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Abstract

The MW class proton accelerators are expected to play
important roles in many fields, attracting institutions to
continue research and tackle key problems. The continuous
wave (CW) isochronous accelerator obtains a high-power
beam with higher energy efficiency, which is very attrac-
tive to many applications. Scholars generally believe that
the energy limitation of the isochronous cyclotron is
~1 GeV. Enhancing the beam focusing becomes the most
crucial issue for the isochronous machine to get higher
beam power.

Adjusting the radial gradient of the average magnetic
field makes the field distribution match the isochronism.
When we adjust the radial gradient of the peak field, the
first-order gradient is equivalent to the quadrupole field,
the second-order, the hexapole field, and so on. Just like
the synchrotron, there are quadrupoles, hexapole magnets,
and so on, along the orbits to get higher energy, as all we
know.

If we adjust the radial gradient for the peak field of an
FFA's FDF lattice and cooperate with the angular width
(azimuth flutter) and spiral angle (edge focusing) of the tra-
ditional cyclotron pole, we can manipulate the working
path in the tune diagram very flexibly. During enhancing
the axial focusing, both the beam intensity and the energy
of the isochronous accelerator are significantly increased.
And a 2 GeV CW FFA with 3 mA of average beam inten-
sity is designed. It is essentially an isochronous cyclotron,
although we use 10 folders of FDF lattices. The key diffi-
culty is that the magnetic field and each order of gradient
should be accurately adjusted in a large radius range.

As a high-power proton accelerator with high energy ef-
ficiency, we adopt high-temperature superconducting
(HTS) technology for the magnets. 15 RF cavities with a Q
value of 90000 provide energy gain per turn of ~15 MeV
to ensure the CW beam intensity reaches 3 mA. A 1:4 scale,
15-ton HTS magnet, and a 1:4 scale, 177 MHz cavity, have
been completed. The results of such R&D will also be pre-
sented in this paper.

INTRODUCTION

High energy and high current proton accelerators are
widely and importantly applied in frontier research fields
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such as nuclear physics and particle physics, national eco-
nomic fields such as public health and advanced energy,
and even national security [1, 2]. A Proton accelerator with
an average beam power of 5-10 MW has been the world's
dream machine for more than 30 years [3, 4]. LINAC is
considered to be the most promising, and high-energy CW
superconducting LINAC is still under development so
far [5]. On the other hand, a serious limitation of CW cy-
clotrons is the maximum energy achievable, which for pro-
tons is about 1 GeV for isochronous operation, due to rela-
tivistic effects [6, 7]. A 2 GeV CW FFA (or it can be called
an alternating gradient cyclotron) has been investigated
since 2013 at CIAE, and more detailed R&D activities have
been conducted in recent years. The design goal is to pro-
vide a 6 MW proton beam with higher energy efficiency
than LINAC. It is expected to be up to 30% with overall
energy efficiency and keep the cyclotron’s advantages of
being cost effective for construction and operation.

GENERAL CONSIDERATIONS IN THE
OVERALL DESIGN OF 2 GEV CW FFA

Basic Description and Progress of Overall De-
sign since 2019

The 2 GeV FFA facility, CYCIAE-2000, consists of
three stages: a 100 MeV isochronous cyclotron as a pre-
injector, an 800 MeV isochronous cyclotron as an injector,
and the main machine of 2 GeV CW FFA, which are shown
in Fig. 1. Compared with the design scheme published in
2019, the main progress is summarized as follows.

FDF field distribution In the previous study [8], the
working path in the tune diagram which crosses the reso-
nance of vr=3 asks to control the third harmonics B3 at
about 1 Gs level. This is particularly challenging for mag-
net construction. Two more possible solutions to the work-
ing path were studied and will be described in the follow-
ing sections of this paper. Instead of the tremendous
amount of tentative numerical calculations by adjusting the
magnetic field intensity, angular width, and spiral angle of
the 10-fold F and D magnets, along the radius, the third-
order peak field distribution of F and D magnets, was ana-
lysed into zero-order (dipole, traditional cyclotron sector
field), first-order (quadrupole), second-order (hexapole),
and third-order (octupole) radial gradients of the peak mag-
netic field. This method of accurately adjusting the radial
gradients of the peak magnetic field, assisted by traditional
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edge focusing means, makes it easier, more flexible, and
more convenient to build the required working path in the
tune diagram.
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Figure 1: Layout of 2 GeV CW FFA accelerator complex.

