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= Abstract

Due to the successful construction of a 435-ton magnet
for CYCIAE-100, it has been proved that the gradient ad-
= justment of magnetic field along radius can effectively en-
2 hance the vertical focusing during the isochronous acceler-
o ation. This key technology was applied to the general de-
§ sign of a 2 GeV CW proton accelerator, the energy limita-
E tion of the isochronous machine is increased from ~1 GeV
£ to 2 GeV, by our contribution of the beam dynamics study
g < for high energy isochronous FFAG.
g This paper will introduce CIAE’s engineering experi-
'S ence of precision magnet, beam dynamics by single parti-
< cle tracking and the advantages of beam dynamics simula-
£ tion based on large-scale parallel computing. The cost-ef-
—% fective solution for such a 2 GeV high power circular ac-
B celerator complex will be presented in detail after the brief
= £ introduction about the high power proton beam production
5 5 by the CYCIAE-100.

thor(s), title of the work, publisher, and D

m

INTRODUCTION

The 100 MeV compact cyclotron, CYCIAE-100 was ap-
proved formally to start the construction in 2011[1], and
& the first proton beam was extracted on July 4, 2014. In
52017, the 200 pA proton beam development was con-
S ducted, and in 2018, the production of high power beam
8 from 20 kW to 52 kW had been delivered successfully to
3 o the beam dump, which was quantitatively predicted ten
O years ago [2]. After about 8 years of construction, installa-
= tion, beam commissioning and operation, various proton
< beam intensities from 2 pA to 520 pA can be provided for
E users for different applications. The Fig. 1 shows the
O 520 pA beam with the bunching effect of about 1.6 at the
o high current operation. The beam was measured by the
& beam dump at the end of the beam line for isotope produc-
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Figure 1: The 52 kW CW Proton Beam Production.
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During the construction of the 435-ton large-scale preci-
sion magnet for CYCIAE-100, we noticed that the 2" order
pole profile adjustment of magnetic field gradient along ra-
dius can effectively enhance the vertical focusing from the
energy of 70 MeV to 100 MeV for such a AVF cyclotron
[3]. This technology is also applied to pole profiles of the
F & D magnets by two 3™ order functions respectively for
the general design of a 2 GeV CW proton accelerator,
which is using the 800 MeV cyclotron as an injector [4].

GENERAL CONSIDERATIONS IN OVER-
ALL DESIGN OF 2 GEV CW FFAG

There are three different types of constructed accelera-
tors for high power proton beam production: the cyclotron,
LINAC and RC synchrotron. The average power of the ac-
celerators currently is from 0.2 MW to 1.4 MW. The proton
accelerator with highest beam power under construction is
the ESS’s SC LINAC, with a beam power of 5 MW [5].
The FermiLab researcher reported the energy efficiency of
the three operational accelerators with the highest beam
power in the world [6]. The energy efficiency of the PSI
cyclotron is about 3 times of the other types. In order to
develop high average beam power, high power efficiency
and high cost effective proton machine, the isochronous ac-
celerator is a good technical route, if it can break through
the energy limitation of 1 GeV, which is presented by
Dr. Y. Ishi [7]. Based on the basic FFAG idea, the research
for a new solution for cost effective, high average power,
2 GeV proton accelerator was first proposed at CIAE in
2013. Combining the engineering experiences on large ra-
dial range varying gradient magnet in CYCIAE-100 and
the strong focusing in FFAG, we achieve isochronous ac-
celeration up to 2 GeV. The overall design has been basi-
cally completed after several years of research, simulation
and optimization. It is a fix frequency, CW FFAG acceler-
ator. Its layout with 100 MeV pre-injector, 800 MeV injec-
tor and 10 FDF cell CW FFAG is shown in Fig. 2, and the
main parameters in Table 1.
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Figure 2: The layout of the circular accelerator complex.
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Table 1: The Main Parameters of 2 GeV Circular Accelerator Complex

Accelerator 100 MeV Injector 800 MeV Booster 2 GeV FFAG
Type Separated-sector cyclotron Spiral-sector cyclotron CW FFAG
Overall diameter (m) 6.1 16 54

Lattice structure FO FO OFoDoFO
Magnet Type Warm Warm HTS

Average field(T) 0.36~0.41 0.54~0.90 F:1.5~2.7/D:1.0~2.4
Sector number 4 9 10

Main cavity number 2 5 10

Cavity type Double gap Single gap Single gap
RF Frequency(MHz) 44.4 44.4 44.4
Harmonic number 4 6 26

