Experience in Research, Development,
Construction and Commissioning of
Normal Conducting Accelerating

Structures.

L.V. Kravchuk, V.V. Paramonov

Institute for Nuclear Research of the RAS, Moscow

RuPac 2014, 6-10 October, Obninsk, Russia
VI MapKoBCKue yteHms



Content

1.Construction of the accelerating system for
high energy part of the Moscow Meson

Facility.
2.Methodical developments

3.Implementation of developed methods

4.New developments

RuPac 2014, 6-10 October, Obninsk, Russia
VI MapKoBCKue YTeHuA



High Energy Part of INR Linac, 100-600 M>B gh

— DAW structure, "R
’ invented by

V.G. Andreev [1972],

for INR linac was

developed and tested in
RTI AS USSR.

Frame work technology was established:
- hot sludge to S00 mm blanks from 170
mm OFC rods;

Accelerating cavities in the tunnel. - pre-forming Vf’ith stamping;
27 four-section Disk And Washer - draft mechanical treatment;
(DAW) cavities, f,= 991 MHz. - fine mechanical treatment;
~2400 DAW modules, diameter (450- - RF tuning for tanks;
410) mm. The total length ~ 300 m - tanks brazing;

The initial three steps were done in industry with INR and RTI monitoring.
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Construction of accelerating structure -
starting from fine mechanical treatment and
. to structure commissioning has been

. performed by INR in-house.

Tasks (to be solved)
- reasonable and motivated tolerances for mass production;
- precise and fast procedure for RF tuning of tanks;
- HOM removal from the vicinity of operating point;
- brazing, vacuum tests and RF tuning after brazing;
- cavity assembling and RF tuning;
- cavity matching with waveguide;
- cavities RF commissioning.

Final mechanical treatment was performed with standard lathe and milling
machines with using diamond lathe tool at the last step.
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RF tuning of DAW tanks

:;:éf*r;f'—'"—:l'"':r e

e -

Steps
- operating frequency adjustment;
- stop band removing;

- field distribution tuning;
—.- HOM displacement.

Fig.l. The disk and washer accelerating tank.

Due to extra high coupling coefficient in DAW structure, kc~45%,
individual cells tuning is not required. Structures with the high coupling
coefficient allow frequency tuning for the total tank ‘in average’,

ensuring required o, ~ 1% for the accepted precision of mechanical
treatment.
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Stop band removing

— Due to boundary conditions at the tank ands just
| E accelerating mode with f, can be excited. But the
LR \ ~'—j | ﬂ stop band of=f -f, should be removed for
| : :TH maximal stability. R 0157
— 2 d_L With k =0.4 DAW dispersion
~  curve is nonlinear even in the
RYSHES THRSIGE AlEYEE-SSERINRRI S vicinity of operating point.
The linear approximation, used TRt

before, 0f=f +f,-2f,, provides 10
big errors.

i B _ (N—rm)w

myJrn Igm = N ) QU =, ém = HU = Hm. /

_ m!AF, -n’AF,, _ j'AF, - n'AF; m!AF;-j’AF, %

0f =— 7 . —— —
Operating point vicinity. m? —n? j*—n’ m? — j*
. T
Without limitation on Kk it is valid for all Total DAW

dispersion curve
compensated structures.

Some methods for the stop band
evaluation in the compensated
accelerating structures. 1895.



Field distribution tuning.
Methodical error for bead pull measurements

The classical Slater formula df/f~E’R3/V is just
first approximation valid for infinite uniform field.

Extra precise 2D simulation
For measurements in big DTL and DAW cavities, to fix frequency shift ~ 104
when R is comparable with gap length ... : Fi 3
; s 2, f with the precision 10
Calibration is not possible.
.I:;u'i.—.
gl ] Lo L5, :
.I! }IH ;'__,,____"_h g . -‘} | ) 2 '1\. J 8 AT /,/
[ - = 1 F =Gy o 5
LN 1 ik g O P -~
L i _1"_ ) II"\. o JJ_,J-#
i .\Hh"' s | Fi=tmm — _-__:_::._-—F_F_F_F::__F— !
| ., oFme ?Jl;“; oo SR -1:?_:—_.__'_:___' ——

A systematic errors study for bead
pull measurements. 1987.
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HOM displacement

High Order Modes with azimuth field dependence in
DAW operating point vicinity were found in experiments
and later sort out in simulations.

Several solutions for HOM displacements were
developed.