Several issues of injection, extraction, current limita-
tion and related RF in the overall design Compared
with the 2019 design, the injection from the 800 MeV cy-
clotron into the 2 GeV main machine is also improved, as
shown in Fig. 1. Based on the preliminarily matching by
TRACE3D, except the longitudinal matching of the bunch
and the buncher design. The extractions by various meth-
ods are also investigated. Considering that turn separation
is the rigid demand for high current beam extraction, five
RF cavities are added to the original design of 10 RF cavi-
ties so that the energy gain per turn is up to 15 MeV.
Thereby, the turn separation is increased from 10 mm to
15 mm, and the turn separation can be further increased to
about 30 mm by precession. This is also conducive to en-
suring a high intensity of the circulating beam. From the
PSI's experience, the beam intensity, dominated by the
space charge, is proportional to the third power of the en-
ergy gain per turn [9]. The current limit of this 2 GeV ma-
chine can also be estimated by using the method proposed
by Dr. Baartman in 2013 for separated turn cyclotrons [10]:

i v 53mA 1
20,68z, O M

The beam intensity of ~5 mA for 10 MeV and more than
10 mA for 15 MeV energy gain per turn. Such a high cur-
rent limitation is also due to the big transverse acceptance
of FFA. It is conservatively estimated to be 3 mA/6 MW
for this overall design. It can be seen that the design will
enable the 2 GeV FFA machine to have a potential to hit
the ultimate aim of 10 MW average beam power.

In this configuration, we still have five valleys with
enough space, one for injection/extraction and the rest for
flattop cavities. The multi-particle simulation shows that
the flattop cavities can effectively reduce the radial size of
the bunch. In case of the worst case, the expectation of this
high-power machine operation is assuming two RF sys-
tems fail. Our solution is to improve the Q value of each
main RF cavity in the design stage. Then we should be able
to increase the acceleration voltage of each RF cavity by
20% to maintain the 15 MeV energy gain per turn. At pre-
sent, we have completed the 1:4 scale RF cavity test, and
the test result of the Q value encourages this idea.
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The vertical tune shift for space charge dominated beam
is well-known [11] and can be derived into a more conven-
ient form for isochronous cyclotrons [12]:

Av. ‘Z)Z_i.i.—R” 2

Taking into account the relativistic effects of the high en-
ergy beam, y3 has been added to the denominator. The tune
shift results of the space charge effect for 3 mA and 6 mA
CW beams, respectively, are shown in Fig. 2. It should be
clarified that the vertical tune in Fig. 2 is different from the
one we proposed in 2019 and the radial tune avoids the
vr=3 resonance. For the 6 mA beam, we can find that the
tune shift by space charge is 0.1 in 800 MeV and 0.025 near
the extraction region specifically. It demonstrates again
that the 3 mA/6 MW is a confident design.

2.5

24

23 —v, without space charge

--v, with space charge: 3mA

Tune

2alt - - v, with space charge: 6mA

2.1F

2 1 1 L 1L
800 1000 1200 1400 1600 1800 2000
E(MeV)

Figure 2: The vertical tune shift of 3 mA and 6 mA CW
beams.

The Fermilab researcher reported the energy efficiencies
of the three operational accelerators with the highest beam
power in the world [13]. The energy efficiency of the PSI
isochronous cyclotron is about 3 times of the other types.
The isochronous accelerator is an excellent technical route
to develop high average beam power, high power effi-
ciency, and high cost-effective proton machine. It can be
estimated optimistically that the energy efficiency of a
2 GeV CW FFA with 3 mA of average beam intensity can
be increased from PSI's ~20% to 30% if a high-temperature
superconducting magnet is used to replace the room tem-
perature magnet at PSI, and an RF cavity with a Q value of
90000 to replace the 45000 cavities at PSI. 1:4 scale equip-
ment: high-temperature superconducting magnet based on
YBCO tape and high Q RF cavity have been processed and
measured to verify the feasibility of the design, which will
also be presented in this paper.