RF peak voltage(kV) 500 800~1000 ~1200

Its basic characteristics are as follows:

e Comparing with an isochronous cyclotron, the 3rd or-
der varying radial gradient of the magnetic field and
FFAG's FDF Lattice are introduced to obtain isochro-
nism at higher energy and bigger transverse ac-
ceptance. The two 3rd order field distributions, com-
bining with the traditional spiral angles, angular
widths and the fringe field shimming of the F & D
magnets, bring more degrees of freedom to realize the
isochronism and optimize the tune in the diagram.

e More than 9 m straight drift for the installation of up
to 10 RF cavities to increase the energy gain per turn
to 10 MeV, and for the beam injection /extraction.

e The 10 cell magnets and 10 RF cavities are arranged
strictly in 10-fold symmetry to avoid driving low-or-
der resonance.

e From the PSI’s experience, the beam intensity, domi-
nated by the space charge, is proportional to the third
power of the energy gain per turn [8]. Based on that,
the beam intensity is ~ 6 mA for 10 MeV energy gain
per turn & big transverse acceptance of FFAG. It is
conservatively estimated to be 3mA for this design.

BASIC BEAM DYNAMICS

As a nonlinear non-scaling FFAG [9], the challenge of
isochronous FFAG lattice design is to maintain the isoch-
ronism up to 2 GeV and optimize the tune for resonance
crossing. More challenges to design the basic beam dynam-
ics, are from the large orbit oscillation of the FFAG ma-
chine and a large numbers of freedoms, which including
the F & D magnet field and their gradient, the distance be-
tween the F and D, the straight drift section, the angular
width and spiral angle of F or D magnet, etc.

A genetic-based multi-objective optimization algorithm
is developed and applied to the CW FFAG optimization.
The isochronous orbit and betatron tune of selected multi-
energies are the goal of optimization. In order to obtain
sensitive freedom variables for optimization, several meth-
ods are adopted:

o The magnetic field fitted by high-order polynomial

(third order polynomial is used in this design);
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o Spiral angle of F and D magnet change with radius;

e Angular width of F and D magnet increase monoton-

ically with radius.

At the beginning of the acceleration, the isochronous
condition is relaxed a little to avoid the resonance v,=2
crossing, just as shown in Fig. 3 and Fig. 4. In order to ob-
tain the isochronism, the radial tune naturally grows with
energy, so the tune optimization is a big challenge, as illus-
trated in Fig 3. The 10 MeV energy gain per turn with this
10-fold symmetry structure are helpful to cross the reso-
nance quickly. The integrated phase shift is well controlled
within £15°, as shown in Fig 4.
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Figure 3: Tune diagram.
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Figure 4: The isochronous behavior.

At the injection of 800 MeV proton beam into the FFAG
machine, the radial acceptance is as big as 20 cm, and the
vertical acceptance is also big enough, as shown in Fig 5.
Although the basic beam dynamics is calculated based on

the single particle, we can use:
) Agv2 AD AV
Uimit = AzZViwoeg=————
limit VA1) 27T Qe
to estimated how much v, shift can be caused by acceler-

ated beams of 3 mA and 6 mA, respectively, where g is the
dielectric constant, m is orbital angular frequency, Az is
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[a)
E the height of beam, AV is the energy gain per turn, A®D is
E the phase width. Qe is the charge. The decrement of v at
% 6 mA is only at 107 level. It demonstrates again that the
2.3 mA/6 MW is a conservative design.
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Figure 5: The radial (left) and vertical (right) phase space
at 800 MeV.

