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REMY 27 0NOYHEROERINT (2019 £E)
REPORT ON NIRS CYCLOTRON FACILITY

FiE @2 B =850 bE By
AR BEFY A28 2810 B B,y
MH S8 7)1 AP U0 B Y
Ken Katagiri, Takashi Wakui,» Satoru Hojo,” Keiko Kawahara,* Akinori Sugiura,®
Toshiyuki Shirai,” Takanori Okada,® Yuji Tachikawa®
N BFRIFHR TR A REE REHREZREMERR, PIIRBI VI =7 VKRSt
MQST/NIRS, ® Accelerator Engineering Corporation, Ltd.

B

R PR AR ARG HT (RERD) 94 7 1 b v S0, AT TR %17 1 — 7H%,
ZOFTANTORIH LD 7= DI2, =S v ¥ A4 L D% DEABE R IGED EFEICES I N
22 THB, BREMNIA 70 bo Uik, 26094 70 ko yz2EtifoEd - &2 AREE
SIEFNED T E 72, AREEDO RIS 4 71 b 0 v OFEIEIR L AR A 0 1688 HHTHh > 72, %
PR AAF R B0 AR ] 1 C OBEER NI IC H D, ARFEIXEEREO 51.1%% 59 % 862 IKHT
Hotz, INHEH A 71 by ORIEIRRF S SFENATH D 1547 K TH - 72, DUTIC 2o DFHi
T,

1. FUHIC

TG R 2R A IFZEAT (RIERT) 13 AT N 2 5094 7a buvic kD), KR, P, 49
SEOTIRIC BT R BRI ED -0, A RA A v E— Lot iToTE (1), Fic, BT
NTOWEF T 70— 75%, 20NN TORM {7 DIZ, w2 v ¥4 D% DEIGDIN
BHERGIGEDEFEICEPL I NS 2 EDREMY A 71 b o ViR DFRHETH %, Fig. | IZHIER A
snbuavigovrA4sutruoy, E=ALF 7 AR=F, BER—-F2RT, KIS A 70tov
(Thomson-CSF #:81 930 81 AVE ¥4 71 b a ) 1%, 1974 FFICHAWOEEHOY A 7arar kL
THRINLDLDTH S, T TIEEFGE2 S 45 EXFE L TE D, Hilfls 27 &M o & ari

Figure 1: fREEWH A 7 0 b v > figk
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ELEADEMAH A NE, BEHLDLDIZ) LA ZADBBELEFTEL T BRI TH 225,
A Z v 7 DERSE - EBIC X D BIEECTHIEFNGEEMTA T s, ZORMY A 7u bk, BT, &
oAk sd, ~N)VILLL Y, REAL Y, BEAF Y, FEF VA FVE SHESEEA T E—
LADOHHENAHETH B, I —2D/NMUH 4 7ok a ik, PET HHNCH - 2 BN RO 4% % H
MELTI994FICEAINTDDTHY, BT, EHRTFOAEELIRETH S, 06 DD S
1, B8 DOWM A — b (Cl, C2, C3,C4,C6,C8,CY, C10) & A F v E— At EnTw3, Cl,
C2l, FIWWNHF AL 70 bardoDETE— A I N BHE—Th b, PET HEHIFH DM
MerZAE (1L, BN, BF) o&lhEIc oA 54115, C3,C4,C9 IZREY 4 70 b a v 5D —Aha
INAWHER—FThHD, BEEHOSHSHKRZBEEEMOEEICH s NTw5, C6,C8,C10 HIH
B2, KBV A 70 tarpon—oHESIN 2R — b Th 0, PR . LYo 8 o SR
HEBBO-DICHO NS,

REFED RIS 4 70 b a v OREHRIFRTIE 1688 R TH o 72, EEEFFR ORI S H L - 72 D13,
VIFRSEE D 7= 0 D — LRAETH 1), AEFE (388 IR IZRTHENE (312 KEE)[2] 12 EER T 24% 8 1
L7z, ZEE2EMIE IC B0 MR 13, & OBAE BN (2017 £EFE:704 RS, 2018 FE1E:869 IRff,
2019 4-F:897 Wift]) 12 & o 7223, AIEFEIE—WEEN A D 862 Rif]TH o 7=, RS IC X % {5 (R AT
R (17 REf) & FREE O 21 R Z 5 nTE D, BEL L E—2DOME1I KT A4 7a tuvds
bz, /NEY 4 70 b a v OREIEERIZ 1547 BT H > 72, UM ICAREREIC BT 2 ENTY A
rabaviaROERICET 3 RE I LD B,

2. KEHas-7O0MNOYDERDEER
2.1 EEREFRE
AREREZ, TEo@E IR A 7abnrZ2EHL 7

o v VHA L I 4/1-9/13, 11 9/30 - 3/6,

o RIMAX VT AW 9/17-9/27, 3/9-3/29,

o AHEIRHE EIWI112H, BUW105 H, &&F217H,

o LIEHOMEIHE HIM6eH, U4 H, A5F10H,

o GHIEARF]  8:30-17:00, —¥—DHAIZ LD 19:00 FTHEEDHAHD.

AREFIZBIT 2, Ry A 7 turrofifiIns e —2 MG E Z DR, &Gz L7zd
D% Table 1 IR”T, 44y E—2DFfHOHEIZ, 22— —DFHHEMICH > T, Table 1 D (1)—(5)
W onsg, (1) 2K - BEHOBEEREAFAED 72 O 12, BRA BBNEREOEE 2179 D
TH b, (2),3) 1Fznzh, EEENZLYEAFER ErYHsY, Hrsoal, Bibasbzssrid) 2
179 b D, FEREN 25 RV E ISR (U AEY 20, MR SRES) 279 b D TH D, 06 IFME
OERE 72T, T 21— —Ic k> THEI NS, 2—F =1, BFoNnBEDH
HEA2REHEL, MEICTE—22FHTE S, @) ZREOREZPEZ VI —F —Z2HRIZLEZDHD

Table 1: & — AR @O, MU'z O#EG

v — LM & TR () #HE (%)

(D DAV 861.7 51.1
) L/ BEE S 388.4 23.0
3) LY 0.0 0.0
4) AfEE — it 163.5 9.7
5) WTVARAYT 4 - E— L 2742 16.2
it 1688 100
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Table 2: KEHY A 70 b uarhr oI s 4 v E— LA L ZUTE P 3 N7 ERI E

A F vl SHIRREE () BA (%) | =L — MeV)  HERRERT (h)  EHA (%)

18 1525 9.0

30 144.0 8.5

(R 878.6 52.1 40 100.3 5.9

50 6.0 0.4

60 73.1 43

70 393.1 23.3

80 9.8 0.6

Hv 48.1 2.8 20 48.1 2.8
KREZTA AV 199.0 11.8 24 182.3 10.8
24.5 16.8 1.0

NYYI A3 A TV 11.5 0.7 55 11.5 0.7
33.5 13.5 0.8

34 337.0 20.0

NYY LA T 4723 28.0 40 46.4 2.8
65 12.5 0.7

75 39.3 23

100 23.6 1.4

170 1.8 0.1

190 23.0 1.4

RFEA A~ 48.0 2.8 195 8.2 0.5
205 5.0 0.3

206 9.5 0.6

216 0.5 0.0

BHRAA 15.3 0.9 190 6.0 0.4
202 9.3 0.6

FA AT 15.0 0.9 150 15.0 0.9
af 1688 100 \ 1688 100

T, BRERGEORBOMLEIZEL, AEICTE—LZFHTE 2, 2—¥—I1F, TITHEBIFZEHEE,
— A DOWIEE - BiffiiETdH B, (5) 1%, UMD R Y v 7H, e — s o L - ZElbo
DIZ, E—LARYT 4 - WBEZTH)ISDTH S, MR E L TROZ VDL, (1) DESANETH
D, ZOHEEIZ50%M FIcbET 2, “HHICEZWDIE, 2) DYHENETH 5, I IZ 312 IR
TRIED 18%TH > 7203, AEEITHER L ER~> v ¥ A4 LBOBMD 7= D12, 76 FEH 2 TAfk
D23%% DB ETITHML 72, WEEEZFHICE D257 ) DY VY AY T4 - E—LFRICEDT
REfE, WEERE O 362 FitilD & KIFICIR L, 274 Bl & 2o 72, (4) DEBE —2121F, 28 D
Beds &5 Ehe &% d DIFEINER I N AMHANCH % R11E 164 B§fE, H30 (X 178 Wifl, H29 (% 193 K
i, H28 1% 187 [, H27 1% 149 Wi, DL EZ2 &7 KAIY 4 7 1 b o v OFREIEEN X 1688 KT
HoT-,

Table2 12, KB4 Z7atruarhoffiInsA4 4 E—L & 2B INERRHE, o4
ZRT, ZDORPOMEEKITIX, Table 1 DHIE (1)-(5) DE&TEHEE AN DTH %, HEIRKFE D
) G B E—AofiRicfibn T b, 20 THHEEGRKE VDI, VR, £Vt
7%, AEREMECTE CHWS NS T0MeV DT E—LTH %, i\ GHIERFFH OB SR E VDI,
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Table 3: BEEAWIED DI KUY A 71 Fa v o i3I N € — L0 L Z D70 ORI, MOz k D

AP S T T 7 B IR R

A X vl SHEERHER () BA (%) | =L ¥— MeV)  HERRERT (h)  EA (%) APE S R
18 108.4 12.6 225 Ac, 191pt
R 279.5 32.4 30 98.0 114 191pt
50 6.0 0.7
60 67.1 7.8 67Cu
H 1 48.1 5.6 20 48.1 5.6
KREFTAF v 141.3 16.4 24 124.6 14.5 64Cu
24.5 16.8 1.9 897y
NYYI N3 ATV 7.0 0.8 55 7.0 0.8
33.5 6.5 0.8
34 315.8 36.6 211AL, ™ As
NYI LA TV 385.9 44.8 40 17.8 2.1
65 6.5 0.8
75 39.3 4.6 28Mg
it 862 100 862 100

Table 4: Ffii S N7 VEFFE DOFE, #HEDOFEMNICBE U TEARI S

HrsBEOZ L,

g;é\

Gk

AF v E—AL

R 2L ¥ =R X 2 OGO

BARITICE T 2 i BB AR R FE AT W AT D I E

TR L o T RRA IR D 72 © O BAR BTG SR I B 5 2 WS

BAFICE 2 L V2L X — LI ICBI 5 0%

B -a R O EEAR IS T 1 72 AR RT A B it o B

Iy F v JRGREME L AR O BIE I N 26N 7 A4 T U & v DML
SYER IS D305 R DO M BUE RN R 1< G- 2 % BRI

Biological Effect of accelerated proton in whole range

RI E'— A DSAEE D 72 @ D ISOL R D%

PR

40, 70-MeV proton

40, 70-MeV proton

70-MeV proton

100-MeV *He, 202-MeV N, etc.
70-MeV proton

70-MeV proton, 100-MeV “He
70-MeV proton

70-MeV proton

18-MeV proton

B IS TS 34 MeV DNV I LA F v E—LTH 5,
E— L& L DFSRIE TRDOED TH 5!

