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Abstract

One of the development themes of Quantum Scalpel Project carried by QST is to miniaturize the heavy-ion radiotherapy
equipment by use of superconductive technology and laser particle acceleration technology. Feasibility study on a direct
injection into a synchrotron of a laser-accelerated ions was performed. In the previous report, a beam transport was
designed for the superconducting synchrotron with maximum bending-magnetic field of 4 T. In this report, a new beam
transport was designed for the last fourth-generation superconducting synchrotron with maximum bending-magnetic field
of 3.5 T. In addition, the calculational method of beam trajectory simulation in the synchrotron was improved in order to
suppress overestimation of the space charge effect, and the number of captured particles finally in the synchrotron per
shot was examined in considerations of the space charge effect, the ion energy spread and the fluctuation of the produced

ion number.
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Figure 1: Schematic diagram of the beam transport.
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Figure 2: Conceptual diagram of multiple injections.
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Figure 3: G dependence of number of injection times by
multiple injections, where G is the ratio of accumulated
particle number to injected particle number per shot.
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Figure 4: Schematic diagram of the beam transport.

Table 1: Fourth-Generation Superconducting Synchrotron
Parameters

FAERBEES /OO ORI/ IFA—E

1@ [ 1% 35 52 £ 0.3~3.5 (1)
fEmE$EE0° ) 1.889 (m)
roynboyvER 28.88 (m)
Fai—2 vVx ~1.72
Fa—r Vy ~1.44
FoOETE X £x 200 ( 7t mm-mrad)
FOETER &y 30 (Jt mm-mrad)
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Figure 5: Horizontal and vertical beam shapes in phase
space at the phase rotation exit.
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Figure 8: Horizontal and vertical beam shapes in phase
space at the injection point of the synchrotron.

— mEE — (i fEE %
RE#E — ) —
— _|_| Il
Carbon Foil AstprE
4 4.5 5 5.5 6 6.5 7 7.5 8

S (m)

Figure 6: Q magnet and bending magnet layout in the beam transport.
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Figure 7: Horizontal and vertical beam envelops in the beam transport.
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Figure 9: Time history of horizontal and vertical beam
shapes in the phase space by the previous calculation
method. Produced ion number is 2x108 /10%b.w./msr and
the ratio of initial ion energy to 4 Mev/u is 1.06. Beam
shapes from 1™ to 12" turns after injection are
superimposed (upper), and beam shapes from 89 to 100t
turns are superimposed (lower).

FEAERL T LT 1shot H7=0 D e dliHhL 7 x4
AR %Z Fig. 10 (DR, TARLF—JKDIZONT

—RROAEL COEEEEAT 72, 728, Fig. 10 1213,

INETOFRGIEGHRFIELD OFEREEBITH LN
FHE T GHRTIEL) OFERb—FEIORLTWD, §HA
FELORERE B Dl FEARLF RN INL Th Bkl
PR ENTIFEAEHEZ TN ZEN DD, ZHUE
AR EEDN I 2 DIEE 22 [ ﬁ?ﬁ%mﬁ%@cét
ELEBEZOLND, ZENEMPD DD JHEFHE R D%
M DR A L CEHE AT o7, #5R% Fig. 10
ZHDEORT (ZEREM RN GHE7151)) . 2

VA FLD & oAl BRR 7203 B SN, 72, FEARL
FE DO E LB I AR EB ML TnD, 2
ALRY | JE [E] R O -8 5 0D e K D B IR X 22 [ BB Avf 20
RLEBEZOLND,

AR, 22 R EE e 2h e A CE DRV KEFEM L7225
WZRHE D IEEE T Lz, Z4VE T, Beam Transport %
WL CERL 11X, T X Torzuba iz gt e
SHTEHEL TR, SR AFENSJEEZ EI0fE
7 cor i 7 IRV s RN R By ek An ot ) L F QAN SN
FHE G EE RIE LT, SRR 203, TeRICEH T
EEBEL,y FIZOWTOIREED 25 JHT—ET
IR TIvH L AZ XA UKL T2 U0 T TR D72,
fER% Fig. 10 (R 3 GHEFE2), BHREIFIELICHS
BRI TR DA B C& 7o, Fo, AR T
BNV Z DL IR b T Tlddb o038l
TWD, EHIT, FTLWEHR G 15T 22 [# & ff 2 22

U5 R AT o 7= (ZE M B R e GHRF1E2)) .,
WIRDT EL, 2B R GHE H1ED) &—8T
HE RSN,
7.0E+08
TREHEE G %2)
. GOEO8 EREFRRGHES R
2 soevo = FEAEL
B oe+08 s
. —a=FEAE
§ 3.0E+08
&% 2.0E+08
0% 1.0E+08
0.0E+00
0.0.E+00 10.E+08 2.0.E+08 3.0.E+08 4.0.E+08

FE 4 RT3 ({5/10%b.w./msr )

Figure 10: Dependences of the captured ion numbers on
produced ion numbers by several different calculation
methods.
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Figure 11: Time history of horizontal and vertical beam
shapes in the phase space by the new calculation method.
Produced ion number is 2x10%/10%b.w./msr and the ratio
of initial ion energy to 4 Mev/u is 1.06. Beam shapes from
1" to 12% turns after injection are superimposed (upper),
and beam shapes from 89" to 100" turns are superimposed
(lower).
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Figure 12: Dependences of the captured ion numbers on
produced ion numbers by the previous calculation method
(method-1) and the new calculation method (method-2).
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Table 2: Dependences of Captured Ion Numbers per Shot
and Accumulated Ion Numbers in Synchrotron on
Permissive Values of y-directional Emittance
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