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Abstract

10 MW-class ultra-high power cyclotron (UHPC) has
great application prospects in cutting-edge sciences, neu-
tron source, advanced energy and advanced material, etc.
So far, Cyclotron with average beam power of 10 MW still
have some bottleneck problems. Beam energy and current
of a high-power cyclotron are typically less than 800 MeV
and 3 mA. In this paper, bottleneck problems of UHPC are
analysed, and then a preliminary design of UHPC-10 MW
is presented.

INTRODUCTION

GeV-class proton beam with an average power of several
megawatts has many important applications in particle
physics towards the intensity frontier, as well as in the ad-
vanced energy and material science. There are three differ-
ent types of constructed accelerators for high power proton
beam production: The cyclotron, linear accelerator and
rapid-cycling synchrotron. The highest beam power of
these accelerators currently is 1.4 MW. Reference [1] re-
ported the energy efficiency of the three operational accel-
erators with the highest beam power in the world, which
showed that the energy efficiency of the PSI cyclotron is
about 2 times of the other types, as shown in Table 1.
W. Weng made a judgement that the beam/grid efficiency
should be better than 30%, otherwise the Accelerator
Driven subcritical-reactor System (ADS) becomes non-
sense [2]. Studies have shown that the energy efficiency
cyclotron is the highest which is expected to be 60%~65%
in superconducting ring cyclotron [3]. As cyclotron is a
good technical route to develop proton machines with high
beam power and high-power efficiency, it shows good pro-
spect in advanced energy.

The beam power of UHPC-10 MW aims at 10 MW, it
composes of two stages. The first stage is a 150 MeV/amu
injector and the second stage is a 1 GeV/amu ring cyclo-
tron. If UHPC-10 MW is used to drive a spallation neu-
tron source, the injector and the ring cyclotron can produce
thermal neutron flux in the order of 10'*n/cm%s and
10"n/cm?/s, respectively. UHPC-10 MW based spalla-
tion neutron source will have higher thermal neutron flux
than high-flux reactor based neutron source. Even the
150MeV/amu injector can produce high thermal neutron
flux which comparable to middle flux reactor neu-
tron source. Figure 1 shows the history of thermal neutron
flux [4], and UHPC-10 MW based spallation neutron
sources are marked with stars.
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Table 1: Efficiency of different types of high-power accel-
erators.

Accel- Type Energy Power Effi-
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Figure 1: Thermal neutron flux history.

OVERALL DESIGN AND
CONSIDERATION

Figure 2 shows the layout of UHPC-10MW. We choose
a 1 MeV/amu RFQ as the pre-injector, and a separate sector
cyclotron accelerate the beam from RFQ to 150 MeV/amu,
finally the beam is injected to a 1 GeV/amu ring cyclotron.

Superconducting linac is the mainstream of high-power
accelerator, due to relative higher technical maturity. So
far, no well-approved design of 10 MW-class cyclotron is
made due to some bottleneck problems. Radial tune is in-
creasing linearly with beam energy in isochronous cyclo-
tron, and thus the integer resonance crossing problem be-
comes an inevitable problem. Isochronous cyclotron is
considered impossible to accelerate particles to a kinetic
energy above its rest mass [5] typically 800 MeV/amu. Alt-
hough cyclotron has continuous beam structure, the beam
intensity is considered lower than 3 mA. The reason is
enough clear region is need for beam extraction, otherwise
the halo or tail particles will activate the deflector.

FRA002
359

@©=22 Content from this work may be used under the terms of the (C-BY-4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2 Content from this work may be used under the terms of the C(-BY-4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

23rd Int. Conf. Cyclotrons Appl.

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

hydrogen & ’
molecule © HNNEEEN %4’
iOl’\S(Hz*) 1 MeV/amu Q ‘/

CYCLOTRONS2022, Beijing, China

JACoW Publishing
d0i:10.18429/JACoW-CYCLOTRONS2022-FRA0O2

RFQ pre-injector

0 10 20m
[ | |

1GeV/amu ring cyclotron

Figure 2: Layout of UHPC-10MW.