RESONANCE STUDY & FUNDAMENTAL
DESIGN FOR EXTRACTION

For the high power accelerator, resonance crossing is a
key factor to impact the beam quality and hence increase
the possibility of beam loss. The main resonances are
shown in Fig. 6. These resonances are divided into two cat-
egories. One is driven by the external imperfection field,
Z which is generally small, so only the low-order resonances
= need to be taken care of. The others are driven by the main
S field, such the average field gradient, the 10th harmonic
.« field, etc., thus even a high order term may influence the
f beam quality. Among these resonances, the first order res-
< onance v, = 3, driven by third harmonic field By, is the most
% sensitive. Fig 7 gives the radial beam profile with and with-
-2 out third harmonic field near the resonance. Even a 3rd har-
.g monic of 1 Gs leads to the beam envelop growth, which
2 imposes strict requirements on the control of 3rd harmonic.
< Therefore, method to compensate the B; should be further
& & investigated in this design. Also, the vertical beam profile
O study shows the radial and vertical coupled resonances
© driven by the main field have little effect on the vertical
beam envelop
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Figure 6: The tune values varying with radius and the main
resonances crossed in the machine.
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Figure 7: The radial beam profile during acceleration with
< and without third harmonic field near the v,=3 resonance.
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Further, the fundamental design for the extraction is con-
sidered, mainly emphasizing on the turn separation at ex-
traction. For a single particle, the turn separation for a cy-
clotron can be expressed as [10]

Ar =AT1y +A xsin(2rnu,.0) + x A sin(2nnv,.0)
Where A 7, is the separation from the energy gain, A x is
the radial oscillation amplitude growth driven by resonance,
and the third term is from the precessional motion. In the
2 GeV machine, the turn separation from 10 MeV energy
gain is about 10 mm. Five more cavities are considered to
be added and hence increase the turn separation to 15 mm.
The radial beam profile illustrated in Fig.8 indicates the
2v,=5 resonance driven by the 5-fold symmetry of the elec-
tric field has little impact on the beam quality. In the physic
design, the beam keeps stay near the 3v,=10 resonance for
a long time, expecting to get larger turn separation. From
Fig. 7 we know, this resonance brings little oscillation
growth to the radial beam maybe due to the high order, may
not helpful to increase the turn separation. The precession
method is adopted for that as well. As the radial tune value
is near 3.33 at extraction, with beam off centered at injec-
tion, beam can be separated significantly under the effects
of precessional motion as illustrated in Fig. 9. In this sim-
ulation, 15 m.mm.mrad phase ellipse is used, corresponding
to 1 cm radial oscillation amplitude at 800 MeV. 1 cm off-
centered and 2 cm off-centered injection could increase the
turn separation to 2 cm and 3 cm respectively, which seems
to be enough for high power beam extraction. However, the
beam quality with larger off-centered during acceleration
should be studied further.
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Figure 8: The radial beam profile with 10 and 15 cavities
for acceleration.

-190

Centered Beam
= = 1cm off-centered beam
- 2cm off-centered beam

=270 1
2588 2590 2592 2594 2596 2598 2600 2602 2604 2606
R(cm)

Figure 9: The radial phase space during accelerator with
centered, 1 cm off-centered and 2 cm off-centered beam.
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R&D ACTIVITIES OF KEY COMPO-
NENTS

Magnet System

Ten FDF periodic cells, each contains two bending (fo-
cusing) magnets and one reverse bending (de-focusing)
magnet, form the whole 2 GeV FFAG lattice ring. Unlike
the scaling FFAG scheme, where the required magnetic
field is proportional to the k-th power of the orbit radius
where k is the field index of the accelerator [11], the re-
quired magnetic field for the proposed 2GeV FFAG is non-
parametric. The magnetic field is calculated by particle
tracking during the lattice design. The variable spiral angle
scheme is adopted to optimize v., and the spiral angle
grows from 5¢ to 30 with the orbit radial growth. The 3D
FEM model and the magnetic field of the D-magnet and
the two focusing magnets are shown in Figl0 and in Fig 11.
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Figure 10: The 3D model of the defocusing magnet and the
two focusing magnets.
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Figure 11: The load line of the HTS superconducting coil
for the defocusing magnet.

Considering we have successful experiences in design-
ing and machining of pole gap fitted with 2" order polyno-
mials for CYCIAE-100, and also considering the required
3rd order polynomial of magnetic field, n=3 will be used
in the further magnet pole gap design.

n

Gk(k=a,f) = Ako T Z ATt
i=1

The magnetic field in the extraction radius of 2 GeV in
defocusing magnet and the focusing magnet are ~-.4 T and
~2.7 T respectively. As the 2 GeV FFAG is designed to op-
erate at high power, the 2nd generation REBCO supercon-
ducting magnet solution with both radiation resistant and
thermal stable properties is preferred. The operating cur-
rent of the D-magnet is 400 A @ 2.6 T, 30 K, about 50% of
the Ic, as is shown in the load line drawing in Fig 11. The
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basic design parameters of the HTS defocusing magnet are
shown in Table 2. As the SC magnet technology using 2"
generation HTS for accelerator is still under development
world-wide [12, 13], an R&D project for 1/4 scale HTS D-
magnet has been initiated recently to develop HTS coil
winding, fixing, quench detection and protection technolo-
gies, especially for HTS coil with concave shape.