o BRIRAHISE

Table 3 ICBAEFNED 72 D ITHHIE I NI E— 4 L Z DO OB 2 R d, AMEER D% e
ENTAA v E—LIL, 48%%\HDBE~NV I LA F Y E=LTHY, ENTA Y b— 7BEAHR
HIBIFE IV 5 N5 o S HIED 2 At DAEFED 720 I IS S Nz, e TR R R »
DIFBTFE—LTHY, afiiiiEo 225Ac, 4 — 2 BFHHETH % 9Py, B D 7Cu
DEFED - DITFE I N, TS DR OIEEIN 7 A Y b — 7B SRR D BT D 72 812
RFEEINT VS, BEEEIIRIC B @R, 2 OBERIZRINEEmN (2017 4EE:704 K[, 2018
FEFE:869 W[, 2019 FEFE:897 W) ICdH - 7278, ARMEREIZ—WEFEA D 862 HifTH - 72,

o YEROTIL - EWHIESE
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Table 5: G E— 2B TREY A 70 b r v 2 5 #HGI NI — 4 L 2 Do DHIKRE

A4 v GEERRR () HE (%) | TRLXF— MeV) GEEEFRF () EHA (%)
30 19.0 11.6

R 164 100 40 424 25.9
70 102.1 62.4

i 164 100 164 100

Table 6: 9>V AY T4 - E—LF K ELTER LAY 4 70 b v v OEiRREH

A A4 TEIRREN () H& (%) | =¥ — (MeV) SEIEFEN (h)  EE& (%)

18 23.3 8.5

30 27.0 9.8

R 98.7 36.0 60 6.0 22

70 32.7 11.9

80 9.8 3.6

KETFAT Y 57.7 21.0 24 57.7 21.0
NYT L3 AT 45 1.6 55 4.5 1.6
33.5 7.0 2.6

NYT AL T 62.8 22.9 34 21.3 7.8
40 28.6 10.4

65 6.0 22

170 1.8 0.7

190 23.0 8.4

RFEA X v 38.5 14.0 195 8.2 3.0
205 5.0 1.8

216 0.5 0.2

EFEAL Y 6.0 2.2 190 6.0 22
A AL 6.0 2.2 150 6.0 22
il 274 100 274 100

Table 4 [Z A4 FE T IC T S NP R OMEZ R, REREZ, 9FEICO VL TE— LDl
Bfrbng:, BERESK 4 OHBECER I N5 EEREB OB X D, KREEIZEERE O
23% DS BFZEIC B0 S Ltz WEAEEE O AEAIR (312 MR 2> & KIBICHIIN U ASEFE 13 388 Rf &
oy, FNTHHI—F =5 BRI NAFEEREIEZ Il TE R WIRWA U 72,

GEY — LRt

Table 512, REEEBINT-HGECE — LT, B3N —L4 2D 700 EIERE %2~
T, 62% D DIFEDY 70-MeV Pz F-OMGICE P INTWwWS, AEE— LREEHIIE, R 28 LR
55| EHtE % ORFHIDE L I NAMHAICH %: R11Z 164 FiE, H30 1 178 FFfE, H29 1 193 IR
[, H28 1% 187 Wi, H27 & 149 K§RH,

VY VAY T4 - E— L

Table 6 I, ¥ Y AF T4 - E— LG L LTHP LAY A 70 b oy oEiEkRHZ xR Y, #
BRI 274 RERECH D, BIFEEED 362 REICHERT 24% 1A L T2, ZOWMA ORI, I
RIS AT FEGRIRWEZE $4Cu D/EFEICi 2 72 HY E — 2 0%, YERiEHiEE D 720 D
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Table 7: #ES%IC X 2 KREIY 4 70 b o v OE LR, KOz ERK

ASEER I I
EIlkoEK  EIREME ) #HE %) SO 3EE (%)

JIIBER R 15.2 71.5 0.9
R EIRR 6.0 28.5 0.4
H) 21 100 1.3

Table 8: /MY 4 71 Fa BT 2 € — AF AR OSEEREE, MO Z DE4 (3]
v—2fHAE  EERE ) #HE (%) A Ave—2a G#EHERR () E#HE (%)

BAVSE 20 1523 98.4  18-MeV b1 1479 95.6

9-MeV =71 44 2.8

CYVAY T4 - B — L% 24 1.6 - 24 1.6
it 1547 100 - 1547 100

70-MeV B+ — L D%k B2 TR DS KR IR cE 2720 Th 5,

22 WEFIC K B HHIGDFL [3]

AAERE, WES I L > THEU AR L 70 b u v O ERRIR O Z OJE K% Table 7 12733, 21k
RO O RERBEH E > TV LD, NEEEERRZRTHD, 2D 71.5%% 57, KEEDLE
HREEFERIEE 2 X9 KE R R 5 7 l, E L B Thbi,

3. /NBlYasoOMOYDER[3]

NI A 70 ka3 L RS2 AEE L, PET A 2 oA (e, 13N, 150, 18F) o/
BEOOICHWLENTWE, /NI A4 70 ba v Icl]d 5 E— 0@ OEERE, Zo#E&6%
Table 8 IR T, EEIFRID I B, 1.6%l1Z7S v AT 4 - E— LTI I, YD 98.4%I%
WEBESEWTSE D 72 @ 1T & L7z, FRTEIRIERIE 1547 W © & b B4R (BTAEFE 1 1686 [ & [FfLE©
otz REFEIZE N > 7-EIZEL 52 &L, ZELLEE . a0 frbins,

SE X

[1] T. Honma et al., Proceedings of 18th Int. Conf. on Cyclotrons and their Applications, Giardini Naxos, Italy, 2007,
pp- 137.

(2] Frti  Ath, SERE 30 SEEEREEDFY 4 2 0 b a v FIH#EE, QST-M-24, 2019, pp. 2.
[3] S. Hojo et al., the 17*" Annual Meeting of Particle Accelerator Society of Japan, September 2—4, 2020 (submitted).
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BMEMYA4 o0 rOUEROERRES K UVEHBHFIZONT
STATE OF THE NIRS CYCLOTRONS

g BN BF OREN AR /B 2E Al
Il &85 s, WWNERES. 8 get
A A A A
Satoru Hojo , Takashi Wakui , Ken Katagiri , Akinori Sugiura ,
B B B A
Takanori Okada , Yuji Tachikawa , Michiharu Yamaguchi , and Toshiyuki Shirai

A MSHREFR SRR MEIEE
B:MRBIVO=_T7) Uik &1t
B=

WEMOYA 7o ba Uit 2 800478 harBEEIN TS, 1 BlE, 1974 4(2#EER
BAthA L7 KBS 7o by (NIRS-930) C, &9 1 &ld. 1994 4L 0 PET 223k filig 2 B9 (2
fToCWA/NY A 70 by (HM-18) Thb, 2 BOVA7a bnra2g5d, A 7o bo UfiiR
TIEEFEDETe 7202 T, BAMEREZ M0 K L7220 HEHRZ il TV D[1],

AEEDH 72— LR )LX— L LT, 150MeV 342, 190MeV %3, 190 MeV fR3ED B — A
G DIRIEN B 0 s Uiz, £7-. MEEERWEL A AR5 & H LEMOEREE LA B —2
AW N T AN E = AN Fy—IZ LD E— AT A N E{ToT2, TOIEN, BIROBESS, #H
MBEDREAICHT AR EIT 2D T, ZINHIZOWTHREZITI,

1. E—LAR

AAEEOF 270 — 4L LTIiE, 150MeV =4 (Ne), 190 MeV ZEH#EN). 190 MeV [ (C)D & —
LG DIKIER H -T2, ZTNHDOE—MTNTNHERFIZE D L E N R F—FHEDERIGIC
BE9- D AFZE[AME p33lIC VB LZ, ZOFERTIE, =X —OFEAENER SNi=720, Ik
E—AIZBWTC, IEEI T 72D TEDOREREZE 1 IRT, TR X —0FEANT, SHEHFEROT=
2 —% AW TOFIE[IIC L 0 iT 572,

150 MeV Ne 1% 6+ TR Z1T - 72, FRHERS O G RHRZE LT XT A =X —Z2H\5Z &Iz
L0, BAHVED MY AaA VERORIEIZLD , B LR E TE—2IEHOMERN TE, B L
#% T 700 enA DE—LEREZGED LN TE, ZRAF—HERRES ., BREMED 150 MeV 1Z%F L
T, 151.1 MeV & 1%LLNOFFHIZINE > T\ 5,

190 MeV N % 6+ T ZIT > 72, 266 ERMERIGIIFH AR E Lo XT A= —IZ XV B L
PRFETIEL, D H L% 370enA D E— LB EZGDL LN TE 2, LOLARRL, ZRLF—
HIEDOFRER, 202.7 MeV(14.48 MeV/u) & 6%LL EHEVME L 785 Tz,

190 MeV C 1%, 5+ T EIT>72, N ERERIC, SRR EZHERE L, (M7 e —7TE
— LCFE & E URERS L7 3R, MO 7 v — 7 T RERARENEN X O ICHHE 2T 72
23, PR 80cm LU ETE— AR SN2 2o Tm, CHIE, 216 MeV DIEEEFE N H - 72720, =%
X —Z@mDIZ LR O B — LFE 21T o ToRi R, B — L EIX. 580 enA i85 Z L N TE T,
WY HHBHE ZAT 2 T2 = R L — ORIEREFIE 206.1MeV & 8% Ll ED T R X =03 E < 2o Tz,

ZDOEHIZ, 190 MeV N & 190 MeV C IFERE L D B %@ D= LX¥—Th o723, A RIOEER
TITRISNAREL D Z & T, 2O 3L F—CHERE &2 it L7,

#£1. =L X—HIER R

A A R {E HIERS R
Nef* 150 MeV 151.1 MeV
N¢* 190 MeV 202.7 MeV
c 190 MeV 206.1 MeV