In the design phase of UHPC-10 MW, those problems
need careful consideration and calculation. There are three
bottleneck problems and their solutions:

(1) In low energy region, beam dynamics is dominated

by space charge effect, so halo and tail particles are
generated by space charge and non-adiabatic accel-
eration. In our design, we accelerate 5 mA of hydro-
gen molecule ions (H,") instead of 10 mA of pro-
tons, which will mitigate the space charge effect [6].
In high energy region, beam energy is limited by in-
teger resonance. Beam integrates the harmonic field
when passing through the integer resonance region,
which drives large coherent oscillation. To solve
those problems, an idea of integer resonance sup-
pressor (IRS) was proposed [7]. IRS introduces the
harmonic magnetic field intentionally to reduce the
integration of driving harmonic field.
In extraction region, single turn extraction with very
low beam losses is also a very important issue of
UHPC. The experience of PSI has shown that the
upper limit of power deposition is 200 W. For
10 MW beam, relative losses should less than 2E-5.
IRS can not only inhibit the radial oscillation and
beam size blowup caused by integer resonance
crossing but also contribute to a controllable coher-
ent oscillation which is helpful to beam extraction
with high efficiency [8]. With the help of IRS, turn
separation can be enlarge to more than 30 mm.
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150 MeV/amu INJECTOR

Parameters of 150 MeV/amu injector are listed in Ta-
ble 2. 5 sectors scheme is adopted to avoid intrinsic reso-
nance. Generous space between neighboring sectors can be
used to install 5 powerful RF cavities. Beam is radially in-
2 jected by a 1 MeV/amu RFQ pre-injector. Electrostatic de-
flector with a stripper foil placed upstream is used to high
E efficiency extraction.

To get the matched distribution, we track a coasting
beam with 5 mA at 1 MeV/amu closed orbit until the equi-
partitioning process has resulted in a stationary distribution.

Three cases with different phase width (9, 7, 6 rms degree)
are simulated, as shown in Fig. 3. For those simulation,10*
articles and mesh of 323 grid points is used. In the coasting
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process, obvious longitudinal-radial coupling occurs and
the gradually forms a round, compact distribution in 20
turns.

Table 2: Parameters of 150 MeV/amu Injector.

Parameter Value
Accelerating particles H2+
Extraction particles H2+

Injection energy 1 MeV/amu
Extraction energy 150 MeV/amu

Extraction type Electrostatic deflector

Turn separation at Extraction ~ ~3 cm
Magnet sectors 5
Magnetic field of hill 3~37T
Radius of pole 42 m
Cavity number 5
Harmonic number 7

Cavity frequency ~57 MHz
Cavity Voltage ~350 kV
Energy gain per turn ~3.4 MeV
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Figure 3: Longitudinal—radial coupling in the coasting pro-
cess. Colour bars stand for energy deviation (MeV).
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Track the coasting beam for 50 turns and make statistics
on beam parameters. Figure 4(a) and (b) show the relation-
ship of beam parameters with phase width. We can find
that both beam size and emittance are increasing with
phase width. On the other hand, narrower phase width will
develop into more compact distribution and wider phase
width will lead to more halo particles, as shown in Fig. 4(c)
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Figure 4: (a) Beam size as function of phase width. (b)
Normalized emittance as function of phase width. (¢) Dis-
tribution of matched beam in x direction. (d) Distribution
of matched beam in y direction.

When acceleration is considered, beam halo will also in-
crease due to nonadiabatic acceleration, especially in the
low energy region. With contribution of acceleration and
precession, turn separation is about 32 mm and the second
and third to last turn overlap with each other. Beam is well
controlled within +6 mm in axial direction and septum is
placed at the lowest intensity point, as shown in Fig. 5. If
0.5 mm is chosen as the septum thickness, the beam power
at the deflector will be less than 30 W.

Figure 5: Beam intensity on radial probe.