Table 2: The Parameters of the HTS D-Magnet

Item D-magnet
Radial length of pole 3.78 m
Average azimuthal length of pole ~1.44 m
Total weight ~316t
1/2 Pole gap distance 14~167 mm
Total Ampere turns 264000 AT
Total length of HTS wires ~14 km

RF System

The RF system includes all the hardware through which
energy flows from the AC line to the RF cavities, and it is
comprised of ten modules evenly spaced on the circumfer-
ence of the accelerator. Fig. 12 shows one typical module
of the high-power RF system schematically. The RF sys-
tem will start up from the self-excitation mode and then
change to the drive mode for the beam acceleration under
the precise control of a fully digital Low-level RF control-
ler.
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Figure 12: One typical module of the high-power RF sys-
tem for the 2GeV FFAG.

Figure 13 shows the four geometries of the 44.4 MHz
waveguide-type cavities for this machine, they are the: rec-
tangular (1), omega (2), racetrack (3) and boat (4) shapes.
The rectangular cavity is often used due to its simplicity
for fabrication. But the research of PSI ring cyclotron indi-
cated that the Omega cavity has a higher Q-factor [ 14], suc-
cessfully for the ring cyclotron for 3 mA upgrade. For the
2 GeV FFAG, the peak cavity voltage averaged radially in
the beam aperture is demanded to be 1.3 MV, in corre-
sponding to a maximum value of ~1.4 MV due to the non-
uniform radial distribution. By keeping some safety margin,
max. 2 MV cavity voltage is determined in the design. In
this situation, it is found that there are new designs so
called as the racetrack and the boat cavities with even
higher Q-factors.

The beam aperture of 2.8 m x 0.15 m required from beam
dynamics, the RF performance of the four geometries of
the 44.4 MHz waveguide-type cavity were evaluated and
listed in Table 3. To keep the beam transit time factor
higher than 0.95 with energy range from 800 MeV to
2 GeV, the acceleration gap is set to be 0.8 m.
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Figure 13: Four geometries of the waveguide-type cavity.

Table 3: Simulated RF Performance for the Four Geome-

Item 1 2 3 4

Frequency 44.42 44.41 4438 4440
(MHz)

Operating ™ ™ ™ ™
mode 110 110 110 110
Quality fac- 58497 74673 85832 92100
tor

Shunt imped- 5.38 10.08 19.29 20.14
ance

(Max, MQ)

Shunt imped- 243 2.15 1041  10.95
ance

(Min, MQ)

Power dissi- 743 397 207 199
pation

(kW@2MV)

is still a better choice.
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Figure 14 shows the shunt impedance vs radial position
relative to the beam aperture centre, the square root of the
impedance is proportional to the cavity voltage amplitude
in the acceleration gap. Though the boat one is the best
from the simulation, the manufacture might be a little bit
harder than the others, but from the on-line tuning point of
view by deforming the cavity curved parts, the boat cavity

Figure 14: Relationship between the shunt impedance and

In order to obtain the fabrication technology of the boat
cavity, and conduct the high-power RF conditioning study
with the simulated beam-on scenario in the future by using
the existing power source for the 230 MeV superconduct-
= ing cyclotron, a 71.26 MHz scaled-down cavity prototype
2 has been designed. Supported by the domestic industry, the
o

JACoW Publishing
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discussion on the manufacture is ongoing with the potential
providers.

CONCLUSION

The high power accelerator plays an important role in the
internal accelerator field due to its diverse application.
Based on the extensive experience of successful construc-
tion commissioning and operation of the CY CIAE-100 ma-
chine, a CW FFAG is proposed by CIAE to produce
2 GeV/6 MW beam. Beam dynamics results show a good
isochronism towards 2 GeV and have a very large ac-
ceptance of the beam phase space. Resonance analysis
shows the beam quality should be guaranteed when the 3™
harmonic imperfection field is compensated. The turn sep-
aration can be increased to 2~3 cm with 5 additional cavi-
ties and off-centered injection, which seems to be enough
for 6 MW beam extraction. R&D Activities for key com-
ponents, such as the HTS magnet and the RF system, are
conducted for the 2 GeV high power circular accelerator
complex.
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