SPINAIADE 0T g e | 'f: :__:J:-?,.?
E, I"-:-"-'ZT'__' I.-II A S T i) EEL] 'ﬂ?f’
3 = A AN I FIPEN Sl A = L__.[ 1__;
g N OEY| e | NoE = (e
E____:J.::::f HE e i) | ml'—.ul-:a i . s
o EEL] p \ﬂfﬂ_‘_‘_ - g nke ] L11cit ten
s T __,L._E-—m:' i s e R vl
BT N % A
i ol T-slots is the selective resonant element,
- -'EIH S tuned near operating frequency,
i and has no coupling with operating mode,

a very weak coupling with TM,, modes
and strong coupling with EH_ . modes.

Complete DAW dispersi : \
S i AR Parameters extended in INR DAW construction.

diagram, p=0.43

Beam blow-up effect is not possible — high threshold.
. . . . e Parasitic modes removal out ....1983
Cumulative emittance growth is less than originated B o bireakans 4 it Ssctiomal 2 s )

by quads misalignments. The bunched beam interaction ... 1985
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DAW cavities tuning

Cavity scheme. 1-DAW tanks, 2 —
shorts,3-bridge cavities, 4 —bellows, 5-
tuners RF input

—

L, Milz K%
S36 ] ot
—""‘ " 9,4
G94 e
S :
i > i
a9 9 o &, 5 '\:HH: .
sl S S b
'w' LTH‘a_
EL B o ™
e
G8E 4 &
& ot - 3,3 Madula
i {U kn mamba i
Tigul. Thu main sgegtra 74 rodp (Fegueacyen B
¢ madyd s HET feseit and u-g; i s Fig.2. The coupling vopddivient between the tanko
mher .

and the bridgem against Ehe eodule mimb

All DAW cavities are tuned at operating frequency,
symmetrical cavity curve and field o;<1%.

DAW tanks and bridge cavities form coupled structure.
Operating is /2 mode. RF input is in coupling cell.

Such bridge cavities are compatible
with all accelerating structures, are
effective and cheap. Longest RF bridge

~7 m is used in INR linac.
Adjustment of the meson factory
991 MHz linac ...1990
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DAW cavities matching and conditioning

DAW were matched with waveguide system, taking into .

account beam loading. AR
The cavities were conditioned for higher, as designed, field and /
RF power values. The /

experience in the passage zones of the multipactor discharge i)
was developed in conditioning of 27 DAW cavities. :

The mentioned tasks were generated by practice and results
were implemented in practice immediately, leading to better
quality of the system under construction. Definitely it was i e

a part of big joint work. |

All steps and problems, arising in the construction
of such big accelerating system were overcame.

Accelerating system of the high energy part for INR linac was
constructed, tuned and conditioned to design parameters.

The beam with energy up to 540 MeV was accelerated.

The practical experience for such system construction has been

x

collected. Results of DAW tuning ... 1988

, _ Acceleration... 1991
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Software development and improvement

In the research, development and construction of accelerating structures
appropriate software is the cost-effective tool for numerical experiments.

1 Fast and precise 2D FEM, MULTIMODE, in collaboration with
IHEP and JINR (1980-1988).

2. Simulations of multipactoring discharge .

3. Closed chain — RF — RF losses — Fluid analysis — Thermal
deformations — RF, based on ANSYS software. For complete
analysis of cavities operating with the high heat load.

4. Optimizing add-in .. For data library storage

Model Results

2D FEM software... 1988,
Complete 3D Thermal ..2002,

Data library ... 1996
RuPac.2014, 6-10 October, Obninsk, Russia 11
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Common description of periodical structures.

DAVZTW...-DLW Considering just - - LII 3 Eﬁ. & F ?ﬂ ” ?
e one period of the ] “ [ sEEORY
| structure, let us j t«!! 1885 g H § g
o] compute with S BEEEEEEER
i LM‘ existing software @ F' *E? ) g ;é |ﬂ ;,a rﬂ
I 1k and store fields for g E CEEL % &l
. |' ««  (and mmodes in Elﬁ 4 ‘3 ?‘g & § ¢ E
simple boundary & ¢ E 1331
o : conditions, ... , ;
ne period Basis for expansion

Come to symmetrical
generalized eigen value problem,

AC — k*BC =0,

Let us represent the traveling wave
field in the structure as the set over
calculated 0 and p modes.

Kee: HNera Hram

Reb=Y e+ T enEr, SmE= L 4Er4 Y aE.

