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& - High intensity cyclotron applications

Japan HM-30 Cyclotron (SHI) 1 mA BNCT
USA IsoDAR Cyclotron (MIT) 10 mA Neutrino experiment
Belgium Cyclone® 70 P (IBA) 700 pA | Radioisotope Production |

— § | m—

R 1
¢ Sumitomo
Heavy Industries td

HM-30 IsoDAR Cyclotron Cyclone® 70 P
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11.4d 4a, 23~
149Th 4.1h a/ EC/ B*
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B Key considerations of 2*°Ac:
* Suitable half-life (9.9 days);
* high linear energy transfer (LET);
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& - Targeted Alpha Therapy

Decay schemes for the

production 225Ac
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 Current publicly available supply: ~2.5 Ci/year, future need: 500-800 Ci/year.
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& - 225 c isotope production

Conjugated
radiopharmaceuticals

INR-RAS, linac

DOE Tri-Labs, linac

IMP, cyclotron, linac
TRIUMF, cyclotron (H-)
iThemba Labs, cyclotron (H-)
CIAE, cyclotron (H")

High intensity

proton beam Target for High purity isotope

isotope production separation and purification

— £ >

Proton accelerator  232Th(p, x) 225Ac High purity isotopes

Proton beam energy: 70-500 MeV, 100-300 pA, future > 500 pA ; 225Ac, 223Ra, 213Bi, 212Pb -

irradiated with middle energy protons

20

? Leumm 232Th(p, X) 225Ac 22Th(p,x)?*SRa —> 225/ ¢
A Zhuikov, 2011

20 + ¢ Emolaev, 2012
® Weidner, 2012
| Griswold, 2016
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» 225Ac isotope production for targeted a-therapy needs high intensity H* beam

0000 © Boris Zhuikov seminar at IMP, 2024. Applied Radiation and Isotopes72(2013)152
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R i Background

B Design a high-intensity compact Superconducting Cyclotron of the isotope Ac-225

a1lmA, 120 MeV proton beam. o
3

B Accelerator requirements
* 120MeV proton

* 0.5-1.0mA proton beam for long-time operation

* As compact as possible, cost-effective

The spiral inflector

B Main Features : H;*, Superconducting, Spiral
232

€ SK1000: 232 (|, )225 , requiring extraction of | ECRion source | = === m== ==
I D N

Dipole iron

I Quadrupole

Buncher

N\

* Accelerate H;* before extraction to get high intensity target
H+
» Superconducting coils to get higher Bz
[
* Spiral angle for high focusing to reduce envelope < =
]

- Stripping foil

Cyclotron ¢
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Superconducting Technology

€ Compactness

@ Operation Economical

Superconducting Cyclotron with stripping extraction
(H_r H2+; H3+)
For an economical high-power machine
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H machine:
(E,_=075eV)

Commercial cyclotrons
for isotopes production;
TRIUMEF 520 MeV cyclotron

(p traj. bends outward,
but low magnetic field)
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(@H atBy~07T

Y (m)

H2+ machine:
(E,  =2.75eV)

Preceding design study:
SCENT project;
IsoDAR

(p orbit loops to centre region)

2.00
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1.50
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100 &
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X (m)

(b)HS at By ~ 1.3 T

Koay, H. W. Stripping Extraction and Lorentz Dissociation
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Y (m)

f_m.é Why H: *

H3+machine:
( Ebind =4.37eV)

TR100+(TRIUMF)
SK1000(IMP)
(p orbit radius =1/3 of H3+,
far from centre region)

2.8

Bz(T)

T T T T T T
—3 —2 -1 0 1 2 3
X (m)