2. HERUBEHER
NIRS-930 %1 7z b DA A i, Kei-source | 5EDHATTRTCOY U X A LEIREEIT-
TWAB[], D78, bR A W olalfix oA 4 OMIERMENZ R 5, A 4 B — LA
DOFEZ4TH LT, Bl EH UBBOMEIL, A AL FEL, 4 AL PRD 7T X< REEIZ X » T 7o)
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BREDD, TOD, E—LE5|ZH LR ORELAREE T 572012, 5l & H L EMO = R ERE)
%ﬂ%k#é&ﬁ%ﬁ:&oko%%mb%@mm E A%m@%%@t@Mﬁ@#é%%ﬁ%H
Hé%ﬁﬁ&ofwé Z DT, BREERE A % T D AIIEE BRI L Clfekaa & S nuErs
5720, HiEHRERH T W THfekg 2 & DICiE, Matk b o /X%’ﬁkﬁﬁﬁ’%ﬁlﬂg L7 & 51T Kei-source
I, AERICREINTWD 720, BEERTIEIE T v 7 I8 7z BICHSE~W 23 2 0E N B
b, FO, BFEHE—¥—% &%, filigeaeikz 7 — X%ﬁL&%L Mbfa AR D BREh A
ThHl & LEMZBEE T 2851 E Lo, BRENHIEHROEA &5l & H LEMOSEEEE IR X, 3 A
IZHEfE STz, 5%, FE—LTEIZBWTE & H LEMOALE ORE{LEZIT> T FETH D,

Fo. EIREICD AR T A THOTWAE— AR F v — DU BB A ED T D, FEFE
A v E—F ABEW ST U AEEAL, B =BT A 78 e o oEEE R E R T, &
APBICLDE =N TF U T HToTND, A VE—H U ABEW ST AZEANLT-OIL, Sl %
MATEE—LNF U THITITZDTH D, KX, BEARBRITMAT2/HEE 3FOEREEZ M
BT T DT A RNEIToT, BT DT A ML, He?"40MeV TiTo72, E—A
NRUFUTTARNORERELT, P47 ba b B LEO Y 775 —h 7 BSO TOE—LA
SR A2 2 1R T, N F v —MLOIRAETIL, BSO (2T 93 epA T, HEAFIZE DNV F /T
18.0 epA TRV TF ¥ —IZ XD E—AERIT, 19FTHoTDITH L, BRI T2/E 3/
AR AN % i b A AT o ToRE R 21.5 epA T 23 fEASEHUH L E— ARE AT 2 E R TE T,
LStk EBEWRIEEANCE =LV F U T A M To T FETH D,

F2. BE—LNRUF U TT R MR

Buncher signal OFF AW (1) A (1£+2+31)
BSO0 Beam current [epA] 9.3 18.0 21.5
= 1.0 1.9 2.3

3. WX G

AEFEIL, mEEROEIC ;D&%Kiﬁﬁﬁibto:nm\ﬁﬁﬁu@%ﬁﬁmﬁ%ﬁé
IT_FIWE%%E@@7 L— FNEFRORNESIZLD LD Th o7, #l—DOH BT L — FEJENEES
AIHE7R R %W%ifzﬁﬁ&ﬁ%%#é:eﬁﬁaﬁ%\&%%%@Eﬁﬁﬁwfwto7V
—k%ﬁﬁmeaﬁmﬁﬁm LIRS ICE A ELG 2 B E ST D00 2 DOEZEE~ 7FL— |k
BRI L T D, RGN TOEBEEEGOKEFICLY, BEZEENEET L 2 k%<h
7' L— MEIRIZ j:&u—A~E%ﬂﬁzﬁiEhiw\o_®7u~A~E%ﬂ@¢LTLiw
W27 — NEEZFINT 5 2 ENTE 7 leo T, RN ED 2, 3KFHAREET 5 &
P L— NEEAZFNL, EHEAREE /2o Tz, 7 a— A "—ERIZiE, HOMZERSE 57
DOMBEELTA 7T A haERMEZ AT o5, SEOT L— NERORNESRKIX
DA T A MaEORFICLY 7 a— R—RERNEREEL T, ZORKZERIZ %éiﬂ
RE 232300 | = 2 A LD IE K ONRIERFFIT O 32 KffH & 72~ 72,

4. MEERERIEERE

WEEEIC R ZfeE . RAEGOHAEL TODIEMBED A T F U A%{Tol, REEIL, LHRS
FEADDRNEE T, EHEICIZary 7 )= 2HWEETH D, WARKREORNAADIXZ OBk
FEDOIHETeoTND, ZDT=8, MELER-CHIRME OFRIZ, V2 7V HEE O 7 DI BB B
BER T4, FERICHHBABE O S W EENERE CTh 5,

Z OB, FEBEEhER OHRNZE T D L ) REGDRA Uiz, 28 L7 ERREh iR O, BEED
P‘ﬂ%&?’ﬁﬁiﬁ‘éh EL/po TR, WELHID 2N OEREIL TWAIRREEE > T LE o7,
DT, WNEE L Fefilt LT 2 @ERT O FEBREN R 2 B 0 /b L TR a1 T o 70, B0 S LB FE
EREN BRI DB EZEE 1, 2 127, GH 1 BT, BEINZHoNRELYICH TV
DT, HEFOEIOZZHERN 3 (2L B2/ > TWAD Z L35, BE 2 1Tl K6 T, s A
DIALTLESTWDZ EN NS, S DICHET O EREIT TR, Z OHOREER VI
RENGDZ LR nhoi,

F 7. FEBRENER O SRR & PR L ERBE O BRENERE O SRR AT o T, OSSR, BEMRER T
== DT v a = OE(Q15)BKIR L T, WHEABE L T\ e, ZHUTky, BEHF = —
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DOUBLE DIFFERENTIAL CROSS SECTION OF FRAGMENT PRODUCTION
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MEASUREMENTS OF CHARGED PARTICLE PRODUCTION
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1. B®Y

Bif-His = — RPHITS [0 S e P 1R O % FHIF e ok TR R IR 2 < O F 43 B CF
INTEY, a— FOKBRIFFAETHLED LN TV D, FFZT R/LX—#iPH20-100MeV T O G aHE
OFEER ENELHAIN TS, 2D, BT T LV THHINC (Intranuclear Cascade) £7 /L%
100MeVLL F O = )L ¥ — g8k £ THET 2 LN H 5, Tz 13 (p,p'x) MU BT 5 L OHF5E [2,3]
IZBWT, EPTEhER & EME & 28IV 5 FIZ LV, INCa— FO THIFEE 2 KiglcdE T
HHEER LT, (pp' s DA, EHEE OFE1320° L v iy o B\ kimfE (DDX) 2B\
< BALAMEMICH D, BIHTIRIF150° KV B FICBWTHICBEE LR 2 & PRI, 2D,
Bett T AETO@@,p U SERT — 2 Z W REENEE L 25, UL, ESTOAEICBITS &
Moy WrimiFE 7 — & OPEFNTE EIT e < BT LS ER AT TF —Z 204G L2 iude 5720, £z,
T IO BALD = DI IFNRIEVVE BESER DT 52— v MZOWTT — 2 2B T 20BN H
%o IHFEIFIAS =L X —T1MeV CTHEEBRZHLT CGRENSRRSN171° £ TORENAIEER > TE T,
BB OREE I AT = 3L F—%242MeV & T1MeV, ¥ —47 > F & LTRC 726 BTa £ TO 6 FikE
ELTT—HUEEFEM LZ, ARG TIEIIN G OR RO 2R~ 5,

2. RBET—38M

EBRI ISR E B AT A 7 v b Ui Co ILVARF a—22FA Lz, M1I1RT X912 C6
I—2OQE— L L NICEEREMZRE L T, ZOPICH —7 Yy MEEW -, ¥—57 v M2 2C(100
um), 27Al1(100 um), 3°Co(50 pm), *Nb(25 pm), '"In(50 um), "'Ta(30 um)Z{FEH L7z, 42MeV 35 LT 71MeV
DT —L&Z—47y MRS L, K% 150, 160, 165, 171 FEICHRE LI v 4 —F L ZAa—FT
HE L, 21T EIICh T ¥ —TFT L RAa—F 3G A MR AE SO o U o R s Kk H 85
(SSD) & . fF IRk HHAR(E M HH#) OFEEET 5 GSO(Ce) > v F L — g U IRHHER CTHERKL L 72, GSO(Ce)> v
FL—2OMEIZT 7ar s — R eTAI=U LT —F, “HOKFM CEB- -, SRS OBEA S D
BT AT B IVICRIEE S DI D HR o772, Mo SSD1 & SSD2 DJE X #7282 THIE L TX
W e D X HICHEE VIR LIT->72, SSD EXDMAEIE, 0.1-2mm, 0.Imm-0.4mm, B LW
0.15mm OHOD 3FEEHE Lz, C6 a—ATIIHX—7 > NOLERICT 7 7T —H v T HREEINTWDHTZ
D, HIEF DO —LERMEERD DZFEN K2, 20D, BE—AEREOFHIAICE —LAF= X —
ZRUE, BRELTCHEA L, E—AF= — 3T = U= FHICEVTZEE 500 pm O 2C 5 Ok
GLRR A 225 30° HIOMLEIZEW- T T AF v 7 T L—X 2R TR 5 X 9 Zfnk &
L7ze BE—AFT=H—0WIEIX, 77 7T —h v 7REMICEET S B — 8o\, B—
LREEZ IS ETVE, ZHUICHHET A —AFE=X—Dh Uy MEZHIEL T, BE—2fEL Y
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VMR ERRERD, I AW, EBRTHERT S E— AE OBV T, B RRIEE iR
T& -, EBRIFEOFEMEB LT — ZRITIZOW T, Rk 23 FEEOHIE [4] 22z, BT
E—ADTZRLF—(X TIMeV & L7z,

T ESyWrEfE (DDX : Double-Differential Cross-section) Z K& 5 7-8, T — M ClL £ h1
TR EAT ST, BUEGF LT — 223G TLS O AR 7O M b & TN D7, ki TilBlo P E%F]H
LENSR T E2 B LTz, PLEIMEREREEIRTET 522 L CRIEOK T T—E%2 &5, UTFTO)RXNLEH
TZ %,

Pl = Etotal (Etotal - AE)

Z T, AE: BRSO 52X —[ MeV ], Eoral ﬂﬁﬂj SO TR LF— [MeV ], b:fE

BM%IJ: Lz, FRATREROPNIEWE T 5, ATFE S TO®RE [TRL TS, PHEDERWT 2 HIIE
N Eﬁﬁ?, #E%¥0)Fﬁ%ﬁ?’é5 95z k?ﬁ*u”jﬂééo::#%éﬁkﬁﬂ]—%@T Z k&L, 1MeV
D)L F—ilg T LAY A K O DDX &R E LTz,

171 deg.
150 deg.

SR i

160 deg.

Scm‘nllatm

=== [ «— Target

— .
Beam monitor
45 deg.