Realization Strong Focusing with Adjustment of
Magnetic Field Gradients in Wide Radial Range

Synchrotrons work by rapidly and synchronously adjust-
ing the RF frequency and the magnetic field to match the
relativistic effect of the accelerated beam. In a synchrotron,
the particle orbits are fixed within a small radial range, and
the tune is easily controlled so that the energy can reach
higher levels than in a cyclotron. It is comfortable to ar-
range quadrupole, hexapole, and octupole magnets along
the orbit, obtain strong focusing, adjust the working path

Theory, Models and Simulations



23rd Int. Conf. Cyclotrons Appl.

ISBN: 978-3-95450-212-7 ISSN: 2673-5482

in the tune diagram flexibly, traverse various resonances,
and get a high energy acceleration ultimately.

Besides the bending effect, the main magnets of CY-
CIAE-2000 provides an additional focusing effect by ad-
justing the radial gradient, which is equivalent to the quad-
rupole, hexapole, and octupole magnets particularly used
in the synchrotron. Introducing the first-order, second-or-
der, and third-order gradients of the peak magnetic field in
a wide radial range provides strong focusing and an ap-
proach to realizing chromaticity compensation. Most im-
portantly, modulating the magnetic field gradient in a wide
radial range provides a means to modulate the tune diagram
flexibly during acceleration. In CYCIAE-2000, the FDF
lattice design was adopted. Each focusing and defocusing
magnet has a third-order magnetic field gradient in the ra-
dial direction, which can achieve the effect of the dipole to
octupole magnets, and thereby balance the isochronism
and focusing. Based on this principle of adjusting gradient
to provide strong focusing, we add higher-order nonlinear
magnetic field components, e.g. quadrupole, hexapole, oc-
tupole, etc., at important resonance crossing, resulting in a
"radial local achromatic" effect.

BEAM DYNAMICS

Resonance Study

As mentioned above, we have completed a scheme to
avoid integer resonance using regulation of radial peak
field, which is numbered as Scheme 2. The tune diagram
which contains three possible working paths is illustrated
in Fig. 3.

== Scheme 1
——Scheme 2
—— Scheme 3

3.5

17
r

Figure 3: Tune diagram.

Resonance study is carried out especially for Scheme 2.
We have summarized the crossed resonance lines for the
three schemes in the Table I. This table shows that low-
order resonances, such as integer resonances, are the main
barriers for higher energy acceleration, especially for the
CW FFA machine. Part of the numerical simulation results
can be found in Ref [14]. It can be concluded that with the
benefit of a strong focusing of the alternating radial gradi-
ent, the axial envelope is effectively controlled for the cou-
pled resonances. In summary, also through the multi-parti-
cle simulation, the beam envelope does not significantly
increase when considering the non-ideal magnetic field,
except for the second harmonic field at some particular
phases. These simulations show that the lattice structure
design of Scheme 2 can tolerate a certain amount of non-
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ideal magnetic field components and is feasible in magnet
construction.

Table 1: Summary of resonance study

Reso- Driving Scheme 1 Scheme 2 Scheme
nance term Energy Energy 3 Energy
vr=2 B, 800~850 800~900 /

vr=3 Bs 1640~1680  1850~2000 1690
2vr=15 dBs/dr 1280 1280 1320
vr-,=0 dB/dr 1560 1120 /
vtv,=5 dBs/dr 1030 1640 1870

v 2v,=7 d?B,/dr? / 1390 /
v-2v,=2  d?B,/dr? / 1250 /

2v,-v, =2 d?B,/dr? 1230 1030 /
2v+v,=8 d?Bg/dr?  / 1730 1790
3v,=T7 d?B,/dr? 1150 1160 1170
3v,=8 d?Bg/dr? 1400 1410 1420
3v-=10 d?By,/dr? 2000 / 1960

To maintain the isochronism, the concept of Integer Res-
onance Suppressor (IRS) [15] is adopted in Scheme 3. The
working path of Scheme 3 crosses the v, = 3, and with the
help of IRS, the radial beam envelope can be inhibited. In
addition, Scheme 3 crosses Walkinshow resonance when
the beam is almost extracted. Since energy gain per turn is
relatively large, it can be verified by numerical simulation
that the beam envelop grows only slightly when the amount
of off-center is about 1 cm, and half envelop increases to
10 mm at the case of 3 cm off-center, which is shown in
Fig. 4.