1 GeV/amu RING CYCLOTRON

Parameters of 1 GeV/amu ring cyclotron are listed in Ta-
ble 3. 9 high voltage RF cavities are installed in the space
between neighboring sectors. Electrostatic deflector with a
stripper foil placed upstream is used to high efficiency ex-
traction.
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Table 3: Parameters of 1 GeV/amu Injector

Parameter Value
Accelerating particles H2+
Extraction particles H2+

Injection energy 150 MeV/amu
Extraction energy 1 GeV/amu

Extraction type Electrostatic deflector
Turn separation at Extraction ~ ~3cm
Cell number 9
Magnetic field of hill 2.7~4T
Radius of pole ~11.2m
Cavity number 9
Harmonic number 14
Cavity frequency ~57 MHz
Cavity Voltage ~1.3 MV
Energy gain per turn ~12 MeV
3

rd . .
3 harmonic Cavity number

) . .
Voltage of 3 harmonic Cav- 10% of main cavity
ity Voltage

In this ring cyclotron, beam is accelerated to beyond the
integer resonance v, = 2. In the extraction region, v, ex-
tend to nearly 2.5 to enlarge the turn separation. Figure 6
shows the tune diagram.
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Figure 6: Tune diagram.

Beam integrates the harmonic field when passing
through the integer resonance region, which drives large
coherent oscillation. Second harmonic field B, of only 3Gs
will drive coherent oscillation of 70 mm, which can be es-
timated with formula AA = =222

TeE
ent oscillation is incompatible with the following reso-
nance 4v, = 9 and the beam size is blown up. Figure 7(a)
Shows that the radial beam size is increased about 2 times.
One of the reasons is that intrinsic resonance 4vr = 9 dis-
torts the phase space, as shown in Fig. 7(b). IRS method
is adopted to correct the large coherent motion before
reaching the intrinsic resonance 4v,, = 9. Figure 8 shows
the structure and location of IRSs in the ring cyclotron.
Coil current of IRSs marked by triangle and circle are op-
positely directed. Coil current of IRSs marked by same col-
our have the same current value. Detailed structure and ar-
rangement principle are explained in Ref. [7]. With the
IRSs, radial oscillation is reduced to +10 mm and the beam
size is beam size will not be blown up, as shown in Fig. 9.

[9]. Such large coher-
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Figure 7: (a) Beam size evolution in the acceleration pro-
cess. (b) Intrinsic resonance 4vr = 9 distorts the phase
space.
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Figure 8: (a) Top view of an IRS. (b) Side view of an IRS.
(c) Location of IRS in the ring cyclotron.

Figure 9: (a) Radial oscillation with and without IRS. (b)
Beam size evolution with and without IRS.

With contribution of acceleration and precession, turn
separation is about 35 mm. The space charge effect also has
powerful influence on the beam dynamics. Figure 10
shows beam intensity on radial probe for different phase
width. The emittance is 1 = mm rad and 25 - 10* macro
particles and mesh of 32° grid points is used. For 2 rms
phase width, space charge dominates the beam dynamics.
A round, compact beam is developed due to vortex motion,
but the beam will break up in the integer resonance cross-
ing process. For 8'rms phase width, beam dynamics is
dominated by emittance and the turn separation is much
more clear. The case with 5°rms phase width is at the trans
ition between the emittance-dominated and space- charge-
dominated. For the optimized case, 7.5"rms phase width
and 2.5 = mm rad is used and then a clear region is obtained
at the extraction point. If 0.5 mm is chosen as the septum
thickness, the beam power at the deflector will be less than
100 W.
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Figure 10: Beam intensity on radial probe for different
phase width.

SUMMARY

This paper presents the preliminary design of UHPC-
10 MW. Simulation results of beam power deposition on
deflector show that the margin is sufficient. In particular,
the 1 GeV/amu ring cyclotron accelerate the beam to be-
yond the integer resonance and IRS is used to control the
oscillation. Simulations show that IRS can not only reduce
the beam size growth rate to less than 5%, but also enlarge
the turn separation to 35mm. That is to say, IRS not only
acts as integer resonance suppressor, but also plays the role
of separation optimizer between the last and second last
turn. From our limited knowledge, we do not see any fun-
damental limits that prevent the construction of a 10MW-
class cyclotron. OPAL [10] and Cyclops [11] are used in
the beam dynamics simulation.
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