination with the unstructured FEM grid, which can 
resolve small structure details very efficiently, it can 
increase the simulation performance dramatically. 

Temperature distributions are shown in Figure 5. Red 
line is for experimental data and black line is for 

dipoles. 
When phases stay equal the temperature peak is situated 
in the middle tube. After 12 minutes of in-phase 
excitation temperature in the middle tube has reached 

 
When phase lag is equal 60 the temperature maximum 

is moved away from the dipole that has phase delay and 
after 20 minutes maximum temperature was situated in 
the third tubes   

Also cross section temperature distributions for both 
cases are presented in Figure 6. As it expected peak 
temperature is observed in the middle tube when phases 
are equal (Fig. 6a). Peak is moved away from the center 

can conclude that dipole 2 has the phase delay, because 
the temperature maximum shifted away from this dipole. 
Since this array consist of two dipoles, the resulting 
temperature distribution is spread out and the peak is not 
so clearly identified as it could be if we would use eight 
dipoles.  
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Figure 5: Temperature distribution along the line 
connecting two dipoles for a) in-phase excitation b) phase 
lag  

 

 
Figure 6: Cross-section temperature distributions for a) 
in-  

 
 

To heat deep-seated tumor without overheating of 
healthy tissues is a complex technical challenge. Heating 
of deep-seated tumors can be realized by means of 
focusing of radiofrequency energy inside the patient 
body. The phased array was suggested to create desirable 
temperature distribution inside patient body. The first step 
in realization of this facility was done. The prototype of 
the phased array of two dipoles has been shown. 
Experimental and simulation results on water heating are 
presented. It is proved that the phased array can produce 
temperature gradient by introducing phase lag between 
dipoles.  Experimental and simulation results agree within 
the experimental error. 

The phased array prototype of eight dipoles 
construction and software developing for the 
hyperthermia planning system are the further steps in our 
project. 
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INTERDISCIPLINARY GLOSSARY—
PARTICLE ACCELERATORS AND MEDICINE

V.V. Dmitrieva∗, V.S. Dyubkov†, V.G. Nikitaev, S.E. Ulin,
National Research Nuclear University “MEPhI”, Moscow, Russian Federation

Abstract
A general concept of a new interdisciplinary glossary,

which includes particle accelerator terminology used in
medicine, as well as relevant medical concepts, are pre-
sented. Its structure and usage rules are described. An
example, illustrating the quickly searching technique of rele-
vant information in this Glossary, is considered. A website
address, where one can get an access to the Glossary, is
specified. Glossary can be refined and supplemented.

INTRODUCTION
Number of fields of science as well as its applications

are founded and evolved swiftly today. It results in new
concepts, professional terminology, which can significantly
complicate an understanding and information perception
by specialists in the interdisciplinary fields. In particular
this situation takes place in the case of specialist coopera-
tion from medicine and particle accelerator fields. Particle
accelerators, in that case, are effectively used for disease
diagnostics and therapy.
Special problems appear when students and post-

graduates study special medicine and particle accelerator
courses at Universities, in which rather difficult, and often
impossible, to teach courses simultaneously on physics and
medicine at the highest level [1].
Interdisciplinary Glossary was made up with the aim of

improving the knowledge in the field of particle accelerators
and medicine. We hope that Interdisciplinary Glossary will
be useful for students,technologists, scientists & users of key
facilities.

GLOSSARY STRUCTURE
High-tech nuclear medicine centres are built up for the

provision of high quality medical diagnostics and therapy in
Russia today, where experts in various scientific fields and
application areas work together with doctors.
Interdisciplinary Glossary, which includes a set of hard

and electronic copies as well as database of Glossary and
contains terminology and explanation in genetics, biol-
ogy, radio-biology, radiochemistry, radiation safety, radio-
pharmaceutical, oncology, information technology, particle
accelerators, physical methods and means of radiation for
medical imaging, is required to provide communication be-
tween all members on issues concerning common activity
in the field of application of methods and tools for nuclear
medicine and radiation therapy for cancer diagnostics and
treatment.
∗ vvdmitrieva@mephi.ru
† vsdyubkov@mephi.ru

In particular, particle accelerators are used for radioactive
isotope production as well as radio-diagnostics and oncolog-
ical diseases therapy, sterilization of medical instruments
and transplant tissues.

Particle accelerators for medicine are classified into linear
and cyclic on the one hand and into electron and proton/ion
on the other hand. Generally, electron linear and cyclic ac-
celerators are used for radiotherapy, whereas proton and
ion accelerators are mainly used for nuclear medicine pur-
poses [2, 3]. It is well known that different types of ionizing
radiation (photons, electrons, protons, ions, neutrons, π-
mesons) are used in radiation therapy. The type and energy
of ionizing radiation in complex treatment are determined
by a stage and malignant neoplasm prevalence [4].

Interdisciplinary Glossary includes about 1000 terms and
explanations, namely:
� 180 on particle accelerators,
� 200 on oncology,
� 200 on computing,

and other terms and explanations that concern radio-biology,
radiochemistry, radiation safety, radio-pharmaceutical etc.

Glossary content has been edited by experts of the corre-
sponding fields of knowledge. Glossary content is sorted by
subject and alphabet.

Glossary is based on relational database management sys-
tem (DBMS) MySQL platform. Operation principle of the
DBMS MySQL is similar to any other DBMS operation
principle that uses SQL as the command language for creat-
ing/deleting databases, tables, replenishing the tables with a
data, sampling data [5].
phpMyAdmin was installed for easy data management.

phpMyAdmin is a LAMP (Linux, Apache, MySQL, and
PHP) application specifically written for administering
MySQL servers. phpMyAdmin has tools for visual table
creation, and also allows one to create, modify and delete
tables by means of the SQL toolkit.

Flowchart of the developed application is shown in Fig. 1.
An administrator interface consists of:
• category management that allows one to create, delete,
and modify Glossary categories/subcategories;

• article management that allows one to create, delete,
and edit articles included in all Glossary cate-
gories/subcategories;

• user management that allows one to assign/remove user
rights to certain categories.

A moderator interface consists of:
• category management that allows one to create, delete,
and modify Glossary categories/subcategories, which
is assigned with administrator rights;
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Figure 1: Web-application structure.

• article management that allows one to create, delete and
edit articles included in Glossary category/subcategory,
to which the moderator has access.

An author interface allows an author to add and edit his
articles. A guest interface allows a guest to view articles of
all existing categories.

CONCLUSION
Modern trends in technologies, the availability of infor-

mation technologies and task complexity force researchers
to involve other specialists in different fields of science into
investigations.

In order to provide interdisciplinary interactions, printed
reference books, that contain terms of a special field of
knowledge, are usually used [6,7]. However, it takes a lot of
time to find required information in that case.
Multimedia interdisciplinary Glossary on nuclear

medicine and radiation therapy, which was developed
in NRNU MEPhI and based on information technology,
allows one to overcome such difficulties. Finally, Glossary

allows one to get the modern scientific and technological
information effectively.
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Abstract 

In the ITEP the Heavy Ion RFQ HIP-1 (heavy Ion 
Prototype) has to provide ion beams for two different 
experimental programs. The first one, aimed to irradiation 
resistance investigation of reactor construction materials, 
is successfully ongoing. Samples of new materials for 
reactors were irradiated by beams of iron, vanadium and 
titanium ions accelerated by the RFQ. The irradiated 
materials were investigated by both transmission electron 
microscope and atom-probe tomography. The second one 
is under development and it is aimed to investigation of 
ion beam interaction with plasma and metal vapour 
targets. For this program a wide range of beams (both gas 
ions and metal ones) accelerated in the RFQ can be used. 
Based on beam dynamics simulation the design of new 
RFQ output beam line enabling both experiments 
realization was developed. Details of beam dynamics 
simulation and output line design are presented and 
discussed in this paper. 

INTRODUCTION 
In the ITEP the Heavy Ion RFQ (Fig.1) provides 

irradiation resistance investigation of reactor construction 
materials. The HIP-1 is a heavy ion RFQ linac 
accelerating ion beams generated by either MEVVA ion 
source or duoplasmatron. It provides accelerated beam of 
ions from C+ to U4+  with energy of 101keV/n and several 
mA of current[1]. 

 
Figure 1: The Heavy Ion Prototype. 

 
For project realization the special target chamber 

providing sample heating up to desired temperature from 
range of 20ºC to 700ºC was developed. A set of 
experimental works for reactor material resistance 
investigation were carried out already [2]. 

The experiments of heavy ion beam interaction with 
plasma and metal vapor target can’t be carried out 
simultaneously with ones for reactor resistance 
investigation at the existing RFQ output beam line. The 
existing output beam channel of TIPr-1 can’t be used for 
both targets, for reactor materials investigation and for 

plasma-beam interaction. The target for imitation 
experiments with reactor materials is nontransparent. The 
target for plasma and metal vapor interaction with ion 
beam is transpired but a considerable amount of intensity 
(more than 90%) is lost during beam passage through 
plasma target diaphragms. 

According to theoretical models the plasma (ionized 
gas) has a higher stopping power for ion beam with 
energy of about 100 keV/n compare to both gas target and 
even metal one [3]. The design of new beam line is under 
development now. The results of simulation are presented 
and discussed. 

PLASMA TARGET 
The plasma target device generates plasma by an 

electric discharge igniting in two collinear quartz tubes, 
each of 5 mm in diameter and 78 mm long. The capacitor 
bank of ~3 μF provides the discharge at voltage up to 
5 kV and produces the electrical current flowing in two 
opposite directions in both quartz tubes. Such a design for 
the plasma target enables suppression the well-known 
effect of the plasma lens caused by the magnetic field of 
the discharge current. The focusing effect of the first 
discharge tube is compensated for the defocusing effect of 
the second one. Symmetry of the discharge ensures by 
special inductivity coils, included into the discharge 
circuit, with two wires for the two current branches wind 
in the opposite directions (Fig.2). 

An ultimate vacuum obtained in the target is  
1.6 * 10-7 mbar. During experiments the target pressure 
may be varied by inlet valve in the range from 1 to 
10 mbar.  It allows plasma production with variation of 
both an electron density and a of ionization rate [4]. 

 

 
Figure 2: Cross-section view of the plasma target device. 
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Therefore to enable two experiments realization with 
ion beam accelerated in ITEP, it is necessary to develop 
two correlated beam channels at the RFQ structure output 
for imitation experiments target and plasma target. 

SIMULATION 
The multifunctional RFQ output line for both targets 

was designed on the base of beam dynamic simulation 
carried out by TraceWin code [5]. The elements which 
can be transported throughout the channel and provide the 
required beam parameters at the targets were selected. 
Moreover, the system described has to fit the 
experimental hall. For beam transportation to the plasma 
target, the bending magnet constructed in frame of ADS 
program [6] for proton beam energy of 36 MeV (Fig.3) 
was selected thanks to its maximum magnetic field and 
bending radius. The magnet has magnetic field up to1.3 T, 
bending radius 670 mm and 30 mm aperture. The 
quadruple lenses have a 70 mm aperture and can provide 
up to 12 T/m maximum gradient. It provides the 
delivering of the ions with mass-to-charge ratio up to 20 
to the plasma target.  

 

 
Figure 3: The dispending magnet. 

 
Since for reactor material irradiation the iron ion beam 

is used the straight line should be used for this experiment 
program. The Al2+ beam was chosen for experiments at 
the plasma target, because the maximum field in bending 
magnet can provide Al beam delivering to the plasma 
target. The beam initial parameters are determined by 
Twiss-parameters that were obtained as a result of Al2+ 
and Fe2+ ion beams simulation in RFQ channel with the 
use of Dynamion program [7]. 

 

Table 1: The Twiss-parameters 

 
The simulation was carried out with 4 mA beam current 

and 106 particles in transportation channel. The cross-
section of ion beam at the RFQ output is showed in Fig.4. 

Figure 4: The beam phase characteristics of RFQ 
structure output. 

 
At first stage, the simulation of existent channel for 

reactor material target at the HIP-1 output was performed 
with the quadrupole parameters that are used for ongoing 
experiments. The obtained results were compared to the 
experimental data for evaluation of afore-mentioned 
model and changes made during channel modernization. 

Two beam focusing variations at the location of sample 
installation were considered during the simulation: the 
elliptical and the circular beam cross-section. The 
simulation showed the good agreement with the 
experimental parameters. 

At the next step, the similar simulation but taking into 
account the bending magnet installation between last 
quadruple lens and the target was carried out. The magnet 
installation changes the location of the target. The 
gradient magnitudes were selected in such a way, as to 
achieve the same values of beam impact on the target, as 
without magnet installation. The result of simulation is 
shown in Fig. 5.  

 
Figure 5: The beam dynamic simulation from RFQ output 
to target for irradiation resistance investigation of reactor 
construction materials with magnet ion guide 

Magnitude x y z 

α -0.238 0.057 0.106 

β, 
mm/π•mrad 

0.31 0.022 14.855 

γ, 
π•mm•mrad 

0.0248 0.0258 1.008 
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As the next stage the beam transport simulation to the 
plasma target was carried out for the channel with beam 
bending to 34˚. During the simulation the line parameters 
optimisation to reach the maximum beam passed 
throughout two 1-mm diaphragms fixed on the input and 
output on plasma target were carried out. Beam loses will 
be inevitable, because the beam emittance is several times 
larger than target acceptance. For best focusing and beam 
passage through plasma target the magnet quadrupole 
triplet between bending magnet and target was used. The 
triplet consist of similar lens were installed at the HIP-1. 
It was found that more than 2% of beam accelerated in 
RFQ can be delivered to the detector after the plasma 
target. It means that the channel provides the beam 
transportation needed for the experimental works (Fig.6, 
Tab.2) 

 
Figure 6: The beam dynamic simulation from RFQ output 
to plasma target. 

 
Table 2: Channel parameters for transport of Al2+ions 

Parameter (units of measurement)  
DRIFT(mm) 613 
QUAD, G (T/m) 3.55 
DRIFT (mm) 935 
QUAD, G (T/m) -3.9 
DRIFT (mm) 645 
QUAD, G (T/m) 3.95 
DRIFT (mm) 1491 
BEND(°) 34 
DRIFT (mm) 200 
QUAD, G (T/m) 6.4 
DRIFT (mm) 200 
QUAD, G (T/m) -8.3 
DRIFT (mm) 200 
QUAD, G (T/m) 7.23 
DRIFT (mm) 773 

 

CONCLUSIONS 
As a result of this work the magnetic and focusing 

elements providing realization of two independent 
experiments at the HIP-1 output channel are selected. The 
construction is based on the bending magnet and triplet of 
quadruple lenses.  

On the basis of beam dynamic simulation of Fe2+ ions 
in channel for experiments aimed to irradiation 
investigation of reactor construction materials and Al2+ 
ions in channel for experiments with plasma target in the 
approximation of ideal fields the channel was designed. 
The quadruple lenses gradients providing the necessary 
beam parameters on the targets are determined. 

Thus, the base configuration of transport channel at 
HIP-1 linac was designed for two experiments realization 
on the plasma target and on metal vapour target (Fig.7). 

 

 
Figure 7: The general view of multifunction channel on 
the metal vapor target and on the plasma target at the 
HIP-1. 
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INDUSTRIAL PROTOTYPE OF COMPACT CW LINAC* 
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Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119992 Moscow, 

Russia 

Abstract 
A compact continuous-wave linear accelerator for 

industrial applications with an output electron energy of 1 
MeV and design average beam current of 25 mA is 
described. The results of beam dynamics, accelerating 
structure, and RF system simulation are presented, 
accelerator construction and first results of its 
commissioning are described.  

INTRODUCTION 
1 MeV RF CW electron accelerator [1] with a 

maximum beam current of 25 mA for radiation 
technologies is being developed at SINP MSU. 
Accelerator commissioning started in the falls, 2013. At 
present accelerator is being operated for testing radiation 
influence at the materials properties and for investigating 
the radiation degradation of solar cells and circuit boards 
properties, designed for space operation. 

ACCELERATOR DESCRIPTION 
The accelerator scheme is shown in Fig. 1. 

 
Fig. 1. The accelerator scheme. 

 
An electron gun (1 in Fig. 1) with two focusing 

electrodes and an operating cathode voltage of -15 kV is 
located directly at the input flange of the accelerating 
structure (4). Focusing electrode voltage controls an 
output gun current from 0 to 250 mA. On-axis coupled 
biperiodic accelerating structure operates at a frequency 
of 2450 MHz. A klystron with a maximum output power 
of 50 kW [2] supplies the accelerating structure with RF 
power through the central accelerating cavity. Similar 
high voltage allows to use a common power supply for 
the klystron and the electron gun. The klystron operates in 
a self-oscillating mode provided by a low-power RF 
system (9) which fixes out a positive feedback loop 

between the klystron and accelerating structure. Magnetic 
shielding (3) is installed above the structure. Steering 
coils and solenoidal lens are located in between the 
structure and magnetic shielding. The accelerator vacuum 
is provided by an ion pump (5) and a sputter-ion pump of 
the electron gun. Depending on beam applications 
different systems can be installed at the output of the 
accelerating structure. To measure high power beam 
parameters a Faraday cup with water cooling is placed at 
the output, provided with vacuum system comprising a 
rough pump and a turbomolecular pump. The beam 
scanning system, consisting of a beam divergence camera 
(8), bending magnet (6) and an ion pump (7) is used for 
materials irradiation. The bending magnet is powered by 
the voltage with an amplitude and shape required for the 
formation of a uniform radiation field over the entire 
surface of the output window with 5x70 cm2 dimensions. 
Accelerator operating volume is separated from 
atmosphere by 50 microns titanium foil fixed at the beam 
divergence camera output flange. The accelerating 
structure and the klystron are cooled with distilled water. 
A total water consumption of accelerator cooling system 
is 120 l/min. 

The accelerator operation is managed by the control 
system based on programmable microcontrollers (PMC). 
The system provides control of all accelerator systems via 
the remote terminal and information on their operation 
status. The control system is equipped with a set of 
emergency – red buttons, and operational interlocks - 
accelerator hall open door, poor ventilation level, bad 
vacuum, insufficient structure and klystron water flow, 
unlocked accelerator case, as well as klystron beam and 
body overcurrents.  

Accelerator photo with the beam scanning system is 
shown in Fig. 2. 

 
Fig. 2. Photo of the accelerator with the beam scanning 
system. 
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ACCELERATOR SYSTEMS 

Accelerating Structure Simulation 
Since we have used a common power supply for the 

gun and the klystron, our electron gun beam energy is 15 
keV. To make our accelerator compact, we eliminated the 
traditional bunching system, drift space, and focusing 
elements and mounted the gun directly to the accelerator 
structure. Injecting a 15 keV direct current gun beam into 
the accelerating structure cells places large demands on 
the beam dynamics [3]. Electron velocities significantly 
vary in consequent structure cells, therefore the cells 
lengths vary too. Besides, to provide high capture 
efficiency, Iout/Igun, we use the initial structure cell as a 
pre-buncher. To accomplish this we must provide the 
maximum bunching parameter at the second cell (the first 
accelerating cell) center.  

Electromagnetic fields and beam dynamics in the 
accelerating structure were calculated with SUPERFISH 
[4] and PARMELA [5] codes. Electron gun calculations 
were carried out with EGUN [6] code for different 
focusing electrodes voltages. An example of particle 
trajectories for focusing electrodes voltages 500 V and 
2500 V with respect to the cathode potential for beam 
current 53 mA is shown in Fig. 3 Calculated beam spot 
and phase space at the structure output with 19.1 kW RF 
power dissipated in the walls are shown in Fig. 4. In this 
case the capture efficiency, Iout/Igun, is 38%. 

Fig. 3. Calculated particle trajectories in the electron gun 
for focusing electrodes voltages 500 V and 2500 V with 
respect to the cathode potential. 

 

Fig. 4. Calculated beam spot and phase space at the 
structure output. 

RF System Design 
Accelerator RF system schematic is shown in Fig. 5. 

Fig. 5. Accelerator RF system schematic. 
 
We use a 50 kW CW klystron (K) to drive the 

accelerating structure (S). Some 22 kW of the klystron 
power is dissipated in the structure walls providing the 
accelerating field and, depending on beam current, up to 
25 kW goes into the beam. When operating in the self-
excited mode, the system oscillates at the structure 
resonant frequency, which the klystron frequency 
automatically follows. A RF probe provides the structure 
signal that passes through electrically driven phase-shifter 
(φ) and attenuator (A), and then enters the klystron. The 
self-excitation phase conditions are chosen by the phase-
shifter while the feedback attenuator regulates the 
klystron output power and, consequently, the accelerating 
field amplitude. This amplitude is controlled by a diode 
(D). To start/stop oscillations a RF switch (SW) is used. 

To define optimum attenuation of the feedback we 
made calculations of accelerator parameters on beam 
loading for different values of feedback attenuation. 

RF power dissipated in the structure walls Pw and beam 
energy E are connected with structure coupling β, beam 
current I, output klystron power Pkl, effective shunt 
impedance Zef  and structure length L by relations [7]:  = 41 + 1 − 4  

= 4 −1 +  

Reflected power Pr is defined as = − − , 
where = . 

Amplitude characteristics of the klystron was 
approximated by the square of the 1-st order Bessel 
function, normalized in such a way, that maxima of the 
Bessel function and of amplitude characteristics of the 
klystron approximately coincided.  

Results of the calculation for optimum feedback 
attenuation of 39 dB, 1.22 coupling value, 53 MΩ/m 
effective shunt impedance, and 0.84 m structure length 
are shown in Fig. 6. 

CALCULATION 
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DESIGN OF A LINEAR ACCELERATOR WITH A MAGNETIC MIRROR 
ON THE BEAM ENERGY OF 45 MeV 

A.N. Ermakov, B.S. Ishkhanov, A.N. Kamanin, V.V. Khankin, L.Yu. Ovchinnikova#, 
N.I. Pakhomov, I.V. Shvedunov, N.V. Shvedunov, V.I. Shvedunov, I.Yu. Vladimirov, D.S. Yurov, 

Skobeltsyn Institute of Nuclear Physics, Moscow State University, Leninskie Gory 1, 119992 
Moscow, Russia 

A.I. Karev, V.G. Raevsky, P.N. Lebedev Physical Institute, RAS, Leninsky prospect 53, 117924 
Moscow, Russia 

Abstract 
The results of calculation and optimization of pulsed 

linear accelerator with magnetic mirror on the beam 
energy, adjustable in the range of 20 - 45 MeV, designed 
for explosives detection and other applications are 
presented. The accelerator consists of an electron gun 
with an off-axis placed cathode with a beam hole on axis; 
of about 1.6 m long section of standing wave bi-periodic 
accelerating structure, operating at 2856 MHz, which is 
optimized to achieve the capture coefficient of more than 
50% and of the energy spectrum width of about 2%; of a 
movable dispersion free magnetic mirror made with rare 
earth permanent magnet material. Accelerator provides 
acceleration of the beam with a pulse current of 100 mA 
to an energy of 45 MeV with RF power consumption less 
than 10 MW. 

INTRODUCTION 
Electron accelerators with energies of the accelerated 

beam in the range of 20-30 MeV to 100 MeV can be used 
for medical isotope production, activation analysis, 
radiation therapy, as the injector for the storage rings, 
used for basic research in nuclear physics. 

One of the promising and new applications of electron 
accelerators in this energy range is the detection of 
explosives by photonuclear reactions [1-3]. For the 
practical implementation of this technique a compact, 
easy to operate accelerator generating pulses of 
accelerated beam with an energy of about 45 - 50 MeV, 
with a charge per pulse of about 1 μC with a repetition 
rate of 50 -100 Hz is required. Sufficiently high charge 
per pulse is necessary to provide high sensitivity of the 
detection method. 

Previously, as such an accelerator - pulsed race-track 
microtrons (RTMs) with energy of 70 MeV [4] and 55 
MeV [5] were considered. Advantages of the RTM as 
compared with linac for the energy range above 20-30 
MeV are compactness and low cost. However, operating 
experience with these RTMs showed that practically 
attainable accelerated pulse current is limited to about 10 
mA, besides there is serious problem associated with the 
high level of beam losses during acceleration, resulting in 
high level of induced activity in the elements of the 
accelerator.  

As a compromise, in this paper we consider a single-
section standing wave linac with a magnetic mirror. A 
linac with magnetic mirror – linotron - was proposed in 
[6]. The practical implementation of the accelerator based 
on this principle with maximum beam energy of 25 MeV 
– reflexotron - was described in [7]. 

Here we present a design of the electron linear 
accelerator with a magnetic mirror for maximum beam 
energy of 45 MeV. 

ACCELERATOR SCHEME 
A schematic view of the accelerator is shown in Fig. 1, 

its main parameters are listed in Table 1. Electron beam 
from an electron gun (1) is injected into an accelerating 
structure (2) and is accelerated up to energy 22.5 MeV. 
Than the beam is reflected back by a magnetic mirror (6) 
and accelerated once more to the final energy 45 MeV. To 
provide beam passage through the accelerating structure 
with minimal losses steering coils (3) and a quadrupole 
lens (5) are used. An accelerating field in the accelerating 
structure of a required level is produced by an RF system 
(8), which is fed by a high voltage modulator (9). A 
cooling system (10) is used to remove heat from the RF 
system, the modulator, the accelerating structure, the 
magnetic mirror. The steering coils and quadrupole lens 
are fed by current sources (11). Parts of accelerator are 
also: a gun power supply (7), vacuum system (12), mirror 
position control (13). Beam current at different points is 
measured by beam current monitors (4). Accelerator 
operation is controlled by a control system (14). 

 

 
Figure 1: Accelerator scheme. 
Table 1: Accelerator parameters 

Parameter Value 
Max. beam energy 45 MeV 
Max. pulse current 100 mA 
Pulse duration 10 μs 
Max. repetition rate 100 Hz 
Operating frequency 2856 MHz 
Max. pulsed RF power 10 MW 
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The main features of the accelerator are the next. Since 
the accelerated beam with energy of 45 MeV comes from 
the accelerating structure in the direction of the electron 
gun, for its unhindered passage we use gun with an off-
axis placed cathode and the transit hole on the axis. The 
gun is similar to that described in [8], but is optimized to 
produce a beam with a current of ~200 mA at a voltage of 
25 kV. 

To accelerate the beam we use bi-periodic on-axis 
coupled standing wave accelerating structure operating at 
2856 MHz with the beam hole diameter of 10 mm. The 
parameters of the first three accelerating cells have been 
optimized to obtain high values of the capture coefficient, 
a narrow energy spectrum and beam focusing with a 
crossover, located near the exit of the structure. 

To reduce the cost and to simplify the accelerator 
configuration and operation it is essential to have a linear 
accelerator, consisting of only one section and powered 
by a single klystron. RF power required to produce the 
accelerating field and to accelerate the beam should not 
exceed ~ 10 MW in order to be able to use commercially 
available RF equipment, including the klystron, circulator, 
vacuum RF window and other waveguide elements. In 
this context, the choice of the number of accelerating cells 
of the regular part of the structure required to achieve 
22.5 MeV, is determined by compromise between the 
length of the accelerating structure, the complexity of its 
manufacturing and tuning on the one hand, and amount of 
the RF power on the other. 

As a result of analysis the number of the accelerating 
cells of a regular part was chosen to be 26, so the total 
number of accelerating cells is 29, the electrical length of 
the accelerating structure is 1460 mm, and the pulsed RF 
power required to create an accelerating field is 4.6 MW. 
Pulsed power of the accelerated beam is 4.5 MW. So, 
taking into account the loss of RF power in the waveguide 
and beam current loss, the output RF power of the 
klystron should be about 10 MW. 

Narrow energy spectrum and the small size of the beam 
after the first passage through accelerating structure 
reduce requirements to the parameters of the magnetic 
mirror from viewpoint of aberrations and thereby simplify 
the magnets design. We have selected a magnetic mirror 
consisting of four dipoles. Bending radii, the distance 
between the magnets and the pole face rotation angles 
have been optimized in the first order to reach zero-
dispersion and negative unite transfer matrix in horizontal 
and vertical planes. The magnets are designed using a rare 
earth permanent magnet material as the source of field. 
Use of permanent magnets with fixed and stable field will 
simplify tuning of the accelerator. 

The parameters of the quadrupole lens installed 
between the accelerating structure and the magnetic 
mirror, through which the beam passes in the forward and 
backward direction, are optimized so as to focus the beam 
in vertical and horizontal planes. 

BEAM DYNAMICS 
Beam dynamics simulation was performed using the 

PARMELA [9] with electromagnetic fields, calculated by 
SUPERFISH [10], and the parameters of the mirror 
magnets, found with TRANSPORT [11].  

Optimal distribution of the electric field on the axis of 
the accelerating structure is shown in Fig. 2. Amplitudes 
of the field and the length of the first three accelerating 
cells are selected from the conditions of beam bunching, 
focusing and pre-acceleration. 

 

 
Figure 2: Optimal electric field distribution on 
accelerating structure axis. 

 
Parameters of the magnetic mirror are shown in Table 2 

in accordance with the notation of Fig. 3. 

 
Figure 3: Notations for magnetic mirror. 

Table 2: Mirror magnets parameters 
Parameter M1a M1b M2a M2b M3 
R, mm 76.6 76.6 63.6 63.6 58.7 
Magnetic field B, T 1.0 1.0 1.2 1.2 1.3 
α, deg. 50.3 50.3 105.9 105.9 68.9 
Entrance θ, deg. 0 23.0 -3.5 19.5 6.9 
Exit θ, deg. 23.0 0 19.5 -3.54 6.9 

 
The behavior of the rms beam envelope along 

accelerator is shown in Fig. 4 (a). Fig. 4 (b) shows the 
relative loss of beam current during acceleration. The 
number of particles reaching the structure output after the 
first acceleration is about 74%. The magnetic mirror is 
positioned in the range 1570 - 2250 mm, by passing 
mirror additionally ~10% of low-energy particles are lost. 
Accelerator output reaches ~62% of the particles. The rms 
beam size in horizontal and vertical planes at output are 
respectively 1.9 mm and 1.2 mm.  
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Calculated spectra of the beam after first acceleration 
and at output of the accelerator are shown in Fig. 5. 

 
(a) 

 
(b) 

Figure 4: (a) Rms beam envelope in x- and y-planes and 
(b) beam current decrease along the accelerator. 

 

 
(a) (b) 

Figure 5: Beam energy spectra (a) after magnetic mirror 
and (b) at accelerator output. 

RF SYSTEM  
Stable values of beam energy and current of the 

accelerator with the magnetic mirror can be achieved, first 
of all, due to the high stability of the accelerating field. 
Instability of the field can be caused by fluctuations in the 
output power of the klystron, and the change in the 
resonance frequency of the accelerating structure due to 
thermal processes, which include resonance frequency 
shift produced by structure heating by RF power and 
coolant temperature variation. A simplified block diagram 
of an RF power system of a linear accelerator, which 
provides stable accelerating field, is shown in Fig. 6. 

The RF system includes a highly stable fast frequency 
adjustment synthesizer (1), ferrite isolators (2), p-i-n 
attenuator (3), a pulsed RF amplifier (4) and a klystron 
(5), the modulator (6), directional couplers (7, 14), a 
circulator (8) with a matched loads (9), the accelerating 
structure (10) with an antenna (11), a phase shifter (12), a 

phase detector (13), an RF detector (15), the frequency 
and amplitude controller (16). 

 

 
Figure 6: Simplified scheme of RF system. 

 
The stability of the output power of the klystron from 

pulse to pulse is provided by a high voltage pulse 
amplitude stability, which for solid state modulator is 
~0.1% [12]. Stabilization of the accelerating field is 
provided by two feedback loops: a fast loop for 
synthesizer frequency adjustment and a slow loop for 
adjustment of output klystron power. Adjusting the 
synthesizer frequency is performed by the controller of 
the resonance frequency and amplitude for each pulse of 
the accelerator basing on the signal of the phase detector, 
the sign and the amplitude of which is determined by the 
deviation of the frequency of synthesizer from the 
accelerating structure frequency. Slow adjustment of the 
accelerating field amplitude is achieved by means of p-i-n 
attenuator, installed at the input of pulsed RF amplifier. 

CONCLUSION 
We have designed compact 45 MeV linac with the 

magnetic mirror capable to produce 100 mA pulsed  beam 
current with a single 10 MW klystron. 
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THE X-RAY SYSTEM WITH SUB-SYSTEM OF SHAPING OF FAN-
SHAPED BEAM AND ITS APPLICATION IN THE CUSTOMS INSPECTION 

SYSTEMS 

A.M. Fialkovskiy, Y.N. Gavrish, P.O. Klinovskiy, K.V. Kotenko, V.P. Malyshev, 
D.A. Solnyshkov,  

JSC “D.V. Efremov Institute of Electrophysical Apparatus”, St Petersburg, Russia 

Abstract 
The analytical survey of X-ray sources based on linear 

electron accelerators applied in the customs inspection 
systems (IDK) was carried out on the grounds of 
requirements to customs inspection systems. 

The test results of the linear electron accelerator IDK-
6/9 MeV which allows to generate the X-ray mode with 
energies of 6 and 9 MeV are given in this article. 

The questions of unification of linear electron 
accelerators for different IDK are also studied. 

It is proved that the D.V. Efremov Institute of 
Electrophysical Apparatus (JSC “NIIEFA”) has the 
necessary scientific and technical potential and is ready to 
work out and to produce the X-ray sources for 
Automobile, Sea and Railway Inspection Systems (IDK). 
In addition to that the JSC “NIIEFA” is ready to organize 
the serial production of X-ray sources for inspection 
systems. 

INTRODUCTION 
Integration of the Russian Federation into the world 

economic processes leads to the significant increasing of 
cargo traffic through its territory. The work-load of the 
Customs has also increasedgreatly. The most serious 
problem is an inspection of large-sized cargos; air, sea 
and railway containers; vehicles and refrigerators 

The effective solution is possible with using of the 
customs inspection systems (IDK). The operating 
principle of the IDK is based on scanning of monitored 
objects by a narrow fan-shaped beam of bremsstrahlung 
with the following recording of a received shadow image 
and its computer reconstruction by a special software. 

ANALYSIS OF REQUIREMENTS 
As a result of analysis of different IDK types and 

taking into account the customs problems the Customs of 
the Russian Federation formed technical requirements for 
different IDK types: stationary (with energy 8-9 MeV), 
easy-to-build (relocated) (with energy 5-6 MeV) and 
mobile (with energy 2,5-4 MeV). This conception was 
fulfilled within the framework of the Federal target 
program “The State border of the Russian Federation 
(2003-2010)”. 

The experience of creating of IDK in «Ilek» as well as 
the analysis of development tendencies of IDK of leading 
world manufacture sallow to form new uniformed 
requirements for IDK andX-ray sources. The main 
characteristic sof IDK are given in Table 1. 

Table 1: IDK maincharacteristics 

Parameter Mobile Relocated Stationary 

Penetration 
capability forsteel  

260 mm 400 mm 410 mm 

Detection of steel 
wire without a 
barrier, diameter 
not more than  

2,0 mm 0,7 mm 0,5 mm 

Detection of steel 
wire behind a 100 
mm steel barrier, 
diameter not more 
than 

5 mm 1.5 mm 1,5mm 

Detection of steel 
wire behind a 250 
mm barrier, 
diameter not more 
than 

- 7 mm 6 mm 

Contrast sensation 3% 1% 1% 

Carrying capacity, 
pcs 

80 pcs 25 pcs 25 pcs 

«Dual energy» 
mode 

+ + + 

The realisation of the parameters given in Table 1 
(especially Penetration capability and «dual energy» 
mode) [1]) requires the accelerators with energy up to 9-
10 MeV with a possibility of energy changing. The 
parameters are given in Table 2. 

THE LINEAR ELECTRON 
ACCELERATOR IDK-6/9 MEV 

The linear electron accelerator IDK-6/9 MeV is used 
as asource of the X-ray bremsstrahlung. It was developed 
for using in customs control systems of large-sized cargos 
and vehicles [2]. 

The base operating mode of the accelerator is 6 MeV of 
the bremsstrahlung which provides penetration capability 
for steel more than 300 mm. If necessary the accelerator 
can be switched to an operating mode with energy 9 MeV 
of the bremsstrahlung. It provides the possibility to divide 
studied objects in accordance with a criterion 
organics/non-organics using the method of “two 
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energies”. The transit time from the mode 6 MeV to 9 
MeV is 15 sec. 

 
Table 2: Parameters of accelerators with a possibility of 
energy changing DK maincharacteristics 

Manufactures 

Parameter Varian, 
USA  

Nuctech, 
China 

JSC 
«NIIEFA», 
RF 

Energy of 
accelerated 
electrons, low 

6 MeV 6-7 MeV 6 MeV 

Energy of 
accelerated 
electrons, 
upper 

9 MeV 9 MeV 9 MeV 

Absorbed dose 
for 1 m in 
different 
modes, 
Gy/m×minute 

   

6 MeV 1 10 2 

9 MeV 3 30 5 

6/9 MeV 0,5 (6 MeV) 
1 (9 MeV) 

  

Pulse 
frequency 

300 Hz  300 Hz 

Focal spot 2 mm - 2 mm 

The accelerating structure working on a stationary 
wave is used in the accelerator. The structure length is 
950 mm. The accelerating structure is powered from a 
UHF generator that works on a magnetron MG6090. The 
operating vacuum in the accelerating structure is provided 
by two magnet-discharged pumps placed near the electron 
source and near thetarget.  

The triode circuit with its own modulators is used in the 
electron source. This decision optimized the 
bremsstrahlung level on the scale of recieving detectors 
independently of the accelerator mode.  

The frequency automatic adjustment system adjusts the 
magnetron accelerating structure operating frequency 
which is changed during the operating as the equipment is 
heated. The system minimizes the pulse level of the 
reflected UHF capacity. 

The development of the «dual energy» mode is 
completed at present. The alternation of the 

bremsstrahlung pulses with energies 6 and 9 MeV is 
provided by changing of load of the accelerating structure 
by accelerated electron current beam with the help of an 
additional grid modulator of the triode electron source. 

Bremsstrahlung generator is controlled in automatic 
and semi-automatic modes. The control system is 
designed with a programmable logical controller which 
allows to use a flexible interface and wide range of 
peripheral equipment and algorithmic solutions. Also it 
allows to simple integration of the generator control 
system into the complex external control system.  

OPPORTUNITIES "NIIEFA" AS THE IDK 
EQUIPMENT MANUFACTURER  

Equipment for the production of "NIIEFA" allows you 
to perform, manufacture, assembly, testing and 
commissioning of the accelerators and systems based on 
them. The quality system for all kinds of activities for the 
production of particle accelerators complies with ISO 
9001-2001. 

JSC "NIIEFA" is ready to participate in the 
development of new IDK and commercially supply the 
following IDK equipment: 
• X-ray systems based on linear electron accelerators 

with fan-beam collimators; 
• Detector systems with electronic data collection 

system; 
• Software of data collection, archiving, imaging; 
• Software of data collection, archiving, imaging; 
• Software of data collection, archiving, imaging; 
• Automatic control systems, systemsof monitoring 

and diagnostics; 
• Gantry systems and / or  systems of moving of the 

inspected object; 
• Set of auxiliary equipment (shielding doors, 

automatic control systems, systems of the television 
surveillance, systems radiation safety, etc.) to ensure 
safe and smooth operation of the IDK. 
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HISTOGRAM BASED BREMSSTRAHLUNG RADIATION SOURCE 
MODEL FOR THE CYBERKNIFE MEDICAL LINEAR ACCELERATOR 

G.E. Gorlachev, Burdenko Neurosurgery Institute, Moscow, Russia 
A.V. Dalechina, A.I. Ksenofontov, National Research Nuclear University MEPhI (Moscow 

Engineering Physics Institute), Moscow, Russia

Abstract 
The accuracy of dose calculations is of fundamental 

importance in treatment planning of radiation therapy. 
The dose distributions must be calculated and verified by 
an accurate algorithm. The Monte Carlo simulation 
(statistical method, based on random sampling) of 
radiation transport is the only method that makes it 
possible to perform high-precision dose calculations in 
the case of a complex geometry.  The main bottleneck for 
the application of this method in practical planning of 
radiation therapy is the lack of a general virtual source 
model of the accelerator radiation source.  There are 
several approaches that have been described in the 
literature [1].   

The goal of this work is to build a source model, based 
on histogram distributions, to represent the 6 MV photon 
beams from the CyberKnife stereotactic radiosurgery 
system [2] for Monte Carlo treatment planning dose 
calculations.  The transport of particles in treatment head 
of CyberKnife was simulated. Energy, radial and angular 
distributions were calculated. Source model was created 
on the base of the cumulative histograms.  This approach 
provides producing an unlimited number of particles for 
the next dosimetric planning. Results of source modelling 
were verified in comparison with full-scale simulation 
without model.  Good agreement was shown with 
calculations using the source model of the linear 
accelerator treatment head. 

INTRODUCTION 
The human body consists of tissues and cavities with 

different physical and radiological properties. 
Conventional, deterministic dose algorithms cannot 
provide accurate calculation dose distributions in some 
difficult cases, particularly in heterogeneous patient 
tissues. The method Monte Carlo is the most accurate 
method for patient dose calculations in radiotherapy. This 
method allows to simulate processes of material-radiation 
interaction inside the radiotherapy units and in the patient 
body [1].  The MC method, as applied to radiation 
transport problems, has been described by Rogers and 
Bielajew as follows: “The Monte Carlo technique for the 
simulation of the transport of electrons and photons 
though bulk media consists of using knowledge of the 
probability distributions governing the individual 
interactions of electrons and photons in materials to 
simulate the random trajectories of individual particles’’ 
[1]. The one of the drawbacks of Monte Carlo simulation 
as applied to radiation transport has been long calculation 
times.  However, the development computer technologies 

has significantly reduced calculation times. MC treatment 
planning algorithms become widespread in the 
radiotherapy community.  The other aspect, which has 
great influence on using MC method in routine clinical 
practice, is the general virtual model of the linear 
accelerator treatment head.  The general virtual model has 
to permit to apply algorithm of dose calculations for any 
accelerator and substantially improve accuracy. In 
addition, beam modelling can effect considerable savings 
in computing time and disk space [3]. A beam model is 
any algorithm that delivers the location, direction, and 
energy of particles to the patient dose-calculating 
algorithm [1].  Accurate source model is an essential 
requirement for accurate dose calculation within the 
patient’s body. There are three possible approaches, 
described by different authors: direct use of phase space 
information from the accelerator treatment head 
simulation, development of multiple-source models, 
particles are grouped by the location of their last 
interaction and then scored at the phase-space plane 
leading to subsources [1].  Fluence distributions for each 
subsource may be reconstructed from the phase-space 
data in the form of correlated histogram distributions. 
Other approach is measurement-driven models. 
Information for the model can be deconvolved from 
measured data.  The goal of this work is to characterize 
the 6 MV photon beams from the Cyber Knife treatment 
head and develop the source model to accurately 
represent and reconstruct the beam. We have developed 
source model based on a phase space data, which contains 
histogram distributions. 

MATHERIALS AND METHODS 

CyberKnife  
The CyberKnife system used a flattering-filter-free 

6MV     Linac accelerator mounted on robotic arm (Kuka, 
Augsburg, Germany) with 6 degrees of freedom (rotation 
and translation). The CyberKnife has been used to treat 
prostate, lung, brain, spinal cord, liver or pancreas with 
millimetric conformity [4]. Circular treatment fields, 
ranging from 60 to 5 mm field size in diameter at source 
detector distance (SSD) of 80 sm. are created using either 
12 fixed collimators or an Iris variable aperture 
collimator. In this work, the 800 MU/min version 
installed in Department of Radiology and Radiosurgery of 
N.N. Burdenko Neurosurgical Institute, mounted with 
fixed collimators was studied. 
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MAGNETIC BUNCHER ACCELERATOR UELV-10-10-T-1 FOR STUDYING 
FLUORESCENCE AND RADIATION-PHYSICAL RESEARCHES  

Yu.S. Pavlov, В.В. Dobrohotov, В.А. Pavlov, O.N. Nepomnyaschy, V.A. Danilichev,  
IPCE RAS, Moscow, Russia

Abstract 
Accelerator UELV-10-10-T-1 is equipped with special 

system of injection and magnetic buncher with the 
purpose of generation picoseconds the beam duration 50 
ps with the current 150 A at energy 10 MeV for studying 
fluorescence and radiation-physical researches. For 
maintenance of the magnetic bunching the accelerator 
works in the mode of the reserved energy when duration 
of the pulse of injection (2,5 nanoseconds) is much less 
than time of filling of a wave guide energy (100 
nanoseconds). At a pulse microwave of capacity 10 MW 
the energy which has been saved up in the wave guide, 
makes about 2 J. It provides an opportunity of a cutting 
collimator separately chosen bunch after scan of 
"package" by a rotary magnet. After an output from the 
accelerator the package electrons from 3-5 bunches acts 
in magnetic buncher consisting of two electromagnets. In 
buncher the beam is scanning as "fan", and then focused. 
At a current of the beam 30 A in the pulse duration 2,5 
nanoseconds distinction on energy between the adjacent 
bunches makes of 300 keV, that provides an opportunity 
of the cutting collimator the separate chosen bunch after 
space scanning with a rotary magnet. At a magnetic 
bunching electrons in "head" of a bunch have the big 
energy and are transported on trajectories with the big 
radius than "tail" electrons. Thus "compression" of the 
bunch on time is attained and accordingly the charge of a 
bunch increases. 

 

 
 
Fig. 1: A function chart of system of formation 
picoseconds pulses on accelerator UELV-10-10-T-1. NM 
- nanosecond modulator; EG - an electronic gun; A - the 
accelerator; М1 - a rejecting magnet; М2 - a focusing 
magnet; C - collimator; ED - the electro-optical detector 
of parameters of the beam; PR the pulse registrar; CS - 
the circuit of synchronization; MM - the modulator 
magnetron; MW - magnetron. 

 
Accelerator UELV-10-10-T-1 is equipped with special 

system of injection and magnetic buncher with the 

purpose of generation picoseconds beam for studying 
fluorescence and radiation-physical researches [1-7]. The 
basic connections between the equipment of system of 

MAGNETIC BUNCHER TECHNOLOGY 
Appearance of system of formation is shown in Fig. 2. 

The principle of action of system of formation is based on 
features of work of the accelerator electrons in a mode of 
use of the reserved energy. In such accelerator at 

of energy electrons between the next bunchs, as is used 
for allocation of a separate clot from an initial pulse with 
the help of a dividing electromagnet. 

Duration of bunch makes approximately 0,1 periods of 
the microwave of fluctuations of the generator of the 
accelerator (~ 50 ps). 

 

 
Fig. 2: Appearance of system of formation picoseconds 
pulses on accelerator UELV-10-10-T-1. 
 

For maintenance of a magnetic grouping the accelerator 
works in a mode of the reserved energy when duration of 
a pulse of injection (2,5 ns) is much less than time of 
filling of a wave guide energy (100 ns). At pulse power of 
the microwave 10 MW the energy which has been saved 
up in a wave guide, made about 2 J. At a pulse current 
more than 10 A distinction energy the next clots makes 
about 200 keV. It provides an opportunity of a cutting 
collimator separately chosen clot after scanning of 
"package" by a rotary magnet. After an output from the 
accelerator the bunch electrons as a package from 3-5 
clots acts in magnetic buncher consisting of two 
electromagnets. In buncher the beam is scanning as "fan", 
and then focused. 

Magnetron with capacity 10 MW in a pulse allow "to 
reserve" in the wave guide energy up to 2 J and to spend 
her for small time of injection electrons (2,5 ns) in 

e- 

ED 
e- 

A 

C 

M1 

M2 PR 

EG NM 

CS 

MW 

MM 

formation of accelerator UELV-10-10-T-1  are submitted 

sufficient loading the current arises significant reduction 

on a function chart (see Fig. 1). 
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comparison in time filling of the wave guide (100 ns) is 
insignificant. In a case when the pulse of injection (1,5 
ns) is much less than time of filling of a wave guide 
microwave power (~ 100 ns) the accelerating field 
essentially varies at passage of clots through a wave guide 
(see Fig. 3). The first clots will select more energy, than 
the subsequent, that leads to broadening power spectrum 
of the beam.  

Effect broadening a spectrum usually various methods 
try to minimize. In our case, on the contrary, it is 
necessary "to widen" the spectrum to simplify a problem 
of allocation of one bunch. At big enough current of a 
beam (30 А) in an initial pulse duration of 2,5 ns the 
difference energy the next clots is equal 300 keV. 
 

Fig. 3: Intrapulse structure of a bunch on accelerating 
frequency of 1886 MHz. The period of following of clots 
530 ps 

Compression Picoseconds Bunch 
Distinction on energy between the next bunches 

provides an opportunity of a cutting collimator the 
separate chosen clot after spatial scanning pack with a 
rotary magnet (see Fig. 4). The current in windings of 
electromagnets is adjusted in limits 6-8А. At a current 7А 
collimator on an output of a magnet cuts out one of clots. 

The bunch gets out of the middle of a package because 
of the greater difference in energy between bunches and 
the maximal current of the bunch. The allocated bunch is 
passed through the second electromagnet for a bunching 
of a beam, "clearing" of a gamma-background and is 
issued in the channel of transportation an atmosphere 
through foil window. Thus "parasitic" brake radiation 
from collimator is withdrawn aside from the experimental 
radiation-chemical equipment. The effect of a magnetic 
bunching is reached due to a difference of a course 
electrons inside a bunch. Electrons in "head" of a bunch 
have the big energy and are transported on trajectories 
with the big radius than "tail" electrons.  

Thus "compression" of a bunch on time is reached and 
accordingly the charge of a clot (see Fig. 5, 6) increases. 

 
 

 
 
Fig. 4: Magnetic buncher and the circuit of its work: a) - 
intrapulse structure of the bunch; b) - a clot up to a 
magnetic bunching; c) - the bunch after a magnetic 
bunching. 

 
Fig. 5: A bunch № 3 up to a magnetic bunching. 

 

 
Fig. 6: A bunch № 3 after a magnetic bunching. 
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DIAGNOSTICS OF A BEAM 
On Fig. 7, 8 pulses on an output of accelerator UELV-

10-10-T-1 are shown. 
 

 
 

Fig. 7: Photoregisterogramma picoseconds a pulse. 
 

 
 

Fig. 8: Microdensitogramma picoseconds a pulse (50 ps, 
150 А). 
 

Picoseconds pulses from the accelerator are absorbed in 
a researched sample. In experimental pulse installation 
simultaneously through a sample light radiation from 
xenon lamps in a direction perpendicular to a beam 
electrons is passed. In a sample light is in part absorbed. 
Light past through a sample with the help of mirror 
optical system decays on a spectrum and is analyzed. 
Researches are carried out on spectrophotometer to 
diagnosing installation. (see Fig. 9). 
 

 
 
Fig. 9: Appearance of system spectrophotometer to 
diagnosing installation. 
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NEUTRON RADIATION MONITORING OF THE THERAPEUTIC  
PROTON BEAM TRANSPORTATION 

V. Skorkin, INR RAS, Moscow, Russia

Abstract 
A monitoring system online controls a therapeutic 

proton beam by measuring a secondary neutron radiation 
from the beam losses. The system consists of neutron 
detectors in the transport path passage from Linac to the 
facility of proton therapy and terminal controller 
connected to the computer. The neutron detectors 
measure a level of the secondary neutron radiation in real 
time along of the transport channel, near the formative 
elements. 

INTRODUCTION 
      A result of the proton beam loss is formed neutron 
secondary radiation.  The neutrons in the transport 
channels can be registered with help of fast neutron 
detectors. A level of secondary neutron radiation in the 
transport path of the proton beam is proportional to the 
average beam current and beam losses [1]. Fig. 1 shows 
the neutron radiation in the transporting channel at the 
average beam current of 0.7 mA to 35 mA. 
 

 
Figure 1: Diagram of the neutron radiation dose power 
measured in the beam transport channel. 
 

     The information about the neutron radiation intensity 
allows you to determine beam loss in different parts of the 
transport channel. The neutron monitor of the proton 
beam transport allows you to measure the temporal 
variations of the beam intensity in local areas transporting 
channels. These changes arise are due to changes in 
operating mode of the channels or instability of the 
elements forming the beam transport channels.  

MONITORING THERAPEUTIC BEAM  
The system monitoring the beam transport includes a 

terminal controller, which is connected to the computer. 
The neutron detectors are located along the ion guide, 
near the formative elements of the transport channels and 

the target of the proton therapy facility. The layout of 
neutron detectors of the system monitoring the proton 
beam transportation in Complex of proton therapy is 
illustrated in Fig. 2. 

 

Figure 2: Complex of proton therapy. 

The detectors in the transport channels are used for the 
beam loss measurements. Software module monitoring 
system determines and shows the dose power of the 
secondary neutron radiation in real time. The changing of 
the intensity of the beam of protons due to the unstable 
form of the elements in the medical channel caused by 
blocking is shown in Fig. 3. 

 
Figure 3: Diagram of the neutron radiation intensity in the 
beam transport channel. 1 – neutron background near the 
bending magnet; 2 -  neutron background in front of the 
collimator. 
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The intensity of neutron radiation in the medical 
channel is changed by overlapping the therapeutic beam 
using emergency and working shutters. The neutron 
radiation intensity changes the beam covering the beam 
emergency workers or shutter. The monitoring system 
allows you to monitor this process (Fig. 4). 

 
Figure 4: The profile of the neutron background in the 

medical channel (1) and in the procedural of proton 
therapy (2). 

 

 
The diagrams observed correlation between the levels 

of neutron radiation in both sections of the proton beam 
transport due to the presence or absence of the beam in 
the procedural of proton therapy. 

CONCLUSION 
The system monitors the beam transport and reduces 

background radiation and activation equipment. The 
monitoring system determines the intensity and temporal 
structure of the therapeutic beam and to detect mode and 
instability of the formative elements. 

Neutron radiation measured by the monitoring system 
can receive timely information about the losses of the 
beam and correction of operational parameters which 
form the transport channel devices to improve the quality 
of beam.  
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SMALL-SIZE HIGH-PERFORMANCE ARSA ACCELERATORS FOR  
ON-LINE TESTING FOR ECB RADIATION HARDNESS 

S.L.Elyash, S.P.Pukhov, A.V.Rodigin, A.L.Yuryev, RFNC-VNIIEF, Sarov, Russia 

Abstract 
At present an extent of electrical engineering item tests 

for pulsed ionizing radiation (IR) hardness has abruptly 
increased. Solving of such problems with the help of only 
powerful simulators seems impossible due to significant 
time and material costs. Results of studies, performed in 
RFNC-VNIIEF, RISI and other organizations [1], have 
shown that optimal combination of small-size high-
performance accelerators ARSA and powerful simulators 
allows a significant reduction of terms and costs for 
radiation tests, an increase of fidelity and self-
descriptiveness of the results obtained.  

As opposed to IC test simulation methods using laser 
radiation, ARSA accelerator employment allows 
approaching of the process inspection conditions to the 
real-life environment [2]. 

BRIEF DESCRIPTION OF ARSA 
ACCELERATOR 

ARSA is a small-size pulsed electron direct-action 
accelerator with oil insulation [3, 4], see fig. 1. It consists 
of a high-volt unit 1 with accelerating tube 4, located in 
the sealed container, charger 2 and a control board 3. A 
specific feature of a ten-cascade Marx generator used in 
the accelerator is a pulsed charging of reservoir 
capacitors. Cascade current is switched with the aid of 
metal-ceramic pressurerized spark gaps [5]. 

 
Figure 1: Small-size pulsed accelerator ARSA. 

 

A sealed-off accelerating tube with a through target 
represents a vacuum diode with an explosive-emission 
cathode and titanium anode. Anode of 50 µm thickness is 
an output window for electron beam. To generate 
bremsstrahlung radiation onto the outer tube window 
surface there is mounted a target made of 50 µm thick 
tantalum foil and 2 mm thick aluminum filter for 
absorption of electrons passed through the window and 
target. Edge type cathode of diameter 10 mm supplies a 
homogeneous radiation spot. 

A PULSED FIBER-OPTIC MONITOR-
DOSIMETER WITH A DETECTOR 

CHANNEL FOR RADIATION PULSE 
SHAPE MONITORING 

For the purposes of on-line monitoring of small-size 
pulsed ARSA accelerators’ dose a fiber-optic monitor–
dosimeter (MD) [6] has been developed, see fig. 2. It is 
structurally unified and used together with the 
accelerator’s control panel. For MD one foresees also a 
possibility for autonomous operation in the mode of dose 
monitoring. 

Control Cable

Scincillation sensor

Fiber-optic cable

Dose indication display

 Figure 2: Fiber-optic monitor-dosimeter, combined with 
ARSA control panel. 
 

MD represents a combination instrument, comprising: 
• fiber-optic pulsed X-ray dose meter; 
• pulse counter with nonvolatile memory for control 

over the facility life; 
• storage device for each pulse dose values; 
• pulse dose adder in a series; 
• blocking device upon a specified dose is reached; 
• port for reading of accumulated data into the 

computer. 
Fiber-optic pulse dosimeter has a number of 

advantages: 
• instant obtaining of measurement result as compared 

to the thermoluminescent dosimeter; 
• high noise immunity, low detector’s degradation as 

compared to meters based on semiconductor diodes; 
• availability of new service-feature features (counter, 

adder, nonvolatile memory, port), due to employment of 
modern micro-processor. 

A radiation detector in the device is scintillator CsI(Tl). 
The light is transferred from the detector to a 
photodetector through plastic fiber-optics of 1 mm 
diameter. A pin-photodiode is used as a photodetector. A 
peculiar feature of MD structure is a one-piece assembly 
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«scintillator-fiber-optic-photodetector», what increases 
measurement stability as compared to the multi-piece one. 

In order to monitor shapes of X-ray pulses with lengths 
from units up to nanoseconds, a fast-acting fiber-optic 
scintillation detector is available in the MD set. The 
detector is characterized by increased noise immunity to 
magnetic pickups of pulsed physical facilities and does 
not require application of high-volt power supply sources. 
It contains a subnanosecond scintillator SPS-B18 [7] with 
diameter and height of 50 mm, dual plastic fiber-optic 
cable with a strand diameter of 1 mm, pin-photodiodes of 
ФД-271 type and a subnanosecond amplifier on a GaAs-
field-effect transistor. «Cherenkov» background in the 
cable, approaching up to 16% of the useful scintillation 
light signal, is registered separately with the aid of a 
parallel fiber-optic channel (without a scintillator) and is 
subtracted from the detected signal on the amplifier input. 
The amplifier’s output is connected to the registrator. 
ARSA X-ray pulse oscillogram, registered on the 
oscilloscope LeCroy Wavemaster-8500A with the aid of 
fiber-optic detector, is given in fig. 3. 

 

 Figure 3: X-ray pulse shape of ARSA accelerator, 
registered with the aid of fiber-optic scintillation detector. 

ARSA ACCELERATOR’S ADVANTAGES 
A multi-year experience of ARSA accelerator’s 

operation has revealed a number of their advantages with 
reference to other similar devices: 
• high dose power (up to 5⋅1010 cGy/s for X-ray 

radiation and up to 1⋅1014 cGy/s for electron radiation), 
• compact size and mobility,  
• simplicity of operation and maintenance, 
• good reproducibility of dose characteristics (±10 %),  
• calculation of absorbed dose distribution in the 

irradiated object,  
• varying of radiation type and parameters through a 

sealed tube change,  
• long service life – up to 105 shots,  
• rate of operation – hundreds of shots a day,  
• ecology safety,  
• electro-magnetic compatibility with electric 

equipment (developed level of electromagnetic 
interference in signal cables without special screening 
measures – not more than 0.2 V). 
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DEPTH DOSE DISTRIBUTION OF THE BREMSSTRAHLUNG 
GENERATED BY THE BETATRON OB-4 

IN DIFFERENT ENVIRONMENTS 

I. Miloichikova, V. Ruchyeva, E. Shuvalov, S. Stuchebrov, TPU, Tomsk, Russia

Abstract 
In the paper the dosimetric parameters measurement 

technique of the bremsstrahlung generated by betatron 
OB-4 is described. The radiation dose measurement 
results from the bremsstrahlung generated by betatron are 
shown. The depth dose distributions of the 
bremsstrahlung generated by betatron obtained with the 
help of the solid thermoluminescent detectors DTL-02 
and the dosimeter UNIDOS E equipped with a 
PTW Farmer cylindrical ionization chamber type 30013 
in the different environments (in the air, in the water and 
in the lead) are illustrated. 

INTRODUCTION 
Within a research framework of the development of the 

new methods to reduce radiation doses for the objects 
under radiographic analysis, it was proposed to use the 
pulsed irradiation source synchronized with the detecting 
device. Such X-ray visualization setups based on the 
pulsed X-ray generator RAP-160-5 were created in the 
Department of Applied Physics of the Tomsk Polytechnic 
University. The previous tests showed a significant 
radiation dose decline to the objects in comparison with 
conventional techniques [1, 2]. For estimation of the 
suitability of using the portable betatron OB-4 as a source 
of bremsstrahlung for visualization purposes it is 
necessary to investigate the dosymetric parameters of the 
device. 

The research objectives are:  
• to obtain the depth dose distribution in the air, lead and 

water of the pulsed bremsstrahlung generated by the 
betatron OB-4; 

• to analyse the suitability of using the compact pulse 
betatron OB-4 as a source of bremsstrahlung for 
visualization purposes. 

MATERIALS AND METHODS 

Emitting source 
The portable betatron OB-4 was used as a source of 

emission. This betatron is used as a pulsed source of 
bremsstrahlung. The material of the target is tungsten 
(0.6 cm thick). The maximum kinetic energy of the 
electrons is 4.0 MeV. 

The general quantities of the portable betatron OB-4 
are: the frequency of radiation impulse is 400 Hz; the 
duration of one pulse is about 15 μs [3]. 

Dosimetric equipment 
The main problem associated with the dosimetry of the 

pulsed radiation is the response rate of the dosimeters. 

This problem can be solved by using the storage type of 
the detectors. The solid thermoluminescent dosimeters 
DTL-02 were used as dosimetric equipment for initial 
estimation of the radiation doses. The thermoluminescent 
material of the detectors is LiF: Mg, Ti. The dosimetric 
complex based on the thermoluminescent dosimeters 
DTL-02 is designed for the personal dosimetry. The 
dosimeters DTL-02 can work in the energy range of 
gamma radiation from 15 keV to 10 MeV, the dose range 
varies from 20 μSv to 10 Sv [4]. 

The dosimetry protocol for megavoltage photon beams 
(with nominal energies between 1.25 and 50 MeV) 
adopted by the AAPM is recommended to use the 
ionization chambers as the basis for measurements [5]. 
The universal dosimeter for radiation therapy and 
diagnostic radiology UNIDOS E equipped with a PTW 
Farmer chamber type 30013 was used in the experiments 
[6, 7]. 

The PTW Farmer cylindrical ionization chamber type 
30013 is used for absolute photon and electron dosimetry. 
This chamber is waterproof and can be used in water 
phantoms. The main parameters of the cylindrical 
ionization chamber type 30013 are: the nominal photon 
energy range is from 30 keV to 50 MeV; the electron 
energy range is from 10 MeV to 45 MeV; the dose range 
varies from 0.1 mGy to 1 Gy; the sensitive volume is 
0.6 3cm  [7]. 

Experimental setup 
The irradiation scheme is shown in the figure 1. The 

irradiation source (1) was placed in lead dome (2) with 
the output window. The detector (3) was positioned on 
the radiation axis opposite the output window. 

 
Fig. 1. The irradiation scheme: 1 – the portable 
betatron OB-4; 2 – the lead dome; 3 – the plane-parallel 
ionization chamber type 23342 

For obtain the depth dose distribution in the lead of the 
bremsstrahlung generated by the betatron OB-4 the lead 
plates with the different thickness (0.3, 0.6, 0.8, 5.0 cm) 
was used. 

For obtain the depth dose distribution in the water of 
the bremsstrahlung generated by the betatron OB-4 the 
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water phantom 41023 for horizontal beams was used. The 
external phantom dimensions are approximately 
30 × 30 × 30 3сm . The entrance window in one of the 
walls has the thickness of 3 mm (the walls material is 
PMMA) and the size of 150 × 150 2mm  [8]. 

Depth dose distribution technique of the pulsed 
bremsstrahlung of the betatron 

According to the experimental setup the 
thermoluminescent detectors and the cylindrical 
ionization chamber were used for the dose measurements 
of the pulsed bremsstrahlung generated by betatron. 

The thermoluminescent dosimeter DTL-02 was used 
for the dose measurements in the air of the pulsed 
bremsstrahlung generated by betatron. The measurements 
were carried out by three different DTL-02 dosimeters at 
the equal distance between the radiation source and the 
detector. The dose rate values were calculated. 

In the second part of the experiment the dose and the 
dose rate measurements in the three different arias: in the 
air, in the lead and in the water were carried out by the 
universal dosimeter UNIDOS E equipped with the 
cylindrical ionization chamber type 30013. 

The measurement mode of the dosimeter UNIDOS E 
was “LOW”. The dose rates measurement operating mode 
of the ionization chamber type 30013 is 0.6 mGy/min – 
0.5 Gy/min [7]. The cylindrical ionization chamber type 
30013 was used with the special buildup cap. 

In the experiment in the air the distance between the 
radiation source and the detectors was varied from 30 to 
100 cm in increments of 10 cm. 

For obtain the depth dose distribution in the lead of the 
bremsstrahlung generated by the betatron OB-4 the lead 
plates were arranged on the radiation axis close by the 
output window, the detector was positioned opposite the 
lead plates. 

For obtain the depth dose distribution in the water of 
the bremsstrahlung generated by the betatron OB-4 the 
water phantom 41023 for horizontal beams was used. The 
phantom arranged on the radiation axis opposite the 
output window at the distance equal to 50 cm, the detector 
was positioned inside the phantom. Because of the water 
phantom plastic wall is greater than 0.2 cm thick, all 
depths was scaled to water-equivalent depths. For a 
PMMA wall, in photon or electron beams the effective 
wall thickness is given by the measured thickness in cm 
times 1.12 [5]. 

RESULTS AND DISCUSSIONS 
In the Fig. 2 the dose rate distribution in the air of the 

pulsed bremsstrahlung generated by betatron depend on 
the distance between the betatron OB-4 and the detector 
using the solid thermoluminescent dosimeters DTL-02 
and the cylindrical ionization chamber type 30013 are 
presented. The dose rate measurement for the different 
distance between the radiation source (betatron) and the 
detector are average over three different DTL-02 
dosimeters. 

 
Fig. 2. The depth dose distribution in the air of the pulsed 
bremsstrahlung generated by betatron:  – the solid 
thermoluminescent dosimeters DTL-02 measurement 
results;  - the approximation results of the solid 
thermoluminescent dosimeters DTL-02 measurements; 

 – the cylindrical ionization chamber type 30013 
measurement results;  - the approximation results 
of the cylindrical ionization chamber type 30013 
measurements. 

The Fig. 2 shows that the dose rates measurement 
obtained using the thermoluminescent detectors and the 
cylindrical ionization chamber are in a good agreement 
with each other. These points to the fact that the 
cylindrical ionization chamber can be used for routine 
dosimetry of the pulsed bremsstrahlung generated by 
betatron. 

The insignificant divergences between the obtained 
curves in the Fig. 2 can be explained by the fact that there 
are some angular divergence of the betatron beam and 
dispersion of the high-energy part of the gamma 
spectrum. In this case, it is proposed to use the collimator 
for future dosimetry measurements. Nevertheless, it is 
evident that the obtained dependences are well 
approximated by exponential curves. That is in agreement 
with the theory. 

The obtained data (Fig.2.) shows the sufficient 
equability of the accelerator beam, which indicates the 
suitability of the betatron OB-4 for the visualization 
purpose. 

The depth dose distribution in the lead and in the water 
of the pulsed bremsstrahlung generated by betatron 
obtained with the help of the cylindrical ionization 
chamber type 30013 are presented in the Fig. 3 and the 
Fig. 4 correspondingly. 

The profile of the depth dose distribution in the lead 
(Fig.3.) has an enough linear character for the adsorber 
thickness up to 3 cm, which indicates the suitability of the 
accelerator in the nondestructive testing goals. 

The profile of the depth dose distribution in the water 
(Fig.4.) has a linear character and demonstrates the 
suitability of the pulsed bremsstrahlung generated by 
betatron OB-4 for visualization biological objects with 
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thicknesses up to 25 cm, which is typical of the human 
body size. 

 
Fig. 3. The depth dose distribution in the lead 
of the pulsed bremsstrahlung generated by betatron: 

 – the cylindrical ionization chamber type 30013 
measurement results;  - the approximation results 
of the cylindrical ionization chamber type 30013 
measurements. 

 
Fig. 4. The depth dose distribution in the water 
of the pulsed bremsstrahlung generated by betatron; 

 – the cylindrical ionization chamber type 30013 
measurement results;  - the approximation results 
of the cylindrical ionization chamber type 30013 
measurements. 

SUMMARY 
The obtained date show the advisability of using the 

solid thermoluminescent dosimeters DTL-02 and the 
universal dosimeter UNIDOS E equipped with a PTW 
Farmer chamber type 30013 for the dosimetric parameters 
measurements of the pulsed bremsstrahlung generated by 
electron accelerator with energy of 4 MeV. 

After the dosimetric equipments selection the radiation 
dose of the pulsed bremsstrahlung generated by betatron 

OB-4 was estimated. The obtained data show that the 
bremsstrahlung generated by betatron OB-4 can be used 
for the visualization purposes of the objects in the 
nondestructive and medical examinations. 
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STATUS OF EXPERIMENTS ON SURFACE MODIFICATION OF 
MATERIALS ON THE ACCELERATOR HIP-1 

B.B. Chalykh, A.V. Kozlov, R.P. Kuibeda, S.V. Andrianov, D.A. Aparin, P.A. Fedin, N.N. Orlov, 
A.A. Nikitin, A.A. Bogachev, A.A. Aleev, A.A. Andreev, G.N. Kropachev, N.A. Iskandarov,  

A.A. Golubev,  NRC KI SSC of RF ITEP, Moscow, Russia 
S.V. Rogozhkin, T.V. Kulevoy, NRC KI SSC of RF ITEP, Moscow, Russia; NRNU MEPHI, 

Moscow, Russia 

Abstract 
Ion implantation is an effective method for materials 

surface modification for various technological 
applications. The most common examples of its use are an 
increase of the durability, corrosion resistance, heat 
resistance for various industrial steels and special alloys 
for applications in biology and medicine, strengthening 
and changes in the morphology of the surface layers of 
polymers. Work in this direction is underway at the 
accelerator HIP-1 in ITEP. To provide the experiments, 
the beams of iron, vanadium and titanium generated by 
vacuum-arc metal ion source, as well as ion beams of 
nitrogen generated by duoplasmatron ion source are used. 
Several sets of experiments for the modification of the 
surface features were carried out. The transmission 
electron microscopy (TEM) and tomographic atom-probe 
microscopy (TAP) were used for samples analysis after 
ion beam treatment.  

INTRODUCTION 
Ion implantation is widely used as a method for 

modification of materials in order to improve their 
physical and chemical parameters. The ions used can be 
divided into light ones (typically nitrogen, carbon, oxygen 
and boron) and heavy ones (chrome, titanium, and 
tungsten). For biomedical applications, it is effective to 
use silver ions, copper and other elements to improve the 
bactericidal properties of steels, titanium alloys, CoCr 
alloys without losing their strength and corrosion 
resistance [1]. To improve the wear resistance and 
durability of industrial steels, implantation of nitrogen 
ions is used widespread [2, 3]. It is shown that the 
hardening depends not only on the dose of implanted 
nitrogen, but also on the chemical composition of the 
material to be modified and formed as a result of nitride 
complexes [4]. Furthermore, implantation of high doses 

of carbon (about 8×1017 ions / cm 2) allows achieving a 
significant increase in durability by forming a carbon 
layer on the product surface [5]. Improvement of the 
corrosion resistance can be obtained by implantation of 
chromium and rare earth metals ions [6]. Since the 
implantation of different chemical element ions into 
material can significantly modify the properties of their 
structure in sub-surface layers, the use of composite 
beams may be the best technology in the preparation of 
materials for specialized applications. 

To provide experimental activity, the beams of iron, 
vanadium and titanium generated by vacuum-arc metal 
ion source, and beams of nitrogen generated 
duoplasmatron were accelerated in the heavy ion HIP-1 
(Heavy Ion Prototype). Several sets of experiments for the 
modification of the surface features were carried out. The 
results of the first experiments of surface modification by 
ion beams are presented. 

FACILITY AND EXPERIMENT 
The scheme of RFQ HIP-1 is shown on Fig.1. The 

accelerator assembly  consists of the 100 kV terminal (1), 
low energy beam transport (LEBT) line with two 
electrostatic Einzel lenses (3) and diagnostic chamber (2), 
27 MHz RFQ section and channel with 3 magnetic 
quadruple lenses (L1,L2,L3) and diagnostic station (5) at 
the output of the accelerator. 

The accelerator allows the two types of experiments: at 
"low energy"  when the irradiation of samples is carried 
out at the output of the injector inside the diagnostic 
chamber A (fig.1. pos.2) for further study by transmission 
electron microscopy (TEM) and tomographic atomprobe 
microscopy (TAP). Another type is the samples 
irradiation by "high energy" beams at the output of the 
accelerator (fig.1. pos. 5) for the further samples testing 
by transmission electron microscopy [7]. 

 

 

Figure 1: ITEP RFQ HIP-1. 1 - injector, 2 - diagnostic chamber A, 3 - electrostatic lens, 4 - RFQ, 5-diagnostic chamber 
B,  L1,L2, L3 –quadruple lenses. 
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 Figure 2: Target holder for TAP samples. 

In the experiments at the output of the injector 
(acceleration of ions performed by electrostatic tube) the 
final energy of the ion beam is up to Z • 75 kV, where Z - 
ion charge. For the experiments with material surface 
treatment an existing target holder (Figure 2), established 
for the irradiation of the samples prepared for the 
following investigation by the atomic probe microscope is 
used. Those samples have a shape of needles with the cap 
radii about 100 nm. The additional target block was 
constructed and installed for another kind of samples 
irradiation. As samples the cylinders with the diameter of 
3 mm and the thickness of 0.1 mm are used. The block 
enables simultaneous installation up to seven samples for 
ion beam irradiation (Figure 3). Irradiations at the output 
of the injector are held by Fe2 + ions with energy of 
150 keV, and by the N1+ion with energy of 75 keV.  

For the experiments with high energy, a target 
assembly with samples heating system is used (Figure 4). 

 

Figure 3: Target holder for TEM samples. 

The construction of the sample holder allows samples 
irradiation with heating to a temperature of ~ 7000C. The 
set-up of the sample holder consists of the copper heating 
block 2, sample holder assembly 1, placed on the butt 
copper block, two stainless steel rings 3 fixing the 
construction inside the water cooling screen 4 [8]. 

During irradiation, it is vital to control the samples 
temperature with tolerance ± 30C in the range from 300 to 
5000C. Heating of the samples is currently being 
implemented with the use of a proportional-integral-
derivative controller (PID controller) TRM101. For the 
implementation of sample heating, in a copper holder 
(Figure 4. Pos 2) the axial blind hole was drilled for 
installation of the heating elements of 200 W. To control 
the samples temperature, two thermocouples were 
installed in the longitudinal blind holes located at the 
same distance but opposite side from heating element. 
One thermocouple is used to provide the PID regulation, 
while the second thermocouple is used as a control one 

Figure 4: A) Target chamber construction: 1 – sample holder; 2 – copper ingot; 3 – stainless steel rings, 4 – water 
cooling system. B) Photo of system of sample holder C) Photo of copper ingot and stainless steel rings 
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Figure 5 shows a graph of samples heating up to 300°C. 
The desired temperature is reached in about 20 minutes, 
the temperature stability of the sample holder after the 
release in normal mode is better than ± 1°C. The 
maximum overheating is less than 20C. The heating test 
showed required stability of temperature and revealed 
new opportunities for further experimental works when 
heating is sufficient. 

 
Figure 5: A plot of the T (t). 

The first experiments on the irradiation of the samples 
of ADS Eurofer 97 steel by the Fe2+ ions accelerated up to 
101 keV/n with simultaneous heating to a temperature of 
3000C was carried up to total flux of 1×1015 ions/sm2. The 
final dose is ~3 DPA. After irradiation, samples were 
investigated by using at TEM. Results are shown in Fig.6.  

 
                 a                                        b 

Figure 6: Layout of papers. Photography of irradiated 
sample, obtained with TEM. 

Results are presented in two different modes light field 
(Fig.6.a) and dark field (Fig.6.b). In Fig.6.a one can see 
that the  carbide formation (black dots) with size of 
~ 30 nmare is present in irradiated steel. White dots 
presented on Fig.6.b are appeared to be the result of 
clusters formation process. This result is in a good 
agreement with results of [9] taken as a reference to test 
the method we develop. 

CONCLUSIONS 
In ITEP the experiments for material surface 

modification  is underway at the accelerator HIP-1. To 
provide the experiments, the beams of iron, vanadium and 
titanium generated by vacuum-arc metal ion source, as 
well as ion beams of nitrogen generated by duoplasmatron 
are used. Several sets of experiments for the modification 
of the surface features were carried out. The transmission 
electron microscopy (TEM) and tomographic atom-probe 
microscopy (TAP) were used for samples analysis after 
ion beam treatment. 
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METHOD OF MEASURING FAST NEUTRON FLUENCE USING THE 
PLANAR SILICON DETECTORS 

A.I. Shafronovskaia, N.I. Zamyatin, A.E. Cheremukhin, LHEP JINR, Dubna, Russia                    
(on behalf of the QUINTA Collaboration) 

Abstract 
The technique reported of fast neutron fluence 

measurements using silicon detectors. One of the main 
macroscopic effects at radiation damage of silicon 
detectors by fast neutrons is increase of the reverse 
current. The increment of the reverse current detector is a 
linear dependence on fast neutron fluence and is 
determined by the formula (Eq. 1): 

 ∆I , (1)

 

where ΔI = (Iirrad.-Inonirrad.) (А) – the measured increment 
of the reverse dark current after irradiation of the detector 
normalized to temperature of +20˚C,  αI = (5±0.5)×10-17 
(A/cm) – current constant radiation damage of silicon for 
neutrons with energy 1 MeV,      F (cm-2) – equivalent 
fluence of fast neutrons with energy 1 MeV, V=d×S (cm3) 
– the volume of the detector at the full depletion voltage. 
The experimental results of measurements of fast neutron 
fluence with silicon detectors are obtained on the pulsed 
fast neutrons reactor (IBR-2, channel #3) and on the 
experimental facility QUINTA JINR, Dubna. 

MECHANISM OF RADIATION DAMAGES 
BY FAST NEUTRONS OF SILICON 

 (SI-DETECTORS) 
Fast neutrons with energy of Еn>100 keV are create in 

volume of silicon radiation damages in the form of 
violations of a crystal lattice (knocking-out by a neutron 
of primary atom from lattice site and then created a 
cascade of defects already beaten out atoms). 

Reverse thermogeneration current of the detector grows 
linearly [1] with increasing fast neutron fluence (see Eq. 
1). 

The physical meaning of the constant αI are following: 
when irradiated silicon detector volume 1cm3 neutrons 
with an energy of 1 MeV and a fluence value of 1 n/cm2 
current of the detector is increased due to radiation 
damage to 5×10-17 А at +20˚. 

RADIATION DAMAGE OF SILICON 
DETECTORS UNDER IRRADIATION 

WITH FAST NEUTRONS (EN> 100 KEV) 

What Happens in Irradiated Silicon 
Knocking-out of atom of Si from a crystalline grid with 

formation of vacancy (V) and interstitial atom Si (I). 
V and I to form - electrically active deep centers (VV, 

VO, VP, IC, I VP, etc.). 

Effects of Deep Centres (see Fig. 1) 
• Thermal generation / recombination of carriers in 

volume leads to an increase in reverse (dark) current 
of the detector, leading to increased noise and power 
dissipation on the detector. 

• Capture (e-h)-pair reduces the primary ionizing 
charge collection efficiency and, consequently, to 
reduce the signal from the ionizing particles. 

• Compensation impurity results in a change of 
volume resistivity values of the detector and to 
change the operating voltage (voltage of full 
depletion of the detector), respectively. 

 
Figure 1: Effects of deep centers. 

Fig. 2 shows function of defect formation of D(E) in 
MeV×mb, (Ougouag) and the function NIEL-FN-522 in 
keV×cm2/g, (van Ginneken) [2]. 

 
Figure 2: Function of defect formation of D(E) and the 
function NIEL-FN-522. 
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Table 1. Energy of offset of atom of Ed and minimum 
energy E  of electrons and neutrons (protons) necessary 
for creation of defect of offset. 

Semiconductor 
materials 

Displaceable 
atom 

Ed, eV 
,keV 

e n (p) 

Ge Ge 12-20  320-
530 

0,17-
0,29 

Si Si 11-22  115-
330 

0,18 

GaAs Ga 9,0 230 0,13 
As 9,4 260 0,14 

CdTe Cd 5,6 235 0,13 
Te 7,8 340 0,18 

Cd0,8Zn0,2Te Cd  5,6 235 0,13 
Te  7,8 340 0,18 

C (diamond) C  80 530 0,29 

WHY IS USEFUL SI-DETECTORS NOT 
FOR ITS INTENDED PURPOSE 

(MEASURING OF ENERGY IONIZING 
PARTICLES), AND FOR MEASUREMENT 

FAST NEUTRON FLUENCE IN DC 
MEASUREMENT MODE OF RADIATION 

DEFECTS  
Pin-diode structure with full depletion has strictly fixed 

sensitive volume (with an electric field) – space charge 
region (SCR). 

Value of volume of the space charge region is 
determined by the thickness of the detector and area (p-
n)-junction. 

Thickness detector (crystal) measured with high 
accuracy (2%), and the square of transition is known from 
topology of detector with micron accuracy. 