Proton beam

v

1. C6a—RIZRE LI-EZHELE & RS

Photomultiplier tube

$sD 2 (H3178-51)

( 2mm thick )

SsD1
( 0.1mm thick ) GSO(Ce) scintillator
(43mm X43mm X43mm)

Secondary Particle

|

2. ZRCERLELADV S Z—T VRa—F
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3. MREER

3R T T —H I TIMeV 2C(p, p’x) BUGD 171 JETD DDX Th 5, FEBREOEAEIT/R L TV
W, 2 FEEORHHES (0.15-mm SSD+43-mm GSO 3 X 18 0.1- and 2-mm SSD+43-mm GSO) (2 & - TH7=TF
—ZITHEWVCELS —ELTWD Z ENghd, £, 2D SSD 2 o I aR D F 07 — X 12T
FEROEBIZND T —H O RED 1TMeV~20MeV OFiPH TR 57228, 14 SSD Ofatigsn T —#
WZIEREIT R, RESBET DENRHRIZZ BN D,

4 ITIIAH = FILF —TIMeV TD YAl(p, p’x) G0 DDX @ 9 5 150 £, 160 £, 171 FETOD A
7 MVERLTNWD, OFIOT —X X5 EIOREM TH 5, LAl b T — & KIEITEE S v, DDX
TE DS ZRFEREI D & P BOEL AR 2 TR 4 M1l D T b T 28 03 8lLEL ok 5,

T T T I I T 4

1 [ _
10" E 2C(p, p'x)  E,=70.9 MeVE
E 10° E_ 171deg. ?
O - ]
S 0k T, 3
= g M 3
w - ]
Z w02k e -
7 E o E
ER: ™ :
— 107 F L _
> ! Qf
a 10* & ¢ SSD0.15Smm-GSO43mm =5
_:—_ ) SSDO. Tmm-SSD2mm-GSO43mm E
107
E | | | | | | | ?
0 10 20 30 40 50 60 70
Energy [ MeV |
X3 70.9 MeV Ad C(p, p’x)K 171 E D DDX
0 I [ l_’ I I [ [
10 00y, “Alp,p'x) E,=70.9Me

107

DDX [ mb/ (st MeV) ]
.23 3
) /
N
£ &
[9-]
X
S

10—() %%%
%o,
107 0
0_x %
10 171deg.x10°
10°° %
@ o
10 10 Q?Q

0 10 20 30 40 50 60 70
Energy [ MeV ]

X4 709 MeV AK ¥Al(p, p’x)X)is® DDX
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DDX [ mb/ (sr MeV) ]

DDX | mb/ (sr MeV) |

= T T T T T T —
1 L |
10" £ YAI(p, p'x)  E,=70.9 MeV3
10° 171deg. 4
10" .
107k 3
107 E
: . o
104 E §  present : ! 1 E
F [— modificd : ::||:| 3
107 & I~ L — previous | |||:| ! =
E | | | [T R || L 3

0 10 20 30 40 50 60 70

Energy [ MeV ]

70.9 MeV At 77Al(p, p’x) i@ DDX & INC #H&

T T T |

10! _L 27 . _ ;
= Al(p,p’x) E,; =418 MeVE
10° ; 171de _;
107 =
107 o E
a b ﬁ;-J °° E
107 & R -
E ¢  present J J E
\ - [ modified -
1007 —1_ ; =
3 ot | previous | | 3

0 10 20 30 40

Energy [ MeV |

6 41.8 MeV ASf YAl(p, px)Iiti® DDX & INC 75

71MeV OFEERICASND

5& 6 I ZHERFHE L DB EZ/RL TS, H L7 INCET /UEWTHOBERT v Y VI L D1
1\ D534 (2,3 & Bt 72 INC-ELF+GEM [5] DR 2 /R LT 5, X OFERIIIER O A FERm < Z
A—=HuffiolzbDTHY, FIT, BT ~OETZHHTIT2DFEBRO LD 72T A= ITEIEL
L& ST, AERESNT A= OEWER 7TIORENTEY . BEEAE T ETEE LD O TR
TR DOHRBE LTV T A—=XTh b,

185347 ZAEIET 2 A1 INC-ELF (ZMEAEOAR R L TR L2 KL 912 PHITS (INCL) ([Zl7-f# A&7~ L
oo 0L, AFREBITFERMEIZIEWVD, BB TR —RE < 2o TN EFEREEZ KE <l
INETE U AT & EBERUG S EC RO 2R AR AL BE I CII BRI & DR E 720 1D 2 L& D&
WE 7o TW%, PHITS T #ELIZ INCL CRIEE TERWoET — 2 E2 BEEFEH L TR,
INCL O A7 — REHE L MERELE — 7 & OB RERE L 72> TV D
D131% INCL TIBIEE A FE TE TWWARW=H Th 5, MEEE To INC-ELF 13 PHITS (INCL)
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I LRI R TH TN, ERIEE OERIIKE N7,

T D% ~OET BB L8 LA ZRAN T RERIL, X5 L 6 1I2EHR TR L INC-ELF
Thbd, EREZFEe =R LX =15 50MeV #2255 3r/NLX—O#HiFH T DDX 1T 3SHFEE TN - T
WA, ARIOFEIIMO TRW—EE > TWn5b,

L L L L L L L L L

10!
100
107!

—

7

— 107

)

g 10 3

b -4
10

d 5

% 10°%

= 10 o YAL70McV-JENDL
0T mod?ficd approx., AN

— — — Previous approx. N N

107 h
|||||||||||||I||\||

0 20 40 60 80 100 120 140 160 180
6 [ deg. ]

7. 70MeV BiFD YAl X BBMEEELOABES A,

5. £&O

AL TIL 42MeV B L 7T1MeV TORG - A EISZ DWW T, ZAVE THE 20 5 A 58Ik TO RS
FARDDX ZHIE L7e, #—% > MI12C, YA, ¥Co, *Nb, ""In, "®1Ta ® 6 FEH T, HIEMAEIL 150,
160,165,171 ED 4 i ThH -T2, TNFETREL TCWZT —HF mZ2BEL T (p, p’x)i DDX ZRET
HZENTE T, EREESMEHE a2 — R LIZE 2 A, FHEOFIMEN HY T AWnEnH 7=
N, INEEIET DI ENTE T, BREHE 2 — REMLT 2880 01%, BOSET VOEHEMENE
UMERYJR P TRMRVMEM 2N /L b vie, F2 DRRIIRM AN T A —Z OFFER 3 TRNWZ ER&E X
b, SR ZOROUREED DL TETH D,

S35 3k

[1] T. Sato et al.: J. Nucl. Sci. Technol. 50:9, 913-923 (2013).

[2] Y. Uozumi et al.: Phys. Rev. C 86, 034680 (2012).

[3]Y. Uozumi et al.: Jour. Nucl. Sci. Tech. 52:2, 263-272 (2015)

[4] FERITh SR 23 FEY A /1 ko /%lﬁﬁ%& 52 NIRS-M-250, 24 (2012).
[5]Y. Sawada, Y. Uozumi et al.: Nucl. Instr. Methods, B291, 38-44 (2012).
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EREEFRARO-ODOEBRMEBECET MR
STUDY OF FANDAMENTAL TECHNOLOGY
FOR HIGH PRECISION PROTON THERAPY

mE AN EE KA HE ZxR EFH OB ZIN OB BE AT
WT B—EC MK EEAC Hb AKX’ BE &AL dE B WME AT
A EREZFERKZRZFREFZHAER. B: REMIERKEZRGFHRERRE.
C: WEXKZEZEE. D: tEEXEXRERITEMERE.
E: BARFREXREFEREZEMRE. F: RFAREFLEARAIERIE

BE

BUE, ENONABEEITFELBEMOBERICH Y BRO 2 N2 1 ABRBATEL 25RRBEIHK L
TW5, ZOERFEE L BX 2B AOIREIL, FIMEE - (L5RE (BB AARNRE) - GBS Ok
%ﬁ%ﬁ)@3o WCRBIE L, ENIZEB W THEBIEE N 5D DEEIL 30%RETH D, L, #bst
E OHIR F 721X E N TOBEHFRBRE ORI SR 5 R Y . ENTHBREHRRC & 5 28 AT58IE
ﬁmﬁ%m@ﬂm%ﬁié&%ﬁéﬂéoW%ﬁ%ﬁﬁ\ﬁh%ﬁ@ﬁ@ﬁ@é%%ﬁ#%’%<&é
BANESZZETEKRTCNDLEE R D,

AR DSADIRRE, FRCHIRE TIRIG 20 o 7o, TREEZEFHHUERNBRIRIE OB RRIEIR & W o T2 SRS EE
I HED . EPAMC B W TABIZE KA TS, EREE B RIRIR ORI, 23 A D I
R (R 2P SETIEENRTE LR THDH, ZOFTH, bR BRI X DR TR,
DS A EEA~HRGT S VTR MEBEN T Uk & 5 5TRIICZE O~ K & 2 = Rm VX — %21 53 D /et 205
2 UT=, BREERYEDO S WO B RRIR TH 5, TE, ENIChi R IR R it % 5k o B 12
H V1], ZOlEix DO LRI, BHARIREO T REEMIICEWVERMETHY . TOFEOEHINMEZ D,
HEEORME/INMULIZE DA = v b3 A FEIBSY TRIBR G WA FE IR TH D 2 Enb )
TREBIROBIET — 2 MERTE 2 H2 R EEZ LN D,

FDO—F, BTHIREIT, ETRRE T 2 LIEEREN LB <oV LEN TS
FREHEAN O F F OIREN TN SV TWDERNH 0 . XBIEHE & RO Jeumiiir 2 Bl U 7= Ho8m 721G
FRIE~EL 2 BT D BNERN DD, EREER TRIRRO =012, BT RRIREHATCF I 2 i & 35
T OREE NV BERF R TH 5,

1. B

B HERCIE 7 7 v /=7 2 IEHT 5 2 & CHEE~SREAET TN TE D, TO—FHT,
HEIEE ﬂ#éﬁ£%¢$%miéﬁét WZIE, B OGRS RS EE N TR S N5 IEHRRIGIRIE T L &
%o B THRRIRGHRSE & FEHLT 2 72 OI2iE, (RN OBGT-FR IR G Ik 2 ERE I HWE 95 72 O ik Hy
W@%%ﬁigkﬁéo%:?\%®%%&ﬁkbf\%?ﬁ%%%ﬁﬁﬁk%@¢&k@é%%&%
AR T2 & DM K D AERR ¥ b 1 B EE O BOS W  AE F R B OV 7R TB R E il DR N
L DR 2 RAET D B 7R CT Mg S H i O 78 2 o C & 7=,

AEEDOHFTE T, 2N E TERBRICH TRRIBRICBW T, o+ 2MEEPEE2Ficmn Lsw
o RS BE B T FRIB IR O 72 80 O IEFAT O e & B9, 4 L7 ROSW m B HAE T 2 v b 2 & ¢,
B TR PR AR PTHAL S 2 7 A DBIRICEE & 72 DR TSR IZ L5 R Y b e g s
@E&Mﬁ%%&m?ét@@%?ﬁ%%%%%%mﬁé FTo, REEND ORI 72T ORA L L