(c)Hf at By ~ 19T
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L) HY HY
Energy (MeV/u) 100
Rl e High current + High Energy -
Extraction radius, p (m) 1.5
Ave. B field, Bo (T) 1 2 3 H;*SC Cyclotron may apply
Max. Lorentz dissociation (%) IO.4 0.4 < 0.01 |
Energy (MGV/U) W N R R R
Momentum, By 1.2
Extraction radius, p (m) 3.64 ~ el .
Bive. B FElL B B | N ’ 100 kW, loss~10 W beam power dissipation
Peak B field (T) 1.5 3 4.5
Max. Lorentz dissociation (%) 100 1 0.01
Energy (MeV/u) 1000
Momentum, By 1.8
Extraction radi (m) 565 E 1%0 b I duri I I
xtraction radius, p - ven 1%o0 beam loss during acceleration
Ave. B field, Bg (T) 1 b 3 . h b bl
Peak B field (T) 1.5 3 45 might not be acceptable

Max. Lor

N
0./3 2./3 4 3

entz dissociation (%)~ 100,/ [1L5 04
—— = NPA = ANAN= |

Koay, H. W. Stripping Extraction and Lorentz Dissociation
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e WhyH-

Space-Charge tune shift in un-bunched beam

2

For the same energy of protons: with Hs*, only 1/3 number of ions needed for the same final

proton intensity - 3x smaller Av.

Intensity limit in cyclotron®

2 1
A(Z):__ 2 (+)+2

2
2 > (7.8 x 10°Amp)

*R. Baartman. Intensity Limitations in Compact H— Cyclotrons
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B Main parameters and challenges of SK1000 Cyclotron
N
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Main parameters of SK1000 Cyclotron
B Main parameters of SK1000 Cyclotron

Parameters Value
Acceleration lon Hy*
Harmonic number 4
Injection 43 keV <Ny , RF Coupler &
Extraction energy 120 MeV/u Field Shielding / ' T E—
Extraction intensity 0.5~1 mA (proton)
Injection/Extraction radius 24 mm/2000 mm
Central Magnetic Field 2.175T
Maximum Magnetic Field 3.129T
RF Cavities 2*\/2 resonant cavities Cyclotron
RF frequency 44.2 MHz
RF Voltage 85 kV (CR)
Sector shape Spiral Radial Probe
Pole Gap (half) ~ 45 mm
0000
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Key issues and challenges

L] Challenges:
® High-intensity injection (LEBT and central region) /Kamm s |
« Good match between LEBT and inflector; key v 3 -

52

FOCU I /
: : 0. S Of
* High phase acceptance exceeding £20°; th

/ / Is R | 50

* space charge effects; 5 / Vam €p B

H . . E L -‘I‘__ Er = 46

* Proper axial acceptance in central region; - 2

e Good beam orbit centering; ni / ©

i . \Inflector .

® Good Acceleration and excellent extraction y S R :
* Avoiding dangerous resonances; i I R R R — |

Central region
* Theisochronism error should be less than 5 Gauss, making

magnetic field measurement and shimming challenging;
e Control the extraction envelope to achieve almost no beam loss;
® Stable RF system

* Large Dee/liner radii (~2m): difficult to guarantee manufacturing
accuracy, precise installation, and reliable RF contact.

® Superconducting Magnet
* Machining of large 5 m cryostat
* Fine tuning of magnets

* High dissipated power (56.03 kW): challenging water-cooling * Quench protection(52 MJ Stored Energy)

design. * Ensuring magnetic field quality after
thermal cycling (warm-up and cool-down)
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B LEBT and Central Region Design
- LEBT
- Buncher
- Spiral Inflector
-« Central region
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B |nitial conditions

Injection current: 0-5 mA

Kinetic energy: 43 keV

Bunch frequency: 44.2 MHz

Twiss:

* £,.,,.=0.2 rumm.mrad [ Norm. ]

Median plane of the cyclotron

yoke

‘ZOOm |

Infl /t'r
* [(=0.44 mm/mt.mrad ecto
c a=0.0
yoke
Element Field Max. Field | Eff. length | Aperture Beam diagnostic chamber(BD):
Ql |0308T/m| 2.0T/m | 200mm | 140 mm popiia
Q@ |-031T/m | 207/m | 200mm | 140mm || chopper | 1980mm
FC (Faraday cup) I« >
S1 035T <0.67T 200mm | 140 mm VS (Viewing Screen)
AS_X (Allison Scanner)
S2 -0.33T <0.67T 200 mm 140 mm AS_Y (Allison Scanner) I
) - 3000 mm X
S3 0.30T <0327 400mm | 100 mm | ° g
S4 -0.31T <0327 400 mm | 100 mm
Buncher 1.14 <2.5kV 60 mm
000
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Basic Parameters