Modern technology of planar Si-detectors allows you to 
receive extremely low reverse current, defined the charge 
carrier lifetime in detector’s volume (surface leakage to 
neglect). 

Increment the reverse current of detector by fast 
neutron irradiation will be determined only by radiation 
defects in sensitive volume of the detector (SCR), which 
is known with high accuracy. 

Si-detector as a detector for DC measurement, caused 
by radiation defects (without preamplifier, see Fig. 3). 

METHOD OF MEASUREMENT OF THE 
EQUIVALENT 1 MEV FAST NEUTRON 

FLUENCE USING SI-DETECTORS 
• Measurement of the thickness of detectors, visual 

inspection. 
• Before irradiation screening detectors with good 

parameters to measure IV and CV characteristics of 
the detectors (Ubd>2×Ufd; Id=a×U / , i.e. there is no 
surface currents). 

• Packaging, labels, entry into the database. 
• The location and fixation detectors in specified 

positions on the physical installation and irradiation 
with astronomical time recording the start and end of 
irradiation. 

• Removal of detectors after irradiation and storage in 
a freezer at t = −15˚. 

• Measurement of IV and CV after irradiation, 
detectors put into storage in the freezer. 

• Correction of the measured currents to t = +20˚. 
• Calculation of the value of the equivalent 1 MeV 

neutron fluence by Eq. 1, tabulation and graphing. 

 
Figure 3: Si-detector without preamplifier. 

the detector before- and after- irradiation by fast neutrons. 
From the measured IV characteristics (+20˚) obtained the 
value of the equivalent fluence of 1 MeV neutrons equal 
to Ф = 2,86×1010сm-2. 

 
Figure 4: IV characteristic of the detector active area 13 
mm2 and a thickness of 300 μm before- and after- 
irradiation by fast neutron on QUINTA (as an example). 

Figure 4 shows the experimental IV characteristics for 
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Figure 5: Corrected to 1 MeV neutron fluence                  
(1 deuteron) on the surface of the “QUINTA” for different 
Ed. 

CONCLUSION 
• Experiments show that the value of radiation damage 

by fast neutron Si-detectors can measure equivalent 
fluence 1 MeV neutron for the unknown spectrum. 

• Linear dependence of volume current of detector 
from fluence fast neutron allows you to measure 
fluence in the range from 108 cm-2 to 1016 cm-2, the 
sensitivity of the method depends on the volume of 
the detector (the higher volume, the higher 
sensitivity). 

• This way of measuring the fluence allows you to get 
the experimental result within 2-3 hours after 
extraction of detectors out of zone irradiation. 

• Accuracy of method defined by accuracy current 
constant damages αI=5×10-17±10% (А×cm-1),       at 
20˚. 

• To improve the accuracy of the measurement is 
necessary for calibration of detectors on the mono 
energy neutrons. 
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RESULTS OF LIA-2 OPERATION 

P. Logachev, A. Akimov, P. Bak, M. Batazova, A. Batrakov, D. Bolkhovityanov, A. Eliseev, 
G.Fatkin, A. Korepanov, Ya. Kulenko, G. Kuznetsov, A. Pachkov, A. Panov, A. Starostenko,  

D. Starostenko, BINP SB RAS, Novosibirsk, Russia  
A. Akhmetov, S. Hrenkov, P. Kolesnikov, E. Kovalev, O. Nikitin, D. Smirnov, RFNC-VNIITF, 

Snezhinsk, Russia

Abstract 
Recent results of LIA-2 operation are presented. High 

quality of intense electron beam has been achived in 
design intervals of energy and current. All key elements 
of accelerator based on domestic technology successfully 
passed through long term operational tests.  

INTRODUCTION 
Linear induction accelerators are widely used now for 

x-ray flash radiography of high optical density objects [1].  
This particular application of linear induction accelerators 
is very exigent to high current electron beam quality. The 
value of electron beam emittance determines the 
minimum electron beam spot size on the target, and thus 
the space resolution of this method. The first experimental 
results of LIA-2 operation at BINP were presented three 
yeas ago [2]. Now this accelerator is successfully used for 
X-ray flash radiography in RFNC VNIITF [3]. High 
quality electron beam produced by LIA-2 together with 
proved reliability of new technical solutions [4], [5], [6] 
make a good base for full scale 20 MeV radiographic LIA 
project. 

FEATURES OF LIA-2 OPERATION IN 
RADIOGRAPHIC REGIME 

The radiographic regime of LIA-2 operation restricts 
unfortunately the maximum electron beam energy and 
current. This phenomenon connected with X-ray 
conversion target explosion and ballistic penetration of 
small tantalum drops into accelerating bit-slice HV 
insulator and LIA-2 diode. This leads to significant 
breakdown strength reduction both in accelerating tube 
and diode (see Fig. 2). Thus reliable LIA-2 operation with 
X-ray conversion target explosion can be held up to 1.6 
MeV and 1.5 kA of electron beam energy and current. 
The maximum energy and current for reliable operation 
without target explosion were obtained at the level of  2 
MeV and 2 kA. It corresponds to design values. X-ray 
conversion target is placed at 3.9 m from the cathode. 
Electron beam energy deposition in 0.5 mm thick 
tantalum target for 1.6 MeV, 1.5 kA, 200 ns can be 
calculated as 230 J (1 MeV of energy loss per electron). It 
corresponds to 5000 K of melted target part on Fig.1 and 
about 1 bar of saturated vapor pressure of tantalum.  
There is a maximum size of hole in the target for fixed 
beam energy, current and pulse duration (in the case of 
increasing of the beam diameter on the target, the hole 
does not appear). For this particular case the maximum 
diameter of the hole is equal to 6 mm (see Fig. 1 and 4).  

 

Figure 1: Maximum hole diameter in 0.5 mm thick 
tantalum target for 1.6 MeV, 1.5 kA , 200 ns electron 
beam. 

In the case of the best focusing of electron beam on the 
target the minimum hole diameter is 1 mm (see Fig. 4) 
and peak tantalum temperature is about 200000 K. This is 
target explosion.  

Figure 2: Damage of the central part of LIA-2 cathode by 
tantalum drops from the target. View on the cathode 
through the anode aperture. 

The damage of the cathode central part due to target 
explosion (see Fig. 2) leads to emission degradation from 
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the cathode centre and thus to significant changes of 
diode optics. 

This effect increases the beam spot size on the target 
and brings us to change the cathode after about 3000 
radiographic pulses. 

ELECTRON BEAM SIZE 
MEASUREMENT ON THE TARGET  

    In the case of Gaussian transverse distribution of power 
dissipation in the target 

                                                                                     (1) 
 
(here σr  is electron beam transverse sigma on the target, 
ξ – surface density of power dissipation in the target) 
one can get the total energy deposition Q0 per pulse: 
 
                                                                                     (2). 
 
     For LIA-2 radiographic operation case (1,6 MeV, 1,5 
kA, 200 ns, 0,5 mm Ta target) Q0=230 J. Let us assume 
that power density on the border of solid metal and hole 
in the target made by electron beam keeps constant upon 
electron beam radius on the target. This assumption is 
based on the dominance of local conditions in the process 
of metal melting and evaporation. The reality is more 
complicated. Power deposition in the target is not uniform 
also in longitudinal direction. It happens due to significant 
initial angle of beam divergence after focus plane and due 
to multiple scattering in the target, so the tantalum vapor 
pressure on the front side of the target is higher then one 
on the back side. It leads to appearance of big average 
force in the direction of electron beam propagation. This 
force increases the diameter of the hole in the target in 
comparison with the case of uniform longitudinal beam 
power deposition in the target. This effect is seen clearly 
on the holes of the target, holes borders are turned out in 
the direction of electron beam propagation. So the 
suggested model provides an upper estimation of electron 
beam transverse size on the target.  
 
 
                                                                                       (3), 
 where eξ - edge value of  surface power density on the 

target, er . is the target hole radius. 
     Simple combination of equations (2) and (3) shows 
that there is a maximum er for fixed values of 0Q  and 

eξ . This er  corresponds to the maximum possible hole 

diameter for fixed value of 0Q . Thus eξ  can be derived 

from maximum  max er  and 0Q : 
 
                                                                                  (4), 
 
where e=2.718282… 

Combining equations (2) and (3) one can obtain: 
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=                     (5). 

 
    Solving nonlinear equation (5) one can get transverse 
electron beam size rσ as a function of target hole 

diameter ( er2 ). Electron beam radius (FWHM/2) can be 

determined as 2ln2rb rσ= . 

   Fig. 3 represents br as a function of target hole diameter 
for different values of maximum target hole diameter.  

 

Figure 3: The dependences of electron beam radius 
(FWHM) upon the target hole diameter for different 
values of maximum target hole diameter.. 

     In the range of target hole diameters between 1 and 1,5 
mm. the solution of equation (5) is not very sensitive to 
the maximum target hole diameter. Fig. 4 shows 
minimum (1 mm) and maximum (6 mm) target hole 
diameters for 1.6 MeV, 1.5 kA, 200 ns LIA-2 electron 
beam and 0.5 mm thick tantalum target. 

 
Figure 4: Minimum (1 mm) and maximum (6 mm) target 
hole diameters for 1.6 MeV, 1.5 kA, 200 ns LIA-2 
electron beam and  0.5 mm thick tantalum target. 
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Finally, using Fig. 3, one can get transverse electron beam 
radius (FWHM) 0.17 mm for 1 mm target hole diameter. 

BEAM EMMITTANCE ESTIMATION 
The beam emittance estimation can be performed using 

the electron beam convergent angle just before the target. 
Electron beam structure for LIA-2 was calculated 
precisely by UltraSAM code developed in BINP [7]. The 
result is presented on Fig. 5 and 6. 

 

Figure 5: Electron beam envelope in LIA-2 for 1.6 MeV, 
1,5 kA from the cathode to the target. UltraSAM 
simulation. 

 

Figure 6: Electron beam envelope near the target for 1.6 
MeV, 1,5 kA. UltraSAM simulation. 

For this particular case the beam convergent angle on 
the target is 219 mrad, thus LIA-2 normalized beam 
emittance is less than 117 π mm•mrad.  
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EXPERIENCE IN RESEARCH, DEVELOPMENT, CONSTRUCTION AND
COMMISSIONING OF NORMALLY CONDUCTING ACCELERATING

STRUCTURES

L.V. Kravchuk, V.V. Paramonov ∗, INR of the RAS, Moscow, 117312, Russia

Abstract

The experience and results of research, development,
construction and start of normally conducting accelerating
structures for high intensity hadron linear accelerators at
medium and high energii is summarized. Created meth-
ods and obtained results provided construction and start of
operation of accelerating system in INR H- linac with de-
signed energy 600 MeV. The research results allow gener-
alize the properties of high energy structures and develop
methods and criteria for improvements. Basing on research
results, the high energy accelerating structure, which sur-
passes analogues in the total list of parameters, is proposed
and tested.

INTRODUCTION

Instead of progress in development of superconducting
structures for high energies, the normal conducting struc-
tures have the high value for high energy intense hadron
linacs. The report presents briefly the main steps and INR
results in this activity.

DAW CONSTRUCTION FOR INR LINAC

INR activity in accelerating structures originates from
construction of accelerating system for high energy part of
INR linac, Fig. 1. This system consists of 27 four-tanks
cavities, operating at fa = 991 MHz. DAW tanks contain
from Nm = 18 to Nm = 27 DAW modules, see Fig. 3a.
The total number of DAW modules in the system is ∼ 2400
and the system length is ≈ 300m.

DAW structure, invented by V.G. Andreev, [1], for INR

Figure 1: DAW accelerating structure in the INR linac.

∗ paramono@inr.ru

linac was developed and tested in RTI AS USSR and the
framework technology was established. The first three
steps − hot sludge to ≈ 500mm blanks from 170mm OFC
rods, pre-forming with stamping and draft pre-turn were
performed in industry under INR and RTI monitoring. An-
other steps of construction, starting from accurate process-
ing and continuing through RF tuning, brazing of DAW
tanks and finishing with system commissioning, were per-
formed by INR in-house. For mass production, all steps in
construction, such as reasonable and motivated tolerances
for DAW modules treatment, fast and precise RF tuning
of DAW tanks, HOM displacement and so on, were opti-
mized and improved. In the DAW construction there were
no DAW modules lost due to non-compliance.
Individual RF tuning for frequencies of operating fa and
coupling fc modes for DAW modules in not required, due
to coupling coefficient kc ∼ 40% of the structure. DAW
tanks were tuned in assembly of Nm modules. Coupling
mode can not be exited in DAW tanks and to close the stop
band non direct methods for stop band width δf = fc − fa
definition are required. Due to large kc, DAW dispersion
curve in the fa vicinity is essentially not linear and linear
approximation from nearest modes δf = f

(1)
u +f

(1)
d −2fa,

tolerable for structures with kc ∼ 5%, Side Coupled Struc-
ture (SCS) and Annular Coupled Structure (ACS), results
in δf ∼ 1MHz. High order approximations for δf defi-
nition were developed for DAW tanks tuning, [2], result-
ing in δf ≤ 100kHz. Basing on DAW particularities, the
optimized procedure for tanks tuning was developed, [3],
minimizing number of tuning operations.

The High Order Modes (HOM) with field variations on

Figure 2: HOM dispersion diagram for the DAW, β =
0.43.
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azimuth in fa nearest vicinity for DAW were found in ex-
periments and later classified in simulations [4], [5]. Cal-
culated in 2D approximation dispersion diagram for DAW,
β = 0.43 is shown in Fig. 2. All time in fa vicinity exit
EH11 and HE31 modes. Different methods for HOM dis-
placement were considered [6], resulting in T-slots addition
in disks, Fig. 3a. T-slots are selective resonant elements,

Figure 3: DAW module with T-slots (a) and modes spec-
trum in fa vicinity without and with T-slots, (b).

which are tuned close to the operating frequency fa, have
no coupling with operating mode, weak coupling with an-
other TM0 modes, and a strong coupling with HOM. The
result of T-slots interaction with HOMs in DAW is shown
in Fig. 3b.
The beam break up in multi-sectional ion linac has very
high current threshold, [7], and cumulative emmitance
growth due to beam interaction with HOMs for the de-
signed current 50 mA is less than the same effect due to
focusing elements misalignment, [8].
The distribution of electric field in large DAW and DTL
cavities were performed by bead pull technique. To reduce
random errors in measurements for large multi gap cavities,
the size of spherical bead should be reasonably large. If
bead diameter is comparable with accelerating gap length,
the classical Slatter formula [9], derived for uniform in-
finite field, becomes a first approximation. The study of
systematic error for bead pull measurements has been per-
formed, [10], and bead diameters were chosen to limit sys-
tematic error to ≤ 0.2% for measurements in DTL cavities
and to ≤ 0.1% in DAW cavities.
The total set of 110 DAW tanks was constructed and tuned
to operating frequency with average, over set, value of stan-
dard deviation for Ez distribution ≈ 0.65%, [11]. All 27
DAW cavities four DAW tanks and three coupling bridges
also were tuned for operating frequency and deviation of
average Ez value between tanks ≤ 0.5%, [12]. Cavities
were conditioned for operating level of RF power. The
methods to pass fast the multipacktor discharge areas were
developed in mass commissioning. The first beam acceler-
ation was obtained in 1991.

METHODOLOGICAL DEVELOPMENTS
In the development and construction of accelerating

structures the adequate software serves as cost reducing

tool of numerical experiments. Maintenance of DAW con-
struction stimulated development, in collaboration with
IHEP and JINR, the set of very fast and precise finite el-
ements multi tasks software, [13], for simulations in 2D
approximation. To maintain structure commissioning, the
software for multipacting discharge study has been devel-
oped, [14]. For complete analysis of accelerating struc-
tures, operating with heavy RF power dissipation, the
closed chain for simulations of RF parameters, dissipated
RF power in the structure surface, flow and heat exchange
simulation in cooling channels, thermal stress and defor-
mations in the structure body and resulting changes in RF
parameters, was developed [15] basing on ANSYS soft-
ware. Very powerful tools for structures development are
managing add-ins over software for data libraries storage,
[16].

For generalization of physical processes description in

Figure 4: The geometry of one DAW period (a) and electric
field distributions for 0 and π modes, simulated in different
combinations of boundary conditions ee, mm, em me (b).

different structures, the method of field description in pe-
riodical structures was developed, [17] and realized in an
additional code. Let us consider just one period of the
structure, for example, DAW in Fig. 4a. Using power-
ful modern software, let us simulate and store for sets of
field distributions and frequencies in different combina-
tions of boundary conditions (electric e and magnetic m)
for 0 and π modes ee, mm and em, me, respectively,
Fig. 4b. In structures with mirror symmetry just one half
of the period is sufficient for such simulations. Consid-
ering the travelling wave with the phase advance θ at the
period d, let us expand the real and the imaginary compo-
nents of travelling field in the sets over stored basis of 0
and π modes with unknown coefficients cn in such expan-
sion, �e �E =

∑Nee
n ceen

�Eee
n +

∑Nem
n cemn

�Eem
n , �m�E =

∑Nme
n cme

n
�Eme
n +

∑Nmm
n cmm

n
�Emm
n . Applying Floquet

boundary conditions at the period ends, z = 0, z = d
and using variational approach we obtain the symmetrical
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eigenvalue problem

A(θ)C − k2BC = 0, (1)

where A(θ), B are square matrices with elements represen-
tieng interaction of fields of basis elements, [17]. Specify-
ing θ and solving problem (1) we define both frequency and
field distribution for any 0 ≤ θ ≤ π. The equation (1) is the
dispersion equation of the structure under consideration.
The detail view of matrices A(θ) and B in (1) depends on
the symmetry of the considered structure. All high energy
structures, schematically shown in Fig. 5 have operating π
mode and mirror symmetry plane in the middle of acceler-
ating gap. Instead of quite different geometry and technical
solutions, all these structures have the common dispersion
equation (1), [18]. Even restricted with four modes, this

Figure 5: High energy compensated accelerating structures

equation describes well operating dispersion curve for all
compensated high energy structures, including non sym-
metrical DAW curve. Considering just nearest vicinity of
operating point fa and restricting just with two interacting
modes accelerating �Ea and coupling �Ec, we obtain the lo-
cal dispersion equation,

(f2
a −f2)(f2

c −f2)− (
fafckcsinξ

2
)2 = 0, ξ = π−θ (2)

which is valid for all compensated structures, and derive the
expression for group velocity βg (or coupling coefficient
kc).

βg = |πβ
∫
V1

(ε0 �Ea
�Ec − μ0

�Ha
�Hc)dV

4W0
| =

βπkc
4

, (3)

The behaviour for mode frequencies and field distributions
in the vicinity of operating mode were investigated in de-
tails illustrating both particularities of structures and com-
mon relationships too, [19]. The changes in field distribu-
tions and another parameters of these modes during struc-
ture tuning becomes clearly seen. Basing on the developed
approach the coupling mode excitation due to beam loading
[20], transient and tuning errors were studied, resulting in
some deviations, which are more sensible physically, from
the results, obtained by coupled circuits model [21]. Pos-
sibility of multipactoring discharge in coupling cells for

slot coupled SCS, ACS and OAcS due to coupling mode
excitation was studied [22] and methods for kc increasing
with the minimal Ze drop by slot shape optimization were
formulated [23]. For structures operating with heavy RF
power dissipation criteria for thermo-mechanical stability
were summarized, [24].
These developments are valid for a wide family of accel-
erating structures and provide complete set of approaches,
recommendations and limitations in the research, develop-
ment and improvement of accelerating structures. Joint
with understanding of practical problems, it provides the
reliable base for another developments.

COLLABORATING ACTIVITY
The results and experience of INR activity in investi-

gation, construction and commissioning was implemented
during construction and commissioning of warm part of the
SNS linac, [25]. The total set of obtained results, devel-
oped methods and approaches was used in the development
of physical design of ACS structure for J-PARC linac. In-
vented in USSR, ACS was strongly improved in KEK dur-
ing JHP program under leadership of Y. Yamazaki for op-
erating frequency fa = 1296MHz.

For J-PARC operating frequency fa = 972.0MHz pre-

Figure 6: ACS half cells for J-PARC linac

vious JHP ACS has been deeply reconsidered. The total
set of developed methods and approaches has been applied
for cells optimization and mutual fitting, coupling slots ar-
rangement and cooling study in order do not lose, only im-
prove, achieved performances and to provide RF efficient,
compact, balanced cost effective design ensuring reliable
stable operation in linac, [26, 27]. The optimized ACS cells
for J-PARC linac are shown in Fig. 6. Later some improve-
ments were introduced in cells design for cost reduction
in mass production, [28] and total 21 ACS cavities, con-
sisting each of two ACS tanks and one bridge cavity, were
constructed. With the robust design and high quality of
manufacturing, all ACS cavities were conditioned for op-
erating parameters relatively fast, [29], and stable operate
now in J-PARC linac.

CDS DEVELOPMENT
The Cut Disk Structure (CDS) initially was proposed for

electron linac, β = 1, [24],[30]. Topologically CDS looks,
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Fig. 7, very similar to well known slot coupled OAcS, see
Fig. 5, but realizes quite another concept. The shape of
accelerating CDS cells is optimized for the maximal Ze

value, and coupling cell is formed so, that magnetic field
Hc has no own space in coupling cell and is extruded into
accelerating cell, with necessity resulting in large βg value,
according (3), without associated, for coupled slot struc-
tures, Ze drop.
CDS concept was proven in the cold model measurements,

Figure 7: CDS cells for cold model test.

showing calculated kc = 0.22 and Ze/Q values, [31]. For
further developments we adopt four windows CDS option
with windows opening ∼ 45o in order to improve vacuum
conductivity, increase Ze value, further reduce possibility
of multipactor discharge in coupling cells. Basing on CDS,
the booster cavity to increase electrons energy in the Photo
Injector Test Facility (PITZ), DESY, Zheuthen, was devel-
oped in INR, [31] to operate with β = 1, fa = 1300MHz,
designed accelerating gradient up to 14MeV/m and dis-
sipation heat load up to 17kW/m, Fig. 7. In cavity de-
velopment and construction all set of our methods and ap-
proaches was used. For higher structure reliability for four
windows CDS option the cooling circuit design without
brazed water-vacuum joints was developed. The booster
cavity, Fig. 8, was constructed in DESY, tuned, conditioned
[32] and now is in operation at the PITZ beam line, [33].
With operating PITZ booster cavity CDS operational reli-

Figure 8: CDS booster cavity for PITZ

ability is proven.
Due to design idea, transverse CDS dimensions are defined
by accelerating cell radius Rc ∼ 0.37λ. Comparison of
different structures in transverse dimensions is shown in
Fig. 8a for the same operating frequency fa and same β.
Due to small Rc, CDS has no HOM problem. The near-
est HOM modes are placed at frequencies ∼ 1.5fa. Also
with smaller dimensions, CDS is cheaper in the construc-
tion, starting from smaller amount of row OFC material
and continuing with relaxed requirements to treatment with
modern NC machines. Expected CDS parameters were es-

Figure 9: Structures comparison in dimensions (a) and ef-
ficiency (b).

timated and for lower β value, assuming proton acceler-
ation from energy ∼ 100MeV , [35]. Assuming the ap-
plication in the intense proton linac with the heat loading
∼ 15kW/m, resulting in the necessity of cooling channels
in the walls between accelerating and coupling cells and
the total thick web, the calculated Ze values are shown in
Fig. 8b. In for windows CDS option with slots opening
∼ 45o the quite sufficient value kc ∼ 0.15 obeys naturally.
The big CDS coupling windows, Fig. 8a replace the part of
the accelerating cell surface with the high RF loss density.
It explains higher Ze value for high energies. For lower
β ≤ 0.55 for the present CDS design the original disadvan-
tage the thick web determineZe reduction, as compared to
another structures in Fig. 8a. Results of simulations show,
if accelerating structure is applied for for proton acceler-
ation from 100MeV to ≥ 400MeV the present CDS in
total overlaps another structures in RF efficiency. Also, as
recent estimations show, that with more complicated cell
shape, but realistic for modern NC tools, we can improve
CDS efficiency for low β, eliminating this disadvantage.
The small transverse dimensions allow CDS application for
relatively low operating frequency fa = 352MHz, [36].
For such applications CDS efficiency and field stability can
be decisive arguments. The summarized comparison of
CDS parameters in values and in relative ranking, with an-
other structures, is given in the Table 1.
As one can see, in the total set of parameters, both physical
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Table 1: Thermo-mechanical effects
Structure SCS ACS DAW CDS
Ze/ZeSCS ,% 100 ∼ 99 ∼ 95 85 − 107
kc,% ∼ 5 ∼ 5 ∼ 45 ∼ 15
Ph, kW/m ∼ 10 ≤ 60 ≤ 6 ≤ 35
Rc/λ 0.7 0.7 0.7 0.37
Vacuum cond. 2 − 4 2 − 4 1 2 − 4
HOM, rank 2 3 4 1
RF tuning
before braz. indiv. indiv. total total
after braz. a/c no/c no/no a/no
water-vac. yes yes yes no

and technological, CDS represents the balanced optimized
option. This structure is promising candidate for applica-
tions in attractive normal conducting linacs.

SUMMARY

In the INR research activity in normal conducting accel-
erating structures the complete set of methods, approaches
for investigation, development and construction of accel-
erating structures was developed. Results of this activity
are realized in the constructed, tuned, commissioned and
operating accelerating system of the INR hadron linac, are
implemented in the design, construction and commission-
ing of similar linacs in foreign laboratories. Guiding this
basements results, attractive proposal for different future
application is generated, investigated and tested.
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A. Sidorin, N. Agapov, A. Alfeev, V. Andreev, V. Batin, O.Brovko, A. Butenko, D.E. Donets,  

E.D. Donets, E.E. Donets, A. Eliseev, A. Galimov, E. Gorbachev, A. Govorov, E. Ivanov,  
V. Karpinsky, H. Khodzhibagiyan, A. Kirichenko, V. Kobets, A. Kovalenko, O. Kozlov, 

K.Levterov, V. Mikhailov, V. Monchinsky, A.Nesterov, A. Philippov, S. Romanov, N. Shurkhno, 
G.Sedykh, I. Slepnev, V.Slepnev, A. Smirnov, G. Trubnikov, A. Tuzikov, B. Vasilishin, V. Volkov,  

JINR, Dubna, Moscow Region, Russia. 

 
Abstract 
   Since last RuPAC five runs of the Nuclotron operation 
were performed. Diagnostic and control systems were 
improved. Commissioning of new quench detection 
system was completed. Deuteron beam was accelerated 
up to maximum design energy corresponding to 2 T of the 
dipole magnetic field. Stochastic cooling of coasting 
deuteron, coasting and bunched carbon beams was 
obtained. First run with new heavy ion source was 
performed. Results of these and other works are 
presented. 

INTRODUCTION 
The Nuclotron is used presently for fixed target 

experiments on extracted beams and experiments with 
internal target. The program includes experimental studies 
on relativistic nuclear physics, spin physics in few body 
nuclear systems (with polarized deuterons) and physics of 
flavours. At the same time, the Nuclotron beams are used 
for research in radiobiology and applied research.  

Five Nuclotron runs (#46 ÷ #50) at total duration of 
about 4000 h were performed in the period from 
November 2012 till June 2014. About 70% of the runs 
were spending for experiments with accelerated beams 
(cooling down and preparation of the machine required 
about 25%). For more efficient usage of the beam time, 
during the run #49 the regime with two parallel users was 
realized routinely: experiment with internal target at the 
first plateau and beam extraction at the second one.  

Improvement of the cryogenic complex performance, 
better cooling conditions of the magnetic system, 
modernization of quench detection system permitted 
gradual increase of the beam energy. As result during the 
run #48 (December 2013) the carbon beam was 
accelerated and extracted at maximum design energy 
corresponding to dipole magnetic field of 2 T. 

Deuteron, lithium, carbon and argon beams were 
delivered for the experiments. Increase of the beam 
intensity and widening of the ion species are related with 
construction of three new ion sources: SPI (Source of 
Polarized Ions), LIS (Laser Ion Source), Krion-6T (ESIS 
type heavy ion source) [1]. New powerful laser was tested 
for the carbon beam generation during the run #48. For 
the first time Krion-6T was operated at the Nuclotron 
during the run #50.  

Development of slow extraction system resulted in 
realization of acceptable quality of the extracted beam in 
the interval of the spill duration from 60 ms to 20 s.   

In addition to the implementation of the current physics 
program the Nuclotron having the same magnetic rigidity 
as the future NICA collider [2] and based on the same 
type of the magnetic system is the best facility for testing 
of the collider equipment and operational regimes. 
Development works for NICA performed during recent 
Nuclotron runs include the testing of elements and 
prototypes for the MPD (Multy Purpose Detector which 
will be operated at the collider) using extracted deuteron 
beams; operational tests of the automatic control system 
based on the Tango platform, which has been chosen for 
the NICA facility; tests of diagnostic equipment for the 
Booster – small superconducting synchrotron constructing 
in the frames of the NICA project to improve the 
Nuclotron performance.  

Simulation of the collider magnetic system operational 
conditions was performed at the Nuclotron during runs 
#45-47 (in years 2012-2013). This presumed test of the 
Nuclotron systems in the operational mode with long 
plateau of the magnetic field. In the run #45 the 
circulation of accelerated up to 3.5 GeV/u deuteron beam 
during 1000 seconds was demonstrated. During the runs 
#46 and #47 such a regime was used for test of stochastic 
cooling at the Nuclotron, which is an important phase of 
the NICA collider cooling system design. 

In this report we are concentrated on the most 
important results of these works.  

DEVELOPMENT OF THE ION SOURCES 
The new LIS is based on commercially available Nd-

YAG laser LPY 7864-2 providing output energy of 2.8 J 
at wave length of 1064 nm [3]. The new laser was 
investigated at test bench (Fig. 1) during outman 2013 
and thereafter it was used at the Nuclotron run. 

During the run the source and the LU-20 (linac using 
for injection into the Nuclotron) operation was optimized 
at acceleration of С5+ and С6+ ions. The current of С6+ 
beam reach to about 1.5 mА at the linac output. The pulse 
duration was of about 3 μs. Routinely the injector was 
operated in С5+ mode because of larger output beam 
current (up to 3 mA) and slightly longer the pulse 
duration - about 4 μs (the beam revolution period in the 
Nuclotron is about 8 s at injection energy). The carbon 
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beams were delivered to both the Nuclotron users and 
stochastic cooling experiments during about two weeks. 

 

 
Figure 1: Nd-YAG laser at the test bench. 

 
Krion-6T is a prototype of the heavy ion source which 

will be used for operation at new heavy ion linear 
accelerator – the HILac. Construction and assembly of 
Krion-6T were completed in spring 2013 and full-scale 
tests in reflex mode of operation had been started at a test 
bench. After reaching of 5.4 T of the solenoid magnetic 
field in a robust operation (the design value is 6 T) the 
Au30+ ÷ Au32+ ion beams have been produced at intensity 
of about 6⋅108 particles per pulse. The required ionization 
time is 20 ms. The obtained parameters are close to the 
HILac requirements.  

In difference with the heavy ion source used at the 
Nuclotron before the magnetic field and electron beam 
energy are sufficiently increased. Design of a few 
elements is changed also. Therefore, after investigations 
at the test bench, the source was optimized for production 
of ions with charge to mass ratio of q/A≥1/3 in order to 
provide complex test of all its systems at existing 
injection facility. In May 2014 the source was installed at 
high-voltage platform of the LU-20 fore-injector (Fig. 2). 

 

 
Figure 2: Krion-6T at high-voltage platform of LU-20 
fore-injector [3].  
 
   During about 250 h of operational time the source 
systems and linac were optimized for generation of 
different ion species. As result the Ar beams were 
accelerated and delivered for experiments. 

NUCLOTRON TESTS STOCHASTIC 
COOLING FOR NICA  

   Application of the beam cooling methods (electron and 
stochastic) in the NICA collider rings has the purposes of 
beam accumulation using cooling-stacking procedure and 
luminosity preservation during experiments. During 
2011-2013 the elements of the stochastic cooling chain 
for test at the Nuclotron were designed, constructed and 
installed at the ring. Main parameters of the system are 
the following: bandwidth 2-4 GHz, optimal beam kinetic 
energy 3.5 GeV/u, system (and notch filter) delay 
accuracy 1 ps, Nion~1e9. This work performed in close 
collaboration with the Forschungszentrum Jülich (FZJ) is 
also important to FZJ for testing elements of the 
stochastic cooling system designed for the High-Energy 
Storage Ring (HESR, FAIR) [4]. In March 2013 (run #47) 
the effect of the longitudinal stochastic cooling using 
notch-filter method had been demonstrated at the 
Nuclotron for the first time (Fig.3). Experimentally 
obtained characteristic cooling time is in good agreement 
with simulation results. The beam cooling system 
includes ring-slot couplers as pick-up and kicker 
(designed at FZJ), unique optical notch-filter and a full 
remote-controlled automation of measurements and 
adjustments [5]. 

 

 
Figure 3: A longitudinal Schottky spectrum of the 3 
GeV/u deuteron beam at 3500th harmonics of the 
revolution frequency, showing the initial spectrum (blue 
curve) and after 8 minutes of cooling (yellow curve). The 
beam intensity is 2x109 ions. 
 
  The experimental investigation of stochastic cooling was 
a complex test of machine performance. During the 
experiment, the cryogenic and magnetic systems, power 
supply, cycle control and diagnostic equipment were 
operated stably in a mode in which the circulation time of 
the accelerated beam at the flat-top of the magnetic field 
was gradually increased from a few tens of seconds up to 
eight minutes. 
   The safe operation of the magnetic system was 
guaranteed by a new quench-detection system 
commissioned during the runs #46-47. It permits a prompt 
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change in the number of detectors, uniform work with the 
group and individual detectors and implementation of the 
total reservation of the line controlling the energy 
evacuation system. The system provides monitoring of 
the status of all of its components, as well as signal-
testing of external systems, and also indicates 
malfunctions [6].  
   The next step of the stochastic cooling experiments was 
dedicated to test of a bunched beam cooling (such a 
regime corresponds to luminosity preservation during 
collider experiment). Partial modernization of the 
Nuclotron RF accelerating system permitted to prolong 
the RF pulse duration up to about 25 s. Thereafter during 
the run #48 (December 2013) the stochastic cooling effect 
had been successfully demonstrated in both for coasting 
and bunched carbon beams (Fig.4) [7]. In the last case the 
bunching factor (ratio between peak and mean current) 
was about 5. 
 

 
Figure 4: Experimental results of beam stochastic cooling 
of coasting 12C6+ and bunched 12C6+. Schottky beam 
spectra: black – initial beam, blue – cooled beam.  
Upper: coasting beam, I~2e9 ions, E=2.5 Gev/u, 
dP/Pinitial=0.15e-3, dP/Pfinal=0.07e-3, τcool ~ 27 sec.  
Below: bunched beam, I~2e9 ions, E=2.5 Gev/u, 
dP/Pinitial=0.2e-3,dP/Pfinal=0.13e-3, τcool ~ 64 sec. 
 

CONTROL SYSTEM DEVELOPMENT 
   NICA facility will consists of two linacs, two 
synchrotrons, collider rings equipped with two detectors 
and a few beam transport lines. To operate this equipment 
a modern automatic control system is necessary. The 
concept of the NICA control system based on Tango 
platform was presented for international machine 
advisory committee (MAC) in October 2012. MAC 
approved the choice of the designer team and 
recommended to test a fragment of the system as soon as 
possible. Minimum set of equipment was prepared to the 
run #46 (December 2012) and since this period the new 
control system is under active development. 
   The Tango control system is a free open source device 
oriented controls toolkit for controlling any kind of 

hardware or software and building SCADA systems. It is 
used for controlling synchrotrons, lasers and physics 
experiments in over 20 sites. It is being actively 
developed by a consortium of research institutes. 
Addition argument for the Tango usage is that this system 
has been chosen as a basis for the control system of the 
FAIR facility, which is developed in very close co-
operation with NICA.  
   Tango introduction to NICA has started with Nuclotron. 
Several subsystems (beam injection control [8], beam 
slow extraction control) have been converted to the 
Tango-based structure. For instance, the upgraded 
Nuclotron injection control and diagnostics system was 
put into operation during the run #47of in March 2013. It 
has demonstrated high reliability, operation convenience 
and fulfilled the injected beam quality requirements. Both 
hardware and software parts of the system were fully 
redeveloped. As example the client application for the 
injection system control is presented in the Fig. 5. 
 

 

 
Figure 5: Injection control client application. 

 
   Several Tango-based subsystems are being developed 
now [9]. The software implementation using Tango 
framework allowed to reduce the development time 
significantly and confirmed the usage of Tango concept 
as a basis for the future NICA control system. 
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   To implement the Tango control system as a control 
system of the NICA accelerator complex the 4 main tasks 
there were performed: 
1) The control equipment database was designed and 
created. 
2) The web-tool for using and managing of the control 
equipment database was developed. 
3) Servers were purchased and configured. 
4) The necessary toolbox for development, storing, 
documenting and using of Tango-based software was set 
up. 

NEAREST PLANS 
  Nearest Nuclotron run is scheduled for February – 
March 2015. It will be dedicated to experiments with light 
ions in accordance with the JINR topical plans. In the 
frame of stochastic cooling development we plan to test 
time of flight method for longitudinal cooling. Test of the 
new source of polarized ions (SPI) is in progress at a test 
bench. The first run of the SPI operation at the Nuclotron 
dedicated to polarized deuteron beam production and 
acceleration is scheduled for the end of 2015 after 
commissioning of the new RFQ pre-accelerator for LU-20 
[3]. The beginning of the HILac commissioning will be 
started in this year. The systems of the Nuclotron Booster 
are under construction in cooperation with Budker 
institute of nuclear research (Novosibirsk) and scientific 
centers from member states of JINR [10-14]. Serial 
production of the Booster magnets will be started this 
year [15]. 

CONCLUSION 
Main result of the Nuclotron development during last 

years is stable and reliable operation of all the systems 
proving beam quality required for users. The operational 
time is optimized in accordance with the JINR topical 
plans with account the plan of the NICA construction. For 
more efficient usage of the beam time, the regime with 
two parallel users was realized routinely: experiment with 
internal target at the first plateau and beam extraction at 
the second one. 

The beam time dedicated to the machine development 
is used for enhancement of the Nuclotron performance for 
current physics program realization and for tests of the 
equipment, diagnostics and operational regimes of the 
new NICA accelerators. 

One of the key processes required for the NICA 
collider operation – the stochastic cooling – is under 
active experimental investigation at the Nuclotron. 

Two new ion sources of the NICA injection facility - 
the LIS and Krion-6T - was tested at existing accelerator 
complex. As result in nearest runs we expect an increase 
of the beam intensity and widening of the ion species. 
   The segment of the NICA control system based on 
Tango platform was successfully tested at the Nuclotron, 
and presently the system is under active development. 
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ACCELERATOR COMPLEX BASED ON DC-60 CYCLOTRON  

M. Zdorovets#, I. Ivanov, M. Koloberdin, S. Kozin, V. Alexandrenko, E. Sambaev, 
A.Kurakhmedov, A. Ryskulov, Institute of Nuclear Physics, Astana, Kazakhstan  

Abstract  
DC-60 heavy ion accelerator [1], put into operation in 

2006, according to its specifications - spectrum, charge 
and energy of accelerated ions, has the high scientific, 
technological and educational potential. The highest 
possible universality both by spectrum of accelerated ions 
and acceleration energy and regimes was built in DC-60 
heavy ion accelerator designing. The ne

w 
interdisciplinary research complex based on DC-60 
cyclotron makes it possible to create a highly-developed 
scientific-technological and educational environment in 
the new capital of Kazakhstan. This article is a review of 
the DC-60 heavy ion accelerator and the works carried 
out based on the cyclotron.  

INTRODUCTION 
DC-60 accelerator is a dual cyclotron, which is 

capable of charged particles acceleration up to kinetic 
energies in MeV/nucleon, expressed in the following 
relation: E = 60(zi/A)2, where zi - accelerated ion charge, 
A - atomic weight of ion. Relation (zi/A) in formula must 
be within the following limits: (zi/A) = (1/6 ÷ 1/12), that 
impose constraints on charge of accelerated ions.  

Prototypes ECR heavy-ion source are sources 
DECRIS-2 and DECRIS-3 [2] which is used in the DC-60 
accelerator. On the "ECR - surface" is used magnetic field 
configuration «minimum B» for the plasma confinement 
and electronic heating. This configuration is obtained as a 
result of the superposition of an axial field of magnetic 
mirror and a radial field of a sextupole magnet. Two 
single coils with an iron yoke form an axial magnetic 
field, and the radial magnetic field is created by an 
NdFeB permanent sextupole of a magnet. 

The operating frequency of UHF the ECR generator is 
14 GHz. The flash chamber of source is insulation meant 
for a voltage up to 25 kV. The extraction of ions is 
performed two elements Plasma electrode and the mobile 
extraction electrode. 

For the beam transport from the ECR ion source to the 
cyclotron created a powerful system of axial injection of 
beam, which is consisting of: 
• focusing element; 
• energy-analysing magnet; 
• detecting of elements; 
• bunchers; 
• vacuum pumps; 
• electrostatic inflectors. 

The entrapment of phase to accelerate in the center of 
the cyclotron is 30° ÷ 35°. This means that no more than 
10% of ion of the desired charge will be involved in the 

acceleration process. To increase efficiency the 
entrapment of the beam by axial injection systems is 
installed the bancher with a sine wave, which includes the 
beam particles in the desired range of phases and 
increases the capture coefficient to 30÷50 %. Turn of the 
beam from the vertical axial injection channel in the 
median plane of the cyclotron using the electrostatic 
spiral of inflector. 

 
Figure 1: The scheme of the DC-60 accelerator complex. 

 
The upper energy of the accelerated ions is 1.75 

MeV/nucleon. The variation of the energy of ions in the 
range from 0.35 to 1.75 MeV/nucleon is provided by 
changes in the charge of the accelerated particles and 
magnetic field of the cyclotron. 

High frequency system has a variation of the 
frequency in the band 12 - 18 MHz and provides the 
acceleration of ions on harmonics 4 and 6. 

The electrostatic deflector with the electric field 
strength of 75 kV/cm is used for the beam extraction from 
the cyclotron which located in the cavity of the magnet. 
The beam transport channels from the cyclotron to the 
target chamber include the standard system focusing and 
rotation of the accelerated ions. Thus, range of ions 
accelerated on DC-60 cyclotron is 6Li to 132Xe, variation 
of ion energy is over the range 0.35 to 1.75 MeV/nucleon. 

CYCLOTRON OPERATION 
Since 2006 to 2014 many experimental works in the 

domain of nuclear and atomic physics, radiation physics 
of solid and nanotechnology have been carried out at the 
DC-60 cyclotron. The data of beam time in a period of 
2006 - 2014 of operation of the accelerator is shown in 
Fig. 2.  

_____________________________________
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Figure 2: Total cyclotron beam time in the years 
2006 - 2014. 

As seen in Figure 2, there is an increase of the 
cyclotron beam time year by year, and in 2014 the work 
of the cyclotron is started its maximum. At the same time, 
about a third of the time is accounted for by the 
production of track membranes.  

Over the last eight years of operation of DC-60 heavy-
ion accelerator which used-on of the modes of operational 
of ion 6,7Li, 12С, 13С, 14N, 16O, 20Ne, 32S, 40Ar, 84Kr и 132Xe 
in the energy range 0.35 - 1.75 MeV/nucleon. For every 
the acceleration performance characteristic and resonance 
curves, radial beam profiles which carried out to optimize 
each system cyclotron [3] were measured. This work is 
carried out in the section "Fine-tuning technology of new 
ions in the DC-60 accelerator" of the program 
"Implementation of comprehensive research investigation 
in physics, chemistry, biology and advanced technologies 
on the basis of a heavy ion DC-60 accelerator", financed 
from the republican budget.  

In 2014 work to the production lithium ions in the 
ECR source and further acceleration of ions on a 
cyclotron successfully completed. After the development 
of the technology of producing ions from solids using 
gateway solids feed to the ECR source, opens the 
possibility of using a number of prospective (not 
accelerated earlier) ion beams, such as 11B, 40Ca, 48Ti, 
56Fe, 58Ni, 98Mo, etc.   

Table 1 shows the main modes of operation of the 
accelerator and received the beam current of accelerated 
ions on the ECR source and the current external beam of 
ions from the cyclotron in the transport channel. All 
modes of operation of the cyclotron shown in Table 1 
were optimized for long and stable operation. These 
values are ion beam current at the ECR source and 
extracted from the cyclotron are not as big as possible. Of 
all the modes of the most-coveted the acceleration modes 
with the maximum possible of energy, is a 1.75 
MeV/nucleon. 

 
 
 
 

Table 1: Current characteristics of accelerated ion beams 

Ion A/Z Energy, 
MeV/nucl. 

Beam 
current 

ECR, µA 

Extracted 
beam 

current, 
µA 

7Li1+ 7 1.32 110 2.2 
12C1+ 12 0.40 63 0.6 
12C2+ 6 1.00 147 1.7 
12C2+ 6 1.25 150 1.5 
12C2+ 6 1.50 170 2.1 
12C2+ 6 1.75 140 1.7 
13C2+ 6.5 1.25 18.1 0.7 
13C2+ 6.5 1.50 19.9 0.6 
13C3+ 4.3 1.75 16.3 0.5 
14N2+ 7 0.4 84 0.9 
14N2+ 7 1.0 134 1.5 
14N3+ 4.6 1.4 325 2.0 
14N3+ 4.6 1.5 320 2.7 
14N3+ 4.6 1.75 120 1.9 
16O2+ 8 1.0 90 1.08 
16O3+ 5.3 1.25 85 1.1 
16O3+ 5.3 1.4 112 0.9 
16O3+ 5.3 1.5 95 0.8 
16O3+ 5.3 1.75 86 1.1 

20Ne3+ 6.67 1.08 106.0 1.03 
20Ne3+ 6.67 1.4 95.8 1.56 
20Ne4+ 5 1.75 76.4 2.0 
32Se6+ 5.33 1.75 61.1 0.8 
40Ar4+ 10 0.48 44.6 0.67 
40Ar4+ 10 0.64 37.2 0.84 
40Ar5+ 8 0.58 24.2 0.4 
40Ar7+ 5.7 1.1 42.7 1.2 
40Ar7+ 5.7 1.75 45.1 1.0 
84Kr9+ 9.3 0.4 47.6 0.25 
84Kr10+ 8.4 0.7 49.8 0.4 
84Kr12+ 7 1 34.3 1.7 
84Kr15+ 5.6 1.4 26.2 1.9 
84Kr15+ 5.6 1.75 28.6 2.1 

132Xe14+ 9.42 0.6 11.8 0.14 
132Xe15+ 8.8 0.4 10.7 0.25 
132Xe17+ 7.7 1 21.2 0.40 
132Xe20+ 6.6 1.5 22.6 0.46 
132Xe22+ 6 1.75 16.5 0.32 

 
When accelerating ions of xenon and krypton are 

received intense beams of ions on the ECR source and 
even more so after the acceleration and the output from 
the cyclotron is quite low is shown in Fig.2. In the design 
of accelerator has been paid a lot of attention averaging 
charging ion beams on the ECR source, and thus justifies 
the selection of the microwave generator at a resonant 
frequency of 14 GHz. The production high intensities of 
highly charged ions on the ECR source is required under 
current conditions of operation of the cyclotron. In 2015 it 
is planned to modernize the ECR source and replacement 
of a RF generator with frequency variation of 18 GHz, so 
on the DC-60 accelerator will be able to produce large 
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currents of highly charged ions without reducing a current 
ion beams with a smaller charger. 

EXPERIMENTAL TASKS CARRIED OUT 
ON CYCLOTRON 

A facility based on DC-60 cyclotron is fully debugged 
production irradiation of polymeric materials (PET) the 
films with thicknesses in the range of 12 - 23 microns to 
create a track-etched membranes with pore density of 
5·105 to 109 cm-2 [4]. 

The investigation in the field of nuclear physics is 
carried out by measuring the elastic scattering cross 
section of light nuclei on nuclei 1-p shell near the 
Coulomb barrier [5, 6], measuring the output section of 
the characteristic X-ray emission in the interaction of 
heavy ions with atoms of the target [7], the measurement 
of the neutron yield in the interaction accelerated heavy 
ions of average energy with easy targets [8]. 

The investigation in the field of radiation physics of 
solids is carried out by measuring the effect of irradiation 
with charged particles of low and medium energy on the 
structure and physic-mechanical properties of the alloy 
with a shape memory effect, the investigation of 
resistance to radiation of a structural materials with 
protective coatings and working medium of a dosimetric 
instrument, the development of techniques of modeling 
the interaction of heavy ions at high energy with 
structural materials of space technology [9-14].  

The research to test the modes of chemical etching of 
the polymer material, modification of membrane surfaces 
[15], creating a smart filter, template synthesis of highly 
ordered metallic nanostructures arrays et al are carried out 
in the area of track-etched membranes [16]. 

SUMMARY 
A facility based on DC-60 cyclotron has been created 

for scientific and applied research, as well as for 
nanotechnologies application. During work from 2006 to 
2014 beams of 6,7Li, 12С, 13С, 14N, 16O, 20Ne, 32S, 40Ar, 
84Kr и 132Xe were accelerated in energy range from 0.35 
to 1.75 MeV/nucleon. The beam parameters have been 
investigated, technological polymer film irradiation was 
provided and track membranes were fabricated.  

With the implementing techniques of producing ions 
using the sluice feed solids in the ECR source 
significantly expand the range of accelerated ions. With 
an increase in the spectrum of the accelerated elements 
will increase the possibility of staging, find and solve new 
problems and experiments in the field of experimental 
nuclear physics, radiation physics of solids and various 
applications. 
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THE STATUS OF THE FACILITIES OF 
KURCHATOV`S SYNCHROTRON RADIATION SOURCE 

 
V. Korchuganov, A. Belkov, Y. Fomin, E. Kaportsev, M. Kovalchuk, Yu. Krylov,  I. Kuzmin,  

V. Moiseev, K. Moseev, N. Moseiko, D. Odintsov, S.  Pesterev, A. Smygacheva, A. Stirin,  
S. Tomin, V. Ushakov, V. Ushkov, A. Valentinov, A. Vernov, NRC Kurchatov Institute, Moscow, 

123182 Russia 
 

Abstract 
The first electron beam had been received 20 years 

ago in a storage ring SIBERIA-2 - a dedicated 
synchrotron radiation source in the Kurchatov Institute 
and, also, the official opening of the SR source for the 
experiments marks 15th anniversary in year 2014. The 
report focuses on the development of the SR source 
accelerator complex systems in 2014. 

INTRODUCTION 
The electron accelerators complex of the Kurchatov`s 

SR source includes: a for-injector - the 80 MeV linear 
accelerator; the 450 MeV storage ring Siberia-1 with the 
natural emittance 800 nm·rad; the 2.5 GeV storage ring 
Siberia-2 with the natural emittance 78-100 nm·rad; two 
electron-optical channels – EOC-1 and EOC-2. Official 
opening of the Kurchatov SR source took place 
1.09.1999. 

KSRS FACILITIES WORK 
The work of Siberia-2 on experiments is mainly carried 

out using SR from bending magnets in photons energy 
range (4-40) keV and spectral flux (1013-1011) 
ph/s/mrad/0.1%BW during the week runs in a round-the-
clock mode. Within one week 9 working 12-hour shifts 
are presented.  

 
Figure 1: Experimental time at Siberia-2 in 2000-2013. 

Diagram in Fig.1 shows the integral time devoted for 
SR experimental work at Siberia-2 in 2000 – 2013 years. 
Table 1 presents a statistics of SR source Siberia-2 work 
at SR experiment in 2013 and on June 2014. Note that in 
2014 the SR source spent relatively much time in standby 
and adjustment mode due to stops for the works of firms 
according contracts (opening shielding walls, new beam 
lines installation, etc). 

The purpose of works on 2013-2014 is both 
modernization of the existing equipment and introduction 
of new diagnostics systems mainly on Siberia-2 storage 
ring. 
 

Table 1: Statistics of Siberia-2 on 2013-June 2014. 

Period 2013 Jan.-June 2014 

Max. electron current 112 mA  128 mA 

Life time (100mA) 41.8 hrs 38.5 hrs 

Operation time 3480 hrs 2371 hrs 

Experiment 2257 hrs / 50% 1074 hrs / 38% 

Injection 10% 11% 

Tuning / Other works 17% / 23% 16% / 35% 

DEVELOPMENT OF KSRS ON 2014 

Siberia-2 New High Voltage Generators  
The important aim was to replace old generators of the 
injection kickers based on the HV gas-filled electric 
discharge devices and the HV forming lines (20 ns, <55 
kV) on the new compact LV generators (≤3 kA, 25 kV) 
working only with solid electrical components and 
without SF6 gas using.  
After the testing in 2011-2012 of the prototype two new 
generators based on pseudo-spark switches (a thyrotron 
TPI1-10k/50) and RLC resonant circuits with a semi-
sinusoidal form of currents were produced on “Pulse 
Systems” Ltd. (Ryasan). The final scheme of new 
generators is shown in Fig.2. 

 
Figure 2: The scheme of new generators. 

To guarantee a stable operation of the generators we 
have increased the working pulse duration till 1 μsec 
making 2.5 times longer than revolution period and have 
reduced the voltage on capacitance.  

The calculation without taking into account any 
collective excitations showed that in the case long pulse 
shouldn’t affect the injection efficiency [2], see Fig.3.   
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Figure 3: Horizontal phase trajectories of the injected and 
the stored bunches at the injection moment 
 

Nevertheless, the maximum injection efficiency factor 
is limited near 50-70% (with 10 kV - on “kicker” and 7 
kV- on “pre-kicker) due to the excitations of multibunch 
instabilities by long pulses of kickers. To avoid the 
excitations we shall continue the generator scheme 
modernization to shorten the pulse duration. 

Siberia-2 RF System Modernization 
The RF system includes two generators and three 

accelerating cavities, two of which are powered by one 
common generator. In January 2014 four new and more 
reliable powerful tetrodes of TH781 type with the 
pirographite grids (THALES, France) were installed in 
the output cascades of two RF generators instead of the 
old GU-101A type tetrodes [1].  

Now we investigate the feature of stabilization system 
of voltages and phases of two coupled cavities.  We 
observe that with electron current growing the RF 
voltages on accelerator gaps of the coupled cavities 
change oppositely (when keeping the summarized 
voltage). This reduces the voltage of one (of two) coupled 
cavity till the level which is do not stabilized and stops 
the electron storage. To continue the storage process we 
must increase the sum RF voltage and, so, to decrease 
injection effectiveness. The RF measurements and the 
calculation with a theoretical coupled cavity model have 
proved that the existing errors in the lengths of the 
feeders, in the matching of the cavities with the feeders 
and the waveguide are the reasons of an incorrect 
distribution of RF voltages between the cavities, limits the 
accumulation of electron beam current and leads to an 
increase of the generator load. To solve this problem most 
directly but rather costly each cavity should be powered 
by an individual generator and tuned separately by an 
individual feedback system. Other (difficult) way is to 
make a new feedback system for the independent 
stabilization of the voltages and phases of two cavities 
powered by one RF generator.  

New System “Orbit” at Siberia-2[3] 
The main purpose of new system “Orbit” is an 

improvement of the electron orbit diagnostics providing 
continuous measurements and carrying out turn-by-turn 
measurements of the electron beam trajectory during 
injection process. In addition, it will be a part of fast 
feedback system which will damp the distortions of the 
closed orbit.  
The closed orbit correction system of Siberia-2 contains 
up to 48 vertical correctors, 48 horizontal correctors and 
24 BPMs. In 2013 the BPMs were supplied with the new 

high-precision electronic equipment and software product 
for measurement of an equilibrium orbit transverse 
coordinates. The electronics of “Libera Brilliance 
Instruments” was mounted in the 4 racks inside of the 
Siberia-2 tunnel, each containing 6 “Libera Brilliance” 
units and 1 Libera Clock Splitter” unit. A new accelerator 
physics framework “Ocelot” was integrated with the new 
orbit correction system for high level beam control. 
Spatial resolution of new system “Orbit” with 
measurement time of 5 milliseconds for beam average 
current value 5-300 mA makes 1μm. The first results of 
orbit measurements and corrections are shown at BPMs 
azimuths at energy in Fig.4.  

 
Figure 4: An orbit before (blue) and after (red) correction.  
H.:rms 880/420 μm; V.:rms 380/38 μm. 

RMS of vertical orbit distortion is about 40 μm after 
correction. For horizontal plane the situation is worse due 
to the irregular locations of BPMs in betatron phase and 
the lack of correctors and BPMs in horizontal plane. In 
our case the currents of some correctors must be more 
than 13A when maximum sources current is 5A at 2.5 
GeV. To minimize the horizontal orbit distortion the 
number of BPMs is planed to be increased in future. 

Feedbacks for Instabilities Suppression 
Longitudinal and transverse feedback systems for 

damping the beam excitations in Siberia-2 will be 
commissioned to the end of 2014. As a kicker for 
suppression of coherent synchrotron excitations a special 
small RF cavity is intended with own frequency of 950 
MHz and a quality factor of 10 [4]. It was introduced in 
the straight section of ring in 2013. The longitudinal 
kicker reflectivity measurement and resulting reflectivity 
dependence on the frequency of the excitation are shown 
in Fig.5. 

 

 
Figure 5: The reflectivity measurement of longitudinal 
kicker at the Siberia-2 straight section. 
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As transverse kickers for suppression of coherent 
betatron oscillations in X- and Y- plane the strip lines 
existing on Siberia-2 ring are used. The digital 
electronics, broadband amplifiers (25 W and 50 W) and a 
pickup - electrodes, phase detectors, the modulator, RF 
control were installed in the rack. 

Siberia-2 New Station of Optical Supervision  
The six diagnostic systems station of optical supervision 

(SOS) was mounted outside to biological protection of 
Siberia-2 by April, 2013.  

For first measurements [5] of the vertical beam size the 
double slit interferometer was applied with a slit 
separation of 15mm and 20mm. The interference patterns 
for two different vertical beam sizes (σy =60μm; 90μm) 
and their intensity distribution cross-sections are 
presented in Fig. 6a, 6b. 

 
6a)   6b) 

Figure 6a: Interference patterns for vertical beam sizes 
of 60μm (left) and 90μm (right). Figure 6b: The light 
intensity was integrated at the region between the vertical 
lines in Fig.7a.  

 
Figure 7: Beam image and its x, y - projections fitted by 
Gaussian curves. 

The beam image was monitored and a fit of its projections 
by Gaussian curves are presented in Fig. 7. Comparison 
of the results obtained enables us to determine the value 
of apparatus function for transverse beam measurement 
system as σinst ≈ 80μm. This rather large value can be 
explained by the poor quality of the first cooled mirror 
(which will be replaced by new one in December 2014). 
By means of comparison of the beam size measurements 
with slit separation of 15mm and 20mm we estimate the 
resolution of double slit interferometer as σint ≈ 5μm.  

New Power Supplies for Magnetic Correctors  
In 2012 the replacement of old power supplies for the 

magnetic correctors by the new more exact ones 
developed by "Marafon" (Moscow) [1] was started. In 
2013 the all set of the 269 bipolar and unipolar units were 
made with a new control system and computer programs. 

The testing shows rather high long time current stability 
(2·10-4, 6A and 20A).  

New Control System 
    Upgrade of CS consists in changeover of the old 
equipment of CAMAC on trunk - modular hardware in 
the VME standard and the organization of new 
architecture. CS is conditional subdivided into the upper 
and lower levels, server level and the periphery. The 
lower level of CS realizes a collection of diagnostic 
information and an execution of control algorithms by the 
executive systems of the accelerator complex. Server 
level of CS includes application servers and the server of 
management system of a database (DBMS). The top level 
of CS includes automated workplaces of operators and 
other users. The full-function monitoring system and 
controls - CitectSCADA [6] works at the top level.  

Work with 7.5T SC Wiggler 
The first experiment started on “X-Ray structure 

analysis” (RSA) station with SR of existing 7.5T SCW in 
October 2013.  

New SR Beamlines and Experimental Station 
In 2013 the beamline and the station PHASA were run 

in operation. In 2014 we started the commissioning of the 
SR beamline and the station “Photo Electron 
Spectroscopy – PES”.  

CONCLUSION 
We are sure that continuous efforts in the solution of 

the scientific and technical problems will lead to high-
quality improvement of the KSRS. 
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THE NSLS-II BOOSTER DEVELOPMENT AND COMMISSIONING 
V. Kiselev for the BINP and BNL teams [1] 

BINP, Novosibirsk 630090, Russia 
 

Abstract 
National Synchrotron Light Source II is a third 

generation light source constructed at Brookhaven 
National Laboratory. The project includes highly 
optimized 3 GeV electron storage ring, linac pre-injector 
and full-energy injector-synchrotron. Budker Institute of 
Nuclear Physics has built a turnkey booster for NSLS-II. 
The main parameters of the booster, its characteristics and 
the results of commissioning are described in this paper.  

INTRODUCTION 
The tender on the designing, production and 

commissioning of the NSLS-II booster was started in 
January 2010. Budker Institute of Nuclear Physics won 
this tender in May 2010. The booster was designed, 
produced and delivered in full to BNL by September 
2012. During 2013 the booster was assembled and all 
equipment was tested. The authorization to start the 
commissioning of the injector was received in November 
2013. The BNL and BINP teams started beam injection 
into the Booster on December 8. The first turn was closed 
soon by tuning the LTB and BR orbit correctors. The 
beam was accelerated to 3 GeV by the end of 2013. The 
commissioning of the booster was successfully completed 
in February 2014. 

BOOSTER DESIGN 
     The conceptual design of the booster has been done by 
BNL [2]. 

 
 

Figure 1: Schematic layout of the full energy booster. 
 
     The booster should accelerate the electron beam 
continuously and reliably from minimal 170 MeV 
injection energy to a maximal energy of 3.15 GeV and 
average beam current of 20 mA. The booster shall be 
capable of multi-bunch and single bunch operation. The 
main parameters of the designed booster are summarized 

in Table 1. The lattice provides rather low horizontal 
emittance of 37.4 nm·rad at the energy of extraction.  

Table 1: NSLS-II Booster Main Parameters. 

Energy, MeV 200 3000 

Circumference, m 158.4 

Number of periods 4 

Repetition rate, Hz 1 Hz / 2 Hz 

Bunch number 1; 80-150 

RF frequency, MHz 499.68 

Betatron tunes: νx/νy 9.646 / 3.411 

Natural chromaticity: ξx/ξy –9.5/–13.5 

Corrected chromaticity: ξx/ξy 1.25 / 2.05 

Momentum comp. factor, α 0.00882 

Hor. Emittance: εx, nm rad 0.17 37.4 

Energy spread, σE/E 0.55·10-4 8.31·10-4 

Energy loss per turn, U0, keV 0.0135 685.8 

Damping times: (τxτs), s 15.6; 7.8 0.0046; 
0.0023 

Lattice 
     The optical structure of the booster synchrotron 
consists of four quadrants. Two opposite straight sections 
of the ring contain elements for injection and extraction of 
the beam. Other two sections are intended for RF 
resonators and diagnostics. 60 magnets with combined 
functions magnetic field are set in the ring. The core of 
dipoles is a sector with parallel edges. For compensation 
of natural chromaticity of the structure the dipole magnets 
create sextupole component of a field. Separate 
quadrupole lenses provide adjustment of betatron working 
point during acceleration of particles and optimum 
acceptance of the structure. For correction of lattice 
chromaticity the separate sextupole lenses are inserted. 
Optical functions are shown in Figure 2. 

 
Figure 2. The betatron and dispersion functions for the 
lattice quadrant. 

Linac 

Main ring 

Booster 
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Beam  Diagnostics 
 For successful commissioning and effective operation 

of the projected NSLS-II Booster, a set of beam 
diagnostic instruments has been designed. Fluorescent 
screens (8 pieces) are used for the Booster commissioning 
and troubleshooting. Closed orbit is measured using 
electrostatic BPMs (32 pieces) with turn-by-turn 
capability. The circulating current is measured using a DC 
current transformer and fill pattern by a fast current 
transformer. The synchrotron radiation monitor provides 
routine measurements of transverse beam profiles and 
beam sizes. Betatron tunes are measured using two pairs 
of striplines, the first pair is for beam excitation and the 
second one – for beam response measurement [3, 4]. 

Magnetic System 
     All booster magnets were made at BINP. The main 
parameters of the designed booster magnets are 
summarized in Table 2.  
 

Table 2: Booster magnets parameters 
Magnetic force for 
3 GeV Magnets Total 

Number  
Magnetic 
length, m T  T/m T/m2 

BF Dipoles  28 1.24 0.46 8.2 36 
BD Dipoles  32 1.30 1.13 -5.6 -43 
Quadrupoles 8+8+8 0.30   20.4   
Sextupoles 16 0.12     ±400 
Correctors  20+16 0.13 0.1     
 

     The BINP workshop has designed and produced all 
dies for magnet laminations with the accuracy up to 5 μm 
on the critical surfaces. The BF and BD dipoles have 
complicated end chamfers (Fig. 3), which were chosen so 
as to have minimal distortion field at the extraction 
energy. 

 
Figure 3. The BF and BD dipoles end chamfers. 

 
     The BF and BD dipole magnets were measured with 
the Hall sensors. The measurement method and results are 
described in the papers [5]. Magnetic properties of all 
magnets are better than the original requirements 
throughout the range of the energy: difference of 
integrated parameters between dipoles should not exceed: 
for integral of a field <0.1%, for integral of a gradient 
<0.5% and for sextupole field component <5% [6]. 

Injection and Extraction System 
     Four fast ferrite kickers and a pulse eddy-current type 
septum magnet are installed in the long straight section. 
The kicker and septum magnets are placed out of vacuum.     

The booster extraction system consists of four slow orbit 
bumpers, AC septum, DC septum and a kicker. The main 
parameters of the injection and extraction system magnets 
are summarized in Table 3.  After production, all the 
above-described elements were magnetically measured 
and long-term tested with the pulsed power supplies 
developed by BINP [7, 8].  

All elements satisfy the requirements presented for them. 
 

Table 3: Main parameters of IES magnets 

length, m 
Angle 
mrad 

Pulse 
μs 

Injection System for 200 MeV 
17 0.3 

Septum(AC) 1 0.75 125 100 

Extraction System for 3 GeV 
Bump 4 0.17 0.46 7.8 1500 
Kicker 1 0.83 0.073 6.1 0.3 

Septum(AC) 1 0.6 0.8 48 150 

Septum(DC) 1 1.2 0.89 106 - 
 

COMMISSIONING 
     Thanks to the good quality of the booster magnets and 
precise booster alignment, commissioning of the booster 
passed without any problems. The first turn was closed 
soon by tuning the LTB and BR orbit correctors. The 
beam was monitored using the beam flags and BPMs in 
the single-pass mode. After achievement of the captured 
beam, the orbit at injection was corrected and the beam 
was accelerated. The diagram represents the measu-
rements of the orbit during acceleration. The force of 
correctors during ramping was not changed (Fig. 4). 
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Figure 4. Vertical and horizontal orbit of beam along the 
whole ramp. 
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     As can be seen from Figure 4, the beam orbit remains 
constant during the ramp with accuracy of ± 1 mm in the 
vertical plane and ± 2 mm in the horizontal without 
additional correction. 
     Thereafter the optical model of the magnetic structure 
was improved towards better booster ring parameters 
using the data of the final booster survey and the results 
from beam position monitors. The optical functions and 
betatron tunes were corrected throughout the ramp. As a 
result, the betatron frequences over the entire ramp 
remained constant (Fig. 5).  

 

 
Figure 5: The horizontal (blue) and vertical (red) tunes 
along the whole ramp (purple). 

     This reduced beam losses during the ramp to below 
5%. Besides, an additional adjustment of the optical 
functions of the linac-to-booster transport line was carried 
out, which resulted in increasing efficiency of particle 
capture and acceleration up to ~ 95 % (Fig.6).  
 

 
Figure 6: The beam current from DCCT (blue), the beam 
energy according dipole magnet currents (red) and the RF 
cavity voltage (orange) during 1Hz-cycle.  

Emittance Measurement 
      Emittance value was derived from a spot of the 
synchrotron light [9]. The BR-A1SLM output port is 
located close to the DS straight section, in a region with 
minimal dispersion. Synchrotron light is emitted from the 
BR-A1BD8 dipole magnet. Using operating machine 
currents, Twiss parameters at the source are estimated to 
be βx = 5.8 m, βy = 23.8 m, and ηx=0.1 m. At extraction 
energy the measured emittances were εx=33 nm and 
εy=4nm.  
     The transverse stability of extracted beam was 
checked. Beam position stability was measured using the 
flag disposed in the extraction channel (BTS).  Transverse 

beam stability better than ± 30 μm was observed at the 
repetition rate of 1 Hz during 1 hour. 

 

 
Fig. 7. Horizontal and vertical emittance during the 
acceleration cycle as determined by the profile of the 
synchrotron light seen by the BR-A1SLM monitor. 

CONCLUSION 
     The NSLS-II 3-GeV booster synchrotron has passed 
the acceptance testing and the machine performance 
closely corresponds to the project requirements. The 
booster is a robust machine that will be an effective 
injector for the NSLS-II storage ring. The booster 
commissioning was successfully completed in February 
2014. All booster systems work according to the design. 
The commissioning of NSLS-II Storage Ring was started 
in March 2014  and stored beam  was  achieved  on April 
5, 2014. 
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 SUPERCONDUCTING MULTIPOLE WIGGLERS FOR GENERATION OF 
SYNCHROTRON RADIATION 

 
N. Mezentsev, Budker INP, Russia 

 
Abstract 
     Superconducting (SC) multipole wigglers are very 
powerful instruments for generation of synchrotron 
radiation of high intensity. Use of a superconducting wire 
for creation of a sign alternating lateral magnetic field has 
the big advantages in comparison of permanent magnets 
and conventional electromagnets. Superconductivity use 
allows to create much higher magnetic field at the same 
field period and the vertical aperture for a beam. The high 
magnetic field allows not only to increase intensity, but 
also to expand spectrum of synchrotron radiations.  
The first superconducting wiggler has been made and 
installed on the VEPP-3 electron storage ring as a 
generator of synchrotron radiation in 1979. Nowadays 
tens of the wigglers are successfully working in the 
various synchrotron radiation centers and more than 10 of 
them were developed and made in Budker INP.  
The description of magnetic properties of the wigglers, 
parameters of both cryogenic and vacuum systems and 
their technical decisions are resulted in the report. 
 

INTRODUCTION 
    Multipole superconducting wigglers are installing on 
synchrotron radiation (SR) sources to improve user 
properties of radiation by increasing of rigidity and 
intensity of SR. The magnetic system of multipole 
wiggler represents an array of superconducting dipole 
magnets creating sign alternate lateral magnetic field. 
Electron beam passing through this array generates SR in 
each magnet which the radiation intensity is summarised 
from all magnets practically in the same solid angle. Use 
of such magnetic systems is rather effective and cheap 
enough way of increase in intensity and rigidity of 
radiation. Spectral properties of radiation from such 
magnetic structure depend on 
parameter ][][934.0 смТBK λ⋅⋅= , where B and λ - amplitude 
and magnetic field period. For K~1 - the radiation 
spectrum has undulator property, for K>> 1 - the radiation 
spectrum transits to spectrum of synchrotron radiation. To 
expand opportunities for carrying out of experimental 
works and thus to prolong a life, expensive installations 
as electron storage rings superconducting insertion 
devices (SC  ID) may be installed into straight sections of 
the storage rings to change spectral, angular, and 
polarizing properties of SR. These devices, as a rule, have 
zero first and second magnetic field integrals along 
electron orbit, and, therefore, they are not basic elements 
of the electron storage rings, and their status does not 
affect working reliability of all ring. 
    The magnetic system using superconducting magnets 
with NbTi/Cu or Nb3Sn/Cu wires creates much higher 
field in comparison with use of conventional or 

permanent magnets. However use of superconductors 
demands use of a cryostat for maintenance of low 
temperatures of magnetic system.  
 
MAGNETIC SYSTEM OF SC WIGGLERS 

 
Magnetic Field Distribution and Field Integrals 
Magnetic field of a superconducting multipole wiggler 
represents a periodic, sign-variable field (1) which begins 
and ends by special compensating end magnets.  
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Where:
00 /2 λπ=k ,

xxk λπ /2= , zzk λπ /2= - characteristic 
magnetic field variation in longitudinal and lateral 
directions. 
    The end magnets are used for creation of the first and 
second field integrals of the wigglers equal to zero for 
indemnification of a beam orbit distortion which is 
created by the basic wiggler field. 
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    Field integrals of the wiggler with odd pole number can 
be compensated by two end magnets with a field of ½ of 
the main field or four end magnets with the fields, equal 
¼  and ¾ of the main field.. 

  a) b) 
Figure 1: Magnetic field distribution and behaviour of the 
first and second field integrals with the end magnets of a) 
¼  and ¾ and the end magnets of ½  of the main field. 
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    The second field integral is equal to zero automatically 
(if the first field integral is zero) for a wiggler with odd 
number of poles. The first field integral is provided with a 
separate power feeding of the end poles. Contrariwise for  
a wiggler with even pole number the first field integral is 
automatically equal to zero, and the second integral  is 
controlled by separate  power supply connected to the end 
poles. 
 
Focusing Properties and Nonlinear Field 
Components 
    High field SC ID is a focusing element in magnetic 
structure of the storage ring and creates betatron tune 
shifts and structural functions changes. Horizontal and 
vertical betatron motion inside SC ID may be described 
by the following equations: 
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where the where coefficients of magnetic strength 
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where: Bρ –electron beam rigidity. 
    Edge focusing completely compensates focusing by 
magnetic field in horizontal direction and the main 
focusing action of SC wiggler occurs in vertical direction. 

 
Figure 2: Example of tunes behaviour versus magnetic 
field in the 7 Tesla SC wiggler of BESSY ring. 
 
    Integral values of nonlinear components of the 
magnetic field of multipole wigglers with length L, at 
conditions that orbit distortion is much less than 
characteristic pole sizes and assuming 1

0
<<k
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where: δ – horizontal orbit displacement relative SC 
wiggler axis. 
    Orbit displacement δ leads to occurrence of nonzero 
first  field integrals and nonzero integral of a sextupole 
field component. In case 0=xk  (two-dimensional field at 
infinitely wide poles of magnets) field integrals and 
sextupole field component are equal to zero, but gradient 
and octupole field components are nonzero values: 
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WIGGLERS USED AS GENERATORS OF 

SYNCHROTRON RADIATION 
The Budker INP has fabricated more than one dozen of 

different wigglers, which may be divided into three 
groups: high field wigglers, medium field wigglers and 
short period wigglers (see Tables 1,2,3). 

 
High Field Superconducting Multipole Wigglers 
    This type of the wigglers are installing on SR sources 
with relative low electron energy on purpose to expand a 
photon energy range to more hard X-ray. As a rule one 
wiggler may give a SR beam for 3 or more independent 
beamlines (Figure 3). This kind of the wiggler to be 
installed on a storage ring with electron energy of 6-8 
GeV can give the chance to development of new 
researches, including possibility of creation of bright 
sources of positrons and neutrons. (On SR sources with 
electron  energy 1-2 GeV it also can be used as a source 
of terahertz undulator radiations). 
 

Table 1: List of the high field wigglers 

 
Magnetic 

field, 
normal 

Poles 
number 
(main 
+ side) 

Pole 
gap, 
mm 

Period 
mm 

7Twiggler 
BESSY-II  7.0 13 + 4 19 148 
7.5Twiggler 
SIBERIA  7.5 19 + 2 19 164 
7.5Twiggler  
CAMD LSU 7.5 11+4 25.2 193.4 

70− 60− 50− 40− 30− 20− 10− 0 10 20 30 40 50 60 70
1 10 11×

1 10 12×

1 10 13×

1 10 14×
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Figure 3: Spectral – angle photon flux distribution from 
7.5 Tesla 15 pole SC wiggler for CAMD LSU. 
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In spite of the fact that undulation parameter  
                 )()(*934.0 0 cmTBK λ⋅=                           (7) 

takes on values 100-140 for this group of the wigglers, the 
photon spectrum has an undulator properties in low 
photon energy range (Figure 4). 
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Figure 4: Low photon energy spectrum of radiation from 
7.5T wiggler CAMD LSU . 
 
Medium Field and Medium Period Wigglers 
    This type of the wigglers is most popular for installing 
on SR sources with 2-3 GeV electron energy on purpose 
to create very high photon flux of hard X-ray in range 10-
100 keV. As a rule one wiggler may give a SR beam  for 
1 beamline which is equipped by many techniques and 
can be used in different investigations.  
 

Table 2: List of the medium magnetic field SC wigglers 

 
Magnetic 

field, 
normal 

Poles 
number 
(main 
+ side) 

Pole 
gap, 
mm 

Period 
mm 

3.5T wiggler 
ELETTRA,  3.5 45 + 4 16.5 64 

3.5 T wiggler DLS  3.5 45 + 4 16.5 60 
4.2 T wiggler CLS 4.2 25 + 2 14.5 48 
4.2 T wiggler DLS 4.2 45 + 4 13.8 48 
4.1 T wiggler LNLS 4.1 31 + 4 18.4 60 
4.2 T wiggler  ASHo,  4.2 59+4 15.2 50.5 
2.5 T wiggler KIT  2.5 36+4 19 46.88 

     
As a rule beamlines of this type wiggler are very long 
(more than 100 m). For example, beamlines of the SC 
wigglers in CLS (Canada) and ASHo (Australia) are used 
for biomedical imaging and therapy. The SC wigglers in 
DLS (England) are used for investigation of extreme 
conditions of materials and for Joint engineering, 
environmental and processing. 
    Main magnetic element of the superconducting 
wigglers with medium period is a magnetic pole with 2-
sections horizontal racetrack coil (Figure 5).  
Superconducting NbTi/Cu wire with diameter of 0.9mm 
and critical current 650A at 7 Tesla magnetic field was 
used. Two section coil with optimal currents in the 
sections gives 15% increasing maximum field in 
comparison with an one section coil with the same sizes. 

  
Figure 5: Main element of the medium field SC wigglers. 
 
Short Period Wigglers 
    This type of the wigglers has a K-value about 5-7 and 
its spectrum properties are very close to undulators. The 
wiggler installed on SR sources with 2-3 GeV electron 
energy creates photon flux of very high brightness of X-
ray in range of 6--50 keV.  
 

Table 3: List of SC wigglers with short period 

 
Magnetic 

field, 
normal 

Poles 
number 
(main 
+ side) 

Pole 
gap, 
mm 

Period 
mm 

2 T wiggler CLS 2.0 61 + 2 13.5 <34> 
2.1T wiggler 
ALBA-CELLS 2.1 117+ 2 12.6 30 

 

 
Figure 6: Assembling of 2 Tesla SC multipole wiggler for 
ALBA-CELLS (Spain).  
 
    Table 3 shows the information about short period 
wigglers. The wiggler for CLS made by the SC wire in 
the diameter of 0.9 mm, and the ALBA-CELLS wiggler 
made of the wire of 0.5mm. These wigglers are very close 
to the SC undulators with a large K-value (K~6) and the 
spectrum in the low photon energy range has undulator 
characteristics whereas at the higher photon energy the 
spectrum is the SR spectrum (see Figure 8). Achievement 
of such advanced parameters of wire is caused by 
reduction of copper percentage in a conductor down to 
30%. Thus the enhanced attention needs to be given for 
protection of windings since the using of such wire 
increases the risk of destroying of superconducting wire 
during a quench. Superconducting coils of the wiggler are 
protected from damaging during quench by shunts with 
resistance of 0.1 Ohm and cold diodes.  
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Figure 7: Load curves of the SC wire at different 
temperature and operation points. 
 
    Despite of rather small level of a magnetic field 2.1 T 
on median plane, the field on the coils reaches the value 
of 4.7 Т and the superconducting wire is close to a critical 
condition (Figure 7). The experience acquired with the 
short period superconducting multipole wigglers on the 
base of the racetrack type coils gives the assurance that 
such technology can be successful for creation of 
superconducting undulators with the period down to 16 
mm and without any length limitation of the undulator.  
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Figure 8: Spectrum photon flux through 1x1 mm2 at 30m 
from 2T SC multipole wiggler ALBA CELLS. 
 

CRYOGENIC SYSTEM OF THE 
WIGGLERS 

    The cryostat for the superconducting wigglers has been 
designed and made in Budker INP for continuous 
autonomic work in conditions of the limited access and 
raised radiation. The superconducting magnet is 
immersed into a vessel with liquid helium. The vacuum 
chamber for electron beam is passing through the magnet 
and it is a part of the vessel having liquid helium 
temperature. To provide zero liquid helium consumption, 
four 2-stage cryocoolers are used which intercept thermal 
load from thermal screens and current leads and from the 
copper liner passing inside the vacuum (Figure 9). 

 
Figure 9: Sketch of the cryostat for SC wigglers. 

 
    Two cryocoolers with stages of 4К and 50К (type 1) 
and two cryocoolers with stages of 10К and 50К (type 2)  
are used for this aim. Stages with temperature ~50К of all 
cryocoolers are used for cooling external shield screen 
intercepting of heat coming through electron vacuum 
chamber, radiation from warm walls of housing and heat 
coming from normal conducting current leads due to its  
heat conductivity and Joule heat. Type 1 cryocoolers are 
assembled together with current leads block, consisting of 
normal conducting part and high-temperature 
superconductors (HTSC) (Figure 10). 
 

 
Figure 10: Current leads assembling with cryocooler type 1. 
 