. FEEh A S Te T O VA SGEEE RN O A B L. B TR A AKICHR S L 72BR O BRES B — A58
ﬁ (2 U727 2 A VAERCEO MBI RIGR % B 7R IR 5288 K 0 BGET 5., Z OBz el s B8 T, IT4E,
TR % 40Gy/s 22 D X D e KIREERRR 5 = & CHIfRIZ T3 2 RGN ELT % £ o7z flash
BN SN TWD R, ZORWENSHELEE) B AV F RO~ T 5B TOLERG & L CmE
RAFIEE D TV ANERBNRR T & LTI T D0 E ) 0 E EREOBEET 5 I 2 b— 3 U
DT 52 L2 BT,

2. RBRFE

ABFFETIL, 53%§ﬁkﬂﬂqjTTODQﬁ%Lf%HEETﬁETE‘T%%fK B DARRY R A BRSSO A T = R LRI
B9 2098, %= L C. flash ZhRITI T 285 FRRIRE R 2%t~ 2 T 2 B VAERCSR OFH B DUV T OIS
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BERT D, W, v F A LB Y THRNCS U T LR b ERZFER L TI7<, £ TOER
IZBWTC, AT B RO L X—TH K (7T0MeV) | B — A5REE |L R HikIC & HE TR K 50nA
FTEHWD, Fio, EOFE TSR A 1 = X LRIAO 72D O FERIT C6 N C8 22—A, TV H )L
AR OB TR AR B O EBRIT C6 2 — A THEET 5, BHEANIZZFNETNOERHARICEDE T,
HEOBREE TR OFE, ©—AE=F —FEREEZET D,

2—1. ENERFREERRGA D =X LBEDT-HDEER

B FRMBIR OBRIR FHICBAFR L7t — A4 F A > PET A5 A (BOLPs) [2-4] & [F] Uk Hig8 & OV
BB EFFOV AT A HWTEREZI T2 (K1) . ZOVAT AOKEER~Y RER5IE, Rk b=
7 28O BGOFEmMNFHA ENTWA T T F—2 4 7OKHEETH Y .2 mmx2 mmx20 mm P+ XD BGO
FEEB2Y 7,920 fHl~ 7 > b ZITW D, AKEG TR & RN TR ORZ R R TR RS I & - TRER
WH TR b e U BN AR L, £ OREERT o~ (180 FEHMICHH S D —%tD 511 keV H v
~#R) XS 57T — 2 A TRt TRIKEHIT 5 2 & T, BEERANFTOEMA Y N e Uk
ONLE & & (activity 234) 28T 5 Z ENARETH D, BEICAERIEICZ L » T, [REE~DGT-HRIR
2T 5 C (T12=2037%7) KOVC (Tinp=19.3 ) OARSGWrH R o E B2k LT Y [5].
Fox DL LT AR S W FEIE OB HFETH 5.,

i Y L. ==
EBOU% '

| BEIS 5y NRTERENSRS MO A%
¢ OfiIE & BERTIAE

RNy R (BGOfER L—)

ST K —Hy I~ Yoot '

-V 3

, (6x 6x 12cm3) s
=BFRIRIILF-—&
MactivityZz 5138l

C6: 70MeV-proton

B FHREY -5y bz
4cmiED

4 vY

- RHEIRT Y X 1 16 x 16cm?
L R 2ERHIEERE = 80cm

X 1:C6 =—A|ZHIFDH BOLPs D& > b7 v 7EEH K OSSR OB,

ARIFFRTIL C6 a—RITBWT, ¥ —F v MIXT D5 -8 OHELT R O O FF I E AT 5 70
DAERARY b D activity 70 7 7 A VOB TE 5 X 512 BOLPs ZaxiE L7z (K1) . |
FHEIE O AIRILICB W T AR TE O T T b EERBELOLAERT 2 ERAY b Ui T
HD B0 (Tip=122F) . BN (T12=9.96 43) KONC OARRSSBEFE O 2 EH 325 72912k (H0 :
PISF LB LEY) 22X —Fy hE LT, C6 a—ATHE IS 70MeV T Smm (FWHM) x8mm
(FWHM) O H 0 AR E L2782 V2 2 & T, 1 BN, 1C O AR W i F 5 H
DI 50 nA OFRE T 5 RIS & BEHE T 5 60 43D activity 2347 #HEI M OV F 2 50 DA sk SO
W RS H D 72 D12 5 nA D5 F#7 4 3 TP FRES & BRGTHE 77225 3050 D activity /3R GHI 24T - 72,
Flo, X—7 v b~DOAKE T E 2 —7 > N TORER activity EOHEXHEO BIfRZEH T 5720
\Z, C8 a—ATHFE SN DY 7 7 —EIC X B R SN E T E—AT 4 v BICEE
SN T = Z —{HIZ% 95 BOLPs TOFHANE ORI 2R 572 D EBREIT - 7=,

2—2. SOHNEREBRFREBHAEHREOWHE

REFTEClE, HERFY A 7 o b a U Ese L v 2L X 2 KIREERS T84 VW C, v A 7 bt —4
—CARDERT O HNERIET D8O 7 ) v rEEHc X230 5. —EORFHEICI T 2 B
FREBREEIC T 5 T W NV AER RO 28T 5, SEE L, AMEORYDFERTH D=, 71
o R TR D B 77 2 B T8 A TR L7 B D SE R E A 15 B - D D EBR A (T o 72, C6 I — RITH
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W, K 2em N ORFEEFFOT Y v R EGFERE L, 7T0MeV O 1-#: T 0.1nA, 1nA, 10nA &K
50nA OFREECHRST L7, M. 0.1nA OFEEE TIE 50Gy, 100Gy, 125Gy, 150Gy, 175Gy KT 200Gy D
. InA. 10nA } % 50nA DOFRE TIX 70Gy, 140Gy KON 210Gy D& ZBE Lz, £/, BEHRET
B R DR & BUNEEH COM B8 L e 720, K2 1R T@0, ©E—AT A 2 k2 BOLPs %%
BEL, 7V v ZFEHEOZORTEICHE LR Y =F L RO BEHER (activity &) 23172 2 &
T7 U v EFH OB T RPSREEEZME cE 2 L9 1C Lz, 7V v 7 REF~ OB TR
HAOFRR Y EET, TNV BOHMEIT T,

[RPPRURGIEE) Rgd)

L1

1 smssm = socm

E—-ofIRinER
R

(0, 30mmig) .
| RIHEER = 80cm

C6: 70MeV-proton “
50nA >

50-400Gy e A»y \
U|. [ttt =
,

RPE—L34E  /
RUYZXEHNA /

Rtk zomm | RUTFLR
RUIFLIAR \ i \

E— LRI (%) -
SUYTREHERDRE

HERUD - ZHMA "
RUIFLAREIOEENEEET

g
E— BOLPSTEHM (E— LAY X@EM) 2 Ny

= 2 7/WWE&4%¥ﬁ%%%VW%®%%%AI&U7)/7ﬁiﬁ®7 — 2 IR A

3. ERER

3— 1. ENRFZERRGHEEE

X 3 2ROV FIL C6 2 —ADG T FEBR L v iFoniz, K& —7y MR 2Kt & [F
*ﬁhf@ZﬁxamWy\ﬁ&0%¥ﬁ@ﬁﬁi(E@#Eﬁﬂ®ﬁﬁﬁ#%¥ﬁ®@ﬁﬁﬁ)“ﬁ
B L7z activity 0 OB TH D, K3 EFDOX—47 MHTO activity 7AW T, Bﬁ%f?@ﬁﬂﬂ:ﬁm
FZHEAD < =R F =T R E 3 < 72 D12 TR OB TR = R L ¥ —I12%F 7 5 activity
m%rbfk@(”Wu%#tuwu%fimmwm%%ﬁ%% & % activity fEOFHAHRS FITFH 4
5) ZDOFER, activity DAIIG R R L X —I2 2 & ORIGSWTEFEDOME O A RIZEEL T 5, C6

\ZH1F 5 activity 0 faHIT — 4 | Fﬁ?%ii?\/vﬁﬁ_ & @ activity [EOJERBE (X3 4) KN C8 =
—RZBFDHE =T h~DAFHG T E Z—7 > MR TORER activity EOMEXHEDOHBET — % %
WD Z &T KIRT ¥ 3 Z & OAERSCWIEFEOE 2 B H L7z,

Activity distribution

Beam off C6 Beam course

70 MeV Protontbeam

Activty [cps]

300000

Beam on

xxxxxxx

P LmRRLL §

PSSR SOPRPISIYEN SEPRIP SRS [RPSIP SOOI SR UUPARS [SPSPUSPIN [SPSSISPYIN [P SNIYEN SPSIPSI SPSPRITY 3
0.2 0.4 0.6 08 1 1.2 1.4 1.6 1.8
Measurement time[sec]

S0000 -

1 15 20 25 30 35 40
Depth [men]

X 3: KZ—74 > h~OG TR RS X0 SZH0 S 72 activity 204 2 OFHECERE B,
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4 13EH L=, %0(p,X)%0. PN KONC D 3 DDORST v o R AR 2 A R SO I i A i oo i
BThHD, BRIETF ¥ RMTBWNT, 0-70 MeV DB T-H o L X — 04 JH Tt 12 A8 B SO b i
2 BST 5 2 &N TE 7, £72, BOLPs DN ENREEN NG ROV X—ANT 7Y T DR
T K0 AR 1L B —GEIR T O A R SOR WTm FE R O RA S I X A K & < 7o 72, 1. BOLPs Of& B
B2 SR 72 2 ST 30 B OSBRI L (R RV SRR 0D A S T T R O 5 A WA
T EEEs 2 LICHTh Uiz, EH U2 fEld NNDC ICHE SN TV ABEFED T —# & 1< —&%T
HRER L 72 o0, "CIZB W TUIREDEWT — 4 Ll L TR DA 2R L, IHFERSE S i
BET LT —2 L kL —HT 55 ol ZZETCOERM R L F L OBRERIAPETTH D,
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> This work +—+—
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g TR P
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(=} T.Masuda etal 2018 —w = -9 v X
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STUDY ON HEAVY-ION INDUCED NUCLEAR REACTION NEAR
THRESHOLD ENERGY
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Innovative Radiology Imaging toward High Precision Proton Therapy
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AW BN T B ERIGHERET — & ~X— 2D _LIZEY $A T <,

Proton
beam

4. £L®

AIEFE 1L, BHUITELE 3 ODT —<IOWNWTHD 2 EBRA{THI Z M TXx7, — T, BT h
A FIZOWTIIRTEE « BB OBLE DOl TS 572 DMREM BN RIAE D, pBCT EBRIZHOWTIE,
MEEGEL L 72 TR O T E 2 KT L v FL—2 2 E 5 0T 5 2 & T S/N ZKEcm F4 5
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Modified structure along nuclear tracks in etched track detectors