Applying Floquet boundary
conditions z-0, z=d, and using
variational approach
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Ay e Apge e ‘me =3 fig
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where
(AZ, AL Al Alim)s 0i = Gkl (B2 BIL BUC, BIUUY by = &,
L S e Fosm 17 e _ o S e TT
(B by = Hr:lj;l E| r]- dV, [Bonlby= W, ‘frh E] EJ dV,
EU -.f:fﬂu -‘f:f: 260(1 + COS E) i -‘f:rﬂv -.f:f:
Gy = W v rotE™rotE{°dV + W fsz i B, rotESCdS, Method of field
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General dispersion equation

AC - K:BC =0,

The eigen value problem in
formulation det (A-k’B)=0 is the
dispersion equation of the structure. ©, DAW (f)

Instead of quite different design
and different particular
propertied, all high energy
compensated (bi-periodical)
structures have the common
dispersion equation.

| -# 0 Heb{l4cosd)-Ik 0
get| 0 Bi— R P4 L{1 4 cos6) - IR0 D
| s fiyy I Tysind
) ¥ a4 e

The differences are in the

¢ 3 P p=2L T By =T ey
detalls L= T P

High energy structures
SCS (a), OAS (b), ACS e

DAW TMOn dispersion curves,
directly calculated (2D solid lines)
and reconstructed from general
dispersion equation (dotted lines).

Extension to the family of
structures is done ...
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Operating point vicinity. Local dispersion equation.

For practice the vicinity of operating point 0, is more interesting and important.
The common dispersion equation is reduced to local equation, just for two modes,
E, and E, interaction.

HE — O — Ay [ caine P m D, & Omif In the vicinity of op.emt.mg point all — ﬁ.ela.l

Gim B oo structure, frequencies, influence of deviations, for

" T ‘.H”J" o Diis A = 3 1 2 F

o e C ’ neighbor modes is defined just with two parameters

I =2 [ BlE™™, rotE=<|dS, 6;=0, . .

Wy — stop band width &f and group velocity B, value.
From CC /3_5 _r.j "o 6 = ‘ﬂ-ﬁ IV](EUEUE[: = ‘J’UHuHL)dV‘
model, y, =k Wl-tulll-= 4w, ’
P Completely different results are
for open stop band and for closed stop band.

o B BE FPE RS B i (b, B€ 5!‘:‘.4 AP LS
Jﬂ..iﬂgyrnliS:Jr;Tf?ﬁ?de}_i. o _+f_| Q) =hthig+oaytgmet gt t-t-t-
B E, cos jti, = ;Ersinjﬂ,,. G ;E..nnejﬁ'm+ E.sin jb,, w _ E,— B, _,  E,cosjb, — F.sinjb,

'E:Ju. = lhl.'ll-] i -E!.:, 3 'Edr.-, - 1:,'{1 i ::,!J 8 EI.H.' \/‘E 5 Eﬂw \)/E L]

And so on ... for all measurable parameters of neighbor modes, f, Af, O, E(z)
and structure behavior.



Description of processes in accelerating structures.

1. Coupling mode excitation. Common electro-dynamical approach.

1a) Due to RF losses and beam loading. To define field attenuation o — the
common case and case of small beam loading.

Differs in physical

- / i 3w ef f Bt =Nl o .
Gyldull — & ) _ G, Ny(1+e ) conclusions with the results

+

] T MT gﬁx T T . .

A XNt Niod = 31#* L, z'mi‘/ from Coupled Circuits (CC)
0 1=t (@4Q) | (@ ettt ot £ 725,07 model.
3 T Mg Q-

i rlE i\v ﬂ+
1b) Due to transient. W." =W, e Gy

T8y Qu Qe
1¢) Due to frequency errors of accelerating cells. w." = 5 f A |za Fal
It are limitations to the structure design, _' ”Jx
because miltipactoring and even dischargein :J L%J L;: ;
coupling cells are possible, if not foreseen.. | "' 'r
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Stability of Normal Conducting Structures for
Operation with High Average Heat Loading.

Stability and sensitivity are different properties.

Dispersion
Random —— df < () Random —— df <0 7~ * _ - x
df >0 [rlF 0 dr'| 0 >0 f | | ﬁ
dT P —— dP-E< 0 4T ~P> 0 — di!'--J:" 0 e e i
Stable Not stable Critical is df — d|E| relation.
Compensated structures

Tabile | Theral stability of vitpk irwciore

= L i 1}
Operating mode  THspersion  Thermal stabiliuty i
T

Lodm posilive Mo : 1 g \
Bl hegalive Y . I =
m peatitive Yeu . AT o
" ety v Me e IL =

a) Phusse shcr, degpers ' . hJ nnnnnnnnn T

of=fc-fa>0 stable

of=fc-fa<0 not stable
Stability..2006



These theoretical and methodical developments
are valid for a wide family of accelerating
structures and provide complete set of
approaches, recommendations and limitations in
the research, development and improvement of
accelerating structures.

Joint with understanding of practical problems,
it provides the reliable base for another
developments.