    The second stages of type 2 cryocoolers are used for 
cooling down of 20К shield screen and for interception of 
released heat in the copper liner when electron beam is 
passing through the liner. The copper liner represents a 
copper tube in length about 2 m which is inserted into the 
electron beam vacuum chamber. The gap between the 
liner and the vacuum chamber is kept with use of special 
supports made of a material with small heat conductivity 
(Figure 11). Released heat in copper liner stimulated by 
electron beam (image current, electron clouds, 
synchrotron radiation etc.), is withdraw to type 2 
cryocoolers using high heat conductivity of copper.   
Cooling time of the all system is about 24-36 hours and 
depends on magnet weight. Insulating vacuum at steady 
state of the magnet at liquid helium temperature 
corresponds to 10-7 - 10-8 Torr. The second stages of 
cryocoolers type 1 are equipped with copper heat 
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exchangers which are situated in gas helium inside liquid 
helium tank. 
 

 
Figure 11: Cross section of UHV chamber and copper 
liner. 
 
    These heat exchangers liquify helium gas effectively 
reducing the magnet temperature and pressure in the 
helium tank. The equilibrium temperature can be 
decreased down to 3.0-3.6K and, accordingly, pressure in 
a tank can decrease till 0.3-0.5 bar under condition of 
isolation the helium tank from environment. Isolation 
should be reliable enough to prevent danger of air leak 
into helium tank from environment and creation of ice 
blockade during long term work with the lowered 
pressure in the helium tank. Temperature of HTSC 
current leads is in a range of 40-50К at different operating 
modes with or without currents in the wiggler coils. 
Protection of HTSC current leads from overheat and 
combustion is based on the temperature sensors located in 
junctions of normal conducting current leads with HTSC 
current leads. If temperature rise to higher level than 60К 
in these parts wiggler control system send a command to 
go slowly magnetic field down. If the temperature is 
above 65К then hard ware interlock sends a signal for 
switching-off of the power supplies. 
 

 CONCLUSION 
    The superconducting wigglers and the cryostats 
described above have proved to be so reliable and 
effective that it is possible to ensure a reliable and 
independent operation for a long time in a mode of 
limited access. Depending on the overall performance 
change of the cryocoolers with time the magnet 
temperature can change within 3.2-4.2K. Above 10 
superconducting wigglers with this kind of cryostats are 
successfully working in various centres of synchrotron 
radiations (CLS (Canada), DLS (England), LNLS 
(Brazil), ELETTRA (Italy), BESSY (Germany), CAMD 
(USA), Siberia (Russia), ASHo (Australia), ALBA-
CELLS (Spain), KIT (Germany). 
    As a plan for the next step of the superconducting 
magnet developing is further improvement of the 
superconducting magnets quality used as light sources, 
design and fabrication of the SC undulators with a short 

period (16-25 mm) and further upgrading of the cryogenic 
systems to the systems with indirect cooling of magnets. 
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PRODUCTION OF SUPERCONDUCTING EQUIPMENT AT IHEP 
S. Kozub, A. Ageyev, I. Bogdanov, E. Kashtanov, P. Slabodchikov, V. Sytnik,                  
P. Shcherbakov, L. Shirshov, L. Tkachenko, S. Zinchenko, IHEP, Protvino, Russia 

 
Abstract 

The report overviews the recent SC-related R&D and 
production activity at IHEP. The scope of the paper 
extends over the items to follow. Two superconducting 
magnetic systems of Electron Lens for the Tevatron 
collider were developed, manufactured and successfully 
brought into operation. 42 cryogenic electrical feed boxes 
of various types for the Large Hadron Collider were 
developed, produced and commissioned. Results of 
development of fast-cycling SC magnets for the FAIR 
project are discussed. Operational experience acquired 
with the largest in Russia cryogenic system for cooling 
with a superfluid helium of SC RF separator for the beam 
transfer line #21from the U-70 machine is presented. 
Test-and-trial results with HTS current leads and dipole 
magnet employing Bi2223 as well as racetrack coils made 
of second-generation HTS are reviewed. 

LOW TEMPERATURE SC MAGNETS 
    New generation of high energy proton accelerators is 
based on superconducting (SC) magnets. Cooperation 
with international scientific accelerator centers was 
developed in last 15 years. In 1999 – 2000 and 2002 – 
2003 two SC magnetic systems of Tevatron Electron Lens 
for Fermilab, USA were developed and produced. These 
systems were placed in the TEVATRON accelerator 
(Fig.1) and operated up to now.  
 

Figure 1: SC magnetic system of Tevatron Electron Lens. 
 

The system consists of seven SC and ten copper 
magnets [1]. The main SC solenoid has 6.5 T nominal 
magnetic field, 2.5m length, 152  mm coil inner diameter. 
The solenoid coil was wound by the Rutherford type 
cable from 10 SC wires of 0.85 mm diameter. A turn 
number of the solenoid is 7238 and the nominal current is 
1800 A. Six SC steering dipoles were placed over the 
solenoid. Two dipoles of 1840 mm length were arranged 
in the centre and four dipoles of 250 mm length in the end 
parts of the solenoid. The central dipole created 0.2 T 
magnetic field at 50 A current and the end dipole had 

0.8 T at 200 A. All dipoles were wound by a cable, 
transposed from 8 SC wires of 0.3 mm diameter.  

The system has gun and collector solenoids with 
250 mm inner diameter, 474 mm outer diameter, 300 mm 
length, which create 0.4 T magnetic field in the aperture. 
Copper corrector coils are placed inside these solenoids. 
Three bending electron beam solenoids with 390 mm 
inner diameter, 500 mm outer diameter, 72 mm length are 
set between the cryostat and the gun solenoid as well as 
the same between the cryostat and the collector solenoid. 
A turn number of the solenoid is 48 at the nominal current 
357 А. The gun, collector and bending coils of the 
solenoids are wound from copper cable with 
8.25×8.25 mm2 cross section having 5.5 mm diameter 
hole for cooling.   
    From 2002 IHEP collaborated with GSI, Darmstadt, 
Germany. SC fast cycling magnets were developed and 
produced for the SIS300 accelerator of the FAIR project 
(Facility for Ions and Antiprotons Research) [2]. The high 
field fast cycling dipole model is shown in Fig. 2 and its 
parameters are presented in Table 1.  
 

Figure 2: SIS300 high field fast cycling dipole model. 
 
Table 1: Parameters of the SIS300 SC fast cycling dipole 

Magnetic field, T 6 
Operating current, kA 6.72 
Field ramp rate, T/s 1 
Number of layers 2 
Strand number in cable 36 
AC losses (calc.), W/m 4.7 
In the coil 3.4 
In the iron yoke 1.3 
Stored energy, kJ 260 
Inductance, mH 11.7 
Coil inner diameter, mm 100 
Length of SC coil, m 1 
Mass of magnet, ton 1.8 
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A special design of SC wire and cable with stainless 
steel core was developed for this dipole. 6.8 T magnetic 
field in aperture of the dipole was reached and the 
magnetic field did not reduced up to 1.2 T/s ramp rate [3]. 
The dipole with these parameters is unique in a world 
practice. Fig. 3 presents the training curve and Fig. 4 
shows quench currents for different ramp rates of the 
dipole. 
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Figure 3:  Training curve of the dipole. 
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Figure 4:  Ramp rate dependence of the dipole. 

A prototype of the SIS300 fast cycling quadrupole was 
produced and tested in 2011. Design parameters of the 
quadrupole are 45 T/m central gradient, 10 T/m/s ramp 
rate, 125 mm inner diameter and 1 m effective length [4]. 
Fig. 5 shows a general view and Table 2 presents main 
parameters of the quadrupole.  

 

 
Figure 5: SIS300 fast cycling quadrupole prototype. 

 Table 2: Parameters of the SIS300 quadrupole prototype 

Parameter Value 
Central gradient, T/m 45 
Rate of central gradient, T/m/s 10 
Operating current, kA 6.26 
Maximum magnetic field on coil, T 3.51 
Temperature margin in SIS 300 cycle, К 1.54 
 Stored energy, kJ 3.8 
Inductance, mH 2 
Number of turn in coil 80 
Inner diameter of coil, mm 125 
Thickness of collars, mm 22 
Thickness of iron yoke, mm 52 
Effective length, m 1 

    
 Fig. 6 presents training of the SIS 300 quadrupole 

prototype. The quench current of the magnet reached 8.2 
kA in the first quench and 8.734 kА in fifth quench that 
corresponds to 39% current margin.  
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Figure 6: Quench current versus quench number of the 
SIS 300 quadrupole prototype. 
 

Measurements of the quench current of the quadrupole 
at various ramp rates showed that the quench current was 
higher than 8.5 kA up to 5 kA/s (2.8 T/s) ramp rate. 

Prototypes of the SIS300 fast cycling corrector magnets 
were developed [5]. Main requirements to these magnets 
are presented in Table 3.  

Table 3: Requirements to SIS300 corrector magnets  

 
In the Table 3: L is the magnet length, t is a time of 

powering to the nominal magnetic force. The inner 

Type of corrector  Force L, m t, s 
Chromaticity sextupole 130 T/m2 0.78 0.21 
Resonance  sextupole 325 T/m2 1 0.5 

Steering magnet: 
Vertical dipole 0.5 Т 0.65 2.27 
Horizontal dipole  0.5 Т 0.65 2.27 

Multipole: 
Quadrupole 1.8 T/m 0.65 2.25 
Sextupole 60 T/m2 0.65 2.18 
Octupole 767 T/m3 0.65 2.24 
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diameter of the magnets is 250 mm, the operating current 
is up to 250 A.  

SC quadruplet of the final focus system will be used 
for Proton Microscope for FAIR as a large-aperture, high-
gradient proton imaging lens. For strong transverse 
focusing, a special final focus system (FFS) has to be 
installed at the end of the HEDgeHOB beam line. In order 
to provide a focal spot of the order of 1 mm, a large focal 
angle is needed therefore FFS will use four large-aperture 
high-gradient quadrupole magnets which IHEP develops 
at present [6]. The quadrupole cross-section is shown in 
Fig. 7 and its parameters are presented in Table 4. 

    

      
Figure 7: Cross-section of HEDgeHOB quadrupole. 

Table 4: Main parameters of large-aperture high-gradient 
quadrupole  

Central gradient, T/m 37.6 
Inner diameter, mm 260 
Maximal field, T 5.9 
Operating current, kA 5.73 
Total magnetic force/octant, kN/m 1454 
Total energy in the magnet, kJ/m 613.5
Inductance, mH/m 36.5 
Length of magnet, m 1.89 

CRYOGENIC EQUIPMENT FOR              
SC SYSTEM 

In frame of collaboration with DESY, Germany in 
1997 IHEP produced the cryogenic helium vacuum heat 
exchanger for cooling 10 g/s helium flow from 300 to 2 K 
temperature [7], which is shown in Fig. 8. 

In 2004 – 2007 years 42 Cryogenic Electrical Feed 
Boxes of various types for powering of SC magnets of 
Large Hadron Collider (Switzerland) were developed, 
produced and put into commission [8]. These boxes have 
2600 HTS current leads with operating current from 25 to 
12500 A. DFBA type box is shown in Fig. 9.  
 

 

 
Figure 8: Cryogenic helium vacuum heat exchanger 
(10g/s helium flow, 300-2 K temperature range). 
 

 
Figure 9: DFBA Cryogenic Electrical Feed Box for LHC. 
  

In 2007 the largest in Russia cryogenic system for 
cooling SC devices by superfluid helium was put in 
operation at IHEP for a separated kaon beam. The system 
cools two SC RF cavities by superfluid helium at 1.8 K 
temperature [9]. The design refrigeration capacity of the 
cryogenic system is 280 W at 1.8 K and it should deliver 
5 g/s of liquid helium per the each cavity. Main parts of 
the system are a satellite refrigerator and the KGU–500 
cryogenic plant (Fig. 10), a cryogenic transfer line with 
distribution box, pumping group. The satellite refrigerator 
consists of a cryogenic helium vacuum heat exchanger 
(Fig.8), intercooling helium bath and two small helium 
heat exchangers, placed near each SC RF cavity. The 
equipment was developed and produced by IHEP. The 
liquid helium plant of the KGU-500 type to feed the 
satellite refrigerator is commercially produced by 
GELIYMASH company, Moscow, and it has liquefaction 
rate of 150 l/hr. 
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Figure 10: Cryogenic plant and large helium heat 
exchanger of superfluid refrigerator system of 21 channel.  
 

To reach 1.8 K the pumping group is to pump helium 
tanks down to 1.64 kPa. The pumping group is arranged 
in 3 stages: 8 Roots blowers of the 2DVN-1500 type of 
the first stage compress helium from 1.5 kPa to 
2.5÷3.0 kPa, 8 Roots blowers of the 2DVN-500 type of 
the second stage compress helium to 4.0÷5.0 kPa, and the 
third stage of 8 slide-valve pumps of the AVZ-180 type 
finally compress helium up to 103 kPa. 

The control system of the cryogenic system includes 
240 channels of data collection and remote control, 72 
electronic modules, 5 computers for inputting and 
outputting information in two control rooms.  
    Successful operation of the cryogenic system allowed 
one to supply necessary parameters of SC RF cavities and 
record more than ten millions of kaon decay events.  

HIGH TEMPERATURE SC DEVICES 
At the same time activity for application of high 

temperature superconductor (HTS) for accelerator 
equipment production in collaboration with Bochvar 
institute was begun. In 1998 – 2000 first in Russia 600 A 
HTS current leads on basis of Bi2223 were developed and 
successfully tested in the frame of contract with CERN, 
Switzerland [10]. The first current lead had 33 HTS tapes 
with Ag+10%at.Au matrix, the second one had 16 HTS 
tapes and the third current lead had 14 HTS tapes with 
Ag+1%at.Au matrix (Fig. 11). 

These current leads consisted of resistive part, cooled 
by 20 K helium gas, and HTS part, cooled by helium 
vapor. The resistive part consisted of 2300 copper wires 
of 0.13 mm diameter, which were placed into a stainless 
tube of 11 mm inner diameter and 500 mm length. The 
HTS part was 400 mm length. The third current lead had 

characteristics qualified by LHC: Heat leak to liquid 
helium was 0.08 W at 600 A current; a resistance of joint 
of resistive part with HTS was 220 nΏ and that of HTS 
with NbTi wire was 6 nΏ; a helium flow cooled the 
resistive part was 0.04 g/s; a pressure drop of the helium 
flow was 5 kPa. 

 

Figure 11: 600 A HTS current leads. 
 

The next step in application of HTS is development of 
first in Russia HTS dipole in 2000 – 2001 [11]. The 
dipole has 280х345 mm2 cross section and 590 mm length 
(Fig. 12). 1 T magnetic field was reached at 25 А current 
and 65 K temperature in 21×70 mm2 aperture of the 
dipole. “Racetrack” type coil was wound by 
3.8×0.25 mm2 HTS tape which consists of Bi2223 
filaments in silver matrix. The coil was placed into yoke 
from electric steel.  
  

 
Figure 12: HTS dipole magnet. 

One of the applications of new high-temperature 
superconductor materials (HTS) is coils for synchronous 
electrical machines. The use of YBCO 2G HTS tapes 
(HTS-2G) allows increasing of magnetic flux density in 
the air gap that will increase the output power and reduce 
the dimensions of the motor. Such motors with improved 
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characteristics can be successfully used in transportation 
as traction motor. IHEP in collaboration with Moscow 
Aviation Institute designed, produced and tested HTS-2G 
racetrack coils for a prototype of the 50 kW synchronous 
motor with radial magnetic flux [12]. The HTS coils were 
made according to the technology of double pancake. The 
coil was wound on the 30 ХGСА steel core (Fig. 13).  

 

Figure 13: Four-layer racetrack coil from HTS-2G tape. 

HTS coil length was 330 mm, the inner and outer 
diameters were 43 and 69 mm. Critical current 
measurements of four-layer racetrack coils from 
“SuperPower” HTS-2G are shown in Table 5 [13].  

 
Table 5: Critical current of eight four-layer racetrack coils 
from “SuperPower” HTS-2G tapes at 77 K 

One can see the critical current of these coils was 
equal to 32 – 38 A at 1 µV/cm and 35 – 41 A at 
10 µV/cm. Thus, the developed production technology 
has allowed manufacturing these racetrack HTS coils 
without significant degradation of their critical current. 

CONCLUSION 
IHEP has meaningful experience and equipment for 

development and production of accelerator magnets on 
basis of Low Temperature Superconductors and High 
Temperature Superconductors as well as cryogenic 
system for cooling superconducting devices and systems. 

At present IHEP is developing FFS superconducting 
large-aperture high-gradient quadrupole magnets and 
racetrack coils from HTS-2G tape.   
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Coil 
number 

Critical current, A 

1 µV/cm 10 µV/cm 
1 38.1 41.5 
2 31.4 35.4 
3 34.2 38.3 
4 36.3 40.3 
5 31.5 35.2 
6 32.8 36.4 
7 34.1 37.5 
8 35.9 39.6 
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INR RAS LINAC PROTON INJECTOR 100 Hz PRR OPERATION MODE  
 

E.S. Nikulin#, A.S. Belov, O.T. Frolov, L.P. Nechaeva, A.V. Turbabin, V.N. Zubets, 
Institute for Nuclear Research of RAS, Moscow, 117312, Russia 

 
Abstract 
The injector provides linac by 400 keV protons with 

energy stability ±0.1%, pulsed ion current – up to 
100 mA, 50 Hz pulse repetition rate (PRR) with 200 μs 
duration. PRR of the injector has been doubling with goal 
of linac average beam current increasing [1, 2]. Main 
stages and results of the injector modernization are pre-
sented. 

 
 
Tests conducted earlier [3] have shown that pulse shape 

of the accelerating voltage produced by the high-voltage 
pulse generator (HVPG) at 100 Hz PRR has been dis-
torted (Fig. 1).  

It is seen that the high voltage (HV) value change in last 
forty microseconds of pulse duration is approximately 3% 
of the total pulse amplitude. This is unacceptable because 
the specified voltage change during pulse for the proton 
injector is ±0.1%. 

Besides achieving a desired shape of HV pulse at 
100 Hz PRR we have revealed  two  additional problems 
to be solved: first - instability of pulse amplitude and 
shape, associated with  presence of a second 50 Hz series 
of pulses ("doubling of pulses") and second - overheating 
of the HVPG individual components and elements. This 
report contains, basically, the information relating to 
achievement of desired HV pulse shape. The HVPG cir-
cuit diagram is shown in Fig. 2. 

 
Figure 1: Oscillogram of the HVPG pulse at 100 Hz PRR 
(the pulse with smaller amplitude is the top of the HV 
pulse on a larger scale). 
 

The HVPG consists of:  400 kV pulse transformer (PT-
400),  multi-cascade discriminator (MD) which stabilizes  
amplitude of HV pulses, sub-modulator that provides 
pulses with amplitude up to 20 kV to the PT-400 primary 
winding. The HVPG structure also includes  three-phase 
0 ÷ 380 V, 100 kVA auto transformer; step-up 
380 V / 22 kV, 100 kVA transformer; the stabilization 
system of accelerating voltage which is intended to com-
pensate the HVPG power supply slow changes, and the 
pulse top tilt compensation system.    

 

Figure 2: The proton injector HVPG electrical circuit.    #nikulin@inr.ru  

Storage 
capacity

Pulse forming network
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    HVPG voltage pulse is measured using the precision 
capacitive voltage divider embedded in the PT-400. 
Switching of the sub-modulator voltage pulses is carried 
out with high-voltage thyratrons. 

The HVPG is developed in the 1970’s at the 
D.V. Efremov Scientific Research Institute of Electro-
physical Apparatus (NIIEFA, St. Petersburg) [4]. 

The HVPG operates as follows: C4 storage capacitor of 
11 μF is charged up to 12.5 kV by full-wave doubler. C11 
leading edge shaper storage capacitor of 2.5 μF is charged 
up to 6 kV by six phase rectifier. 

The pulse forming network (PFN) capacitors are 
charged in a quasiresonant way from C4 storage capacitor 
through 8 H choke to a voltage of about 1.6 Uc4. 

When T2 thyratron is opened then C11 capacitor is dis-
charged through D19, D20 diodes and L9, R9 buffer circuit 
to the PT-400 primary winding. As a result, the forced 
charge of constructive capacitance connected with the 
PT-400 secondary winding is occurred and the pulse lead-
ing edge of 40 µs base duration and of 400 kV amplitude 
is formed.  

The trailing edge of pulse is formed by T1 thyratron 
triggering. The charge which is stored in the constructive 
capacitance of the injector equipment is recurred in C11 
capacity. 

HV pulse voltage is applied to the accelerating tube 
which has the capacitive-resistive (water) voltage divider 
(R11 and C13) as well as to the MD via R12 resistor and C14 
capacitor. 

The top of 200 µs HV pulse is formed during the PFN 
discharge to the PT-400 primary winding through T3 thy-
ratron, L10 choke and D21 diode assembly. Parameters of 
C5÷C10 capacitors and L2÷L7 inductances and the amount 
of the PFN cells are selected so as to provide the required 
200 µs discharge current pulse duration. 

Let us assume that HV pulse is supplied to the MD. If 
amplitude of the PT-400 open-circuit pulse voltage ex-
ceeds sum voltage of C49÷C80 capacitors, then  D31÷D62 
diodes are opened and C49÷C80 capacitors are connected 
in series, giving the stable (as a first approximation) 
400 kV total voltage during HV pulse top. Current via the 
MD is limited by inner HVPG impedance and is propor-
tional to difference between the PT-400 secondary wind-
ing open-circuit voltage and the MD voltage.  This current 
charges the capacitors and the MD voltage slightly in-
creases during the pulse.  

L12÷L43 series-connected chokes are connected in paral-
lel to C49÷C80 capacitors during the pulse top.  Choke 
currents increase under influence  of the UCi pulse volt-
age, which value is determined by relation: 

ICi = (UCi ∆T) / LMD 
where: ICi - current change in the ith MD choke during the 
pulse, ∆T- pulse duration, LMD - choke inductivity. 

Between pulses MD state is changed: 
 - D31÷D62 diodes are closed, D63÷D94 diodes are 

opened and serial connection of C49÷C80 capacitors during 
pulse top is switched into PFN type circuit. 

- an energy stored during pulse top in the MD chokes 
and capacitors is recurred to C4 storage capacitor. Here-
with some energy is lost, mainly in R7 resistor. 

Advanced analysis of the HVPG circuit has been per-
formed with the software package Micro-Cap 9.0 [5]. It 
makes possible to receive information about processes in 
the HVPG which is not available by means of direct 
measurements when using the real HV equipment. 

  In particular it has been found that voltage of the MD 
capacitors is redistributed during a pulse: voltage of 
C65÷C80 capacitors ("upper" MD capacitors) decreases 
relative to the middle MD capacitor voltage, while volt-
age of C49÷C64 capacitors ("lower" MD capacitors) in-
creases. Calculations show that C49 capacitor voltage 
reaches 18 kV, while C80 capacitor voltage is about 7 kV. 
I.e., the non-uniformity of the capacitors voltage distribu-
tion reaches a significant value. It leads to a redistribution 
of total current between capacitor and choke in each cas-
cade. "Lower" choke currents reach higher values during 
pulse than "upper" choke currents and currents through 
cascade capacitors are changed in contrary. This can re-
sult in disruption of normal operation of the MD if any 
"lower" cascade capacitor current decreases to zero value 
before the end of 200 μs pulse top duration. 

A cascade capacitor voltage has been decreased to the 
C4 capacitor voltage value if transition processes are end-
ing before next HV pulse beginning. The example of sim-
ulation at 100 Hz PRR with 7 H choke inductivity is 
shown in Fig. 3. 

 

 
Figure 3: Simulation results for HV pulse top (3a) and for 
"upper" and "lower" MD capacitors current shape (3b, 
upper and lower curve, respectively).  
 

Simulation results show that when the HVPG operates 
at 100 Hz PRR with 7 H choke inductivity then there is a 
"decline" with a voltage difference of about 10 kV. It 
begins at 115th μs. The current of "lower" MD capacitor 
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decreases to zero value at 155th μs in such a way 
(Fig. 3b): between 115th and 155th µs the zero current of 
capacitor signifies a closure of corresponding "direct" 
diode and violation of normal MD operation, which leads 
to appearance of "decline". 

Fig. 4 shows similar curves for 20 H choke inductivity. 
 

 
Figure 4: Simulation results with choke inductivity of 
20 H. 
 

We do not observe the HVPG pulse top  "decline" (Fig. 
4a) as well as vanishing of the MD "lower" capacitor cur-
rent  (Fig. 4b) when increasing choke inductivity up to 
20 H. 

The MD chokes were replaced by the new ones which 
have parameters as follows: L = 20 H, operating voltage –
 25 kV, magnetic core - type of PL40h45-120.  

 

 
Figure 5: Oscillograms of the HVPG pulse at 100 Hz 
PRR (the yellow pulse with smaller amplitude is the top 
of HV pulse on a larger scale). Also there are (dark blue) 
the beam current curve and 100 mA calibrator pulse (on 
the right). 
 

The oscillogram of HV pulse at 100 Hz PRR is shown 
in Fig. 5. From the tests carried out it follows that the 

changes have improved stability during HV pulse flattop 
at 100 Hz PRR to a desired value of ±0.1%. 

 
CONCLUSION 

The model of the high-voltage pulse generator is devel-
oped. We have achieved the satisfying  accuracy and reli-
ability of the simulation results. 

The analysis has identified a number of necessary 
HVPG constructive changes. Its realization has allowed 
us to get 100 Hz PRR proton injector operation mode 
with 200 µs pulse duration, energy instability less than 
±0.1% and ion beam current up to 100 mA.  
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CW 100 keV ELECTRON RF INJECTOR FOR 40 mA AVERAGE BEAM 
CURRENT 

V.N. Volkov, V.S. Arbuzov, K.N. Chernov, E.I. Kolobanov, S.A. Krutikhin, G.Ya. Kurkin,  
E.A. Kuper, I.V. Kuptsov, S.V. Motygin, V.N. Osipov, V.K. Ovchar, V.V. Repkov, V.M. Petrov, 

I.K. Sedlyarov, G.V. Serdobintzev, S.S. Serednjakov, M.A. Scheglov, S.V. Tararyshkin,  
A.G. Tribendis, I.A. Zapryagaev, BINP SB RAS, Novosibirsk, Russia 

I.V. Shorikov, A.V. Telnov, N.V. Zavyalov, RFNC-VNIIEF, Sarov, Russia

Abstract 
CW 100 keV electron RF gun for 40 mA average beam 

current was developed, built, and commissioned at BINP 
SB RAS. The RF gun consists of normal conducting 100 
MHz RF cavity with a gridded thermo cathode unit, CW 
16 kW generator with GU-92A tetrode in the output 
stage, and a set of LLRF electronics. The gun was tested 
up to the design specifications at a test bench that 
includes a diagnostics beam line. 

The design features of different components of the gun 
are presented. Preparation and commissioning experience 
is discussed. The beam test results are summarized. 

INTRODUCKTION 
A 100 MHz RF electron injector was designed and 

manufactured at BINP for continuous wave (CW) 
powerful accelerator in RFNC-VNIIEF [1]. This compact 
accelerator, similar to the type of «RHODOTRON» [2], is 
designed for continuous production of short electron 
bunches with energy of 1.5 ÷ 7.5 MeV with power of 300 
kW and higher. 

Each bunch passes through a single accelerating cavity 
of the accelerator several times. After each pass, the beam 
is turned in the bending magnets. In order to preserve the 
transverse dimensions of the electron bunches within the 
aperture after passing through the bends, the bunches 
should have small enough energy spread (<1%) and be 
quite short (<0.2 ns). 

An advantage of RF guns compared with static guns is 
the absence of cathode back bombardment with 
accelerated ions of residual gas ionized by an electron 
beam. This allows having a long lifetime of the cathodes 
and operating the gun continuously in the vacuum of 10-6 
÷ 10-7 Torr. Also, this enables raising the gun voltage and 
thus increasing the energy of the electron beam from 30-
40 keV to 100 keV proportionally to the beam current to 
the power of 2/3, in-accordance with the Poisson law.  

Furthermore, calculations showed that the increased 
voltage in the RF injector in combination with the effect 
of the longitudinal beam bunching therein provides a 
reduction in the energy spread of up to 0.3% (rms) in the 
first passage of the accelerator and the bunch shortening 
by up to 18 times. 

RF INJECTOR 
A grid-controlled thermo-cathode RF gun is based on 

high frequency quarter wave coaxial 100 MHz cavity 
shortened by a capacitance. The cavity is fed through an 

inductive input RF power coupler from 16 kW RF 
generator (based on tetrode GU-92A with a 500 W 
transistor preamplifier). The generator is powered by high 
DC voltage (8 kV) source situated in a separate rack. The 
control system consists of two parts: i) the control system 
for the cathode-grid unit consisting of a block inserted 
into the cavity and the blocks in the control rack, ii) 
control units for the cavity RF system located in the same 
rack. Detailed description of similar RF systems is given 
in [3].  

The average beam current is regulated by the bunch 
repetition frequency and bunch charge adjustment. Bunch 
length is determined by the bunching effect. Maximum 
surface RF electric field (4 MV/m at 100 kV) is 
concentrated at the edges of the focusing electrode (see 
Fig.1), so field emission dark current from these places 
does not get into the beam line. Main characteristics of 
the RF injector are in Table 1. 

Table 1: Main characteristics of the RF injector 
Average current of the RF injector, mA >40 
Electron energy, keV 50÷100 
Bunch duration (FWHM), ns 0.5÷2 
Maximum repetition rate, MHz 100 
Generator RF power, kW <16 
Operating vacuum, Torr <10-6 

RF cavity (see Fig.1) has a bimetallic cylindrical body 
(1) with a diameter of 500 mm and a length of 550 mm. 
There is a water-cooled cylindrical electrode (2) inside the 
cavity with the gridded thermo-cathode unit (3) mounted 
on its end. The space between the focusing electrode (4) 
and the end wall of the cavity (5) is the accelerating gap. 

 

Figure 1: Sketch of the cavity RF gun with the force lines 
of the accelerating RF field. 

1 2 3 4 5 67
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At one end of the cavity there is a device for fixing the 
electrode and preset of the resonance frequency (7). The 
control electronic unit (modulator) of the cathode-grid 
assembly is inserted into the electrode. At the other end 
the cavity has a frequency tuner (6). The tuning is done 
by the cavity end wall deformation (5). 

For the cavity manufacturing technologies were used 
such as electron beam welding, diamond machining on a 
CNC lathe, thermo-diffusion brazing in a vacuum oven of 
bimetallic housing (copper-to-stainless steel), copper 
plating inside the stainless steel housing and silver plating 
outside the copper housing. The cavity went through 
degassing heat treatment followed by an RF conditioning.  

CATHODE–GRID UNIT, MODULATOR 
RF gun is equipped with a replaceable cathode-grid 

unit produced in Russia on the basis of metal-ceramic 
triode RF tube GS-34 with an oxide cathode. The grid 
electrode of the cathode-grid unit is electron beam welded 
to a special flange having a vacuum seal of Conflat® type 
(see Fig. 2). The design is compatible also with a cathode-
grid assembly from the EIMAC [4] company. 

The cathode has a diameter of 12 mm. Thin grid of a 
"parquet" type is located at a distance of 80 μm from the 
cathode surface. The cathode unit provides electron 
bunches with maximum current of 1.5 ÷ 2.5 A, duration 
of 1 ns, and repetition rate up to 100 MHz. 

 
Figure 2: Flange welded grid-cathode assembly. 

The electronic equipment for cathode current control is 
located in a special cylindrical container (see Fig. 3), 
which is inserted into the electrode of the cavity and 
electrically connected to the cathode assembly using the 
triple collet. 

 
Figure 3: Plug-in container with the modulator unit. 

This block works on the basis of the microwave FET 
transistors operating in the switching mode. This block 
generates pulses of 1.2 ns with adjustable amplitude of 0 

÷ -120 V and an adjustable repetition rate of 0.003 ÷ 100 
MHz. Pulses are synchronized with the accelerating 
voltage of 100 MHz frequency. The bias DC voltage is 
adjustable between 30 ÷ 130 V. The unit is controlled 
from a computer via the communication interface of 
CAN-Bus type. 

NUMERICAL SIMULATION  
Numerical start-to-end calculations of the electron 

beam dynamics of RF injector were carried out for all 
stages of electron bunch formation: in the accelerating 
gap of the RF gun taking into account micron grid sizes 
[8], and in diagnostic beam line (see. Fig.4). Codes SAM, 
SLANS, ASTRA [5, 6, and 7] were used for the 
calculations. 

Numerical calculations of the beam dynamics in the RF 
field of the grid-cathode assembly and in the accelerating 
gap of RF gun for different RF phases were performed 
taking into account the pulsed unlocking voltage applied 
to the cathode. The 1.2 ns pulse comes at the rising slope 
of RF voltage in the phase interval of 31 ÷ 55 degrees, at 
the amplitude of 50 and 100 kV voltage across the gap, 
and with the bunch charge of 0.4 nC. 

The maximum acceleration is at the phase of 55 
degrees. At lower phases the effect of longitudinal 
bunching appears. For example, when the phase is 31 
degrees (the minimum possible phase before the bunch 
charge is limited) bunches get shortened by 1.5 times at 
the output of the RF gun (0.25m), and 2.3 times over a 
drift length of 2 m (see Table 2). 

Table 2: Bunch characteristics of 100 kV RF gun 
Distance from the cathode, m 0.25 0.25 2 
RF phase at emission 55° 31° 31° 
Bunch length (rms), mm 47.9 33.7  20.4 
Energy spread (rms), keV 1.6 4.3  1.08 
Emittance (rms), mm · mrad 10.5 9.5  21.5 
Energy, keV 100 96.3 96.3 
Calculations of beam dynamics in the diagnostic 

channel (see Fig.4) includes beam tracking through three 
focusing coils (2, 6) down to the target (8) made as the 
transition radiation sensor. 

 
Figure 4: Sketch of the diagnostic channel. Numbering of 
callouts is common with Fig. 5. 
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STAND FOR RF GUN TESTING  
A test stand for testing the RF gun with electron beam 

is shown in Fig. 5. The RF gun was installed on a support 
with cooling water manifolds; the diagnostic channel was 
placed on a separate support. The 16 kW RF generator, 
the high-voltage rack, the rack with LLRF electronics and 
the modulator of grid-cathode unit are also located in the 
stand. The stand is controlled remotely via a CAN-Bus 
interface. 

 
Figure 5: Diagnostic beam line. 1 - RF gun; 2 - focusing 
solenoid; 3 - first beam current sensor; 4 – beam steerer; 5 
- vacuum chamber of 160 mm in diameter; 6 - solenoid; 7 
- vacuum ion pump; 8 - movable target; 9 - the second 
beam current sensor; 10 - rotating beam steerer; 11 - 30 
kW beam dump; 12 - lead radiation shielding. 

TEST RESULTS 
Calculations of the beam dynamics in the diagnostic 

channel (see Fig. 4) shows that the spot size on the target 
is substantially proportional to the emittance. When the 
beam emittance is 10 π·mm·mrad the spot should have a 
diameter of 5 mm (see Fig. 6). Exactly the same spot was 
observed in the experiments on the test bench (see Fig. 7). 

Figure 6: Numerically calcu-
lated beam spot on the target, 
σx, y = 1.35 mm. 

Figure 7: The spot image 
on the target from the 
video camera. 

Forms of pulses from two current sensors depend on 
the emission phase in the grid-cathode unit. When the 
pulses have equal amplitudes then this corresponds to the 
operating phase of the maximum acceleration. When the 
second pulse is higher and shorter than the first one then 
the effect of the longitudinal bunching (shortening) over 
the drift space of 820 mm takes place; it means that RF 
phase is less than the operating phase (see Figs. 8a, 8b). 

a) b) 
Figure 8: Image of sensor signals for different emission 
phases: a) 55 °, b) 31 °. Resolution of horizontal axis is 
0.5 nsec/cell. 

Average current of 40 mA was obtained in the whole 
energy range of 50-100 keV. Continuous test runing 
during 8 hours at the beam energy of 100 keV, average 
current of 40 mA, and 100 MHz bunch repetition 
frequency was completed successfully.  

Although the diagnostic beam line did not go through a 
degassing heat treatment, the vacuum in the cavity and 
the diagnostic system was 10-9 Torr without the beam. 
Vacuum deteriorates when the beam current increases. 
Setting the vacuum interlock threshold to 2 · 10-7 Torr, we 
had to limit the beam current to 20 mA in the beginning. 
Within a few days it became possible to raise the current 
up to 40 mA due to gradual degassing of the vacuum 
diagnostic chamber. 

CONCLUSION 
CW 100 keV electron RF gun with 40 mA average 

beam current was developed, built, and successfully 
commissioned up to full design specifications at BINP SB 
RAS. The injector, as has been proven by the tests, is 
capable to operate reliably with high average beam 
current above 40 mA at up to 100 kV beam energy and 
100 MHz bunch repetition frequency even in a poor 
vacuum of 10-6 ÷ 10-7 Torr. The injector will provide the 
required electron beams for the accelerator with the 
output beam power of 300 kW and above.  
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STATUS OF LINACS WITH HIGH-FREQUENCY QUADRUPOLE 
FOCUSING LU-30 AND LU-30M IN IHEP 

 
O.K.Belyaev, J.A.Budanov, V.P.Golubkov, A.J.Evstifeev, S.E.Zavjalov,  

I.D. Kuzmin, E.V.Mazurov, S.A.Strekalovskikh, N.A.Chyornyj, IHEP, Protvino, Russia 
 
Abstract 

There are two RFQ DT proton linacs, named the LU-30 
and LU-30M, in the SRC IHEP of NRC “Kurchatov 
Institute” that are presently in operation. Both are the 
unique machines employing radio-frequency quadrupole 
focusing up to 30 MeV at exit. The LU-30 machine now 
runs as a proton injector to the booster RC PS  U-1.5 that 
feeds the main PS U-70 ultimately. The LU-30M is now 
run in a stand-alone test operation mode. Such a parallel 
functioning of these two accelerators allows to use the 
LU-30M as an experimental facility enabling R&D on 
new technical decisions and upgrades for the ageing LU-
30. On the other hand, the routine operation of the 
workhorse LU-30 allows for testing of the technical 
decisions proposed under a heavy non-stop operation 
during the U-70 runs for fixed-target physics. 

INTRODUCTION 
The IHEP proton linacs, LU-30 and LU-30М, are the 

unique machines with Radio–Frequency Quadrupole 
(RFQ) focusing up to 30 MeV at exit [1, 2]. LU-30 was 
made as an experimental model. Since 1985 LU-30 has 
been operating as a proton injector to the booster RC PS 
U-1.5 on the packet-pulse mode, about 2500 hours per 
year with downtime (5÷7) %. 

The LU-30M was developed from an experience of 
creation and operation of the LU-30. Emittance of the 
LU-30M beam reduced to a tenth and the beam transport 
along the LU-30M is higher then in the LU-30 as figure 1 
shows. 

 
Figure 1:  Beam transport in the LU-30 and LU-30M. 
 
The other beam parameters of LU-30M are the same as 

the LU-30 parameters, except for the beam intensity, 
which is lower the project level yet. There are substantial 
differences in design of the accelerators: 

• a modification of the electrodes of the initial part 
(RFQ) LU-30M allowed to halve the RFQ length; 

• using the sector H-cavities in the main part LU-30M 
(RFQ DTL, [2]) some compensation of the decrease 
in accelerating rate was achieved by realizing the 
growth in  the accelerating voltage along the 
accelerator;  

• a modular design of the anode HV power supplies 
was developed for higher reliability of the RF-
system [3].   

Now accelerator LU-30M runs in a stand-alone test 
operation mode. This mode allows of using LU-30M as 
an experimental facility enabling R&D on new technical 
decisions and upgrades for increasing reliability and 
quality of ageing LU-30.  

VACUUM BREAKDOWNS 
During LU-30 operation it was noted that the 

breakdown frequencies for initial and main parts (RFQ, 
RFQ DTL) LU-30 are almost identical, but the field 
strength at the surface of the electrodes of this parts 
differs sufficiently (225 kV/cm and 380 kV/cm). 
Analytical treatment of the experimental dependence of 
the relative quality factor on the field  strength at the 
electrodes for RFQ and RFQ DTL showed pronounced 
distinction between coefficients of local field 
enhancement for RFQ and RFQ DTL (1100 and 93 
accordingly) [4]. This distinction may testify to the 
various factors that lead to breakdowns. According to 
paper [5], the values more than 200 can be explained by 
the presence of films and nonmetallic inclusions on the 
electrode surface and the smaller values – by the micro 
irregularities. As a result, we conclude that the products 
of the ion gun operation may be responsible for the 
pollution of the RFQ electrodes and the reduced 
breakdown strength. 

BEAM CONDITONING 
An injection system with collimators avoiding pollution 

of the RFQ electrodes by the ion source impurities has 
been developed. The optics not only effectively separates 
the impurities but also matches the proton beam to the 
RFQ in transversal motion. Figure 2 shows it 
schematically. A diaphragm with a hole of 3 mm in 
diameter is installed between two magnetic lenses 
(solenoids), nearby the proton beam crossover. A cylinder 
of 3.5 mm in diameter is placed in the middle of the 
second lens to separate the part of the impurity flow 
coming through the diaphragm hole. In addition the optics 
filters the transversal phase volume of the proton beam by 
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rejecting unconditioned protons. The root-mean-square 
ellipses of the transversal phase beam volume are 
presented in figure 3, the required and measured 
correspondingly. 

On testing of the injection system at the LU-30M linac, 
a possibility of increasing the RFQ electrode field 
strength (to 450 kV/cm or 3.4 of Kilpatrick criterion) has 
been demonstrated. For reliable operation LU-30 this 
injection system will be placed at the input of RFQ LU-
30. 

 
Figure 2:  Optic scheme of the matching channel. 

 
 

 
 

Figure 3:   Root-mean-square ellipses of the transversal 
phase volume of the beam at the RFQ input (grid: 0.98 
mm by 43.61 mrad). 

FREQUENCY TRIM MODERNIZATION 
The frequency trim of resonators at LU-30 and LU-

30М is implemented by turning of the copper rings in 
magnetic field in vacuum. A 90º turn of the ring changes 
frequency up to 8÷25 kHz, depending on the Q-factor and 
size of the ring. Turning of the LU-30 rings is carried out 
by mechanical system with the powerful electric motor 
through a vacuum seal with plastic plugs and rubber 
collars. Such a system has the backlash and the 
susceptibility to mechanical deterioration. 

 A new system of the ring turning with SHDR-711 step 
motors and a metallic corrugation vacuum isolation has 
been developed and tested for LU-30М. Application of 
the system for LU-30 demanded some modification with 
using the powerful PL57HD76 step motor and modifying 

the control electronics, the design of mechanics etc. On 
figure 4 mechanisms of frequency trim for LU-30М and 
LU-30 are shown. 

 
Figure 4:  LU-30М (left), LU-30 frequency trim 
mechanics. 

 
The control system of step motors is connected to the 

personal computer by means of the developed interface. 
The control program is created in language LabView that 
allows to supervision of the position of tuning rings to 
within 1°, and also operatively to change the program of 
adjustment of frequency. The system of frequency trim 
with step motors has been installed at LU-30М and LU-
30 RFQ. We are preparing now to install it at the RFQ 
DTL LU-30. 

TUNING OF RF BLOCKAGE 
During the exploitation of the LU-30 and LU-30M a 

low efficiency of blocking of the high voltage (HV) 
modulator circuits against radio frequency (RF) was 
discovered. Having passed through the modulator outlet, 
RF voltage could disturb normal work of the low voltage 
modulator electronics and the measuring system. Since 
the high power RF systems of the LU-30 and LU-30M 
were identical, a common cause of the low blocking 
efficiency was supposed. A scheme of the HV input is 
shown in Figure 5. 

 
Figure 5:   Scheme of the HV input. 

 
The anode circuit consists of the GI-27AM triode (1), 

an anode block (2), the body (3), the HV modulator cable 
(4), a coaxial line (5) and rejection filter, that consists of a 
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clutch (6), the quarter–wavelength coaxial line (7) and the 
adjustment ring (8).  

A theoretical and experimental studies show that the 
poor blocking is the result of the difference between the 
RF system operating frequency 148,5 MHz and the 
rejection filter resonance frequency (markers 1 and 2 in 
the figure 6). The filter frequency has been tuned at LU-
30M by adjustment of the ring size (8). As a result 
pronounced frequency difference disappeared (figure 7). 

 

 
Figure 6:   Frequency response characteristic before 
tuning. 

 

 
 

Figure 7:   Frequency response characteristic after tuning. 

Figure 6 and figure 7 show, that the decreasing of the 
frequency difference from 1.23 MHz to 48 kHz increases 
the blocking level of the RF filter from 37 dB to 60 dB. 
The same works are planned for the high power RF-
system at the LU-30. The study [6] shows the necessity of 
the interference filtration to increase the electronic system 
reliability at the accelerator complex. 

DROOP COMPENSATION 
The observed accelerating voltage drooping at the 

resonators during the beam passing can be partially offset 
by increasing the output signal of the low power cascade. 
For that reason a 200 W amplifier was developed and 
tested. It’s based on the UM145-300 “Pallet” module and 
controlled by an impulse generator. 

Figure 8 shows the increase in pulse amplitude of the 
amplifier's output signal that corresponds to the beam's 
passage duration of 10 µs. Testing the system of voltage 
drooping compensation at the LU-30  is under way now. 

 

Figure 8:   Oscillograms of the power amplifier: output 
RF impulse (up) and generator impulse (down).  

CONCLUSION 
It’s shown in the paper that simultaneous functioning of 

two similar accelerators (one operates as a proton injector, 
another works in the standalone test mode) expands 
possibilities of increasing the reliability and the beam 
quality by carrying over the LU-30 the new technical 
decisions after its testing at the LU-30M. The LU-30M is 
used as an experimental facility. On the other hand, the 
routine operation of LU-30 allows a long-term testing of 
the technical decisions in heavy conditions. 
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GEOMETRY OF QUADRUPOLE MAGNET  
FOR THE U-3.5 ACCELERATOR IN THE OMEGA PROJECT 

L. Tkachenko, S. Kozub, P. Shcherbakov, 
Institute for High Energy Physics, Protvino, Moscow region, Russia 

 
Abstract 

Accelerating complex of intensive beams of charged 
particles (project Omega) is being developed at IHEP. 
The main part of this complex is 3.5 GeV ring accelera-
tor. The basic parameters of the quadrupole magnet for 
this ring are: 5.564 T/m central gradient in the 102.9 mm 
radius of the “good field”; the injection gradient is 1.222 
T/m; the gradient ramp rate is 334 T/m/s. Different pro-
files of the poles were considered for the purpose of se-
lecting the most optimal 2D and 3D geometries of the 
magnet. The basic parameters of the optimal geometries 
are presented. 

INTRODUCTION 
IHEP (Protvino, Russia) is developing an accelerating 

complex of charged particles of high intensity (project 
OMEGA [1]). This complex is designed to create mega-
watt power beams. The OMEGA project consists of a 
new cascade of high-intensity accelerators, which in-
cludes a linear accelerator of H- ions and protons with 
energy of 400 MeV, followed by a rapid cycling synchro-
tron with energy of 3.5 GeV. Basic parameters and pre-
liminary optimization of the geometry of the main dipole 
were presented in [2]. Further the 2D and 3D geometry 
optimization for the main quadrupole in the 3.5 GeV ring 
is considered.  

THE OMEGA PROJECT 
The OMEGA project involves the construction of Ac-

celerator Complex for Intense Hadron Beams. This multi-
purpose mega-project is being discussed at IHEP [1, 3] 
and is shown in Fig. 1. The proposal outlines a long-term 
plan to develop the accelerator and experimental facilities 
on the IHEP grounds for fixed-target research within and 
beyond the scopes of elementary particle physics. The 
base-line design foresees construction of a pulsed facility 
that will exceed 1 MW of proton beam average power, 
will have a pulse rate of 25 Hz, pulse width ≤ 1.5 μs, clear 
staging, site-specific integration and upgraded plans, and 
reduced technical risk (through use of proven technolo-
gies). The facility comprises of a non-superconducting 
400 MeV linear accelerator LU-400 followed by a 
3.5 GeV rapid cycled proton synchrotron (RC PS) U-3.5. 
At a later stage, the U-3.5 is engaged as a new injector to 
the existing U-70 PS, or its updated successor. A particu-
lar stage of the project addresses either applied or funda-
mental science (Fig. 1). Stage-1 assumes construction of a 
short-pulse accelerator-driven 1 MW neutron source for 
applied research (material and life sciences). 

 
Figure 1:  Tentative layout of the OMEGA facility. 

 

Table 1: Specifications of U-3.5 (Project). 
Specification Value 
Energy (kinetic), E, GeV: 0.4–3.5 
Orbit length, L, m: 445.11 
Magnetic rigidity, Bρ, T⋅m: 3.18–14.47 
Compaction factor, α: 0.0173 
Transition gamma, γt: 7.60 
Intensity, N, ppp: 7.5⋅1013 
Ramping time, tR, s: 0.020 
Cycle period, T, s: 0.040 
Average beam current, μA: 300 
Beam power, P, MW: >1 
RF harmonic, h: 9 
Radio frequency, fRF, MHz: 4.322–5.925 
Net RF voltage, VRF, kV/turn: 720 
Lattice period: FODO (90°) 
No. of periods: 36 
No. of super periods: 6 
Betatron tune (H/V): 9.15/7.20 

 
The goal for the next stage-2 is to develop the second 

direction of fast extraction from the U-3.5 to feed a new 
experimental zone dedicated to intense-beam medium-
energy hadron physics. At a later stage the U-3.5 is en-
gaged as a new injector to the existing U-70 PS, or its 
updated successor. To this end, the orbit length and RF 
harmonic number of the U-3.5 amount to 3/10 of those in 
the U-70. It facilitates, at most, a 3-train bunch-to-bucket 
transfer from U-3.5 to the U-70 ring thus yielding a beam 
pattern 3 × (9 filled + 1 empty) bunches there. Apart from 
the lower-energy mode of a 3.5 GeV proton beam 
stretcher delivering slow spills, the U-70 will accelerate 
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intense beam to higher energies. The core of the OMEGA 
Project constitutes a new 3.5 GeV rapid cycled proton 
synchrotron U-3.5, ramped at 25 Hz (sinusoidal) and 
yielding 7.5⋅1013 ppp. Other specifications of the machine 
are listed in Table 1.  

REQUIREMENTS TO QUADRUPOLE 
The RCS quadrupole of U-3.5 is characterized: 

• The central gradient is 5.564 T/m; 
• The injection gradient is 1.222 T/m; 
• The gradient ramp rate is 334 T/m/s; 
• The repetition field frequency f is 25 Hz;  
• The radius of the good field region is 102.8 mm; 
• Integral field multipole b6

int must be less than |2|×10-4.  

MATERIALS 
Current-carrying elements should be developed so that 

reduction of the large dynamic losses in the cable is taken 
into account, as well as possibility of manufacturing the 
cable or its acquisition. For further calculations we se-
lected the cable, which was designed for the J-PARC and 
SCNS projects [4, 5]. It was made of 33 aluminum wires 
of 3.2 mm diameter, which were wound on a 10 mm di-
ameter tube for water cooling. Then the bare winding is 
formed into a square with a 20 mm side. The coils in all 
types of magnets consist of N = 16 turns. The total current 
IT = NIop (Iop is the operating current) is equal to 36.38 
kA. M250-50 steel [6] is selected for an iron yoke. It is 
characterized: the maximal magnetic permeability is 
>7500; the coercive force is 33 A/m; the saturation mag-
netization is 2.05 T; the sheets are 0.5 mm thick. 

2D GEOMETRY OPTIMIZATION 
The magnet cross section is shown in Fig. 2. The main 

task of optimization is to minimize the overall dimensions 
of the cross section keeping the low order multipoles 
within the required limits. In the magnet design the com-
puter code MULTIC [7] was used. The field quality in the 
aperture is formed by poles of the magnet, the profile of 
which can be made either by a hyperbola, or a circular 
arc. Two parameters can be used for goptimization: the 
pole width, which is defined by horizontal coordinate of 
the bottom pole corner xp, and a thickness of the iron yoke 
ΔFe. Note that the xp influences both on the multipole b6 
and the normalized gradient b2, while ΔFe mainly affects 
only on b2. The normalization is performed on a central 
gradient at infinite permeability in the iron yoke. Fig. 3 
and Fig. 4 present dependences of normalized gradient 
and multipole b6 on coordinate xp for two profiles of the 
pole and two radii of aperture rap. For each curve in Fig. 4 
there is an optimal xp = Xopt, at which b6 = 0 and it has a 
linear dependence on rap within [105 mm, 130 mm]: 

 
Xopt = 0.31413 + 1.52543 rap (hyperbola); 

Xopt = -0.01305 + 1.52377 rap (arc). 

 
Figure 2: General view of the quadrupole magnet. 

 
Results, presented in Fig. 3 and Fig. 4, were calculated 

at ΔFe = 200 mm.  Dependence of normalized gradient b2 
on ΔFe is shown in Fig. 5. Taking into account that the 
yoke should have holes and cutouts for mounting, it is 
necessary to choose the thickness not less than 140 mm. 

 

 
Figure 3:  Normalized gradient versus coordinate xp. 

 

 
Figure 4: Multipole b6 gradient versus coordinate xp. 

 

 
Figure 5:  Normalized gradient versus iron thickness. 
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3D GEOMETRY OPTIMIZATION 
The general view of the magnet is shown in Fig. 6.  

 
Figure 6:  General view of the magnet. 

 
Further we will consider only the 120 mm aperture. The 

final its diameter will be made after the determination 
process sizes, in particular, a vacuum chamber. Since the 
magnet is too short, then the integral multipole b6

int will 
be suppressed by an appropriate choice of the central 
multipole b6 using parameter xp = Xopt, at which b6

int = 0. 
Fig. 7 – Fig. 10 present dependences of Xopt, the normal-
ized gradient, lower central multipoles and the normalized 
effective length Leff

(n) on a geometric length Lg of the 
magnet. Here Leff

(n) = Leff/Lg, Leff is a real effective length 
of the magnet. The integral multipole b10

int is lesser 2×10-4 
for the hyperbola and changes from -18×10-4 to -30×10-4 
for the arc versus the magnet length. Fig. 8 shows that the 
pole in the arc form has significantly smaller geometric 
length, which can chose in 700 mm, as well as overall 
dimensions, while a minimum length with a hyperbolic 
pole is at least 1800 mm.  

 

 
Fig. 7:  Dependences of Xopt on a geometric length. 

 

 
Figure 8:  Dependences of the central normalized gradient 
on a geometric length. 

 
Figure 9:  Dependences of the central lower multipoles on 
a geometric length of the magnet. 
 

 
Figure 10:  Dependences of the normalized effective 
length on a geometric length of the magnet. 

CONCLUSION 
Comparative characteristics of two types of the poles 

have been considered. Based on these calculations the 
final 2D and 3D geometries will be performed after for-
mulation of the requirements on the field and integral 
field values as well as other technological and geometric 
parameters such as a beam tube, vacuum chamber etc. 
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Abstract 
The preliminary design of megawatt level proton 

accelerator-driver is carrying out by collaboration 
between Russian scientific centers MEPhI, ITEP, 
Kurchatov Institute. This project was supported in 2013 
by the Ministry of Science and Education of Russia. The 
linac general layout includes SC Spoke-cavities at middle 
energy range and elliptical cavity at high energy one. The 
usage of QWR and/or HWR at 10-30 MeV was also 
discussed. Due to electrodynamics models of all structures 
types were designed and the electrodynamics 
characteristics were studied. QWR, HWQ and Spoke-
cavities were proposed to operate on 324 MHz and 
elliptical cavities on 972 MHz. The main electrodynamics 
simulation results will present in report. The multipactor 
study results will also discussed. 

INTRODUCTION 
The study of high-power proton linac for 1.0 GeV was 

performed by collaboration of MEPhI, ITEP and 
Kurchatov institute researchers in 2013. Such linac was 
developed to understand the possibility of accelerator 
driven system (ADS) design in Russia.  

The linac will consist of an RFQ, RF focusing sections 
and SC modular configuration sections. A number of 
QWR and HWR were also studied for 20-50 MeV energy 
range as an alternative of RF focusing sections. The SC 
part of developed linac can include QWR, HWR, Spoke-
cavities and elliptical cavities due to. Medium energy 
cavities will operate on 324 MHz and elliptical one on 
972 MHz [1, 2]. 

The results of noted above structures models design 
will discuss bellow. All simulations have been performed 
using CST Microwave Studio [3]. 

QWR AND HWR CAVITIES 
The aim of the QWR and HWR optimization is to 

increase the beam energy gain and to have optimal power 
consumption at the same time. The beam energy gain is 
defined by the time-factor and the accelerating gradient. 
As it follows from the time-factor T definition, its 
maximum value is gained when the gap length is 
minimized. But the gap length decrease leads to higher 
gap capacity and, therefore, to lower shunt impedance, 
which is another important optimization target. The 
optimal value of the accelerating gap length g to the 
period length d equal to 1/3 could be taken [4], since its 

further decrease slightly improves the time-factor and the 
optimal particle velocity is only by 3 % higher than the 
optimal geometrical velocity βg. Another QWR feature 
that affects the beam energy gain is the accelerating 
gradient. The accelerating gradient is estimated by the 
ratio Bp/Ea, where Bp is the magnetic field pick value and 
Ea is the accelerating field amplitude. Therefore, the ratio 
must be minimized for higher gradients. Bp/Ea depends on 
the inner and outer QWR conductor radii ratio Ri/Ro. The 
solution of the equation 1)/ln( =io RR  gives the optimal 
value of Ri/Ro [4] and it is equal to 0.36. The QWR 
effective shunt impedance Ra/Qo defines how effectively 
RF field energy converts to the accelerating gradient. 
According to the "sphere in cylinder" approach offered in 
[5] the ratio Ri/Ro=0.12 yields the maximum shunt 
impedance (see Fig. 1). High shunt impedance and 
relatively low accelerating gradient results in a resonator 
with optimal power consumption, while a low Bp/Ea 
parameter resonator has an extreme accelerating gradient. 
When simulating a 324MHz QWR the value Ri/Ro=0.3 is 
chosen in favour of a higher accelerating gradient. 
Geometrical and RF characteristics of the QWR are 
presented in Table 1. 

 
Figure 1: Bp/Ea and shunt impedance in QWR versus 
Ri/Ro. 

The same analysis was performed for HWR also. To 
develop the electrodynamics model and determine the 
approximate geometric parameters of the HWR we 
assume the average value of the relative phase velocity 
β=0.25. The shape of the resonator should be optimized to 
minimize ratios Bp/Ea and Ep/Ea and get the maximum 
value of Ra/Qo. Characteristics of the HWR are also 
presented in Table 1. 
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Table 1: Geometrical and RF characteristics of the QWR 
and HWR. 

Parameter QWR HWR 
f, MHz 324 324 
βg 0.25 0.25 
Ep/Ea 6 2.3 
Bp/Ea, mT/(MV/m) 10 5.1 
Ra/Qo, Ohm 608 140 
Cavity height, mm 266 338 
Central conductor length, mm 184 - 
Ri, mm 30 60 
Ro, mm 100 320 
g, mm 39 60 
d, mm 117 150 

SPOKE-CAVITIES 
Main geometrical parameters used for RF design and 

optimization of spoke cavities are shown in Figure 2. The 
main goal of the RF design is to provide a lower heat load 
and a higher accelerating gradient, which are determined 
by a higher Ra/Q0. Also peak surface fields should be 
minimized. 

 
Figure 2: Cross-section of the spoke cavity with the 
geometrical parameters. 

Accelerating electric field Ea is defined as: 
 λ00 β/)β(WEa Δ= . (1) 
where )β( 0WΔ  is the energy gain at the optimal velocity 
and λ is the free-space wavelength of the accelerating 
mode. In our case β=0.2 and the operating frequency is 
f=324 MHz. The length from iris to iris is 2/3βλ. The 
diameter of the cavity is of order of λ/2. To achieve a 
lower peak electric field the spoke width W and gap ratio 
T/Liris were optimized. Simulation results are presenter in 
Figure 3. 

The diameter of the spoke base D is optimized to get a 
lower Bp/Ea. The variation of Bp/Ea and Ra/Qo is depicted 
in Figure 4. Also parameters D1 and D2 should be 
optimized. The diameter of small bottom D2 is more 
sensitive to Bp/Ea, while the diameter of large bottom D1 
is more sencitive to Bp/Ea. Moreover blend edges will help 
to decrease the peak surface fields. The Geometric and RF 
properties of the spoke cavity are given in Table 2. 

 
Figure 3: Ep/Ea (black) and Ra/Qo (red) versus T/Liris 
and W. 

 

Figure 4: Bp/Ea (black) and Ra/Qo (red) versus D/Lcav. 

Table 2: Geometric and RF properties of the spoke cavity. 
Parameter Value

f, MHz 324
βg 0.2
Ep/Ea 3.86
Bp/Ea, mT/(MW/m) 6.76
Ra/Qo, Ohm 192
Liris, mm 123.4
Rcav, mm 225
Lcav, mm 263.4

ELLIPTICAL CAVITIES 
Multi-cell cavities based on modified disk-loaded 

waveguide shape are widely used for particle acceleration 
in 0.5-1.0c velocity range. Cavities with TESLA-shape 
design are the only known choice for superconducting 
accelerators dedicated for fault free operation. Wide 
experience gained by laboratories  

First question presented by the cavity development is 
the cell number. It is known that multicell cavities require 
less power couplers and give rise to active length because 
of drift tubes number reduction. Contrariwise cavities of 
just a few cells typically show better performance because 
of easier quality control on material and production [6]. 
Usually cavities of 5 to 9 cells are used, but 7 to 9 cell 
ones are common for electron while 5 to 6 cells - for 
proton accelerators. SNS project using 5 cell cavities is 
the example of good performance facility. The beam 
dynamics simulation also shows that 5 cell cavities are 
optimal for high rate of the energy gain and 100 % current 
transmission [1]. This 5-cell design was chosen as basis 
for this study (Fig. 5). 

In order to provide acceleration in whole energy range 
needed for ADS systems three phase velocity cavities 
were considered, namely 0.6, 0.7 and 0.8c. Operating 
frequency of all three cavities operated on π mode were 
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tuned to 972.6 MHz. Field flatness better than 99.3% was 
reached by end cells modification. Cavity 
electrodynamical characteristics are summarized in 
Table 3. Cavity for 0.6c has maximal surface field 
overvoltage factor due to lower period length. Surface 
magnetic field does not limit cavity performance because 
much lower than known limits.   

 

 
Figure 5: Five cell elliptical accelerating cavity. 

 
Table 3: Electrodynamical parameters of elliptical cavity. 
Parameter β=0.6 β=0.7 β=0.8 

coupling, % 3.53  2.35  1.57  
rsh eff, 
MOhm/m 

5.39  7.79  10.44  

rsh, MOhm 12.5  16.24  20.84  
Q 1.17·1010  1.23·1010  1.79·1010  
Emax/Eacc  3.92  3.06  2.38  
Hmax/Eacc 0.0012  0.0011  0.001  

 
Dispersion curves on fundamental mode being close to 

each other are presented in Figure 6. 

 
Figure 6: Dispersion curve for five cell elliptical 
accelerating cavity. 

MULTIPACTOR SIMULATIONS 
The results of calculation multipactor for elliptic 
superconducting accelerating cavities with phase velocity 
βph=0.6, 0.7, 0.8 are shown in Figure 7. As it could be 
seen from figure structures for βph=0.6 and 0.7 show very 
close accelerating field strength ranges with stable 
trajectories of 1st and 2nd order observed. They are equal 
to 0.86–3.1 MeV/m and 1.05–3.8 MeV/m 
correspondingly. But the structure for βph=0.8 features 

stable trajectories maintain up to 6 MeV/m. Electrons 
hitting surface have an energy of 180 eV at 4 MeV/m. 

Geometry modification with flattened equator area or 
small hump added is known remedy for this kind of 
trajectories suppression [7]. But this solution demands 
special research on modified cavity electrodynamical 
parameters to be done. 

 
Figure 7: Particle number growth rate vs. field strength 
dependence 

CONCLUSION 
Results of electrodynamics models development and 

study and cavities design for superconducting part of 
1 GeV linac were discussed. The tuned models of 
324 MHz QWR, HWR and Spoke-cavities and 972 MHz 
5 cell elliptical cavities were presented. 
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Abstract 
The preliminary design of a megawatt level proton 

accelerator-driver is carried out by collaboration between 
Russian scientific centers MEPhI, ITEP, Kurchatov 
Institute. This project was supported in 2013 by the 
Ministry of Science and Education of Russia. The linac 
general layout includes an RFQ section and section(s) 
with radiofrequency focusing. The different types of RF 
focusing were studied due to this project: RF crossed 
lenses, modified electrodes RFQ, axi-symmetrical RF 
focusing. All such focusing can be realized by IH-type 
cavities. The design of a segmented vane RFQ (SVRFQ) 
with coupling windows and IH- and CH-type normal 
conducting cavities is discussed in this report. All cavities 
operate at 162 MHz. The main results of the 
electrodynamics simulation are presented. 

INTRODUCTION 
The study of a high-power proton linac for 1.0 GeV 

was performed by a collaboration of MEPhI, ITEP and 
Kurchatov institute researchers in 2013. Such a linac was 
developed to understand the possibility of design an 
accelerator driven system (ADS) in Russia. 

The linac will consist of an RFQ, RF focusing sections 
and SC modular configuration sections [1, 2]. The 
segmented vane RFQ (SVRFQ) with coupling windows 
was designed for beam bunching and low energy 
acceleration. Original design of elliptical coupling 
windows was proposed. IH- and CH- cavities were 
simulated and its electrodynamics characteristics were 
optimized. 

The results of the modeling of the aforementioned 
structures are discussed below. 

SVRFQ CAVITY 
A 4-vane RFQ [3] with magnetic coupling windows is 

considered. The windows decrease the resonant 
frequency, minimize mode coupling in the RFQ and result 
in a smaller and more easily tuned accelerator. 
Specifically the following characteristics are being tuned: 
1) separation of quadrupole and dipole modes’ 
frequencies ( fΔ ), 2) ratio of the maximal surface electric 
field in the resonator to the accelerating field on axis 
(overvoltage). The accelerating potential between the 
RFQ electrodes is limited by 1.2-1.5 of Kilpatrick limit 
units for the CW mode (~130-150 kV). The tuning is 
performed by variation of 1) the radius of the accelerating 
channel aperture (a), 2) electrode tip blend radius (VRb) 

and 3) the distance between the end of a vane and the tank 
back wall – back end length (BBL). The parameters are 
shown in Figure 1. 

 

 
Figure 1: The SVREQ channel geometrical 
characteristics. 

Base parameters of the optimized and tuned SVRFQ 
channel were discussed in [4]. Let us discuss, now, the 
influence of each of channel characteristics to the ratio of 
the surface electric field to the accelerating field and 
separation of the quadrupole and dipole modes’ 
frequencies. 

Aperture Radius, VRo 
The dependence of mode separation and the 

overvoltage (in Kilpatrick limit units, Kp [5]) against 
channel aperture radius variation is presented in Figures 2 
and 3 respectively. These pictures show that mode 
separation is proportional to the overvoltage. 

Blend Radius, VRb 
From Figure 4 one sees that variation of blend radius 

VRb affects channel aperture: increase of VRb  is 
equivalent to that in VR0. Expectedly, the mode separation 
plots in both cases are similar; yet it is clear that direct 
variation of electrode offset VRo has greater effect on 
mode separation. 
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Back End Length, BBL 
The effect of this characteristic’s variation on the 

separation of modes is minimal, which is seen in Figure 5. 

 
Figure 2: Mode’s separation vs. aperture radius. 

 
Figure 3: Overvoltage vs. aperture radius. 

 
Figure 4: Mode’s separation vs. blend radius. 

 
Figure 5: Mode separation vs. end region length. 

Optimal Channel Geometrical Characteristics 
Channel geometrical characteristics that satisfy 

162 MHz resonant frequency, maximal surface electric 
field 1.721 Kp and mode separation 1.3 MHz are 
summarized in the Table 1. 
Table 1: Optimal Channel Geometrical Characteristics of 
CVRFQ Channel 

Parameter Value, mm 
Blend radius, VRb 1.085 
Aperture radius, a 5.3 
End length, BBL 94 

IH- AND CH- CAVITIES 
The IH- and CH- resonators were designed for beam 

acceleration from 2.28 MeV to 4.73 MeV energy range. 
As mentioned earlier, the operating frequency of the inter-
digital structure is equal to 162 MHz but for CH cavity it 
was changed to 324 MHz band (2-nd harmonics) since it 
operates at higher operating mode H210. Each type of 
cavity works in the π-mode regime, has constant period D 
along the axis and acceleration gap between drift tubes 
t=D/2.  

During investigation there were two main goals:  
1) to optimize main electrodynamic characteristics 
(especially effective shunt impedance); 2) to reach 
uniform accelerating field distribution on the cavity axis 
(field flatness better than 95%). To reach these goals, 
design of both cavity types (CH- and IH-) consists of 
vanes (or pylons, see Fig. 6). It should be mentioned that 
the end wall of each pylon has an electrical contact with 
the tank sidewall. Therefore 4 magnetic fluxes around the 
vanes are combined in one common flux. This technique 
allows us to reach the uniform field distribution without 
critical drop of the Q-factor and shunt impedance. 
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Figure 6: CH - tank layout. 

During optimization, different CH- and IH- resonator 
models were considered. Main variable parameters are 
presented in Table 2. 

Almost all models were optimized to the uniform field 
distribution (some extra cases with 13 gaps, big aperture 
and period length have field regularity equal to 92-93%). 
Some of results are summarized in Table 3 and the 
example of the optimized field distribution is presented in 
Figure 7. 
Table 2: CH- and IH- resonator models design 
parameters. 

Parameter Value 

Number of periods 7; 9; 11; 13 

Aperture diameter, mm 15; 20; 30 

Beam velocity, β=v/c 0.07; 0.08; 0.09; 0.10 

Table 3: The results of CH- and IH- resonator’s 
optimization. 

Cavity type CH CH IH IH 

β 0.10 0.09 0.08 0.08 

Number of 
periods 

9 7 13 11 

Aperture 
diameter, mm 

15 20 20 15 

f, MHz 324 324 162 162 

Effective shunt 
impedance, 
MOhm/m 

83 67 145 154 

Transit time 
factor 

0.835 0.811 0.841 0.854 

Q-factor 14000 11800 15500 15600 

Field flatness, 
% 

95 96 95 95 

 

 
Figure 7. Typical field distribution for 7 gaps model. 

CONCLUSION 
Results of the electrodynamics models’ development 

and study, and cavity designs for the normal conducting 
part of a 1 GeV linac were discussed. The initial section 
design based on a segmented vane RFQ (SVRFQ) with 
coupling windows was proposed. The problems of 
quadrupole and dipole modes’ separation and electric 
field overvoltage were studied and discussed. The IH- and 
CH- resonators were designed for beam acceleration at 
medium energies. Both resonator types were optimized to 
enlarge the effective shunt impedance and Q-factor.  
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Abstract 
Alternative nuclear energetic’s technologies as fast 

reactors and accelerating driven systems (ADS) are 
necessary to solve a number of problems as U-238 or 
thorium fuel reactor and nuclear wastes transmutation. 
ADS subcritical system should consist of megawatt-power 
proton accelerator, neutron producing target and breeder. 
A number of ADS projects are under development in EU, 
Japan, USA, China, S.Korea at present. Superconducting 
linacs or their complexes with high energy storage 
synchrotron are under design in main projects as a 
megawatt power proton beam driver. In Russian 
Federation the complex design for accelerator-driver was 
carried down more than ten years ago. 

INTRODUCTION 
A number of ADS projects are under development in 

EU (EUROTRANS including MYRRHA, EFIT, AT-
ADS, Trasco ets. [1-2]; MERIT [3]; ThorEA [4]), Japan 
(OMEGA, KART, [5]), PRC [6], S.Korea (HYPER [7]), 
India [8], USA [9-10]. The review of main projects was 
done in [11]. 

It should be noted that complex study of driver linac in 
Russia was carried down more than ten years ago in 
cooperation of ITAP, IHEP and Moscow Radiotechnikal 
Institute [12-14]. Blanket studies are carried now in IPPI. 
The new OMEGA project at IHEP which includes a high 
power 400 MeV proton linac should be also noted. 

The new approach to the ADS complex is now under 
development in framework of the project carried out by 
collaboration between Russian scientific centers MEPhI, 
ITEP, Kurchatov Institute. This project was supported in 
2013 by the Ministry of Science and Education of Russia. 
A brief results observation for accelerator part of the 
project is presented in this paper. It includes accelerator-
driver general layout, beam dynamics simulation, 

electrodynamics simulations of accelerating cavities and 
analysis of technological background in Russia. 

ACCELERATOR-DRIVER GENERAL 
LAYOUT 

The conceptual design of the linac is presented in 
Figure 1. The linac will consist of an RFQ for beam 
bunching and low energy acceleration (up to 2 MeV), RF 
focusing section(-s) for medium energies (up to 30-
50 MeV) and SC modular configuration sections for 
higher energies. SC QWR and HWR were also discussed 
for 20-50 MeV range. Several different types of RF 
focusing linacs were discussed for the medium energies. 
They are RF crossed lenses [15], modified electrode 
profile RFQ [16], axi-symmetrical RF focusing (ARF) 
[17]. The conventional modular configuration linac [18] 
based on spoke-cavities and 5-cell elliptical cavities were 
designed for high energies. The linac layout has three 
intermediate energy output beam lines which can be used 
already during the linac construction to different 
experiments with neutron production targets or for 
radiation testing of reactor construction materials. 

 

 
Figure 1: The linac general layout. 

Note that such driver linac layout is now conventional 
and similar designs are proposed in main ADS projects as 
[1, 2, 6, 7]. The idea to use RF focusing sections for 
medium energy range is the main difference of our 
scheme. 
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BEAM DYNAMICS SIMULATION 
RESULTS 

The designed 2 MeV RFQ section operates on 
162 MHz. The section length is 2.4 m and the accelerating 
potential between electrodes equal to 120 kV was used 
[19]. Such potential limit is caused by needs to limit the 
surface field by 1.2-1.5 of Kilpatrick criterion value for 
CW mode. The injection velocity is 0.01c. The current 
transmission coefficient is equal to 96 % for zero current 
beam and slowly decrease to 94 % for 20 mA. 

The different types of RF focusing sections as RF 
crossed lenses, modified electrode profile RFQ and axi-
symmetrical RF focusing were studied for medium energy 
region with short SC cavities system. Results of beam 
dynamics simulation were presented in [20-21]. A method 
of ion focusing in linac by RF decelerating fields of 
crossed lenses (RFCL) permits to obtain energy-
independent focusing strength and high acceleration rate. 
The RFCL linac having the FOODOO focusing periods 
was considered and it was shown that the stability of 
proton motion can be realized for 2-30 MeV energy range. 
The design parameters are the following: energy 2÷32.64 
MeV, operating frequency162 MHz, peak field on surface 
250 kV/cm (1.8 Kp), field amplitudes in the accelerating 
and decelerating gaps 100 kV/cm, focusing period 3βλ 
(FOODOO), number of focusing periods 8, number of 
lenses in period 2÷6, pulse current limit 60 mA, 
acceleration rate 4.4 MeV/m, linac length 7.0 m, 
normalized acceptance of the RFCL channel is  
0.33 π cm⋅mrad, which is three times more than the beam 
emittance from the RFQ. 

Beam dynamics in ARF section was also studied. It was 
shown that the rate of the energy gain can reaches to 
2.5 MeV/m and section can be very compact. But the 
transverse emittance growth is very serious (more than 70 
% with 10 mA initial beam current). 

The modified electrode form RFQ can be also used as 
the second section to accelerate the beam in  
2-15 MeV energy range, averaged rate of the energy gain 
is equal to 1.3 MeV/m. It should be noted that such 
sections provide the lowest transverse emittance growth: 
about 5 % for 1 mA and 70 % for 100 mA. 

Beam loses are absent for all three RF focusing types. 
The high energy linac section consisting of 

independently phased SC cavities (spoke and elliptical 
type) and focusing solenoids was studied. The 
synchronous phase slipping is the serious difficulty in 
such linac because it provides to longitudinal stability 
degradation and energy gain decreasing. The phase 
slipping factor was limited by 20 % for this project [21]. It 
was shown that linac should consist of five groups of 
identical cavities with phase velocities 0.31, 0.36, 0.48, 
0.65 and 0.875 (see Fig. 2). First group are 2-gap (or 3-
gap) spoke cavities with 324 MHz operating frequency, 
other groups – 5-cell elliptical cavities operating on 628 or 
972 MHz. Total length of SC linac part is 173 m, it 
consist of 158 cavities. The solenoid fields necessary for 
focusing not exceeds 2.6 T and the beam loses are absent. 

 
Figure 2: Slipping factor T versus beam velocity β in 
the high energy stage. 

ELECTRODYNAMICS SIMULATIONS OF 
ACCELERATING CAVITIES 

The linac will consist of an RFQ, RF focusing sections 
and SC modular configuration sections as it was noted 
above. RFQ and RF focusing section should be realized 
on CW normal conducting design 

The segmented vane RFQ (SVRFQ) with coupling 
windows was simulated for beam bunching and low 
energy acceleration. Original modification of elliptical 
coupling windows was proposed. IH- and CH- cavities 
were simulated and it's electrodynamics characteristics 
were optimized. The magnetic coupling windows CH- 
cavities were studied. The normal conducting cavities 
design is detailed discuss in [22]. 

The SC part of developed linac can include spoke-
cavities and elliptical cavities and QWR, HWR also if 
superconducting variant for 20-50 MeV energy range will 
be discussed further. Medium energy cavities (spoke, 
OWR and HWR) will operate on 324 MHz and elliptical 
one on 972 MHz [1, 2]. The detailed discussion of SC 
cavities electrodynamics simulation is presented in [23]. 

ANALYSIS OF TECHNOLOGICAL 
BACKGROUND 

All technologies needed for contemporary accelerators 
construction were developed in our country till 1990th. 
But large numbers of technologies were lost during 20 
last years. The minimal list of technologies which are 
necessary for accelerator-driver manufacturing are 
presented in Table 1 and the present state of such 
technologies at Russia is illustrated. Modern RF power 
sources and RF superconductivity looks most critically. 
Only last 2-3 years RF SC technology development starts 
in JINR [24] and first cavity was designed and 
manufactured. The design of modern RF sources in 
Russia is in inchoative stage. Now we also have very 
serious problem with human resources and there training. 

It should be recommended to become accelerator-driver 
activities immediately and to realize such project step by 

Proceedings of RuPAC2014, Obninsk, Russia THPSC05

05 High intensity accelerators

ISBN 978-3-95450-170-0

325 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



step starting CW RFQ as it was now planning in EU [1], 
China [6] or India [8] projects. 

 
Table 1: Technological background in Russia analysis. 

 R&D Prototype Industrial 
technology 

Beam dynamics, 
engineering 
design 

yes yes yes 

ECR ion sources u.d.* u.d. no 
Normal 
conducting 
cavities 

yes yes u.d. 

SRF u.d. no no 
Permanent 
magnets yes yes no 

SC magnets yes yes u.d. 
Contemporary 
RF feeding 
systems 

u.d. no no 

Beam transport yes yes u.d. 
Diagnostics and 
control yes yes u.d. 

*under development 

CONCLUSION 
The brief results observation for high power high 

energy accelerator-driver design is presented in this paper. 
Results of beam dynamics simulation, electrodynamics 
simulations of accelerating cavities and analysis of 
technological background in Russia are discussed. 
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DEVELOPMENT AND TESTING OF POWERFUL HIGH-VOLTAGE 
ELECTRON ACCELERATOR FOR ENERGY-INTENSIVE INDUSTRIES 

N.G. Tolstun, A.V. Efremov, A.S. Ivanov, A.N. Kuzhlev, V.P. Maznev, A.I. Machecha,  
V.P. Ovchinnikov, D.E. Pavluhov, M.P. Svinin, D.A. Solnyshkov, 

JSC “D.V. Efremov Institute of Electrophysical Apparatus”, St. Petersburg, Russia

Abstract 
The report describes the results of the development and 

testing of the Electron-23 high-voltage high-power 
accelerator rated for an accelerating voltage of 1 MV and 
beam power up to 500 kW at the "NIIEFA" testing 
facilities. 

The accelerator is intended for industrial processing of 
flue gases from thermal power stations with the aim to 
reduce concentrations of nitrogen and sulfur oxides. It 
may also be used for other energy-consuming processes, 
such as treatment of wastewaters for their 
decontamination or processing of natural gases for their 
conversion into engine fuel. [1] 

BRIEF DESCRIPTION OF THE 
ACCELERATOR 

General view of the accelerator with the beam forming 
and extraction device is schematically shown in Fig.1. 

 

Figure1: General view and main parameters of the 
«Electron-23» accelerator. 

The high-voltage (HV) generator, electron source and 
accelerating tube (AT) are placed inside a metal vessel 
filled with a pressurized insulating gas. A three-phase 
transformer-rectifier with a closed magnetic core and 
parallel feeding of cascades is used as a HV generator of 
the accelerator «Electron–23». Such a high-voltage source 
has a wall-plug-efficiency higher than 90% and 
practically no restrictions on power. The magnetic core of 
the HV generator is a construction symmetrical in space 
and consisting of 3 vertical rods and 2 horizontal annular 
yokes closing the magnetic flux. Three primary windings 

are located on the core rods, encircled with electrostatic 
screens and are star-connected with a power supply. 
Three secondary windings consist of separate coils 
located coaxially with primary windings. Each three coils 
of the secondary winding are located at one level on 
different magnetic core rods. They are star-connected and 
together with 6 diodes form a 3-phase bridge rectifying 
cascade [2, 3]. In the DC voltage, all twenty seven 
cascades are connected in series. 

The majority of the accelerator components facing the 
HV gap is made of insulating materials with a high-
resistive conducting coating. As a rule, these elements are 
made of stainless steel to prevent short-circuiting around 
the magnetic core of the HV generator; for this reason 
their construction is technologically complicated. The use 
of insulating materials with a high-resistive coating 
allows us to simplify the construction and considerably 
reduce the manufacturing cost of these elements. 