Rest mass mo = 2815.209 MeV/c?
Kinetic energy E, = 0.043 MeV
Charge stateg =1

Frequency f = 44.205 MHz

BA is the actual path length traveled
by the particle during one period of

the RF electric field variation:
BA =37.48 mm

3/2BA =56.225560 mm
5/2BA =93.71 mm

This length is chosen so that Ly +L,,
is an odd integer multiple of the
(N+1/2) BA/2 in our case with N=2
and BA=37.48 mm.

0000
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Element Length(mm) | Diameter(mm)
GND1 40 40
L,; (Gap1l) 5 40
Ly, (Drift tube) 88.47 40
L., (Gap2) 5 40
GND2 40 40
Lyo 1950

OCPA Topical Accelerator School and Workshop | Guangyuan, China | 15 Oct. 2026

Ez (MV/m)

0.031

0.025+

0.021

0.015+

0.01r

0.005+

-0.005+

-0.01-

-0.015+

-0.02-

-0.025¢

X <
-
o
OO
4

o [l N w Sy v (=2} ~ o] o

i

— Ez (MV/m) | |
— Ez (MV/m)
— Ez (MV/m) |

50

100

150 200 250
Z (mm)

16




Buncher efficiency

TraceWin - CEA/DRF/Irfu/DACH 10 10
Ele #0 [om] NGOOD : 10000 / 10000 .
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[lo - 0 =0 <20°: 4390/9247 = 47.47% |

X &Y (mm)

Current/mA

Ul/kV

Bunching Efficiency |$|<20°

0

1.14

47.47%

0.5

1.14

44.23%

1

1.12

40.69%

1.5

1.13

36.56%

LEPTeC

— -
1.5 2
Position (m)

1.075

32.44%

1.06

26.44%
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SK1000 inflector design parameters(H;*)

Spiral inflector design parameters

Parameter

Injection energy
Magnetic field
Magnetic radius
Voltage on the electrodes
Maximum Central E-field
Electric radius
Tilt parameter
Electrode gap at the entry
Electrode gap at the exit
Width of the electrodes

Position at exit

Symbol Value
E, 43(KeV)
B, 2.175(T)
Yo, 23.86(mm)
v, £9.56(kV)
E, . 26.8(kV/cm) ‘
y 36(mm) L, T
k' 0.52 :
oy g(mm) 2 :
d,. 7.13(mm)
z 16(mm) L
r 0 26.54(mm), 340(deg) .
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Central region
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B Central region transmission efficiency calculation
N

0000 -
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@ N Simulation workflow

H TraceWin COMSOL cyclone : Wm o
g "l

: : 52
I . 50
alae Central region - =
I I 46
I | 44
I : 42
I 40
OPAL(space charge) : s

B Simulation workflow

1. Central region acceptance calculation:

* The inflector entrance is taken as the matching point between the LEBT and the central region. A large-divergence beam

is injected at the inflector entrance, and the corresponding acceptance of the central region at the inflector entrance is
calculated.

2. TraceWin bunching and phase space matching:

Based on the acceptance calculated in Step 1, matching is performed in TraceWin. The required Twiss parameters at the
matching point are determined, and a buncher is used to bunch the beam.