RuPac.2014, 6-10 October, Obninsk, Russia
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Coupling coefficient increasing at the expense of
minimal Ze reduction.
78 fy (B B — o L) Ve Struc.tures can be distingui{*hed as with

AW, ; localized (k.~5%) and distributed (k. >20%)
interaction of accelerating E , and coupling
modes E .

.ﬁy=|

Slot coupled structures
—localized interaction.
Set of recommendations

to improve k... _ hiHH,

Yac W:

Leading idea — work with accelerating
mode for RF efficiency and with coupling
mode for coupling improvement.

k,~0.05-0.15

Now this OAS geometry is usual ..

Coupling coefficient
increasing 1996



Applications of developed methods

In frames of SNS-INR collaboration the knowledge's and
experience in the structures construction and commissioning have
been implemented during construction and commissioning of the
warm part of the SNS linac.

In frames of KEK-INR collaboration the physical design for
Annular Coupled Structure (ACS) has been developed for J-PARC

linac.

ACS, invented and first time tested in USSR (RTI), was essentially improved
during IHP R&D program for =1296 M Hz.
For J-PARC, =972 MHz, ACS was essentially reconsidered and optimized.

'}
250m To RCS !'T‘F!."
a'

; OO 1 A
i i
SLC ADS % L]
" iy E e e : ; (I s R s

Scheme of J-PARC Linac. Lavedt of & ACS moduk ACS cells for J-PARC

ACS optimization ... 2000
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ACS optimization for J-PARC

The total set of developed methods, approached and recommendations has
been applied. All components of ACS module were reconsidered.

Cells =4 -
* optimization.

Thermal stress
analysis.

As the result, optimized ACS overlaps
prototype in all parameters and was
accepted fOl‘ J_PARC RuPac 2014, 6-10 October, Obninsk, Russia 20

debunchers, aperture diameter 85 mm.



It was a long work of the joint ACS group

Installed and commissionea S in the tunnel of the J-PARC linac.
by J-PARC in 2013-2014,

ACS is now operating in J-
PARC linac

H.Ao et al.,
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INR development —the Cut Disk Structure - CDS

....................
.........

ta Ec Ra Be

Fields distributions for accelerating and coupling
modes. 78 fy(BuE — poHu YAV

59 — ‘ AW,

CDS cold model

k.=22%, Ze =0.98 Ze,,,

CDS concept — the accelerating cell is
formed for higher Z.. Coupling cell is
formed than there are no own space for
magnetic field H_, with the necessity is
extruded in the accelerating cell,
providing high B, value.

DS particularities — compact, high B,
for moderate B, - Z, value is higher than

, for cells without coupling windows.

Ee,

ol .'T h. [l'-..' '|'1 ¥ 1‘ rf e H.,i 1

WA
H\ ‘
N \H

|. JU UL
LY Lk

U]‘Shl:l’“.’l: al-ung the: axas

Ez arbitrary units

CDS concept-— 1996,
CDS cold model - 1998
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INR CDS development and construction (DESY-INR) for
PITZ booster cavity.

cim

:
3
:_.‘.
il
==. I

il g

All steps in CDS development were done and now it is operating at PITZ, =1,
f=1300 MHz
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Structures comparison in parameters

SCS DAW ACS CDS

Ze 100% 96% 98% 85%-107%
ke 0.04 0.45 0.05 0.15

Ph, kW/m 8-10 3-4 <60 <30
Vacuum conduct. 4 1 3 2

HOM 2 night mare 3 1

R/ ~0.7 ~0.7 ~0.7 ~0.37

RF tuning 3-4 1-2 3-4 1-2
Tuning after brazing ac nn nn a?
Brazing water/vacuum yes yes yes no!

Transverse dimensions
__ comparison for the same

frequency
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Current CDS investigations

Low ~0.43 region, high Low frequency f=352 MHz, $~0.43=0.7, for future
frequency =991 MHz, projects (see poster THPSC07)

for INR linac.

al

/

R PiMS and CDS - possible structures
for low frequency application.

iy T

Z, decreasing at low 3 was a S eEEEee ez 'S i AR,

sequence of original CDS A LT S s IR
formation. Proposals to improve as higher Z, value and qualitative advantage

Z. are developed. Will be in field stability, looks more labour-intensive in

reported at next Conference. construction, but it is easy in tuning.
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In the INR research activity in normal conducting
accelerating structures the complete set of methods,
approaches for investigation, development and
construction of accelerating 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
commissioning of similar linacs in foreign laboratories.
Guiding this basements results, attractive proposal for

different future application is generated, investigated
and tested.

Research and developments are in progress!
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