A diode-type electron source with a lanthanum 
hexaboride emitter of 13 mm diameter is used in the 
accelerator. Emitter holders are made of anisotropic 
pyrolytic graphite that prevents chemical interaction of 
the emitter with emitter-holders and provides reduction of 
the filament power of the electron source down to 100 W 
[4]. The 1st electrode of the AT serves as the electron 
source anode. The source filament is fed from a special 
winding located on the magnetic core of the HV 
generator. The electron beam current is controlled and 
stabilized from the low voltage side. 

The AT consists of alternating ceramic insulators and 
metal electrodes forming a vacuum-tight connection. A 
resistive voltage divider is placed outside the tube on its 
electrodes. A distinctive feature of the accelerator’ design 
is location of the AT in parallel with rods of the HV 
generator magnetic core inside a common vessel. Such an 
engineering solution allows overall dimensions to be 
decreased, but, requires shielding of the AT against stray 
magnetic fields produced by the HV generator. To achieve 
this, electrodes of the AT are made of permalloy, and a 
distance between them is rather small (12, 5 mm), 
resulting in the reduction of the stray magnetic field on 
the AT axis approximately by a factor of 100 [5]. 

General view of the AT installed in the accelerator is 
shown in Fig. 2. The accelerator design also enables 
installation of one more AT in the same high-pressure 
vessel. Tests of the machine were carried out with a single 
tube. 

The irradiation field forming system consists of an 
electromagnetic lens, beam scanning device and device 
for the beam extraction to the atmosphere. The beam 
scanning device comprises longitudinal and transverse 
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scanning electromagnets for the beam fast transport to 
any of 4 extraction windows. The magnetic core of the 
beam scanning device is made of ferrite, which excludes 
its corrosion in aggressive ozone environment. 

Figure 2: Support columns (1), AT with electromagnetic 
screens (2), magnetic cores of the HV rectifier primary 
winding phases (3), gradient rings (4) and 
electromagnetic screens (5). 

The device for the beam extraction to the atmosphere is 
made separate from the accelerator vacuum chamber (see 
Fig. 3) and is electrically isolated from it. Electric signal 
from this device is fed to a unit visualizing the beam 
position in extraction windows. Four water-cooled 
extraction windows with a supporting grid are installed at 
the flange and are closed with metal foil. 

Figure 3: Beam extraction device of the «Electron-23» 
accelerator at a test facility in NIIEFA. 

The accelerator is supplied from the 3×380 V, 50 Hz 
mains and is connected directly to it without any voltage 
regulators. When the accelerator is switched on, firstly a 
10 kVA autotransformer is used to increase high voltage 
up to a nominal value of 1100 kV. After that, the 
accelerator is re-switched to be fed directly from a power 
transformer; and the autotransformer is off. 

The accelerator is equipped with an industrial 
computer-based automatic control system. Design 
technical parameters of the «Electron-23» accelerator are 
given in Table1. 

Table1: Parameters of the «Electron-23» accelerator 
Parameter Value 
Range of accelerating voltage control, MV 0,8-1,0 
Accelerating voltage instability (excluding 
50 Hz ripples), %, not more than 

±5 

Electron beam current, mA 0-500 
Electron beam current instability, %, not 
more than 

±2 

Accelerator rated power, kW 500 
Electron beam scanning length, cm 240 
Non-uniformity of electron beam current 
linear density 10 cm from extraction foil, %, 
not more than 

±10 

Electron beam scanning frequency, Hz ≥300 
Electron beam wall-plug efficiency at 500 
kW rated  power, % 

≥90 

Annual operating time, % ≥90 

ADJUSTMENT AND TESTING RESULTS 
As already mentioned above, in the process of the 

accelerator testing it was supplied from the power 
transformer without any voltage regulator. The open-
circuit voltage in this case is 1100 kV; the leakage current 
is not more than 3 µА. When operating under load, (HV) 
depends on the load current; the load characteristic is 
shown in Fig.4. A max attained load current is 420 mA 
and it is limited by the beam extraction device; at this 
current the voltage drop is 210 kV, i.e. 19 % of its initial 
level. 

 
Note: without energy regulation 

Figure 4: Load characteristics of the accelerator. 

The accelerator operation on an industrial facility 
without voltage regulation is possible only if it operates in 
one mode, for example, when processing flue gases of 
thermal power stations. Advantages of such a solution are 
lower cost and higher efficiency. 

However, in most cases, the use of a voltage regulator 
is necessary; note that they are commercially produced 
for a power of up to 1,8 MW. 

In the process of the accelerator testing, HV rectifiers 
of SDL-130 type failed from time to time because of 
occasional breakdowns of the HV structure. After 
analyzing the mechanism of the rectifiers’ failures, a 
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protection method developed for accelerators of the ELV 
series (INP, named after Budker) was applied [6]. 
According to this method, protection chokes were 
calculated, manufactured and installed in 14 cascades 
nearest to the HV part of the rectifier. After this no more 
failures of HV rectifiers were observed. 

The beam current instability for one hour of operation 
does not exceed 1% of its preset value. No failures in the 
operation of the electron source and its power supply 
system were observed. 

The AT in the idle regime provides safe operation 
without voltage breakdowns of up to 1200 kV level. As 
the AT in this accelerator is located in stray magnetic 
fields of the HV generator, the beam passage through the 
tube and in the vicinity of it was of special interest, 
particularly with the load increasing. In the process of the 
accelerator testing with the 420 mA beam current, the 
influence of the magnetic stray fields on the beam was not 
observed. No beam current presence was also registered 
on the AT electrodes. 

In the course of the adjustment works at beam currents 
of 5-50 мА, it turned out that the beam trajectories looked 
like some curved lines instead of straight ones, and their 
shapes differed in different extraction windows. This fact 
did not allow the extraction window area to be properly 
used and hindered increasing of the electron beam 
current. Under the tests, 3 factors responsible for the 
scanned beam position distortion were found: 
• when the beam entered the scanning device not in the 

center, the beam trace in extraction windows was in 
the form of an arc. This distortion was corrected by 
placing correcting electromagnets on the electron 
guide. 

• the stray magnetic field produced by ion pumps also 
influences the electron beam trajectory. To reduce 
this influence, magnetic screens were mounted 
around the ion pumps. 

• the influence of the variable magnetic field produced 
by power current-carrying  cables on the beam 
position was observed at load currents in the HV 
generator primary windings higher than 500 A. To 
lessen this influence, each phase cables were laid in 
pairs. That allowed the beam distortion to be reduced 
by several times. 

As a result of the works performed, the width of the 
scanned beam in extraction windows was enlarged to 40 
mm, which allowed the beam current to be increased up 
to 420 mA. 

Various types of foils were tested in the beam 
extraction device. Initially we used an Al foil of the AMD 
type of 80 µ thickness and Ti foil of the VT-1 type of 50 
µ thickness. With the AMD foil, we attained the electron 
beam current close to the design value. However, because 
of low corrosion resistance and mechanical strength of Al, 
such a current can be obtained only for a short period of 
time. With the Ti foil, a beam current of up to 250 mA 

was obtained in the long-term mode at an accelerating 
voltage of 960–1100 kV. 

Under real conditions the accelerator should operate for 
a long time without foil replacement. Thus, to provide the 
500 мА beam current, one more AT with an electron 
source should be placed inside the high-pressure vessel, 
and the accelerator should also be equipped with one 
more system for the beam extraction to the using Ti foil. 

CONCLUSIONS 
Based on the results of adjustment and testing of the 

«Electron-23» HV accelerator, the following conclusions 
can be drawn: 

1. The AT can be located in parallel with the rods of 
the 3-phase transformer-rectifier magnetic core 
inside a common vessel. When shielding the AT 
with electrodes made of permalloy, the influence 
of magnetic stray fields on the beam passage 
through the AT was not observed at beam 
currents of up to 420 мА. 

2. The usage of components made of insulating 
materials with a high-resistive coating in the HV 
structure provides its necessary electric strength, 
allows us to simplify the accelerator design and 
reduce the cost of its manufacturing. Power of 
250 kW was attained on the accelerator with a 
single beam extraction device. 

3. The 500 kW power can be provided by installing 
one more AT inside the same high-pressure 
vessel and by inserting one more beam 
extraction device. It was shown that these 
measures will allow safe operation of the 
accelerator in energy-intensive industrial 
radiation processing. 
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SINGLE FREQUENCY HIGH INTENSITY HIGH ENERGY NORMAL 
CONDUCTING HADRON LINAC* 

V.V. Paramonov#, V. N. Leontiev, INR of the RAS, Moscow,                                                  
A.P. Durkin, MRTI, Moscow, A.A. Kolomiets, ITEP, Moscow                                                 

Abstract 
Considering both the beam quality and the possibility 

of practical realization, the scheme and parameters for 
400 MeV H- linac are discussed. The concepts for beam 
emittance preservation, both transverse and longitudinal, 
starting from RFQ, following with PMQ focusing DTL 
and finishing with high energy CCL part are realized. 
Several focusing schemes are analyzed for DTL and CCL 
parts. The pulse beam current is limited to the safe value 
40 mA and the average current up to 2 mA is supposed by 
Duty Factor (DF) of 5%. The operating frequency 352 
MHz for all linac parts provides the full unification for 
RF system of the whole. Expected beam parameters are 
summarized. 

INTRODUCTION 
From the beam dynamics issue the smooth continuous 

acceleration with the minimal number of simple   
transitions between linac parts is the best case. There is no 
accelerating structure for effective H- ions acceleration in 
the total energy range from ~100 keV to ~ 400 MeV and 
different structures are used in different linac parts, 
operating at different frequencies. The matching of 
longitudinal motion is rather complicated. matching for 
transverse motion is still required. It can be  strongly 
simplified [1] for the single operating frequency f0 in the 
whole linac. The scheme of proposed linac includes well 
known structures. RFQ is an inevitable part in the linac 
front end and Coupled Cell Linac (CCL) is mostly 
effective for high energy part. The mostly developed and 
effective structure for intermediate part is the Drift Tube 
Linac (DTL). The recent progress demonstrates both RFQ 
operating f0~(300-400) MHz and developed CCL for the 
same frequency range. CERN Linac4 realizes single 
frequency concept up to H- energy 160 MeV. Below 
parameters of such linac are estimated for higher output 
energy. Much more details of this consideration are given 
in [2]. All simulations for beam dynamics are performed 
by using LIDOS and TRANSIT codes [3].  

LINAC FRONT END 
For high power high energy linac the problem of 

particle losses is of primary importance. The care for 
emittance growth preservation should be paid starting 
from ion source and low energy beam transport to RFQ. 
For RFQ essential parameters are the transverse emittance 
growth and output longitudinal emittance. The output 
beam should be bunched without tails in the phase space, 

which will be transformed  further in the beam halo.  
   To have the initial beam formation, RFQ with f0=352,2 
MHz and output energy W1=3.0 MeV was estimated [2] 
assuming voltage 95.0 kV and the maximal electric field 
Esmax=1.85 Ek with the cavity length 3.65 m. For the beam 
current Ib=40 mA simulations shows transverse emittance 
growth ~10% and total longitudinal emittance as   0.914 π 
MeV⋅deg. For output beam the phase space portraits are 
shown in Fig. 1. Comparison with the recently achieved 
results for the J-PARC RFQ,  f0=324 MHz [4], and for 
SNS RFQ f0=402.5 MHz, [5] shows the accepted 
parameters as reliable and RFQ cavity construction for 
DF=5% as realistic. 

    
Figure 1: The phase space distributions of particles at the 
RFQ exit. 

MEBT1 
The transport line MEBT1 has the length ~2.31 m and 

is required for matching between RFQ and DTL, 
placement of chopper and beam diagnostic hardware. The 
line consists from eleven quads, chopper and beam 
absorber. To reduce the bunch lengthening along axis, line 
is equipped with two bunching cavities. The design 
parameters for MEBT1 elements are quite conservative 
[2]. Simulations show the transverse emittance growth as 
~30% and longitudinal one as ~6%. It id in good 
coincidence  with similar parameters in the existing linacs 
– SNS, J-PARC and Linac4. The phase space portraits for 
beam at the MEBT1 exit are shown in Fig. 2. 

                                      DTL PART 
For DTL with f0=352,2 MHz application of Permanent 

Magnet Quads (PMQ) is motivated by higher RF 
efficiency. RF parameters of DTL cells were studied [2] 
in the wide range of dimensions. To provide the higher 
RF efficiency and the safe Esmax value <1.3 Ek, one should 
start with small aperture diameter 2a and drift tube cone 
angle θ in the DTL beginning and increase it to the DTL 

 ___________________________________________  

*Work supported by IHEP Contract № 0348100096313000178 
#paramono@inr.ru                  
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end. The accepted configuration of DTL cells are shown 
in Fig. 3 for the middle cells in each DTL tank.  

  
Figure 2: The phase space distributions of particles at the 
MEBT1 exit. 

   Two competitive focusing lattices were studied finally  
– FFDD and FHDH, where H means the empty drift tube 
without PMQ. Both these schemes have similar total 
sensitivity to PMQ misalignments and provide similar 
size for beam envelope. FFDD scheme requires lower 
focusing gradient and is more easy for beam dynamics 
understanding. This scheme is realized in Linac 4 for 
DTL. FHDH scheme requires higher, but realistic 
gradient, and has twice less PMQs. This scheme has very 
attractive advantages for the linac technology. In empty 
tubes correctors and BPMs, similar to SNS DTL, can be 
placed, improving DTL flexibility for beam transport. 
Inter tanks space could be arranged more simply. But 
simulations show indications for some local degradation 
in the transverse stability in the energy range (3-10) MeV. 
Particles cross this range fast and without significant 
deterioration for beam quality, but this point requires 
additional study. Currently we base on FFDD scheme. 
 

 
 
Figure 3: The DTL cells with PMQ in drift tubes (a) and 
the temperature distribution at the surface for accelerating 
rate 2.0 MV/m, DF=6% (b). 

  
   The PMQ length is accepted as ~40 mm for the first 
DTL tank and as ~90 mm for all following tanks. The 
diameter of drift tubes is 90 mm for all tanks. The DTL 
part consists of six tanks and accelerating rate is ~ 2 
MeV/m is accepted preliminary, from costs estimation for 
accelerating structure and RF sources. The length of tanks 
L is limited either by 10λ from field stability reasons, or 
by RF power Pt~2.1 MW at the tank RF window. 

Conservative value Esmax <1.22 Ek is realized by drift 
tubes shape optimization without significant reduction in 
the shunt impedance value Ze. Main parameters for DTL 
tanks are summarized in the Table 1. Due to similar 
purposes and assumptions, very similar parameters are 
independently chosen for ESS DTL, [5]. The technology 
of construction both for DTL tanks and drift tubes with 
PMQ, for example, is described in [6]. 

Table 1: The main parameters of DTL tanks. 
 Wout, 

MeV 
Ndt 2a, 

mm 
φs, 
deg 

Pcu, 
MW 

Pt, 
MW 

L, 
m 

DTL1 18.18 65 20 -30 0.95 1.54 7.399 
DTL2 35.86 45 22 -30 0.98 1.67 8.613 
DTL3 53.47 35 24 -25 1.08 1.76 8.535 
DTL4 71.12 30 26 -25 1.27 1.95 8.513 
DTL5 88.23 26 28 -25 1.45 2.11 8.208 
DTL6 102.98 22 30 -25 1.54 2.13 7.490 
   The beam envelope growth along DTL is ~ 40% and the 
maximal beam radius 5.3 mm is at DTL exit, providing 
very good aperture/(beam size) ratio, preventing particles 
losses from beam halo, formatted  due to space charge 
forces together with hardware and tuning errors. At the 
DTL exit transverse particle distributions are shown in 
Fig. 4 and transverse emittance growth along DTL is ~ 
10%, according simulations. In longitudinal direction we 
have well formed bunch with the total phase length ~ 15 
degree and momentum spread ~0.6%.    

  
Figure 4: The transverse distributions of particles at the 
DTL exit. 

With PMQ application, DTL RF efficiency in energy 
range ~80 MeV is high enough and there are no cost 
effective reasons to develop and introduce additional 
accelerating structure between DTL and CCL. Transition 
energy to the CCL part is ~ 103 MeV. 

                MEBT2 AND CCL PART 
At transition energy ~ 103 MeV the beam lengthening  

is negligible at the length 3.04 m and MEBT2 contains 
just four EMQ with conservative gradients and beam 
diagnostic hardware.  

For f0=352.2 MHz CCL structures have much more 
weak Ze dependence on aperture radius a (in mm), as 
compared to CCL at f0~900 MHz. Comparing FODO, 
FDO and FDFO focusing with EMQ, we have selected 
FDO scheme to provide, together with CCL aperture ~ 40 
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mm, the higher transverse acceptance with realistic 
focusing gradient ~30 T/m. Due to operating frequency 
CCL  longitudinal acceptance is large by definition. 
For f0=352,2 MHz application CCL must have reasonable 
transverse dimension and just two structures look now 
acceptable – PiMS, realized in CERN Linac 4 [7], Fig. 5a 
and CDS, Fig. 5b, developed in INR. CDS has higher Ze 
value and the qualitative advantage in field stability, looks 
more labour-intensive in construction, but it is easy in RF 
tuning. Detailed PiMS and CDS comparison is in [8,2].  
 

      
Figure 5: Accelerating structures, acceptable for f0=352,2 
MHz, PiMS (a) and CDS (b).  

   CCL part has the high canal acceptance and different 
options are considered, [2]. With RF power dividing one 
klystron feds two or four CCL tanks, forming together RF 
unit. For accelerating rate ~2 MeV/m the total number of 
CCL cells in one RF unit is ~30. To reduce cost, all CCL 
cells inside one RF unit are identical. Tanks are placed so, 
that reference particle cross the tanks centres at the 
prescribed phase φs. By fitting a geometrical β of cells in 
the unit, the maximal phase slip over tanks is minimized. 
We use actively both large CCL acceptance and small 
phase length of the bunch. For further cost reduction due 
to RF system simplification, the unit with two tanks, 
containing 15 CCL cells each, is studied in more details 
and beam envelopes along CCL part are shown in Fig.6.  
   

 
Figure 6: The beam envelope in CCL. 

  The transverse emittance growth along CCL is ~40% 
and longitudinal one – at 2.5%. The CCL part consists of 
18 RF units and the total linac length this case is ~ 221 m.    

                                  RF SOURCES 
The most appropriate RF source for designed linac is 

the klystron TH2179, [10], accepted also for CERN Linac 
4. With the combination of pulse RF power 2.8 MW and 
average power 210 kW is allows operation with DF 
=7.5%  and high efficiency 55%. Having the designed RF 
pulse length τ=1.5 ms, this klystron was tested for ESS 
DTL with τ>2.3 ms. Another required RF hardware, 

listed in [2], is already developed and tested in CERN 
Linac 4.  

                             BEAM POWER 
  In present hadron linacs Ib is restricted with safe and 

realistic value ~(40-50) mA. Required beam power is by 
DF increasing. With high heat load for structure, the 
special care should be to thermal deformations. For DTL 
and CCL cells thermal effects were studied, [2,8], for 
DF=6% operation. The temperature distributions for DTL 
cells are shown in Fig. 3b. The operating frequency shift 
~-60 kHz will be compensated by fast movable tuners in 
DTL and CCL tanks. It is more fast and precise method to 
control frequency for high heat load, when cooling water 
just remove heat from cavity. Operation with DF=5% is 
not unique. Operating SNS linac has DF=6%. For J-
PARC linac, operating now with DF=3%, structures are 
designed to withstand with DF=15%, and for CERN 
Linac4 – with DF=10%.       

CONCLUSION 
The single frequency solution for  the high power high 

energy hadron linac results in the comfortable conditions 
for beam dynamics  with sufficient reserve. High beam 
quality allows optimal solutions and safe regimes for 
hardware operation. Unified RF system is cost effective  
in  design, construction and maintenance. Required 
parameters for all linac parts are confirmed in the world 
wide practice. It is promising and cost effective direction 
for development and construction of such type normal 
conducting linacs. 
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ECR ION SOURCES 
To satisfy the HVP power consumption requirements, 

the electrical power of every ECR ion source has to be 
less than 10 kW. At that, the first ECR ion source has to 
produce high intensities (15÷20 pµА) of ions with 
medium masses (for example, 48Са7+,8+), the second one 
has to produce the high charged heavy ions, such as 
238U39+,40+. Therefore we will create two types of ECR ion 
sources: the DECRIS-PM source with permanent magnets 
[7] and the DECRIS-SC superconducting one [8]. 

 
Figure 2: The scheme of the axial injection channel, front 
view and view from above.  

Where: ECR- DECRIS-PM or DECRIS-SC are the ion sources; 
IM90 is the analysing magnet; IB90 is the bender; IEL1, IEL2 
are the Einzel lenses; IS0,IS1,IS2,IS3 are the focusing solenoids; 
IAT is the accelerating tube; ICM0÷ICM3 are the steering 
magnets; IPP is the pepper-pot; ICP is the beam chopper; 
IDB1÷IDB3 are the diagnostic boxes; IBN is the polyharmonic 
buncher; IGV0, IGV1, IGV2 are the vacuum gate valves. 

BEAM TRANSPORT AND FOCUSING 
The scheme of the axial injection channel is shown in 

Figure 2 (only the HVP N1). The ion beam will be 
extracted from ECR with the energy of  25 keV/Z. After 
extraction the ion beam will be focused by the IEL1 

Einzel lens and by the IS0 solenoid to the IM90 analysing 
magnet input. The ion charge spectrum will be analyzed 
by means of magnetic field variation in the IM90 and by 
the IS0 with measuring the ion current by Faraday cup 
(FC) in the IDB1 diagnostic box. After analyzing and 
separation the ion beam will be focused by IEL2 Einzel 
lens at the input of the IAT acceleration tube (NEC 
2JA000260). The ion energy can reach 100 keV/Z after 
acceleration. Increasing the ion energy allows us to 
decrease of the ion beam emittance and space charge 
influence [9]. After the IAT the ion beam is matched with 
the acceptance of the IB90 electrostatic deflector (bender) 
with help of the IS1 solenoid. The IB90 bends the ion 
beam in the vertical direction to the cyclotron center. 
After the IB90, the ion beam longitudinal density will be 
modulated by the IBN polyharmonic buncher. Two 
solenoids (IS2, IS3) will match the ion beam emittance 
with the acceptance of the spiral inflector, which will turn 
the beam to the cyclotron median plane. 

In our numerical calculations we supposed that 
compensation of the full space charge (by slow electrons 
accumulated in a beam) is absent in the channel parts with 
electrostatic elements, such as: the Einzel lenses, the 
IB90, the IAT, and also after the IBN. The calculation 
was carried out for 48Ca8+ ion beam with the injection 
energy of 80 keV/Z (Fig. 3). The results show that this 
acceleration allows us to decrease the ion beam emittance 
in about 1.5 times. (Fig. 4) The calculated efficiency of 
the ion transport from the ECR to the DC-280 median 
plane is equal to 100%. 

Of cause, the real transport efficiency will depend on 
many reasons: real value of the space charge 
compensation in the low energy part (it can be less than 
60% so far as it depends on the beam parameters and 
vacuum conditions [10]), quality of the IM90, the IB90 
and the inflector. To improve quality of the elements the 
special calculations have been carried out, including 3-D 
calculation [11], [12]. 

POLYHARMONIC BUNCHER 
To increase the accelerating efficiency the 

polyharmonic buncher IBN will be installed in the 
vertical part of the channel at the distance of 388 cm from 
the cyclotron median plane. A prototype of the buncher 
could be the multiple cavity buncher [13].  The buncher 
consists of drift tube having the  diameter of 5 cm at  the 
length of βλ/2=7.8 cm and harmonic grids. The RF 
voltage is applied to the tube with the frequency equal to 
the cyclotron accelerating one (first harmonic, 
f=7.32÷10.38 MHz). Two thin tungsten grids are installed 
at the edges of the drift tube.  Harmonic grids (for the 
second and the third harmonics) are situated before and 
after the drift tube. Two grounded grids are installed in 
the gaps to exclude interference between the tube and the 
harmonic grids,. All the grids have spacing of 0.8 cm. The 
numerical simulation has shown that longitudinal beam 
density will be increased in 8÷10 times. 

 

THPSC08 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

334C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 High intensity accelerators



Figure 4: Be
decreased in 

The beam
IDB1÷IDB3 
luminophors 
profile mon
about 10 tim
modulation b
pepper-pot. I
intensity bea

The syste
turbopumps 
installed at H
be installed a
about (4÷6)⋅
for 48Ca7+,12+ 

The projec
cyclotron ha
injection has
intensities m

 
[1] G.Gulbe

Accelerat
Cyclotron
Spain, W

[2] Yu.Ts. 
Cyclotro
Gyeongj

[3]  Gikal B.
DC-110 

ehaviour of th
about 1.5 tim

DIAGNOS
m diagnostics 

will consist 
with TV ca

nitoring. Decr
mes can be 
by the ICP b
It is necessary

am in the DC-2

VACUU
m is zoned 
(total pumpin

HVP and four
at GP. The ex
10-8 mbar to 
and of 10÷15

CONC
ct of the HV 
as been crea
s to provide t

more than 10 pµ

REFE

ekyan et al. “D
tor Comple[x in
n Project”  in P

WEPS082, p. 27
Oganessian et

on at the FLN
ju, Korea, p.52÷
.N. et al.  “Dev

Heavy Ion C

Figure 

he emittance o
mes after accele

STIC SYST
placed in t

of the FC, sl
ameras for be
reasing the b
made by me

beam chopper
y to measure p
280 extraction

UM SYSTE
on HVP and

ng speed of GΣ

r turbopumps 
xpected averag
provide the io

5% for 238U40+

CLUSION 
axial injectio

ated at the F
the DC-280 w
µA for A/Z=4

ERENCES 

Development of F
n the Next 7 

Proc. of  IPAC2
702, (2011). 
t al. “Status r

NR JINR” in P
÷54 (2014). 

velopment, Crea
Cyclotron Com

3: 48Ca8+ ion t

of 48Ca8+ ion
eration to 80 k

TEM 
the special b
lit collimators
eam intensity
beam intensit
eans of the 
, or using the
parameters of
n channels. 

M 
d GP parts. 
Σ=2720 l/s) w
(GΣ=1880 l/s)
ge vacuum w
on losses of 2
. 

on for the DC
FLNR JINR.
with the ion b
4÷7.5. 

FLNR JINR Heav
Years. New D

2011, San Seba

report of the 
Proc. of APAC

ation and Start-
mplex for Indu

trajectories alo

beam along 
keV/Z. The IA

boxes 
s and 
y and 
ty in 
beam 
e IPP 
f high 

Four 
will be 

) will 
will be 
2÷4% 

C-280 
The 

beam 

vy Ion 
DC-280 
astián, 

U400 
C2004, 

-Up of 
ustrial 

[4] 

[5] 

[6] 

[7]

[8]

[9]

[10] 

[11]

[12]

[13]

ong the inject

the injection 
AT was situate

Production of 
No. 2(186). pp
C.Barue “The
C01 PFI1 pr
accelerators
http://hal.in2p
1.pdf 
“High Volta
PANTECH-N
http://www.pa
platform 
L.T. Sun, J.Y
State All-Perm
HV Platform
MOCO-B05, p
V.Bekhterev, 
“Development
PM ion sourc
Russia  (2014)
S.Bogomolov 
Sources at FL
Petersburg, Ru
Yu. Ts. Ogan
Axial Injectio
October 4-9, p
D.Winklehne

Measurements
coupled cyclo
Conf., Vancou
I.Ivanenko, N
Extraction S
Proceedings, R

 I.Ivanenko "T
the Centre of 
Workshop on 
30 June÷4 July
E.A. Wadl
Optimization”
Vol. NS-280, 

ion line. 

line. The ion
ed at 370 cm f

f Track Membra
p. 233÷253 (20
e new high-vol
roject” Technic

2003÷2004, G
p3.fr/docs/00/03

age Platform 
NIK S.A.,
antechnik.com/ 

Y. Li, Y.C. Fen
manent Magnet
” Proc. of EC
pp.23÷26 (2008

S.Bogomolo
t of the magne
ce”, Proc. of E
). 

el al.” Resen
LNR JINR” P
ussia, pp. 203÷2
nessian et al.“ 
on System”, Pr
pp. 261÷262 (20
e et al. ”Sp
s in the inject

otron facility”, 
uver, Canada, p
N.Kazarinov “
Systems of 
RuPAC-2014, O
The Beam Vert
f Isochronous C

Beam Dynam
y, Saint Petersb
linger “Bun
”, IEEE Trans
N3, pp. 2630÷2

n beam emitta
from the ECR

anes”, Part. Nuc
14). 
ltage platform 
cal  report  o
GANIL R 05
3/14/59/PDF/GA

with ECR 
, Bayeux

#!systems/vst

g, Y. Cao “Th
t ECRIS Opera
CRIS08, Chica
8). 
ov, A.Efremo
etic system for 
ECRIS-14, Nij

nt Developmen
Proc. of RUPA
207 (2012). 
Modernization

roc. of RuPAC
004). 
pace Charge 
tor beam lines 
Proc. of  Cyclo

pp. 417÷419 (20
“Magnets of 
Cyclotron D

Obninsk, Russia
tical Focusing 
Cyclotron", Pro

mics and Optimi
burg, Russia (20
cher System
actions on Nu
2632. (1981). 

 

 
ance has been

R. 

cl., Lett. V. 11,

of the injector
on   operating
5 01, (2004).
ANIL_R_05_0

ion source”,
, France.
tc3=model-3---

he High Charge
ated on 320 kV
ago, IL USA,

ov, N.Konev
new DECRIS-
niy Novgorod,

nt in ECR Ion
AC2012, Saint-

n of the U-400
C2004, Dubna,

Compensation
of the NSCL

otrons2013 Int.
013) 

Injection and
DC280”, these

a (2014). 
at Injection on

oc. of 20th Int.
ization (BDO),
014). 

m Parameter
uclear Science,

n 

, 

r 
g  
.   

, 
. 
-

e 
V 
, 

v 
-
, 

n 
-

0 
, 

n 
L 
. 

d 
e 

n 
. 
, 

r 
, 

Proceedings of RuPAC2014, Obninsk, Russia THPSC08

05 High intensity accelerators

ISBN 978-3-95450-170-0

335 C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



THE PROJECT OF BEAM TRANSPORTATION LINES FOR THE DC-280 
CYCLOTRON AT THE FLNR JINR 

G.G.Gulbekyan, B.N.Gikal, G.N. Ivanov, I.V.Kalagin*, V.I. Kazacha, N.Yu. Kazarinov,  
M.V. Khabarov, V.N. Melnikov, N.F. Osipov, A.V. Tikhomirov, Y.G. Teterev, 
Joint Institute for Nuclear Research, FLNR, Dubna, Moscow region, Russia 

Abstract 
The project of beam lines for carrying out physical 

experiments at the DC-280 cyclotron which is being 
created at the FLNR JINR is presented. The commutating 
magnet with variable magnetic field induction up to 1.5 T 
gives us possibility to bend ion beams in five directions 
providing ion transportation through beam lines to five 
experimental setups. The beam focusing in the beam lines 
is provided by set of quadrupole lenses having the 
gradients up to 7.7 T/m. The beam lines are intended for 
the efficient ion transportation of elements from Helium 
to Uranium with the atomic mass to charge ratio in the 
range of 4-7.5 at energies from 4 up to 8 MeV/amu. The 
ion beam power will reach the value about 3 kW. The 
water cooled current aperture diaphragms will be installed 
into all beam lines to prevent the tube damage. The beam 
diagnostics consists of the Faraday caps (FC), slit 
collimators, sector aperture diaphragms and ionization 
beam profile monitors. 

 

INTRODUCTION 
DC-280 cyclotron designed at the Flerov Laboratory 

of Nuclear Reaction (JINR, Dubna) is intended for 
carrying out fundamental and applied investigations with 
ions from He to U (masses from A = 2 up to 238) 
produced by the ECR-source. The energy of the ions 
extracted from the cyclotron may vary from 4 up to 8 
MeV/amu. The main parameters of the DC-280 cyclotron 
are given in [1]. 

Utilization efficiency of the accelerator is determined 
in many respects by quality of the transportation system 
for the extracted ions. Widely branched system of the 
beam lines allows one to carry out numerous 
investigations. This work is devoted to the design of the 
beam lines for transportation of the extracted heavy ions 
from the cyclotron to physical targets. Lay-out of the 
beam lines for heavy ion transportation is shown in Fig. 1. 

 
rujinrnrmailkalagin ..@  

 

 
Figure 1: Lay-out of the beam lines for heavy ion transportation. 

Where: TM is the bending magnet (±50º), TCMH,TCMV are the horizontal and vertical steering magnets at DC-280 
extraction,ТxQy are the magnetic quadrupoles, ТxCMy are the two-plane dipole steering magnets, ТxBy are the diagnostics boxes, 
ТxSTy are the beam stoppers, ТxGVy are the vacuum gate valves (where: x is the beam line number, y is the element number). 
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Table 1. Parameters of the extracted heavy ion beams. 
Ion 
type 

B0 
Т 

W 
MeV/u 

αx βx 
cm/rad 

αy βy 
cm/rad

 

εx 
π·cm·rad 

εy 
π·cm·rad 

Dx 
cm 

D′x 

40Ar10+ 0.65 4.0 -17.82 3005.9 -0.018 2214.5 2.871 10-4 1.334 10-4 123.8 0.426 

48Ca9+ 1 5.43 -10.4 1738.0 0.222 1600.1 2.826 10-4 1.27 10-4 170.8 0.6026 
238U42+ 1.3 7.7 -6.646 1200 -0.121 814.5 2.852 10-4 1.284 10-4 196.7 0.6399 

It was also supposed that relative spread of ion 
momentums Δp/p  was equal to ±0.2% and the ion beam 
current was equal to 10 pμA. The values of the vertical 
dispersion function Dy and its derivative Dy

′ were 
considered to be equal to zero. 

In the carried out calculations one took into account 
the influence of the initial ion longitudinal momentum 
spread Δp/p [5]. For that one calculated the behavior of 
the dispersion function Dx along the beam trajectory and 
took into account contribution of the initial ion 
momentum spread to the behavior of the horizontal beam 
dimension. 

Quadrupole gradients in the beam lines were chosen 
so that the beam diameter on the target to be equal to 10 
mm and the dispersion function Dx to be close to zero. In 
the beam lines 4 and 5 the ion beam is deflected in the 
direction opposite to the beam circulation in the 
cyclotron.  

As an example of the calculation results, the 
dependences of the horizontal αx and vertical αy ion beam 
half dimensions versus the beam line length z  for the 
beam lines 1, and 2 are shown in Fig. 3 (48Ca9+) and Fig. 4 
(238U43+), where BM is the commutating magnet TM, Q1÷ 
Q7 are the quadrupoles. 
 

BEAM POSITION CORRECTION 
The system of beam position correction in the beam 

lines will consist of the horizontal and vertical steering 
magnets (TCMH, TCMV) at the cyclotron exit and two 
two-plane dipole steering magnets (TxCM1, TxCM2, 
x=1÷5) with length of 50 cm each, located after the TM. 

 
BEAM DIAGNOSTICS 

The main part of beam diagnostics will be situated in 
12 diagnostics boxes (TxBy, x=1÷5, y=1÷4). The Faraday 
caps will be placed in every diagnostics box together with 
ionization beam profile monitors (IBPM) [6] they will be 
used to measure the ion currents and to determine the ion 
beam transverse position, the beam profile and intensity 
distribution in the beam cross section.  

The slit collimators will be situated in the T0B2. They 
will be used to restrict the beam transverse distribution 
and intensity if it is necessary. 

Stationary installed four sector aperture diaphragms 
will be situated in the beam lines before and after the TM 
and at the end of every beam line (16 pieces). They will 
be used for rough estimation of the beam position in the 
beam lines and for protection of the beam line 
components from damage due to incorrect beam 
adjustment. 

Two pickup electrodes [7] will be placed into the 
beam line 0. The distance between pickups is equal to 2.4 
m. They will be used for measuring the ion beam energy. 

The beam intensity will be decreased in 10 times by 
using the beam chopper system in the DC-280 injection 
line to measure ion currents by the FC. That allows us to 
prevent damage and excessive activation of the FC. In 
routine operation the ion beam current can be controlled 
by vacuum calibrated IBPM. 

 
VACUUM SYSTEM 

The beam line will be pumped by turbo pumps with the 
pumping speed of 150 l/s installed at the diagnostic boxes 
and two turbo pumps with the pumping speed of 500 l/s 
installed at the TM vacuum chamber. The estimated 
average pressure in the beam lines is about 1·10-6 Torr, 
the vacuum beam losses will be not more than 5 %. 

 
CONCLUSION 

The project of beam lines for efficient transportation of 
heavy ion beams extracted from the DC-280 cyclotron to 
five experimental setups was designed. 
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MAGNETS OF INJECTION AND EXTRACTION SYSTEMS OF 
CYCLOTRON DC280 

N.Kazarinov#, I.Ivanenko, JINR, Dubna, Russia 

Abstract 
The design of two magnets of the cyclotron DC280 is 

presented. The magnets are the parts of injection and 
extraction systems the cyclotron. The design is based on 
three-dimensional calculation of the magnet field carried 
out by using OPERA 3D program code. The influence of 
the magnetic fields nonlinearities on ion beam dynamics 
is analyzed. 

INTRODUCTION 
The isochronous heavy-ion cyclotron DC-280 is a basic 

part of the Super Heavy Element Facility – the new 
accelerator complex of Joint Institute for Nuclear 
Research [1]. The DC-280 cyclotron will produce high-
intensity beam of accelerated ions in the range from 
helium to uranium. The maximum design value of a 
current of ion beams will be 10 pmcA and the maximum 
kinetic energy will be 8 MeV/u. 

In this report the design of two magnets IM90 and 
TM50 of SHEF is presented. The analyzing magnet IM90 
is a part of high voltage injection system of DC-280 
cyclotron [2]. The switching magnet TM50 is placed in 
extraction beam lines [3] of the facility. Depending on the 
magnitude of the magnetic field in magnet, the particles 
move on five orbits corresponding to different bending 
angles (0, ±25 and ±50 degrees) of the ion beam. The 
design is based on three-dimensional calculation of the 
magnet field carried out by using OPERA 3D program 
code [4]. The 3D computational models of the magnets 
are shown in Fig.1. 
 

 
Figure 1: 3D models of IM90 (a) and TM50 (b) magnets 

 
The 3D macro-particle beam dynamic simulation in the 

magnets was done in the curvilinear coordinates system 
connected with reference orbit, defined for computational 
field map. This simulation was carried out by using 
MCIB04 program code [5]. 

Inhomogeneities of the magnetic field distribution in 
the vicinity of the reference orbit were evaluated by 
Fourier analysis of the magnetic field map. 

The optimum value of the basic geometrical 
characteristics of the magnets influencing on the form of 
the field distribution are found. 

REFERENCE ORBITS OF THE MAGNETS 
The reference orbits of the magnets are shown in 

Fig.2,3. In the case of IM90 magnet the initial 
approximation for the angular width of the magnet pole 
(84.75 degrees) found by using the results of [6] gave a 
good agreement of the effective bending radius (497.4 
mm) and it design value (500 mm). 
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Figure 2: Reference orbit of 
IM90 magnet 

Figure 3: Reference orbits 
of TM50 magnet 

 
The magnetic fields distributions at reference orbits are 

shown in Fig. 4-6. 
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reference orbit of IM90 
magnet 

Figure 5: Bx,y field at 2 cm 
higher reference orbit of 
IM90 magnet 

 

0 50 100 150 200 250 300 350
length along orbit, cm

0

4000

8000

12000

16000

B
z,

 G
au

ss

1

2

 
Figure 6: Bz field along reference orbits of TM50 magnet 

MAGNETIC FIELD INHOMOGENEITIES 
Inhomogeneities of the magnetic field distribution in 

the vicinity of the reference orbit were evaluated by 
Fourier analysis of the magnetic field map: 

___________________________________________ 

#nyk@lnr.jinr.ru                  
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Here (r,φ) is a polar coordinates of point in the curvilinear 
system connected with reference orbit, B0 is the value of 
magnetic field in the midpoint of trajectory. 

Dependence of the amplitudes of the first b1(r,s) and 
second b2(r,s) harmonics on the length along the orbit s at 
different radii r for the magnet IM90 is shown in Fig.7,8. 
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Figure 7: Quadrupole 
b1(r,s) component of 
magnetic field of IM90 
magnet 

Figure 8: Sextupole b2(r,s) 
component of magnetic 
field of IM90 magnet 

 
The same dependencies for the magnet TM50 are 

shown in Fig.9-12. 
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Figure 9: Quadrupole 
b1(r,s) component of 
magnetic field of TM50 
magnet. Orbits 1,5 

Figure 10: Quadrupole 
b1(r,s) component of 
magnetic field of TM50 
magnet. Orbits 2,4 
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Figure 11: Sextupole 
b2(r,s) component of 
magnetic field of TM50 
magnet. Orbits1,5 

Figure 12: Sextupole b2(r,s) 
component of magnetic 
field of TM50 magnet. 
Orbits2,4 

BASIC CHARACTERISTICS OF 
MAGNETS 

In the case of IM90 magnet the optimum value of the 
basic geometrical characteristics influencing on the form 
of the field distribution are found. Selected geometric 
pole edge angle of the magnet (26.0 degrees) ensures 
symmetry of focusing on both transverse coordinates. The 

optimum value of the distance from the pole boundary to 
the magnetic screen (70 mm) reduces the effect of 
sextupole nonlinearity to an acceptable level. The growth 
of RMS emittance of the beam due to sextupole 
nonlinearity is not greater than 12.5%. The plots of the 
beam envelopes and emittance are shown in Fig.13,14. 
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Figure 13: Envelopes of the ion beam for horizontal (1) 
and vertical (2) motion 
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Figure 14: Emittances of the ion beam for horizontal (1) 
and vertical (2) motion 

 
Particle distributions in the various phase planes at the 

image point of the IM90 magnet are shown in Fig.15. 
 

 
Figure 15a: Plane 
(x,y) 

Figure 15b: 
Plane (x,x′) 

Figure 15c: Plane 
(y,y′) 

 
Using of the focusing solenoid installed at the entrance 

of the magnet significantly reduces the effect of sextupole 
nonlinearity on the dynamics of particles. In this case the 
growth of RMS emittance is not greater than 2.8%. 

In the case of TM50 magnet the actual bending angle θ 
for the orbit does not coincide with the design value φ. 
This is explained by a violation of symmetry of vertical 
magnetic field with respect to the mid-point of trajectory. 
The parameters of the orbits in TM50 magnet are 
contained in Table 1. 

Table 1. Orbits parameters 

Orbit 
number 

Design 
bending 
angle φ, 
degree 

Actual/ 
design 

bending 
radius, 

mm 

Actual/ 
design 

exit edge 
angle, 
degree 

ϕθ − , 
mrad 

1,5 ± 50 1887/1823 20.5/25 0.443 

2,4 ± 25 3699/3560 11.5/12.5 0.365 
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The envelopes of the ion beam transported through 
TM50 magnet are shown in Fig.16,17.  
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Figure 16: Horizontal (1) and vertical (2) beam envelopes 
at orbits 1,5 
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Figure 17: Horizontal (1) and vertical (2) beam envelopes 
at orbits 2,4 

 
The emittances of the beam are shown in Fig.18,19. 
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Figure 18: Horizontal (1) and vertical (2) beam 
emittances at orbits 1,5 
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Figure 19: Horizontal (1) and vertical (2) beam 
emittances at orbits 2,4 

 
RMS emittance of ion beam is increased by 3.4% for 

orbits 1,5 and 2.6% for orbits 2,4 due to sextupole 
nonlinearity of magnetic field. 

CONCLUSION 
Simulation of the dynamics of ion beams in the 

injection [2] and extraction [3] beam lines by means of 
the calculated three-dimensional maps of the magnetic 
field has shown the possibility of using the magnets IM90 
and TM50 while creating the corresponding channels. 
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Abstract 

NSLS-II - one of the latest third-generation SR sources 
- is currently under commissioning at the Brookhaven 
National Laboratory. In order to improve the operation 
efficiency in a continuous mode with maximum 
brightness, the injectors of these SR sources are operated 
continuously at the energy of up to the energy of the main 
ring (linac or synchrotron booster) [1]. The full injection 
energy allows adding electrons to the travelling electrons 
in a storage ring rather than to regulate a magnet 
system. This operating mode is often named "Top-Up". 
NSLS-II consists of a linear accelerator with the electron 
energy of up to 200 MeV, a synchrotron booster with the 
energy of 3 GeV, and a main storage ring. The status and 
review of the NSLS-II Booster vacuum system are 
presented in this paper. 

 
INTRODUCTION 

 
Since 1992, the first specialized storage rings (3rd 

generation SR sources) with a large number of straight 
sections of a sufficient length for installation of 
undulators (or wigglers) and more perfect systems of the 
storage ring parameter stabilization have been built. 

In the first specialized SR sources, electrons were 
injected into the storage ring at a low energy, then the 
energy was increased, stabilized, and experiments were 
carried out. The beam current decreased with time, SR 
intensity dropped. The cycle with energy decrease, 
electron storage and energy increase was repeated in 1-2 
hours. This was the mode of NSLS-I operation. NSLS-I 
booster was designed for acceleration of electrons from 
the energy of 120 MeV up to 700 MeV, the energy of 
storage rings was 800 MeV (vacuum ultra-violet 
spectrum) and 2.8 GeV (hard X-rays). 

For today, mostly 3rd-generation SR sources are in 
operation and under construction in the world. One of 
latest sources scheduled for starting-up in 2015 is NSLS-
II (Brookhaven National Laboratory, USA). Main 
parameters of the NSLS-II Synchrotron are presented in 
[1]. 

 
VACUUM SYSTEM DESCRIPTION 

 
The perimeter of the booster vacuum chamber is 158.4 

meters. 8 all-metal electropneumatical gate valves 
(actuation time ~ 2-3 sec) are installed in the ring for 
isolation of certain sections of the booster vacuum 

chamber. The booster consists of 4 arc sections (about 31 
m each) and 4 straight sections (8 m each). All vacuum 
chambers are made of 316 L stainless steel, with Conflat 
flanges. The vacuum chamber aperture in arc sections is 
an ellipse of 41х24 mm (molecular conductivity of the 
chamber is about 3.2 l·m/sec); and the aperture of the 
majority of the chambers in straight sections is an ellipse 
of 62х22 mm (molecular conductivity of the chamber is 
about 4 l·m/sec). After manufacturing all vacuum 
chambers were exposed to special chemical treatment to 
reduce the outgassing rate [2]. 

For smoothness of the vacuum chamber and reduction 
of electron beam losses, special transitions from elliptical 
cross-section (24x41 mm) to circular cross-section (46 
mm diameter) were produced, places for pumping were 
made from a one-piece tube with cut-out slots for 
pumping, besides, some bellows in straight sections were 
supplied with RF contacts having the shape of the 
vacuum chamber. 

Residual gas pressure after accumulation of current 
integral of an order of 1 A·h should be not worse than 1Е-
7 Torr. Vacuum is provided with Gamma Vacuum ion-
pumps (71 pieces) with pumping speed of 45 l/sec, placed 
at an average distance of 2.3 meters from each other. Two 
inverted-magnetron cold cathode gauges are installed in 
each section for vacuum measurements, and convection-
enhanced Pirani gauges (MKS) are planned for 
forevacuum measurements. Detection of residual gas 
spectrum and of micro-leaks is carried out by means of 
MKS mass-spectrometers. Fig.1 shows the arrangement 
of the main components of the booster vacuum system. 

 
RESULTS OF THE WORK 

PERFORMED 
 
A rather strong synchrotron radiation results in an 

additional radiation-induced desorption of the residual 
gas molecules from the vacuum chamber walls and can 
cause a significant mechanical stress in vacuum chamber 
due to a non-uniform heating. 

Despite a pulse operation mode of the booster (SR 
intensity duty ratio is 1/7 at a 2Hz repetition frequency), 
gas desorption under the influence of photons on vacuum 
chamber walls will exceed thermal desorption. 

A relatively low SR power (maximum power is 44 
W/m in BD bending magnets) does not require any 
special radiation absorbers. However, such radiation can 
cause mechanical stresses in vacuum chamber. 
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As it was found, synchrotron radiation power density 
on the vacuum chamber wall is about 44 W/m, this results 
in a non-uniform heating of the chamber in places of SR 
direct effect by 60 degrees Celsius (calculated Δ� = 62 ° 
C). 

 
Figure 1: Layout of  the NSLS-II booster vacuum system. 

 
Heating of a narrow strip of the chamber (≈ 1 mm) 

causes mechanical stress of the chamber of about 114.5 
MPa at permissible value of no more than 150 MPa that is 
a reliable safety factor. 

 
BOOSTER COMMISSIONING 

 
To the commissioning of the booster the whole vacuum 

system was assembled, leak-checked and was under 
vacuum. A residual gas pressure level in each section 
before commissioning of the booster is represented in 
Fig.2. In December, 2013 commissioning of the booster 
was started and, two days after, the first electron beams 
were obtained. The maximum electron energy (3 GeV) 
was successfully achieved in a month after start of the 
commissioning. The SR-induced dynamic pressure after 
the beginning of operation with electrons at a 3GeV  
energy is shown in Fig. 3. 

 

 
Figure 2: Residual gas pressure level in each section 
without a beam. 

 

 
Figure 3: Residual gas pressure level in each section with 
a beam. 

 
Table 1 gives a comparative analysis between the 

calculation and the experimental data. Some 
discrepancies in the experimental data and calculations 
are caused by the fact that, at calculations, the average 
vacuum in the whole section is considered, while the 
experimental data can be obtained only with indications 
of the pressure gauges placed at the points of connection 
of ion pumps. 

Theoretical forecasting of the vacuum level for arc 
sections at the locations of pumping ports agrees with the 
data obtained at the accelerator, but for the straight 
sections this statement strongly depends on location of the 
pressure gauge as, with distance from the radiation 
source, the quantity of the photons causing additional 
outgassing reduces linearly. 
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Table 1. Comparative analysis between the calculation and the experimental data. Pressure (Torr) 
 Arc section Diagnostics Extraction Injection 
Without beam 2.5E-8  3.7E-8  2.8E-8  3.8Е-8  Calculation 

(average) With beam  4Е-8 at  1.4 Ah 5.6Е-8 at 1.4 Ah 5.8Е-8 at 1.4 Ah 4.9Е-8 at 1.4 Ah 
Without beam 9E-10 1.7E-9 Torr 2E-9 Torr 3.5E-9 Torr Experiment With beam 1E-8  1.3E-8  1.3E-8  1.7E-8  
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EFFECT OF THE VERTICAL VELOCITY COMPONENT ON
PROPERTIES OF SYNCHROTRON RADIATION

Abstract
This subject determines more precisely characteristics of

synchrotron radiation when the charge particle moves on
the spiral in physical devices and a space. For this purpose
the Bessel functions of a high order are approximated to
within the second approach. It is discussed that the verti-
cal component of velocity in alternating magnetic fields of
accelerators significantly changes the spectral and angular
distributions of the radiation intensity.

Theory of synchrotron radiation when the electron has a
spiral trajectory considered by many authors (see, for ex-
ample, [1]). In this paper we find a more accurate syn-
chrotron radiation formulas for the spiral and circular mo-
tiom of electron in a constant and homogeneous magnetic
field. For this purpose, first of all we define the asymptotic
representation of the Bessel functions. Previously, several
asymptotic expressions for the Bessel functions with large
index were obtained [1] - [3]. Based on these methods we
have extended the calculations up to the second order of
accuracy [4].

However, we can take the integral representation of the
Bessel functions

Jν(y) =
1
2π

∫ π

−π

eiνϕ−iy sin ϕdϕ.

When the circular motion, it will y = νβ sin θ, where β =
v/c (v is the electron velocity) and θ is the spherical angle
of radiation. Following Schwinger [5], we assume ϕ as a
small parameter because the radiation is removed from the
small part of the orbit in a certain direction.

To study the problem with a spiral trajectory there is a
need to replace β by

β0 =
√

(β2 − β2
3)/(1 − β2

3)

and sin θ by

sin θ0 = (
√

1 − β2
3 sin θ)/(1 − β3 cos θ);

cβ3 here is the velocity component along the magnetic
field. Thus, we have

Jν(νβ0 sin θ0) =
1
2π

∫ π

−π

eiν(ϕ−β0 sin θ0 sin ϕ)dϕ.

Expanding the right-hand side in terms of ϕ and introduc-
ing a new variable as ϕ = pt, where

p = 3
√

6/(νβ0 sin θ0) · t,

we get

Jν(νβ0 sin θ0) =
p

2π

∫ ∞

−∞
dtei(xt+t3)[1 − i

ν

120
(
6
ν

)5/3t5]

with x = p(1 − β0 sin θ0)ν. Here the integral limits were
extended to infinity because ϕ is small.

Then we use the following expressions:
∫ ∞

0

cos(t3 + xt)dt =
√
x

3
K1/3(x1),

∫ ∞

0

t5 sin(t3+xt)dt =
x3

27
√

3
K2/3(x1)− 4

27
x3/2K1/3(x1),

where x1 = 2(x/3)3/2. In the first equality we took into
account the terms of order

ε = 1 − β2
0 sin2 θ0.

Finally for asymptotics of the Bessel function and its
derivative, we obtain

Jν(νβ0 sin θ0) ≈
√
ε

π
√

3
[K1/3 +

1
10
ε(K1/3 − 2μK2/3)],

(1)

J ′
ν(νβ0 sin θ0) ≈ ε

π
√

3
[K2/3+

1
5
ε(2K2/3−(

1
μ

+μ)K1/3],

(2)
where μ = νε3/2 and μ/3 is an argument of functions Ki.
The neglected terms are of the order ε with respect to the
main term.

Formulas for spectral and angular distributions in the
case of the spiral motion we can get a direct calculation
or by the Lorentz transformations. Then for the compo-
nents of the linear polarization of the radiation intensity(in
the orbital plane and perpendicular to it, respectively) we
get

dWσ(ν, θ0) = W1β
2
0J

′2
ν (β0ν sin θ0) sin θ0dθ0, (3)

dWπ(ν, θ0) = W1 cot2 θ0J2
ν (β0ν sin θ0) sin θ0dθ0, (4)

where

W1=
3
2
W0ν

2ε0(1+β3 cos θ0),W0 =
2
3
e40H

2

m2
0c

3
, ε0 = 1−β2

0 .

Radiation frequency ω will be

e0H

mc
· ν

1 − β3 cos θ0
,

whereH is the magnetic field strength. Using asymptotics,
right-hand sides of (3) and (4) can be written as

1
3π2

W1β
2
0ε

2K2
2/3[1+

2
5
ε(2−(

1
μ

+μ)K1/3/K2/3)] sin θ0dθ0,

(5)
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1
3π2

W1 cot2 θ0εK2
1/3[1+

1
5
ε(1−2μK1/3/K2/3)] sin θ0dθ0.

(6)
We note that at a fixed frequency in (4) and (6) π - com-
ponent is equal to zero when θ = π/2. At this angle σ -
component has a maximum. Integrating these expressions
over angle θ0 we obtain spectral formulas

Wσ(ν) = W2[
∫ ∞

y

K5/3(x)dx+K2/3(y)− 1
20
ε0(7K2/3(y)

+(16μ0 +
11
μ0

)K1/3(y) + 5
∫ ∞

y

K1/3(x)dx)],

Wπ(ν) = W2[
∫ ∞

y

K5/3(x)dx−K2/3(y)+
1
20
ε0(7K2/3(y)

+
3
μ0
K1/3(y) − 15

∫ ∞

y

K1/3(x)dx)],

where

W2 =
√

3
4π

W0νε
2
0, y =

2
3
μ0, μ0 = νε

3/2
0 .

It is clear that small corrections to the known formulas are
proportional ε0.

Then we take into account that at high ν the change of
radiation frequency almost continuously. It gives us the op-
portunity to perform integration in the last formulas. Thus,
we find the radiation intensities for components of linear
polarization

Wσ =
7
8
W0

1
ε0

(1 − 8
7
ε0), Wπ =

1
8
W0

1
ε0
. (7)

Summing (7) we obtain total intensity

W =
2
3
e20H

2

m2
0c

3

β2 − β2
3

1 − β2
. (8)

Found formulas apply also for the electron motion in a cir-
cle with a relativistic velocity if instead of β0 and sin θ0
take β and sin θ, respectively; in addition, it is necessary
to put β3 = 0. In this case, the important spectral formula
applicable for accelerators becomes

W (ν) =
√

3
2π

W0
ν

γ4
{
∫ ∞

y1

K5/3(x)dx−

1
γ2

[
1
5
(
2ν
γ3

+
γ3

ν
)K1/3(y1) − 1

2

∫ ∞

y1

K1/3(x)dx]},

where lorentz-factor γ = 1/
√

1 − β2, y1 = (2ν)/(3γ3).
In the case of electron motion in a spiral requires special

consideration of the use of the asymptotics (1) and (2).
First of all it is necessary that β3 � β; if β3 is close to
β, it will be produced only basic tone and the integration
over a quasi-continuous spectrum is meaningless. On the
other hand, the asymptotics with corrections for the spiral
motion can be used in the case when β3 > ε0; for β3 < ε0
terms in the spectral and angular distributions, which are

proportional to ε20β
2
3 , will be less than the rejected terms

proportional to ε40. For β3 < ε0 is necessary to restrict the
asymptotics for circular motion.

We now turn to an alternating magnetic fields of accel-
erators and storage rings. For example, in the case of an
axially symmetric magnetic field we have a simple solution
for the vertical oscillations of the form

z = B cos(
√
nω0t+ δ),

where B is the amplitude of oscillations, δ is the ini-
tial phase, n is the field gradient, frequency ω0 =
(e0H)/(mc). Study the problem of radiation has led to
the fact that along with parameter cos θ should be consid-
ered a derivative of the vertical movement, which defines
the tangent of sloping angle. We must bear in mind new
value

vz/c|t=0 = α · cos δ, α =
√
nB/R.

In the corresponding formulas it is necessary to carry out
averaging over phase δ.

By this we take into account the scatter of the particle
beam during the injection and difference of electron am-
plitudes in the cross section. Vertical betatron oscillations
change the behavior of spectral and angular curves [6]. In-
tensity of π - component in the orbital plane is not equal to
zero; maximum of σ - component decreases.

Quantity α varies for different machines. For storage
rings, as is known,

z =

√
βzAz

π
cos(

∫
ds

βz
+ δ),

where Az is the emittance, βz is the betatron function. In
this case we have [7]

α =

√
Az

π
[

1√
βz

√
1 + (

1
2
dβz

ds
)2]ϕ=0.

Here the azimuth angle is fixed at the point where the radi-
ation is emitted; the derivative is found as the ratio of the
legs of the triangle.
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HORIZONTAL EMITTANCE REGULATION AT SIBERIA-2 

A.G.Valentinov, V.N.Korchuganov, Yu.V.Krylov, Yu.L.Yupinov, NRC Kurchatov Institute, 
Moscow, Russia

Abstract 
Synchrotron radiation (SR) brightness is the most 

valuable parameter of every SR light source. It depends 
greatly on horizontal emittance of an electron beam. 
That’s why all modern SR light sources have designed 
emittance of several nanometers. A horizontal emittance 
of SIBERIA-2 now equals to 98 nm [1]. It can be 
decreased by two ways. First way is to find another 
working point (betatron tunes) with lower emittance. 
Maximal possible current values of existing power 
supplies must be taken into account. Injection efficiency 
may become worse because of smaller dynamic aperture 
(DA) due to stronger sextupoles. Second way is to rebuild 
magnetic structure keeping the same betatron tunes. 
Advantages of this method are good injection efficiency 
and proved energy ramping process. Modification of the 
magnetic structure may be done at high energy with more 
stable electron beam. But the second way is not allowed 
to reach as lower emittance level as in the first way. 

Theoretical and practical aspects of these two ways are 
described in the report. Magnetic structures with 
dispersion-free straight sections and smooth horizontal 
dispersion function are presented. Also structure with 
higher emittance is described in order to reach higher 
injection efficiency. 

INTRODUCTION 
Brightness of synchrotron radiation from dedicated SR 

sources depends strongly on horizontal emittance �X of an 
electron beam. Modern 3rd generation storage rings have 
�X value of about several nanometers. Today SIBERIA-2 
storage ring operates with �X = 98 nm at 2.5 GeV, so 
minimization of its value is very actual. 

It may be performed by two ways. First way is to find 
new working point and to change magnetic structure at 
injection energy 0.45 GeV. Limitations imposed by power 
supplies (after energy ramping) must be taken into 
account in this case. Another problem is smaller DA in 
structures with smaller emittance, so injection efficiency 
may be decreased. Second way to minimize �X consists in 
reorganization of magnetic structure in old working point 
at 2.5 GeV after energy ramping. Established processes of 
injection and energy ramping are advantages of this way. 
Adjustment of magnetic structure takes place at high 
energy where stability of electron beam is much higher. 
But resulting emittance in the second way cannot be so 
small like in the first one. 

NEW WORKING POINTS 
εX minimization leads to stronger focusing, natural 

chromaticity growth and as a consequence stronger 
sextupoles for chromaticity compensation. Nonlinear 
magnetic fields in sextupole lenses excite resonances 

which restrict DA. It leads to lower injection efficiency, 
lower beam lifetime, beam losses during energy ramping. 
For these reasons magnetic structure in new working 
points must keep (or improve) machine parameters: 
injection rate, high stored current, small energy ramping 
time etc. 

SIBERIA-2 structure contains 6 families of 
quadrupoles (see Fig.1). Lenses F1 and D1 create 
achromatic bend, F2 determines betatron functions 
behavior in bending magnets, other lenses in dispersion-
free straight section define values of betatron tunes. 
Sextupoles for chromaticity correction are situated near 
F1 and D1 quadrupoles. Injection takes place in 
horizontal plane from inner part of the ring right before 
F1. Betatron tunes usually equal to Qx = 7.77, Qz = 6.70.  

 

Figure 1: Betatron functions on one-half of the SIBERIA-
2 cell (10.34 m = 1/12 of ring circumference). F, D – 
quadrupoles, М – bending magnets, S – sextupoles. 

New magnetic structure may contain achromatic bend 
or not. 

Magnetic Structure with Achromatic Bend 
In this case gradients of F1 and D1 must correlate to 

keep achromatic bend, so emittance is strongly depends 
on F2 gradient. εX minimum value corresponds to F2 
gradient 3.6 m-2 instead of 2.8 m-2 in present structure. 
New structure has betatron tunes Qx = 7.85, Qz = 3.79 and 
εX = 66 nm (all calculations were made by code 
OPTICK). DA calculations for injection point 
demonstrate reduction of available aperture from Ах = 27 
mm (present structure, horizontal plane, ±40 mm physical 
aperture) to Ах = 19 mm in the new structure. We tried to 
inject beam into this structure and discovered two times 
less injection efficiency than in the old structure. As one 
can see later, this working point have not great 
advantages in comparison with present one. General 
properties of the structure are presented in Table 1. 
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Magnetic Structure without Achromatic Bend 
There are fewer limitations for quadrupole gradients in 

this case. Smaller �X may be achieved because of optimal 
behavior of the betatron functions in bending magnets. 
Maximum possible power of quadrupoles and sextupoles 
must be taken into account. Magnetic structure with �X = 
17 nm and betatron tunes Qx = 9.71, Qz = 5.62 was 
discovered (Fig.2). But phase conditions near injection 
point are disturbed and normal injection is impossible 
without serious transformation of the injection system. 
Dynamic aperture is much less than in the previous 
structure. Also it is worth noting that this structure is not 
suitable for high-field wigglers. 

 General parameters of new SIBERIA-2 structures at 
2.5 GeV are presented in Table 1. 
Table 1: SIBERIA-2 parameters for old and new magnetic 
structures 

Structure: Present 
New, with 
achromatic 
bend 

New, no 
achromatic 
bend 

Betatron 
tunes, Qx, Qz 

7.77, 
6.70 

7.85,  
3.79 

9.71,  
5.62 

Natural 
chromaticities, 
ξx, ξ z 

-17.7 
-12.9 

-15.5 
-11.6 

-21.4 
-19.7 

Horizontal 
emittance, nm 

98 66 17 

βx, βz  at 
injection 
point, m 

12.1 
6.2 

12.1 
6.0 

12.9 
6.7 

ηx at injection 
point, m 

1.13 0.82 0.54 

Momentum 
compaction 

0.0104 0.0083 0.00424 

Horizontal 
DA at 
injection 
point, mm 

27 19 14 

 

Figure 2: SIBERIA-2 betatron functions in the case of 
distributed dispersion. F, D – quadrupoles, М – bending 
magnets. 

PRESENT WORKING POINT 
In this case emittance decreasing procedure looks 

completely different. Advantages of this method are 
stable processes of beam storing at 0.45 GeV and energy 
ramping up to 2.5 GeV with minimal losses of the beam 
(2-3%). Structure adjustment takes place at high energy 
where betatron and synchrotron oscillations’ damping is 
much stronger. 

Magnetic Structure with Achromatic Bend 
Horizontal emittance in this situation strongly depends 

on F2 gradient, like in new working point. Minimum �X 

value of 72 nm is achieved when F2 gradient is equal to 
3.6 �-2. Optical functions demonstrate behavior similar to 
Fig.1, excluding smaller dispersion function. General 
parameters of the structure are presented in Table 2. 
Structure readjustment experiments were successfully 
made. Adjustment time was about 1 minute, no beam 
losses are observed. Beam lifetime was 15% less than in 
initial structure because of smaller dynamic aperture. 

Magnetic Structure without Achromatic Bend 
�X value of 41 nm can be achieved for structure with 

distributed dispersion in present working point. 
Adjustment time was also 1 minute without beam losses. 
Beam lifetime was 30% less in this case. Structure 
parameters are presented in Table 2. 

Magnetic Structure Enlarged Emittance 
Magnetic structure with enlarged emittance value up to 

135 nm (for 2.5 GeV) was also tested at injection energy. 
Record injection efficiency of about 90% was achieved 
after correction of closed orbit distortions and 
chromaticity. Beam storing process takes less time 
because of weaker sextupoles and large dynamic aperture 
(see Table 2). 

Such strategy can be applied to other working points. If 
low injection efficiency is observed one can find structure 
with enlarged emittance for given working point and use 
it at injection energy. After beam storing and energy 
ramping it will be possible to decrease emittance to 
minimum possible value. For example, magnetic structure 
with �X = 17 nm may be used now only this way. 

CONCLUSIONS 
Different methods of the horizontal emittance 

decreasing at SIBERIA-2 storage ring are described. New 
magnetic structures for different working points were 
studied theoretically. Opportunities of the readjustment of 
SIBERIA-2 magnetic structure were tested 
experimentally at 2.5 GeV for present working point. 
Injection into new structure with decreased emittance and 
new working point was received. Possibility to improve 
injection efficiency for the structure with enlarged 
horizontal emittance was demonstrated. 
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Table 2: Different SIBERIA-2 structures’ parameters for 
old working point Qx = 7.77, Qz = 6.70 at 2.5 GeV. 

Structure: 

Decreased 
emittance, 
achromatic 
bend 

Decreased 
emittance, 
without 
achromatic 
bend 

Enlarged 
emittance, 
achromatic 
bend 

Natural 
chromaticities, 
ξx, ξ z 

-21.8 
-15.6 

-16.6 
-12.3 

-14.4 
-11.5 

Horizontal 
emittance, nm 

68 41 135 

βx, βz  at 
injection 
point, m 

14.7 
5.7 

15.1 
5.1 

11.7 
4.1 

ηx at injection 
point, m 

0.81 0.62 1.36 

Momentum 
compaction 

0.0083 0.0081 0.0119 

Horizontal 
DA at 
injection 
point, mm 

20 21 30 

REFERENCES 
 [1] V.Korchuganov, M.Blokhov, M.Kovalchuk et al. 

“The status of the Kurchatov center of SR”, Nuclear 
Instruments and Methods, A 543 (2005) pp. 14-18. 
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ELECTRON EMISSION AND TRAPPING IN NON-UNIFORM FIELDS OF 
MAGNET STRUCTURE AND INSERTION DEVICES AT SR SOURCE 

SIBERIA-2 

V.N. Korchuganov, V.I. Moiseev, N.V. Smolyakov, NRC KI, Moscow, Russian Federation 

Abstract 
In vacuum chamber of SR source, scattered photons 

provide high intensity flows of photo emitted electrons 
along the magnetic field lines. The unperturbed electrons 
reach the opposite walls. The relativistic bunches 
influence the trajectories of low energy electrons. These 
electrons can be trapped by non-uniform magnetic field. 
The low energy electron distributions change the 
operating settings of the storage ring. For Siberia-2 case, 
the low energy electrons are evaluated both in quadrupole 
lenses and in superconducting wiggler on 7.5 T field. The 
qualitative description of the trapped electrons behaviour 
was developed. In calculations, the analytical solution 
was obtained and used for estimations of single impact of 
relativistic bunch. 

INTRODUCTION 
The electron storage ring Siberia - 2 is 124 m in length 

with electron beam energies from 450 Mev up to 2.5 Gev. 
Beam life time is about 20 -30 hours in regular mode at 
the electron beam currents above 100 mA. Siberia-2 
storage ring is equipped with a superconducting wiggler 
with magnetic field up to 7.5 Tesla.  

This study is initiated by ultrasound measurements at 
walls of the Syberia-2 vacuum chamber [1]. Ultrasound 
signals increase with the beam current but appear only if 
the beam current exceeds some threshold. In this report, 
an analytical approach is developed for describing 
trapping and storage of the low energy secondary particles 
in spatially non-uniform magnetic fields.  

In adiabatic approximation, the low energy particle can 
be considered as a small magnetic dipole with invariant 
momentum magnitude and oppositely directed to the 
external magnetic field. Particles oscillate along the 
magnetic field lines. Relativistic electron beam bunches 
circularly move in the storage ring. They periodically kick 
the secondary electrons by its electric field. Being 
strongly kicked, the secondary electrons move towards 
storage ring vacuum chamber. We have derived here the 
analytic expression for transversal component of the 
secondary electron momentum, which they acquire due to 
electromagnetic interaction with the electron beam bunch.  

LOW ENERGY PARTICLES IN SLOW 
VARYING SPATIALLY NON UNIFORM 

MAGNETIC FIELDS 
In uniform magnetic fields, particle trajectories are the 

regular spirals consisting of the circular transverse motion 
and the longitudinal motion along the magnetic field line. 
The transverse motion parameters are illustrated in Table 
1 for electrons with 1 eV kinetic energy.  
Table 1: Transvers motion parameters for 1 eV electrons 
Field, T 0.01 0.1 1 
Radius, mm 0.34 0.034 0.0034 
Frequency, GHz 0.28 2.8 28 

Adiabatic Approximation 
In spatially non-uniform slowly varying magnetic field, 

the equations of particle motion can be averaged over the 
transverse circular motion of the particles (adiabatic 
approximation [2]). This approximation provides good 
results if the transverse trajectory radii are much smaller 
the radii of magnetic lines curvature. Time averaging 
procedure is illustrated at Fig.1. Spatial variation of 
magnetic field B

r
 initiates the normal field component 

nB  which relates the transverse to longitudinal motions: 

∫= dlB
r

qV
dt
dvm nπ2

,        ∫−= dlB
r

qv
dt
dVm nπ2

. 

These equations can be transformed to  

    
ds
dB

B
vV

dt
dv

2
= ,      

ds
dB

B
v

dt
dV

2

2
−= .  (1) 

Directional derivative 
ds
dB

 is the magnetic field gradient 

along the magnetic field line. In mentioned above 
transformations, resulted from Maxwell equation 

0=Bdiv  relation 2r
ds
dBdlBn π=∫  is used. 

 
 
 
 
 
 
 
 
 
 
Figure 1: Sketch of an electron motion in magnetic field.  
 
Two values are conserved in adiabatic approximation (1):  

constVv =+ 22 ,         constBv =2 .  (2) 

Low Energy Particles in Quadrupole Plane field 
The magnetic field may be considered as a planar one 

in the vicinity of the quadrupole lens centre, see Fig. 2.  

r
B
r

 

V
r

 

v
nB

 ___________________________________________  

*This work was partially supported by the Russian Federation program 
“Physics with Accelerators and Reactors in West Europe (except 
CERN)” and by grant of the Russian Ministry of Education and Science
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Figure 2: Particle motion in quadrupole magnetic field. 

In Cartesian coordinate system ),,( ζξ y , planar field B  
can be described as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= ζξ

w

w

w

w
a
B

a
BB ,0, , 

where wa  is the radius of the vacuum chamber and wB  is 
the magnetic field magnitude at the chamber walls. The 
magnetic field lines are hyperbolas. The field magnitude 
B  is proportional to the distance R  from the quadrupole 
axis: 

R
a
BB

w

w=  .   (3) 

In adiabatic approximation, particle moves along 
magnetic field line with 0R  shortest distance from the 
quadrupole axis (Fig. 2). The current particle position at 
this line is determined by distance R  from quadrupole 
axis. At shortest distance 0R , particle has transversal 0v  

and longitudinal 0V  components of its velocity, see Fig. 2. 

The relative transverse velocity 00 Vvk =  is of 
considerable importance in particle dynamics under 
considiration. 

It follows from relations (2) and (3) that the 
longitudinal velocity V  is equal to:  

( )
0

22
0 1,

R
RkkVkRV −+±= .  (4)

 

It can be easily found from Eq. (4) that in this case the 
particle anharmonically oscillates [3] along the magnetic 
field line with amplitude maxR , which is equal to:  

020max
1 R

k
RR += .  (5)

 

This relation illustrates the restricting role of the 
transverse motion – the more the relative transverse 
velocity, the less the amplitude of particle oscillations. 

The longitudinal velocity (4) and the geometry of 
hyperbola give the following differential equation for 
radial oscillations:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+±= 4

4
0

0

2
0 111

R
R

R
RkV

dt
dR

. 

The period T  of adiabatic oscillations is equal to:  

( )( )( )∫
+

−−+
=

2/11

1
42

2

0

0

111
4

k

ppk
dpp

V
RT . 

Corresponding adiabatic oscillations frequency FC(k) is 
shown at Fig. 3 as a function of the relative transverse 
velocity k  ( 5

0 10=V  m/s and 01.00 =R  m are taken 
for example). We mention that this dependence is almost 
linear in relative velocities exceeding approximately one. 

Figure 3: Adiabatic oscillation frequency. 
Particles Space Distributions in Quadrupole 

Steady-state space distribution functions can be 
constructed on the basis of the following two aspects. 
Firstly, along the magnetic field line the linear density is 
varying inversely to the longitudinal velocity of particles. 
Secondly, along the magnetic field line, the space density 
is proportional to the magnetic field magnitude. The space 
distribution function ),( 0 RRρ can be written as 

∫
−

−
−+

⋅
=

0

0

0

0 )1(1

)(),(),(

0

20
000

RR
R

Ra
R

w R
Rk

dkkK
R
RRRRR ρρ . 

In this expression, )(kK  is the particle distribution with 
relative velocities k , the upper and the lower limits of 
integration choose the particles reaching distance R  but 
not reaching the walls. For example, the distribution 

( )2
3

21/)( kkkK +=  gives the particle space density 

wa
RRRRR −= 1),(),( 000 ρρ . 

This density is almost uniform if the ratio waR /  is small 
enough and the walls influence can be neglected. 

ELECTRON BEAM BUNCH ACTION ON 
SECONDARY ELECTRONS 

An electron beam bunch, moving along the storage ring 
equilibrium trajectory, interacts with the secondary 
electrons, which are trapped by the non-uniform magnetic 
field, via its electromagnetic field. As a result of 
interelectron repulsive force, the secondary electron 

z  

x  

R  

ξ  ζ  

0R  

0V  0v  
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located at the point },0,{ zxX =
r

 will acquire an 
additional transverse momentum prΔ  in the vacuum 
chamber wall direction, see Fig. 4.  

 
Figure 4: Sketch of cylindrical bunch action on electrons.  

 
The secondary electron motion is given by the equation:  

 )()( τ
τ
τ Ee

d
pd rr

= .     (6) 

Here 0<e  is an electron charge, )(τE
r

 is time (τ ) 
dependent electric field. We suppose that the repulsive 
push, made by high-energy electron from the storage ring 
beam bunch, is very short due to relativistic effects. If so, 
we can ignore the secondary electron drift during the 
kick. Integrating Eq. (6), we get the expression for the 
momentum increment acquired by the secondary electron:  

  ∫
∞

∞−

=Δ ττ dEep )(
rr

    (7) 

For calculating of electric field )(τE
r

 generated by a 
relativistic electron, approximate expressions in the wave 
zone (far-field approximation) are usually employed. In 
our case the secondary electrons can be arbitrary close to 
the high-energy beam electrons, and exact expressions for 
electromagnetic fields should be used.  

Let us consider the electric field of an electron moving 
along trajectory )(trv , with velocity )(tvr , reduced 

velocity ctvt )()( rr
=β  and reduced acceleration )(tβ&

r
. 

The electric field is given by the exact expression [2]:  

322

3

)))()((1(
)()(

)(

)))()((1(
)]]())()([()([

)(
)(

ttn
ttn

tD
e

ttn
tttntn

tcD
eE

β
β

γ

β
ββτ

rr

rr

rr

&rrrrr

⋅−
−

⋅+

+
⋅−

×−×
⋅=

             (8) 

Here, the vector )()( trXtD rrr
−=  with absolute 

value )(tD  represents the distance between the emission 
point points from the instantaneous position of the 

electron to the observer. The quantities )(tnr , )(tβ
r

, )(tβ&
r

 
and )(tD  on the right-hand side of Eq. (8) are to be 
evaluated at the retarded time t  which must obey the 
equation [2]:  

)(tRctc +=τ     (9) 

Integrating Eq. (8) over τ  and using Eq. (9), we get the 
following relation:  

 ( )∫∫
∞

∞−

∞

∞−

= dttDtDedE )()()( 3rr
ττ .   (10) 

We mention in passing that Eq. (10) is an exact result of 
integration, if only the electron from the high-energy 
beam is infinitely far at ±∞=τ . In our case the variable 

)(tD
r

 in Eq. (10) depends only weakly on the electron 
trajectory details, and we can consider the case of straight 
- line moving high-energy electron in (10):  

},,{)( 000 zyx rtcrrtr β+=
r

.   (11) 
Substituting Eq. (11) into Eq. (10), we get from Eq. (7):  

  2

22
βρ
ρ

c
ep
r

r
=Δ ,     (12) 

where },0,{ 00 zx rzrx −−=ρ
r

.  
For simplicity, we will consider cylindrical bunch with 

radius R , length l  and total number of electrons N , see. 
Fig. 4. Integrating Eq. (12) over the cylindrical bunch 
volume, we find that the electron beam bunch impact with 
the secondary electron changes the transversal momentum 
of the latter by the value:  
      ( ) ( )222 RcXNep β

rr
=Δ ,                  RX ≤

r
,  (13) 

      ( ) ⎟
⎠
⎞

⎜
⎝
⎛=Δ

222 XcXNep
rrr

β ,             XR
r

≤ .  (14) 

Maximum value for prΔ  is achieved at RX =
r

 and is 

equal to ( ) ( )RcNep β22=Δ
r

. It corresponds to the 
secondary electron energy change of about of 5.4 keV for 
the Siberia-2 storage ring: electron beam current is equal 
to 5 mA at one-bunch mode and mmR 5.0≅ .  

CONCLUSION 
In this report we considered the theoretical background 

for non-relativistic secondary electrons accumulation and 
storage and its interaction with the relativistic electron 
beam. The phenomenon seems rather clear for theoretical 
description. At the same time comprehensive numerical 
simulations should be carried out in the future.  

REFERENCES 
[1] V.I. Moiseev et al, Ultrasound Measurements at 

Siberia-2 Vacuum Chamber, Proceedings of the 7th 
Annual Workshop on ESLS. -Berlin: BESSY, 1999, 
p.289. 

[2] L.D. Landau and E.M. Lifshitz, The Classical Theory 
of Fields, Volume 2 of A Course of Theoretical 
Physics, (Pergamon Press, 1971), 374.  

[3] L.D. Landau and E.M. Lifshitz, Mechanics, Volume 
1 of A Course of Theoretical Physics, (Pergamon 
Press, 1969), 165.  

R  

l  

Y

V
r

 

pr  
* X
r

 

THPSC14 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

352C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Synchrotron radiation sources and free electron lasers



ANALYSIS OF HIGH ORDER MODES DAMPING TECHNIQUES FOR 800 
MHZ SINGLE CELL SUPERCONDUCTING CAVITIES* 

 
Ya.V. Shashkov, N.P. Sobenin, National Research Nuclear University MEPhI 

(Moscow Engineering Physics Institute), Moscow, Russia 
M.M. Zobov, LNF-INFN, Frascati (Rome), Italy 

 
Abstract 

The High Luminosity LHC upgrade program foresees a 
possibility of using the second harmonic cavities working 
at 800 MHz for the collider bunch length variation. Such 
harmonic cavities should provide an opportunity to vary 
the length of colliding bunches. In order to supply the 
required harmonic voltage several single cell 
superconducting cavities are to be used. Different cavity 
designs and several higher order mode (HOM) damping 
techniques are being studied in order to reduce the cavity 
HOM impact on the beam stability and to minimize 
parasitic power losses. In this paper we analyze and 
compare the HOM electromagnetic characteristics and 
respective wake potential decay rates for cavities with 
grooves, fluted and ridged beam pipes. The problem of 
Lorentz force detuning is also addressed. 

 
INTRODUCTION 

At present the project aimed at Large Hadron Collider 
luminosity upgrade (HL-LHC) is being developed at 
CERN [1]. The luminosity increase is expected to be 
accomplished by increasing the currents of circulating 
beams, by reducing transverse beam sizes at the 
interaction points (applying smaller betatron functions) 
and using crab cavities to compensate the geometric 
luminosity loss in beam collisions [2]. 