3. Central region transmission efficiency calculation:

e COMSOL and Cyclone are used to study the central region acceptance with and without the buncher. OPAL is then used
for verification and to calculate the central region acceptance when space charge effects are taken into account.
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LEPTeC OCPA Topical Accelerator School and Workshop | Guangyuan, China | 15 Oct. 2026 22




x' (mrad)

Intersectlon of per PHI elllpses — X-X (umon scatter) 480r :
T ; —— [ Intersectlon of per PHI elllpses ]

5001 Intersectlon of per PHI ell:Lpses f 4001_ _phi =6 E
[IN phi =6 1 [le rms = 28.9599 m:mm-mrad ]
Lle rms = 39.2152 n-mm-mrad . ] [le norm = 0.1601 m-mm-mrad

400f € norm = 0.2167 n-mm-mrad g p i ] 320F By = 0.0236 mm/mrad E
B x = 0.0532 mm/mrad e L 1 Flv_y = 79.4503 mrad/mm ]

R R o L A _: " _:
[ Z}i = :1:4333 mm 1 <y '> = -9.7706 mrad.
[|<x'> = 44,2806 mrad ] 160F .

200 + ¥ 7 [ ]
’c'.-'; 80 = :

Of ] > _go} :
-1 00 _ _: =150 _ nflector ;ni‘tial (N=100000, 100%) _
Inﬂector initial' EN=100000 100%) _240_ ® ;lg]f:f;;ff;ip;zi((1;;’/1&7')7849' TR
_200_ ;| Inflector accepted (N=17849, 17.8%) [] PHI=-40° (N=1349, 1.3%) ]
I ® PHI=-50° (N=764, 0.8%) 1 =320 © PHI=-30° (N=2157, 2.2%) .

L PHI=-40° (N=1349, 1.3%) 1 + © PHI=-20° (N=2899, 2.9%)
s i PHI=-30° (N=2157, 2.2% H [ @ PHI=-10° (N=3295, 3.3%) i

3003 g PHI=-20°EN=2899, 2.9%3 1 —400; ithm(N:S]OyBg'B(l%) ) H
3 D N bire e ] S EEr NS REEEEEEEaE e e e ol S|

—400f : B e e 1 -25 -20 -15 -10 -5 0 5 10 15 20
T S O S S S T e e y (mm)
-25 =20 -15 -10 -5 0 5 10 15 20
x (mm)

* Using different initial phases, the acceptance phase ellipses of the central region are obtained for each
phase. The overlapping region of these ellipses is then defined as the matching point between the
inflector entrance and the LEBT. The central region has different acceptance and Twiss parameters in the
two transverse directions.
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TraceWin — CEA/DRF/Irfu/DACM

Ele #18 [4.0168 m] NGOOD : 98610 / 100000

X(mm) - X'(mrad)

1 3*rm

Y(mm) - Y'(mrad)

s envel

; Bunpher

_—-""""F—__-i-l-—-‘-__

Ope ________________ //

Erm=z = 0230085 Trmm mrad [ Horm ]

£ [77.39%] = 0.690255 Tom mrad [ Horm. ]
B =0 043400 mm/TMmrad

X(mm) - Y(mm)

5= =0.206709 Tram mrad [ Horm. ]
a7%] = 0.620127 Tmm mrad [ Horm. ]
015870  mm T .mrad

= =0 186925 T.dez % [ Worm. ]

§1.51%] = 0.560775 T.dez % [ Worm. ]
217640221  deg/T%

5 =0.999232 mn' [ Horm. ]
BTH] = 2. 994718 mm® [ Worm. ]

Xmax=4.840 mm Ymax=2.936 mm

®o0=-5.387 deg Op/pmax=1.962 %

[ | [ [ c [ [ [ I : [ [ I [ I [ [
1.5 2 240 3 5.0
Position (m)

® The overall 3RMS envelope of the
LEBT is less than 30 mm, and the
envelope is relatively small at the
buncher position.

® Use two quadrupoles to adjust
the phase ellipses in the x and y
directions so that the LEBT phase
ellipse matches the inflector
entrance.
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O Without a buncher, using CYCLONE for calculation.