W st b oA ZE M OERH £ TE 8B BA FE BXx B8
B B Y O/NFE RS
Tomoya Yamauchi, Tamon Kusumoto,*® Ken Hamano,* Masahiro Chiba,*
Tomoki Okada,” Masato Kanasaki,” Satoshi Kodaira, ®
AHPRXRE XEkR BEREHREH
PEFHERMMERAEE R - REFHEE
WAHRE AR MR FE F — L

=

AU T IV 7Y a—nJi—HRx— bk (PADC) HICHE SN S HBEELL T 7 a o LT He A 4
YD Ty I REEIZOWTIRIMNR Y eIk Z W T2 08T &2 i L T 5, 2019 21 70 MeV 7' 1 b
v IREERR A 10 pm R D PADC Ik L CTEfE L7z, 2O —HEOBFSEICBWTIX, A4 T v 7 i
OREZRBT 572010, SEEOFMNEE T A =2 EHN TS, ThAbid, 14 7 v 7D
HMNEIHTVOEHTHEREOEBEIIE (BEHEE © inscissions/nm) & 75 BT 5 EREEN KDL TV
HREITFEDIENY (EHO N T v 7 a7 282 innm) . BEHREFINE (G E : in molecules/100 eV)
T D, CH RBLOLIEEEIKIEMEIR, EA A V2T & TR D, G EOMIEFERFEM IOV T
WX AT TR S, RHEBEELLTO GEN LY KERMELZ RS, 202 L IXRHBEELL T T
VSR DR O SRR VE O B W IR ICIR 5TV D 2 & &2 oRIEd %5, PADC H O CH JE k&<
SODTN—FhTFond, OLDSBIF=—T N ED—RRX— R AT NVITFRENTZ AT L HETH
> THEHEHRIEZMEDO B WER I H D, ST OHIZ3RIER Y MU —7 KT R Y =F L ROy
WCHDHATFLUETHY, HREOLDIEFXIRILER Y T —7 D =XRIGFETHATF U ETHD, Zh
DI HAF LD EFMT D FIEIC DN T HRFTEIT o TE 7o (BRI AS Ll i v Vs 43 D 26
RS FTRE & 72 D) o 2019 FFE I LIRAIEIE 23 K & 72308 2 VW, & Re v o e &d il 217
o7 (B R ¥ L ZEORIATTVO TE um FEORETIIoARETH D) , )y, WIXOFEWD
NWIR=ZNVEDBEILIZIEE TE o2, =—T VEOEIIRD Sz, 5 MeV BREDO 7 1 b
ANZONWTIE, = —F IV EOBEFBICHT o FaXx o L EOARBIIB L 2 ThoT-, Thbb,
— oD —FTNVENLDNSLE 200 FaXx I AVERNER LTSI LIy, =—F L h—R X%
— b= 27 (R ERFE L UTRIMIEED « BLO, IabizkEniAF Lo Enkbi, 2
ODE FaF I LENEEN TS LW HitgZ2 BWENRD 2L B AHETH 5, 2 nm ITWERS 3 b
NnN50T, BEGIRECTHLEEEZLND, 2R LT, 70 MeV 7’1 b v OHEICZIE, —DD=x
—TNVENKEDNLDSEA4DD RaX U VENERT D2 2R TRENHTICHE LN, 4MeV DT
0k OBEBRICIT—T VB EOBREE L 1.8 ethers/nm FRE TH DY, 70 MeV DIFEITIE 0.5
ethersnm A R THY . A A2 b T v 7 DM THo CHLHEEBITELTHD, V—FRx— b AT /L4
D RALIR BT > THORE TS, (KRNICEEFE 0, FIZIE LA F U LE ((COOH) ZMET TS
AREMEN R CE D, 72, B A MELEMRICE Ra o VA2 o/ S el i 3@ 1+ O F ik
BEEEED, KRANICEEF-oTW0DZ L EZIOND,

1. [FCHIC

ARV TINT 7Y a—)li—HRx—k (PADC) 1T v F > Z R HER O The b VO
EFHLTEO, LIFLIECR39 &b Kidnsd, /N - @ECERLZEL2VWZERBRETE LT, F
HAGRREHC 7 R, PR EFINCRIA SN TS, BWENIFREE AT L bIicX
BT RRICH LTI, 22 100 kGy FRE S TRIETH D Z Lo h, HHERIBME RS TH D EME
G 7T XA~ 0zkre LU — —BRE A 4 U IEHERICOFIH SN TV 5[1-3], Miffsh b,
F@EnwZRxAX—07 e b R AR TE RN N0 OIS OERE
NTWD, EXRD PADC A A2 N7 v Z7REEDOHFRIX 6 MeVU L FO= XL X —D 7 v kU ROHEA
F U ERMBICERMENTETBY . BHBEEZICBIT A4 FF v 7 iEOEl, Kooy Fr
v PR ENDIGELE SN VEEDA LU b T v VNI TOEEEIIZED L ) RERND D
OMZERLCT D Z &2 ERIC Lo Thbi T ien-72[4-7, &2 CHRHEBEER IO =31
X—%2AGT57 0 b= He A 4V REHT @ 2 IR MEGEEZ A4 5 KAV 7 1 ho > (NIRS-930)
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ZMA L TRAERZT>TVD, TORMET Yy FE Y PR SNRNA F 2 bT v 7 OBRGHE

WML, Ey PRERENSHEEME L OERENSNMIT LI L THD, 0 &5 R

RIFEY mOBHEE (K IERWRHBEE) 2 AT 2FZMBRRICORP L5 EMfsh s,
RUIFLUKES

Fig. 1. A repeat unit of PADC.

2. A&

Figure 1 {2 PADC OtV ik UiiEART, 0 K UEEO T RICZ—T ABRFEL, £ O Hlo =
FLUHEEN LIZRPMLEIC =R R — AT AN 22055, T—T VOB BEZEN R L&,
A== P T AT VPZIUIRS Z E P ERNTRINTND[4-T], W—RR— FT AT VR
VI SIS EMLA AR = VIS DHEIT U, B LRED I S D, M0 IR U O I IE AR Y
TF L UKD 3Ly MUY= PEGRICOMRE LTEENTEY (Figl. H. FETHATY
%) . BOTHMEIE LTI Lo REBEROBKTH D, CH FEITHY K LIEED RN 18 i 5 43,
IHL 16 HIZATF LU ETHY 2HIIAF U ETHL, AFUEEFHRY NT—7 O =XRIZORITLF
f£9 % (Fig.l. ., HEATEHATWD) .

PRI & 3BT I N 2 PADC JEBEHT, 7 7 B b O AFRE X 100 pm JE X O BARYOTRAK
EHEME L L L Py F U TRUBIZ L > THRASEZ O THD (EX 3 pm BLN) o @IS
HZ LTI~ s R=LHNCE S W ERSHT N AIREE D, Do ITITITEZEEAR O
FT/IR-6100 (H A ett#) 2H L7720 T, ZBRTFOKGR EBILRFE OB L RHE ER LT,
HHEBTDHEREICOWVWT, ZORINE — 27 OWKEDRIIC L > T 4005 AITELIZSGEIT,
ZOEFEAE LIS (=4/4) » TOBEREDEENBIZE > TN, D NIZEL LT T
%o MRS CRENE SIZZ(L L2V O T, MHXBRLEITE B T2 BEREORHNAIZOBEIZEL
W (A/A=N/Np) o LT=Bo>T, MW NED 7 vy ZRIFEN A 42 b T v 7 #EEICET 5
(LEHHRE N T A — 2 B8 Z LN TE 5, Fig. 2.421% 54 MeV/u @ He A 4 Z B L7285 & 12O
T, =T —RF— b ATV EHEET DL R=/L (C=0) , CH (AF VKL RAF L )
O EEZ 7L ZOEBE L TRLTWS, A4 T v 7 OBEZLYNEBHTELZ 7L
23T, HEKII 7V oA FIZHT 0T, WOERANBEHTEDZLE2HRLTND

A/A,=1-0F, 0
2l olE, HEOWTE L OEREKTHY, IHFOKBEEBDOARL THD, ZiA 4> T
v 7 1RG0 O SEEZEL2O T, T HEREDORENHEMEE 2L T\,

1.1

< 54.3 MeV/u He
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Fig. 2. Reduction behaviors of the relative absorbance of CH, C=0 and ether in PADC films exposed to 54.3
MeV/u He ions.
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3. BRLEBE
3-1. EFOFXFVILEDERTE
Fealk D X 912 PADC HITAAAE L TV B REILTE E DK T 2880 2 33~ 2 121X, BBETRi% Ol %
W92 2 LT, ERMNROITBAREL 725, HiT-ICERT 2WINE — 7 2 EEBMIZFHET 57291
L. ZDOE— 7 IZxET DB N IAREERIERDO D VLERH DH, b FrFx I b HTIE L < BKEZIZ
B EENLEREETH > T, Fxld 3600 cm™ (3T IZHN D HFERINCIRE S DRI E— 27 |2
% LT9.7x10° Mlem™ LW HfEZEAVTWS, ZDOfElE PADC FICWE S B2k EHLIC LT, &
BUEL R =NV T7 4 v —KGREEICL > THEZLDTHLH[T, R E=AT Va—LOEEE
HOWT, BEFELTWADKRET T, Mo r8HofMElich s Rax o VIO TS RRICEZ FF
STWND I EEERMICHR LT, 2O LI L THEEEAMREREE VT HIMAC 2 W TiT-
TEBHERN /LN FeX v VEDAREE = —T VEOBREHEEICH LT ey M5
& Fig3(lef) IR TREBBR A OND, =—T VEN 1 SHIEEZ T 5L, 1220 L2250 RarFyv
IWVEENAER LTS LB TE %5 (Fig. 3(left)) . 71 b Tide Ruex I Vv EOARBEEN LRI L
TRORREL, He 2B Ne K BWETITIFIEL - 1 &2 R->TW0W5, Xe A4 TR X )12, &
DEIZWAA L THE Fafd i b EoRTEL R TS, 2019 FFEICHF LI 70 MeV 7' k>
(2% DGR & Fig. 3(right)l2R"d, & RuX i b EolkRFE<, —20xm—F )VEOHEEKITH LT
4OREOE RaXx I L ENEENTWDZ EBNRENT,
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Fig. 3. Correlation between the amount of OH groups and the damage density of the ether.