The project considers also a possible implementation of 
harmonic cavities in addition to the main accelerating 
cavities working at 400 MHz to increase or to shorten the 
bunches [3-7]. In order to achieve the desired results a 
combination of the existing main RF cavities and 
harmonic cavities operating at 800 MHz is being studied.  

In this paper we study electromagnetic characteristics of 
HOMs for a single cell 800 MHz superconducting cavity. 
Different techniques for the HOM damping such as beam 
pipe grooves, fluted beam pipes, ridged beam pipes etc. 
are investigated and compared. 

 
HIGHER ORDER MODES DAMPING 

Basic Design 
An initial design of the harmonic cavity has been 

obtained by scaling (reducing) all the sizes of the LHC 
accelerating cavity operating at 400 MHz by a factor of 2 
[8].  The cavity view is shown in Fig. 1. It is assumed in 
[8] that higher order modes damping is carried out, as in 
the case of the LHC accelerating cavity, with four 
couplers: two dipole and two broadband couplers. These 

couplers break the cylindrical symmetry of the 
electromagnetic field in the structure which gives rise to 
the transverse component of the electric field (kick-factor) 
causing a negative impact on the performance of the 
accelerated beam. Besides, the transient beam loading 
compensation in LHC requires a very high power main 
coupler [9]. Placing the robust main coupler and the 
HOM couplers on the same beam pipe may complicate 
the final design. That’s why different HOM damping 
techniques were investigated. 

 
Figure 1: Accelerating 
cavity. 

Figure 2: Cavity with 
grooved beam pipes. 

 
We started our analysis by calculating the resonance 

frequency and the effective resistance to quality factor Q 
ratio (parameter R/Q0) for the cavity shown in Fig. 1 by 
varying the drift tube radius. It was found that the most 
dangerous dipole HOM are TE111 and TM110. The 
frequency of these dipole HOMs lie below the cut-off 
frequency of the TE11wave and therefore cannot 
propagate along the drift tube [10]. HOMs couplers 
should be placed as close as possible to the accelerating 
cavity for the effective damping of such trapped modes. 

 
Beam Pipe with Grooves 

Another way to damp the HOMs is to cover the inner 
surface of the drift tubes with a dissipative material and 
let the HOMs propagate toward the absorbing load. This 
method is effective if the higher order mode frequencies 
become lower than the beam pipe cut-off frequency. Such 
a task can be accomplished by using grooved structures 
[11], i.e. cavities with grooves, as shown in Fig. 2. 

The main advantage of the grooved structure is its 
cylindrical symmetry providing the same level of 
effective damping of HOMs with different polarizations. 
The absence of HOM couplers makes the design simpler 
and eliminates eventual negative impact of the couplers 
on beam dynamics due to the field distortion at their 
locations.  

The results of simulations with ABCI code [12] clearly 
demonstrate that by choosing the beam pipe radius and 
the groove geometry in a proper way we have managed to 
obtain a truly “single mode” cavity. Figure 3a shows the 
simulated cavity shape, while Figs 3b shows respectively 

 ___________________________________________  
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the dipole wake potential. We should not expect 
multibunch instabilities since the wake field decays 
completely at the distance of 15 m that corresponds to the 
actual bunch separation of 50 ns in LHC. 

   

 
Figure 3: Wakefield results for the structure with grooved 
beam pipe (a. Structure profile, b. Wake potential, c. 
Monopole impedance). 
 
Fluted Beam Pipe 

Structure with fluted beam pipes [13] is demonstrated 
in Figure 4.  

 
Figure 4: Structure with 4 (a) and 3 (b) flutes. 

 
The effect of the fluted beam pipe size on cutoff 

frequencies of the TM01, TE11, TE21 waves was 
investigated with MWS program [14]. It was found that 
the sizes of the edges do not change the cutoff frequency 
of the wave TM01 but have a strong influence on the 
cutoff frequency of TE11 and TE21waves and hence the  
damping of the TE111 , TM110, TE211 , TM210 modes. It was 
found that the configuration with 3 flutes instead of 4, as 
in [13], has higher damping efficiency for quadrupole 
modes. 

 

 
  

 
Fig 5. Wakefield results for the structure with fluted beam 
pipe (a. Dipole Wake potential, b. Monopole impedance, 
c. Dipole impedance). 

 
In this structure Qext are below 100 for all HOMs except 

for a few modes with low R/Q ratio and the wake 
potential decays very fast (fig 5a). Respectively there are 
no sharp peaks on monopole (fig 5b) and dipole (fig 5c) 
impedance graphs except the one corresponding to the 
operating mode. 
 
Ridged Beam Pipe 

The fluted beam pipe damping efficiency could be 
improved if we reverse flutes inward the beam pipe (fig 
6). In this case the cut off frequencies for quadrupole and 
dipole modes decrease and this allows reducing the beam 
pipe radius. The calculated wake field decays for this 
structure is presented in fig 7a. 

Figure 6: Structure 
with ridged beam 
pipe. 

Figure 7a. Wake potential. 

 
  

Fig 7b-c. Wakefield results for the structure with 
ridged beam pipe (7b. Monopole impedance, 7c. 
Dipole impedance). 

As it can be seen the wake potential decays very fast 
also in this case. On the other hand, the cut-off frequency 
of E010 mode is also lower for this configuration which 
can lead to a deeper penetration of the working mode 
towards the load. To prevent decreasing Q0 of the 
working mode beam pipe length can be chosen longer 
than that in fluted bam pipe case. Sharp peaks on the 
HOM monopole (fig 7b) and dipole (fig 7c) impedance 
graphs are not observed.  

 
LORENZ FORCE DETUNING 

Lorenz force frequency detuning was investigated for 
the discussed HOMs damping methods. As an example 
deformations of the grooved structure due to the influence 
of the Lorentz force are shown in Figure 8. 

Figure 8: Grooved structure 
deformations due to the 
influence of the Lorentz force 
(dotted line – structure, solid 
line– deformed structure). 

Figure 9: Structure with 
grooves and stiffeners. 

 
The ratio of frequency detuning to the square of the 

electric field strength can be considered as a quality 
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criterion for the influence of the Lorentz force on the 
structure. The Lorentz force sensitivity can be decreased 
by increasing the cavity wall thickness or by adding of 
specific stiffeners schematically depicted in Fig. 9 to the 
structure design [15]. 

The calculations were carried out for the structure 
consisting of copper with Young's coefficients 120 
kN/mm2 (Table 1). One end of the cavity beam pipe is 
considered rigidly fixed during the calculations of 
frequency detuning. 

Table 1. Lorenz force frequency detuning 
Structure type (beam pipe/beam pipe 
outer radius, mm) 

Copper structure 
Δf/ΔE2, Hz 

Smooth structure(75) -6.3 
Grooved structure(75/105) -6.3 
Grooved structure with stiffners 
(75/105) 0.2 

Fluted beam pipe structure (75/120) -6.1 
 

Table 1 shows that the Δf/ΔE2 ratio is smallest for the 
structure with grooves and stiffening ribs.  

 
COMPARISON OF DESIGN SOLUTIONS 
Table 2 shows that each of the considered methods of 

HOMs damping has its own advantages and 
disadvantages.  

Table 2. Comparison of characteristics of calculated 
structures 

 Grooved 
structure 

Fluted 
beam pipe 
structure 

Ridged 
beam pipe 

Qext in single 
cell cavity 

<102 <102 <102 

Lorenz force 
detuning 
Δf/ΔE2, Hz 

0.2 -6.8 -6.8 

Symmetrical 
structure 

Yes No No 

Additional Easy in 
manufac-

turing 

Quadrupo
le modes 
damping 

Quadrupo
le modes 
damping 

 
In our opinion, the structure with grooves seems to be a 

more suitable candidate for the 800 MHz cavity design 
since: a) it has simplest azimuthally symmetric geometry; 
b) there are no dangerous HOM created in the structure; 
c) no dedicated HOM couplers are required; d) an 
eventual multipacting discharge in the equatorial region at 
rather low accelerating gradients can be cured by an 
additional purification of the cavity surface and 
subsequent training; e) the Lorentz force detuning can be 
significantly reduced by inserted ring stiffeners in the 
grooves. 

In the following we also consider a possibility to 
combine several such structures in a chain of non-
communicating cavities in order to place them in a single 
cryostat. 

 

CONCLUSION 
We have compared four different HOM damping 

techniques for the 800 MHz harmonic cavity. In our 
opinion, the solution with grooves is preferable due to its 
cylindrical symmetry, design simplicity and absence of 
dangerous HOMs. We have also proposed to combine two 
such cavities connected by smaller radius beam pipe in a 
single cryostat [16]. 
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HIGHER ORDER MODES DAMPING FOR 9-CELL STRUCTURE WITH 
MODIFIED DRIFT TUBE 
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(Moscow Engineering Physics Institute), Moscow, Russia,  

V. Zvyagintsev, TRIUMF, Canada, Vancouver 
  

 
Abstract 

This paper is focused on HOM damping in 9-cell 
superconducting cavities. We are considering HOM 
propagation outside from the cavity ridged and fluted drift 
tubes. The analysis of the influence of the parameters of 
the drift tube on the HOM damping was conducted. The 
considered methods were analysed and compared. 

INTRODUCTION 
Development of accelerating structures for modern 

types of accelerators, such as Energy recovery linacs 
(ERLs), requires special attention to higher order modes 
(HOMs) damping. HOMs excitation could create high 
losses on the cavity walls, beam instability and beam 
break up (BBU). HOMs couplers are often used in such 
structures for HOM damping but they could lead to 
violation of the axial symmetry of the accelerating field 
and create transverse field components (kick-factor) that 
can negatively affect on the beam emittance. Also these 
devices are subject for multipactor discharge and all kinds 
of pollution. Here we are studying different options of 
beam pipes to provide better HOMs propagation from the 
cavity, assuming that they will be dissipated away from 
the cavity. 

INITIAL DESIGN 
   As a reference point for simulation HOMs propagation 
was taken 9-cell 1300 MHz superconducting electron 
accelerating cavity (Fig. 1) [1]. In order to estimate 
efficiency we decided to calculate HOM electrodynamics 
characteristics for the structure without couplers and put 
at the end of drift tubes RF port boundary conditions, 
representing ideal loads away from the cavity. 

 
Figure 1: Superconducting 9-cell cavity model. 

In order to estimate HOM frequency range, we 
calculated dispersion characteristics (Fig. 2) for E010 
modes and HOMs. The most dangerous HOMs for the 
structure are dipole modes H111, E110, EH11; quadrupole 
modes Н211 and Е210 and monopole mode Е011.  

 
Figure 2: Dispersion characteristics for main wave and for 
HOMs and β-phase = 1 line. 
β-phase = 1 line is shown on the dispersion 

characteristic on fig 2. Intersection points of dispersion 
characteristics with β-phase = 1 line (synchronous point) 
represent modes with the largest interaction between 
particles and waves and those points needs an additional 
attention. 

External Q-factor values for HOMs and operational 
mode are presented on Fig 3. Qext values were calculated 
in CST Microwave Studio [2]. 

 

 
Figure 3: External Q-factor calculations results for HOMs 
in 9-cell elliptical cavity with beampipes loaded with RF 
ports. Square (red) – monopole waves, circle (blue) – 
dipole waves, diamonds (orange) – quadrupole waves. 
   Comparison of the results with results for similar 
structures [3] showed that Qext for operating mode is 
nearly the same, three orders higher for dipole modes, 4-5 
order higher for quadrupole modes and for 2nd monopole 
HOM it’s two times higher.  

 ____________________________________________  
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FLUTED BEAM PIPE 
We decided to simulate the 9-cell structure with fluted 

beam pipes that was successfully applied for HOMs 
damping in single cell cavities [4].  

Fluted beam pipes are presented on Fig. 4. Quantity and 
form of those flutes can be chosen on purpose to get more 
damping of HOMs. The best results for damping of dipole 
and quadrupole HOMs were obtained for a structure with 
fluted beam pipes with 3 flutes [5]. The structure with 4 
flutes has the problem with quadrupole HOMs damping 
with certain polarization.  

 

 

Figure 4: Upper left: fluted beam shape with 3 
inhomogeneities; upper right: schematic view of 
eccentric-fluted beam pipe, designed for KEK-ERL 
model-2 [6]; bottom: fluted beam pipe cavity model. 
 

The main advantage of fluted beam pipe is that H21 cut-
off frequency is below of the quadrupole HOMs band. 
This is true not only for quadrupole but also for dipole 
HOMs. The operational mode remains trapped in the 
structure due to high cut-off frequency of E01 mode. Cut-
off frequency values for different modes in fluted beam 
pipe are presented in Table 1. Field distribution in fluted 
beam pipe for E01, H11 and H21 waves are presented on 
Fig 5. 
 
Table 1. Cut-off frequencies for different mode in fluted 
beam pipe 
H11 1330  
E01 1972  
H21 2004 

 
In order to get the same cut-off frequency cylindrical 

beam pipe beam pipe radius should be 65.5 mm for H11 
wave and 72.8 mm for H21, however it will cause 
reduction for E01 cut-off frequency (on 248MHz and 
396MHz correspondingly). It could create to negative 
effect for shunt impedance of operating mode.  

 

 

 
Figure 5: Electric (first line) and magnetic (second line) 
fields distribution in fluted beam pipe for E01, H11 and H21 
waves. 
 

 
Figure 6: External Q-factor calculations results for 9-cell 
elliptical structure with fluted beam pipes loaded at the 
ends with RF ports. Square (red) – monopole waves, 
circle (blue) – dipole waves, rhombus (orange) – 
quadrupole waves. Beam pipe length 300 mm, inner 
radius 54 mm, flutes radius 90 mm 

Comparing Qext results for the 9-cell structure with 
fluted (Fig. 6) and for cylindrical beam pipes (Fig. 3) and 
results obtained for the similar structures [3], we can 
conclude that this method is very effective because of we 
see reduction of Qext values were reduced by two orders 
of magnitude monopole and dipole and by five orders for 
quadrupole HOMs. 

RIDGED BEAM PIPE 
Another structure that provides conditions for HOMs 

propagation is ridged beam pipe structure (Fig. 7). The 
ridged beam pipe geometry is symmetrically opposed to 
fluted beam pipe. Typically it has 3 grooves in beam pipe, 
evenly distributed on azimuth on 120º angle.  

After the change initial design to fluted and ridged 
beam pipe structures we used standard method [7] of 
modifying geometry of end cells for field flatness of 
operating mode (Fig 8). 
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SUPPRESSION OF MECHANICAL OSCILLATIONS IN QUARTERWAVE 

106 MHZ RESONATOR  

I.I.Petrushina, I.V. Rybakov, M.A. Gusarova , Ya.V. Shashkov, National Research Nuclear 
University (Moscow Engineering Physics Institute), Kashirskoe shosse, 31, Moscow, Russia 
V.L.Zvjagincev, TRIUMF, Canada's National Laboratory for Particle and Nuclear Physics, 

Vancouver, Canada 

Abstract 
Analytical calculations and numerical simulations 

have been done for mechanical eigenmodes of quarter 
wave superconducting resonators with operating 
frequency of 106 MHz and 80 MHz. A possibility of 
frequency shift of mechanical modes in 106 MHz 
resonator has been estimated by application of the 
damper. We have optimized the damper's position for 
suppression efficiency. We have also compared the 
numerical and experimental results.   

INTRODUCTION 
Superconducting quarter wave resonators (QWR) are 

used very often in particle accelerators at relatively low 
particle velocities β < 0.15. They operate in frequency 
range from 70 to 160 MHz. The structure of commonly 
used superconducting QWRs is enough sensitive for 
mechanical vibrations because of their length of 0.5-1 m 
made from 2-3 mm thin sheets of Nb. Superconducting 
cavities inside of cryomodule affected by various factors 
such as vibrations from environment and vacuum pumps, 
instant impacts from valves, oscillations of liquid He 
pressure. Hence, a wide spectrum of mechanical 
oscillations is applied to the cavity and could excite 
mechanical oscillations deforming the cavity geometry 
and providing substantial deviations of resonant 
frequency. It causes instabilities in cavity operation. 
There are several ways to mitigate this problem:  

• To keep mechanical resonances in higher 
frequencies region  to be far away from strong 
industrial noise components of 50-60 Hz 

• To make cavity structure more rigid to reduce 
sensitivity for vibrations 

• To make operational bandwidth of the cavity 
higher than frequency deviation caused by 
mechanical vibrations 

•  To use mechanical damper [1] to dissipate energy 
of mechanical vibrations. 

The most effective way of microphonics suppression is to 
develop mechanical dampers for the cavities. 

This paper is focused on investigation of mechanical 
oscillations in 106 MHz [2] superconducting QWR with 
mechanical damper. The cavity design presented in Fig. 1. 

 

Figure 1: Design of the 106 MHz superconducting Nb 
QWR with mechanical damper. 

ANALYTICAL CALCULATIONS 
Inner conductor of the QWR is the most sensitive part 

to mechanical impacts. Frequencies of mechanical modes 
fi of the inner conductor can be roughly estimated by 
using an approach of a thin-wall cylinder fixed at one 
edge [3]. 

2

2

2 L

IE

f
i

i ⋅⋅

⋅
⋅

=
π

μ
α

 (1) 

where E is Young’s modulus; L = 685 mm is the length of 
the inner conductor; µ is the mass of the inner conductor 
per unit length; αi is the intrinsic constant of oscillation 
(α1 = 1.875, α2 = 4.694 for the first and second modes, 
respectively); ( )44

4 io rrI −=
π  is the moment of inertia of a 

thin-wall cylinder with radii of ri and ro. 
According to these formulae, the frequencies of the 

lowest mechanical modes are f1 = 46.5 Hz and  f2 = 291.2 
Hz for the resonator with an operating frequency of 80 
MHz; and f1 = 72.7 Hz and  f2 = 455.7 Hz for the 
resonator with an operating frequency of 106 MHz. 
According to [3], the frequencies of the first two modes of 
the inner conductor of 80 Hz resonator are f1 = 45 Hz and 
f2 = 284 Hz. The difference between results might be 
explained due to approximation of the theoretical model 
which did not take into account a complicated shape of 
the inner conductor. 
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Figure 4. The lowest mechanical mode of the inner 
conductor with damper. 

To achieve the maximum displacement of the lowest 
mode frequency, optimization of the damper's position,  
we have changed the length of cylindrical base of the 
damper. Simulations in ANSYS were done for the models 
with the damper's base lengths from 100 mm to 600 mm. 
Figure 6 shows the plot of the inner conductor first mode 
frequency as a function the length of the damper's base. 

 
Figure 5: Plot of the inner conductor first mode frequency 
as a function of the length of the damper's base. 

The hughest frequency of the inner conductor  first 
mode was obtained for the damper's base length of 343.5 
mm . It equals to 84.1 Hz which  is 20.7% above the value 
of the frequency in the structure without damper 
application.  

 

 

 

 

 

 

 

 

 

SUMMARY 
Analytical and numerical simulations of the 

mechanical modes in 80 MHz and 106 MHz resonators 
have been done. The comparison of mechanical 
frequencies of 80 MHz resonator obtained using 
analytical calculations,numerical simulations and 
previously obtained data was done. The mentioned 
techniques provide the reasonable agreement. The highest 
frequency displacement of the first inner conductor mode 
o is achieved by the application of a damper. The studies 
will be continued for damper efficiency optimization. 
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Figure 4: Trajectory amplitude.   

 

Figure 5: Energies of a secondary electrons as a function 
of accelerating gradient for aperture radii 20 and 35 mm. 

 

Figure 6: Trajectory amplitudes as a function of 
accelerating gradient for aperture radii 20 and 35 mm.    

  One can see that the larger is aperture radius, the higher 
is energy of an electron and bigger is trajectory 
amplitude. This fact explains narrow multipacting region 
for large apertures.  

  

INFLUENCE OF THE EQUATOR SHAPE 
We have obtained the dependence of the cell’s equator 

shape on multipacting discharge development for 3 types 
of cells: standard cell, Low Loss cell, and standard cell 
with equator dome radii rx2 = ry2 = 43 mm. 

  The results of simulations show that standard 
geometry undergoes multipacting in the most narrow 
region of the accelerating gradient due to the higher 
electron energy.  

 

Figure 7: Trajectory amplitudeas a function of 
accelerating gradient for Low Loss and standard 
geometries.  

 

Figure 8: Energy of secondary electrons as a function of 
accelerating gradient for Low Loss and standard 
geometries.   

INFLUENCE OF THE IRIS SHAPE 
  We have done simulations for structures with various 

radii of the iris ellipse: rx1 = 12 mm, ry1 = 19 mm 
(standard), rx1 = 12.5 mm, ry1 = 21 mm and rx1 = 10 mm, 
ry1 = 21 mm. The results show that rx1 has practically no 
influence on multipacting ranges.  Lower threshold values 
are almost the same for all structures. Upper threshold 
value of accelerating gradient is higher for the structure 
with ry2=21 mm.   
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Figure 9: Trajectory amplitude as a function of. 
accelerating gradient for Low Loss and standard 
geometries. 

Figure 10: Energy of secondary electrons as a function of 
accelerating gradient for Low Loss and standard 
geometries.   

 

SUMMARY 
We were able to obtain stable 1st order multipacting 

trajectories in SC elliptical cells in a wide region of 
accelerating gradient, roughly at 5-30 MV/m. 

 The smaller is the aperture radius, the wider is the 
range of accelerating gradient at which cell suffers from 
multipactor discharge. 

 Low Loss cavity and cavity with a wider equator 
(rx2=ry2=43 mm) suffers from multipacting discharge in a 
wider range (4.7–29.3 MV/m in comparison with 5.4-22.5 
for regular cell). 

 Larger radii of the iris ellipse have little influence on 
the multipacting discharge development. 
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SUMMARY 
The results provided by MultP-M code [2] are in 

agreement with the results of calculations in CST PS [3]. 
For low accelerating gradients stable multipacting 
trajectories are observed in the notch filter and coaxial 
line of demountable damped structureare. Rate of of its 
avalanche growth is α < 0.15. Such trajectories which 
correspond tosoft multipactor discharge can be eliminated 
by an additional purification of the cavity surface and 
subsequent conditioning. At higher accelerating field 
gradients of about 7 MV/m, the avalanche  growth rate 
increases up to α = 0.41. The operating gradient of this 
structure is  10 MV/m, so obviously the multipacting 
discharge can possibly become a problem after reaching 
the this field level. 
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UPGRADE OF BPM SYSTEM AT VEPP-4M COLLIDER 
E.A. Bekhtenev, BINP, Novosibirsk, and Novosibirsk State University, Russia 

G.V. Karpov, BINP, Novosibirsk, Russia 

 
Abstract 

 Developed in BINP wideband beam position monitor 
(BPM) electronics has been installed at the VEPP-4M 
electron-positron collider. The VEPP-4M operates with 
two electron and two positron bunches. Wide bandwidth 
of new electronics (200 MHz) allows the separate 
measurements of electron and positron bunches with time 
interval between bunches up to 18 ns. 18 BPMs located 
near four meeting points are supplied with new 
electronics. The electronics can measure the position of 
each of four bunches. BPM system works at two modes: 
slow closed orbit measurements and turn-by-turn 
measurements. We present details of system design and 
operation.  

INTRODUCTION 
 Basic scenario of high energy experiments at VEPP-

4M provides operation with two electron and two positron 
bunches [1]. Beam position measurements near four 
meeting places require high time resolution of BPM 
electronics. Such electronics with analog bandwidth 
200 MHz has been developed and tested at BINP [2]. At 
present 18 BPMs near four meeting places at VEPP-4M 
are supplied with new electronics. Positions of these 
BPMs are shown in Fig.1. 

 

 
Figure 1: Positions of BPMs with new electronics. 

 
Time intervals between signals of electron bunch and 

positron bunch for the part of BPMs located close to 
places of meeting of bunches are given in Table 1.   

New electronics design utilizes signal peak sampling 
with high bandwidth digitizer [2].The main problem for 
achieving of required accuracy of a few tens microns is 
separation the BPM signals of electron and positron 
bunches. This problem has been solved with two ways: 
increasing of analog bandwidth to 200 MHz and digital 

compensation of the first bunch signal to second bunch 
signal. Two sets of new electronics have been 
successfully worked since 2010 year at BPMs NEP0, 
SEP0. At the end of 2013 year other 16 BPMs are 
supplied with new electronics. Special software for new 
BPM system control on base of EPICS has been 
developed. 

 
Table 1: Time intervals between signals of electron and 
positron bunches for the part of BPMs 

BPM Time interval, ns 
SIP2 2.27 
STP0 18.07 
NTP0  18.25 
NIP3 20.09 
NEP0 22.48 
SEP0 22.66 
NIP1 26.11 
SIP1 26.38 

 
BPM ELECTRONICS DESIGN 

 
Functional diagram of the new BPM electronics is 

presented in Fig.2.    
 

A

B

C

D
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ADC 3 Fine delay
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Figure 2: Functional diagram of new BPM electronics. 
  
The electronics consists of four identical analog 

channels, FPGA, Timing circuit and Ethernet interface. 
All electronics occupies 1U 19” chassis.   

The bandwidth of analog electronics is defined by non-
reflective Low Pass Filter (LPF) with cut-off frequency of 
200 MHz. Each analog channel has no amplifiers. 
Linearity and gain temperature stability are defined 
essentially by ADC.  

THPSC23 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

368C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

11 Control and diagnostic systems



Clock frequency of ADC is revolution frequency F0. 
Each turn ADC digitizes one of four bunch signals. 
Timing circuit provides ADC samples at the top of BPM 
signal. Timing circuit is a three-stage delay. The first 
stage (coarse delay) is 8-bit programmable counter 
MC100EP016 with clock frequency of 181.8 MHz (RF 
frequency). After applying of turn marker the counter is 
preset by code defining coarse delay and then starts. 
Delay step of the first stage is one period of RF frequency 
~5.5 ns. Delay range is 1/F0 – 5.5 ns. 

The second stage (fine global delay) is 10-bit 
programmable delay chip MC100EP195B. It provides 
10.24 ns delay range with 10 ps delay step. The third 
stage consists of four chips MC100EP195B, each chip for 
one of four ADC. As a result timing circuit provides total 
programmable delay range exceeding period of revolution 
frequency F0 with delay step of 10 ps. Measured time 
jitter of ADC clock is ~10 ps. Choosing of measured 
bunch is made by setting of corresponding delay code. 
Measurement of four bunches is carries out with 
multiplexing of four delay codes.  

Beam position is measured each turn. Turn-by-turn data 
are recorded to memory (with capacity of 8192 turns) and 
accumulated in Accumulator (inside FPGA). 
Accumulated data for specified number of turns form 
slow acquisition data (SA data).   

 
MEASUREMENT ACCURACY  

  
Beam position measurement accuracy is defined by 5 

main parameters: 
1) Resolution of turn-by-turn data 
2) Resolution of slow acquisition (SA) data 
3) Dependence of measurement result on temperature 
4) Beam-current dependence 
5) Dependence of measured beam position of the 

second bunch on the beam current of the first 
bunch 

Dependence of the result on temperature is caused by 
two main reasons: 
• Inequality of the Low Pass Filters, RF switches and 

attenuators  
• Delay instability.  
 Delay instability is defined by delay instability of the 

chips MC100EP195B (10-20 ps/°C). For excluding of 
measurement error caused by delay instability of different 
chips delay scanning with step of 10 ps around the signal 
top in the range ±40 ps is carry out. After completing of 
the scanning the maximal signal for each channel is 
chosen.  

Beam-current dependence is defined only by ADC 
nonlinearity because no other active elements are used.  

For reducing of measurement error caused by 
overlapping of electron and positron signals program 
compensation of the signal “tail” is implemented in the 
system. “Tail” of the first bunch signal on the peak of 
second bunch signal for time interval between signals 
~18 ns is about 0.5-1%. Such “tail” value without 
compensation can cause position measurement error of 

the second bunch up to 0.5 mm. Pickup voltage of the 
second bunch is calculated with formula:  

U2C = U2M - k× U1M, 
where U2M and U1M – are measured pickup voltages of 

second and first bunches correspondingly, 
k – is measured relative amplitude of the “tail” of the 

first bunch on the peak of the second bunch. 
The k value is measured experimentally one time and 

then is used for “tail” compensation. In the Fig.3 signal of 
the first bunch (result of delay scanning) and its “tail” in 
the location of second bunch are represented. Dots 
indicate position of the signal top.  

 
Figure 3: Signal of the first bunch (left picture) and its 
“tail” in the location of second bunch (right picture). 

 
Such compensation decreases position measurement 

error of the second bunch caused by “tail” of the first 
bunch approximately in 10-20 times (besides of BPM 
SIP2 for which time interval between signals is 2.27 ns). 

Accuracy parameters are given in Table 2.  
 

Table 2: BPM system parameters defining accuracy of 
measurements for beam current 1÷10mA (KX ≈ 43 mm, 
KZ ≈ 42 mm) 

Resolution of slow measurements 
(SA data)  

µm 3-6 

Resolution of turn-by-turn data  µm 15-30 
Beam-current dependence µm 40-60 

Error for the second bunch caused 
by first bunch “tail” when electron 

and positron beam currents are equal 
(besides of BPM SIP2) 

 
µm 

 
< 100 

Dependence on temperature  μm/°C < 2  
 

BPM CONTROL SYSTEM 
 
Structure of BPM control system is represented in 

Fig.4.  

 
 

Figure 4: Structure of BPM control system. 
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    BPM control system is developed on base of EPICS. 
BPM electronics (BPM Processor module) for each BPM 
is controlled by its own IOC (Input/Output Controller). 
For connection of these 18 IOC with existent VEPP-4M 
Control system special two IOC: STAP IOC and 
REAPER IOC have been made. Main mode of BPM 
system operation is periodical (1 time in a sec) orbit 
measurements. Time of orbit measurement cycle TMEAS is 
~600 msec. During the time TMEAS delay scanning in the 
range ±40 ps with finding of signal maximum is carry out 
for each of four bunches. Remained 400 msec IOC 
performs delay scanning (with large delay step) inside the 
whole separatrix and scanning along all 222 separatrixes. 
Another mode of operation is external trigger mode with 
obtaining of turn-by-turn data. Before beam injection or 
kicking every BPM IOC receives from STAP IOC 
information about injected beam (or about kicking). BPM 
IOC stops orbit measurements. Each BPM Processor is 
waiting of external trigger pulse synchronized with beam 
injection or kicking. After coming of the external trigger 
pulse BPM Processor fills turn-by-turn buffer and then 
started slow orbit measurements. In Fig. 5, 6 turn-by-turn 
data and its spectrum obtained after injection of the beam 
are shown.  
 

 
Figure 5: Turn-by-turn beam position measurements 
obtained after injection of the beam.  

 
Figure 6: Spectrum of turn-by-turn measurements. 

 
   Additional mode of BPM system operation is “Post 
mortem” mode. In this mode turn-by-turn buffer is filled 
continuously (works as circular buffer). When beam 
current becomes lower specified value IMIN writing to the 
turn-by-turn buffer is stopped. It allows looking of beam 

behavior before its abrupt losses or death. This mode is 
actively used for the tuning of VEPP-4M feedback 
system.   
 

 SUMMARY 
At present 18 complete sets of new BPM electronics 

are manufactured and installed at VEPP-4M storage ring. 
All software for this electronics has been written.  New 
electronics allows separate electron and positron orbit 
measurements during experiments with colliding beams. 
Ability of turn-by-turn beam position measurements also 
facilitates storage ring study and tuning.  
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EXTENDING VEPP-5 CONTROL SYSTEM BY MIDDLEWARE FOR
INJECTION/EXTRACTION AUTOMATION

Gusev E.A., Bolkhovityanov D.Yu., Frolov A.R., BINP, Novosibirsk, Russia
Emanov F.A.∗, BINP, Novosibirsk, Russia; NSU, Novosibirsk, Russia

Abstract
CX and EPICS are used at VEPP-5 Injection complex.

Each system is in charge of some part of accelerator de-
vices. Middleware layer was added in order to make data
processing and facility-level control actions more straight-
forward. Middleware is separated from clients layer by
means of additional CX-server. Architectural approach is
considered on the example of injection/extraction automa-
tion.

INTRODUCTION
In order to provide electrons and positrons for colliders

VEPP-5 injection complex [1] in the Budker Institute of
Nuclear Physics is being built. This complex includes lin-
ear accelerator-based electron-positron source (preinjector)
and damping ring. There are two existing injection com-
plex beam users VEPP-4 and VEPP-2000. Charm-Tau Fac-
tory project claims the complex to provide positrons [2].

VEPP-4 and VEPP-2000 colliders will require both elec-
tron and positron beams with relatively low injection rate.
In order to supply users injection complex will switch be-
tween users (further switch user) and switch between elec-
trons and positrons (further switch particles type). It is
required to store electrons and positrons in damping ring
and transfer beam to users on complicated schedule. All
mentioned above control actions compose injection com-
plex main loop (machine loop) which is easier to imple-
ment by software in this case. Basic-level control was im-
plemented by CX and EPICS software control systems. In
order to create facility-level control for injection complex
it is required to use both systems. Injection complex syn-
chronization system is in charge of machine loop imple-
mentation. Synchronization system hardware was changed
in order to support selected operation model.Software and
hardware design based on the following principles is dis-
cussed:

• existing software and hardware infrastructure is used,
• software is suitable for regular machine operation,
• few copies of any GUI application started on the same

or different computers are allowed,
• developers work is minimized.

DESIGN
Requirements

Requirements for injection/extraction automation arise
from complex tasks to serve colliders. Let’s consider col-

∗F.A.Emanov@inp.nsk.su

liders injection loops. VEPP-4 injection cycle consists of
the following stages: storage to VEPP-3 up to 411 par-
ticles, 210 particles/injection, time between injections at
least 1 second; acceleration to experiment energy, transfer
to VEPP-4 and change VEPP-3 polarity, process duration
about 7 minutes; then those stated above are repeated for
other particles. Beam for VEPP-2000 is to be injected to
BEP. 1.111 1.411 particles are required to be injected at
once. BEP uses 30 s to accelerate, transfer particles and
change polarity. VEPP-2000 is expected to require 8 in-
jections of each type of particles as initial collider filling.
Refill is to be done in 30-50 s with usual amount of elec-
trons and positrons.

According to beam users working schedule it is required
to change machine settings from electrons to positrons or
from one user to another one every 30 seconds. Highly au-
tomated control has to be implemented to meet this tight
machine schedule. Currently injection complex operates
with engineering software which presents full set of mea-
surement and control points. Regular machine operation
requires dramatic reduction of information amount pre-
sented to operator.

In order to avoid additional radiation load on equipment
no beam should be accelerated without reason. Continu-
ous start mode with masking was previously used for prein-
jector. Equipment in this mode can emit undesirable start
signals since mask command execution time can be larger
than time to next start. Preprogrammed number of starts
mode (”counter mode”) has to be implemented for prein-
jector beam systems. Continuous starts mode is being used
for high power RF systems since it keeps constant thermal
state of accelerating structures.

Start signals for extraction are provided by RF matching
system in order to transfer beam to user. Currently this sys-
tem is under development. Internal start possibility being
presented for extraction and transfer channels is required
for testing and tuning. RF matching system will continu-
ously generate starting signals. Therefore synchronization
hardware has to pass single start on request (”single-pass
mode”). Internal starting signals can be provided by any
continuous-mode channel of start generator.

Let’s summarize requirements for the machine control
system changes:

• ”counter mode” must be implemented for preinjector
beam systems,

• ”single pass mode” must be implemented for extrac-
tion signals,

• automatic control software must organize user re-
quests processing, beam storage and transfer with all
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Figure 1: Injection complex software structure with mid-

required operation mode changes,
• few copies of operator applications can be launched.

General solutions
In order to meet the requirements operator applications

have to be isolated from closed-loop control code. Since
CX and EPICS are used in control system we have to cre-
ate common server side processing infrastructure. A logi-
cal middleware layer and additional CX-server is proposed
to be added (see Fig. 1). Middleware layer consists of
client-space services which implement facility-level con-
trol, closed-loop control and data processing. Top-level
CX-server is in charge of communication with clients.
Currently services can be implemented with C/C++ when
throughput is crucial or with python for fast development.
GUI applications are communicating with control system
via CX only and don’t implement any closed-loop con-
trol. This allows few copies of application to be started and
makes GUI programs development more straightforward.

INJECTION/EXTRACTION
AUTOMATION

Device level control for injection complex was imple-
mented earlier including hardware, drivers, servers and en-
gineering GUI applications. Specified above requirements
lead us to implement some hardware and software changes.
Let’s brief discuss equipment and programs involved to
injection and extraction control with emphasis on made
changes.

Hardware
One turn injection with pre-kick of a stored beam is used

in a damping ring. Injection system consist of four kickers
(see Fig. 2) and their high voltage generators [5]. Currently
injection system can reliably operate with up to 12.5 Hz
repetition rate. Generators controlled by synchronization

system (providing start signals), CAC208 DAC/ADC (gen-
erator voltage settings) and fast ADC (generator waveform
acquisition). Channel switchers are used to select which
pair of kickers is operated.

Part of synchronization system shown on Figure 3 is
in charge of carrying out injection and extraction actions.
Other automation hardware defines operation mode. Syn-
chronization system is hosted in CAMAC and controlled
with EPICS. Start generator IE4 signals are used to inject
the beam to damping ring. Extraction involves signals from
shared with beam users RF matching system. Test extrac-
tion can be done with bypass from beam probe channel
which continuously generate starts at 1 Hz repetition rate.
This generator has 4 channels to support operation of all
complex pulsed devices: 50 Hz channel for subharmonic
buncher, 1 Hz channel for slow devices, 50Hz/N channel
for RF system and, 50HZ/N/M for beam and injection sys-
tems. RF system and beam systems channels were sepa-
rated to keep accelerator thermal mode while beam accel-
eration is not required. In order to meet mentioned above
requirements ”counter mode” was added to IE4 start gener-
ator beam channel and single pass mode was added to first
D16 delay line in extraction circuit.

Damping ring beam current is measured with direct cur-
rent current transformer (DCCT). Closed-loop injection
control based on DCCT data is to be implemented. DCCT
current is measured with CAC208 and provided via CX-
server.

dleware.

Figure 2: Damping ring kickers placement layout.

Figure 3: Kikers start signals sources layout.
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Software
Injection and extraction automation is a machine main

loop implementation. The problem consists of follow-
ing tasks: machine operation mode changes, procedures
(inject, extract,...), create facility-level data, process user
requests and schedule tasks, bring data to top-level CX-
server. Middleware services were created for each task (see
Fig. 2). There are following basic kinds of services: gate-
way, data processor, aggregator, action and control loop.
Let’s describe their features.

• Gateway with simple data processing capabilities was
implemented in general way and is suitable for many
cases.

• Data processors are individually designed. DCCT
data processor and magnetic system failure trackers
are implemented to date. It is planned to create failure
and readiness trackers for all control devices.

• In order to simplify facility-level actions and control
loops they should operate with facility-level data. Ag-
gregators are used to provide facility-level data. And,
or and sum aggregators are implemented to date.

• Actions and control loops are individually designed
but have few common features. In order to generalize
run control and interrupts processing actions and con-
trol loops must support at least start, stop, continue
and reset state commands which are sent via clients
CX.

Common services design points:

• Corresponding hardware-side data can conflict with
client-side data. When service is starting hardware
considered as reliable data source. In a runtime ser-
vice solve data conflict on it own.

• Service settings that can be changed run-time are
transferred by CX server. SDDS [4] files are used
for other settings.

• CX and EPICS both have client libraries for C and
Python. If it’s possible Python should be used to im-
plement service in object-oriented way.

Currently Python wrappers for QT, CX and EPICS CA
were used for implementation of all services. This way
was tested to be good for all non-vector channels. Vector
channels processing will require C/C++ implementation.
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Figure 4: Injection/extraction control services.
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DISTRIBUTED BEAM LOSS MONITOR BASED ON THE CHERENKOV
EFFECT IN OPTICAL FIBER
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F.A. Emanov, BINP SB RAS and NSU, Novosibirsk, Russia
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Abstract
A distributed beam loss monitor based on the Cherenkov

effect in optical fiber has been implemented for the VEPP-5
electron and positron linacs and the 510 MeV damping ring
at the Budker INP. The monitor operation is based on de-
tection of the Cherenkov radiation generated in optical fiber
by means of relativistic particles created in electromagnetic
shower after highly relativistic beam particles (electrons or
positrons) hit the vacuum pipe. The main advantage of the
distributed monitor compared to local ones is that a long
optical fiber section can be used instead of a large number of
local beam loss monitors. In our experiments the Cherenkov
light was detected by photomultiplier tube (PMT). Timing of
PMT signal gives the location of the beam loss. In the exper-
iment with 20 m long optical fiber we achieved 3 m spatial
resolution. To improve spatial resolution optimization and
selection process of optical fiber and PMT are needed and
according to our theoretical estimations 0.5 m spatial resolu-
tion can be achieved. We also suggest similar techniques for
detection of electron (or positron) losses due to Touschek
effect in storage rings.

INTRODUCTION
VEPP-5 Injection Complex [1] now is under commis-

sion and will supply BINP RAS colliders with electron and
positron beams. The VEPP-5 Injection Complex consists
of 270 MeV driving electron linac, 510 MeV positron linac
and dumping ring. Since the Complex is not equipped with
any operational beam loss monitor system we proposed to
use a distributed beam loss monitor based on the Cherenkov
effect in optical fiber.
This type of beam loss monitor has been developed

at several facilities such as FLASH (DESY), SPring-8
(RIKEN/JASRI), CLIC Test Facility (CERN) [2–4]. The
monitor overview is given by T. Obina [5]. The basic idea
behind optical fiber beam loss monitor (OFBLM) is to de-
tect a burst of the Cherenkov radiation (CR) generated in
optical fiber by means of relativistic particles created in elec-
tromagnetic shower after highly relativistic beam particles
(electrons or positrons) hit the vacuum pipe. Some of the
Cherenkov photons propagate through the fiber and can be
detected by PMT (Fig. 1).
Compared with other distributed beam loss monitors

such as long ionization chamber and scintillating fiber, the
OFBLM has the following advantages: fast response time
(< 1 ns) which allows to detect multi-turn beam losses in

∗ Yu.I.Maltseva@inp.nsk.su

θc

Vacuum chamber wall

Optical fiber
PMT

lost particle

e
-
/ e
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α

Figure 1: Scheme of beam loss monitor.

a storage ring, near zero sensitivity to background signal
(mainly gamma radiation) and synchrotron radiation, un-
like scintillating fiber. Moreover, optical fiber is insensitive
to magnetic field, but it is susceptible to radiation damage
(except quartz fiber), which limits fiber lifetime. Another
disadvantage of the OFBLM is an issue with its calibration.

PRINCIPLE OF BEAM LOSS MONITOR
The following physical processes determine the OFBLM

spatial resolution.

Electromagnetic Shower
For electromagnetic shower simulation G4beamline

code [6] was used. Angular distribution of secondary elec-
trons and positrons relative to beam direction was obtained
(Fig. 2).
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Figure 2: Angular distribution of secondary e-/e+ relative
to beam direction passing through optical fiber. 270 MeV
electron beam with 1010 electrons hits 2 mm steel vacuum
pipe with 1° incident angle. Fiber is placed at the loss point.
Total number of charged particles is 0.5 · 1010.

THPSC26 Proceedings of RuPAC2014, Obninsk, Russia

ISBN 978-3-95450-170-0

374C
op

yr
ig

ht
©

20
14

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

11 Control and diagnostic systems



For the CR to be generated kinetic energy of charged
particle traveling through a dielectric medium must be:

E > E0

(
n

√
n2 − 1

− 1
)

(1)

where E0 – particle rest energy, n – medium refractive in-
dex. To obtain such particles from electromagnetic shower
with energies satisfying eq. (1), lost particle energy must be
greater than 10 MeV for electron (or positron) beams and
greater than 5 GeV for proton beams.

Cherenkov Radiation
The Cherenkov radiation is an electromagnetic radiation

emitted in a cone around the moving charged particle with
cone semi-angle θc :

cos θc (λ) =
1

βn(λ)

where λ – radiation wavelength, β – particle velocity
(β = v/c), n – medium refractive index. Neglecting refrac-
tive index dispersion, the number of the Cherenkov photons
from a single electron or positron per particle path length in
a medium is given by:

dN
dx
= 2πα sin2 θc

∫ λ2

λ1

dλ
λ2

(2)

where α is the fine structure constant, λ1 and λ2 deter-
mine spectrum range. According to eq. (2), the greater
part of the Cherenkov photons is emitted in the UV range
of the spectrum. For relativistic electron passing through
plastic optical fiber (n = 1.492) the CR in visible spectrum
(400 nm < λ < 700 nm) will be generated with 30 photons
per mm and emission semi-angle θc about 48°.
Besides the CR, optical transition radiation [7] can be

detected by PMT. However, the number of optical transition
radiation photons was estimated to be 104 times less than
the number of the CR photons and thus can be neglected.

Signal Propagation
The emitted Cherenkov radiation propagates through op-

tical fiber by means of total internal reflection. This is the
case when light (see Fig. 1) propagates with angle α relative
to the fiber axis lower than:

α ≤ αmax = arcsin(N A/nco )

where NA – optical fiber numerical aperture, nco – re-
fractive index of optical fiber core. For example, for optical
fiber with NA = 0.47 and nco = 1.492, α ≤ 18◦. This leads
to secondary charged particles passing through optical fiber
with angle θ between 30° - 66° and 114° - 150° relative to
the fiber axis will generate the Cherenkov radiation which is
able to be trapped in optical fiber. This results in trapping of
about 33% and 5% of generated radiation, respectively. Con-
sequently, downstream signal sensitivity is 7 times higher
than upstream one.

MONITOR SPATIAL RESOLUTION
Monitor spatial resolution depends on light dispersion in

optical fiber, PMT and electronics resolution. There are two
main dispersion types in fiber: modal and chromatic. Modal
dispersion originates from the fact that light rays with differ-
ent trapping angles travel the same distance with different
times. Chromatic one is caused by different propagation
times for different light wavelengths. When transmitting
signal through optical fiber of length L each dispersion con-
tribution to pulse broadening can be estimated as:

tmod/L = 1/cnco (1/cos αmax − 1),

tchr/L ≈ 1/c(nco (λ1) − nco (λ2)).

In multimode optical fiber with step-index profile signal
lengthening is effected mainly by modal dispersion, in mul-
timode optical fiber with graded-index profile chromatic
one is dominant and modal one is negligible. In single-
mode fiber there is no modal dispersion, but its lower pulse
distortion comes at the expense of lower signal sensitiv-
ity. For step-index multimode fiber which was used in our
tests tmod/L = 0.25 ns/m, tchr/L = 0.05 ns/m, i.e. modal
dispersion contributes 5 times greater to monitor spatial
resolution then chromatic dispersion. Therefore, to make
spatial resolution smaller graded-index multimode optical
fiber or singlemode one should be used as well as PMT and
electronics with small time resolution. Micro-channel plate
PMT is a good candidate.
The Cherenkov signal can be detected at either down-

stream or upstream end of the fiber. In case of multiple
losses originated from successive magnet elements 5 times
better spatial discrimination between losses can be achieved
by signal detection at the upstream end of the fiber compared
with the downstream one. This is due to the fact that beam
velocity βc is greater than speed of light in optical fiber c/n.
Despite upstream signal sensitivity is 7 times lower than
downstream one, the former is preferable.

EXPERIMENTAL RESULTS
A prototype of the OFBLM was made using 20 m and

60 m long plastic step-index multimode fibers Avago Tech.
HFBR-RUS500Z (1 mm core diameter, nco = 1.492 and
NA = 0.47). To detect the CR signal at the downstream
end of the fiber FEU-85 PMT (300-600 nm spectral sensi-
tivity range) was used. The prototype of the OFBLM was
installed in the VEPP-5 electron linac and tested in a con-
trolled manner by dumping beam with dipole correctors.
The experimental results are shown in Fig. 3.

As one can see from Fig. 3a) FWHM of the signal ap-
proximately corresponds to 3 meters for 20 m long optical
fiber and 1.5 m beam length. For single bunch (4 mm) using
graded-index multimode optical fiber or singlemode one and
micro-channel PMT will allow us to achieve 0.5 m monitor
spatial resolution limited mostly by ADC characteristics.
In Fig. 3b) for 60 m long optical fiber besides controlled
beam loss at the end of the 4th RF-structure one can see
beam losses in multiple locations along linac.
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Figure 3: Beam losses: a) beam was dumped at the end of the 1st RF-structure, 20 m fiber was used; b) at the end of the 4th
RF-structure, 60 m fiber was used.

TOUSCHEK EFFECT
In storage rings besides irregular beam losses there are

beam lifetime losses due to Touschek effect [8] (loss mech-
anism driven by large-angle Coulomb scattering within the
high charge bunch). This effect results in losses of scattered
particles with energy variation exceeding the energy accep-
tance of the ring. For the VEPP-5 dumping ring with 28 m
circumference and 2 · 1010 electron bunch charge the beam
lifetime is roughly 10 min and the average number of lost
electrons per turn is 2. According to our theoretical estima-
tions, the OFBLM can detect a single electron (or positron)
hitting the vacuum pipe with probability about 1% for the
VEPP-5 beam parameters. Hence, using two optical fibers
placed on both sides of vacuum chamber the monitor can
detect 108 Touschek events. It’s sufficient to obtain precise
distribution of the beam losses due to Touschek effect in a
storage ring.

CONCLUSION
The distributed beam lossmonitor based on the Cherenkov

effect in optical fiber has been tested in the VEPP-5 electron
linac. 3 m monitor spatial resolution for 20 m long optical
fiber was obtained. Using graded-index multimode opti-
cal fiber or singlemode one and micro-channel plate PMT
0.5 m spatial resolution can be achieved. To achieve bet-
ter spatial discrimination between successive losses one
should detect the light signal at the upstream end of the

fiber. The monitor ability to detect single particle losses and
high signal-to-noise ratio make it possible to use the monitor
for detection of electron (or positron) losses due to Touschek
effect in storage rings.
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Abstract
Electron-positron  collider  VEPP-2000  delivered  data

for the high energy physics since the end of 2009. In the
summer of 2013 the long shutdown was started dedicated
to the deep upgrade of the wide range of subsystems. The
main  goal  of  the  improvements  is  to  reach  or  exceed
design  luminosity  in  the whole  energy  range from 200
MeV to 1000 MeV per bunch. 

The hardware  of  the  accelerator  complex  consists  of
high current main field power supplies, low current power
supplies for steering and multipole magnets, pulsed power
supplies for channel's elements, RF subsystems, BPM and
some  other  special  subsystems  (such  as  vacuum,
temperature,  etc.).  The  control  system  is  based  on
CANbas, CAMAC and VME devices. The wide range of
software corresponding to specific hardware subsystems
forms  complicated  interacting  system  that  manages  all
parts of the VEPP-2000 accelerator  facility. Automation
software  is  running  on  several  TCP/IP  connected  PC
platforms under operating system Linux and uses client-
server techniques. 

The paper presents general overview and changes made
in  architecture,  implementation  and  functionality  of
hardware and software of the VEPP-2000 collider control
system. 

VEPP-2000 PROJECT
VEPP-2000  electron  positron  collider  [1]  was

commissioned and spent three successful runs 2010-2013
collecting data at whole energy range of 160÷1000 MeV
per beam [2].

Figure 1: VEPP-2000 facility layout.

During this work VEPP-2000 used the injection chain
of its predecessor VEPP-2M which has worked at BINP
over 25 years in energy range up to 1.4 GeV in c.m.s. and
has collected of about 75 pb–1 integrated luminosity. That
machine  worked  at  lower  energy  (<  700  MeV)  and

showed luminosity 30 time lower than designed value of
1032 cm-2s-1 for  VEPP-2000  at  1  GeV. As  a  result  the
positron production rate was not enough to achieve beams
intensity  limited  only  by  beam-beam  threshold.  This
restriction will be cured by link up via 250 m beamline K-
500 [3] to the new injection complex VEPP-5 capable to
produce  intensive  electron  and  positron  high  quality
beams at energy of 450 MeV. The layout of the VEPP-
2000  complex  is  presented  in  Fig.  1.  The  complex
consists of Booster of Electrons and Positrons (BEP) and
the collider  itself  with two particle  detectors,  Spherical
Neutral  Detector  [4]  and  Cryogenic  Magnetic  Detector
[5],  placed  into  dispersion-free  low-beta  straights.  The
main design collider parameters are listed in Table 1.

Table 1: VEPP-2000 Main Parameters (at E = 1 GeV)

Parameter Value 

Circumference (C) 24.3883 m 

Energy range (E) 200 ÷ 1000 MeV 

Number of bunches 1 × 1 

Number  of  particles  per  bunch
(N) 

1 × 1011 

Betatron functions at IP (β*x,y) 8.5 cm 

Betatron tunes (νx,y) 4.1, 2.1 

Beam emittance (εx,y) 1.4 × 10−7 m rad 

Beam–beam parameters (ξx,y) 0.1 

Luminosity (L) 1 × 1032 cm−2 s−1 

CONTROL SYSTEM OVERVIEW
The architecture of VEPP-2000 software [6] is based on

three-layer  structure  (see  Fig.  2).  Specialized  services
(hardware layer) control one or several CAN or CAMAC
buses  and  allow  client  applications  to  have  access  to
hardware.  The main application of  Middleware  layer  is
VCAS (VEPP-2000 Channel Access Server). Third level
is  presented  with  GUI  applications,  which  provides  to
facility operator powerful and convenient instrumentation
for  beam  tuning  and  diagnostics  of  possible  systems
malfunctioning.  For  the  high  loaded  data  channels  like
control  systems  of  magnetic  structure  of  storage  and
collider rings it is possible direct communication between
GUI and hardware layers. Another important application
in the middleware layer in specially designed Log Server.______________________________________________

*Work supported by: 1) Ministry of Education and Science of the 
Russian Federation, Nsh-4860.2014.2; 2)  partly supported by: RFBR 
grant 14-02-31501
#Yu.A.Rogovsky@inp.nsk.su
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Figure 2: VEPP-2000 Software scheme.

Alarm System
VEPP-2000 collider is a complicated system it's state is

characterized by sousands of parameters. Sometime it is
difficult to find out system diviation in time. To solve this
problem Alarm System was developed. Alarm system is
rule based. Every rool could depend on many channels.
Alarm  system  is  written  in  javascript  and  based  on
asynchronyos IO library Node.js. Web user interface are
embedded  in  system  and  provides  on-line  rule  editor.
Such approach provides flexible way for  rule definition
and allows to reduce number of elements to maintain. 

Logging Server
The Logging  system [7]  is  aimed  at  and  saving  and

tracking of parameters changes. It is build on client-server
architecture. Logging server is core element. System was
deployed in 2011. After one year and a half of successfull
operation new version of logging server was developed.
Main goal was to improve maintainability. To achieve this
goal  custom  made  subsystem  and  modules  were
reimplemented with standart or widely used libraies and
frameworks.  For  example  network  custom  made
submodule  was  replaced  with  Netty  based.  To provide
more simple way for extending logging server with new
storage  backends  and  data  types  server's  structure  also
was revised (see Fig. 3). 

At present time the following backends are implemented: 
• In memory – all data stored in memory. 
• RDB – storage relation database as backend 
• BDB – BerkeleyDB JE 
• Sync – synchronize data from source to destination

Figure 3: Logging Server structure.

Supervision subsystem
Distributed nature of control system make it necessary

to  control  started  services  and  to  monitor  resource
consumption.  To accomplish this task dedicated  service
was constructed. It base on Supervisord process manager.
Custom plugins were developed for resource consumption
monitoring  per  process  and  entire  machine  mode.  To
aggregate informatiom from different machines, Qt based
end user apllication was developed.

Beam Position Monitor
Before 2012 2013 working season the Beam Position

Monitor System (electrostatic  BPM) was equipped with
new  electronics  designed  and  produced  at  BINP. New
design allows combining the preamplifier and ADC in a
single  device  located  nearby  from  pickup  electrodes.
Pickup  station  (shown  at  Fig.  4)  has  4  inputs  for
analogous signals from pickup electrodes and 3 inputs for
from  VEPP-2000  timing  system  (RF  frequency,
revolution frequency, external trigger). Each input signal
from pickup passes through 420 MHz lowpass filter, low
noise  tunable  attenuator  (dynamic  range  20  dB)  and
digitized with 14 bit ADC. Wide bandwidth of electronics
allows the separate measurements of electron and positron
bunches with time interval between bunches up to 20 ns.

Figure 4: Pickup station.
 New system is capable to store up to 8192 points per

channel  with  turn  by  turn  resolution  (at  revolution
frequency)  in  memory  for  future  use  so  called  fast
acquisition, and up to 1024 points with averaging  slow
acquisition.

Figure 5: Signal from pickup electrodes.
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The VME interface allows to have 8192 turns of the
beam history at 5 Hz frequency and beam position (2048
averaging) at 10 Hz. This bandwidth is fully limited by
VME  bus  and  should  be  improved  in  new  Ethernet
interface  (prototype  will  be  commissioned  until  end  of
2014).  Our  estimates  show  bandwidth  limited  only  by
Ethernet capabilities. Fig.5 shows digital output of pickup
station  while  single  bunch  flew  through  BPM  (picture
taken with stroboscope method by varying digital delay
between ADC clocks and revolution frequency).

Specroscope
For  BPM's  data  visualization  special  software

“Spectroscope”  was  developed.  Spectroscope  provide
visualization  for  beam turn-by-turn  position,  oscillation
spectrum  and  spectrogram.  Frequency  diagram  is  also
provided.  Spectroscope  is  written  in  Python  with
extensive  usage  of  Pyqtgraph,  PyQt  and  NumPy
libraries (Fig. 6).

Figure 6: Spectroscope user interface. 

NMR
In 2013 the system of energy determination with use of

NMR  gauges  was  upgraded  with  new  processing
modules.  These modules are  made in 19 inch 1U form
factor and include all the needed electronics onboard. The
new system allows to provide measurements of all NMR
channels  simultaneously.  The  processing  power  of  the
module's CPU is enough to make all the calculations in

time  comparable  to  the  measurement  time.  It  made
possible to reduce the program architecture of the system
to just two levels – client and server. The whole time of
the energy determination now is just 5 seconds in contrast
to  40  seconds  with  previous  system.  This  value  is
satisfactory for VEPP2000 as it is more than 10 times less
than the typical ramping time.

CONCLUSION
During the 2010-2013, VEPP-2000 control system have

been  proved  as  reliable  and  consitent.  Nevertheless,
system development and enhancment are still under way.
Significant  efforts  were  made  to  increase  accuracy,  to
reduce time lags, to provide more useful information and
as a result to improve user experience. 

 Some efforts all ready resulted in new electronics and
software  for  NMR  and  BPM  subsystem,  what
significantly  reduce  required  time  for  facility  tunning.
Some  of  them,  like  Alarm  System  and  Supervisor
Subsystem will reduce complexity of facility control. 

The control  system of  VEPP-2000 is  flexible system
and  allows  very  fast  development  of  a  new,  more
powerful application.  
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DEVELOPMENT OF AUTOMATION SYSTEM OF THE ION SOURCE 
A. Koshkarev, Novosibirsk State University, Novosibirsk, Russia 

P. Zubarev, A. Sanin, U. Belchenko, A. Kvashnin, Budker Institute of Nuclear Physics, 
Novosibirsk, Russia 

Abstract 
To operate a source of negative hydrogen ions an 

automatic distributing control system was developed. 
This system consists of master controller (Slab 
C8051F120) and a set of peripheral local controllers 
(PLC) based on microcontroller Slab C8051F350. Using 
an optical link between PLC and master controller there 
was created a system resistant to high-voltage breakdown 
of the ion source. 

To control the system, a special programming language 
has been created. It includes procedures for checking the 
necessary parameters, setting the value of the physical 
quantities to simplify the experiment, verifying the lock 
status and protection. This system provides two 
programmable timers, as well as procedures in 
emergency situations, such as: lack of water, poor 
vacuum. It can be operated in semi-automatic mode, if 
the script asks operator about preferable actions and then 
continues the script depending on the response. All 
scripts are performed in master controller, and this makes 
system very rapid (for example system response time is 1 
ms). 

INTRODUCTION 
One of the most important stages in the development of 

new facilities is to automate and connect all control units 
together. To achieve this goal, the automation of power 
supply units in the new ion source injector was carried 
out. The ion source injector is located in a research 
facility BNCT. This method of treatment is very effective 
against a number of currently incurable radioresistant 
tumors, such as glioblastoma multiforme and metastatic 
melanoma [1, 2]. Frequent changes of control commands 
and their parameters during experiments cause serious 
problems. Therefore, the scripting language consisting of 
control commands was developed. It allows operator to 
implement all sorts of automatic control algorithms and 
conduct experiments with minimal outer control. 
Automation, conducted within the framework of this 
work, simplifies significantly the operation of the facility. 

SUBJECT AREA 
The ion injector comprises several high-voltage power 

sources, temperature and vacuum level nodes, requiring 
remote control and data capture.  

Power sources are controlled by identical and 
interchangeable modules of programmable logic 
controller (PLC), receiving commands from a personal 
computer through a switch. Each PLC has a 
microcontroller and several analog and digital channels, 
which are connected via serial interfaces SPI & I2C with 
the PLC microcontroller. The microcontroller allows 

operator to test devices on the board if they are connected 
with each other. In conditions of high electromagnetic 
noise the distributed control system with sufficient 
independence of modules increases the reliability of the 
entire control system. 

The structure of the control system is shown in Fig. 1. 

 
Figure 1: Structure of the control system. 

ALGORITHMS 
Commands are usually repeated during the experiment 

and for convenience to operator algorithm scenarios have 
been developed. Operator can create a certain set of 
commands once and then these commands can be 
repeatedly applied. Command can be as unconditional 
execution of some action, and also it can be a check of 
channel status. After checking it is possible to jump to 
another line in the scenario. 

The switch algorithms allows user to apply two modes: 
manual and automatic. In manual mode, the operator can 
change the values of PLC. On the other hand, automatic 
mode allows user to run the script, which will perform the 
control over the experiment without operator. A block 
diagram of the basic algorithm is presented in Fig. 2. 

The developed switch algorithms allow user to control 
automatically the ion source. Link between the 
management console and the switch is not required. 
Accordingly, if the operator console suddenly loses 
contact with the switch, the experiment will not stop, and 
the switch will continue to capture the critical parameters 
of the experiment. If these values are exceeded, the 
switch takes some measures that were initially set by the 
user. 

SCENARIO 
Scenarios – a set of strings that contain parameters such 

as the block number, channel number, the command, the 
value of the team and its priority. 

The sequence of operations required depends on 
checking of states and transitions. Therefore, an internal 

PC with control console 

Gate 

Ethernet 

UART 

PLC0

PLC3

PLC1 PLC2

PLC4 PLC5
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control programming language was created – scripting 
language. To measure the time intervals the internal timer 
of microcontroller was used, which hosted four logical 
timers with a period of one millisecond. All script 
parameters are translated into physical quantities, so the 
operator can control experiment simply. Scenarios allow 
us to describe the action in emergency situations, such as 
a lack of cooling water, poor vacuum, etc. If this happens, 
the console informs the operator about the error. Scenario 
processes by the switch and that allows user to instantly 
respond to emergencies and not waste time waiting for a 
response from the PC. 

 
Figure 2: The basic algorithm of the switch. 

Block number denotes the index card PLC, which will 
use certain equipment. The channel number indicates 
what kind of equipment can be used. User can choose 
ADC, DAC, digital inputs (DI, 1 bit ADC) or digital 
outputs (DO, 1 bit DAC). The command can be either set 
the value or values of the comparison device with the 
parameters specified by the user. Execution priority 
specifies how the command will be executed: normally, 
rapid or emergency. After the command with normal 
priority it is exhibited a delay in one second. Rapid 
command is executed without delay. Command checking 
emergency are executed before each execution line in the 
script: on stage startup script host controller stores the 
row numbers and emergency script before executing the 
next line in the script ensures rapid implementation of all 
emergency lines. 

User has an opportunity to write the values in the array 
of intermediate calculations, for example for the 
implementation of various filters. 

Automatic control is realized by algorithms which are 
stored as data files in the controller memory. 
Microcontroller has built-in memory, but depending on 
the complexity of the scenarios it may not be enough. To 
solve this problem, the anchor controller is equipped with 
an external memory to 32 KB. 

For transmission lines in the script, you must first 
compile them using the built-in compiler, and only then 
operator can transmit control commands to the switch. 
All lines of the script have the same number of 
parameters. Each parameter – a signed 32-bit number. 

HARDWARE 
The programming code implements the developed 

algorithms and allows switch to receive pre-programmed 
in the console operator scenarios, to change values on the 
PLC through the console and send the values of recorded 
parameters to the operator. Program code was written in 
C language with the help of SiLabs utility. 

 
The switch 
The switch is a "bridge" between the Ethernet channel 

and the UART interface. It also processes its own 
programming language, which allows operator to 
organize the automatic control equipment. Switch 
hardware: 

– microcontroller C8051F120; 
– RAM memory K6X4008T1F 32 KB; 
– Internet module CP2201; 
– two-channel UART buffer SC16IS752. 
 
The PCL 
The PLC board is used as a direct control unit, which 

interacts with high-voltage power sources. Every PLC 
contains 8 ADC (16 bit, 0-5 V), 4 DAC (16 bit, 0-10 V), 
8 DI and 8 DO. Every PLC communicates with a switch 
through opto fiber lines. After the switch is turned on, it 
queries all PLC one by one. All data transfers between 
these devices according to a certain algorithm, which 
allows switch to send the unlimited length of the packet 
data. PLC hardware: 

– microcontroller C8051F350; 
– 8 16-bit ADC with a range from 0 to 5 V; 
– 4 16-bit DAC with a range from 0 to 10 V; 
– 16 optocouplers SFH628A; 
– Instrumentation amplifiers INA129; 
– 16 I / O ports I2C PCA9539. 

PC CONSOLE 
Control of source of negative ions is performed using 

the program created in LabView environment.  
The program allows user to work on manual and 

automatic control. The user is provided with a special 
language that provides the implementation of various 
management scenarios, as well as the handling of 
emergencies. 

The attendant console is implemented so-called 
"scenario editor", allowing user to create scenarios. The 
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editor allows you to save the script in computer memory 
and load them into the program. It also allows you to 
select a control channel by its name. All names must be 
assigned to a special configurator, which is composed of 
the management console. Before sending the script to the 
switch user have to compilated it by program means. 
During compilation program  check all the lines in the 
script, conversion of physical quantities in the codes for 
DAC / ADC and the conversion of all the rows in a clear 
view of the switch. 

TESTING 
System has passed a series of tests. The connection 

between the electronic devices and the management 
console was established. A long-term test was performed: 
operators program sends a command to PLC0 through the 
switch to set the voltage on DAC0. Then delay set in a 
quarter of a second. After this values are read from all 
ADC (ADC and DAC are connected with each other), 
and after this received data are sent to the console. As a 
result, the operator gets the same value that he exhibited 
at the outset (precision is ±1%). Testing was conducted 
for three hours, any failures were not found. 

RESULTS AND DISCUSSION 
The developed and tested control system allows 

operator to perform experiments with minimal operator 
control, that improved the operational characteristics of 
the facility, including the protection of the patient from 
operator errors. At the same time this system allows 
operator to interact with the elements of the installation 
without much effort. 

The universality of the implementation of this system 
makes it possible to integrate it into other hardware and 
control systems. Simplicity of replacing of burned-out 
modules allows to repair the ion source in a few minutes. 
Also, when you connect the adapter for PLC, which was 
developed earlier, it is possible to apply this management 
system in any other assigned tasks (for example, the 
inclusion of a teapot for dinner, and control of water 
temperature in a pan). 
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CONTROLLER FOR RF STATIONS FOR BOOSTER OF NICA PROJECT 

G.A. Fatkin, M. Yu. Vasilyev, Budker Institute of Nuclear Physics, Novosibirsk and
Novosibirsk State University, Novosibirsk, Russia

A.M. Batrakov, I.V. Ilyin, A.M. Pilan, G. Ya. Kurkin, Budker Institute of Nuclear Physics,
Novosibirsk, Russia

Abstract
Intellectual  Controller  for  RF stations based  on CPU

module SAMA5D31-CM for Booster of NICA Project is
presented.  Controller  measures  magnetic  field  using
induction  coil  and  provides  corresponding  real-time
tuning  of  frequency  according  to  non-linear  law  with
20 μs period and better than 2·10-4 accuracy.  Controller
also allows setting up and monitoring parameters of RF
stations. The tester module that generates a sequence of
events  and  signals  imitating  acceleration  cycle  is  alo
presented.

INTRODUCTION
RF System for Booster of NICA Project (JINR, Dubna)

[1] are created at Budker Institute of Nuclear Physics [2].
It  consists of two resonators,  two RF stations including
power amplification cascades and low-voltage electronic,
intellectual  controller  and  tester  module.  RF  system
provides  ~10  kV  acceleration  voltage  in  required
frequency range (0.5-5 MHz) on cavity gaps.   

This  article  describes  the  intellectual  controller  and
tester  module.  Primary  function  of  controller  is
generation of master frequency depending on the current
value of magnetic field. Inaccuracy of frequency setting
must not be worse than 2·10-4.  The graphic of magnetic
field  in  booster  and  corresponding  acceleration
frequencies for nuclotron injection mode are presented at
fig. 1. Magnetic field increase rate in this mode is around
1.2  T/s.  Several  other  acceleration  modes  are  planned
including autonomous mode (rising frequency from 0.5 to
5 MHz in 2 s).

Controller  also  manipulates  low  voltage  electronics,
measures  and  generates  all  signals  necessary  for  the
functioning of RF sections (see tab.  1). Controller must
also  have  means  to  be  integrated  in  booster  control
system.

Table 1: Main controller signals

Signal Channels Sample Rate Resolution

Input Signals

Master frequency 2 50 kHz 24

V resonator 2 50 kHz 12

I anode 2 1 kHz 10

Synchronization 7 N/A N/A

Output Signals

Field sensor 1 50 kHz 18

V resonator 2 50 kHz 12

V preamplifier 2 5 kHz 12

I anode 4 1 kHz 12

V rectifier 6 1 Hz 12

V filament 2 1 Hz 12

Currently most of booster elements are in design and
manufacturing  stages.  That  is  the  reason  why  tester
module is created. It  imitates signal from magnetic field
sensor and necessary synchronization pulses in different
acceleration  modes.  Tester  module is  intended to allow
regular  RF  system  checks  at  the  installation.  Both
developed devices are 19'' 3U modules and are placed in
RF stations electronics rack.

CONTROL ARCHITECTURE
The scheme on fig.  3 shows interaction of  controller

and tester modules with booster  instrumentation and RF
stations electronics.

Signals from magnetic field sensor and synchronization
pulses are provided to the tester module Tester  module
allows to interchange between imitation and through-pass
modes.  Signal  from magnetic  field  sensor  is  integrated
and resulting magnetic field value B is used to calculate
frequency according to the following formula: 

F (B)=
c2 /LZ /Anρ1 /10

6B

√mn2+(Z /Anρc /10
6
)
2B2

(1)

Figure  1: Booster  magnetic  field and   acceleration
frequencies.
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In  (1),  B –  is  the  resulting field  value  and  all  other
symbols  represent  static  parameters  of  installation.
Calculated value is used to generate two master frequency
sinusoidal  signals.  These  signals  are  generated  with
specified  phase  difference  defined  by  distance  between
resonators.  In  future  it  is  intended  to  provide  suppress
synchrotron  oscillations  by  variation  of  this  phase
according  to  signal  from  designed  beam  phase
measurement system.

SOFTWARE
Both tester and controller modules are managed over

the Ethernet interface using text-based command protocol
over  telnet.  RS-232  interface  is  provided  for
reprogramming and debug.

Apart  from  adequate  embedded  programs,  testing
software was developed. This software will also serve as
a reference for implementation of corresponding modules
in NICA booster control system.

CONTROLLER MODULE
Observing  tab.  1 one  may  conclude  that  controller

module must  supply 3 high rate (50 kHz) output channels
and  measure  6  output  channels  with  same  rate.  Most
calculations  and  data  conversions  require  floating-point
arithmetic. It is also necessary to arrange data interchange
between  several  independent  measurement  and  control
devices. E.g. to generate master frequency controller must
receive data from measuring ADC, convert,  correct  and
integrate  the  resulting  value  to  attain  field  value  then
calculate frequency according to formula (1),  convert  it

again and finally send this data to DDS. At the same time
a  lot  of  other  signals  must  be  changed  and  measured:
resonator  voltages,  cathode  currents,  preamplifier
voltages etc. 

Two  main  approaches  are  used  for  creation  of  such
complex high rate  systems:  FPGA and high-end micro-
controllers.  The  reasons  for  choosing  micro-controller
approach  were  following:  need  of  floating  point
arithmetic,  complex  logic  with  different  modes  of
operation that will require expansion and finally variety of
interfaces (I2C, SPI, Ethernet, RS232). 

Controller structure is shown on fig.  3. It  is based on
Atmel SAMA5D31 micro-controller. Availability of on-
board 1 MHz 12 bit  8-channel  ADC was a  significant
advantage.  Usage of  SAMA5D31-CK SO-DIMM board
allowed  to  significantly  accelerate  and  simplify  PCB
design.

It must be noted though that we had to give up usage of
any  (even  real-time)  operational  system  to  provide
necessary  reaction  rate  (20 μs  cycle).  Apart  from  such
bare-metal approach we had to significantly optimize our
program code. Another restriction we had to establish is
following: interaction with booster control system using
Ehternet protocol is available only between cycles, while
in-cycle Ethernet controller is turned off.

Apparently an ideal approach is using SOC with FPGA
and ARM kernel e. g. CYCLONE V SOC. But when we
started  this  work,  boards  like  MITYSOM-5CSX  on
SODIMM  were  still  unavailable.  And  PCB  layout  of

Figure 2: Control architecture.
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CYCLONE V SOC is quite problematic in itself and was
considered more tedious than program optimization.

TESTER MODULE
Imitation of  the signal  from induction magnetic  field

sensor and generation of synchronization pulses sequence
according  to  the booster  mode is  the main task of  this
auxilary  module.  Resulting  imitated  signal  and  it's
integral (magnetic field) is shown or fig.3. 

For  the operational  check  of  RF stations tester  has  a
multiplexor that  allows to disconnect  controller  module
from  booster  systems  and  check  it's  operational
capability. Generally, tester will be in through-pass mode
when  real  signals  from  booster  are  provided  to  the
controller inputs.

Particular attention was paid to precision of imitation
circuit design. Resulting noise of integral (magnetic field)
at the end of acceleration cycle is shown on fig.  4.  This
resulting noise is ±5∙10-6,  attained signal noise is  ±5 μV
and temperature stability is 5 ppm/°C. Imitator circuitry is
based on DAC8331. 

Intellectual part of tester module is based on LPC2478
processor and provides control of DAC, synchronization
pulses  generation,  multiplexor  control  and  Ethernet
interface for inter-operation with booster control system.

CONCLUSION
Controller  and  tester  modules  were  designed

manufactured and tested in work with RF stations. Usage
of SAMA5D31-CK board allowed to achieve necessary
speed and algorithm modification easiness. Processor had
almost  reached  it's  performance  capacity  though.  And
bare-metal  programming  is  not  very  comfortable.  In
future similar works it  is  more appropriate  to use more
powerful  multi-core  processors  like  TI  AM355x  or
CYCLONE V SOC chips. This will allow to use real-time
operational  system  and  further  ease  software
development.

REFERENCES
[1] Eliseyev A.V., Meshkov I.N. and others, “Longtitudal
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Figure 3: Controller module structure.

Figure 4: Imitation of magnetic field sensor  signal.
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MEDIA SERVER FOR VIDEO AND AUDIO EXCHANGE BETWEEN THE 
U-70 ACCELERATOR COMPLEX CONTROL ROOMS 

I.V. Lobov, V.G. Gotman, IHEP, Protvino, Russia 
 

Abstract 
The media server was developed that implements the 

exchange of video and audio streams between control 
rooms for U-70 technological subsystems. Media server 
has the possibility of making changes into the 
intermediate video images to embed current technological 
information. The media server is implemented as a set of 
threads of execution, one for each video format 
conversion module. The media server is a chain of 
successive transformations of video and audio streams 
from one format to another: H.264—Y4M—THEORA 
formats for video, PCM—VORBIS formats for audio. 
The final video and audio streams are encapsulated into 
the OGG container stream which is translating into the 
local network. OGG container has been chosen because of 
its completely open, patent-free technology and full 
support in HTML5. Any Web browser with full HTML5 
support may be used as OGG stream consumer. The 
browser client program has written with tag <video> 
utilization. This allows for client to work on different 
platforms (Linux, Windows) and get rid of third-party 
video plug-ins.  

INTRODUCTION 
The aim of the work was to develop a dispatching 

system for the organization of audio and video-sharing 
between different U-70 technological subsystems in 
IHEP. Requirements for the dispatching system were as 
follows: 
• Simple and convenient instrument of organizing the 

conversations and conferences. 
• The client software must run on different operation 

systems. 
• The software must use open-source free algorithms 

and libraries. 
• Do not use any special designed programs (plug-ins) 

on the client side. 
• The ability to modify the intermediate video images 

in real time scale. 
• To record the video and audio tracks into archive 

with a possibility of quick search of the desired 
fragments. 

• The ability to transmit media information in 
conjunction with digital technology data. 

DISPATCHING SYSTEM STRUCTURE 
The solution of the task lies in the following main ideas 

(see Fig. 1): 

• The dispatching system will use the IP-cameras with 
video and audio transmit ability instead of 
connecting to the PC webcams. 

• The media server will provide data transmission 
from IP-cameras to the clients in form of media 
streams. Thus, instead of a set of programs for 
different client’s operation systems only one 
dispatching program will be written in. 

• To use the benefits of the HTML5 for the client 
access to the server. 

IP-camera which makes your participation in the 
conference does not need to be connected to the client 
computer. Thus the client computer does not transmit any 
media-streams to the server. It simply receives the media-
streams. At first, the client makes a connection to the 
server. Next, the server connects to an IP-camera and 
starts to receive the media-stream. Finally, the client 
begins to receive the media-stream from the server. 
 

 

Figure 1: The scheme of the data flow (blue arrows) and 
the control flow (red arrows). 

SOFTWARE INSTRUMENTS AND MEDIA 
FORMATS STANDARDS 

Programming Tools 
The server part of the dispatching system was written in 
Visual Studio 2012.  

The libraries used in the project: 
• JM 18.6,H.264/AVC Software, Karsten Suehring [1]. 
• libogg, version 1.3.2, Xiph.Org [2,3]. 
• libtheora, version 1.1.1, Xiph.Org [4]. 
• libvorbis, version 1.40, Xiph.Org [5]. 

The client part was written in HTML5 + JavaScript. 
 

Media Server 

Data base: 
 the dispatching 

system  coordinator 

Server program:  
the media stream 

coordinator 

Video + audio 
archive 

IP-cam2 Client 2 Client 1 IP-cam1 
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Media Exchange Standards 
RTSP—Real Time Streaming Protocol designed to control 
streaming media servers [6]. 
RTP over H.264—Real time Transport Protocol designed 
to transmit H.264 video streams in real time scale [7]. 

Media Data Formats and Standards 
H.264, MPEG-4 Part 10 or AVC (Advanced Video 

Coding)—licensed video compression standards designed 
to achieve a high compression ratio while maintaining 
high video quality [1].  

YUV—image color model, in which the color appears 
as three components: the luminance (Y) and two 
chrominance components (U and V). Luminance 
component Y contains a "black and white" grayscale 
image, and the remaining two components contain the 
information required to restore the color. YUV is 
convenient model for image recognition and intermediate 
image replacement by changing the desired pixels.  YUV 
model will help in the future augmented reality 
implementation which is intended to use in the 
dispatching system [1]. 

OGG—open standard multimedia container format, it is 
the main file and stream format for multimedia codecs 
funded by Xiph.Org [2]. 

THEORA—free video codec for video compression 
with losses developed by the Xiph.Org [4]. 

VORBIS—free audio compression format with losses 
[5]. 

 The OGG format with VORBIS and THEORA content 
is quite promising because of  1) free licensing and 2) the 
ratio between sound and image quality and file size which 
is the best among peers. The last factor is quite critical for 
local networks when a large amount of packages is used 
for  media exchange. Owing to these, the OGG format 
was selected as a container for  the audio and video 
transmission to the client. 

SERVER PROGRAM DESCRIPTION 
The server software is designed for transmitting data 

streams between clients as shown in Fig. 2. 
The transmission of the media from IP-camera to a web 

browser is a chain of successive  media transformations 
from one format to another. The chain for media 
transformation from IP-camera to the client is performed 
by the server program. The server program connects to an 
IP-camera, takes video and audio RTP-packets from the 
camera. Then the received media information is analyzed 
and altered (if necessary). Finally the media information 
is sent to the client.  

The server program consists of the software modules 
which transform the information as follows: 
• Module "MAIN"—establishes a connection to IP-

camera via RTSP and receives the data in real time 
via RTP.   

• Module "YUV"—converts the compressed video 
format H.264 into uncompressed image format YUV  
for further analysis. 

• Module "OGG"—performs the transcoding of the 
pair "Uncompressed video format YUV + Audio 
format PCM [8]" into the THEORA and VORBIS 
formats with subsequent encapsulation into an OGG 
container. 

• Module "TRAN"—transmits the OGG packets  to 
the client. The module connects to the database and 
reports on its readiness for data transmission. 

 

 

Figure 2: The data flow. 

Program Organization as a Set of Threads  
Program modules are implemented as separate threads, 

one thread for each client. The data exchange between 
threads is performed by means of intermediate buffers and 
semaphores in order to synchronize the  intermediate 
buffer's reading and writing. The semaphores are needed 
to prevent the possibility of data corruption when threads 
use the intermediate buffers. 