High order resonance 2v; + 2v, = 10 is also under
consideration. It is an inherent resonance in our machine,
while the highest of magnetic field is 3rd, only small
amount of driving term at extraction. A case of 0.5 Gs/m?
is simulated, and the phase of the By field is random.
Figure 4 shows that the beam envelope is growing a little
due to this resonance.

Various Solutions for Extraction

The following two methods are under consideration to
increase turn separation for a clean extraction. 1) Layout of
long drift sections can add a large number of high-fre-
quency cavities to maximize the energy gain; 2) Off-cen-
tering injection can produce precession at the extraction
position, increasing the separation of the last turn, but inte-
ger resonance needs to be carefully considered.

Scheme 2 utilizes integer resonance for extraction, tunes
the working path near the extraction area reasonably, and
controls vy = 3 resonance to drive radial oscillation. The
isochronism is sacrificed, which leads to the stretch of
beam phase width and energy dispersion increasing during
extraction. The beam envelope grows during precession
extraction, as shown in Fig. 5.
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Figure 4: Vertical beam envelop of off-center beam,
v = 2v, (up), 2v; + 2v, = 10 (down).
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Figure 5: Radial beam envelope growth during preces-
sion extraction, scheme 2.

With the help of IRS and half-integer resonance extrac-
tion, the plan can be reconsidered in Scheme 3. Half-inte-
ger resonance extraction has a relatively mature solution in
isochronous circular accelerators, and the turn separation is
doubled to 25 mm, recording to Fig. 6.

i hlin i i i b b
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Figure 6: Particle distribution on radial probe.

Parallel Computing Results in the FFA machine

Some preliminary computation by OPAL-CYCL with
AMR (adaptive mesh refinement) is undergoing in CIAE.
Preliminary results with faster large-scale multi-particle
simulation for Scheme 3 are presented below. The bunch's
initial parameters for simulation are: transverse emittance
is 2 mmm-mrad; phase width is 3°; beam current is
3 mA/6 mA. Moreover, the transverse size of the bunch de-
creases to around = 7 mm at the final turn, making it po-
tentially appropriate for extraction. The followings are the
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compared results with and without the space charge effect
in more detail. As compared in the first and second rows of
Fig. 7, the beam quality is significantly better without a
space charge, demonstrating that the space charge effect is
primarily responsible for the vortex effect in the CW FFA.
It is also indicated in the second row and the third row in
Fig. 7 that higher beam current results in a more significant
space charge effect, which increases the transverse size
near = 1 cm. Nevertheless, with higher energy gain pro-
vided by RF cavities and properly arranged extraction ele-
ments, turn separation is promisingly increased to 30 mm,
which is suitable for extraction.

Turn = 46 Turn =61

0.01 0.01 0.01 Tura = 80

0.03 LU 003

nsversal/m

\\\\\

003 003

\\\\\

Figure 7: Longitudinal and transverse beam shape varia-
tion, from the 1st column to the 3rd column, 46, 61, 80
turns; from the 1st row to the 3rd row: 0 mA with space
charge (green); 3 mA with space charge (blue-green);
6 mA with space charge (yellow).

RECENT PROGRESS IN KEY
TECHNOLOGIES

Design and Verification of HTS Magnet System

Three different field maps are found for High-tempera-
ture superconducting (HTS), gap shaped magnet design.
Full-scaled magnets are designed based on the FEM code.
For the application of HTS in the 2 GeV FFA accelerator,
third-order magnetic field matching, fringe field, and
shielding current field are three major difficulties that need
technological verification. An integral equation method
has been developed to design gap-shaped magnets better.
According to this method, final FEM models and magnetic
field differences are shown in Fig. 8, which illustrates that
the relative error of the mean-field can be adjusted to 2%.