3-2. EFOXVIEBEOENXE

B THFPOA A Ty ZIXRFTINCEENK T LzfEik & L CEfE ST\ 5, PADC O%H
21X Figl [OR Licm—7 A3t &, I—Ahr— b= A7 v b E2 ZBLRFEZ T 5E TH
Bazld, ThollEENToTF LUV ELEESF AL L TR KDL D BRI NTVH[8],
Z O E IR T & Figd DX DI D1EA9[9], A AU BEHNZ X - TEENTH7- e imaill
E X b ERERL TS, THEBRAET2EEE LT, HiicORBEN AL E TA F 7 i
FLOFEERH L, —Mime LTk, BHFBRRENREWSEICIERTIE R, HIRWSEEICII%E
DINENEL D EEZEZ DD, BZEHRL L THLNTWD PADC OFRBIF S & L CTORRER T
3. EMEEE) B DINERN EN TR ThHHrEEZOND,

Fig. 4. Schematic view of the latent track formed in PADC [9].

Figure 4 ORX TidA 4> T v 7 ORI B DOIEN O TEBOM 0 K UIEEIC KA THND, Z0
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KO BEAICIE. b T v 7 ORI EBNCT D ELOIRREIZ R D FHREAITIIFF TE e, BB Y K
ULEERNICE EE D8 MeV D71 b R T v ZiI2o0Th, 2mmiEWERS N EDILD DT, HiEd
IREETH D EEZEZLND, TR LT, 70 MeV 7' b > OEEITIE, —2DO=—TF VIR KD
nNoE4->50 Rax I VENERT 5, Gigure 3 IR T X912, 4MeV OB hrDGEICIZT—
TIVEAR R OHEERE L 1.8 ethers/nm FRE TH D75, 70 MeV DA IZIE 0.5 ethersmm LA F TH Y |
AF Y NT w7 OB TH> THHREBIZES THDH, I—FRF— b AT VEN “BLRFEIZ 2>
TESRETIC, KRNICE EED, FIZIEHLRF A ((COOH) AU TUN 5 ATREME DN T &
Lo o, B AV MELEHMRICE R Va2 o/ NS R NES FOBKREELKED .,
KRERNICE EEFoTVWHZEBEZLND,

4. FLOH

BHBELL T DA 2 FT v 7 ORENRE SR o TWAEDNE WS Y | RENR S & WM
H#RTHDH PADC ZXRICLCEli L7z, =y FEy hEERLZWVWA A T v 7T v hok
He A A TH Y . ST HIEIIFRIMRED T > 7=, PADC HIZIFAET 2 BHREZE O CThe b MU R~
o —T e ZICRSIEEZEE FFO D — R R — F = AT VO KZEENL, BLIEGERFEN DS
WEid 5L, 2Ty NEERTHIAA L N T v 7 PRLTWAHBEIOEER EICHDH LD TH-
72 —J7C, CH FEOBRLZEEE) T HIEO WM CHMEIZ R Y, G EICEH T2 L IKFLIERERIT6
ELL E@EVME & e o 7o, BHUBIELL T CEBE RS O mW I L — 7B 5 CH RO A3 54
ZIFTWHEEZLN, TOTN—T L3 IR UEENO T —T )V E D —RF— FT AT )L & DR
WCHRENT =T LU ETHD EEZLND, Fifz/pigm et LTAENSD OH K E &1 725 2 8 9
TWDHR, 2019 4EE (1T T0MeV 71 o DA A b T v 7N TIE—o2D = —T L EORBE I LT
450 FuXx I VEBRERLTWEEWIERNEGEONTZ, A4 T v 7 Ol FRIZOWTH+
FZHEERETH D L5 BRGAIZBNT, toict 7 2y MEER T2 O0#EEEZ=Z T T\ D
DFEHOM R PR L TWD AREMENER TX 5,

HEE VAo o ORMICER LSRR THI 2 W22V A 2y 7 OBERRIZE# L £,
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S ERREIE LN ISFIROMRZR BRI 5 2 S EFE

Effects of external magnetic fields on cell-inactivation efficiency of proton beams

THEE ¥, " #hK Mg ° kB B " H@A E/
Taku Inaniwa,A Masao Suzuki,B Shinji Sato,A Akira Noda *
A EFHEEMARRARKE MSHREZREMER MEISY
P EFRERMTAEMAREE NAREEREWMER RAHRET ARMELS

M=

AL T, B PR OHELT T NS AT 2R 03 . B TR OISR E D L 5 7% 5 x
HEFHNT 5, TATHSGRESRE L TY LA NEWAEZ A 78 ba i C8 a—RITKE LT,
VA REBAORTNIZ S FEOMIZZREL, 0.6 T OVATHS &2 HIIN L7 IRRET, LET 2% 3.3
keV/ium OFG1-#r% IS Uiz, SEATRES DN 5 TR O MBS BT 5 2 D B % MR A TR =R D &AL TR
fli L7z, 2 TOMBFEIZIBWT, ETHS (0.6 T) ZEIINT 22 L1280 MRAFRSRSMENIIR T L
776

B DA SR AL, AT A HINT 5 Z L2k » T filaofE Ik S $TaEEICHEmR SN D,

1. [FCHIC

UTAE X MG 7 A T v 7 L BRI (MRI) BEE 25872 MRI 7 A 5 v 7 3BA% S,
MRI 5SS ENE K Loodb D, ZIUTH O, B HEREERE & MRI HEE 2 A bET
MRI B 5 R SR D TW D, 2T, MRIIC K W IEBEOMEZHA LN L, Fh
WX U CRRBEE G TR A BRI 3 2 72 O OIRREAN CTh A, 2 MRI BEFHERG F-#IG% TlX, MRI
DI S 72 AN K0 B MR T 5, & 2T, MRI S BEE RN TOB R ESAIZ 5 2 5
B SOW T AN D S TWA[1], LA L7265, MRIEE DR 72286385 F T, B HROM
BRGNS & D & D ITBAL T B D3 E {ATARZEBIT 72, FREESE T, HIMAC % V72 R B R S 52
Bz i@ L C. AMERIGEE DN IR AR O MR N TS G- 2 D B 2 5l U IRFBRRUTATI DR 2 N4
52 EIZ X o TREBROMBEBEDENAEITHRIND 2 L[2]. £/, REMRICEZ T D055 2 HIN
LT HREMOMPRE N BICAHEREITRND & 2R LIZ[B]. LU s, HREICHER 1
BIEHE TR HLZ AVDLN TV ABMEIIG AR TH D Z &b ANEBIE DR O MR G Rz 5
2 DB ETMNT A Z LITEETH D,

= AL TR, SNBSS 2 EIINT 5 2 & TR AR OIS TN & D X S5 ICE T 2 0% iR
L. F72. EIINT 240Nk O 5 00 & ARG & OBMREZ A LN THZ 2 AN ET S,
RSB & [FIBRI ATRES T K 2 B3 AR ORI A T O BEsE A RS ShuiuiE, &< B LW BRI RO
BRI EERETE D, ZOWREHFIETIX, @Y 7205 1Sl Y) 2R R OIS & T 72 S S 51
AT D2 LT, BlZIE, BB RRIRGTEEE T Y o SRRSO IRER & A ORI A R TE 5
AIREMER B D, ZDZ EIE, B RRIRIEOIREIR Z @ 57210 Tlhe L il o/ bl L= X
N T ATE DR | FDOFRBEMESOW SN RITIEF IR E W,

MEEE X, YL A REWA L XA R—IVEBAZ VT, B roEIT FI ATERITERT 5
SRS A S, TOTF T, AOE FIEME (HSGe-C5) & FEMMELEAIIE (NBIRGB) (Zx%f L
T, —FED LET (1.1 keV/um F721% 3.3 keV/um) D57 % BEH 925 EERE1T o 7=, SRS D515~
DORBRR BN TN G- 2 DB 2 AR O L TR L,

AT TIE, EH D OMRMEIZOWT S, BISAFHNT 2 2 & CHIRARRMENIIK T 2,
B ClE, W OA I X - TR RICA B R Z T,
K LET BB F# X0 & & LET BRI W T X 0 BEEICERRENME 5,
ZEER LTz, A SN DG TR OIS R G- 2 D BT, W D TR & REEITIRAE L,
AT I Z K> THEIZHEB SN D Z L 2B 60T LZ[5],

LAEREIE, BB ORISR U T T RRIB I FEBR 21T 9 2 & T, WATHESGIC L 5 5 TRl i 5 2h 1
DOYERB BRI AFT 2B TH L0 EH LTS, 2O LT, AREOMFEEES ETY
EHETHD,
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2. Ak
ETOBTRIBAERITY A 712 ha vl C8 2 —ATITo72[4], K LISPATHSOFERE » N7
v TER Uln, VATHEG AR E LTY v/ A FNEMA (R7H: 105 cm) 2V, Thbz C8 21—
ADTA Y BF—ITRE LI, TA VB Z—E (RTHN) TORGREITRET 2 ERE TEE
ARETH Y. HABSE 0.6 T ThD, NIRS930 ¥ 7 1 b THEES 72 70 MeV BF# LET
1349 1.1 keV/ium Th 5725, HRHEFEL (k) © B2 31 emEO7 7 VT y 7 25 8T 52 & T
LET % 3.3 keV/um (ZHIM S5 Z E B A[RETH D, 3.3 keV/um O LET % b OB 1#a UV 7 7 —EA
EHCELAIZ LD 8 em BRITIKT THREFERICH W, REREIX, =074 v LOoREE=4—TH
HIh, BMEHRELREREL O 5 BRI LAIEICKIT 2 RRKRAET 1.2% Th o7, #EFRIT9
Gy/min Th -7z,
EEBRITITLA T O 5 FREEOMAE & AV vz,

H1299/wtp53 : P53-null human non-small cell lung carcinoma cell line H1299 transfected with wild-type
P53 gene

H1299/mp53 : P53-null human non-small cell lung carcinoma cell line H1299 transfected with mutated P53
gene

Marcus : Human cell line, brain, astrocytoma (wild-type P53)

KNS-89 : Human cell line, brain, gliosarcoma (mutated P53)

C32TG : Human cell line, amelanotic melanoma (mutated P53)
Ml 25528 L7 3.5 em BORRILAZ VY L/ A NEBADORT WICRET 2, JHUTK D FHATHSEIN
L72RBE CHRIBIZ G A IR T 5 2 W TE D, YL /A FNEMAICEY RS (B=06T) %
. FEESER L B=0T) ORRET, MIR~ORKREEL 1 Gy~6 Gy TELS®, an=—JFk
EIZ R AR PGE L, SE—AFRRERE KD 7z, —HEOME R FZERITIN LR BIZ 2 [FT -
Too BRMUTCTHE LIEME—ERRERE LQET L TT 4 v T 4 V7 L, 10%EFRE (EFEE 10%
ZREBIT DO ERME) RO D, SNBSS X DB oM ENR 0L T, MSEL TO
10% 55815 Dyyo D WA T O 10%AEFEH R Dy (26T D H (10%4EF88 L © Rj=Dyo/Dy) TaEAli L
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OO ©® 6