Four threads are used to transfer video and audio data 
from a camera to a client. Thus, the data exchange 
between two clients requires eight threads. The same 
software procedures are used for both clients. This 
imposes a requirement of using only re-entrant  software. 
In other words, it is necessary to use only two types of 
variables: 
• Local variables in procedures; 
• In case of using global variables they should be  

organized in the form of two-dimensional arrays. 

Description of the MAIN Module 
The main module of the server is started as a thread for 

each client. It connects to the camera via RTSP.  MAIN 
module generates three threads (YUV, OGG, TRAN) for 
processing and transmitting information to the client 
browser. The task of MAIN is to take RTP packets from 
the camera, analyze them and identify the types of the 
packets (audio or video, single or fragmented). 

Each RTP packet contains the NAL units of different 
types [7]: 
• SPS—the Sequence Parameter Set. 
• PPS—the Picture Parameter Set. 
• IDR—I frame. 
• NONE-IDR—B- frame (move). 

CLIENT 1: 
IP-camera MAIN 

YUV 

OGG 

CLIENT 2:  
web browser 

RTP-
packets 

Video 
format 
H.264 

Audio 
format 
PCM 

Video 
format  YUV 
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The flow of the MAIN is implemented in infinite loop 
which accepts incoming packets from the camera.  

For video data, MAIN checks the packet loss, and if the 
package was lost, the buffer is filled with the last full 
frame received. In case no packet loss the buffer is filled 
with all of the packets had come between two consecutive 
packets containing SPS. Once the buffer is full, the flow 
is stopped and the video data is copied to the YUV 
module. When the copy is finished the flow continues. 

In the contrary, audio data is sent directly to the OGG 
module. 

Description of the YUV Module 
This software module is implemented in the form of an 

infinite loop waiting for data from the main program 
module (MAIN). After receiving the data, the YUV 
decodes them from a compressed format H.264 to 
uncompressed YUV format and transmits the transcoded 
data to the OGG module. 

Description of the OGG Module 
The first step of the OGG module is to initialize OGG 

header with THEORA and VORBIS content. OGG 
module writes the header to the output buffer and begins 
to wait for data from the YUV module, as well as the 
TRAN module readiness. Upon the receiving the 
uncompressed video data from YUV module, the OGG 
module breaks them into frames. One uncompressed 
frame makes IDR-frame while the others make NONE-
IDR frames (move). At the same time the OGG module 
waits for the uncompressed PCM audio data from the 
MAIN and encodes it in a compressed format VORBIS. 

Finally, when the THEORA and VORBIS formats are 
encoded into OGG container packets, the output is written 
to the intermediate buffer for the TRAN module 
processing. 

Description of the TRAN Module 
The TRAN module is waiting a request from the client 

to join. After joining the TRAN module gets the data from 
intermediate OGG buffer, divide it into packets with 1400 
bytes length and sends them to the client. 

CLIENT PROGRAM DESCRIPTION 
The client program is implemented in the form of a 

window containing the video and control buttons as 
shown in Fig. 3. It connects to the database and sets the 
"online" flag for other clients. At the same time it reads 
the "online" flags from all other clients and the server.  

The operator can connect to other clients and establish 
connection with them. He can press the corresponding 
button addressed to the desired remote client. After 
getting answer the remote connection is established and 
the video picture comes alive. 

The connection buttons use 3 colors: 
• Green—the client (server) is online. 
• Red—the client (server) is offline. 
• Yellow—operator requests the connection.  

 

Figure 3: The scheme of the client interface. 

CONCLUSIONS 
Upon the development process of the media server 

software a number of technical problems was resolved: 
• Initially the chain of video stream consecutive format 

conversions resulted in data loss. The solution 
founded—a media server was organized as a set of 
multiple interacting threads of execution.  

• Initially the audio and video streams were gradually 
diverging from each other due to the differences in 
timing principles (audio is transmitting in frequency 
units while video is transmitting in video frames). 
The peculiar method of the audio and video stream 
synchronization was developed—to use the 
independent timing scheme, same for audio and 
video. 

• Initially the image was transferred choppy due to the 
inconstant number of frames per second getting from 
the camera. The problem was solved by counting the 
actual number of frames per second.  

A dispatching system scheme for U-70 Accelerator 
Complex was developed and implemented. An optimal 
method for the video and audio streams conversion was 
achieved via threads of execution. As a consequence the 
video and sound streams have no transcoding losses 
whereby the media is played smoothly and correctly. 
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U-70 ACCELERATOR COMPLEX: CENTRALIZED ACCESS TO  
IP-DEVICES WITH EMBEDDED WEB-SERVER 

Yu.Milichenko, E.Takaeva, V.Voevodin, IHEP, Protvino, Russia

Abstract 
The paper describes our efforts to organize centralized 

access to IP-devices of specific types.  Each device 
includes proper embedded web-server and is connected to 
an accelerator department network. Today there are tens 
of the devices are used to give pictures online.  

A device access is carried out by user understandable 
device names with the aid of accelerator department web-
server. Some arisen problems due to increasing number of 
device users are pointed. Possible manifold forms of on 
screen presentation of pictures derived from devices are 
presented. 

NEW DEVICES 
At last time an accelerator specialists are using 

increasing number of various digital devices to solve 
specific tasks of visual monitoring. At present there are 
tens of the devices. The devices should to be connected to 
local computer network and they give possibility to user 
to access them by means of web browser.  

The types of devices in use are some models of digital 
multi-channel oscilloscopes, video recorders, IP-cameras, 
video encoders. The devices are installed in a control and 
technical rooms of different buildings.  

All devices, mentioned above, provide users with 
online pictures. Web browser may be used to get the 
digital picture and set some operational parameters of a 
device, for example, time of the picture renovation. For 
U-70 accelerator complex this time usually is set to be 
equal to 10s.  

The pictures from video devices first of all give 
possibilities to see processes of beam injection from 
linacs, acceleration and beam transfer from booster to 
main ring. Some of devices used to observe most 
significant objects, such as radiation dangerous zones, 
corridors, technological halls and etc. 

As a rule, a multi-channel oscilloscope serves signals of 
a certain technological system or process. It gives 
possibility to observe processes of acceleration regimes 
tuning, the quality of a technological system operation.  

NETWORKING OF DEVICES 
The first devices were directly connected to the same 

open network together with an accelerator department 
office PCs. But fast increase in the number of devices and 
appearance of certain maintenance problems required 
some centralization and severe discipline to access and 
control the devices.  

The next problems have appeared after short time of 
operation: 

1. Each PC got access to each device and possibility 
for tuning it up – led to curious situations. 

2. Outsiders of accelerator department had direct 
access to the all devices by printing IP address. 

3. A user should to remember set of IP addresses of 
all the devices he is interested in. 

4. Some devices stopped the web service due to 
exceeding of simultaneously opened web-sessions 
limit. 

5. Some old models of devices do not support 
classless IP addressing – possible decisions were 
discussed with support services of the 
manufacturers. 

To solve the problems a network redesign was 
necessary [1]. It was decided to organize protocol-based 
virtual network (VLAN) on top of the accelerator 
department physical office local area network [2]. It 
became new internal local domain 192.168.0.0/16 
including all devices mentioned above. Except devices 
VLAN combines only those computers, which are 
installed in the control or technical rooms and assigned to 
view images from the devices or tuning up them. The 
usual computer of the office LAN can’t access the devices 
if it is not a member of the VLAN. 

CENTRALIZED ACCESS 
The centralized access meant for deriving online 

pictures only. To set operational parameters of the device 
is possible if user enters directly to web browser the 
device IP address as web page address. 

To centralize and simplify an access to the distributed 
devices the accelerator department web-server is used. 
The server was included in the VLAN to get direct access 
to the devices. It supports two schemes to organize access 
to the devices from user computers. In both cases the 
web-server is used as a reference book – a user selects 
from the corresponding to the scheme list of devices. 
Each selection list includes names of all available and 
accessible devices and some comments. 

In the first scheme the user web-browser after device 
selecting request communicates with selected unit 
directly, so increasing number of clients of the remote 
device web-server. This scheme is used to access all 
devices in scale of VLAN only and is showed in Figure 1. 

 

Figure 1: First scheme of device centralized access. 

U-70 department web-server 

User  
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The second scheme is used to view images from 
oscilloscopes only. In this case after oscilloscope 
selecting the accelerator department web-server 
communicates with selected device, derives picture 
periodically and forwards it to the web-browser of user. 
Figure 2 shows the scheme of network interrogations. 

In this case accelerator department web-server is the 
only client of each oscilloscope web-server. The picture 
once received from selected device is sent to all interested 
users. 

 
Figure 2: Second scheme of device centralized access. 

The second scheme allows access to images created by 
oscilloscopes from outside of the VLAN, for example 
from home computers.  

SCREENS AND WINDOWS 
There is some number of forms to present online 

pictures on a monitor screen. Usually separate web-
browser window is used for each picture (see Figure 3).  

Figure 3: Web-browser window with one picture. 

As a rule this form is used by users from their office 
personal computers taking an opportunity of second 
scheme of device centralized access.  

The first scheme of device access supports possibility 
to visualize up to four pictures from different source 
devices inside one window simultaneously. The 
possibility was realized by framing HTML content [3]. 
Figure 4 is the example of this form. 

 

 
Figure 4: Web-browser window with four pictures. 

Now a typical control room maintains computer 
monitors with a large screen. Depending on current task 
to solve a user may layout all necessary windows with 
corresponding pictures on the screen. He can use any of 
device access schemes. The Figure 5 shows a screen with 
five online pictures from remote oscilloscopes. 

 
Figure 5: Screen with web-browser windows. 

In control room user may see a set of significant signals 
on screens of local real oscilloscopes and on computer 
monitors with pictures from remote devices. The 
corresponding devices may be installed in other building 
of any accelerator of the U-70 complex. 

 
Figure 6: Two web-browser windows on one screen with 
four frames each. 

The Figure 6 shows screen with two web-browser 
windows. The left window contains images received from 

U-70 department web-server 

User 1 
web-browser 

Device  
web-server 

User N 
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four different oscilloscopes. The right one presents two 
images from cameras and two lists of device selection. 

 
Figure 7: Overview of the booster control room consol. 

 General view of booster control room consol is 
presented in Figure 7. 

CONCLUSIONS 
Engineers are responsible for technological 

instrumentation may to form their current screens to 
detect malfunctions of hardware in use. 

An operator solving tasks of technological system 
parameters adjustment, control physical processes related 
to beam dynamics, creates set of windows with pictures 
are good for making decisions on optimization of current 
accelerators regimes. 

For example, tuning of beam ejection from booster and 
beam transfer to main ring require to form at least two 
windows with digital multi-channel oscilloscopes 
pictures. 

The first one to observe: 

• Forms of changes of the magnetic field of booster 
circular electromagnet. 

• Forms of changes of the RF field of accelerating 
cavities. 

• Signal of orbit middle radius change. 
• Intensity signal of accelerating beam.  
The second one is necessary to view mutual 

synchronization of accelerating beam and timing of pulse 
and bump systems to eject beam from booster and inject it 
to main ring. 

So, the centralized access to distributed IP-devices is a 
new tool, giving a user possibility to select the most 
significant for current moment information in form of 
pictures. User may use the computer monitor space in a 
most efficient way to solve his tasks. He can do selections 
and screen forming on-the fly. 

Historically there are control rooms distributed over 
accelerators and beam lines of the U-70 accelerator 
complex. One can see current state of the significant 
parameters over the whole accelerator complex from any 
control rooms consol.  

Today this facility became integral part of whole toolset 
to control the beam quality during the U-70 accelerator 
complex run. 
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DIGITAL SIGNAL PROCESSING ALGORITHMS FOR LINAC LOW-
LEVEL RF SYSTEMS 

D.Liakin, S. Barabin, A.Orlov, ITEP, Moscow

Abstract 
   A set of LLRF systems had been designed for various 
applications of resonant RF devices such as accelerators 
or beam deflectors [1], [2]. This report presents compact 
signal detection algorithms, used in most of developed 
systems. Application-specific extension of the signal 
processing procedure allows the system be synchronized 
to external self-excited oscillator.  

SIGNAL AND SYSTEM PARAMETERS 
Linear accelerator of charged particles use a resonant 

principle, where the EM field energy from period to 
period converted into the energy of accelerated particles. 
For conversion efficiency, it is important to keep the 
resonance condition during the system operation cycles. 
In addition, systems of several resonators need certain and 
accurate phase difference between oscillations in different 
resonators. The signal, taken from high-Q resonator, 
occupies narrow frequency range, defined by the 
resonator characteristic, shown as an example in Fig. 1. 
Systems with dynamic phase control use a resonator 
model to build an efficient feedback transfer function. 
There is always a trade-off between efficiency on one 
hand, and resource cost of the signal processor on the 
other. Normally a first order model describe the resonator 
very well. However, as it is seen in Fig. 1 the difference is 
visible.  

  

 
Figure 1: The frequency characteristics of the cavity, 1st 
order cavity model and overall frequency response of the 
digital processing unit.  

The signal detection needs another compromise. Fig. 1 
shows the frequency response of the signal processor. 
Besides, it shows how ineffective is a resonator as a 
filtering device. To keep the efficiency the signal 
processor must reduce the system’s sampling rate down to 

reasonable low value. For that, it wastes the signal power 
outside of 500 kHz band.  

THE BASE ALGORITHM 
Fig. 2 presents the general process used to handle RF 

signals. The carrier frequency of the RF is higher than the 
sampling frequency of an ADC or system clock frequency 
of an FPGA-based digital signal processor (DSP). 
Because of this the ADC operates in IF mode, working as 
frequency down converter. The intermediate frequency 
signal is an input signal for the DSP.  

NCO

÷ N CORDIC BUFFERIF

Sync.

Output signal 
controller

Postprocess
analysiz

 
Figure 2: The signal evaluation in the digital domain. 

As it is shown in Fig. 2, the first stage of the DSP 
performs an additional frequency conversion. The system 
set up defines precisely the frequency shift by a frequency 
tune word (FTW) of the numerically controlled oscillator 
NCO. The following low-pass filter suppress image and 
carrier frequencies existing at the down converter output. 
The output of the filter is a complex amplitude slowly 
varying in time. The cost of algorithm is important. To 
keep the efficiency and effective use of the FPGA 
resources the data needs to be rarefied according the 
system bandwidth. Due to the slow signal, the DSP 
reduces the data rate by factor N, normally down to 1 
MSPS. Until this DSP uses a fixed-point arithmetic and 
Cartesian representation of complex amplitudes. The 
COordinate Rotation DIgital Computer module converts 
complex data to the vector form. Then the DSP store the 
amplitude and phase of the signal in separate buffers.  

Fig. 3 gives an example of a system, where the original 
signal 1 is taken from the master self-excited generator, is 
used for synchronization of EM-field in the resonator of 
the novel just designed acceleration section. For 
successful operation, the digital controller must 
synchronize two system within 50-microsecond interval 
after the master-generator start. A distinctive feature of 
the described system is an oscillation of the amplitude and 
phase at the rising edge of the reference signal’s pulse.  
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Figure 3: Original signal envelope (1) and some of DSP 
signals. 

 
Different low-pass filters give different result. A wide-
band system response, shown as curves 2 in Fig. 3, 
follows the oscillation of the master-generator. A narrow-
band system (curve 3) produce smooth signal, but the 
delay time is critical.  

NON-PARAMETRIC METHODS 
The algorithm described above uses a continuous data 

stream to produce a decimated data. There are some 
situation, which require more detailed signal observation. 
The system uses a short time interval (shown with marker 
4 in Fig. 3) to store a portion of raw data for further off-
line analysis. The main way of the raw data treatment is a 
fast Fourier transform.  

   
Figure 4: Raw data and ‘momentary’ FFT spectrum. 

Fig. 4 on top shows captured data and a window 
function used for sharpening of the spectral lines. As it is 
seen in the bottom of Fig. 4, even pure sinusoidal signal 
produces a pattern of spectral lines instead of the single 
peak. The signal processor uses most significant lines of 
the pattern to determine final values – phase and 
amplitude of the signal. The window function smoothly 

sew up the data patterns, but also waste some signal 
strength and produces a phase error (see Fig. 5).  

 

 
Figure 5: Phase error for the set of window functions. 
 
Fortunately, the phase error due to the window function 

has only small fraction, depending on phase. Significant 
frequency dependent phase shift error plays no role due to 
the relative nature of phase measurements. 

PARAMETRIC METHODS 
The parametric least squares method used to solve the 

broadening of the spectrum lines problem. We know that 
the actual signal is a sin and therefore looking for the 
most appropriate parameter set of function 

 
having minimal power of residual signal: 

 
where Y – stored ADC data, K-normalizing factor.  

For systems, using a reference generator, the parameter 
ζ2, or reference frequency, is known. The method works 
well for signals with large signal-to-noise ratio, which is 
true in considered cases. Fig. 4  shows the spectrum of the 
residual signal. A sine signal of 2.405 MHz absorbs all 
energy of the pattern 1. The spectrum of the residual 
signal is shown in Fig.4. 

On the other hand, method is not so good for 
complicated signals with weak fractions, like the second 
signal harmonic in Fig. 4. Use of simplex or gradient LS-
methods to determine parameters of peak 2 will not give 
an accurate result in the presence of strong harmonic 1. 
Other methods are too inefficient to be implemented in 
front-end electronics. 

EXAMPLE. EIGHT-CHANNEL SIGNAL 
PROCESSOR  

Fig. 6 shows a structure of an FPGA-based eight-
channel signal processor used in multichannel reference 
generator with automatic phase control option. In general, 
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Fig. 6 corresponds to Fig. 2. It includes a frequency 
converter, a three-stage digital decimation filter consisting 
of two Hogenauer’s filters (CICa and CICb) and FIR-
filter of 20th order, CORDIC and the data buffer. For 
better efficiency, the system uses a time multiplexing of 
data streams. The data rate from the ADC is 4.6(6) times 
lower than processor’s clock, and single decimation filter 
CICa is able sequentially handle the data from four 
ADCs. Then the time multiplexer unites all eight channels 
into one stream to the input of CICb. As a result, the 
signal processor uses only 20 embedded FPGA DSP 
blocks. Ten of them are dedicated to the 128-point fast 
Fourier transform, four used in frequency converters, and 
five – in FIR filter. The Blackman window-modulator 
takes the last DSP block. 

 

FFT
10

Mixer

FIR
5

blackman
1

2

CICa

CICaMixer

CICb

2

RAW 
BUFFER

DECIMATED 
BUFFER

TM
U

X

TMUX

multiplexed
frames

CORDIC

4.7

1.17

2.3

18.7

.. DSP

.. oversampling

DMA output

  
Figure 6: Eight-channel signal processor. 

 
In addition to the signal processing part the FPGA 

implements timing and synchronization elements, 
peripheral control functions and interface to the auxiliary 
microprocessor including the direct memory access.   

 

CONCLUSION 
ITEP has developed a set of RF signal processors for 

low-level RF applications. The digital core of developed 
modules provides a great flexibility in signal generation 
and control. The ‘standard’ streaming algorithm of the 
input RF data processing is suitable in most of 
applications. 
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A DIGITAL LOW-LEVEL RF SYSTEM FOR RESONANT BEAM 
DEFLECTOR OF LAPLAS EXPERIMENT 

D. Liakin, S. Barabin, A. Orlov, ITEP, Moscow, Russia

Abstract 
A two-resonator heavy ion deflecting system is a part 

of LAPLAS experiment [1]. ITEP built and put into 
operation a lightweight prototype of a deflector. 
Developed high performance radio-frequency control unit 
provides all necessary options for successful operation in 
LAPLAS or ITEP installations. The LLRF includes a 
two-channel reference generator based on a digital signal 
processing core and resonant frequency control modules, 
also powered by an appropriate DSP. 

RF DEFLECTOR 
ITEP develops a radio-frequency deflector of high-

energy heavy ion beams as a prototype of the system, 
assigned to plasma physics experiment in FAIR 
(Darmstadt, Germany). The operating prototype, shown in 
Fig.1, consist of two resonators forming orthogonal 
electromagnetic fields to deflect the beam in vertical and 
horizontal planes and provide a cylindrical impact volume 
in solid target body.  

 

 
Figure 1: RF system of the beam deflector. 

LOW-LEVEL RF SYSTEM 
Fig. 2 shows the LLRF divided into the measurement 

and generator parts. The LLRF system of the deflector 
operates in conventional way, similar to LLRF systems of 
resonant accelerators. As a reference generator, it issues 
two coherent RF signals, shown as outputs A and B in 
Fig. 3. When required, the amplitude of signals could be 
independently set within full-scale range. The ability of 
the phase difference control between channels is a key 
option of the reference generator. The phase is adjustable 
in the 360-degree range. The feedback controller allows 
phase correction on pulse-by-pulse base.  

The model of the RF system of the deflector use three 
independent parameters describing the system: resonant 

frequencies and a phase difference between two 
resonators. The system uses a set of control signals to 
stabilize the model near the optimal statement. The main 
criteria of the proper system operation are accurate phases 
and amplitudes of EM fields, estimated by measuring of 
signals taken from control loops 1X and 1Y in Fig. 1. 
Signals 2X and 2Y from reflectometers are used while 
checking the matching criterion. 

Fig. 2 presents the structure of the crate of the LLRF 
module.  

ADC ADC

BUFFER

DSP

BUFFER

DSP

GbTxRx GbTxRx

DDS

GbTxRx

Eth

A2 G

 
Figure 2: The structure of the LLRF module. 

 The crate unites two similar four-channel ADC 
modules A1 and A2, capable simultaneously digitize RF 
signals in the IF mode, and vector signal synthesizer G 
with pair of independent two-channel outputs of 
sinusoidal signals. 

GENERATION OF REFERENCE SIGNALS 
As shown in Fig. 3, the output signals are generated 

using the frequency up converter scheme. 

 
Figure 3: The reference generator. 

Two-channel DDS generates synchronized signals of 
intermediate frequency. The frequency depends on 
frequency tune word (FTW) and frequency of the 
synchronization clock taken from on-board PLL-based 
synthesizer. The PLL’s voltage controlled oscillator 
(VCO) generates the frequency of 1740 MHz. The clock 
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signal of ¼ of the VCO feed the DDS. The integrated 
two-channel DDS on single chip is an optimal solution 
because it provides flexible signal generation combined 
with seamless synchronization mechanism and simple 
control interface. 14-bit phase words Δφ1 and Δφ2 define 
phases of output signals with less than 0.025o step.  

Two outputs of PLL serve as local oscillators (LO) for 
up converters. This configuration define the output 
frequency of generator as follows: 

VCOOUT f
NN

FTWf ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

21
32

11
2

 (1) 

where N1 and N2 are frequency division coefficients for 
the DDS synchronization and LO outputs of the PLL. As 
it follows from the formula 1, the required output 
frequency may be obtained in several ways, and this 
allows an additional optimization in terms of 
intermodulation components. 

  

 
Figure 4: The output spectrum of the reference generator. 

Fig. 4 shows the measured spectrum at the generator 
output. In the figure, the spectrum superposed the 
frequency characteristic of a resonator. One can see the 
nearest peak of the spurious signal, which is pretty far out 
of the system central frequency.  

 

 
Figure 5: The PCB of the reference generator. 

Fig. 5 shows the assembled printed board of the 
reference generator. Analog components: DDS, mixers, 
filters, transformers and variable gain amplifiers occupy 
the left side of the board. The FPGA microchip and 
supplemental components are placed in the central area to 

have shortest paths to analog circuits and high-speed 
serial interface connectors, placed on top of the PCB. The 
FPGA implements a control logic for board periphery 
configuration, for the signal processing and for local data 
exchange between the generator and ADC modules. The 
long-distance communication use a lightweight ARM 
microprocessor to provide the remote control and data 
delivery to the host computer over TCP/IP protocols. The 
microprocessor and communication related stuff take the 
right side of the PCB. Fig. 5 shows the board connected to 
the FPGA and ARM JTAG programmers.   

Table 1 gives main parameters of the vector reference 
generator.  

 
Table 1. main parameters of the vector reference 

generator.  
Operating frequency f0. MHz 297 
Frequency range. (not less) MHz f0±0.5 
Frequency tune step. kHz <0.1 
Long-term frequency 
stability. 

kHz ±3 

Amplitude range. dBm -52÷-3 
Amplitude range with VGA dBm -31÷18 
Phase range. Degree. 0÷360 
Phase tune step. Degree. <0.2 

 

SIGNAL MEASUREMENTS 
Fig. 6 presents the image of the assembled printed 

board of the ADC module. The aim of the module is a 
digitizing of a narrowband signals modulated by 
297MHz. Used AD converter has a data rate limited by 
hundred samples per microsecond, and therefore pair of 
two-channel 16-bit analog to digital converters operates in 
intermediate frequency mode. 

 
Figure 6: The ADC module. 

 
As it is shown in Fig. 7 the ADC has a sampling rate 

lower than the input signal carrier frequency and operates 
as a zero-order hold undersampling device. As a result, 
the ADC shifts the 12.25 MHz-wide band around the 
input signal to low frequencies. The shift is equal to 
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frequency of 12th harmonic of the sampling clock. The RF 
system of the deflector, resonators and power RF 
amplifiers, have a narrow spectrum with no power in the 
near of the ADC clock harmonics with order other than 
12. In addition, an analog pass band filter reduces all 
possible out of band EMI components of the signal. 
Consequently, the output of the ADC provides clear and 
oversampled digital signal with intermediate frequency of 
3 MHz. Report [2] describes further data evaluation in 
details. 

 
Figure 7: Analog to digital conversion using the IF mode. 

SYSTEM INTEGRATION 
A high-speed serial interface integrates the reference 

generator and ADC boards into the single joint module. 
Fig. 8 shows a logical structure of the whole system. The 
ADC or detector (D) boards acquire control signals and 
present the data to the generator (G) block. Detector 
modules have an interface to the general stepper 
controller module to adjust the resonant frequency of 
deflecting resonators using mechanical tuners T. 

 
Figure 8: The logical structure of the LLRF. 

As it is shown in Fig. 8, LLRF is able to operate as 
standalone device (branch 1) or could be taken under 
control by the remote host computer PC (branch 2).   

FIRMWARE 
The firmware part of the LLRF system includes FPGA 

and microprocessor microcode for each board, described 
above. Roughly, the FPGA is logically divided into 

interface modules, peripheral control modules, timing 
elements and signal processor. The signal evaluation 
algorithms is described in [2]. 

CONCLUSION 
Fig. 9 shows the photo of the LLRF module developed 

for the ITEP version of the RF deflector. At the beginning 
of 2014 the module was used during the comissioning of 
the RF deflector.  

 
Figure 9: LLRF module. 

 
Parameters of the developed LLRF allows using it also 

in RF system of LAPLAS. The operating frequency of 
klystrons of 354 MHz lies within the range of ADCs and 
frequency converters. To change the frequency, it would 
be enough to replace input and output pass-band filters. 
Then the actual frequency change will be obtained by 
adjusting of parameters of the formula 1, and tuning of 
the DSP algorithms. 
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QUENCH DETECTOR FOR SUPERCONDUCTING ELEMENTS OF THE 
NICA ACCELERATOR COMPLEX  

E. Ivanov, A. Sidorin, Z. Smirnova, L. Svetov, 
JINR, Dubna, Moscow Region 

 
Abstract 
  A universal quench detector is designed for new 
superconducting accelerators of the NICA accelerator 
complex under construction at JINR. The presence of a 
two channel digital input permits the detector to be used 
both for comparing voltage across two nearest magnets by 
a bridge scheme and for separating a resistive constituent 
of the voltage across a controlled element. 

INTRODUCTION 
The Nuclotron quench-detection system was 

modernized in the frames of the Nuclotron upgrade 
project and commissioned during the runs #46-47 [1]. The 
detectors are based on a comparison of voltage drops 
across two identical elements connected in series to the 
supply circuit using a measuring bridge. The bridge 
circuit was chosen as the simplest one from the viewpoint 
of technical implementation. The system (Fig. 1) permits 
a prompt change in the number of detectors, uniform 
work with the group and individual detectors and 
implementation of the total reservation of the line 
controlling the energy evacuation system. The system 
provides monitoring of the status of all of its components, 
as well as signal-testing of external systems, and also 
indicates malfunctions. The self-diagnostic is provided by 
apply of pulse signals into measurement circuits between 
the magnetic field cycles.  

 
Figure 1: Block-diagram of the Nuclotron quench detection 
system. 
 

Additionally, the system to control quench detectors 
allows all cases of protection operation to be analyzed, 
which yields the experimental material for further 
development of the detector construction. First and 
foremost this refers to revealing the reasons and 
excluding the cases of protection operation when 

elements do not enter the normal state. The new system 
permitted safe operation of the magnetic system in the 
regimes with long plateau of the magnetic field and 
operation at maximum designed magnetic field. As result, 
for instance, successive experiments on stochastic cooling 
and the beam acceleration up to maximum design energy 
were realized [2]. 

Further development of the accelerator complex is 
related with the realization of the NICA (Nuclotron based 
Ion Collider fAcility) project that presumes creation of 
two new Super-Conducting (SC) acceleration facilities: 
booster synchrotron (Booster) and collider rings, and SC 
transfer line from the Booster to the Nuclotron [3].   

The Booster is the fast cycling synchrotron with 
magnetic system similar to the Nuclotron one. The 
Booster quench detection system can be based on the 
same technical solutions and the bridge scheme of the 
quench detector seems to be optimum.  

The collider rings will be operated in the mode of a 
storage ring (slow beam acceleration is presumed as a 
reserve option only). The continuous operation is the 
basic regime for the SC transfer line. Two main detectors 
of the collider utilize the SC solenoids in a continuous 
mode. The quench detection is necessary for the test-
bench under construction for serial production and tests of 
the SC magnets for NICA and FAIR facilities where 
different regimes of the operation are presumed. 

In the mentioned cases a method of the quench 
detection based on separation of a resistive constituent 
from the measured signal by comparison with the certain 
reference signal can be more efficient than the bridge one. 
This method is rather universal: as a reference signal one 
can use a derivative of the magnetic field with respect to 
the time that determines the inductive constituent of the 
voltage drop. It is also possible to use the time derivative 
of the current flowing through the controlled element. In 
this case a derivative of the field is defined from the 
known dependence of the element inductance on the 
current. A difference in signals of the voltage drop across 
the controlled element and a signal of the derivative of the 
field (calculated and analyzed by the electronic circuit) 
indicates that the normal state is being entered.  

In the continuous operation the scheme of the 
malfunction diagnostic has to be modified also: 
application of pulse signal in the measurement circuit is 
impossible in this case. 

For use at the NICA accelerator complex and at the 
bench for testing SC devices, a universal quench detector 
was developed that is suitable for implementation in both 
detection schemes required. 
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UNIVERSAL QUENCH DETECTOR 

The universal quench detector (Fig. 2) consists of two 
isolated channels, each of which can receive an analog 
signal with a maximum amplitude of ~10 V. The channel 
sensitivity is regulated within wide limits by the input 
scaling amplifiers; therefore, a signal from both the bridge 
(~100 mV) and the inductive element (~10 V) can be a 
source signal for the circuit. Next, the input signals are 
transformed to the digital series code by the 12-bit ADCs 
and through the optical isolator they are transmitted to the 
processor module that analyzes them. The analysis can be 
performed using the signal amplitude and time 
characteristics as well as by comparing signals between 
each other for separating a resistive constituent. The 
control and reception of ADC data by the microprocessor 
is implemented through the digital high-speed isolators. 

 
Figure 2: Block diagram of the universal quench detector. 

 
Printed circuit board (Fig. 3) made on Eurocard 3U 
module with using  SMD components high degree of 
integration [4] . 

 Figure 3: Printed circuit board of the quench detector 
 
The direct connection of an inductive element made it 

also possible to improve the system of checking circuits 
of communication and detector, which now can check the 
galvanic coupling of all connections in the detector 
without the delivery of pulse signals (Fig. 4). When the 
testing voltage is supplied to the non-inverting input of 

the operational amplifier, a voltage at the amplifier output 
is caused by the R–R divider and equals a half of the 
testing value if there is no break or it equals the testing 
voltage if a break exists. By measuring the amplifier 
output voltage, it is easy to determine the integrity of 
communication circuits. 

 

Figure 4: The system of checking circuits of 
communication and detector. 
 

SUPPRESSION OF INTERFERENCES 
    The experience of the Nuclotron operation shows that 
there are places in the accelerator ring where the great 
noisiness of the detector input signal was noted. It is 
connected with disposition of powerful loads and other 
facilities radiating interferences near the controlled 
element and communication lines. The situation at the 
NICA collider can be sufficiently worse: the voltage at 
the RF stations will be of the order of 1 MV and powerful 
kickers will be used for the beam injection.  
   To suppress the noises from surrounding equipment, the 
method for digital filtering of input signal is used in the 
new detector. 
   Strict demands are made to the digital filter: 
- realtime operation with a single sampling with a 
  period of 4.8 μs  
- minimum time delay of a signal  
- absence of phase distortions  
- minimum response to a jump of input signal 
-simple algorithm of implementation.  
   According to the given criteria, a lowpass filter 
implemented using the “movingaverage” method was 
chosen. The application of the filter has shown good 
results for a real signal from the quench detector 
(Fig 5). 
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Figure 5: Signal from the quench detector at the filter 
input (yellow curve) and output (blue curve). Units of 
measure are the same as in indicated along the vertical 
axis; the entire scale corresponds to 3.3 V and the zero 
level is approximately 500. The time in hundreds of 
milliseconds is laid along the horizontal axis; i.e., the 
entire scale is 800 ms. 
 
The degree of noise suppression is regulated by varying 
the filter coefficient using a program. It is possible to thus 
adjust the detector individually for each particular 
placement of it in the accelerator ring. It should be 
remembered that the filter introduces a time delay into the 
initial signal (depending on the coefficient, from 500 μs to 
2 ms); therefore, it is necessary to correct the detector in 
its application. 
 

CONCLUSIONS 
   On the basis of the experience of operation of the 
quench detection system of the Nuclotron SC synchrotron 
with account of demands from new SC elements of the 
NICA facility, the new universal quench detector is 
developed. The validity of the signal processing concept 
and the absence of fundamental errors in circuitry 
construction were checked on the detector mockup. Now 
a prototype is fabricated and tested during the Nuclotron 
run and at the test bench for the magnet production. 
Beginning of the quench detector serial production of s is 
scheduled for 2015. 
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EXPERIMENTAL STUDY OF THE SCATTERING OF 7.4 – MEV 
ELECTRONS INTERSECTING A FOIL AT AN ANGLE OF 5º – 60º TO ITS 

SURFACE 

A.V. Koltsov,  A. V. Serov ,  LPI,  Moscow,  Russia 
I. A. Mamonov,  MEPhI,   Moscow,  Russia

Abstract 
Angular distributions of electrons incident of a planar 

target at a small angle to its surface have been measured. 
Electrons have been injected from a microtron with a 
particle energy of 7.4 MeV. The dependence of the 
characteristics of beams on the initial energy and 
direction of injection of particles, as well as on the 
material and thickness of the target, has been considered. 
The intersection and reflection of electrons in the target 
have been investigated. The angle between the trajectory 
of the particles and the surface of the target was varied in 
the range of 5º - 60º. Aluminum, lead, and copper foils 
have been tested. The thickness of the foils was varied 
from 50 µm to 600 µm. 

INTRODUCTION 
     The solution of some applied problems implies the 
knowledge of the characteristics of the scattering of 
particles incident on the surface at an angle much smaller 
than a right angle. One of such problems is the problem of 
the excitation of transition radiation by electrons 
intersecting a dihedral angle [1] or a conical surface [2]. 
The transition surface can be a thin layer of a certain 
material (Mylar, metal). In this case, the characteristics of 
radiation should depend not only on the initial parameters 
of the beam but also on a change in these parameters 
when intersecting the thin layer, i.e., on the material and 
thickness of the intersected surface, as well as on the 
direction of motion of particles. The smaller the angle 
between the direction of motion of particles and the 
surface, the stronger the effect of the properties of the 
transition surface on scattering. The motion of beams 
injected at a small angle to the surface was studied in [3]. 
The aim of this work is to analyse the effect of the 
direction of injection of particles on the parameters of the 
beam intersecting metallic foils with various thicknesses.  

SETUP OF THE EXPERIMENT    
     The layout of the experiment is shown in Fig. 1. The z 
axis is taken along the trajectory of particles and the x 
axis lies in the horizontal plane. The charge ed intersecting 
the target leaved it at the angle of refraction θd with 
respect to the initial direction of motion, whereas the 
charge er reflected by the target moved at the angle ϕr to 
the plane of the target. The point xb in Fig. 1 is the point 
at which a straight line in the plane of the target intersects 
the plane of the detector. The coordinate xb is determined 
by the distance L from the target to the detector and the 
angle of injection α. According to the geometry of the 
experiment, the coordinates of particles ed intersecting the 

target on the plane of the detector satisfy the condition x > 
xb and the coordinates of reflected particles er satisfy the 
condition   x < xb.  

 
Figure 1: Geometry of the experiment. 

 
     In the experiments, it is used 7.4 MeV electron 
bunches from the microtron. Electrons were extracted to 
the atmosphere through a 100 μm aluminum foil on the 
flange of microtron M. Lead collimator C and foil F were 
placed behind the flange. The 50 mm thick collimator had 
a hole with a diameter of 3 mm. The foil was rotated with 
respect to the vertical (y) axis by the angle α. The 
distribution of electrons was measured by multiwire 
proportional chamber PC consisting of three 64 × 64 mm 
frames. The chamber allowed measurements of the 
distributions of particles in the horizontal (x) and vertical 
(y) directions. The chamber was located at a distance of L 
~ 150 - 300 mm from the point of intersection of the foil 
by the beam. A signal from the proportional chamber was 
fed to an oscilloscope. Charged particles passing through 
the layer of the substance undergo numerous collisions; 
consequently, the spatial distributions of passed and 
reflected particles are approximated well by a Gaussian 
distribution. The direction at which the distribution has a 
maximum was taken as the motion direction of refracted 
and reflected beams of particles. 
 

EXPERIMENTAL RESULTS 
     The typical oscillograms of the signals of the chamber 
are shown in Fig. 2. The first and second pulses of the 
oscillograms describe the horizontal and vertical 
distributions of particles, respectively. Figure 2 shows the 
distributions for the cases where (a) copper foil with a 
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thickness of  δ = 50 μm is placed behind the collimator at 
the angle of α = 90 ° to the z axis and (b) the same with 
the α = 10 °. The comparison of the figures shows that the 
intersection of the foil in case α = 10° leads to split of the 
beam to refracted and reflected ones and to the shift of the 
maximum of the horizontal distribution (Δxd and Δxr in 
Fig. 2b). This indicates that the intersection of the foil 
changes the direction of motion of a particles bunch 
relatively to the initial direction. The trajectory of the 
refracted beam deviates by an angle of θd = arctg(Δxd/L). 
The angle ϕr of reflected beam is ϕr = arctg(Δxr / L) – α. 
The position of the maximum of the vertical distribution 
hardly changes. Therefore, the refraction of the trajectory 
occurs only in the horizontal plane. 
The measurements were performed with a copper, 
aluminum and lead foils with a thickness from δ = 40 μm  
to 600 μm.  The angle α between the trajectory of injected 
particles and the surface of the foil varied in the 
experiments from 5° to 60°.  

 
Figure 2: Transverse distributions of electrons  
intersecting a 50 μm cooper foil at an angle of α = 90° 
(a), 10° (b) to its surface.  L = 100 mm. 

     The experiment results make it possible to plot the 
dependence of the angle refraction θd at a given angle of 
injection α. (Fig. 3). The measurement results for the 
copper foil with a thickness of δ = 50 μm, for the 
aluminum foil with a thickness of δ = 600 μm and the 
lead foil with a thickness of δ = 70 μm are shown by 
squares, triangle and circles respectively. It can be seen 

that the angle refraction θ increases with a decrease in α. 
   There have been investigated dependences θd(α) for 

different thicknesses of copper foil. These dependences 
are shown in the Fig.4. Increase of thickness of the target 
leads to increase of refraction angle θd. Moreover changes 
of thickness of the target influence the behaviour of curve  
θd(α).     

 
Figure 3: Angle of refraction of the trajectory θd versus 
the angle of injection α. 50 μm copper, 600 μm aluminum 
and 70 μm lead foils. Notes for curves indicate the foils 
materials and their thicknesses in microns. 

 
Figure 4: Angle of refraction of the trajectory θd versus 
the angle of injection α. 50 μm and 180 μm copper foils. 
Notes for curves indicate the foils materials and their 

t
hicknesses in microns. 

      It has been also analyzed the effect of the angle of 
injection on the direction of motion of reflected electrons. 
The results of the corresponding measurements are shown 

i
n Fig. 5. It can be seen that the direction of motion of 

reflected particles changes slightly in certain angular 
ranges (α ~ 12° -- 17°). 

Notice that for small foil thickness δ reflected angle ϕr 

is less than the injection angle α. Increase of thickness of 
the target leads to increase of reflected angle.  

 
    Figure 6 shows dependences of the angle of reflection 

of the beam ϕr on the thickness of the intersected foil δ at 
angle of injection α = 10°. It can be seen that for δ < 300     
μm the reflection of the trajectory of the beam increases 
with the thickness of the target. For δ > 300 μm the 
reflection of the trajectory of the beam changes slightly. 
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Figure 5:  Angle of reflection of the trajectory ϕr 

versus the angle of injection α. 50 μm copper, 600 μm 
aluminum and 70 μm lead foils. Notes for curves indicate 
the foils materials and their thicknesses in microns. 
  

 
Figure 6: Angle of reflection of the trajectory ϕr versus 
the foil thickness δ.  α = 10°.  Copper and aluminum foils.  
   
 The experimental data indicate that the intensity and 
direction of motion of the refracted and reflected beams 
can be changed by modulating the thickness of the target 
or the angle at which the plane of the target is intersected.  
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 A PULSE GENERATOR OF X-RAY QUANTS FOR REMOTE RADIATION 
MONITORING  

 
B.Yu. Bogdanovich, A.V. Nesterovich, A.E. Shikanov,   

National Research Nuclear University “MEPhI”, Moscow, Russia 
B.D. Volchansky, A.V. Ilyinsky, D.R. Khasaya, E.A. Shikanov, 

OOO «SPEKTR» Integrated monitoring systems, Moscow, Russia 

 

Abstract 
     The report presents the development of compact UT, 
which improved definition x-ray image is ensured by 
using a diode system with a coaxial geometry acceleration 
of electrons to the anode electrode internal target and 
explosive emission cathode.  UT used to run a specially 
designed high-voltage pulse transformer-based "Tesla" 
with surge sharpener.     Describes the design and block 
diagram interface generator X-ray quanta. Feature is the 
high stability of the generator is not dependent on the 
voltage, battery charge.  Presented the results of 
experimental testing of the generator X-ray quanta. Also 
shows the waveform duration x-ray pulses in the presence 
of the lead filter and without it. 

 
 

     Modern complex industrial facilities (nuclear reactors, 
elements of pipeline and rail transports, power plants 
turbines, heat exchangers, aircraft, etc.) require the 
implementation of remote penetrant monitoring. At the 
same time, such monitoring systems are subject to the 
increased requirements for transportation, portability, 
expressness of changes.   
     The best solution for this kind of problems is the 
application of portable mono-block  instruments based on 
pulse x-ray acceleration tubes (AT). The weight and 
dimensions of mono-block radiator, the power supply and 
control panel allow to transfer them easily and quickly 
mount to take effective measurements. Such radiation 
sources concerning small dimensions should provide the 
average exposure rate as ∼10 mR/s  within the distance 
of ~m from the target with the minimum area of target’s 
radiating surface. Given parameters are obtained by 
generating the x-ray quants in the vacuum diode AT 
operating in the pulsed-periodic mode with the current 
amplitude of accelerated electrons ∼kA, the pulse 
duration ∼(1-10) ns and the maximum energy of 
electrons with several hundred keV. For this purpose, the 
Experimental Plant of Pulse Technique (EPPT) - the 
subsidiary of  ООО «SPECTR»-IMS, with the assistance 
of  Institute for Nuclear Research of the National 
Academy of Sciences of Ukrainian and NRNU MEPhI, 
has designed a small-sized AT in which the enhancement 
of the x-ray image clarity was provided by the diode 
system with the coaxial geometry of an electrons’ 
acceleration to the internal anode electrode - target [1-2].  

     This electrodes’ geometry allows to produce a cathode 
plasma spreading to the anode and acting as an intensive 
source of electrons. The electric field intensity in the 
anode region can reach up to ~108 V/m. 
     While operating pulse generators of x-ray quants in the 
field, high requirements are imposed on the mechanical 
and dielectric strength of AT.  And therefore in order to 
enhance these indicators, the special high voltage ceramic 
insulator was suggested to be used. By means of 
computer simulation and physical modelling at a 
demountable vacuum stand    information has been 
received on optimal geometrical dimensions of a diode 
acceleration system [3] that formed the basis for 
designing AT.  Fig.1 shows its schematic section and 
general view. 

 
a) 

  
b) 

Figure 1: Acceleration tube and its triggering circuit: а) 
the schematic section of AT. 1- cathode; 2- anode; 3- 
ceramic corrugated insulator; b) the general view of AT. 
 
  Obtained relations of geometric dimensions for a 
diode system are defined by the following system of 
inequalities [4]: 

5.10-4m ≤ ρ ≤ 10-3m , 5ρ ≤ rK ≤ 10ρ , 0.2 rK ≤ rA ≤ 
0.5 rK, 0.4 rK ≤ h ≤ 1.4 rK,  

where ρ- the rounding radius at the anode end, rK– 
the radius of a hole in the cathode, rA- the radius of an 
anode circular section with the plane passing through the  
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front end of a cathode, h- the distance from the front end 
of a cathode disk to the front end of an anode. 
     The special pulse high voltage source based on the 
Tesla coil with a spark gap-peaker was used for triggering 
AT. It was mounted with AT in a sealed  pressure-
resistant case filled with the insulating gas under the 
pressure of 15-20 atm. The basis for an insulating 
medium was the elegas (SF6).  
Fig. 2 depicts the switching diagram of a high voltage 
circuit. 
 

 
 

Figure 2: The triggering circuit of AT: R- the charging 
resistance; С1- the tank capacitor; Р1- the spark gap of 
primary circuit; L1,2- the inductance of primary and 
secondary windings of Tesla coil ; С2- the capacitor of 
secondary circuit of Tesla coil; Р2- the spark gap; Z- 
reactance for initial galvanic coupling of the spark gap - 
peaker with the ground and matching the primary and 
secondary windings of Tesla coil.  

 
     The tank capacitor charges via a specially designed by 
EPPT small-sized source of direct-current voltage U0.  
Fig.3. shows the block diagram of generator interface. 
The distinctive feature of this generator is a high stability, 
regardless of the line voltage or of the battery charge. 
This is achieved by the division of a voltage increase into 
two stages.  Due to the feedback there is  no-load loss 
protection and short circuit protection in a generator. 
 

 

 
 

Figure 3: The block diagram of x-ray quants generator. 1- 
the supply-line filter, 2- the power supply unit, 3- the high 
voltage unit , 4- the control unit, 5- the pulse generator, 6- 
the power amplifier, 7- the voltage multiplier. 
 
     The pulsed-periodic launch of AT could be performed 
in both the auto generated mode and armed mode with a 
given frequency.  In the latter case instead of an 
uncontrolled gas-filled double-electrode spark gap Р1 
there can be used a controlled vacuum or gas-filled spark 
gap provided with an additional  ignition electrode.  

     When launching AT in the auto generated mode, the 
tank capacitor С1 is being charged. Reaching the 
breakdown of the spark gap at the voltage capacitor, the 
circuit is closed and the capacitor is discharged into the 
primary winding of a transformer. Due to the current 
flowing through the primary low-inductive winding, in 
the secondary winding there arises a high voltage which 
increases to the response voltage (Uм) of a spark gap - 
peaker Р2. As a result, the anode of AT acquires potential 
Uм. To ensure the galvanic coupling of the right electrode 
of the  spark gap - peaker with the ground in a circuit, the 
resistance Z is introduced which also ensures to maintain 
the voltage on the anode of AT during the generation of 
x-ray quants owing to the inductive component. In 
addition parameters of resistance are selected so as to 
provide the optimal conditions for power transmission to 
the accelerated electron stream  . 
     The enhancement of a primary discharge circuit in the 
part of the tank capacitor and the spark gap was carried 
out  during the development of the instrument. The 
original design of the capacitor with three plates was 
suggested, i.e. consisting of two combined capacitors in 
series.  
     Tests of AT working model  have shown that with the 
amplitude of accelerating voltage of  300kV the 
amplitude of electron current and the pulse duration at 
half maximum comprised about 2 kА и 2ns respectively 
that is in agreement with estimated data and the dose at 
0.5 m away exceeded 1mR per pulse . 
     The obtained radiation-monitoring performance of the 
instrument provides an opportunity for operating it both 
in the mode of  exposing films and in the  mode of using 
the photoelectric converters with subsequent encoding in 
the analog-to-digital converter and computational signal 
processing .  
      Fig. 4. shows experimental dependencies of the dose 
rate in the air on the distance R between the target and the 
observation point and on the power W stored in the tank 
capacitor.  
     Given dependencies are built using the least squares 
method according to measurements data of an exposure 
rate taken for 50 pulses of AT response at a response 
frequency 10Hz in different places at different values of 
W. There was also the enhancement of the AT triggering 
circuit  parameters. The average percentage error of 
approximation measured by the residual principle did not 
exceed 15%. 
     Also in collaboration with All-Russia Research 
Institute of Automatics (VNIIA) named after N.L. 
Dukhov investigations of the lead screen influence on the 
x-ray radiation pulse form were carried out using a 
semiconductor detector with a temporal resolution of at 
least 1,5 ns. Fig.5  shows oscilloscope pictures of voltages 
from the detector.  
     The sensor was positioned 2 sm away from AT. The 
sensor was connected to the digital oscilloscope. 
 
 
 

1 2 3

7654

AT 
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                               a) 

 

 
                                b) 
 

Figure 4: The measurement  results of the dose rate of 
generated radiation – G: a) dependencies G(R), taken for 
values W=1 J- curve 1 и W=7 J- 2; b) dependence G(W).  

 
 

 
                                 a) 

 
                               b) 
 
Figure 5: a) The oscilloscope picture taken without the 
screen. b) The oscilloscope picture taken with the lead 
screen of 1mm thick. 

From oscilloscope pictures it can be clearly seen the 
reduction of a signal amplitude with the lead screen at 
AT. In addition pulse durations at half maximum do not 
exceed 3ns. This fact allows to use designed pulse sources 
of x-ray radiation  analizing high-speed processes.  
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DEVELOPMENT OF THE SOFTWARE FOR THE ACCELERATING 
FIELDS IN LINEAR STRUCTURES MEASUREMENT 

 
E. Savin, M. Lalayan, A. Smirnov, National Research Nuclear University «MEPhI»,  

Moscow, Russia 
A. Zavadtsev, OOO «Nano Invest», Moscow, Russia 

 
Abstract 

The software which allows controlling the whole in-
stallation to measure electric fields in the linear structures 
has been developed. The installation consists of linear 
structure, step motor drive, motor controller, a probe 
which moves on the string throw the structure to perturb 
the field to use the perturbation measuring method, net-
work vector analyzer and the PC. He software interface is 
user-friendly, user only needs to write down the length of 
the structure, a desired step of the probe and push the start 
button. As a result user can obtain the picture of electric 
field on the structure axis. It is possible to choose between 
two measuring methods: by S11 of by S21.  

METHOD DESCRIPTION   
 
Information about electrical field amplitude and phase 

distribution along the axis of the accelerating or deflecting 
section can be obtained from the measurements, based on 
non resonant perturbation theory. According to this the-
ory, change of the complex reflection coefficient on the 
entrance of the structure, when the small perturbing body 
is in the structure, is proportional to the square of the elec-
tric field amplitude in the point where perturbing body is 
placed: 

20
11

pb
1111 CESSSΔ =−= ,          (1) 

where pb
11S  – is a complex coefficient of the reflection 

on the structure entrance with perturbing body,  
0
11S  – is a complex coefficient of the reflection on the 

structure entrance with perturbing body,   
Е – is a complex amplitude of the electrical field in the 

point of the perturbing body комплексная амплитуда 
напряженности электрического поля в точке разме-
щения тела,  

С – is a complex coefficient. 
RF field is perturbed by the probe moving along the 

structure axis. For the accelerating structure with a longi-
tudinal field, the probe geometry is a needle. And for the 
deflecting structure with a transverse field – it is a flat 
disk. 

Using the measurement results, it becomes possible to 
calculate reflecting coefficient change 

( ) 0
11

(n) pb
11

n
11 SSSΔ −=  (where n – it is a cell number) and 

find the ratio between complex amplitudes of electric 
field in the centers of the neighbor cells.  
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Let the complex amplitude in the first cell is 
equal 1E1 = , i.e. its amplitude is equal 1 and phase is 
equal 0.  Then we get following expressions for the com-
plex amplitudes in the cells centers   

( )

( )

.1E

,
SΔ

SΔEE

1

2
1

n
11

1n
11

n1n

=

⎥
⎦

⎤
⎢
⎣

⎡
=

+
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So, as a result of the reflecting coefficients measure-
ments we get the following data: 

−+= (0)(0)0
11 jbaS   a complex reflection coeffi-

cient with the probe outside the structure (j-is the imagi-
nary unit), 

−+= (n)(n)(n) pb
11 jbaS  a complex reflection coeffi-

cient with the probe inside the center of the n-cell.  
Using the measurement results we can calculate the 

reflection coefficient change 
( ) ( )n

2
n

2
n

0
11

(n) pb
11

n
11 j2expECCESSSΔ ϕ==−=

, where −2
nE is a square of electric field amlitude in 

the middle of the n-cell, φn ─ is a starting phase of electric 
field amlitude in the middle of the n-cell.  

 
 THE INSTALLATION CONSISTANCE 

 
The installation consists of the followings compo-

nents: 
• Directly the measured structure with the thread with 

probe. 
• Step-motor, which controls the thread moving. 
• Controller, which is connecting the step-motor with 

the computer. 
• Network analyzer, which is measuring the reflection 

coefficient and the structure frequency in the defined time 
moments. It is also connected PC.  

• PC with the describing software. 
 

THE INTERFACE 
 

The software is developed in the Lab VIEW, which al-
lows creating the comfortable and intuitive interface. On 
the Fig. 1is presented the main window, in which displays 
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the main data: time, date, the structure name. Also it is 
possible to plot the field distribution, using previously 
measured and saved data array, while pushing the “Load 
from Disk” button.  

After pushing the «New Measurement» button, user is 
prompted to input the measurement parameters (see 
Fig.2). In the case of required data precision it is possible 
to choose one of two types of measurement:  

• «Regular measurement step». In this case it is re-
quired to input the probe step value. The data from ana-
lyzer will be read after the each step. This method allows 
obtaining the smooth field distribution, but the measuring 
time will be long. 

• «Set coordinates manually». The probe is stopping 
only in previously defined coordinates that allows meas-
uring faster in cases when, for example, it requires to 
make sure about zero field value in coupling cells centers 
or in field distribution uniformity in the accelerating cell 
centers.  

 

 
Figure1: Program main window. 

 

 
Figure 2: “New measurement” window. 

 
After the measure type selecting, step motor parameter 

setting and the structure resonant frequency measure, the 
program proceeds to the main measurements (see Fig.3). 
In this window the momentum picture of the complex 
reflecting coefficient and the progress line are displayed. 
Also it is possible to select the possibility of probe return-
ing in the initial coordinate after measurement end. 

When the measurement is done, it is possible to save 
the obtained data array (real and imaginary parts of re-
flecting coefficient in the each coordinate). Then this ar-

ray is proceeding in postprocessor (see Fig. 4). There is a 
possibility to view the field amplitude and phase along the 
axis and also to find the cells centers.    

The postprocessor allows recalculating of the thermal 
drift influence. It needs specification of points, where the 
plot was placed outside the structure before and after 
measurement.  

 

 
Figure 3: Measurement process. 

 

 
Figure 4: Postprocessor. 

 

 THE PROGRAM PART 
The measuring complex operating and treatment of the 

obtaining results program algorithm allows measuring of 
the electromagnetic fields distribution as by the change of 
the reflection coefficient and the shift of the resonant fre-
quency. Both methods have their own features and well 
complement each other.  The first of these algorithms is 
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based on mathematical apparatus, shown above. Justifica-
tion of second is well known [3]. 

The used code is graphical (see Fig.5), that’s why it 
always easy to add new functions or to delete excess.  

 

а)   

b)   
Figure 5: The part of the graphical code, describes the 
measurement (a) ad postprocessor (b) processes. 

CONCLUSION 
This article describes the theory on which is based the 

work of the program for the accelerating or deflecting 
linear structure electric field axis distribution measure-
ment. The principle of program operating and its interface 
is described.  

At the moment, purchased, configured and success-
fully tested all the components of the measuring unit. 
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CONTROL SYSTEMS FOR RADIOGRAPHY AND CARGO INSPECTION 
RF ACCELERATORS 

A.N. Ermakov, A.N. Kamanin, V.G. Sayapin, V.I. Shvedunov, D.S. Yurov, 
Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Laboratory of 

Electron Accelerators MSU, Ltd, 119992 Moscow, Russia 
I.V. Shvedunov, Laboratory of Electron Accelerators MSU, Ltd, 119992 Moscow, Russia 

 
Abstract 
    Based on “open technologies” approach to design of 
control systems for radiography and cargo inspection 
electron RF accelerators constructed at Laboratory of 
Electron Accelerators MSU is described. The control 
system consists of a number of specialized controllers 
each responsible for separate accelerator subsystem 
connected via Ethernet interface and Modbus/TCP 
protocol with control computer which in turn is connected 
with control panel computer, modulator, power supplies 
etc. each having its own digital interface. Each controller 
contains one or several special boards conditioning 
external analogue and discrete signals and universal 
microcontroller part providing controller operation and 
network connection. Both control computer and control 
panel computer are based on BlueShark SOM (System on 
a Module) amd run Linux operating system. Custom 
SCADA-like system has been developed to provide 
proper accelerator operation and operator interface with 
support for different levels of access to accelerator 
parameters. 

INTRODUCTION 
The radiography accelerator UELR-8-2D with beam 
energy regulated in the range 3-8 MeV and dose rate from 
0.5 to 15 Gy/min and cargo inspection accelerator UELR-
6-1-D-4-01 with pulse to pulse energy switching between 
3.5 and 6 MeV, with repetition rate 400 Hz and dose rate 
4 Gy/min were developed and put into operation with the 
participation of Lomonosov Moscow State University and 
"Research and Production Enterprise "Toriy" stuff [1]. A 
compact control system located in the X-ray head cabinet 
in the vicinity of controlled objects is necessary for proper 
operation. The control system is built on the hierarchical 
principle (fig. 1).  The top-level computer is connected by 
Ethernet network and RS232 interface to the operator 
panel and several subsystem controllers. Subsystem 
controllers are custom devices implemented using 
microcontrollers except for klystron modulator which is 
ready-made device. The control application running on 
the top-level control computer uses Modbus/TCP protocol 
to communicate with subsystem controllers that perform 
data acquisition, actuation and real-time critical tasks. The 
control application also communicates with the klystron 
modulator using modulator's own proprietary serial line 
protocol [2]. The system relies on hardware interlocks to 
ensure safe operation. The top level computer can query 
interlocks via Accelerator Controller and other 

controllers. Accelerator Controller also uses klystron 
modulator's hardware interlock inputs to prevent klystron 
failure in situations such as vacuum loss or cooling 
system malfunction. 

CS STRUCTURE AND OPERATION 
All the accelerator systems (fig. 1) are combined into 

several subsystems: interlocks and alarm signal 
processing system and synchronization controller 
(accelerator controller); RF system and cooling system 
sensors; klystron and accelerating structure ion pumps; 
sulfur hexafluoride gas delivery system; electron gun 
supply control; dose rate with ion chamber measurements; 
cooling module and accelerator power supply control. 

 
Figure 1: Control system structure. 

 
Each subsystem contains a programmable controller 

which has the functions of receiving the primary sensor 
signals, transmitting control signals to actuators, 
controlling the system operation by incorporated 
algorithms and communicating with the host computer. 
The control system also includes a control computer, a 
network switch and the power source for its own needs.  

Operator communicates to the monitor and control 
system using the control panel located in the control room 
and connected to the host computer via Ethernet interface. 
The accelerator network is also connected to the local 
enterprise network via a router. It can also be connected 
to a PC running the advanced HMI client program, which 
provides full access to the host computer and controllers. 
Local network provides access to the host computer and 
the individual controllers by the remote terminal over the 
Internet or private network. 
Control computer functions are (1) providing the power 
supply accelerator on/off procedures and accelerator 
operation; (2) storing and loading operating parameters of 
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the subsystems; (3) maintaining the event lo and 
accumulation of statistical information related to 
accelerator operation; (4) to ensure operation in a remote 
location via the Internet 
All controllers except the modulator controller 
communicate with the host computer via an Ethernet 
interface by the Modbus/TCP protocol. The RS-232 
interface is used for communication with the modulator 
controller using proprietary ScandiNova protocol. The 
cooling module operates in standalone mode. To power 
on the cooling module the accelerator control system 
sends a signal of +24 V. The control computer and 
controllers are located in the X-ray head cabinet and 
connected via a network switch. The top level computer 
and operator panel are separate ARM-based machines 
running Debian GNU/Linux operating system. Optionally 
additional computers running Advanced HMI client 
software can be connected to the system. The control 
application is implemented using custom Lisp-based 
domain specific language (DSL) based on Hierarchical 
Finite State Machine (HFSM) formalism. The system has 
a number of states (fig. 2, on the left) that correspond to 
the states of klystron modulator (on the right). The control 
application's primary task is executing operator's 
commands by driving subsystems and the modulator in 
such way that they can function together correctly. Other 
tasks performed by the top level control application 
include maintaining the event log, support for 
maintenance tasks such as isolating gas replacement and 
relatively slow-running control tasks such as stabilization 
of acceleration section frequency. When an emergency 
situation is detected the system enters special "Fault" state 
which requires operator intervention. 

 
 
Figure 2: A diagram of control system states with 
corresponding modulator states. 
 
The control computer provides the following three modes 
of the accelerator – operator interaction. (1) Production 
and maintenance works mode. (2) Single exposure beam 
energy, dose rate, integral dose settings, power on/off, X-
ray on/off, emergency stop, the interlock status view. (3) 
Radiography operation mode, as well as shutdown and 
emergency shutdown of the accelerator.  

The control panel allows the operator to perform all the 
necessary operations using keys and on-screen menu (fig. 
3). The current state of the accelerator, energy and dose 
values, interlocks  information is displayed on the console 
screen. The built-in speaker is used for sound 
notifications. 

 
 

Figure 3: The control panel screen. 
 
The controllers and control computer placement is shown 
on fig. 4. 

 
Figure 4: The controllers and control computer 
placement. 1 – controllers, 2 – control computer, 3 – 
network switch, 4 – power supplies 24 V, 5 -  ion pumps 
power supply, 6 – switches and contactors. 

SUBSYSTEMS CONTROLLERS 
All controllers of the control system are based on 
LPC17xx series ARM microcontrollers [3]. It consists of 
three functional blocks implemented on a separate printed 
circuit boards (Fig. 5). 

 
Figure 5: The accelerator controller without a box. 
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The controller consists of a CPU board, a 
synchronization board and an instrumental board. The 
CPU board function is receiving and transmitting data and 
commands from/to the control computer, communicating 
with DACs and ADCs located on the instrumental board 
via SPI and I2C interface, receiving and transmitting 
digital and analogue normalized signals from/to the 
instrumental board. The Ethernet controller is located on  
the CPU board and allows to communicate with control 
computer by Modbus/TCP protocol. A flash memory chip 
is also located on the CPU board. It allows to store the 
parameters required for controller operation. For example, 
there are amplifier normalizing factors, controlled device 
settings and so on. The instrumental board function is to 
normalize, receive and transmit signals from/to external 
sensors and devices. For example, the RF and cooling 
system controller structural diagram is shown on fig. 6. 
Figure 7 shows the placement of a controller of the RF 
and cooling system in the X-ray head cabinet. 

 

 
 

Figure 6: RF and cooling system controller structure. 
 

In this case the sample-and-hold circuit used measure the 
RF field envelope amplitude, the p-i-n attenuator control 
circuit, the flow relays circuit, the circuit of flowmeter, 
temperature sensors signal processing, the interlock and 
RF pre-amplifier control optically isolated circuit are 
located on the instrumental board. The synchronization 
board is used to receive the trigger signal from accelerator 
controller via optically isolated RS-422 interface and to 
convert it to TTL. This signal synchronizes operation of 
the above-mentioned sample-and-hold and RF amplifier 
control circuits. The accelerator controller treats the 
hardware level interlock signals from the accelerator hall 
safety system, the modulator, the electronic key, 
subsystem controllers and from accelerator cabinet 
switches. In order to provide the interlock signal to the 
modulator and RF system the accelerator controller 
communicates with external safety system via standard 
+24V signals and open/close “dry” contacts.  

The controller software utilizes a common 
Modbus/TCP stack based on uIP and FreeModbus library 
[4]. Each controller has its own IP address and supports 
several simultaneous Modbus/TCP connections. This can 

be used to debug the controllers without stopping the 
main control program. Coil and holding register values 
that represent controller settings are stored in controller 
EEPROMs. A special protocol used for coils (writable 
single-bit registers) that represent interlocks so that 
interlock signals are never missed by the control program. 
The control application maintains a database that maps 
controlled device parameters to Modbus registers. In case 
of communication problems with subsystem controllers 
the control system enters the fault state with 
corresponding operator notification. 

 

 
 

Figure 7: RF and cooling system controller. 

CONCLUSION 
We have designed and manufactured the control system 

of accelerators for radiography and cargo inspection. The 
authors are grateful to Mr. A.V. Nalivaev for support of 
this work. 
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AUTOMATED CONTROL SYSTEM OF THE TARGET SYSTEM FOR PET 
RADIONUCLIDES’ PODUCTION 

P.A. Gnutov, M.L.Klopenkov, R.M.Klopenkov, A.N.Kuzhlev, A.A.Melnikov, A.P. Strokach, 
JSC “D.V.Efremov Institute of Electrophysical Apparatus”, St. Petersburg, Russia 

B.V. Zabrodin, the St. Petersburg State Polytechnical University 

Abstract 
An automated control system of target system for 

production of PET-radionuclids has been designed. The 
system allows on-line obtaining of the data on the status 
of the target system and remote control of loading, 
irradiation and evacuation of the activity to synthesis 
modules. 

According to algorithms available in the software, this 
system makes possible emergency situations to be 
prevented and incorrect actions of the operator to be 
blocked. 

INTRODUCTION 
Nowadays, the method of positron-emission 

tomography (PET) is widely used for diagnostics and in 
medical-biological investigations. This method is the 
most informative when observing the processes occurring 
in a human organism [1]. 

Short-lived and ultra-short lived radionuclides with the 
lifetime from 13 min to 2 hours are used for PET 
investigations. Such radionuclides can be produced on 
proton accelerators located directly in clinics. Cyclotrons 
of the CC-series [2, 3] designed and manufactured in 
NIIEFA in its radiation characteristics as well as in overall 
dimensions completely meet the requirements imposed 
today on cyclotrons intended for PET. However, until 
recently, these machines were not equipped with target 
systems. 

At present, our Institute has delivered the 1st model of 
completely automated target system with the СС-18/9М 
cyclotron to JSC “NIITFA”, Moscow. Fig.1 shows the 
general view of the target system with the cyclotron. 

 
Figure 1: General view of the target system and cyclotron. 

This target system is designed for 5 targets, 3 water and 
2 gas, however, delivery with any set of targets is 
possible. The target system was tested at a beam current 
of 50 µА, and the target pressure was not more than 8 
barr, which confirms a high efficiency of this system. In 
future, this will allow us to increase the intensity of the 
proton beam for production of radionuclides. When 
irradiating 18Н2 O with beams of accelerated 18 MeV 
protons, the calculated activity yield was 280 mCi/µА.In 
measurements, the activity yield of 200 mCi/µА was 
obtained for a 3-ml water target. Below in Table 1 are 
given activity yields of commercial target devices of 
leading world manufacturers. 

Table 1: Activity yields bading world manufacturers 

Manufacturing  
Companies 

Activity Yield 

NIIEFA 200 mCi/µА 

Kirams 180 mCi/µА[5] 

Syntra 137mCi/µА 

Characteristics of the target system produced in 
NIIEFA satisfy the world requirements for yield ranges of 
such systems. In future, when testing the system we plan 
to increase the target pressure up to 20 barr, which will 
allow the beam current increase up to 100-120 µА.Works 
have been started on widening the assortment of water 
targets; production of 1-ml, 2-ml and an experimental 5ml 
targets are planned. 

AUTOMATED CONTROL SYSTEM OF 
THE TARGET SYSTEM 

The automated control system (ACS) of the target 
system consists of an operator’s workstation and 
controller unit. 

The Mitsubishi GT1275 panel was chosen for the 
control console of the operator’s workstation, which 
allowed a high-quality user-friendly intuitive operator 
interface to be designed in the Russian language (see 
Figs. 2 and 3). 

This interface allows remote loading of targets with 
target materials, unloading of the activity to hot cells and 
rinsing the target and capillaries connecting the target 
with hot cells. In the left part of the window, the 
execution of these programs can be observed in real time, 
i.e. valves’ position, readiness of hot cells, filling of 

IBA 240 mCi/µА 

Triumf 200 mCi/µА[4] 
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syringe and target can be seen. In addition, all necessary 
data are displayed in real time: 
• Availability of water and helium cooling 
• Target pressure 
• Helium pressure in the loop 
• Helium flowing in the loop 
• Time of target irradiation 
• Time for activity unloading 

 
Figure 2: Window for operation with water target. 

 
Figure 3: Window for operation with gas target. 

The information about the termination of the program 
and failure messages are displayed at the bottom of the 
window. The control program interface is developed in 
the GT Designer3, which is included in a standard 
delivery set of the Mitsubishi software. 

The controller block is the host device of the automated 
control system. It serves for acquisition, processing and 
analysis of the data on the status of the target system. The 
controller prevents emergency situations and disables 
incorrect operator’s actions in accordance with an 
algorithm of the controller software. 

The Mitsubishi FX3UC was chosen as a controller of 
the automated control system. Reliability, simple 
maintenance, high performance, relatively low cost and 
small size were governing factors for its choice. It was 
also taken into account that automatic control systems of 
the CC-series cyclotrons are also built on the basis of 
Mitsubishi FX controllers. Choice of these controllers 
makes simpler maintenance of both systems and reduces 

the time needed for the software development due to 
application of practical experiences used in ACS of the 
cyclotrons. 

The control program of the target system was 
developed in the GX IEC Developer 7.03. The label 
diagram language (LD) was chosen as a programming 
language. Visualization of the status of the system and its 
components makes much more simpler both 
programming and putting into operation as well as 
troubleshooting in the equipment connected to the 
controller. In addition, use of functional units in the 
program makes it universal and allows the number and 
type of installed targets to be changed sufficiently simply. 

CONCLUSIONS 
When designing the ACS of the target system, the main 

criterion was reliable long-term operation of the 
equipment maximally simple in control and widely using 
visualization means. This ACS of the target system can be 
to be operated by personnel without special training in the 
field of ACS for sophisticated engineering systems. Due 
to control of target remote replacement, the efficiency of 
using the “beam on” time of the cyclotron is higher, and 
radiation exposure of the attending personnel is lower. On 
finishing the irradiation process, a target is removed from 
under the beam and replaced for another loaded target 
ready for irradiation. The produced activity of the 1st 

targetis unloaded to hot cells, and then this target is 
loaded with new target material. The ACS developed 
provided stable operation of the target system, which 
allowed us to obtain he activity yield ranges competitive 
on the world market.  
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SYSTEM FOR REMOTE TARGET REPLACEMENT OF THE TARGET 
SYSTEM FOR THE CC-SERIES CYCLOTRONS 

R.М. Klopenkov, E.N. Abramov, Yu.N. Gavrish, M.L. Klopenkov, K.A. Kravchuck, 
G.V. Muraviev, A.P. Strokach, JSC “D.V. Efremov Institute of Electrophysical Apparatus”,  

St. Petersburg, Russia 

Abstract 
An automated system for remote replacement of target 
devices of the target system for cyclotrons of the CC-
series has been designed. The system allows 1 of 5 
available targets to be positioned under the beam of the 
cyclotron at the operator’s choice. Such a technical 
solution allows us to have sufficiently smaller overall 
dimensions of the equipment and less time for servicing 
water and gas targets. 

Separate system for target replacement is provided for 
each beam extraction, which allows the cyclotron to be 
equipped with 10 different target devices, and makes 
possible simultaneous irradiation of 2 targets.  

INTRODUCTION 
Nowadays, positron-emission tomography (hereinafter 

PET) is the most effective method for diagnostics of a 
wide spectrum of diseases including oncologic cases. This 
diagnostic method applies radiopharmaceticals, i.e. 
substances labeled with radionuclides, which are actively 
used in various metabolic processes occurring in a human 
organism. 

To produce radionuclides, beams of accelerated 
particles are used to bombard targets containing target 
materials. [1] 

In clinics and in commercial production of 
radioisotopes, of the first priority are the operational 
stability of radiopharmaceuticals’ production systems, 
compactness of their size, multifunctionality, easy 
maintenance, low radiation exposure of the attending 
personnel and updating flexibility to meet the 
requirements of modern medicine and market [2]. 

In JSC "NIIEFA", energetic works are now underway 
on designing and preparation of serial equipment for 
production of radionuclides. Three models of cyclotrons 
for 12 MeV [3], 18 MeVВ [4] and 30 MeV [5] as well as 
target systems for these machines have been designed and 
constructed. 

At the end of 2013 in JSC "NIITFA”, Moscow, a 
system for the production of radionuclides for PET on the 
basis of the СС-18/9М cyclotron was installed. At the 
stage of testing of the system, we managed to obtain the 
target yield ranges comparable with those of the latest-
generation equipment of leading producers in the world. 
The main tasks to be solved when designing target 
systems are the reliability, easy maintenance-repair and 
versatility of the target system [6]. 

 

SYSTEM FOR TARGET REMOTE 
REPLACEMENT 

To meet the demanding requirements of customers on 
widening the functionality of the target system, work on 
designing a system for targets’ remote replacement was 
done. This system is intended for automatic setting of a 
chosen target under the beam of the cyclotron. The use of 
this system will allow: optimization of the cyclotron 
system configuration and minimization it’s overall 
dimensions because of possibility to refuse part of ion 
transport system; possibility to furnish the cyclotron with 
larger number of targets; remote taking out of target 
devices from under the beam to reduce the induced 
activity before its removal and maintenance/repair. 

The system for targets’ remote replacement consists of 
2 systems: a system for disconnection of a vacuum-tight 
joint between target devices and the ion tube of the 
cyclotron and system for the transport of target devices 
(see Fig.1). 

Figure 1: System for targets’ remote replacement: 1- 
system for disconnection of the vacuum-tight joint 
between target devices and the ion tube of the cyclotron; 
2- system for transport of target devices. 

The first system provides remote disconnecton and 
connection of the vacuum-tight joint between the end 
flange of the ion tube and the target device flange. This 
operation is performed with 3 pneumatic cylinders 
compressing an intermediate bellow. 

The system for transport of target devices consists of a 
linear electric drive with a step motor and target devices 
fixed on it. It makes possible transportation of a chosen 
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target device and makes it coincident with the ion tube 
axis accurate to ± 0.1 mm. 

The process of a target device replacement is as 
follows: 

1. A vacuum gate valve separating the ion tube of 
the cyclotron and the vacuum volume of the 
system for target remote replacement is closed. 
Air is in-leaked into the volume of the system 
for targets’ remote replacement through a 
pneumatically-driven leak valve. 

2. The vacuum joint between the ion tube and  
installed target device is disconnected when the 
intermediate bellow is compressed with 3 
pneumatic cylinders. 

3. The chosen target device is made coincident with 
the ion tube axis. 

4. The vacuum joint between the chosen target and 
the ion tube is re-connected. 

5. The volume of the system for targets’ remote 
replacement is pumped out with the forevacuum 
pumping system of the cyclotron.  

6. The gate valve is opened, and the system volume 
is pumped out with the high-vacuum pumping 
system of the cyclotron. 

The use of standard collimator units and helium cooling 
systems allows the system for targets’ remote replacement 
to be furnished with a set of target devices of different 
types and volumes produced in NIIEFA. 

CONCLUSION 
The system for targets’ remote replacement allows us 

the following: 
• to furnish the cyclotron with a set of targets of 

different types and yield ranges.To optimize the 
cyclotron system configuration and to minimize it’s 
overall dimensions because of possibility to refuse 
part of ion transport system;  

• to reduce the radiation exposure of the attending 
personnel. 

This innovation technology can be applied: 
• in commercial production of radionuclides and for 

widening  the range of isotopes produced; 
• when locating cyclotron systems in places limited in 

size. 
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MODERNIZATION OF THE AUTOMATED CONTROL SYSTEM IN THE 
KURCHATOV SYNCHROTRON RADIATION SOURCE  USING 

SitectSCADA 
 

E. Kaportsev, A. Valentinov, V. Dombrovsky, V. Korchuganov, Yu. Krylov, K. Moseev,  
N. Moseiko, S. Schekochikhin, RRC Kurchatov Institute, Moscow, Russia 

Yu. Efimof, CJSC RTSoft, Moscow, Russia 
 

Abstract 
The running cycle of Kurchatov Synchrotron 

Radiation Source (KSRS) includes the injection of 
electrons with energy 80 MeV from the linear accelerator 
in the booster storage ring Siberia-1, the accumulation of 
a electron current up to 400 mA and, then, electron 
energy ramping up to 450 MeV with the subsequent 
extraction of electrons in the main ring, storage ring 
Siberia-2, and accumulation there up to 300 mA, and at 
last the energy ramping up to 2.5 GeV. [1] 

Several years ago, a modernization of the current 
system of automated control systems (ACS) has started. 
Modernization has affected the most important parts of 
the system - the system of data collection and monitoring 
system. Used advanced solutions based on CAN and 
VME and modular complexes National 
Instruments. Currently begins implementation of the 
SCADA system of Sitect. 

In this paper the stages of implementation of the 
SCADA control system. Showing part of the system, 
which is already widely used, as well as parts of the 
system, which is scheduled to launch in the near future. 

DESCRIPTION AND OPERATION OF ACS 

Appointment of ACS 
The current system of automated control systems 

(ACS) accelerating-storage complex (UNK) "Siberia" - a 
synchrotron radiation source and the center of collective 
use of NRC "Kurchatov Institute" was created over 20 
years ago on the basis of control equipment in the 
CAMAC standard. [2] It is physically and obsolete and do 
not meet modern requirements for speed, accuracy of 
measurements and speed of data transmission. 

Control apparatus of the new ACS UNK with 
embedded processors, as well as to powerful servers with 
the operator's computer and network equipment has 
developed software at all levels of the ACS. [3] All of this 
should be used to create a modern system of ACS ESC 
"Siberia" which should significantly increase the speed 
control parameter stability and reliability of the SR 
source. 

Hardware complex (TCC) ACS ESC "Siberia" has a 
hierarchical structure. 

 
The first (lower) level is the level of local systems. At 

the level of local systems of CCC ACS UNK transferred 
command of the actuators, and the level of local systems 
in CCC ACS UNK receives signals from the sensors 
parameters of field equipment. 

The second level is the level of control. The second 
level includes a cabinet controller and control panels that 
form the management team of the actuators, as well as 
receiving signals from the sensors parameters of field 
equipment. 

The third level is a local area network (LAN), 
combining the second level control cabinets with 
cupboard fourth server - the server level. Used for data 
transmission copper and fiber optic cable lines. 

The fourth level includes a cabinet server provides 
storage and management of data communications 
between the control cabinets belonging to the third layer 
structure, on the one hand, and data on the LAN of the 
upper level, on the other hand. 

The fifth level is the top-level LAN, server cabinet 
combines the fourth level and workstations (AWP) of the 
sixth level. To transfer data to the LAN using copper and 
fiber optic cable lines and LAN switches. 

The sixth layer is a set of workstations, comprising 
the following ARM professionals: 

- Operator workstation CitectSCADA 
- ARM Developer CAN 
- ARM developers CitectSCADA 
- ARM Developer VME 

Structural diagram of ACS "Siberia" is shown on Fig.1. 
 

HARDWARE COMPLEX OF ACS 
 
The composition of program-technical complex (PTC) 

ACS ESC "Siberia" includes the following products: 
- cabinets and equipment; 
- basic software (SCADA-system, operating 

systems); 
- application software; 
- Spare parts for the warranty period of the PTC. 

 
 Structural diagram of ACS "Siberia" 
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ACS is also working with the controllers of local 
management systems that are part of the following 
process units: 

Controllers of local management systems of Siberia-1: 
- RF System; 
- Magnetic system; 
- Pulse system; 
- System synchronization; 

Controllers of local management systems of Siberia-2: 
- RF System; 
- Magnetic system; 

Vacuum system Server [4]; 
- MS SQL Server; 

Controllers of local control and local devices: 
- System temperature control; 
- System diagnostics beam. 

SOFTWARE 
Software for imaging systems ACS "Siberia", is a 

series of applications developed in the environment of 
CitectSCADA 7.2 SP4. These applications are part of the 
software, as I / O servers and workstation operators 
control subsystems UNK "Siberia." 

The visualization system has the following 
composition of applications: 

- application UNK_Termocontrol; 
- application UNK_Magnit; 
- application UNK_Vacuum; 
- application UNK_VCH; 
- application UNK_Diagnostic; 

- application UNK_Config; 
- application UNKSibir; 

Each application contains a graphical information 
management subsystems UNK "Siberia." 