Besides the theoretical analysis of full-scaled magnets, a
scaled model of HTS magnets is also designed and fabri-
cated at CIAE. The quarter scaled model is wound along
the spiral angle of a full-scaled model to ensure the stress
between turns is equals. Unlike LTS coils, this HTS mag-
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net is spineless and challenging to fit the spiral angle ex-
actly. A 3-dimensional winding machine has been devel-
oped for this type of concave coil. But in practice, we
adopted f-clamps instead to avoid customization and for
rapid manufacturing.

0.01

= 0.005
-]
E
5

Figure 8: Magnetic field distribution map and relative
deviation for the mean field.

The pancake coils and assembly are shown in Fig. 9.
Since these HTS coils are no-insulated, each of the six dou-
ble-pancakes will be tested in liquid nitrogen to check the
insulative between turns after it has been wound. The time
constant is calculated to ensure the consistency of these six
double-pancakes. The HTS magnet assembly has com-
pleted the excitation test without an iron yoke. Field meas-
urement results at 30 K show that the magnet can operate
normally under the design's current value, which lays a
solid foundation for the subsequent design of full-scale
magnets.

As mentioned above, superconducting coils have been
independently tested, and the experimental results of 6 sets
of double-pancake coils show that they can work stably
above 130 A. The combined coil assembly can be cooled
to 25 K by cold helium gas and can run stably at the design
current value of 270 A. At the same time, there is an ad-
justable range of 30 A. In other words, the coil assembly
can be remapped to 300 A in 30 K, indicating that the
winding technology of concave coils is successful and per-
formable.

Moreover, the terminal voltage of HTS coils has been
kept below 3 mV during the stability test in Fig. 10, which
proves that this type of HTS magnet could be reliable in
the future for FFA applications. In addition, we are plan-
ning to carry out radiative tests for this scaled magnet since
the beam loss in the extraction region is inevitable, which
will cause a quench of superconducting magnets.

(b) HTS coil assembly

(a) 6-pancake coils

Figure 9: Schematic diagram of the installation process
of the 1:4 scaled magnet and the assembly.
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A 1:4 scaled gap shaped iron is also designed and fabri-
cated, which weighs approximately 7 tons. The field distri-
bution of the theoretical design determines the shape of the
gap. A spacer is located at the head of the iron to control
the shape of the deformation. Mechanical analysis indi-
cates that the amount of deformation is about 0.07 mm, and
the field deviation is at the Gs level. The field distribution
is measured and compared with the analytical result. Re-
cently, HTS coils have been assembled with gap-shaped
iron magnets to prepare for excitation and field measure-
ment, as shown in Fig. 11. Excitation is carried out for this
HTS magnet assembly, and the magnet is successfully
ramping to 243 A at 25 K.

unning for 10 hours stably, V,<3mV

- -

Figure 10: Terminal voltage of the whole HTS coil during
stability test.

Figure 11: 1:4 scaled magnet assembly.

High Energy Efficiency RF system

For the 2 GeV FFA, N.C. (Normal Conducting) RF cav-
ities will be applied to boost the proton beam energy from
800 MeV to 2 GeV. Due to the heavy beam loading, the
development of the N.C. high-power waveguide type RF
cavity with high-quality factor Q and high shunt imped-
ance R is crucial. This would certainly be beneficial for the
RF energy efficiency enhancement. Four geometries (i.e.,
the rectangular, the omega, the racetrack, and the boat ones)
of the waveguide-type RF cavities were investigated exten-
sively, and it is found that the boat shape RF cavity has the
highest Q (~90000), and the highest R (11~20 MQ along
the radial beam aperture), and is the best candidate [16].

As the beam dynamics requirement, the high energy ef-
ficiency RF system of the 2 GeV FFA was designed to con-
sist of 10/15 sets of identical sub-systems, as shown in
Fig. 12.
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Figure 12: One typical sub-system of the high energy effi-

2 ciency RF system

The final stage RF power amplifier was designed to pro-
vide RF input of up to 1.5 MW for each cavity. The 15 cav-
ities are driven separately, thus, the RF amplitude is inde-

> pendently regulated while the phase of each cavity is

locked with the master oscillator. Therefore, 15 MeV en-
ergy gain per turn can be obtained with an estimated con-
sumption of about 1 MW power.