Counts . < eae . _ o
R-Z Density with 3xRMS Envelope (|z| < 25.0 mm) (log) ‘%8‘3‘"1’“" Particles vs Phase (reiﬂefted.l back to 11:1t11a_1 -S-t?p’ b.l?s%_ 5%
20 R 103 === Beskal Stars CL7.0%) P! Total accepted 806
-—=- +30 envelope o j\‘"\ ——- Best £20° end (23.0°) : : : Acceptance : 8.145%
——— _3g envelope s \ 4 70 |—"- Best +20° center (3.0°) : | : Bin width : 5° (72 bins)
p i ; % 0 Accepted per 5° bin : : 1 Beggsizggofegﬁ;t : 323;
_____ &) 60 E
o
-102 g 507 i
— =
E Baa ITHE - T
— i)
N %30-
1
10 220
<
104
—201 e 0 s s
201, . ‘ ‘ . . - 100 ~150  —100 50 0 100 150
40 60 80 100 120 140 160 180 200 Phase PHI (deg)

R [mm]
B Without the buncher results
* Without the buncher (DC beam, initial phase width taken as 360°), the central region efficiency is 8.145%, the
longitudinal acceptance is greater than £20°, and the axial 3RMS envelope is within 20 mm, which is smaller than the

beam aperture.
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Z [mm]

20

10

=10

-20

Awiw (%)
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R-Z Density with 3xRMS Envelope (]z] < 25.0 mm) (log

-—-- +30 envelope
-—- -30 envelope

25 50 75 100 125 150 175 200

ts

)
103

10!

10°

R [mm]
Longitudinal Phase Space (¢, Aw/w) at Inflector Entrance
Reference Ek = 0.0430 MeV
N initial =48
N valid inj = 9014
phi range = [-179.95, 179.85] deg
dw/w range = [-4.71, 7.78] %
o Inflector accepted (9014, 91.6%)
@ Ccntral Region accepted (1912, 19.4%)
— 4 xRMS ellipse (£=9.7588 deg-%)

—150 —100 —50 0 50 100 150
Phase ¢ (deg)
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B With the buncher results

250

Accepted Particle Count

501

_ 3-Central region transmission efficiency calculation
O With a buncher, using CYCLONE for calculation.

200

150

100

Best £20° start {-27.3
Best £20% end (12.7%)

Accepted Particles vs Phase (bin = 5°)

5

Best £20° center (-7.3°)

Accepled per 5° bin

—-150

—-100

Total initial 1 9014

Total accepted : 1938
Acceptance : 21.500%
Bin width : 5.0° {72 bins)
Best £20° center :=7.31°

start = -27,.31°, end = 12.,69°
Fraction of total accepted = 87.20%

-50 0
Phase PHI (deg)

50

100

150

With the buncher ,the central region efficiency is 19.4%, the longitudinal

acceptance is greater than +20°, and the axial 3RMS envelope is within 20

mm, which is smaller than the beam aperture.
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3-Central region transmission efficiency calculation
O With a buncher, using OPAL for double check

Encrgy Variation and Particle Loss

Accepted Particles vs Phase (reﬂected back to initial step, bin = 5°)

Energy (MeV)

Axial RMS envelope(mm}

25 F o T i == Bost £20° st (23,69 ro T TR
||~ Best £20° end (16.2°) I . 1 Acceptance 1 23.349%
Lo -JE 500 —.. Best +20° center (-3.8°) : : Bin wid;h : g :t5° (72 gigg)
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Multi-Particle Tracking(OPAL)
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* The simulation is done for the beam currents at 0, 1, 2, 3, 4, 5 mA respectively. For the space
charge calculation, 104 macro-particles and a 163 rectangular grid are used in the simulations.

* For the 2 mA beam current, both the axial envelope and the transmission efficiency still meet
our design requirements.

* Preliminary estimate: maximum Hs* current ~500 pA
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B Conclusions
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Conclusions

B Conclusion

 Hs* offers a promising route to overcome Lorentz stripping limits for high intensity
compact cyclotron.

* The design study of a high-acceptance central region (>*=20° ) for a ~500 pA, 120
MeV/u Hs* superconducting cyclotron has been completed.

* Many challenges still remain, and more efforts are needed.

B Future plan

* Apply special treatment at high particle-loss locations in the central region (e.g., water
cooling or high-Z materials).

* Advance engineering design of the injection line and central region.
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Thanks for your

attention!
Q&A
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