 
 
UNK_Config - contains configuration information, 

as well as variable input / output control on all 
subsystems. Annex UNK_Config configured redundancy, 
both servers and I / O devices. 
Appendix UNK_Config includes 2 clusters: 

- DIAG_TERM_VACUUM; 
- Control actuators; 
UNK_Termocontrol - contains graphic characters 

for displaying temperature values on the flanges of the 
cavity of the linear accelerator, temperature gun linear 
accelerator, temperature correctors, lenses and bending 
magnets, small storage, EOC -1 and six superperiod large 
drive. 

UNK_Magnit - contains graphics to display current 
values TPV power sources, power supply voltage values 
shunts TPV, setpoint current power sources for TPV 
bending magnets and large lens drive, as well as the 
currents of power supplies, the current values of the load, 
the voltage in the load, temperature transistors, inductors, 
current setpoint sources of supply for proofreaders large 
and small storage and EOC - 1. 

UNK_Vacuum - contains graphic symbols to display 
the status of the pumps of the vacuum system, the 
currents and voltages. Just UNK_Vacuum application 
keeps a record of currents and voltages in the system 
vacuum pumps CitectHistorian 4.3 storage history. If 

Figure 1: Structural diagram of ACS "Siberia".
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necessary, it is possible to view the historical data in the 
form of trends. 

UNK_VCH - contains graphics to display the RF 
system. Current cathodes heated, currents and voltages of 
screen and control grids, RF voltages on the anodes, and 
the inputs and outputs of stages generators G1 and 
G2. Otobrazhaetznacheniya voltages and phase resonators 
1,2 and 3, the currents and voltage feeders resonators 
incident and reflected waves. It is possible to adjust the 
position of the phase shifters, as well as provisions setting 
fifth stages generators G1 and G2.Displays the status of 
locks and keeps a log of alarm and warning messages to 
the operator. 

UNK_Diagnostic - contains graphic characters for 
displaying states of samplers and receivers diagnostic 
system is also possible to control the position of probes 
and receivers. 

All applications are included as projects in 
UNKSibir (Fig. 2), which runs on all the workstations 
and servers for system visualization. UNK_Sibir has 
access to all the applications included in it and can 
display any video frame of each subsystem management 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
Currently installed and commissioned rack servers, 
temperature control, diagnosis, and monitoring of the RF 
generator. The structure of the database control channels 
and archive parameters of the complex, debugged 
software for thermo control and thermal stabilization, 
vacuum control, control of receivers and SI probes beam 
position. During the development of the control system is 
the operating cycle of SRS, which includes server and 
mainframe systems magnetic RF system. 
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Figure 2: Application Structure CitectSCADA.
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ELECTROSTATIC PICK-UPS FOR DEBUNCHED BEAMS AT INR LINAC 

S. Gavrilov, P. Reinhardt-Nickoulin, I. Vasilyev  

Institute for Nuclear Research of Russian Academy of Sciences, Moscow, Russia 

Abstract 

Pick-ups are one of the most widespread non-

destructive diagnostics at charged particle accelerators. 

These detectors, also known as beam position monitors, 

are generally used for the center-of-mass position 

measurements of bunched beams. The paper describes the 

research results for infrequent case of debunched beams 

operation. Measurement peculiarities and distinctive 

features of electronics are presented. The results of test 

bench-based measurements and 3D finite element 

simulations are discussed.  

INTRODUCTION 

The main idea of pick-ups is to measure the charges 

induced by the electric field of the beam charged particles 

on an insulated conductive plates [1]. For a bunched beam 

the measurement is performed using radio frequency 

methods [2]. However in case of a debunched beam it is 

transformed into measurement of quasi-steady-state 

charge during a macropulse. The name "electrostatic pick-

up" is better suited for this application, which became 

urgent recently at multipurpose research center (MRC) 

based on the linear accelerator of INR RAS. For some 

time passed the beam is accelerated up to 209 MeV of 

600 MeV and is transported near LDrift ≈ 400 m to the 

research facilities without acceleration. Due to the 

momentum spread (Δp/p ≈ ±3.5·10-3 at the base) the beam 

bunch structure (TBunch ≈ 200 ps, fRF = 198.2 MHz) is lost 

and the measurements are done for the debunched 

coasting beam [3].  

THEORY FORMALISM 

INR electrostatic pick-ups consist of two pairs of 

cylindrical signal split-electrodes with so-called "linear-

cut" (Figure 1). Projection of the cut between adjacent 

electrodes on the vertical and horizontal planes is a 

diagonal line. Three guard rings at ground potential 

minimize asymmetric fringe field effect and reduce cross-

talk between pairs.  

It is known, that in linear-cut pick-ups induced charges 

are proportional to the actual plate length at the beam 

center-of-mass position [1].  

In ideal 2D electrostatic approximation for cylindrical 

split-electrodes with inner radius R beam positions are 

determined by Difference of the charges over their Sum 

(DoS) [4]. In practice, because of the capacitive coupling 

between the adjacent electrodes and asymmetry of the 

electric field at their edges, positions are: 

 

where  – "pick-up constants" (the smaller the K, the 

larger the DoS for the same beam position), and  – 

so-called "pick-up offsets" of the geometrical center with 

respect to the electrical center, defined by .  

 

Figure 1: 3D-design of INR electrostatic pick-up. 

BENCH-BASED CALIBRATION 

Prior to the beam operation it is necessary to map the 

relationship between the beam position and the DoS, 

which is actually measured. A simple test bench was 

assembled for this purpose. The test bench consists of a 

copper pipe (10 mm diameter) placed between two grid 

dielectric plates at either sides of the pick-up. The copper 

pipe rests in two corresponding holes in the front and 

back grid plates and can be manually positioned accurate 

within ±0.5 mm. A signal generator produces a voltage 

pulse (500 mV, 100 μs, 50 Hz) at the pipe, imitating the 

debunched proton beam.  

Electronics 

Pick-up-based measurements require a conversion of 

beam-induced charge on detector plates to voltage. 

Generally, plate charge Qp is integrated on the total pick-

up capacitance Cp, producing voltage . Then 

voltage amplifier (Figure 2a) is used to provide gain. Cp is 

composed of a pick-up plate-to-ground capacitance 

(~110 pF for INR pick-ups) plus the capacitance of the 

interconnecting cable. 

 

Figure 2: Pick-up electronics operation modes:      

(a) voltage amplifier, (b) charge amplifier. 
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Alternatively it is possible to perform conversion and 

amplification in one step by means of charge amplifier 

(Figure 2b). Unlike floating potentials of the electrodes in 

case of voltage amplifier, charge amplifier actively keeps 

the electrodes at zero potential. Its output voltage is 

always  and depends on feedback 

capacitance Cf  only, so pick-up calibration can be done 

with an arbitrary cable length. 

For the same Vout voltage amplifier has lower noise 

than charge amplifier but this difference diminishes for 

large gains. Charge amplifier using operational amplifier 

with JFET inputs and Cp = 110 pF, 

Cf = 10 pF, R = 100 MΩ was built for the test bench. With 

second stage gain of 10 and input referred noise of 

, the output noise is 15 mV peak-to-peak. 

High value resistor R defines DC gain and provides a 

path for the bias current to flow. In parallel with Cp or Cf 

it forms a high pass filter that causes pulse droop. Small 

droop can be assumed as linear for compensation by 

simple baseline restoration algorithm after digitization.  

Pulse droop is about 10% for 100 μs beam pulse and 

component values mentioned above. Besides plate-to-

ground capacitances Cp there is a capacitance, which 

consists of plate-to-plate capacitance of the detector 

(a few pF for INR pickup) and mutual capacitance 

between the signal wires.  

The RF component of the signal due to the residual 

modulation of the beam is outside the amplifier 

bandwidth. Therefore, in a first approximation, the output 

signal of the amplifier corresponds to a steady component 

of the beam electric field, which is determined by the 

average pulse current of the beam. The convenient feature 

of DoS-measurement is that common mode hum is 

subtracted from the weaker signal corresponding to beam 

position and does not spoil it.  

Test Results 

Results of bench-based measurements for horizontal 

plane (Figure 3a) show expected DoS linearity across the 

whole aperture of the pick-up, though the sum and the 

difference are nonlinear per se. Deviations from the linear 

fit are smaller than ±0.5%. Constant KX = 75.3 mm is 

3.5% better than 2D-ideal approximation and is primarily 

caused by variation of beam pipe shape and size near the 

electrodes in spite of guard rings presence [4]. The offset 

δX = 2.7 mm is observed. For vertical plane KY = KX, but 

the offset δY = 4.1 mm.  

As expected, the obtained results are independent of the 

total pick-up capacitance. The pick-up operation as a 

current monitor is complicated because of considerable 

nonlinearity of the sum signal. 

Taking into account electronics noise ±7.5 mV of the 

sum and the difference signals, one can estimate the pick-

up resolution (precision) ΔX specifying the ability to 

measure small beam position displacements             

 (Figure 3b). It is about ±0.5 mm 

around the work region for the electrodes signals induced 

by 0.5 V voltage at the test pipe. 

 

Figure 3: (a) Bench-based calibration results for 

horizontal plane. (b) Position resolution. 

The pick-up accuracy specifies the beam position offset 

relative to the known fixed origin, for instance the 

symmetry axis of a quadrupole doublet, and is mainly 

determined by the pick-up offsets  as well as 

mounting tolerances. 

SIMULATION-BASED CALIBRATION 

Сonductive wires or pipes are usually used as beam 

imitators for test bench-based measurements. However it 

is obvious, that conductive object with uniform surface 

distribution of a fixed voltage cannot be an equivalent of 

a beam charged particles distribution. Therefore we need 

a complementary method for pre-tests based on 3D finite 

element simulations, for example, using ANSYS code.  

Firstly, electrostatic equivalence between the model 

and a real pick-up must be established. For this purpose 

the bench-based measurements with copper pipe are 

reproduced in simulations. The results are in good mutual 

agreement: linear dependences  

for horizontal plane and –  for 

vertical plane. Offsets δ in the simulation results indicate 

slight asymmetry of the electric field caused by 

asymmetric positions of the electrodes with respect to the 

shield edges. The greater quantities of experimental 

offsets are determined by manufacturing mechanical 

tolerances. Also results independence of the total pick-up 

capacitance is confirmed. 

Beam Position Measurements 

A debunched beam is simulated as five nested coaxial 

vacuum-material "pipes" with the outer radius 

5/4/3/2/1·σbeam = 2 mm and the central cylinder with 

radius 0.5·σbeam. To decrease the edge effects the 

simulation region of the beam and beam pipe are 

extended up to 690.5 mm. The total charge corresponds to 

10 mA pulse proton current (typical beam current). 

The 2D Gaussian distribution of charged particles in 

cross section of the real beam is approximated by 

percentage discretization of the total charge into the σ-

charges with following uniform distribution of these σ-

charges inside volumes of congruent components of the 

beam model. Simulations show that a beam "surface" 

voltage distribution (Figure 4) differs considerably from 

the uniform surface voltage distribution of a conductive 

pipe, and this difference increases with a beam offset. 
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Figure 4: Voltage distribution in the beam with 

σbeam = 2 mm and position (XC = 60, YC = 0). 

This effect provides expected qualitative changes of the 

electrodes responses. The sum and the difference signals 

dependences lose non-linear tails, so current measurement 

becomes possible, whereas the DoS dependence is 

retained perfectly (Figure 5a). 

 

Figure 5: (a) Simulation-based calibration results for 

horizontal plane. (b) Position resolution. 

Besides, the resolution increases together with the 

beam position offset, but ΔX < 130 μm across the whole 

aperture for a typical pulse current of 10 mA (Figure 5b). 

Consequently, bench-based measurements with 

conducting pipe are suitable for DoS calibration, but can 

obscure extra pick-up applications. 

Extra Measuring Capabilities 

Because position, RMS size and pulse current of the 

beam can be varied during the accelerator operation, it is 

necessary to compare results for different typical cases. 

The comparison of electrodes responses for different 

position offsets shows that the horizontal-vertical 

coupling is within the measurement errors (Figure 6).  

 

Figure 6: Results for different position offsets. 

The comparative simulations for different σbeam with the 

same total charge show consistency of the results. Besides 

the electrode responses are directly proportional to the 

beam pulse current as expected.  

As a result, current monitor mode of the pick-up 

operation is confirmed. The simulated sum signal for 

10 mA beam pulse current is about 5.5 V. Consequently, 

the resolution of current measurements with ±7.5 mV 

electronics noise is about 30 μA, that enable to cover the 

entire range of beam pulse current at INR accelerator. 

The sum signal deviations because of the beam position 

and RMS size are less than 0.5%. The relative error of 

current measurements is less than 3% and is mainly 

determined by a small nonlinearity of the sum signal 

dependence. The current measurement capabilities can be 

used for beam losses monitoring of high-intensity beams 

at long sections between two electrostatic pick-ups. 

CONCLUSIONS 

Linear-cut electrostatic pick-ups can serve as 

multipurpose non-destructive diagnostics for debunched 

beams. The research for INR RAS linac shows, that for 

typical beam parameters pick-ups enable to measure beam 

center-of-mass position with the resolution about 0.2 mm, 

which corresponds to about 0.1% of the aperture. The 

initial accuracy can be worse by an order of magnitude 

and is mainly determined by mechanical tolerances.  

Signal-to-noise ratio is limited by total detector 

capacitance, therefore it is necessary to use a 

preamplifier, either of voltage or charge type, connected 

to pick-up with short cable. Charge amplifier is more 

convenient, because its output signal is independent of 

total detector capacitance and pick-up calibration can be 

performed with arbitrary cable length. 

Beam current measurements are confirmed and 

quantified by 3D electrostatic finite element simulations 

as more beam-similar calibration method, than a test 

bench with conducting pipe, imitating a beam.                 

The resolution of current measurements is determined by 

electronics noise of the sum signal and is about 30 μA. 

The relative error of current measurements is mainly 

determined by nonlinear variations of the sum signal 

because of beam position and size and can be decreased 

down to 0.5% according to simulated dependences. 
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DEVELOPMENT OF REMOTE CONTROL SYSTEM FOR H-MINUS IONS 
SOURCE OF INR LINAC 

 
O.M. Volodkevich, V.N. Zubets, Yu.V. Kiselev, V.S. Klenov 

Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia 

 
Abstract 

A system of remote control of surface – plasma source 
of negative ions for INR LINAC was designed, 
constructed and put into operation.  

The INR LINAC negative ions injector is based on the 
accelerating tube at energy of 400 keV and surface –
plasma source of negative ions. Galvanic isolation and 
spatial separation of elements that are at potential 400 kV 
in the power rack of the ion source and the host computer 
are carried out by means of fiber-optic USB-interface 
extender from firms Icron. A set of multifunctional units 
from National Instruments allows to monitor the 
oscilloscope signals with up to 50 Ms/s and to control the 
ions source power settings. The data acquisition devices 
programming performed in a LabView graphical 
environment. Algorithm and LabVew code for fast and 
safe “conditioning” of the ion source discharge gap and 
extractor gap from arcing and breakdowns were 
developed. 

INTRODUCTION 
Negative ions injector for INR LINAC is based on the 

accelerating tube at energy of 400 keV [1]. In this 
scheme, an ions source with its power supply system is 
located under pulsed potential of 400 kV. Ions source is 
a surface-plasma source developed at INP SB RAS 
(Novosibirsk) [2]. In this source the increase of the 
negative ions yield achieved by reducing the work 
function of the electrodes by deposition on its surface the 
layer of alkali metal (cesium). 

A characteristic feature of the source is the presence of 
several modes, which have different discharge voltage, 
discharge current and the output of negative ions."Pure 
hydrogen" mode of operation is characterized by high 
discharge voltage (400 V - 600 V) and low discharge 
currents (1 A - 10 A).The appearance in the discharge of 
cesium vapor causes decrease in discharge voltage (to 
100 V - "low-voltage operation") and increase in the 
discharge current up to ~ 100 A. Furthermore, in the 
discharge gap may develop arcs with very low discharge 
voltage ~ (20 - 40) V and high current. Arcs can lead to 
significant erosion of the electrodes and are 
characterized by the absence of negative ions current at 
the output of the source. 

Extraction of the negative ions from the plasma of a 
gas discharge occurs through the emission hole in the 
anode by apposition of extracting voltage with amplitude 
of 16 - 20 kV to the extracting gap with size of about 1.5 
mm. Breakdowns in this gap can cause increased erosion 
of the electrodes and are also characterized by lack of 
output current of negative ions. Such breakdowns   occur 
with the source electrodes training and during normal 
operation of the source. 

The transition from "high-voltage" discharge mode in 
the "low-voltage" mode can occur quite quickly. The 
change in the discharge voltage is an indication of the 
emergence of cesium in discharge and is usually 
accompanied by a change in the intensity of H-minus 
beam. 

This rather complex behavior of the discharge and the 
dependence of the negative ions yield from the history 
of the source, cause the urgent need for a reliable 
detailed control of key parameters of the source, which 
works with a pulse repetition rate up to 50 Hz. To do 
this, the operator is required to monitor the pulse 
waveforms of discharge current and discharge voltage, 
extracting voltage, extracted current of the H-minus 
ions and others, as well as to control a variety of 
continuous signals. 

The use of the ions source in the injector of LINAC 
requires some additional conditions on the control 
system. In particular, it should be possible to integrate it 
into the control system of the linear accelerator and to 
choose the different places for the entrance to the 
source control system, including from the main control 
room of the LINAC. 

STRUCTURE OF THE CONTROL 
SYSTEM 

The control system is based on the connection of multi-
function ADC / DAC units to the host computer via the 
USB-interface. The control system includes multi-
function ADC / DAC unit NI USB 6363s, digital 
oscilloscope unit NI USB 5132, the control computer and 
fiber-optic extension of the USB-interface Ranger 2224. 
Block - diagram of the control system is shown at 
Figure 1.
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Figure 1: The block diagram of the remote control system of negative ions source. 

 
This system allowed galvanically isolate and spatially 

spread at considerable distance (about 80 m) equipment 
of control system and host computer of the ion source 
operator. In this case, retains all the advantages of 
working with devices via USB-interface. The system 
provides a connection in the USB 2.0 standard at 
480 MB/s, which allows you to connect a digital 2-
channel oscilloscope with a bandwidth of up to 50 Ms/s, 
and the required set of ADCs and DACs. 

PROGRAMMING 
The data acquisition devices programming performed 

in a graphical environment LabView (2010 version). 
Using programmable blocks allowed to begin the 
development of the algorithm to control the blocks of 
power supply system of the ion source with the aim of 
lifting the parameters to the desired level, "conditioning" 
of the discharge gap and extractor, maintaining the 
specified parameters for a long time unattended. 

In the development of the control algorithm, 
experimental work has been done to find the most optimal 
speed for changes of settings both in regular way to put 
ion source in the operating mode and in the case of an 
"emergency" situations. In the result  "conditioning" of 
the ion source and putting  it to the operating mode by 
using this algorithm and developed program allows it to 
increase the stability and reproducibility of the 
parameters, reduces the response time to changing 
conditions in the gas discharge (occurrence of breakdown, 
rapid transitions from "low-voltage" discharge mode to 
"high-voltage" and others). In particular, the program's 
reaction to the appearance of breakdowns in extracting 
gap and subsequent recovery of operating mode is shown 
in Fig. 2.  

The example of the programmable transition of ion 
source in the operating mode with the adjustable 
parameters of the discharge current (Id) and extracting 
voltage (Uo) shown in Fig3. 
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Figure 2: Example of processing by control program breakdowns in the extracting gap voltage (Uo) and restore the 
beam current (I-). 

 
As characteristic of the quality settings of the ion 

source can serve relative standard deviation of the 
measurements of the pulsed ion beam current of H-minus 
ions. A value of pulse signals in each pulse is obtained by 

averaging 20 measurements with a period of 5 ms for the 
middle part (100 ms) of pulse. 

The relative standard deviation in the values of pulsed 
H-minus beam current was achieved by this program  less 
than 1% of the mean pulse current.

 

 
 
Figure 3: Example of lifting extracting voltage (Uo) and discharge current (Id) by control program and reaching the H-
minus ion beam (I-) current 26 mA.  
 

CONCLUSION 
 

The remote control system of negative ions source can 
adequately control the operating modes of the source, 
ensuring the completeness of the resulting information on 
the control computer screen. System allows for 
programmable control of the ADC units for the purpose 
of "conditioning" of the ions source, outputting it to the 
operating mode and maintain over long periods of 
time."Conditioning" of the ion source using software 
control of power settings allow you to achieve the 
stability of the ion beam at the output of the source of 
better than +-1%. 
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USE OF FAST MAGNETIC BEAM RASTER SYSTEM FOR INR ISOTOPE 
PRODUCTION FACILITY 

O.Volodkevich, S.Bragin, A.Feschenko, O.Grekhov, Yu.Kiselev, V.Kokhanyuk, V.Mikhailov, 
A.Mirzojan, V.Serov, Institute for Nuclear Research of RAS, Moscow, Russia 

Abstract 
    Fast magnetic beam raster system for INR isotope 
production facility is developed and implemented. The 
system enables to increase the isotope production 
efficiency by providing a possibility of using a higher 
intensity proton beam on the target of the isotope 
production facility. First experimental results of system 
application for irradiation of the targets are presented. 

INTRODUCTION 
Interaction of the pulsed proton beam with the 

irradiated target results in fast (during the beam pulse) 
local heating of the target material. So the target material 
density is decreased, consequently, the efficiency of beam 
interaction with the target is decreased too. This effect 
causes limitation of beam intensity on the target and 
restricts the possibilities of isotope production. The 
problem can be solved by reducing the beam density on 
the target. But one cannot just increase the cross section 
of the beam for the existing configuration of the 
irradiation facility and beam extraction line. Increasing of 
beam cross section is provided by fast circular or elliptical 
scan of the beam on the target. Thus, the heating of target 
material is reduced, consequently, the beam intensity and 
irradiation efficiency can be increased. Fast beam 
scanning on the target is done by the Beam Fast Scan 
System (BFSS), which has been developed [1] and 
installed upstream the target. Target irradiation is carried 
out at beam energies from 100 MeV up to 158.6 MeV. 

THE STRUCTURE AND PARAMETERS 
OF THE SYSTEM 

Beam scanning is performed by means of its deflection 
in two mutually perpendicular alternating magnetic fields 
having the same frequency and quarter period phase shift. 
Mutually perpendicular alternating magnetic fields are 
created by two windings. Each winding consists of two 
symmetrical coils connected in series. Winding X deflects 
the beam in the horizontal direction, winding Y deflects 
the beam in the vertical direction. Frequency of fast beam 
scanning is about 5 kHz. One scan cycle takes one beam 
pulse of 200 μs. The angle of beam deflection in this 
system has been calculated according to the results of 
magnetic field calibration for windings X and Y. It equals 
to 1.5 mrad at nominal winding current and beam energy 
of 158 MeV. Corresponding deflection of the beam on the 
target is equal to 4.5 mm in both planes. This system 
gives the possibility to vary the beam size and the beam 
scan radius on the target in wide range. BFSS consists of 
electromagnetic windings and control system. 

 

Figure 1: Windings assembly with the capacitor bank. 
 

The windings are designed for vertical and horizontal 
deflection of the beam and are arranged one above the 
other on the outside of a glass chamber, which is a part of 
beam transportation line (Fig. 1). Each winding is 
included in parallel resonant circuit. The main 
characteristics of the system are given in Table 1. 

Table 1: The main parameters of the system 
Supply voltage ~220V,50Hz 
Power consumption ≤ 500 W 
Resonant circuit X 
Amplitude of deflecting magnetic 
field 71.5 G 

Amplitude of nominal current 4.4 A 
Effective magnetic length of winding 40.7 cm 
Number of turns of the winding 309 
Inductance of the winding 36 mH 
Resonant circuit Y 
Amplitude of deflecting magnetic 
field 55.7 G 

Amplitude of nominal current 3.8 A 
Effective magnetic length of winding 52.3 cm 
Number of turns of the winding 282 
Inductance of the winding 36 mH 
Control 
Number of channels 2 
Output signal shape Sinusoidal 
Range of frequency adjustment 4.6÷5.0 kHz 
Maximum output current 10 A 
Current adjustment range 0÷10 A 
Phase adjustment range ±90° 
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The BFSS installation, tuning and testing were carried 
out in 2013. 

Frequency tuning of BFSS resonant circuits was done 
by adjustment the position of the windings and by 
regulating procedure with ferrite rods. 

The pressure of the residual gas in vacuum chamber 
can affect the operation of BFSS. Such influence has been 
observed during the tests. It is concerned with the 
ionization of residual gas in vacuum chamber and the 
occurrence of high-frequency discharge, which leads in 
turn to a change in the resonant frequencies of the 
circuits. This effect occurs at the pressure of the residual 
gas higher than 10-5 Torr and it was visually observed by 
the residual gas glow inside vacuum chamber (Fig. 2). 
Therefore, it is necessary to maintain a high vacuum in 
order to avoid the appearance of discharge. 

 

 
 

Figure 2: Residual gas glow at low vacuum. 
 

The software for BFSS control has been created on the 
basis of LabView package. It is integrated into the control 
system of linear accelerator.  

Operator can continuously monitor the BFSS operating 
mode. BFSS control interface, which provides the 
possibility to monitor and to control the parameters of the 
system is shown in Fig. 3. 
 

 
 

Figure 3: BFSS control interface. 

BFSS winding current should provide a specified 
amplitude of the magnetic field and the value of beam 
deflection on the target. If the current drops below a 
predetermined threshold, the interlock system locks the 
beam passage through the accelerator. It is necessary to 
avoid the damage of the target at too high density of the 
beam. 

 
 

Target

MWP

D2-IC

D1-IC Correctors X, YWS1 WS2

D17 D18 PBM1 D19 D20MS1 MS2

BCT-IC

D16
BCT9

Isotope Complex

D15
BM2

Deflector

Collimator

  
Figure 4: Layout of beam transportation channel in the area of beam extraction to isotope complex. D-quadrupole 
doublets; PBM1, BM2-bending magnets; MS1, MS2-longitudinally matching sections; BCT-IC, BCT9-beam current 
transformers; WS1, WS2-wire scanners; MWP-multiwire profilometer. 
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Figure 5: Lattice of beam extraction line and tracing of characteristic β-functions. 

 

RESULTS 
Study of BFSS operation with proton beam of INR 

linac was carried out in 2014. First experimental results 
were obtained. 

 
Figure 6: Characteristic beam profiles at MWP. 

 
Table 2: Calculated and measured amplitudes of beam 
scanning along horizontal (Rх) and vertical axis (Rу) 

Beam energy 143 MeV 
Current in winding X 2.05 A 
Current in winding Y 1.80 A 
Calculated Rх on the target ±2.2 mm 
Calculated Rу on the target ±2.2 mm 
Measured Rх on the target ±2.35 mm 
Measured Rу on the target ±2.2 mm 

Equipment layout and behavior of characteristic β-
functions (beam envelope is proportional to β  in the 
area of beam extraction to isotope complex target [2] are 
shown in Fig. 4 and Fig. 5. Amplitudes of beam scanning 
on the target were calculated according to the results of 
magnetic field calibration for both windings. 
Experimental results of beam center deflection on the 
target were determined by beam center measurements at 

MWP. MWP is located in the drift space between 
deflector and the target. Characteristic beam profiles are 
shown in Fig. 6. 
Beam scanning amplitudes Rх, Rу measured at MWP 
location are ±0,85 mm and ±0,80 mm respectively. These 
results can be used for determination of beam center 
deflections on the target, since the beam deflection on the 
target is 2.75 times higher than its deflection at MWP 
location. Comparative results for calculation and 
measurement are shown in Table 2. 
In isotope production session at INR linac five targets 
have been irradiated by 143 MeV proton beam in almost 
continuous operation mode. BFSS has been used as fast 
beam deflector. It successfully and smoothly worked 
during the entire sessions. Targets irradiation was carried 
out at following beam parameters: σх≈2.6 mm, σу≈2.2 
mm – rms beam sizes on the target; Rх≈2.6 mm, Rу≈3.6 
mm - amplitudes of beam scanning on the target. 

CONCLUSION 
The first experimental results of using the BFSS system 

for INR isotope production facility confirmed the 
possibility to change the sizes of the beam and the 
amplitudes of beam scanning on a target within a wide 
range. BFSS has proven its reliability and flexibility. 
BFSS will be further used in isotope production sessions 
at INR linac. 
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SIMULATION AND OPTIMIZATION OF  ION OPTICAL EXTRACTION, 
ACCELERATION AND H- ION BEAM MATCHING SYSTEMS 

B.A.Frolov#, National Research Centre “Kurchatov Institute” State Research Center of Russian 
Federation – Institute for High Energy Physics, Protvino, Moscow Region, Russia 

V.S.Klenov, V.N.Mihailov, O.M. Volodkevich, Institute for Nuclear Research,  
Russian Academy of Science, Moscow, Russia 

 
Abstract 

The source of negative hydrogen ions for the 
implementation of multiturn charge-exchange  injection to 
increase the intensity of IHEP buster is developed.   
Surface-plasma ion source with Penning discharge is 
selected as a source of H-minus ions.   A high-current 
extraction system with downstream electron dumping has 
been designed.  A three-dimensional ion optical code 
IBSimu has been utilized for simulation and optimization 
the extraction system and ion beam acceleration to energy 
of 100 keV.  A magnetic low energy beam transport line 
consisting of two solenoids has been designed to match 
the beam with RFQ. TRACE 2D code was used to 
optimize LEBT. A deflecting magnet with small angular 
deflection (100) has been installed between solenoids to 
eliminate forward tracing of neutral atoms from ions 
source to RFQ. 

 
INTRODUCTION   

The beam intensity increase is one of the main tasks of 
modern proton accelerators’ development. In the leading 
acceleration centers of the world the charge-exchange 

 injection H-minus (H-) ions to accelerators is being used 
 for this purpose. Such methodology is planned to be used 

in the IHEP booster storage ring which will allow to 
several times raise the intensity of U-70 complex 
acceleration (up to 1013 protons per cycle). It will be 
necessary to develop the highly effective and reliable 
source of H-minus ions.  The collaboration of IHEP and 
INR is developing the H-minus ions source which should 
produce the H- beam with the following parameters: H-
minus  current ≥ 50 mA, pulse duration – 25 µs, repetition 
rate -25 Hz, energy of ions -100 keV, normalized rms 
emittance ≤ 0.25 π mm·mrad, e/H- ratio < 5. Basing on the 
experience of working with the negative ions source in 
INR RAS [1] and  BINP SB RAS [2], and also on the 
analysis of publications about the work of negative ions 
sources in BNL [3] , ISIS [4], FNAL [5], CERN [6] the 
surface-plasma source with the Penning gas-discharge 
chamber with axially symmetric emission aperture at the 
ion source output  was chosen as a source of H-minus (H-)  
ions. To extract ions from plasma, accelerate and form the 
beam with minimal aberrations  and match  the optical 
parameters of ion beam with the RFQ entrance the high 
effective ion-optical system (IOS) and low energy beam 
transportation system (LEBT) are needed. The numeric 

modeling results of IOS of extraction, acceleration and H- 
beam matching are described below.  

 
EXTRACTION AND ACCELERATION 

SYSTEM  
The three-electrode IOS is used to extract ions from 

plasma and accelerate to the energy of 100 keV. It is 
formed by plasma, extraction and acceleration electrodes. 
Plasma electrode works as gas discharge anode and the 
gas-discharge chamber of source itself is under potential 
of 100 kV.  Emission aperture diameter equals to 3 mm. 
Extraction voltage is 20 kV, extracting electrode diameter 
is 4 mm. The acceleration of negative hydrogen ions up to 
energy of 100 keV happens in the second gap.  The 
lengths of extracting and accelerating gaps were chosen 
basing on the detailed calculation series on the condition 
of getting minimal rms emittance at the matсhing line  
entrance. The drift space of 140 mm before the matching 
line  entrance is provided after the accelerating electrode.  
It is meant for gas evacuation, magnet corrector and 
diagnostic device allocation. Penning gas-discharge 
chamber is located in the magnetic field with the 
induction of around 0.1-0.15 T. The ion source magnetic 
field protrudes to the extraction and acceleration area. The 
negative ions are deflected from the axis by the gas-
discharge chamber magnetic field in the extraction and 
acceleration gaps. Therefore the corrector is required to 
compensate the H- beam deflection. 

The three-dimensional code IBSimu (Ion Beam 
Simulation) was used for the H- beam extracting, focusing 
and accelerating simulation [7]. Self-consistent procedure   
of plasma sheath calculation takes into account fast and 
thermal positive ions, negative ions and electrons.  
IBSimu is used in several acceleration centers (like 
CERN, SNS , etc.) for modeling of negative ions 
extraction from plasma and beam transportation 
processes.  IBSimu describes the experimental results 
with good accuracy [8]. 

 The extraction system was simulated with ion source 
producing H- beam current of 50 mA and co-extracted 
electrons current of 150 mA. In simulation the ions and 
electrons transverse temperature was set to 2 eV, plasma 
potential to 10 eV, the initial energy of particles to 5 eV, 
number of each sign particles to 30 000. The electron 
component was deflected from the ion beam on the 
extraction electrode by the source residual magnetic field. 
The simulation has been carried out   with gas-discharge ___________________ 
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chamber peak magnetic field of 0.1 T The dipole field 
was used to correct the H- beam deflection. Two SmCo 
permanent magnets (10×20×10 mm3) with the axis peak 
induction of  0.098 T for vertical x-direction are  situated 
at z=35 mm and create the corrector dipole field. The 
source and the corrector magnetic fields were calculated 
with ANSYS and the magnetic field data were imported 
in IBSimu. 

The Figure 1 shows the ions (red) and electrons 
(yellow) trajectories in IOS considering the source and 
corrector magnetic fields. The gas-discharge chamber 
magnetic field quite properly separates the electron flux 
from ion beam. Setting the corrector before the beam 
matching line helps to minimize the ion beam deflection 
angle. The corrector magnetic field almost returns the H- 

beam back to axis (the beam horizontal deflection from 
axis is  in order of 0.3 mm). Second dipole is needed to 
achieve the beam near-zero off-axis displacement and 
near-zero angular deflection.  

 

 
 
 

 
 

Figure 1. Trajectories   of H- ions (red) and electrons 
(yellow) from 3D simulation of the IOS. The co-extracted 
electron beam with the energy of 20 keV is deflected on 
the extraction electrode by a source magnetic  field. 

 
Fig.2 and Fig.3 show the beam phase space distribution 

in horizontal y- plane and vertical x-plane at z = 65 mm. 
The simulation of IOS showed that the beam emittance 
varies only slightly   in the drift space after the 
acceleration electrode (εy = 2.50 π mm·mrad and εx = 
2.433 π mm·mrad at z= 2 mm and εy= 2.466 π mm·mrad 
and εx = 2.463 π mm·mrad at z = 65 mm). The calculated 
normalized 4*rms emittance of ε = 0.14 π mm·mrad is 
approximately close in magnitude to the experimentally 
measured Penning source emittance in the operating mode 
without fluctuations of discharge parameters (“noiseless” 
operating mode) [9].  Source adjustment to get such 
operating mode should be done by optimizing hydrogen 
and cesium supply and the source magnetic field value.  

 
Figure 2.Transverse emittance  plot in y-plane from 3D 
simulation shown on figure 1. 

 

 
 

Figure 3.Transverse emittance  plot in x-plane from 3D 
simulation shown on figure 1. 

TWO-SOLENOID MAGNETIC LEBT 
The emittance requirements at the entrance of the RFQ 

are the Twiss parameters A=2.3 and B=0.14 and 4*rms 
normalized emittance �  ≤ 1π mm·mrad at an injection 
energy of 100 keV. As a first step to select set of  LEBT 
elements, the ion beam transportation through the 
matching channel up to RFQ entrance was simulated by 
code TRACE-2D. [10]   

As the forward tracing of neutral cesium atoms from 
the emission aperture of ions source to RFQ entrance 
should be eliminated, the beam-bending magnet should be  
added  in  matching channel. Several variants of 
arrangement for matching channel of beam with the linear 
accelerator LU-30  entrance were investigated, including 
the channel  with the quadrupole lenses, with two or one 
solenoid lens  and with beam-bending magnet in different 
allocations and with different parameters of deflection 
angles, radius and field index. For the matching channel 
with quadrupole lenses it resulted hard to provide the 
beam matching with the accelerator entrance at sensible 
channel geometry (length and diameter) due to quite 
serious angle difference which the beam acquires at the 
drift space before the channel entrance.   
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Figure 4. The beam envelope profile for two-solenoid magnetic LEBT (2, 6) with beam-bending magnet (4). 
 

The channel of two solenoids is more convenient in 
adjustment and beam matching.  Basing on the several 
parameters the variant with two solenoid lenses and 
beam-bending magnet with small deflection angle of 100 

was chosen. Two correctors also included in the channel.  
Such LEBT structure helps to get the beam with the 
required parameters at the RFQ entrance and allows you 
to have a sufficiently large drift space before the RFQ 
entrance for gas evacuation and diagnostic device 
allocation. The Figure 4 shows the beam envelope for 
“noiseless” operating mode in horizontal and vertical 
planes. The Twiss parameters and emittance were taken 
from the IOS simulating at z=65  mm. The magnetic field 
induction on the lenses  axis is around 0.441 Т and 0.514 
Т in the first and second lenses accordingly, the channel 
diameter does not exceed 55 mm for the beam passing 
with no losses.   
 

CONCLUSION 
   Simulation of IOS has been carried out with source peak 
magnetic field of 0.1 T. The adjustment of source 
magnetic field will be needed to generate ion beam in 
“noiseless” operating mode. Therefore the second dipole   
with auxiliary winding is required to compensate the 
beam deflection caused by the change of the source 
magnetic field. In the future IOS simulation will be 
carried out by taking into account the second dipole and 
with various values of the source magnetic field. LEBT 
will be also simulated using the large particles method 
and the complete IOS and LEBT modeling will be carried 
out  by using IBSimu code. 
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PRODUCTION OF METAL ION BEAMS FROM ECR ION SOURCES BY 
MIVOC METHOD* 

S. Bogomolov, A. Bondarchenko, A. Efremov, K. Kuzmenkov, A. Lebedev, K. Lebedev,  
V. Lebedev, V. Loginov, N. Yazvitsky, JINR, Dubna, Moscow Region, Russia 

Z. Asfari, B.JP. Gall, IPHC, Strasbourg Cedex 2, France 
 

Abstract 
The production of metal ion beams with ECR ion 

sources using MIVOC method is described. The method 
is based on the use of metal compounds having a high 
vapor pressure at room temperature: for example, 
C2B10H12, Fe(C5H5)2 and several others. Intense ion beams 
of B and Fe were produced at the FLNR JINR cyclotrons 
using this method. The main efforts were went into 
production and acceleration of 50Ti ion beam at the U-400 
cyclotron. 

The experiments on production of 50Ti ion beam were 
performed at the test bench with the natural and enriched 
compounds of titanium (CH3)5C5Ti(CH3)3. In the 
experiments at the test bench the beam currents of 50Ti5+ - 
80 mkA and 48Ti11+ - 70 mkA were achieved at different 
settings of the source. After successful tests two 3 weeks 
runs with Ti-50 beam were performed at the U-400 
cyclotron for the experiments on spectroscopy of super 
heavy elements. The intensity of the injected beam of 
50Ti5+ was about of 50-60 μA, during experiment the 
source have shown stable operation. The compound 
consumption rate was determined to be about of 2.4 mg/h, 
corresponding to 50Ti consumption of 0.52 mg/h. 

INTRODUCTION 
The most heavy target, with which it is possible to 

carry out experiments on the synthesis of super heavy 
elements in heavy-ion reactions is 249Cf, and the further 
progress in the area of the elements with Z > 118 requires 
the production of intense beams of accelerated neutron-
enriched isotopes such as 50Ti, 58Fe, 64Ni and others. The 
use of each new isotope for production of the accelerated 
beam requires investigations directed on optimization of 
the ECR source operation mode and development of 
technique for material feed into the source.  

The method of solid materials feed into an ECR ion 
sources strongly depends on the specific properties of 
materials. 

Several methods for production of ions of solids from 
ECR sources have been developed. Solid material can be 
evaporated by resistor or inductive oven, which is inserted 
into the source chamber [1]. Refractory metals can be 
sputtered by plasma ions [2] or inserted into the plasma 
and heated by energetic plasma electrons (“insertion 
technique”) [3].  

The other possibility for production of ions of solids is 
the feeding of the plasma with an organometallic 
compound through the Metal Ions from VOlatile 
Compounds (MIVOC) method [4]. 

PRODUCTION OF IONS OF METALS BY 
MIVOC METHOD 

MIVOC method is based on the use of organometallic 
compounds having a high vapor pressure at room 
temperature: for example, C2B10H12, Fe(C5H5)2 and 
several others. 

First time in FLNR the MIVOC method was used for 
production of intense beam of 11B3+ required for 
generation of secondary beams of 6He and 8He at the 
U400M cyclotron [5]. The compound C2B10H12 which has 
the vapor pressure of about 1÷2 Torr at the room 
temperature has been used. The ion source operated stable 
without addition of support gas. 

The maximal current of 11B3+ up to 200 eµA was 
produced from DECRIS-2 [6] ion source. The material 
consumption measured at 100 eµA current of 11B3+ 
constitutes 2,2 – 2,8 mg/h. 

Later this method was successfully applied for 
production of iron, cobalt and chromium ion beams using 
the ferrocene, cobaltocene and chromocene as a working 
substances. The results, obtained at the test bench are 
presented in the Table 1. 

 
Table 1: Intensity (eμA) of Metal Ion Beams Produced by 
MIVOC Methods at the Test Bench (* - intensity optimi-
sation) 

 Fe Co Cr 
6+ 43 57 70* 
7+ 93 80 60 
8+ 125 86 37 
9+ 172 80* 17 
10+ 145*  7 
11+ 114 82*  
12+ 73 25  
13+ 45   

            
At the U-400 cyclotron the beam of 58Fe was 

accelerated using the same technique. The intensity of 
injected 58Fe7+ beam was 40÷50 eµA (6 ÷ 7 pµA), and the 
58Fe23+ beam intensity at the target constitutes 15 ÷ 17 
eµA (~ 0.7 pµA). The consumption of 58Fe constitutes 
about of 1,5 mg/h.  

PRODUCTION OF TITANIUM ION BEAM 
The experiments on production of Ti ion beams were 

carried out at many laboratories with the use of different 
methods. 

The production of Ti ion beams by evaporation from 
the resistor oven was studied at GSI [7]. The evaporation 

 ___________________________________________  

*Work supported by Russion Foundation for Basic Research under grant 
number 13-02-12011 
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of pure titanium requires the temperature between 1750 
°C and 1800 °C. During the experiments more than 50 
eμA of 50Ti8+ were produced with high level of beam 
stability. The oven life time of 6 days was obtained. 

The experiments on production of Ti ion beams by 
evaporation from the induction oven were carried out at 
ANL [8]. The beam of 50Ti12+ with the intensity of 5.5 
eμA was produced during seven days. 

The MIVOC method was first adopted for production 
of Ti ion beam by JYFL group [9]. Commercially 
available (CH3)5C5Ti(CH3)3 compound was used as a 
working substance. In the case of 48Ti11+ion beam the 
intensity of 45 eμA was produced. 

The consumption of the compound was measured to be 
47 mg giving the value of 0.22 mg/h for the consumption 
of titanium. The ion beam was very stable during the 
period of 282 h.  

So, from the point of view beam intensity, stability, 
reliability and material consumption the MIVOC method 
seems very promising for providing 50Ti ion beam for 
long term experiments on synthesis of super heavy 
elements. But, the compound is sensitive to air, moisture, 
temperature and light that needs cautious handling when 
loading the material for use. The synthesis of this 
compound is rather complicated especially with the use of 
enriched titanium which is available in a small, about 
several grams, quantity. 

Test Experiments 
First time the 50Ti ion beam was accelerated at the U-

400 cyclotron in 2005. The task was to provide about of 
30 enA of 50Ti beam at the target for experiments on the 
fission physics. The natural TiCl4 (5.2 % of 50Ti) was used 
as a working substance. The intensity of 50Ti ion beam, 
extracted from the cyclotron constitutes about of 200 enA, 
the source was running stable during two weeks.  

But the use of TiCl4 do not provide the intensity 
required for the experiments on the synthesis of super 
heavy elements. 

Taking into account the problems with synthesis and 
handling of (CH3)5C5Ti(CH3)3  we decided to try to find 
the other compounds, suitable for MIVOC method. The 
titanium isopropoxide (Ti{OCH(CH3)2}4) and 
cyclopentadienyl cycloheptatrienyl titanium 
(C5H5TiC7H7) were tested, but no noticeable titanium 
current were observed, just a few microamperes of Ti5+. 
The (C5H5TiC7H7) compound was later used at IMP [10] 
with LAPECR2 source for production of titanium ions by 
oven method. During the test, 24 eμA of Ti11+ has been 
achieved with 250 W 14.5 GHz microwave power. 

The commercially available compound was tested with 
DECRIS-4 [11] and DECRIS-2 sources. The sources 
were optimized for production of Ti5+, similar results 
were produced with both sources – about of 50÷60 μA.  
In the experiments with the modified ECR4M [12] source 
at the test bench about of 80 μA of Ti5+ were produced. In 
all experiments no support gas and no control of MIVOC 
chamber temperature were used. The operation of the 
sources was stable and reproducible. 

Production of Titanium-50 Ion Beams 
The development of titanium-50 beam production was 

performed in the frame of collaboration between IPHC 
(Strasbourg, France) and JINR.  

After several years of chemistry developments at IPHC 
the C5(CH3)5Ti(CH3)3 compound was synthesized using 
92.57 % enriched 50Ti. A two step chemistry was done 
starting from TiCl4 going to C5(CH3)5Ti(CH3)3 through an 
intermediate C5(CH3)5TiCl3 organic compound with quite 
high efficiency.  

First isotopicaly enriched beam of 50Ti by MIVOC 
method was produced in 2011 at the University of 
Jyväskylä. After optimization, up to 19.4 eµA of 50Ti11+ 
was extracted from the JYFL 14 GHz ECRIS2 ion source 
[13, 14].  

The compound from natural titanium, synthesized at 
IPHC, was also tested at GANIL [15]. An intensity of 20 
eμA for 48Ti10+ was maintained for 4 days, with regulation 
the temperature of the MIVOC chamber. The 
consumption of 1.5 mg/h for the MIVOC compound has 
been deduced, i.e. 0.23 mg/h for 48Ti. 

First natural material synthesized at FLNR by IPHC 
group was tested in October 2013 with ECR4M ion 
source at the test bench.  After optimization, very stable 
48Ti beams were produced with intensities up to 70 eµA 
for the 11+ charge state (6.2 pµA) and  75 eµA for the 5+ 
charge state (15.0 pµA). Figure 1 shows the charge state 
distribution of 48Ti ion beam with the source settings for 
optimum production of 48Ti11+. 

Following these very promising results, a 92.57 % 
enriched compound was synthesized and tested with 
ECR4M at test bench. Under similar conditions up to 
80 eµA of 50Ti5+ beam was extracted, corresponding to 
16.0 pµA. Figure 2 shows the charge state distribution of 
50Ti ion beam with the source settings for optimum 
production of 50Ti5+. 

 

 
Figure 1: Ti ion spectrum, produced by MIVOC 
method from the ECR4M source at microwave power 
of 300 W. 
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Figure 2 : 50Ti ion spectrum, produced by MIVOC 
method from the ECR4M source at microwave power 
of 30 W. 
 
This beam was then produced with the DECRIS-2m 

[16] source and accelerated at the U400 cyclotron. A very 
stable 50Ti5+ beam with the intensity of 55 eµA 
(11.0 pµA) was injected in the cyclotron. Extracted 
titanium-50 ion beam with the intensity of 0,49 pµA was 
used on target for several weeks in October-November 
2013. This beam was very stable with wery low, about of 
0.6 mg/h titanium consumption. 

Next run with titanium-50 ion beam was performed at 
the U-400 cyclotron during April-May 2014. By then the 
DECRIS-2m source at the U-400 cyclotron was replaced 
by ECR4M source. During three weeks the intensity of 
50Ti5+ beam was maintained at the level of 55÷62 eµA. 
The material consumption was similar to the previous run 
with DECRIS-2m ion source.  

Table 2 summarise the results of titanium ion beam 
production at different Laboratories by MIVOC (JYFL, 
GANIL, FLNR) and oven (GSI, ANL, IMP) methods. 

 
Table 2: Intensity (eμA) of Titanium Ion Beams Produced 
at Different Laboratories by MIVOC and Oven Methods 
 JYFL GANIL FLNR GSI ANL IMP 
48Ti5+   79    
48Ti10+  20     
48Ti11+ 45  68   24 
50Ti5+   82    
50Ti8+    50   
50Ti11+ 20      
50Ti12+     5.5  

CONCLUSION 
During last years significant progress was achieved in 

production of intense multiply charged ion beams of 
metals from ECR ion sources by MIVOC method.  

  The MIVOC method was successfully used for 
production and acceleration of titanium-50 and iron-58 
ion beams at the U-400 cyclotron.  

   This method provides intense ion beams with long 
term stability, and is quite promising for experiments on 
synthesis of super heavy elements. 
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HYDROGEN NUCLIDES ACCELERATION FROM LASER PLASMA  
IN THE DIODE WITH MAGNETIC INSULATION OF ELECTRONS  

K.I. Kozlowski, E.D. Vovchenko, V. L. Shatokhin, A.E. Shikanov, National Research Nuclear 
University "MEPhI" (Moscow Engineering Physics Institute), Moscow, Russia

Abstract 
The results of an experimental investigation of the 

deuterons acceleration from laser plasma in a compact 
magnetically insulated ion diode are reported. The 
experiments were done in a pulsed mode (U ≤ 300 kV, 
Imax ≤ 600 A, τ ≤ 500 ns) at a pressure of 0,01 Pa. The 
deuterium laser plasma was produced at the anode during 
irradiation of a TiD target with a laser pulse (wavelength 
λ = 1060 nm and intensity q ~ 5·1014 W/m2). The positive 
accelerating voltage was created by means of a 20 stage 
Marx generators with air spark gap-switched circuit. The 
ion diode has an axially symmetric geometry of the 
anode-cathode gap. A hollow cylindrical cathode made of 
a permanent magnet with induction on an axis up to 0,4 T. 
Magnetic insulation of electrons in the accelerating gap 
leads to suppression of the electronic components of the 
total current in 4-5 times. 

INTRODUCTION 
Plasma diodes are widely used for producing intense 

beams of electrons and ions with currents up to 100 kA 
and energy 100÷500 keV. Such high-energy dense beams 
of charged particles are applied in various fields of 
science and technology (for example, in ion implantation 
materials, injection of charged particle accelerator, 
neutron and x-ray radiation). In this work we discuss only 
the ion diodes developed for the generation of neutron 
radiation. 

Currently, new technologies are being developed on the 
basis of compact pulsed neutron generator (PNG), such as 
screening and detection of dangerous substances and 
items, neutron logging oil and mineral deposits, neutron 
activation analysis [1]. Much attention in this research is 
given to the hydrogen nuclides acceleration on the basis 
of vacuum and gas-filled pulse diode and the optimization 
of their design, aimed at increasing resource and neutron 
yield. In this case work with the sealed designs on tritium 
gives an increase in the neutron yield by two orders of 
magnitude, however due to of high radiation danger their 
application is extremely limited. The main part of basic 
researches is carried out on a deuterium. 

Good prospects for the development of compact PNG 
provides the use of the diode with magnetic insulation of 
the electrons and the laser-plasma source of deuterons [2, 
3]. In environments with strong magnetic fields, the 
electrons move along the trajectories of the cycloid, not 
already captured the anode plasma and does not overlap 
the accelerating gap. According to preliminary estimates 
in such laser-plasma diode can be achieved density of the 
ion current up to 106 A/m2. Such scheme has high 
efficiency for radial extraction of deuterium ions from the 

side surface of a laser-induced plasma cloud and provides 
higher emission characteristics compared to the vacuum-
arc ion sources. It is simple and convenient to install the 
laser target on the high-voltage electrode. In addition, the 
laser-plasma diode allows to vary the initial parameters of 
the plasma by changing the intensity of the laser 
radiation.  

Neutron generators on the basis of laser deuterons 
sources began to be developed for a long time, about 30-
40 years ago [4, 5] (in MEPhI, JINR (Dubna), All-Union 
Scientific Research Institute of Nuclear Geophysics and 
Geochemistry, some other research centers). However, 
these experimental studies have significantly limited the 
absence of laser technology with high performance. At 
the same time had no active development of the idea of 
magnetic insulation of electrons. The main part of neutron 
generators based on the laser-plasma diode with magnetic 
insulation of electrons remained as experimental models. 
Now, this work is continued in National Research Nuclear 
University MEPhI again, due to the possibility of using 
compact new lasers and new super-strong permanent 
magnets. 

THE EXPERIMENTAL SET-UP 
Experimental investigations carried out on the model of 

laser-plasma diode with direct acceleration of deuterium 
ions from anode laser plasma to the cathode-target, 
forming neutrons (DD reaction). The diode has an axially 
symmetric geometry of electrodes (Fig. 1) with the 
internal high-voltage anode and the external hollow 
cylindrical cathode. At the anode is installed laser TiD 
target. Electrodes are established in the vacuum chamber 
equipped with means of pumping for obtaining residual 
pressure to 5·10−2 Pa. For connection of the high voltage 
anode with Marx generator is used the vacuum electrical 
connector. It isolator is designed for an operating voltage 
up to 500 kV. 

In the diode, for the purpose of increase in ion 
acceleration effectiveness, the scheme with magnetic 
insulation of electrons is applied. The magnetic field is 
created by the permanent magnet which is at the same 
time the cathode of the diode. The cathode has a form of 
the hollow cylinder with an internal radius of 0,02 m and 
0,06 m high. The required   induction value B was 
estimated from a comparison of the Larmor radius rL of 
accelerated electrons with the distance between the 
plasma anode and cathode. From a condition of   

rL = [(2mU)/(eB2)]1/2 < 5·10−3 m,              (1) 

where U = 300 kV − the accelerating voltage, m and e – 
the mass and elementary charge of electron, follows B ≈ 
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0,4 T. Realization of a stationary magnetic field with such 
induction value is possible, for example, at a choice of a 
magnetic material based on of NdFeB.  
 

 
Figure 1: Laser-plasma diode. 1 − the anode with a laser 
TiD target; 2 – the hollow cylindrical cathode (NdFeB); 3 
– place target, forming neutrons (DD reaction); 4 − laser 
radiation; 5 – vacuum electrical connector 

 
A compact YAG laser with a wavelength λ = 1060 nm 

was used for produce of laser plasma. It has energy of 0,1 
J and the duration of the laser pulse of 7 ns in giant pulse 
formation mode. These characteristics correspond to 
intensity q ~ 5·1014 W/m2. The laser pulse was detected 
using the photocell (FEC−09) and a digital oscilloscope. 
Amplitude of the accelerating voltage was determined by 
means of a sphere spark gap and the table of breakdown 
voltages [6]. High-voltage divider was used for 
monitoring of temporary characteristics of pulse voltage. 

 Discharge current was measured by Rogovsky coil 
which was developed for work in the conditions of an 
intensive electromagnetic disturbance.  Rogovsky coil has 
sensitivity 10 A/V in a mode of a current transformer. 
The pulse Marx generator of high voltage was applied in 
experiments. It consists of a 20 step-section with air spark 
gap-switched circuit. The energy about 0,5 J was 
accumulated at a charge voltage of 15 kV in each from 20 
step-section. The output voltage has amplitude up to 
U = 300 kV without loading (RH = ∞), front duration less 
than 100 ns and the time constant τRC = 75 μs.  At 
connection as loading of a laser plasma diode three 
different modes of its work were experimentally 
investigated.  

EXPERIMENTS AND ANALYSIS 
Mode 1 − testing of the diode system without laser 

radiation. Researchers showed that without of laser 
plasma the high-current discharge does not develop. In 
this case Marx generator works only for very large 
loading, and its output voltage practically is not distorted. 
The slight decrease in amplitude to 0,9U is observed in 
experiments. It can be explained as formation in the 
vacuum volume of the low-current discharge due to 
ionization of residual gas in the conditions of enough 
strong electric (≈ 20 MV/m) and magnetic (≈ 0,3 MA/m) 
fields. In the conditions of higher vacuum these ionization 
processes probably can no considered. 

Mode 2 − main accelerator mode in laser-plasma diode 
with magnetic insulation of electrons. It is the mode high-
current discharge and it is observed only with formation 
of laser plasma on anode. Waveforms of accelerating 
voltage and the discharge current are shown in Fig.2. 
They show that the Marx generator has a mode of 
aperiodic discharge capacity on the plasma load. In this 
case, resistance of the plasma Rp is limited from below by 
the value of the critical resistance of discharge circuit 
Rc = (L/C)1/2 = 300 Ω < Rp, where С = 230·10−12 F, 
L = Т 2 /(4π2C) = 5 μН, and the oscillation period 
T = 2π·(LC)1/2 = 220 ns was determined from experience 
in the short circuit in the Marx generator.  

On the other hand for high current discharge the 
resistance of plasma should not be large. The resistance of 
the plasma Rp is limited from above by the value 
Rmax = kU/I, where discharge current I was determined 
from experience (see Fig. 2b) and the factor k takes into 
account that the voltage U decreases as the capacity is 
discharged. Because the duration of the discharge current 
is much smaller than the time constant τRC, the capacity 
does not have time to discharge. This is confirmed 
experimentally, since the amplitude of the accelerating 
voltage decreases only to a value 0,8U (k = 0,8). 
Maximum discharge current has been measured by the 
Rogowski coil and amounted to the value I = 150 A. Then 
Rp < Rmax = 0,8U/I  ≈ 1600 Ω and the resistance of the 
plasma can be estimated by the average 
Rp = (Rc + Rmax)/2 ≈ 1 kΩ.  

For aperiodic discharge capacity C in a circuit 
containing inductance L and resistance Rp, the temporal 
behavior of the current is described by the expression 

i(t) = (U/L)·(p1 – p2)−1[exp(p1t) – exp(p2t)],              (2) 

where p1 and p2 – roots of the characteristic equation 
corresponding to this process. Effect of a non-linear 
dependence of Rp from the current i(t), the calculation of 
transient processes is quite complicated. However for the 
limiting case when roots of p1 and p2 are real and equal 
each other (i.e. when Rp = Rc) expression for current 
becomes simpler  

i(t) = −(U/L)·t·exp(−t/tp),         (3) 

where tp = 2L/Rc = 30 ns − the time to reach the current  
of the maximum  values. Then the maximal value of 
calculated current ip ≈ (U/L) ·(tp/e) ≈ 670 A. Comparison 
of values ip ≈ 670 A and I ≈ 150 A and  estimation 
300 < Rp ≈ 1000 < 1600 Ω qualitatively confirm the 
correctness of the  current measurement.  

To synchronize the pulse of acceleration voltage with 
the process of moving laser plasma was used "optical" 
scheme. 25% of the total laser energy is gone in the first 
spark gap of Marx generator, causing its breakdown and 
switching in other sections. In this case the delay of the 
pulse voltage relative to the laser pulse, as a rule, did not 
exceed 100÷200 ns.  
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 .  

 
a) the accelerating voltage (the top beam) and a laser pulse 
(the lower beam)   

 
b) discharge current (top beam) and laser pulse (lower 
beam) 

Figure 2: Marx generator in mode 2 (sweep speed −250 ns /div) 

 
Mode 3 − monitoring of effectiveness of magnetic 

insulation of electrons. In this mode of diode operation 
also the laser initiation was carried out, but without 
magnetic field. Instead of the cathode of the permanent 
magnet was mounted non-magnetic Al cathode with the 
same dimensions. The total current of the diode with the 
non-magnetic cathode is increased to 600 A in 
comparison with the mode 2, and amplitude of the 
accelerating voltage is decreased to 0,5U. It means that 
without magnetic field the current of electrons is 
significantly increased and it is caused by development of 
the emission process on the cathode. In turn, it leads to 
increase in conduction of a discharge gap and decrease in 
the accelerating voltage. In this case Marx generator still 
worked in the mode of an aperiodic discharge, however it 
is rather close from border of transition to the mode of 
oscillations. 

CONCLUSION 
Data of electric measurements for all modes of a laser 

plasma diode are summarized in Table 1. Comparison of 
these data allows making the conclusion that application 
of magnetic insulation of electrons is proved, and 
discharge current in the mode 2 (see Fig. 2b) generally is 
determined by current of ions. 

. 
Table 1: Summary of Modes 

 Mode 1 Mode 2 Mode 3 
Laser 
initiation           − + + 
Magnetic 
field                + + − 

Voltage 0,9 U 0,8 U 0,5 U 

Discharge 
current − 150 A 600 A 

Thus, the experiments showed the possibility of 
effective ion acceleration to energy of 300 keV,   when 
these ions were extracted from the plasma anode. The 
plasma is created on the anode by the radiation of a 
pulsed laser and allows producing ion beams with a 
current of more than 100 A and a current density of 
~10 A/cm2. Acceleration modes with the insulation of the 
electron by the field of the permanent magnet were 
obtained for laser-plasma diode with coaxial geometry of 
electrodes. It is planned to increase the accelerating 
voltage up to 500 kV and the energy of the laser pulse 
up to 1 J. 
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HYDROGEN NUCLIDES EXTRACTION FROM PULSE PLASMA 
FORMATION  

 
B.Yu. Bogdanovich, A.V. Nesterovich, A.E. Shikanov, V.L. Shatohin,  

National Research Nuclear Universety «MEPhI», Moscow, Russia 
 

Abstract 
The features of hydrogen nuclides extraction from 

vacuum-arc plasma and laser sources by electric field 
research results are presented in the report. Such sources 
can be used in accelerators injection systems and in 
neutron generators. These processes, found, are strongly 
influenced by electrostatic oscillations in the plasma 
boundary, which position continuously varies, in addition 
to the ions thermal motion. Such movement kinematics 
determined by the velocity field in plasma formation and 
its concentration reducing because of the ions extraction. 
On the basis of this model it shows that plasma boundary 
moves initially in the direction to the ejection electrode, 
then stops and begins quickly move back. An equation for 
the nuclides emission current density from hydrogen 
plasma surface for their quasiplanar extraction geometry 
is obtained. 

 
At present sources of hydrogen nuclides based on an 

arc discharge in a vacuum or a laser-produced plasma are 
used in pulse neutron generators (PNG) [1,2]. PNG 
contains a small-sized pulsed ion diode placed in a sealed 
vacuum containing hollow cylindrical anode and cathode. 
Between them deuterons are accelerated to the maximum 
energy not exceeding 150 keV by a pulse electrostatic 
field. The operating pressure in diode’s volume comprises 
about 10-2 Pa. 

The reactions Т(d,n)4He and D(d,n)3He undergoing 
inside the target located in the cavity of a cathode 
electrode are used for obtaining neutrons. The target 
represents a metal film effectively dissolving hydrogen 
(Ti, Sc, Zr), evaporated onto a metal substrate and 
containing occluded deuterium or tritium.  

Fig. 1 shows the schematic section in one embodiment 
of the vacuum arc deuteron source (VADS) described in 
works  [1,3]. 

The anode and cathode of the source in question are 
made of deuterated zirconium.  

The processes of deuterium plasma formation are 
defined by properties of an arc discharge in a vacuum 
[3,4]. The formation of an arc is preceded by high voltage 
discharge in the interelectrode space. During the build-up 
of the discharge current under the influence of a self-
generated magnetic field, pinching of the discharge 
channel occurs in the cathode and anode regions where 
current densities can exceed 1010 А/m2. Fast local heating 
of electrodes, deuterium desorption and evaporation of 
the metal carrier (Zirconium) take place in the pinch 
zones. And in this medium the formation of an arc occurs. 
An ignitor discharge over the surface of a hollow disk 
shaped insulator is used for the enhancement of an arc. 

 

 
Figure 1: A three-electrode VADS: 1- insulators; 2- 
anode; 3- cathode; 4- semiconducting coating ; 5- igniter 
electrode; 6- shielding electrode 

 
This discharge arises due to intensive field emission in 

the region of the triple point (insulator-metal-vacuum) 
characterized by abnormally high value of the electric 
field intensity. The breakdown of a vacuum gap between 
cathode and igniter electrode leads to the heating of the 
cathode’s part followed by deuterium desorption. As a 
result, a partially ionized cloud of deuterium vapour 
rapidly spreading into the space between the cathode and 
anode of an ion source is formed. 

The process of an arc formation is accompanied by the 
establishment of anode and cathode spots in the regions 
of its pinching over a period of time about 10-8 с.  

The temperature of electrode spots can reach several 
thousand degrees. This provides a continuous deuterium 
desorption and evaporation of the metal carrier. After 
filling the discharge gap by metal pairs, they become the 
base medium of arcing since the ionization potential of 
the metal carrier is sufficiently lower than the deuterium 
potential. Therefore it should be assumed that the main 
suppliers of deuterons to VADS are not the body of an arc 
but its cathode and anode spots. Plasma is injected by 
electrode spots of an arc in the form of jets moving at a 
velocity of shock wave propagating in a vacuum. 
Estimates and the experimental data show that this 
velocity is equal to ~104 m/s [5].  

The emission of laser jets by the electrode spots is a 
random process. There is also a significant variance of 
laser jets directions from pulse to pulse. However, as a 
result of internal anode reflections of a VAT (Vacuum 
acceleration tube) diode system, a laser jet is partially 
symmetrized.  

One of the factors that shall affect the current value of 
deuterons extracted from VADS is the atomic weight of 
the metal carrier. To illustrate this effect it can be easily 
drawn an analogy to a simpler laser deuteron source 
(LDS) [1,6], which can be regarded as a physical model 
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of VADS. The work [7]  revealed an increasing  relative 
yield of deuterons from a laser source with the increase in 
atomic weight of the metal carrier of a plasma-forming 
target. This is due to an decreasing the velocity of plasma 
expansion with the increase in atomic weight of the metal 
carrier, this provides better conditions for the competition 
of the ionization processes in an expanding plasma over 
the recombination processes[1]. 

The formation of a voltage pulse on an igniter 
electrode of an ion source is initiated synchronously with 
the formation of a high voltage pulse on the accelerating 
diode gap.  

The extraction of deuterons from VADS and their 
subsequent acceleration are generally carried out in a 
quasi stationary state when a flight time of a deuteron in 
the diode gap and a characteristic time of a voltage 
change are substantially less than a pulse duration of the 
deuteron current. 

The kinetic energy of a deuteron T on the cathode is 
proportional to potential differences U between the anode 
and cathode electrodes: T=eU, where е- is the elementary 
electrical charge. The maximum attainable energy is 
defined by the dielectric strength of a diode system and 
does not exceed 0.15 MeV. Deuterons in a extending 
plasma cloud fly at the forefront getting ahead of heavier 
ions of the metal carrier. 

Two factors are responsible for the process of 
extracting deuterons from the VADS plasma. The first 
factor is the thermal agitation of deuterons determining 
the dependence of the thermocurrent density on the time t 
at the VADS output [1, 8]: 

)()()( tVtentjТ ⊥=                     (1) 

where                   
)(

)(
0

2 tVbR
Ntn

dA

d

+
≈
π

                (2) 

- the electron density in the region of a plasma edge, Vd is 
the initial velocity of a plasma front determined by the 
velocity of shock wave propagating in a vacuum ~104, Nd 
is the total number of deuterons in plasma at the cooling 
stage of its ionization state depending on the energy 
stored in the tank capacitor of an ion source circuit:

 

2

2
ii

i
UCW = . Here Ci~(10-8-10-7)F is the tank capacitor 

in the VADS circuit, Ui~kV- its charge voltage. The 
cooling of an ionization state corresponds to the stage of 
plasma extension when a balance between the processes 
of recombination and ionization in its volume is 
established and further the number of deuterons remains 
more or less constant. The parameter b0~10а0 estimates 
the characteristic initial size of plasma formation 
corresponding to the completion of its ionization state 
cooling similar to LDS [9], а0- the characteristic size of 
an electrode spot, RA- the radius of an anode electrode, 

dMteθtV /)(24.0)( =⊥                   (3) 
- the average, according to the Maxwell distribution, 
projection on normal to a plasma surface of deuteron’s 

thermal velocity; Мd - the mass of deuteron; θ- the plasma 
temperature on the energy scale, eV.  

Fig. 2 depicts the set of experimental dependencies Nd 
(Ci,Ui), obtained for VADS with electrodes from ZrD1.3 
during the measurement of VAT current characteristics 
and built after processing the experimental data by the 
method of least squares.  
 

 
Figure 2: The characteristic set of experimental 
dependencies :)( id UN  1- Ci=4.108 F; 2- 3.108 F; 3- 2.108 F; 

4- 108 F; 
 
Fig. 3 shows the results of the experiment on the 

neutron production. 

 
Figure 3: The characteristic set of neutron yield 
dependencies of PNG per a pulse  (RVU) - :)( iUΦ  1- Сi=2.5·10-8 F; 2- 5·10-8 F; 3- 10-7 F 

 
The monotonic disturbance of curves 2 and 3 can be 

explained by a limited store of energy in the tank 
capacitor of a high voltage circuit. 

The measurement error calculated using Student’s 
distribution with the 0.95 confidence level did not exceed 
20%. 

By taking a single-atomic plasma and its adiabatic 
expansion we find the following expression for 
temperature-time dependence: 

3/2

0
0 )1()( −+≈

b
tVt dθθ ,                    (4) 

where θ0 - the initial plasma temperature.  
The second factor is related to Langmuir waves in the 

region being adjacent to a plasma edge [10].  
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Forming a plasma jet in the region of an electrode 
spot, every particle of plasma will account for about an 
equal share of kinetic energy: 

222

222
ZrZrdde VMVMmV

≈≈ .            (5) 

Here m, Ve; MZr,VZr - the masses and maximum 
velocities of electrons and zirconium ions respectively. 

At first electrons in the region of a plasma edge are 
emitted getting ahead of deuterons and forming a double 
layer. After being stopped, they turn back accelerating in 
the region of a deuteron front and rush into the depth of a 
plasma cloud exposing deuterons and forming a new 
double layer with the opposite polarization. After being 
stopped, electrons accelerate in the field of this double 
layer and run ahead again. This process is further 
repeated. That is the mechanism of Langmuir waves in 
the region of a plasma edge. 

The initial length of polarization L0 at the completion 
stage of an ionization state cooling can be estimated, 
taking into account (2), from the equation of potential 
(electrostatic) and kinetic energies of electrons 
constituting the mentioned double layer and constraints of 
the plasma quasi-neutrality. As a result, we have the 
following expression: 

d

dAd
N
hM

e
RVL 00

0 2
πε

≈ ,                     (6) 

where ε0 - the electric constant. 
The frequency of Langmuir waves at any given time t 

can be estimated using the well-known formula [11]: 
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ω .      (7) 

To estimate the change of a polarization length L in 
the process of a plasma expansion an adiabatic invariant 
can be used:  L2ωл. As a result, we have: 

4/1

0
0 )(1)(

b
tVLtL d+≈ .                    (8) 

At the negative phase of Langmuir waves in the 
region of a plasma formation front 

tVb
tLN

d

d
+0

)(

 
deuterons are exposed which can be involved in the 

process of acceleration. The time-averaged density of an 
emission current related to Langmuir waves can be 
estimated: 

)(
)()()(

0
22 tVbR

ttLeNtj
dA

лd
Л

+
≈
π

ω .                  (9) 

Therefore, the total density of a VADS emission 
current according to formulae (1)-(4) и (6)-(9) will be 
defined as follows: 

≈+= )()()( tjtjtj ЛTэ  
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NEUTRON ACCELERATING TUBES WITH MICROWAVE DEUTERONS 
SOURCE USING ELECTRON-CYCLOTRON RESONANCE EFFECT 

Didenko A.N., Bogdanovich B.Y., Nesterovich A.V., Shikahov A.E.,  
Kozlovskiy K.I., Prokopenko A.V., Shatokhin V.L. 

National Research Nuclear University (Moscow Engineering Physics Institute) 
Moscow, Russia 

Abstract 
The physical principles of increased efficiency neutron 

accelerating tubes based on the microwave sources of 
heavy hydrogen nuclides, using the electron-cyclotron 
resonance effect (ECR) are considered. The authors' 
theoretical results consist of electromagnetic oscillations 
generation in the working volume of the ion source of the 
accelerating tube with the boundary excitation of a 
microwave discharge. Resonator and waveguide modes 
for ECR-plasma excitation are examined. Features of 
neutron generation in these accelerator neutron tubes 
based on microwave source of heavy hydrogen nuclides 
are analyzed. The algorithm is developed and numerical 
simulation of neutron pulse formation in neutron 
generators based on microwave source is done taking into 
account target shape and the possible deuterons resonant 
recharge. Frequency dependences of the energy flux 
density transmitted from an alternating electromagnetic 
field to the electron component of the plasma are 
obtained. They depend on the constant longitudinal 
magnetic field induction and pressure in the discharge 
chamber. The results of these studies could form the basis 
for the efficient domestic portable neutron generators 
development based on accelerating tubes with microwave 
hydrogen nuclides sources. 

 
Modern development of several areas of science and 

technology requires a new generation of compact electro-
physical neutron sources - neutron generators [1, 2]. The 
main units of neutron generator are accelerating tube, 
high-voltage source, as well as of its operation and energy 
supply systems. Accelerating tube consists of an ion 
source of heavy hydrogen, the target, accelerating and 
focusing electrode system. In an accelerating tube for 
receiving hydrogen ions Penning sources with heated, 
cold or hollow cathodes, duoplasmatron, sources with 
high-frequency and superhigh-frequency (microwave) 
discharges, vacuum-arc discharge or laser plasma could 
be used [2-4]. The results of studies related to the 
development and production of neutron generators with 
the microwave oven sources of nuclides of hydrogen, in 
which the effect of an electron-cyclotron resonance 
(ECR) is realized, were published at [5-6]. 

The presence of the ECR and the magnetic constriction 
of the discharge allow to the increase of energy input into 
the plasma to achieve and maintain a high degree of 
ionization k (70%) with 
10 eV) and the ion concentration n (to ~ 1019 m-3).  Thus 

intense beams of nuclides hydrogen with output source 
current density 0.1  10 kA/m2 are formed; 

 
1/2 1/23

2
ej n

M A
. (1) 

where e - elementary electric charge, M - the mass of a 
proton, A - the atomic mass of a nuclide of the hydrogen 
extracted from plasma. 

Plasma generation in a microwave ion source is carried 
out in the course of cyclotron acceleration of electrons in 
the field of electrodynamics cavity or waveguide. Thus 
dynamics of an electron in considered local area of the 
resonator will be defined by the following differential 
equation: 

 
2

2
2 cos2 ,e

d d dm m e ft e m
dt dt dt

r r rr E B , (2) 

where m - electron mass, r - radius vector in the local 
coordinate system, E, B - vectors of the electric field and 
the magnetic field at a given point of the resonator, f - 
microwave generator frequency,  - the average electron 
collision frequency. The influence of an alternating 
magnetic field in equation (2), as shown by computer 
simulations carried out, can be neglected, if the power of 
the microwave generator does not exceed 1 kW. Equation 
(2) can be solved by an equivalent system of differential 
equations. To the electrons of the plasma which are in the 
set unit of volume, energy of an electromagnetic field will 
be transferred in unit of time (J m-3 s-1): 

 ( , , , ) ( ) cos2dq f p b z en z ft
dt
rE .  

This function has a resonant character. On Fig.1,2 as an 
example, shows the calculated dependencies q(f,p,1,0) 
and q(f,0.25,b,0). The point z = 0 corresponds to the 
center of the discharge space. The calculation of these 
temperature dependencies of was chosen at   10 eV. 
Such temperature is typical for ECR plasma, obtained as a 
result of the probe measurements (see, for example [7]). 
On these curves can be clearly seen two peaks. Their 
presence is a consequence of the ECR. Calculations show 
that the presence of two such peaks occurs at 
commensurability of Larmor and Langmuir frequencies. 
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Figure 1: Dependencies of the energy flux density, in 
arbitrary units, obtained for b = 1 and p =: 1- 0.25; 2 - 0.5; 
3 - 1.0; 4 - 1.5 Pa. 

 

 
Figure 2: Dependencies of the energy flux density, in 
arbitrary units, obtained for p = 0.25 Pa and b =: 1- 0.25; 
2 - 0.5; 3 - 0.75; 4 - 1.0. 

There are two possible options of ECR discharge 
excitation. In the first case [5-6] of the microwave power 
from the generator (magnetron) by a rectangular 
waveguide through ceramic plate, which is the waveguide 
window, was supplied into a cylindrical cavity, where the 
electric discharge with the ECR effect is occurred. For 
this purpose in the cavity by means of system of ring 
magnets create a longitudinal magnetic field. It is 
necessary to notice that in other case plasma can be 
obtained in a mode of a running wave. In this source the 
waveguide segment has to be used instead of the cavity. 
Extraction of deuterons is carried out through an exhaust 
outlet in a resonator edge. 

Another option of realization of a source of hydrogen 
nuclides using the ECR effect provides the location of the 

discharge area between the two electrodes [7]. One of 
them is the central conductor of the coaxial line connected 
with the microwave generator, and the second - the 
central conductor of a coaxial loop with the short-
circuited plunger which length is. In this loop input 
impedance selected so as to compensate for the reactive 
component of the complex impedance of the plasma. The 
magnetic field in this case is formed by two coaxial coils 
with the magnetic shield. 

The average power transmitted from the microwave 
field to the electrons per unit of volume of plasma 
formation, in both these cases can be estimated as 
follows: 

 
0

1( , ) [ , , ( ), ]
L

q f p dzq f p b z z
L

,  

where L - the longitudinal dimension of the plasma 
formation. The dependence b(z) can be calculated using 
the algorithm described in [8], and for obtaining 
dependence of E(z) it is possible to use modeling of 
electromagnetic fields in the cavity of deuterons source. 
Considered ion sources operate at authorized power 
frequency of 2.45 GHz. ECR condition providing requires 
a longitudinal constant magnetic field with induction in 
the center of working area of a source 87.5 mT. 

 

Figure 3: .Dependences of the deuterons current taken in 
the accelerating gap of the neutron generator (a curve 1) 
and the current getting on the extracting electrode (a 
curve 2) from voltage on the extraction electrode. 

For higher current densities of hydrogen nuclides at the 
exit of a source and their transport to the neutron 
generator target in addition to the high emission 
parameters of plasma effective ion-optical systems of 
extraction of ions are required. Volt-ampere 
characteristics (VAC) of ion streams formation systems 
between the working volume - extracting electrode were 
carried out in MEPhI. Thus selection of ions was done 
from plasma boundary situated in the plane of the 
emission aperture, and the geometry of the ejection 
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electrode corresponded to Pierce optics. Fig. 3 shows the 
corresponding VAC characteristics. 

Computer simulations of working chambers of neutron 
generators was carried out, the modern package of applied 
programs which is based on differential methods of the 
numerical solution of the Masksvell equations with given 
boundary conditions are certainly was used. Parameters of 
electric and magnetic fields intensity, Q-factor, resonant 
and frequency dependences for considered neutron 
generators were calculated. 

Cylindrical resonator working chamber has the 
following geometric dimensions - diameter 90 mm, length 
100 mm, the aperture to the output beam of deuterium 

2. The resonator is made of stainless steel. 
The simulation shows that the structure of the electric and 
magnetic fields in the working chamber of the ion source 
corresponds to TE111 - mode, at a frequency of 2.45467 
GHz. That's roughly the same as the default value for the 
frequency of magnetrons for power ECR discharge ion 
sources. The electric field in this kind of oscillation 
transverse axis of the resonator, on a sinusoid is 
maximum in the center and falls down at the ends. 
Calculation of parameters of intensity, Q-factors and 
electric fields is executed at frequency 2.45 GHz. 
Microwave power is supplied from rectangular 
waveguide WR-340. At the inlet into the chamber a thin 
membrane of alumina ceramics is established.  It provides 
to support low pressure of deuterium in the chamber. 
Maximum electric field strength in the center of the cavity 
at a microwave power supply 400 W corresponds to 
E = 4.5 105 V/m. This field strength is sufficient for 
ignition and microwave discharge burning in a deuterium 
plasma at pressures of less than 1 Pa. Calculated value of 
the induction of the microwave magnetic field was more 
than an order less than the induction of a constant 
magnetic field, which allows us to neglect the variable 
component of the magnetic field in equation (2). 

Calculation of electrodynamics characteristics of the 
waveguide working chamber showed that a strong cross 
electric field arises in the chamber at the end wall 
bordering the alumina ceramics used as vacuum 
microwave window. Geometric dimensions of the 
chamber: diameter 40 mm, length 50 mm. Deuterium ions 
outlet aperture of diameter 2 mm is made axially at the 
end wall of the working chamber. Working chamber 
material is stainless steel. Value of the electric field 
amplitude on the axis of the chamber at a distance of 1 
mm from the ceramic wall in the microwave power 

 300 W is E = 2.9 105 V/m, also suggests the 
possibility of ignition and sustained discharge in 
deuterium at low pressure. Discharge has to ignite near 
the ceramic inlet.  Deuterons diffuse toward the outlet, 
which has about few millimeters in diameter and locates 
in the center of the end of the working chamber. 

Based on this analysis the choice of geometry of the 
working chamber of deuterons microwave source in the 
form of the rectangular cavity made on the basis of 
standard waveguides of section (for example the WR-340, 
WR-430 and WR-284 type) with the main wave of  TE101 
- mode was made. In this type of oscillations the electric 
field structure coincides with that in the cylindrical cavity 
TE111-mode. 