R&D studies on a 177.6 MHz 1:4 scale boat shape pro-
totype cavity (L x W x H=24m x 1.4 m x 2.5 m for the
copper cavity and the stainless-steel supports, while
LxWxH=2m x 0.5m x 0.8 m for the copper cavity
only) were carried out, to investigate technical aspects of
the RF cavity. The cavity's Q and Ruax were calculated to
be ~43500 and ~7.61 MQ, respectively.

For the prototype cavity, ~100 kW designed RF power
dissipated on the cavity walls is planned to be brought
away by the cooling water, and a ~+170 kHz tuning range
is demanded by deforming the RF cavity walls with the
electric cylinders. With 35°C cooling water, the maximum
temperature rise is ~42°C and is located at the left and right
ends of the nose cones. To improve the mechanical design,
a self-consistent multi-physics coupled simulation study
(i.e., RF-thermal-structural-RF analysis) with ANSYS
HFSS and Workbench [17] was carried out by using the
mechanical model shown in Fig. 13, which includes ~280
body components. Figure 14 shows the ANSYS Project
Schematic giving the data linkage between the Geometry,
the HFSS Design, the Static-State Thermal, and the Static

Structural.

Electric cylinder
B

Figure 13: The mechanical model used in the multi-phys-
ics coupled simulation study.

Figure 14: The ANSYS Project Schematic.
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Considering the irregular shape of the boat-shaped RF
cavity, it is very important to control the deformation dur-
ing manufacturing and accurately determine the position
during the welding. Special tooling and welding process
were designed for manufacturing the cavity. Especially,
Electron beam welding (EBW) technology was fully
adopted to weld all the copper cavity walls together. Most
of the parts of the copper cavity were formed by mold
pressing. Due to the existence of the spring-back phenom-
ena and the difficulty of finding an accurate reference for
the wire-electrode cutting, additional CNC machining was
applied. Finally, all the dimension errors were compen-
sated by fine-finishing the nosecone according to the meas-
urement during the cavity pre-assembling process. All of
the water-cooling pipes were attached to the outer cavity
wall by soldering. The Q and resonant frequencies were
checked frequently to ensure the cavity's performance was
consistent with the physical design.

Figure 15 shows one of the two half-cavities after the all-
manual polishing and the surface roughness measurement,
which is better than 0.1 pm. After the quarter-scale cavity
assembly was connected with the vacuum pump, the meas-
ured resonant frequency is ~177.77 MHz at a vacuum level
0f ~1x10° Pa. With maximum deformations of +2.5 mm at
both the upper and lower sides of the cavity body, the meas-
ured frequency tuning range is about +180 kHz. The meas-
ured unloaded Q is higher than 42300, which is ~97% of
the calculated values of 43500. Figure 16 shows the onsite
installation of the quarter-scale cavity at CIAE. The high-
power test is being planned and will be conducted very
soon.

Figure 15: One of the two half-cavities and the surface
roughness measurement.

Figure 16: The onsite installation of the quarter-scale cav-
ity at CIAE.
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CONCLUSION

Due to its diverse application, the high energy and
high current isochronous proton accelerator are actively
researched in the modern accelerator field. Based on the
extensive experience of successful construction, com-
missioning, and operation of the high-power compact
cyclotron CYCIAE-100, a CW FFA is proposed by
CIAE to produce a 2 GeV/6 MW proton beam. Beam
dynamics results show good isochronism towards
2 GeV and have a very large acceptance of the beam
phase space. Resonance analysis shows the beam qual-
ity could be guaranteed because of the flexible modulat-
ing of the tune diagram by precisely adjusting the magnetic
field gradient in a wide radial range. The turn separation
can be increased to ~3 cm with 5 additional cavities and
off-centered injection, which seems to be enough for
6 MW beam extraction. R&D Activities for key compo-
nents, including the 1:4 HTS magnet and the high en-
ergy efficiency RF system, are finished for the 2 GeV
high power CW FFA accelerator complex.
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