Numerical calculation for a cavity with dimensions of 
 83 mm showed that the maximum 

value of electric field amplitude in the cavity made of 
 400 W at  

frequency of 2.45 GHz and Q-factor - 2400 is 
E = 4.56 105 V/m. For cavity 

 E = 4.25 105 V/m, and for the 
cavity w 96 mm  
E = 5 V/m. For effective power supply system of 
microwave chambers of ion sources it is supposed to use 
magnetrons of continuous action with power up to 1 kW, 
which can be regulated by anode current of the 
magnetron. 
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ION SOURCE DEUTERON BEAM ACCELERATION IN GAS-FILLED    
ION-OPTIC SYSTEM 

V.I.Rashchikov, NRNU(MEPHI), Moscow, Russia  
 

Abstract 
 Computer simulation of deuteron beam from ion source 
acceleration in gas-filled neutron tube has been fulfilled. 
Fully relativistic electromagnetic particle-in-cell finite 
difference, time-domain cod SUMA [1-2] has been used 
to investigate the ionization and knock on processes and 
there influence on deuteron beam and output neutron flow 
parameters. When deuteron and ionized particles space 
charge self-field forces become the same order of 
magnitude as external one, virtual cathode may occurs. It 
is happens because of injected from ion source deuterons 
cannot overcome their own space charge potential wall 
and move in transverse direction. However, electrons, 
produced by ionization, are trapped within the deuteron 
beam space charge potential wall and decrease it 
significantly. Thus, space charge neutralization of 
deuteron beams by electrons, may considerably increase 
target current and, as a result, output neutron flow. The 
data obtained were compared with experimental results.  

COMPUTER SIMULATION 
To design neutron tube with assigned flow value and 

other parameters such as size, service life and so forth, 
preliminary computer simulation should be fulfilled. PIC 
code SUMA was used for ion optic system modeling and 
investigation of ionization processes influence on 
deuteron beam dynamics and output data of gas-filled 
neutron tubes. The code is a 2.5 dimensional time 
dependent model that may self-consistently describe the 
charged particles dynamics at various coordinate systems.  

 As a sample typical gas-filled pulse neutron tube has 
been studied (see Fig. 1).   

 
Figure 1: Deuterons distribution (lower) and their self-
field potential (upper) in neutron tube. 

Accelerated electrode is under -85kV potential, target -
83kV, focusing electrode is grounded. 

Preliminary ion source deuteron beam parameters has 
been obtained experimentally. For this purpose alone 
Langmuir probes, multi-electrode energy analyzer and 
Faraday cup were used. We obtain following deuteron 
beam parameter: longitudinal energy 1.7±0.4 keV, current 
~150µA for initial gas pressure 0.5·10-3 Torr. Moreover, 
some beam density distribution measurement were 

fulfilled. Nevertheless, it was not enough data for 
computer simulation. Therefore, the attempt to solve 
inverse problem was made. As the result to be obtained 
the experimental deuteron current density distribution on 
target shown on Fig. 2a was used.  

 
 

 

 

 

 

 

 

 

Figure 2: Current density (experimental, a) and charge 
distributions (simulation, b) on the target. 

Experimental data were rebuild from target depth 
erosion and target sputtering calculation. 

Computer simulation shows that for the following input 
beam data, experimental and calculated distributions are 
closed to each other: longitudinal energy 1.9±0.1 keV and 
transverse energy distribution ~120 eV, current ~150µA 
(see Fig.2b). 

Passing through the gas, deuteron beam produce 
plasma, which consist of electron and slow ion. Their 
densities under considered gas pressure range 
approximately equal each other (see Fig. 3.) [3]. 
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Figure 3: Ratio of electron or ion density as a function of 
pressure. 

Deuteron and ionized particles own space charge forces 
for this current value are considerably less than that of the 
external one (see Fig. 4.). 

 
Figure 4: Longitudinal electric self-field time dependence 
near the cathode. 

The value of decelerating deuteron space charge self-
field is about 1kV/m, that three order of magnitude less 
than external accelerating field. Therefore, they cannot 
effect on deuteron beam propagation. Figure 5 shows that 
electric field is accelerating for the deuteron elsewhere in 
the tube. 

 
Figure 5: Deuterons distribution (lower) and total field 
(external and self-field) potential (upper) in neutron tube. 

The electrons knocked on from the target by 
accelerated deuterons cannot pass through the 
accelerating electrode – target potential wall and cannot 
effect on deuteron beam propagation either (see Fig. 6). 

 
Figure 6: Knocked on electrons distribution. 

   Current gain leads to deuteron and ionized particles self 
space charge forces increases and become the same order 
of magnitude as external one. If we are not taking into 
account ionization processes, deuteron beam propagation 
for current 150mA shown on Fig. 7a. 

 
Figure 7: Deuterons distribution without (a) and with (b) 
ionization. 

   Injected from ion source deuterons cannot overcome 
own space charge potential wall and form a virtual 
cathode – positive potential value (see Fig. 8). 

 
Figure 8: Virtual cathode forming. 

Significant part of them leave the region in radial 
direction and get off to focusing electrode. Target current 
become four time less than injection one. 

If we take into account ionization processes deuteron 
beam propagation changes considerably (see Fig.7b). 
Electrons, produced by ionization, are trapped within the 
deuteron beam space charge potential wall and cannot 
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leave the interaction region (see Fig. 9a), as they did for 
current 150µA (see Fig. 9b). 

 

 
Figure 9: Electrons distributions for current 150mA (a) 
and 150µA (b).  

   Electron accumulation result in decreasing of the 
potential wall effective depth and deuteron target current 
rising. Figure 10 shows longitudinal electric field time 
dependence on the tube axis near the left border for cases 
without (a) and with (b) ionization taking into account. 

 
    

 
Figure 10: Longitudinal electric field time dependence 
without (a) and with (b) ionization taking into account. 

   The value of deuteron current increases almost three 
times that result in identical neutron flow increased 
approximately the same value [4]. 

0

σ( )
( )

iW

i
i

sn WΦ q dW
e F Wτ

= ∑ ∫ , 

where s – target stoichiometry coefficient, n – target 
nuclei concentration, e – elementary electric charge, qi - 
deuteron charge with energy Wi, σ(W)- nuclei reaction 
cross-section on the target, F(W) - deuteron 
bremsstrahlung loss in the target, τ- pulse duration. 
   Moreover, own longitudinal electric field rise near the 
target leads to reduction of accelerating electrode – target 
potential wall and, as a result, additional knocked on 
electrons may appear in the region. 
   Influence of low energy ion, produced by ionization, is 
not so significant. Slow ion rather quickly obtain radial 
velocity and move to the tube periphery (see Fig. 11). 

 
Figure 11: Slow ion distributions in the tube. 

   Thus, space charge neutralization of deuteron beams by 
electrons, produced by ionization, may considerably 
increase target current and, as a result, output neutron 
flow. 
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DYNAMICS OF PLASMA-BEAM FORMATIONS IN THE ACCELERATION 

GAP OF THE PULSE NEUTRON GENERATOR-BASED VACUUM 

NEUTRON TUBE 

 

A.V. Agafonov, The Lebedev Physical Institute of the Russian Academy of Sciences,  

 Moscow, Russia  

S.G. Kladko, S.P. Maslennikov, E.Y. Shcolnikov, NRNU MEPhI, Moscow, Russia 

 

Abstract 
The analysis of dynamics of plasma flows containing 

deuterium, zirconium ions and electrons in the 

accelerating gap of the pulse neutron generator-based 

vacuum neutron tube (VNT) [1] is presented in the paper. 

The investigations have been carried out using the code 

KARAT [2] for the two-dimensional non-stationary 

mode. The limiting currents of each component for the 

real accelerating gap geometry have been determined. 

The differences between the values of these currents and 

those ones determined by the Child-Langmuir equation 

have been demonstrated. 

The analysis of plasma emitter dynamics in the gap 

has been performed by the model of VNT with the 

accelerating voltage amplitude of 120 kV and the pulse 

duration of 1.2 μs. It has been shown that the value of the 

current entering the gap from the source of ions can be 

very different from the current value at the target. To 

increase this value the accelerating gap partition using the 

conductive grid which is transparent for a beam and has 

several geometric configurations has been proposed. The 

ring configuration of the emitter has been considered for 

the same purposes. The calculations have shown that the 

combination of these two methods described above can 

allow transporting the current of deuterons from the 

anode grid to the target without losses. 

 

INTRODUCTION 

All set of physical processes accompanying the 

operation of VNT can be structured as follows. Firstly, 

these are processes in the vacuum arc discharge including 

in particular the production of an erosion mass from the 

discharge gap electrodes. Secondly, these are processes 

accompanying the expansion of plasma products emitted 

by a vacuum arc. Thirdly, this is the transmission of a 

plasma flow through the anode grid of VNT and the 

acceleration of deuterium ions in the accelerating gap and, 

fourthly,these are the processes in the target accompanied 

with the generation of neutrons.  

Modelling of the plasma dynamics in the accelerating 

gap has been carried out using the code KARAT. Initial 

data for plasma parameters were obtained from the 

designed model of VNT [3]. A voltage supply to the 

accelerating gap has been modelled using a TEM wave, 

therefore the diode has been shown as a shorted coaxial 

transmitting line. All computational region is divided into 

cells, a set of which forms a rectangular grid. The basic 

parameters for choosing the size of a grid unit cell are the 

Debye length λD and the collisionless skin depth. The 

above mentioned values of plasma parameters are: 

 

 

(1) 

where ωpe – the electronplasma frequency 

The increase in the number of cells extends the 

running time. As a non-stationary process is under 

consideration and the Debye length is more statistic 

parameter, in this case, the collisioness skin depth is the 

characteristic scale. On that basis, the number of 

divisions is selected in such a way that a unit cell is a 

square with a side of 1,24 * 10-2sm. The time step for 

every iteration is automatically selected by a code and 

comprises 1,87*10-4ns that is agreed with the period of 

electron component oscillations of this plasma ~ 10-2 ns.  

To estimate the space-charge limited current in a 

planar diode with the distance d between electrodes and 

the emitting surface of  R, the Child-Langmuir equation 

can be used:  

 

 

(2) 

where  - the voltage across the diode, m – the mass of 

accelerated particles.  

                          
Figure 1: The design of VNT:  1 - the target, 2 – the 

accelerating (cylindrical) electrode, 3 – the anode grid, 4 

– the ion source. 

 

The code KARAT has been used to calculate 

limiting currents of each plasma component in the real 

geometry of the accelerating gap. 

The design of typical VNT developed in All-

Russia Research Institute of Automatics named after N.L. 

Dukhova is shown in Fig. 1. The plasma flowing comes 

from the ion source (4). The accelerating gap itself 

represents a space between the anode grid (3) and the 

target electrode (2). 

1 2 3 4 
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     It was assumed that through the anode grid of radius 

1sm in the gap there were emitted one-component beams 

of deuterons, electrons, zirconium ions which were 

accelerated by direct voltage of 100kV and the current of 

which knowingly exceeded relevant maximum values. 

The current flow has been fixed at the target electrode. 

The results of calculations are presented in the table. 

 

Table 1: The results of  current calculations 

 e d Zr 

Partial current (maximum 

value), А 

6,3 6,3 6,3*10-2 

Limiting current, 

calculated by the formula 

(2), А 

57,8 9,5*10-1 1,4*10-1 

Limiting current 

modelling, А 

100 1,8 2,6*10-1 

 

The “partial current” in the Table 1 refers to the 

current entering the accelerating gap of VNT.   

As shown in Table 1, values of limiting currents 

in modelling have been greater than in calculations using 

a formula (2). This is due to the fact that the emitter (the 

anode grid) size is commensurate with the accelerating 

gap size. In this case the field amplification effect arises 

due to the edge effect on the emitter surface. As a result 

of an excess of  the partial current over the limiting one, 

the plasma starts to penetrate into the accelerating gap. 

 

a) 

b) 

 

Figure 2: The dependence of currents in the accelerating 

gap on the time: а – the current on the surface of a 

cylindrical electrode(1) и the current emitted from the 

anode grid(2), b – the current on the target. 

     The dynamics of a plasma emitter can be properly 

described as follows.As a consequence of an excess of  

the partial current over the limiting one, the plasma 

expands in the accelerating field for ions and emits 

positively charged particles from its surface.  This plasma 

expansion takes place before reaching such an effective 

distance from the anode grid at which the limiting current 

of ions will be equal to the partial one. Thus if the partial 

current is greater than the limiting one, the partial current 

is removed from the outer edge of the plasma at any time 

and a fraction of particles accumulates in the plasma 

emitter. And if the partial current is less than the limiting 

one, in contrast, the plasma gives off a part of a stored 

charge together with the limiting current.  

     Data based on the modelling confirm the described 

above physics (Fig.2.). As seen in Fig.2., before the 

emitter comes to a standstill while moving to the target, 

less partial current is removed from it, whereas at the 

reverse movement - more partial current. This is due to 

removing the excess charge which was accumulated in 

the plasma. As follows from Fig. 2, about 20% of the 

deuteron current injected into the gap reaches the target. 

Most of particles settles on the cylindrical target electrode 

and on the dielectric case of VNT. As the plasma 

penetrates into the accelerating gap, the fraction of the 

current on the targetdecreases. 

The enhancement of the accelerating gap geometry 

implies seeking such a design which contributes to 

obtaining the maximum deuteron current on the target. 

The way to achieve this objective is by increasing the 

limiting current for the accelerating gap and, 

consequently, decreasing the plasma penetration in the 

accelerating gap. This can be achieved by the insertion of 

a grid transparent for particles in the gap and by the 

division of the accelerating gap into two accelerating 

regions. In addition the grid transparent for particles will 

be located at the end of the target electrode and be under 

its potential. As a result, the accelerating gap will be 

divided into two gaps: of acceleration and of drift region. 

This way allows reducing the effective acceleration 

distance at the same accelerating voltage. 

Another way is by developing such a gap design at 

which the emitting surface (the anode grid) represents a 

ring. In this case the limiting current value increases due 

to the electric field intensity increase on the surface of the 

emitter. Moreover, with this emitter geometry there will 

not be  the spacial charge in the paraxial region. 

     As calculations have shown, in this case the current on 

the target increases up to 35% from the injected current, 

whereas previously this figure comprised 20% from the 

total current on the accelerating electrode. 

It should be noted that the use of a ring emitter of the 

same area leads to the same effect. 

The application of this emitter topology allowed 

increasing the current share on the target up to 45%. In 

comparison with the contiguous emitter of the same area 

the increasing of a current can be explained by reducing 

the spatial charge action due to decreasing the emitter size 

in cross direction.  

1 

2 
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With regard to the use of a grid in the accelerating 

gap, Fig. 8 shows the design of the accelerating gap with 

an additional grid, whose surface represents a fructum of 

cone. In addition the length of the accelerating gap is 

reduced by 2 times. 

The reduction of the accelerating gap size due to the 

insertion of an additional grid leads to the decrease of the 

plasma penetration rate in the accelerating gap. On the 

other hand, the grid surface generates the electric field, 

the radial component of which leads to the focusing 

effect. The results of calculations are presented in Fig. 3. 

 а) 

b) 

 

Figure 3: The oscilloscope pictures of currents for the 

partitioned gap: a - the current on the surface of a 

cylindrical electrode (1) and the emitted (partial) current 

of deuterium (2), b  –the current on the target. 

 

As seen in Fig.3, such a gap design allows increasing 

the current share on the target up to 90%.  

Calculations have shown that the use of the gap 

design with the cone-shaped grid and the ring emitter 

allows transmitting practically all deuterons passing 

through the anode grid.  

CONCLUSION 

The analysis of dynamics of plasma flows in the 

accelerating gap of VNT has shown the possibility of a 

substantial increase of deuterons’ current on the target in 

comparison with its standard operation procedure. 

Currently, All-Russia Research Institute of Automatics 

named after N.L. Dukhova develops and carries out the 

experiments of different designs of the accelerating gap 

on the dynamics of ion flows. 

Works supported by Ministry of Sciense and 

Education RF. Agreement № 14.575.21.0049 

(RGMEFI57514X0049) 
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THE NG-10 NEUTRON GENERATOR FOR PRODUCTION OF  
NEUTRON FLUXES IN CONTINUOUS AND PULSE MODES 

D.A. Solnyshkov#, A.V. Antonov ,G.G. Voronin, A.N. Kuzhlev, 
N.P. Mikulinas, A.V. Morozov, JSC “D.V. Efremov Institute of Electrophysical Apparatus”,  

St. Petersburg, Russia 

Abstract 
The neutron generator is designed for a neutron yield of 

1x1011 n/s in the continuous operation mode. It consists 
of an ion accelerator with an accelerating voltage 
continuously adjustable in the range of 120-150 keV and 
beam current of atomic deuterium ions up to 2 mA and a 
set of target devices, in which Ti-T and Ti-TD targets of 
different diameters are used. In addition to a high and 
stable in time yield of neutrons when operating 
continuously, the generator also provides the pulsed mode 
over a wide range of pulse widths and repetition rates. By 
modulating the discharge current of the ion source, the 
neutron generator is switched into the pulsed mode. A 
unique system of the discharge power supply allows 
operation both in continuous and pulse modes. In this 
case, a smooth adjustment of the pulse width and 
repetition rate is possible. Switching from the pulse mode 
to DC can be promptly made from the host computer. 

A wide range of available neutron sources and 
instruments for measuring neutron flux parameters calls 
for creation of systems of apparatus for calibration and 
certification of such products. The NG-10 neutron 
generator designed in NIIEFA can be used as an 
apparatus producing reference neutron fluxes in such 
systems. In addition to a high and stable in time neutron 
yield in the continuous mode, such a generator will ensure 
the pulse operating mode when pulse durations and 
repetition rates vary over a broad range.  

This generator can be widely used for the neutron-
activation analysis in different fields of science and 
engineering as well as in highly efficient systems 
intended for control of fissionable substances, detection 
of explosives, toxic substances and drugs. The NG-10 
neutron generator is designed for a neutron yield of 
1x1011 n/s in the continuous operating mode. It includes 
an ion accelerator with an accelerating voltage 
continuously adjustable in the range of 120-150 keV and 
beam current of atomic deuterium ions up to 2 mA and 4 
target devices, in which Ti-T and Ti-TD targets of 
different diameters are used.  

An ion beam produced by a duoplasmatron - type 
source is accelerated up to 150 keV in a sectionalized 
accelerating tube, separated in mass with an 
electromagnetic mass-separator and then is focused to a 
target with a doublet of quadrupole electromagnetic 
lenses. General view of the ion accelerator is shown in 
Fig. 1. 
___________________________________________  
#d-soln@luts.niiefa.spb.su 

The power supply system of the ion source is installed 
in a high-voltage terminal and consists of a unit for data 
receive and transfer, hv sources of extraction and focusing 
voltage and power supply unit housing power supplies of 
the discharge, electromagnet, cathode filament and Pd 
leak valve.  

Figure 1: Ion Accelerator. General View. 1-ion source, 2-
accelerating tube, 3-vacuum chamber, 4- ion pump, 5- 
electromagnetic mass-separator, 6- quadrupole lens, 7- 
target device. 

All power supply systems are stabilized and operate at 
a frequency of 40-50 kHz, which allows its overall 
dimensions to be reduced and the ion beam current 
stability of about 1% to be attained. Power supplies under 
high potential are controlled through fiber-optic 
communication lines.  

By modulating the discharge current of the ion source 
the neutron generator is switched into the pulse mode. For 
this purpose a unique system of the discharge power 
supply was designed, which allows operation both in 
continuous and pulse modes. In this case  smooth 
adjustment of the pulse width and repetition rate is 
possible. Switching from the pulse mode to DC and vice 
versa can be promptly made from the host computer. The 
structural diagram of the discharge power supply is 
shown in Fig. 2. 

The discharge power supply is a serial pulse current 
controller based on V1, V3 components and operating at a 
frequency of 40 kHz. Choke L1 serves to smooth current 
ripples and to store energy. The current from the 
controller output enters a load through the connector 
Х1.Transistor V4 is connected in parallel with the current 
controller output. In the continuous mode of the power 
supply this transistor is cut off and does not affect its 
operation. When switched into the pulse mode, the 
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transistor V4 is modulated in frequency and duration with 
pulses applied from the generator through a light guide.  

 

Figure 2: Structural diagram of the discharge power 
supply. 

When the transistor is on, the power supply output is 
short-circuited, and the output voltage is 0. During the 
pulse, the transistor moves into the cut-off mode, and an 
energy stored in the choke L1 is transferred to the load as 
a current pulse. Diode V2 limits the load voltage to be not 
higher than the supply voltage by delivering the rests of 
the energy stored in chokes to an input capacitor C1. 
Power transistors V3 and V4 are controlled via optical 
drivers А1 and А2, which generate voltages pulses of 
necessary amplitude and growth rate and ensure galvanic 
isolation between power and control circuits. Pulses 
controlling the power transistor V3 of the pulse controller 
are generated with the control card А3. The width of these 
pulses is proportional to an error signal obtained by 
summing a reference signal arriving to the control system 
input with a feedback signal from the current meter D1. 
Pulses controlling the modulator transistor V4 are 
generated with the card A4of the optical receiver. 

To supply power to devices under high voltage, a 
compact isolation transformer was designed. The 
secondary winding of the transformer consists of 4 turns 
of a hv cable with an insulation designed for 160 kV 
placed inside ferrite cores located uniformly around the 
winding perimeter. The transformer operates at a 
frequency of 50 kHz, and its design allowed its overall 
dimensions and weight to be significantly reduced. Photo 
of a high-voltage structure of the neutron generator at a 
test-facility in NIIEFA is shown in Fig. 3. 

The vacuum system of the generator is based on the 
НМД-0,4ion pump. A dry forevacuum pump is used for 
preliminary pumping. The НМД-0,4pump is separated 
from the vacuum volume of the accelerator with a fast 
gate valve. The target device is connected to the 
accelerator vacuum system through a fast vacuum valve, 
which allows replacement of targets without the vacuum 
break in the accelerator. All vacuum valves are 
pneumatically driven; the process is controlled from the 
host computer. Necessary pressure in the pneumatic line 
is provided with a compressor, a part of the facility. 

A set of targets devices, in which targets with diameter 
less than 10, 16, 18, 23 mm can be used, was designed for 
the generator. Targets with the 45mm diameter, which 
can be used at a high beam power, are installed in a 
special target device, which performs circular travel of a 
target relative to the ion beam. 

 
Figure 3: High-Voltage Structure of the Neutron 
Generator. 

The automatic control system made on the basis of an 
industrial computer is intended for the acquisition of the 
data on the status of the neutron generator and its separate 
devices and systems and its visualization on the display as 
well as for solving routine tasks of choosing and setting 
operating modes of the accelerator and tuning the 
working parameters of separate devices. The automatic 
control system consists of a control cabinet, units for data 
receiving and transfer and operator workstation. The 
control cabinet houses controller blocks with expansion 
modules, input/output analog modules, transmitter-
receiver of the optical channel for data transfer and power 
supply units for electronics. The unit for data receiving 
and transfer houses a controller with an expansion 
module, galvanic isolations of analog signals and 
transmitter-receiver of the optical communication link. 
The operator workstation consists of an industrial 
computer with 2 monitors. The automatic control system 
allows the generator interaction with systems for 
measuring the neutron flux parameters.  

The automatic control system of the NG-10 neutron 
generator is built on the basis of the Fastwel CPC109 
controller, three Fastwel IO CPM704 controllers and the 
Advantix panel-type industrial computer. The software of 
the automatic control system consists of the five 
following programs:  
• program of the host controller (Fastwel CPC109); 
• program to control the injector (Fastwel IO 

CPM704); 
• program to control the vacuum system of the neutron 

generator (Fastwel IO CPM704); 
• program to control the neutron generator (Fastwel IO 

CPM704); 
• host computer program (Advantix) 
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The Fastwel CPC109 controller program functions 
under an operational system compatible with the MS-
DOS 6.22, and CPM704 controllers’ programs function in 
the Fastwel IO special environment. The host computer 
functions under the MS Windows7. Fig. 4 shows the 
structure of the automatic control system.  

 

Figure 4: Structure of the Automatic Control System. 

Controllers’ programs are automatically loaded and 
are not directly controlled by the operator. Information 
about their states and control commands are transmitted 
in the network based on the Ethernet and Profibus 
protocols via the host computer program. A DB Viewer 
program is provided for viewing analog parameters of the 
system. 

The host computer program is intended for: 
• setting the operation mode of the neutron generator;  
• control and preventing of accidents when the neutron 

generator is brought to its operating conditions and 
in the process of operation ; 

• keeping constant input parameters of the neutron 
generator in the process of operation; 

The program is loaded automatically after the loading 
of the computer operational system or, if necessary, by an 
icon located on the desktop of the MS Windows 7. 
General view of the user interface is given in Fig. 5. 

The main window of the program consists of two 
sections. In the upper part of the window there are a panel 
to change-over pages of the control systems, setting 
buttons, unlocking buttons, button for logbook and the 

exit button. In the lower panel are located digital 
indicators of the main parameters of the neutron generator 
and indicators of the door, water and oil interlocks 
(1).The most part of the window is occupied by the panel 
with switched-over pages of the NG sub-systems (2).  

Figure 5: Main window of the program. 

As a result of an experimental tryout and optimization 
of the neutron generator and its separate systems, we 
successfully solved problems of generation and forming 
of 2µs - 100 ms pulsed ion beams with a smooth 
regulation of the pulse width. The pulse repetition rate 
can be changed from single pulses to tens of kHz. In the 
process of the accelerator tests, a beam of atomic ions 
with a current of up to 2 mA and beam diameter of 5-10 
mm was formed on target. 

So, in recent years in NIIEFA have been designed 4 
modifications of neutron generators [1, 2], which produce 
neutron yields from 1010 up to 2×1012 n/s in the 
continuous mode and are equipped with pulsed mode 
systems allowing production of pulse neutron fluxes both 
in microsecond and nanosecond ranges of the pulse width. 

REFERENCES 
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IMPROVEMENT OF THE BEAM TRANSMISSION IN THE CENTRAL 
REGION OF WARSAW U200P CYCLOTRON 

O. Steczkiewicz#, J. Choinski, P. Gmaj, HIL, Warsaw, Poland 
V. Bekhterev, I. Ivanenko, JINR, Dubna, Moscow Region, Russia 

 

Abstract 
To date, Warsaw U200P cyclotron exploited a mirror 

inflector to feed heavy ions extracted from ECR ion 
source (10 GHz, 11 kV) to the central region of the 
cyclotron. However, in such configuration very low 
transmission was reachable after many optimizations. 
Additionally, the new ECR ion source (14,5 GHz, 14-24 
kV) was installed, which offers energies exceeding the 
energy acceptance of the currently operated inflector and 
central region. To avoid these obstacles, we have 
developed a spiral inflector and redesigned central region 
of the cyclotron. It was a very challenging task, bearing in 
mind limited volume of central region in our compact 
machine, to carve these elements suitably for decent 
versatility of ion beams offered by Warsaw cyclotron. 
This project was executed in the collaboration with FLNR 
in Dubna, Russia. The cyclotron equipped with the new 
central region works in the "constant orbit" regime. Here 
we present the results of both computational simulations 
and measurements of the beam transmission in upgraded 
central region. 

COMPUTATIONAL SIMULATIONS 
Introduction 

The basic informations of U200P cyclotron are 
described in Refs. [1,2].  U200P cyclotron is an 
isochronous cyclotron (with four – sectors magnetic 
structure)  equipped with two 45 degrees dees. The range 
of RF system’s frequency is from 12 MHz to 18 MHz.  
The ions are accelerated using second and third harmonic 
with the range of the dee voltages from 50 kV to 70 kV. 
The scope of ions, which can be accelerated in U200P 
cyclotron is from A/q=4 to A/q=6,7, where A is a mass 
number and q is a charge state of the ion. The average 
magnetic field in the cyclotron amounts to 2T. The 
measured form of the magnetic field map used in all 
calculations and simulations is shown in Figure 1.  

 
Spiral Inflector 

A spiral inflector consists of two coaxial, spirally 
twisted electrodes, placed in the magnetic field. 

According to the scope of the accelerated ions and the 
range of the injection voltage of the ECR ion source 
(14kV – 24kV), following parameters of the spiral 
inflector were chosen. To avoid the sparking effect the 
maximum potential on each electrode has to be not higher 
than 10kV. The height of the inflector is limited by the 
existing geometry in the central region of the cyclotron 
and equal to 40mm. The electric radius, which 

corresponds to the energies of the ions produced in the ion 
source, amounts to 25mm. Taking into account the 
electric radius and the maximum voltage on the electrode, 
the aperture of the inflector has to be equal 10mm. The 
width of the electrodes amounts to 20mm, due to the fact, 
that the ratio between the width and the spacing of the 
electrodes should be equal 2 to minimise the fringe field 
effect. According to all above mentioned parameters, the 
appropriate magnetic radius of the designed spiral 
inflector should amount to 2,16 cm. The main influence 
on the trajectory of the ions inside the spiral inflector and 
at the first accelerating gap has a minimum and the 
maximum injection voltage (14kV and 24kV) and the 
adequate level of the magnetic field in the cyclotron 
centre. 

Calculations 
All calculations were done for two extreme regimes for 

U200P cyclotron, which means the minimum and the 
maximum injection voltages and A/q ratio. These two 
cases are listed below: 
• 16O4+; Uinj = 23,3kV; Udee = 65kV; B0 = 2,037T; 2h;    

f = 15,33MHz 
• 20Ne3+; Uinj = 14kV; Udee = 65kV; B0 = 2,037T; 3h;    

f = 14MHz. 
The spiral inflector and the new central region is 

designed to work in the “constant orbit” regime. Each ion 
has the same trajectory in the spiral inflector and before 
the first acceleration gap, which is secure by varying the 
injection voltage of the ion source and the potential at the 
inflector’s electrodes. For both calculation regimes the 
transverse emittance at the entrance of the spiral inflector 
was defined as 150 π mm mrad. 

 

Figure 1: Magnetic field map of U200P cyclotron. 
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In order to design the spiral inflector and the new central 
region different code were used. Two of them are well 
known codes developed by TRIUMF in Vancouver (Relax 
3D and Casino). Remaining code is developed by JINR in 
Dubna. They are listed below:  
• Relax 3D [3] – electrostatic field calculations, 
• Casino [4] – trajectory of the ions inside the 

inflector, 
• Centre [5] - trajectory of the ions after the inflector. 

 
 

 

 
The calculated trajectory of 16O4+ beam inside the spiral 

inflector is shown in Figure 2. The beam in the horizontal 
direction is focused and well defined inside and at the exit 
of the inflector. The defocusing at the exit of the inflector 
can be observed in the vertical plane. At an early date 
such inconvenience can be eliminate by using special 
shape of the electrodes [6] or adding some focusing 
system before the first accelerating gap. 

The trajectory of 16O4+ beam through the first 
accelerating gap and at the first few orbits is shown in 
Figure 3. On this drawing the hitherto used central region 
geometry, but with the spiral inflector instead of mirror 
one is shown. On the basis of these simulations the new 
compact central region without additional pillars and the 
appropriate pullers (noses of the dees) were designed.  

MEASUREMENTS 
The electrodes of the spiral inflector and the view of the 

central region with new elements are shown in Figure 4 
and Figure 5 respectively. 

Since installation in February 2014 few experiments 
with new system were done. All beams, which were 
produced up to this time in the new ECR ion source, 
where successful injected to the cyclotron and accelerated 
to the extraction orbit (82cm). Few examples of the 
accelerated beams with received currents after few turns 
(first legible position of the probe – 12,5 cm) are listed 
below: 
• 4He1+ - 24µA (300µA before the inflector's entrance) 
• 20Ne3+ - 18,8µA (160µA before the inflector's 

entrance) 
• 12C3+ - 18µA (100µA before the inflector's entrance) 

 

Figure 3:  Trajectory of 16O4+ through the first accele-
rating gap. 
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Figure 2: Trajectory of 16O4+ inside the spiral inflector. 

 

Figure 4: The electrodes of the spiral inflector. 
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CONCLUSION 
After taking into account all the physical constraints 

imposed by the ion source and the existing structure of 
the cyclotron the spiral inflector and the new central 
region for U200P was designed and installed. First 
experiments show, that all elements work correct. The 
efficiency of the transmission at the first few orbits could 
be increased through the elimination of the defocusing of 
the beam in the vertical plane at the exit of the inflector. 
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Figure 5: New central region of U200P cyclotron. 
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COOLING STORAGE RING CR OF THE FAIR FACILITY - STATUS AND
PERSPECTIVES*

Yu. Rogovsky#, D. Berkaev, A. Kasaev, E. Kazantseva, I. Koop, A. Krasnov, A. Semenov,
P. Shatunov, D. Shwartz, A. Starostenko, BINP SB RAS, Novosibirsk, Russia

U. Blell, C. Dimopoulou, A. Dolinskii, O. Gorda, U. Laier, H. Leibrock, S. Litvinov,
I. Schurig, U. Weinrich, GSI, Darmstadt, Germany

Abstract
In  2014 BINP takes  full  responsibility  on the design

and  construction  of  the  Collector  Ring  of  the  FAIR
facility.  Still  few  work-packages  remain  be  on  the
supervision of GSI’ team. In this paper the current status
of  the  CR  project  is  presented  and  future  plans  are
discussed.

INTRODUCTION
The Collector Ring (CR) at FAIR [1,2] is a dedicated

storage  ring which will  fulfill  the following tasks (next
column). Its layout and location of subsystems are shown
in the Fig. 1, parameters are presented in the Table1.

Figure 1: Layout of CR ring.

Main tasks for Collector Ring operations:
 Stochastic  cooling  of  antiprotons  coming from the

antiproton  separator,  to  be  delivered  to  the  HESR
(later to RESR) storage ring.

 Stochastic  cooling  of  rare  isotope  beams  (RIB)
coming from the Super-FRS fragment  separator, to
be delivered to RESR.

 TOF  measurements  of  masses  of  short-lived
secondary rare isotopes in the isochronous mode.

Table 1: Main parameters of Collector Ring

Circumference 221.45 m
B· 13 Tm
Mode p-bar RIB Isochronous
Max. N 108 109 1-108

Kinetic energy 3 GeV 740 MeV/u 400-790 MeV/u
Lorentz γ 4.20 1.79 1.43 – 1.84
Transition γtr 3.85/4.84 2.71/2.95 1.43 – 1.84
Slip factor |η| 0.011 0.178 0
Acceptance 240 200 100
Max p/p ±3% ±1.5% ±(0.22–0.62)%

LATTICE 
The lattice of the CR consists of two 180 degree arcs

separated  by two long straight  sections.  Because of the
large acceptance of the CR, it  is important to use large
aperture magnets only where they are needed. In order to
minimize both the production and operating costs, wide
aperture quadrupole magnets with useful aperture 400mm
by 180 mm are used for the injection section and in the
arcs  of  the  CR.  The  narrow  quadrupole  magnets  with
reduced horizontal good field region (useful aperture 180
mm by 180 mm) are installed only in the straight sections.

A list of magnetic elements includes:
 24 dipole magnets
 29 wide aperture quadrupoles (WQ) and 11 narrow

aperture quadrupoles (NQ) will be used.
 6 families  of  sextupoles  (s1-s6)  will  be applied to

control  the  chromaticity  and  the  dispersion  in  the
arcs.

 3 families of octupole correctors embedded into wide
quadrupoles (WQ+oct) are needed for corrections of
mass measurement accuracy.

 Orbit correctors in dipoles and in drifts
According to the list of tasks, there were developed 2

basic optical schemes: one for antiproton beam cooling,

______________________________________________
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the second for rare ions plus 3 different variants for the
isochronous  operation mode.  In  all  cases  the thorough
optimization  of  the  dispersion  and  beam  amplitude
functions  was  made.  Results  are  presented  in  Fig. 2.
Another  care  was  paid  to  provision  of  needed  phase
advances between pickups and kickers of the stochastic
cooling system.

Figure 2: Lattice functions p-bar and RIB mode.

The main element of CR is a bending magnet. Its view
is shown in the Fig. 3-4 and main parameters are listed
below:

 Laminated, lamination thickness 1 mm
 Sector shape poles and coils
 Bending angle 150

 Maximum field 1.6 T
 Bending radius 8.125 m
 Pole gap 170 mm
 Useful aperture 380 by 140 mm
 Field homogeneity ±1·10-4 (at 1.6 T)
 Design ramp rate 1 T/s
 Maximum current 1396 A

Figure 3: 3d model of the CR dipole magnet.

Main parameters of quadrupoles are listed in Table 2.

Figure 4:  Half of the dipole yoke with the 2 mm thick
elliptical vacuum chamber with ribs.

Table 2: The reference parameters of quadrupoles

Quadrypole type WQ NQ

Effective length, m 1.0 0.5

Maximum gradient, T/m 4.9 9.0

Useful aperture, mm×mm 400×180 180×180

Field homogeneity ±5·10-4 ±5·10-4

           NONLINEAR EFFECTS
Special  feature  of  CR  storage  ring  is  the  large  6D

acceptance. The initial emittance of injected antiprotons
will  be  as  large  as  240  mmmrad   in   both   transverse
directions,   while   momentum   spread   amounts   to  3%.
Thus, it is important to study carefully different chromatic
and nonlinear effects.

Six  sextupole  magnet  families  are  foreseen  for
compensation  of  linear  chromaticity.  The  closed  orbit
distortion for the off-energy particle can be written as

 2
1)(  DDsx  .

The second-order dispersion function D1 is presented in
Fig. 5.  Chromaticity  of  lattice  functions  was  also
examined.  Accurate  calculations  made  by  6D  SAD
code [3] for lattice functions of off-energy particles with
momentum deviation of 3% are shown in Fig. 6.

Figure 5: Second order dispersion (p-bar mode).

The beam size with mentioned above chromatic aspects
taken  into  account  are  shown  in  Fig. 7.  Chromatic
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sextupoles  is  an  essential  source  of  nonlinear  magnetic
fields that can result in the instability of betatron motion
for large enough oscillations amplitudes. 

Figure  6:  Lattice  functions for  on-enegy particle  (dark)
and off-energy particles (light).

Figure 7: Beam size along one half of the ring.

The Dynamic Aperture (DA) simulated numerically by
the use of PTC tracking module of the MAD-X code [4].
Particle trajectories are integrated over 1000 turns. Fringe
field  and  the  higher-order  harmonics  [5]  have  been
included  in  the  computation.  Results  are  shown  in
the Fig. 8.

Figure 8: MAD-X dynamic aperture simulation results. 

ISOCHRONOUS MODE
Precise determination of  rare  isotope masses  requires

the  absolute  accuracy  of  dT/T=10-6 in  the  TOF
measurements  of  the  revolution  time [6].  3  families  of
quadrupoles  and  3  families  of  octupole  correctors
embedded  into  the  wide  quadrupoles  (WQ+oct)  in  the
arcs (totally 12 magnets of each type) can be applied to
correct the impact of field errors and fringe field of the
magnets on the measurement accuracy, see Fig. 9.

Figure 9: Effect of sextupole and octupole corrections on
TOF distribution.

INJECTION-EXTRACTION
Injection system consists of 3 pulsed bipolar magnetic

kickers (Kicker 1, Kicker 2 and Kicker 3) and the pulsed
injection septum magnet. Full aperture kickers are needed
to  guarantee  the  large  injection  acceptance.  Maximum
kick angle of 7 mrad for each kicker is required for the
injection  [2].  Maximum  kicker  voltage  is  70  kV.
Maximum current  is  6140 A.  Rise/fall  time is  318  ns.
Maximum pulse length is 1.5 μs. Same kickers are used
for  extraction.  The  septum  magnet  design  is  under
development.

CONCLUSION
A great variety of optical schemes were developed for

different  operation  modes  of  the  CR.  Many  linear  and
nonlinear  dynamics  studies  were  performed  up to  now.
No show-stoppers  were  found on this  way. Still,  many
technical  problems  and  solutions  need  to  be  solved  in
nearby future.
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TIME DEPENDENCE OF ION BEAM TRANSVERSE PHASE-SPACE  
PORTRAIT ORIENTATION DURING LINAC PROTON INJECTOR PULSE 

 
O.T. Frolov, A.S. Belov, S.E. Golubovskyi, E.S. Nikulin, V.N. Zubets, 

Institute for Nuclear Research of RAS, Moscow, 117312, Russia 
 

Abstract 
It is shown that turn-on transients of the 400 kV column 

intermediate electrode potential is one of main processes 
responsible for change of beam phase-space portrait ori-
entation during 200 μs, 50 Hz proton injector high voltage 
accelerating pulse. It has been found that significant 
variation of this potential takes place due to transition 
process during a pulse in the resistive-capacitive voltage 
water divider of the accelerating tube. The divider capaci-
tors matching procedure has been performed. The beam 
emittance measurement results presented have shown 
significant decrease of a beam transverse phase-space 
portrait orientation change during injector pulse with the 
accelerating tube voltage divider being compensated.  

 
 
The INR RAS linac proton injector provides a pulsed 

beam with the following parameters: 
peak current – (65÷100) mA; duration – 200 µs; pulse 
repetition rate – 50(100) Hz; energy of ions – 400 keV. 
Schematic drawing of the accelerating tube is shown in 
Fig. 1. A beam of hydrogen ions is generated in the du-
oplasmatron type ion source. 
 

 
 

Figure 1: Schematic drawing of the accelerating tube: 1 - 
ion source, 2 – extracting electrode, 3 - focusing elec-
trode, 4 - intermediate electrode, 5 - grounded electrode.  
 

A beam is accelerated in the tube of about 1600 mm 
long with external surface being positioned in the open 
air. For decreasing of influence of coulomb repulsion of 
ions in beam a total length of inner accelerating gaps in 
vacuum have to be a minimal one, so the ion source and 
the grounded electrode are deeply in the tube (Fig. 1). The 
column has two inner accelerating gaps with a summary 
length of 220 mm: a) the first accelerating/focusing gap 
(100 mm) in which an ions have reached an energy about 
95 keV; b) in the second gap (120 mm) an ions have been 
accelerated to an energy of 400 keV. The intermediate 
electrode (IE) is positioned at joint between two gaps. 

Focusing electrode and IE diaphragm represent electro-
static lens which determine the beam focusing/crossover 
location at LEBT channel entrance when focusing elec-
trode potential being changed.  

A high accelerating voltage is distributed along the tube 
by means of water divider with a total resistance about 
1.5 MΩ. At nominal voltage of 400 keV a current through 
the divider is about 0.27 A; this value more than 3 times 
exceeds usual beam current of 80 mA. This is important 
for reliable distribution of voltage along the tube and full 
elimination of high voltage breakdowns. The IE is con-
nected with the divider point where high accelerating 
voltage is divided in approximate ratio of 1:3. 

Emittance measurements for ion beam at the injector 
exit show significant phase-space portrait orientation 
change during 200 µs injector high voltage pulse [1, 2].  

Study of ion beam transport in the proton injector has 
been performed using Trak and SpaceCharge package 
developed at Field Precision LLC [3]. The numerical 
simulation takes into account plasma boundary formation 
at ion source expander, space charge effects for ion beam 
extracting, accelerating and transporting. 
    It has found that the causes of observed position/shape 
phase portrait changes during high voltage injector pulse 
can be as follows: instability of high voltage pulse; possi-
ble changes of the injector ion beam current; dynamic of 
ion beam space charge compensation process; the IE po-
tential changes. 

As a result of some efforts which have been made in re-
cent times with the aim to decrease the injector accelerat-
ing voltage instability the latter is now not worse than 
±0.085% (see Fig. 2).  Pulse-to-pulse voltage instability 
does not exceed ±0.04% [4]. So the summary instability 
equals value of ±0.125% or less.  

The beam transport simulation performed shows that 
such a change of high voltage amplitude during pulse has 
no influence on the ion beam transverse phase-space por-
trait orientation. 

Influence of ion beam current changes on phase-space 
portrait orientation is especially important in the case of 
“noisy” mode of an ion source operation because of ion 
beam current fast variations which can reach tens percent 
of maximal value during a pulse. However, the present 
duoplasmatron source has “noiseless” operation mode [5].  
As we can see from Fig. 2, beam current transients up to 
±8% result in notable change of beam phase-space por-
trait orientation when beam current is about 65 mA.  

Additionally to improve stability of beam current dur-
ing a pulse and pulse-to-pulse stability the transistor stabi-
lized arc modulator (instead of the thyristor unit based on 
pulse forming network) with no more than ±0.5% dis-
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charge current instability along a pulse has been devel-
oped and placed in operation. As a result, stability of 
beam current pulse plateau (see Fig. 3) has been improved 
[2]. 
 

 
Figure 2: Influence of beam amplitude on position/shape 
of the injector exit beam phase portrait.  

 

 
Figure 3: The ion beam current shape at the injector exit. 

 
It is known that process of ion beam space charge com-

pensation can lead to change of phase-space portrait ori-
entation [6]. 

In our injector space charge compensation of the ion 
beam is prevented by electric fields of the accelerating 
tube beam forming system (extraction and focusing). 
These fields eliminate accumulation of electrons arising 
both due to ionization of residual gas molecules and hit-
ting of ions with beam transport line apertures and walls.    

It has been found that main process leading to a change 
of ion beam phase space portrait orientation at the injector 
exit is turn-on transient of the 400 kV accelerating tube IE 
potential.  

Simulation have shown that change of the IE potential 
for a value less than 1% already leads to significant 
changes in the injector beam properties. The example of 
calculation results for different IE potential is shown in 
Fig. 4. 

C2 and С1 capacities are the sum of each outer gap inte-
relectrode capacity of the tube (∼200 pF) and additional 
capacitors installed at each gap in front of and behind the 
IE. The additional capacitor values have been chosen to 
compensate influence of C3 capacities between each elec-
trode of the tube and “ground”.  

Equivalent schematic diagram of the tube resistive-
capacitor voltage divider is shown in Fig. 5. 
 

 
Figure 4: Influence of the IE potential value on posi-
tion/shape of the injector exit beam phase portrait.  
 

 
Figure 5: Equivalent schematic diagram of the tube resis-
tive-capacitive voltage divider. 
 

During matching procedure C2 capacities have been 
changed more than once and every time the IE potential 
pulse shape has been measured. These measurements 
have been performed with the help of especially designed 
low capacity voltage divider at reduced injector pulse 
voltage (50 kV). Examples of the measurement results are 
shown in Fig. 6.  

 

  
Figure 6: The IE voltage pulse shapes at reduced injector 
pulse voltage (50 kV). Left curve: C2 = 1200 pF; right 
curve: C2 = 1400 pF, C1 = 1000 pF. 
 

Additional capacitors of 1200 pF, 20 kV have been 
chosen for the first five outer gaps of the tube before the 
IE as a result of matching procedure.  

Studies of phase portrait parameters changes along 
200 µs accelerating voltage pulse have been carried out. 
The duoplasmatron arc modulator has produced 25 µs 
duration beam which has been injected into the accelerat-
ing tube with multiple of 25 µs different delays relative to 
beginning of high voltage pulse plateau. It has been found 
that: 
a) beam phase portrait changes its orientation during 

200 µs pulse length in the case of noncompensated di-
vider;  

b) within the accuracy of measurements there is no 
change of orientation in the case of the compensated tube 
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divider. Some of emittance measurement results are 
shown in Fig. 7. 

Normalized emittance for 63% of 65 mA beam has 
been measured of value no more than 0.06π cm•mrad and 

0.15π cm•mrad for 90% of beam in case of the compen-
sated divider. 

 
Figure 7: Beam phase portraits when scanning along 200 µs high voltage injector pulse plateau duration: a) noncom-
pensated divider; b) compensated divider. Contours of black, dark-grey and light-grey regions contain 63%, 86% and 
95% of beam current, correspondingly. 
 

CONCLUSION 
Analysis of the processes that can lead to a transverse 

phase-space portrait orientation change at the proton in-
jector exit during beam pulse results in belief that the 
main processes are: possible changes of the ion beam cur-
rent and turn-on transient of the 400 kV accelerating tube 
intermediate electrode potential.  

Due to both installation of the compensated accelerating 
tube divider, using of duoplasmatron “noiseless” opera-
tion mode,  stabilizing of ion source discharge current  
and improvements conducted to increase accelerating 
voltage stability a transverse phase-space  portrait orienta-
tion change does not observed during beam pulse within 
the accuracy of measurements. A satisfactory agreement 
of beam parameter measurements and numerical simula-
tion has been achieved. 
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ELECTRON AND POSITRON BEAMS TRANSPORTATION CHANNELS 
TO BINP COLLIDERS* 

I.M. Zemlyansky#, D.E. Berkaev, V.A. Kiselev, I.A. Koop, A.V. Otboev, A.M. Semenov, 
A.A. Starostenko, Budker Institute of Nuclear Physics, Novosibirsk, Russia

Abstract 
There are two accelerator complexes VEPP-2000 and 

VEPP-4M in BINP. There is preparatory work for 
building of new accelerator – Super Charm-Tau Factory. 
As an injector of positrons for Super c-t Factory the 
existing injection complex VEPP-5 will be used. 
Existence of the powerful injection complex provokes the 
desire to use it for needs of the working accelerator 
complexes VEPP-2000 and VEPP-4M. Replacement of 
the existing injection subsystems with the injection 
complex VEPP-5 will allow us to increase the speed of 
accumulation of positrons at the accelerator complexes 
VEPP-2000 and VEPP-4M in 1000 and 100 times 
respectively. For VEPP-2000 this improvement has a 
great significance as the existing conversion system 
doesn't provide the demanded quantity of positrons for 
designed luminosity of a collider 1x1032 сm-2s-1. 

In the article the short review of transportation channels 
from the injection complex VEPP-5 to the accelerator 
complexes VEPP-2000 and VEPP-4M, time sequence of 
an injector’s work for both complexes are given. The 
transportation channel from the injection complex VEPP-
5 to the booster ring BEP of the accelerator complex 
VEPP-2000 is described in details. 

BINP COLLIDERS AND INJECTION 
COMPLEX 

 

Figure 1: Colliders and Injection Complex in BINP. 

In Figure 1 the arrangement of colliders and the 
injection complex in the territory of BINP is shown. Their 
detailed schemes are submitted in Figures 2-4. 

The existing injection system of VEPP-2000 provides 

2x107 positrons per second that allows us to reach 
luminosity 5x1030 сm-2s-1 at energy 1GeV in one bunch. 
Achievement of designed luminosity 1x1032 сm-2s-1 
requires 1x108 positrons per second. 

 

Figure 2: Accelerator Complex VEPP-2000. 

 

Figure 3: Accelerator Complex VEPP-4M. 

 

Figure 4: Super Charm-Tau Factory and Injection 
Complex VEPP-5. 

The existing injection system of VEPP-4M makes 
2x108 positrons per second that allows us to reach 
luminosity 2x1030 сm-2s-1 at energy 1.8 GeV in one bunch. 
Achievement of the future designed luminosity 8x1031 

сm-2s-1 at energy 5.5 GeV in one bunch requires 2x1010 
positrons per second. 

___________________________________________  
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For future Super c-t Factory with designed luminosity 
1x1035 сm-2s-1 6x1011 positrons per second will be 
required. 

The Injection complex VEPP-5 parameters are: energy 
510 MeV, number of positrons 2x1010 per second, energy 
spread 5.1x10-4, emittances ex 2.3x10-6 cm·rad ez 5х10-7 
cm·rad. These are enough for needs of VEPP-2000 and 
VEPP-4M. Super c-t Factory requires more productivity 
of the injector. Improvement of the injection complex will 
be made along with construction of Super c-t Factory. 

OPERATION: INJECTOR VEPP-5 FOR 
VEPP-2000 & VEPP-4M 

Work at VEPP-4M: accumulation of electrons in a 
booster ring VEPP-3 to current 200 мА in one minute; 
energy rise to 1.8 GeV in 10 minutes; transportation of 
electrons to collider VEPP-4M; a polarity reversal of 
booster ring VEPP-3 in 2 minutes; accumulation of 
positrons to 200 мА; transportation to VEPP-4M collider, 
once again electrons and positrons. After injection to the 
collider of two bunches of electrons and two bunches of 
positrons, there is a rise to the energy of experiment from 
1 to 5.5 GeV per bunch. Receiving four bunches and 
energy rise takes 1 hour. After that experiment runs 3 
hours. 

Work of the accelerator complex VEPP-2000 differs 
from VEPP-4M. The collider of VEPP-2000 can work for 
experiment constantly as its booster ring BEP is capable 
to change the energy in all range of experiments from 
0.16 to 1 GeV per bunch. After receiving electrons, BEP 
boost them to the energy of experiment in 10 seconds. 
After transportation of electrons to VEPP-2000 collider, 
the booster reverses polarity in 20 seconds. Then BEP 
takes positrons, increases their energy, transports to 
collider ring, reverses polarity and so on. 

TRANSPORTATION CHANNEL FROM 
INJECTIOR VEPP-5 TO BOOSTER BEP 

Geometry and optics 

 

Figure 5: Location of the transportation channel in the 
BINP. 

The transportation channel layout is presented in 
Figure 5. The detailed geometry and lattice functions are 
shown in Figures 6-13. 

Figure 6: Descent from the storage ring of VEPP-5. 

Figure 7: Lattice functions of descent. 

 

Figure 8: First horizontal bend. 

 

Figure 9: Lattice functions of first horizontal bend in 
regular part. 

Figure 10: Second horizontal bend. 

 

Figure 11: Lattice functions of second horizontal bend in 
regular part. 
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Figure 12: Ascent to booster BEP. 

 

 

Figure 13: Lattice functions of ascent. 

Beam Diagnostics and Vacuum 
For beam diagnostics two types of sensors are used: 12 

luminophor probes and 23 image current monitors. Probes 
used for the first beam-pass, they are not transparent for 
the beam. Monitors are used for supervision of bunches at 
the time of the beam-pass. They are located after the 
dipole correctors with betatron phase advance of 2/3p. It 
allows us to observe effectively the influence of dipole 
correctors on a bunch trajectory. 

At present the vacuum is 10-8 Torr, for this purpose 8 
pumps NMD-016 are installed. 

Magnets and Power Supply 
Magnets and power supplies of the transportation 

channel are listed in Table 1. The first three power 
supplies are in production. Other power supplies and all 
magnets are already manufactured. 

PERSPECTIVE 
Work of beam-pass from Injection complex VEPP-5 to 

the booster BEP is planned to carry out from December, 
2014 to March, 2015. Experiment on collider VEPP-2000 
is planned to begin in May, 2014. 
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Table 1: Magnets and Power supplies 

Element Parameters Power supply 

2 horizontal magnets, 1-st 
bend 

H=0.08T, 
L=0.5m 

1 DC, UM-20, 
I=20A 

2 horizontal magnets,  2-
nd bend 

H=0.08T, 
L=1.5m 

1 DC, UM-20, 
I=20A 

4 vertical magnets of the 
ascent to the booster BEP 

H=0.7T, 
L=1m 

1 AC, GID-
3000, W=3kJ 

1 horizontal magnet 
before the septum magnet 
in the booster BEP 

H=1.7T, 
L=0.3m 

1 AC,  
W=2.4kJ 

1 septum magnet of the 
booster BEP 

H=1.7T, 
L=0.4m 

1 AC,  
W=2.4kJ 

42 lenses of regular part G=2.5T/m, 
L=0.2m 

8 AC, GID-
25, W=25J 

17 lenses of matching 
parts 

G=10-20T/m, 
L=0.2m 

17 AC, GID-
25, W=25J 

12 dipole correctors in 12 
lenses 

Hmax=0.2T, 
L=0.1m 

12 AC, GID-
25, W=25J 

27 dipole correctors Hmax=0.2T, 
L=0.1m 

27 DC, PS-3-
A, I=3A 
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PROBLEMS AND PROSPECTS OF THE TANDEM ACCELERATOR WITH 
VACUUM INSULATION* 

D. Kasatov, A. Koshkarev, A. Kuznetsov, A. Makarov, Yu. Ostreinov, I. Sorokin, I. Shchudlo,  
S. Taskaev#, Budker Institute of NuclearPhysics, Novosibirsk, Russia,   

 
Abstract 

A tandem accelerator with vacuum insulation for 
development of the technique of boron neutron capture 
therapy (BNCT) is proposed and constructed. The 
accelerator is characterized by rapid acceleration of 
charged particles. The article describes the problems of 
the new type of accelerator, both solved and remain to be 
solved. Also research plans and prospects for the use of 
the accelerator are presented and discussed.  

INTRODUCION 
Presently, Boron Neutron Capture Therapy (BNCT) is 

considered to be a promising method for the selective 
treatment of malignant tumours [1]. The results of clinical 
trials, which were carried out using nuclear reactors as 
neutron sources, showed the possibility of treating brain 
glioblastoma and metastasizing melanoma incurable by 
other methods. The broad implementation of the BNCT in 
clinics requires compact inexpensive sources of 
epithermal neutrons. At BINP the source of epithermal 
neutrons based on Vacuum Insulation Tandem Accelerator 
(VITA) and neutron generation through 7Li(p,n)7Be 
reaction was proposed [2], created and operated [3-5]. 

 

 
Figure 1: Vacuum insulation tandem accelerator.  
1 – H– ion source, 2 – diaphragm, 3 – magnetic lenses,  
4 – corrector, 5 – a temporary location of the beam 
detector, 6 – accelerator, 7 – electrodes, 8 – high voltage 
electrode, 9 – stripper, 10 – high energy beam transport, 
11 – turbo molecular pumps, 12 – bushing insulator. 

General view of the accelerator is shown in Fig. 1. 
Negative hydrogen ions are injected and accelerated up to 
1 MeV by potential applied to the electrodes, then H– turn 

into protons in the gas stripping target and at last the 
protons are accelerated up to 2 MeV by the same 
potential. Pumping of the stripping gas is carried out by 
cryogenic and turbomolecular pumps through the 
jalousies. The potential of the high-voltage and five 
intermediate electrodes is supplied by a high-voltage 
source through the bushing insulator which has a resistive 
divider. 

PROBLEMS 
The main problem of accelerators is high-voltage 

strength of vacuum gaps. Because of the large square of 
the electrodes, great energy is stored in the gaps and the 
inevitable breakdowns could lead to the gap detraining. 
The high-voltage strength of 45-mm and 66-mm vacuum 
gaps was studied. It was found out that the breakdowns at 
stored energy of 50 J did not lead to the gaps detraining. 
The stored energy in this accelerator did not exceed 26 J. 
Training by breakdowns allowed to obtain the required 
voltage of 1 MV [6]. 

Another problem of accelerators is strong input 
electrostatic lens. To provide passage of the beam through 
the stripping target it was necessary to refocus the beam 
before the lens without a significant increase in the 
emittance. To study H– beam injection, the 22-channel 
detector has been produced and mounted in front of the 
first accelerating electrode. It has been determined that 
the best agreement with the numerical calculation is 
achieved by assuming the full compensation of the space 
charge in the transport channel and setting the transverse 
ion temperature equal to 1 eV at the plasma boundary of 
the ion source. This study described in detail in [7] 
resulted in better focusing of the beam required for 
acceleration of the beam without significant losses. 

On the accelerator, stationary proton beam with 2 MeV 
energy, 1.6 mA current, 0.1% energy monochromaticity 
and 0.5% current stability was obtained [8]. To conduct 
BNCT, it is planned to increase the beam parameters to at 
least 2.5 MeV and 3 mA. 

Not good enough vacuum conditions in the beginning 
of the acceleration of the ion beam seem to be the main 
current problem. Injected beam ionizes residual and 
stripping gas mainly in the area before a strong input lens. 
The born electrons are accelerated to the full voltage of 
1 MV and absorbed by construction materials lead to 
significant power bremsstrahlung [9]. The resulting 
positive ions were registered by the detector mounted on 
inlet flange of the accelerator at beam periphery [10]. The 
magnitude of the current of charged particles reaches 
25 % of the current of the accelerated ion beam. Probably, 
it is the presence of a beam of charged particles in the 

___________________________________________  
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accelerating gap that limits high voltage reliability of the 
gap and does not allow increasing the proton beam 
current. 

To reduce the flow of charged particles and to improve 
the vacuum conditions, two solutions are proposed. 

The first proposal is to install a cooling aperture and to 
put a cryopump at the input of the accelerator. This will 
allow reducing significantly the gas flow from the ion 
source to an accelerating gap. 

The second proposal is to reduce the gas flow to the 
accelerating gap from the gas stripping target. It is 
proposed to tilt the stripping target, to place permanent 
magnets in the space between the target and the input 
aperture of the high voltage electrode [11] and to put the 
turbo molecular pump inside the high-voltage electrode. 
This will make it possible not only to reduce the gas flow 
to the accelerating gap, but also to reduce the flow of 
ultraviolet radiation and suppress the flow of positive 
argon ions from weakly ionized plasma inside the 
stripping tube. 

It was found that the high-voltage strength of the 
accelerator is limited by the high-voltage strength of the 
outer surface of the glass rings of the vacuum part of the 
bushing insulator. To raise the voltage to 1 MV to 1.25 
MV a new bushing insulator is under manufacturing, the 
glass rings in it are replaced by polycarbonate rings with 
corrugated outer surface. 

PROSPECTS 
The main advantage of VITA is high rate of 

acceleration – about 25 keV/cm for singly charged ions. 
This makes an accelerator compact. 

In the paper [12], we propose a radical improvement of 
the accelerator concept. It is proposed to abandon the 
separate placement of the accelerator and the power 
supply and connecting them through the bushing 
insulator. The source of high voltage is proposed to be 
located inside the accelerator insulator, high voltage and 
intermediate electrodes mounted on it (Fig. 2). This will 
reduce the facility height from 7 m to 3 m and makes it 
really compact and attractive for placing in a clinic. 

Also Fig. 2 shows the first proposed orthogonal beam 
shaping assembly (BSA) [13]. Such orthogonal neutron 
beam can be used to easily direct the beam to the patient 
at any angle. This solution is “à la gantry” for proton 
therapy. The change of direction of therapeutic neutron 
beam is ensured by the rotation of the whole BSA or its 
part containing moderator about the axis of proton beam 
propagation. 

Obtaining of 2.5 MeV 3 mA proton beam and 
implementation of the embedded power supply and 
orthogonal BSA will make it possible to create a source of 
epithermal neutrons suitable for BNCT. 

 
Figure 2. Neutron source for BNCT. 1 – negative 
hydrogen ion source, 2 – accelerator, 3 – intermediate 
electrodes, 4 – high voltage electrode, 5 – gas stripping 
target, 6 – beam shaping assembly, 7 – insulator, 8 – high 
voltage sectioned rectifier. 
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DYNAMICS OF PROCESSES IN SUBCRITICAL REACTOR DRIVEN BY 
LINEAR ACCELERATOR* 

A.G. Golovkina#, I.V. Kudinovich, D.A. Ovsyannikov, Yu.A. Svistunov 
Saint-Petersburg State University, Saint-Petersburg, Russia 

 

Abstract 
In this paper dynamics of processes in accelerator 

driven subcritical reactor (ADS) is considered. ADS 
operates at subcritical level and the necessary neutron 
supply comes from the interaction of a charged particles 
beam with a heavy atom nucleus (spallation reaction). 
Mathematical model of dynamics of subcritical reactor 
controlled by linear accelerator is presented. Calculation 
results of transient processes in the reactor core taking 
into account fuel feedback. The reactor power level 
control is carried out through the regulation of linac 
current impulses frequency. 

INTRODUCTION 
The subject of research in the paper is subcritical 

reactor driven by proton linac. Currently, research in this 
field purposes is carried out in many scientific centers all 
over the world. They are focused on the problem of ADS 
design for transmutation of radioactive waste and safe 
energy production. The proposed projects are mostly 
supposed the use of accelerator with output energy about 
1-2 GeV, that substantially defines the facility high price. 
In this paper proton linac with lower beam characteristics 
[1] (E = 300 MeV, I = 5 mA, duty factor 10%, 
W = 1.5 MW) is considered as an ADS driver. 

The ADS control strategy should differ from 
traditional critical reactors control. In traditional reactors 
the reactivity effects are compensated by neutron absorber 
that guarantees the reactor maintenance in the critical 
condition. But there is no control impact on the subcritical 
reactor reactivity in ADS, the system power level is 
regulated only by accelerator.  

POSSIBLE CONTROL SCHEMES FOR 
ADS WITH PROTON LINAC 

Thermal power for the reactor core is defined by the 
following formula 

,
)1(

=
ef

eff
T k

SkE
N


  (1)

 
where fE - energy, released per a fuel nuclei fission, efk

.- effective multiplication factor, S – external neutron 
source generation intensity:  

,
0

e

mI
S

p
 

where pI  the accelerator average current, 0m  neutron 

yield (the average number of neutrons generated in the 
target by one accelerated charged particle, depends on 
charged particles beam energy, target composition and 
sizes), e  the charge of an accelerated particle.  
ADS Power Level Regulation 

The ADS power level control can be realized by 
variation of external neutron source generation intensity 
which depends on the average accelerator current and 
charged particles beam energy.  

The average current regulation is possible because of 
pulse current value or pulse repetition rate variation.  

Pulse current can be increased by raising current at the 
exit of plasma ion source (for example, because of 
increasing the emissive aperture diameter), but the beam 
emittance grows meanwhile, system of beam formation 
for injection to the acceleration channel gets more 
complicated, transient processes in resonators and beam 
dynamics change. That is the accelerator design and 
adjustment becomes more complicated in comparison to 
accelerator with fixed output parameters. 

Increasing of average current by increasing pulse 
repetition rate is a simpler decision because particle 
dynamics in accelerating tract doesn’t change. The effect 
is achieved due to the control system of rf and injector 
feed lines.  

Increasing of proton energy can be fulfilled by 
activating additional resonators at the end of the 
accelerating channel. In should be noted that when the 
resonators are turned off, the beam output characteristics 
will get worse.  

Thus, the most suitable way to control ADS is the 
accelerator average current variation by pulse repetition 
rate change.  

It should be noted that because of resonators high 
quality factor the transient processes in them will have 
quite large duration. As well known, the process of rf 
electrical field amplitude stabilization is characterized by 
the following expression: 

  ,exp1 tEE    
where fQ    – magnitude which characterize 

transient (taking into account generator impact); t -time, 
Q – quality factor, E  – steady value of rf field in 

resonator (for t ). 
The field stabilization time can be comparable with the 

current pulse duration or exceed it in several times. This 
can lead to the additional short pulsations of source 
neutron power. 

 ____________________________________________  
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Subcritical Reactor Feedbacks 
The ADS subcritical reactor dynamics depends on outer 

and inner feedbacks (Fig. 1). The inner feedbacks are 
determined by the reactor core physical characteristics, 
the external ones reflect the reactor connection with the 

power plant (coolant flow, coolant temperature at the 
entrance). 

For stable ADS working at the constant power level, the 
reactor core should have the negative fuel and coolant 
temperature inner feedback and the negative mean 
reactivity coefficient. These conditions ensure the reactor 
self-control and the average temperature maintenance. 

 
Figure 1: ADS structural scheme with feedbacks.  

 

ADS PARAMETERS CHANGE IN TIME IN 
STEADY-STATE CONDITION 

The law of linear accelerator current variation in time 
looks like periodic impulses, so it can cause steady-state 
power level oscillation in the subcritical reactor core. 
Thereby, kinetics of subcritical reactor with periodical 
external neutron source should be investigated; the 
influence of power level oscillation on the fuel elements 
temperature condition should be estimated. 

The ADS reactor core power level change is described 
by the point kinetics equations for subcritical reactor with 
the external neutron source: 

.)()(
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ii
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         (2) 

Here N(t) – reactor core power level (W), ci - power of 
nucleus sources, bearing delayed neutrons,   – effective 

part of delayed neutrons; i  – decay constant for nucleus, 

bearing delayed neutrons,; 0l – average prompt life time; 

kefkef )1(   – reactivity coefficient, determined by 

Doppler effect; efkll 0 , )(tQ  - external neutron 

source intensity. 

The average prompt lifetime 0l depends on neutron 

energy spectra in the reactor core and changes from 
7105   sec (for fast reactors) to 4105   sec (for thermal 

reactors). The effective part of delayed neutrons is 
0068.0  for U235. 

 
Figure 2: The dependence of accelerator current and ADS 
reactor power on time. 

ADS subcritical reactor kinetics depends on accelerator 
current pulse period and duration q(t) (Fig. 2). If pulse 
period considerably less than the average prompt lifetime 
in the reactor, then the neutron source can be treated 
constant with the intensity equals to the average (time) 
value of q(t). This condition is fulfilled in cyclotrons. 

The micro pulses period in the linear accelerator (
9105 T  sec) is considerably less than the prompt life 
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time. However the macro pulses period of the accelerator 

proposed for ADS ( 3105 T  sec) exceed the prompt 
lifetime in the reactor. Thus, the additional neutron source 
intensity in ADS with linac can be described as the 
sequence of rectangular pulses with a period and pulse 
duration corresponding to the accelerator current period 
and macro-pulse duration and with pulse amplitude 
corresponding to the average current value in the macro-
pulse [2]: 

.
max

Т

Q
qav


  

Inner feedbacks specify the dependence of power level 
dynamics in the reactor core on the fuel elements 
temperature. Because of reactor core heat capacity the 
time constant, characterizing the fuel rods temperature 
change, is not less than 0.01 sec. Thus, the subcritical 
reactor dynamics taking into account the influence of 
inner feedbacks can be described by quasi-static 
approximation for prompt neutrons – instantaneous step 
approximation [3]. In this case the system, describing the 
ADS subcritical reactor dynamics with external neutron 
source looks like:  
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(3) 
where Мт – the fuel elements in the reactor core mass; 
Мтн – the coolant mass, Тт –fuel elements temperature; Ттн 
–coolant temperature, Nт – reactor thermal power;  G – 
coolant mass flow; F – fuel elements heat exchange area, 
Т – Doppler coefficient (fuel) , h – heat-transfer 
coefficient, Q=pq0 – average source intensity, p – 
normalization coefficient. 

Constants in (3) corresponds to fast reactor BN-350 
characteristics (N=1 GW), initial conditions: N(0)=0, 
ci(0).  

 
Figure 3: The ADS reactor power level change in time. 

In Fig. 4, 5, as an example, calculation results of 
parameters change during fast subcritical reactor start-up 
and reactor going to power rating level, are presented. On 
the basis of the presented model power level change in 

98.0efk , fuel 

sec10;sec 43   ) is calculated (Fig. 3).  

 
Figure 4: The fuel temperature change in time. 

 
Figure 5: The reactivity coefficient change in time. 

CONCLUSION 
For ADS control it is necessary to regulate the external 

neutron source intensity and therefore charged particles 
beam characteristics.  

The most convenient way to control ADS is the average 
current variation by pulse repetition rate change.  

In the steady ADS operation condition neutron flux 
density in the reactor core changes periodically with a 
period corresponding to the impulse period in accelerator. 
The fuel elements temperature is almost constant in time 
because of their thermal inertia.  

At the ADS start-up, driven by linac with the constant 
average current, a short-time power surge higher the 
power rating level is possible, but the fuel temperature 
doesn’t exceed its rated value.  
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ACCELERATORS APPLICATION FOR RADIATION PROCESSING OF 
FOODSTUFFS 

A.Yu. Gracheova, M.A. Zaviyalov, V.V. Kondratenko, V.P. Filippovich, Russian Research Institute 
of Canning Technology, Vidnoye, Moscow area, Russia 

Yu.S. Pavlov, Institute of Physical chemistry and Electrochemistry RAS, Moscow, Russia 
A.V. Prokopenko, National Research Nuclear University (MEPhI), Moscow, Russia 

 
Abstract 

During last couple decades in Russia an interest in the 
electron-beam sterilization technology has been 
significantly renewed. The electron beam irradiation 
occurs at electron energies in the range from 3 up to 10 
MeV with dose of 30 kGy. A special research interest is 
an exploring the possibility to reduce electron energy and 
dose characteristics upon foods irradiation. The aqueous 
suspensions with Escherichia coli and Staphylococcus 
aureus have been used as the research objects. 

Whole treatment process has been carried out on an 
industrial electron accelerator UELV-10-10-C-70 located 
in the A.N. Frumkin Institute of Physical chemistry and 
Electrochemistry at the Russian Academy of Sciences. 
Beforehand partially filled and sealed 10 ml vials 
containing the sample suspensions with microorganisms 
have been installed on an accelerator line in two different 
positions: vertical and horizontal. The samples were 
irradiated with doses of 3, 5, 7 and 10 kGy. 
Microbiological investigations of irradiated objects have 
been carried out in accordance with the Russian State 
Standards 30726-2011 and GOST 10444.2-94 by the most 
probable number of colony forming units (CFU) method. 

As an investigative result, the microorganism 
radioresistance index D10 has been determined. It makes 
it possible to evaluate amount of these microorganism 
types upon contaminated foodstuffs irradiation. It has 
been established that during exposure the horizontal 
position of the vials was more effectively. It may be 
explained due to simultaneous influence of two different 
though interrelated reasons: the direct radiation and 
radiation-induced ozone. 

 
In recent years, Russia has been a renewed interest in 

radiation technologies. The application of radiation 
technologies at agriculture and food industry is a global 
trend [1]. Radiation sterilization technology and food 
processing have a high degree of efficiency, high 
performance, accuracy of dosing radiation and possibility 
to irradiate packaged products. Radiation processing 
occurs without significant heating of the product, which 
allows to sterilizethermolabile objects. Radiation facilities 
have low operating costs and compliance with accepted 
environmental standards. According to the International 
Commission on Radiological Protection every year on 
Europe market receives more than 200 000 tons of 
irradiated foods. 

In the USSR, feasibility studies on radiation processing 
of food began with the beginning of the 60s of the last 
century. The studies were conducted at the ‘A.N. Bach 
Institute of Biochemistry’ of Academy of Sciences, in 
research institutes оf Union Academy of Agricultural 
Sciences of the USSR, ‘Institute of Nutrition’ of Academy 
of Medical Sciences and ‘F.F. Erisman Research Institute 
of Hygiene’. At that time, the lead organization for the 
study of radiation effects on the food served Institute of 
Canning and Vegetable Drying Industry (now Russian 
Research Institute of Canning Technology), which had 
gamma-installation based on the activity of the 60Co 
irradiator 300 Curie. The investigations [2, 3] have shown 
promising applications of radiation method to prolong the 
shelf life of food products. At [4] it was shown the 
relevance and timeliness of the use of electron-beam 
sterilization technology using high current electron 
accelerator. 

In contrast to sterilization by gamma radiation, electron 
radiation does not use radioactive isotopes. Electron 
accelerators have appeared in the 50s of the last century, 
but their use at that time was not economically justified. 
With the development of technologies for the creation of 
high-current electron accelerators (energy, beam current 
and pulse duration increase) value of electron beam 
sterilization decreased to quite an acceptable level. This 
has caused interest in the electron beams from the food 
industry. Irradiation occurs when the energy of the 
electrons in the range of 3 to 10 MeV. At these energies 
electrons no education isotopes in food and the 
penetration depth of the electrons is sufficient for their 
penetration into the product packed in containers ready 
for shipment. 

High dose rates of electron irradiation allows to 
influence them for several seconds as opposed to hours of 
exposure to the product with gamma radiation. Short-term 
impact of accelerated electrons reduces the possible 
effects of oxidation product. This minimizes radiation and 
thermal disturbances in products and packaging material. 
Accelerators it is possible to vary the energy of the 
electrons and bremsstrahlung. Reduction of energy leads 
to the minimization of damage to the products during 
radiation treatment. In addition, the cost of operation of 
the accelerator and the capital cost of the creation of 
radiation-accelerator center is much smaller. 

In Russia since 1980 designed and built for industrial 
radiation processes over 200 accelerators (excluding 
accelerators for medicine, fault detection and imaging). At 
the moment are in operation for more than 80 linear 
electron accelerator. In [5] provides an overview of the 
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developed and used electron accelerators for radiation 
processing plants. The advantages of linear electron 
accelerators are: 

- Ability to control the parameters of the installation; 
- The directionality of energy transfer; 
- The service life of more than 20 years without major 

repairs; 
- Reduced requirements for permits and protection; 
- The problem of "nuclear proliferation"; 
- The low cost of the process of irradiation on the 

accelerator. 
One of the industrial electron accelerators for radiation 

processing electron is in the A.N. Frumkin Institute of 
Physical chemistry and Electrochemistry RAS. 
Accelerator UELV-10-10-C-70 is a multi-purpose source 
of ionizing radiation and intended for use in industrial 
radiation processes [6-8]. Currently this accelerator is 
used in research on electronic sterilization model media 
with solutions of microorganisms. Using this accelerator 
is possible to develop technical requirements and 
regulations of processing agricultural products and 
products of its processing. 

 
Currently, at the international level is set a number of 

documents regulating of radiation treatment of food 
products.  This accelerated the introduction of radiation 
treatment abroad. Russia, unlike in European Union and 
the United States is at early stage of formation of the 
market of radiation technologies processed products. One 
of the major problems in the development of this sector is 
outdated legal framework, as well as partial or complete 
absence of the required standards for irradiation of certain 
foods. Also technical regulations and specifications of 
radiation treatment are not developed.  Preparation of 
modern regulatory framework in Russia is engaged Ltd. 
«Center Atommed" [9]. The need for development and 
improvement of regulatory framework of radiation food 
processing technology due to the following factors: 

- presence and growth of dissemination of radiation 
technologies in the market consumption of food and 
agricultural products; 

- need to introduce standardizing requirements for 
products obtained with the use of radiation technologies 
(defined by general health, sanitation, hygiene, consumer 
and other requirements); 

- necessity ensure reproducible model of radiation 
effects in the process of product life cycle (requirements 
for reproducibility of the dose of irradiation conditions, 
modes of storage products, etc.); 

- need to ensure radiation safety radiation facilities 
and production lines; 

- requirements of unification project, design and 
equipping of radiation facilities, systems for monitoring 
and control exposure. 

Strict requirements for managing necessitated the 
adoption of general international standard ISO 
14470:2011. This standard ensures compliance with the 
latest requirements under irradiation of food, which is 
used to improve the quality and safety of food processing. 

The standard is intended for manufacturers, the operators 
on the irradiation, regulators activities, customers, and 
most importantly – consumers. The main objectives of 
ISO 14470: 2011 are as follows:  

- Ensure that the requirements of food irradiation in 
accordance with current standards and practices;  

- Provide technical regulations between the client and 
the operator of the irradiation;  

- Create documentation and control systems for 
processing of food irradiation. 

Currently, the Russian legal framework of industrial 
radiation technologies is divided into the following levels: 
legal level of control (changes in the number of federal 
laws, government regulations and the preparation of 
technical regulations), technical level (licensing, 
standardization and training sanitary rules and norms) and 
technological level (development orders, manuals, 
technical manuals, regulations and sets of documents). 
The basic standard for radiation processing of food 
products developed as part of the project documentation 
for the customs union of Russia, Belarus and Kazakhstan 
on the basis of pre-existing norms of radiation safety and 
standards adopted by the European Union. 

In preparation for establishment of draft technical 
regulations in 2013 at A.N. Frumkin Institute of Physical 
chemistry and Electrochemistry RAS on the accelerator 
UELV-10-10-C-70 in conjunction with the Russian 
Research Institute of Canning Technology conducted a 
series of studies on the irradiation of sealed ampoules 
with model solutions with microorganisms by an electron 
beam with different irradiation doses. Modeling 
environments allow to determine the impact of the alleged 
doses and installradioresistance of traditional 
microorganisms. Of great interest is relatively low 
irradiation doses up to 10 kGy. 

Accelerator UELV-10-10-C-70 has the energy of the 
electron beam 10±0,4 MeV electron radiation dose rate at 
distance 1 m from the exhaust flange window 3 kGy/s. 
Accelerator used a circular conveyor for transporting 
irradiated samples before scanning electron beam. 
Monitoring the radiation dose carried out by means 
detectors based on single-use polymer films and 
spectrophotometer. Range measurement of absorbed dose 
varies at the range from 5 to 50 kGy and the error does 
not exceed 12%. Smaller doses can be estimated by 
interpolating the results obtained. 

 
In the fourth quarter of 2013 at the accelerator UELV-

10-10-C-70 was exposure of sealed vials with model 
solutions of microorganisms. Vials have diameter of 10 
mm and  height of 60 mm. Gram-negative rod-shaped 
bacterium E. coli with the size of 1.1-1.5 × 2.0-6.0 mm 
and grammopozetiv coca Staphylococcus aureus spherical 
shape with a diameter of 0.5-1.5 mm are studed. In the 
study used daily cultures of these microorganisms 
dissolved in meat-peptone broth. Single irradiation of 
microorganisms carried by electrons with doses of 3, 5, 7, 
10 kGy at two vials positions. In each experiment were 
used 3 ampoules with microorganism to reduce statistical 
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errors. Microbiological examination of irradiated and 
control samples were carried out on the day after 
exposure. Control vials were stored under the same 
conditions as irradiated. 

 
Figure 1: Microbiological characterization of the 
irradiation effect at E. coli. 

 

 
Figure 2: Microbiological characterization of the 

irradiation effect at S. aureus. 
 

     Microbiological investigations of irradiated objects 
have been carried out in accordance with the Russian 
State Standards 30726-2011 for E. coli and standard 
GOST 10444.2-94  for  S. aureus.  According to standards 
of the cultivation of microorganisms on dry nutrient agar 
should be 24 hours at 37° C. Studies were carried out by 
the most probable number of colony forming units (CFU) 
method. The results were taken into account in each test 
sample for two reps. The results of the study are presented 
in Fig. 1 for E. coli, and Fig. 2 for S. aureus. Figures 
present in logarithmic scale content surviving organisms 
from absorbed dose. It has been established that cultures 
of E. coli and S. aureus, exposed to radiation die by 80-
100%. It has been established that during exposure the 
horizontal position of the vials is more effectively is more 
effective in comparison with the vertical. It may be 
explained due to simultaneous influence of two different 
though interrelated reasons: the direct radiation and 
radiation-induced ozone. 

     In the work shows the current trends of radiation 
processing technology of food production using particle 
accelerators in Russia. The urgency of establishing legal 
documentation is shown and terms of reference for further 
research are defined. The possibility of using the existing 
radiation accelerators for food irradiation is determined. 
In the course of research on the accelerator UELV-10-10-
C-70 established the lethal dose for suspensions of 
microorganisms. This allows to estimate the dose required 
for irradiated foods at radiation sterilization. 
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