(@)

vertical horizontal dose monitor  Solenoid or dipole
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(z=0)
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7% 1. FATRES T C H1299/wtpS3 A, H1299/mp53 A, Marcus A, KNS-89 #Hfid, C32TG @iz 3.3 keV/um D57 2 B L7z &
XD 10%EFME Dip & 10%R ILFRE I R

e Dy (BL=0T) [Gy] Dy (BL=0.6T) [Gy] Ry

H1299/wtp53 6.40+0.01 5.66 +0.09 1.13+0.02

H1299/mp53 6.31 £0.05 5.47+0.10 1.15+0.01

Marcus 5.76 £0.05 5.05+0.26 1.14+0.07

KNS-89 5.34+0.02 448 +0.55 1.19+0.14

C32TG 5.35+0.31 4.57+0.23 1.17+£0.13
4. F&&H

ARAEFE L, AT D35 TR O MR 5 A - 2 B W BA AT, AT S & o TR RO
B BT, AIRORREIC I ST 13% 10%ORBEI TR S Lz, ZNHD T Edb, FATRSIR
IE. BAANFIR ST O—D>Th 5 p53 s T OBIBRIEITK S RN Z LR LMo, ZhbD
FERRERIL, FERSLE LTE &, #IGEE Radiation Research IR TETH 5,

SNECTOMERRIL, B R TR~ DTN AR T b O Th B, L L, ABSE A
KT BB A TSI 5 201013, BER CORTNLE L 25, A%IT, BIFERIC L D RS
DRRFECHE IR ) 7o 9E 2 ikt L TS TIETH D,
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Biological effects of accelerated Proton Bragg peak.
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Abstract
Proton therapy is a type of hadron radiotherapy used for treating solid tumors. Unlike heavy charged elements,

proton radiation is considered to be low LET (Linear Energy Transfer) radiation, like X-rays. However, the
clinical SOBP (Spread Out Bragg Peak) proton radiation is considered to be higher in relative biological
effectiveness (RBE) than both X-ray and their own entrance region. The RBE is estimated to be 1.1-1.2, which
can be attributed to the higher LET at the SOBP region than at the entrance region. In order to clarify the nature of
higher LET near the Bragg peak of proton radiation and its potential cytotoxic effects, we utilized a horizontal
irradiation system with CHO cells. Additionally, we examined DNA repair mutants, analyzed cytotoxicity with
colony formation in a high-resolution microscopic scale analysis along with the Bragg peak. Besides confirming
that the most cytotoxic effects occurred at the Bragg peak, extended cytotoxicity was observed a few millimeters
after the Bragg peak. This may have caused unwanted side effects and complexities of outputs for the proton
therapy treatment.
1. Introduction

Proton therapy (PT) is a type of hadron radiotherapy treating mainly solid tumors [1]. Accelerated protons
have a unique dose distribution along with their path due to the nature of hadron radiation. The initial radiation
dose is small at the entrance region. However, when protons reach the end of their path, all of the energy is
deposited in a region known as the Bragg peak [2]. After the Bragg peak, a small amount of the fragmentation tail
is produced by the reaction products [2]. Therefore, protons can target tumors located in the body without harming
the surrounding normal tissues. In general, hadron radiation has a superior dose distribution than conventional
photon radiation therapy [3]. Among hadron radiation, proton radiation has less of a fragmentation tail region than
carbon-ion radiotherapy and less uncertainty for side effects due to the higher biological effectiveness of carbon
ion radiotherapy [4]. Therefore, PT is the preferred modality for patients with younger ages to avoid potential
secondary tumors [5, 6]. However, unexpected side effects were recently reported after PT, such as brain injury
[6-10]. The proton beam has less fragmentation tail regions than carbon-ions, but utilizing a computer simulation
by Monte Carlo calculation suggested some dose leakage after the Bragg peak [11]. These fragment tail regions in
the proton beam contain relatively high LET particles in a range up to 10 keV/um, but up to 30keV/pum [12] or
40keV/um [13] were also reported. The LET range around 30-40 keV/um is still not considered as high as the
biological maximum LET value of 100 keV/um, but it can cause a significant increase of relative biological
effectiveness (RBE). In our previous studies, carbon-ion monoenergetic beams with LET values between 13 and
30 keV/um could produce RBE values of 1.1-1.5 [14, 15]. Besides RBE, other important cellular responses such
as the oxygen enhancement ratio (OER) can also be slightly affected by radiation within this range of LET [14].
LET values in the proton entrance region are approximately 1 keV/um and cannot result in high RBE or low OER
[16]. Currently, the RBE of clinical proton beams in the proton SOBP region is estimated to be approximately 1.1
to 1.2 [17-19]. In order to clarify the true nature of the proton RBE from biological responses at the Bragg peak
and the surrounding area, a position dependent analysis was carried out with 0.5 mm to a few millimeter
increments to cover the proton beam paths [20-23]. We utilized a horizontal irradiation system, which we
previously developed [24]. This irradiation system can visually show cellular cytotoxic locations in the flasks.
Monoenergetic proton beams in this study will provide clear dose and LET distribution along with their path. The
findings in this study will provide micro-bio-dosimetry analysis for the biological significance of the proton beam.
2. Materials and Methods
2-1. Cell culture

CHO wild type (CHO 10B2) was kindly supplied by a colleague of Colorado State University. DNA repair
deficient CHO mutants, V3 (DNA-PKcs)[28] and 51D1 (Rad51D)[29] were kindly supplied by a colleague at
Lawrence Livermore National Laboratory. Cells were maintained in Alpha-MEM (ThermoFisher, Waltham, MA)
with 10% heat inactivated Fetal Bovine Serum (Sigma, St. Louis, MO), antibiotics (Anti-Anti; Invitrogen, Grand
Island, NY) and were cultured in 37°C incubators with 5% CO, and humidity
2-2. Irradiation

Proton beam irradiation was conducted at a nationally recognized institute in another country (Blinded).
Protons were accelerated to 70 MeV using the NIRS-930 cyclotron [20]. Dose rate was set at 3 Gy/min.
Monoenergetic 70 MeV protons have a LET value of 1 keV/um on entrance. Exponentially growing cells were
irradiated at room temperature. Dosimetry was carried out with a Murkus ion chamber (PTW 23343, Radiation
Products Design Inc. Albertville, MN). The LET values were calculated with the Stopping and Range of lons in
Matter (SRIM) program [12]. Irradiation was carried out as previously described [24]. Prior to irradiation, cell
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culture flasks were placed upright with the capped end opposite to the proton beam source. The thickness of the
flask was 1 mm. Therefore, the analysis started 1 mm from the proton entrance for cell survival analysis.

2-3. Colony formation and manual colony distribution analysis

Two hours before irradiation, 10,000 cells were plated onto a T25 flask, which has 25 cm” of growing area to
produce a density of 4 cells per mm”. After irradiation, cells were kept in an incubator for 8 days to form colonies.
Colonies were fixed and stained 8 days later using 100% ethanol followed by 0.1% crystal violet. Macroscopic
colonies containing more than 50 cells were marked as survivors [30]. For a rough geometrical analysis of colony
distribution, locations of survivors were recorded with a ruler. The flasks used have a wall that is 1 mm thick.
From the end of the flask, the proton beam entry side for every 1 mm of colony existence was judged and
recorded from the entrance up to 50 mm. Five lines were analyzed per flask. The colony distribution was
presented in graphs and in a heat map with Graphpad Prism 8 software (GraphPad, La Jolla, CA, USA). In order
to evaluate the cytotoxic range of the proton beam and maintain a fine geometrical analysis of the colony
distribution, the reappearance of colony formation following the Bragg peak was recorded with a ruler. Thirteen
lines were analyzed for each flask to obtain a sensitive analysis of the extension of the cytotoxic range.

3. Results and Discussion Figure 1
The 70 MeV proton beam has ()
approximately 39 mm of path
length in water (Figure 1A). At
39.4 mm, the relative dose reached
4.12 Gy and the mean LET values

were calculated by SRIM software 570 20 30 40 20
as 6.59 keV/um(Figure lA) The Distance from entrance (mm)
horizontal  irradiation  system

visually presented the cell death at Bragg Peak
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the colony formation assay
(Figure 1B). The cell survival Distznclofr;: ei‘:raﬁge?rim)
score test and heat map analysis
presented that CHO wild type had
maximum cytotoxicity between 37
mm to 39 mm, where the lowest survival scores were found (Figure 1C and 1D). At 3 Gy of initial irradiation,
elevated cytotoxicity was observed from 34 mm to 39 mm. There are no clear signs of cellular cytotoxicity after
41 mm for the CHO wild type. Radiosensitive DNA repair deficient mutants V3 and 51D1 showed an even
greater reduction of surviving colonies. Overall, they denoted the extension of the cytotoxic range. At 40 mm, the
survival scores decreased a statistically significant amount compared to the un-irradiated control (P<0.01).

Additionally, the extension of the cytotoxic range was analyzed more precisely based on the reappearance of
colonies after the Bragg peak (Figure 1E). CHO wild type showed the reappearance of colonies at 38.5 mm for 1
Gy and 39.5 mm for 3 Gy. Statistically significant extension was observed between them (p<0.05). 51D1 also
showed reappearance of colonies at 3.93 mm for 1 Gy and 40 mm for 3 Gy and increased doses extended the
cytotoxic range with statistical significance (p<0.05). Additionally, the location of reappearance for 51D1 cells
was extended compared to the CHO wild type (p<0.05). V3 showed reappearance of colonies at 40 mm for 1 Gy
with statistically significant extension compared to the CHO wild type, but 3 Gy of initial irradiation did not
extend the reappearance of colony location. This geometric recording of the survival analysis data showed that
proton induced cellular lethality was produced beyond the Bragg peak. The additional lethality was observed in
the 39 mm to 40.5 mm region. Since double strand break repair deficient mutants showed additional cytotoxicity
compared to repair proficient wild type cells, involvement of DNA double strand break formation is suggested.
Since V3 did not show any additional cytotoxicity after 2 Gy, it may suggest that the “dose” of fragments causing
DNA damage are rapidly decreased after the end of the Bragg peak.
4. Conclusions

The horizontal irradiation revealed that the Bragg peak and slightly shorter range of the post Bragg peak

region of proton radiation induce significant biological effectiveness. This may be due to complex DNA damage
produced near the Bragg peak. This finding may explain the partially unwanted side effect observations, but
proton therapy can be improved with a narrower SOBP treatment.
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8H16H . 5.2 5 5l Lias 9H6H . 5. 2 2 s 25T (ias
o RIApE P7OMeV / 1 nA (%) RIZjE P70MeV / 1 nA
c8 c8
DR OMa R BN F SIS 3 AR O AR AR 2 F T
8HI1TH i i fE 9HTH 5.2 DB iz
(+) P70MeV / 1 nA (+) P70MeV / 1 nA
c8 c8
8H18H 9H8H
(H) (H)
I I AT TR I s | RIERE | 722 R&D
SH20R 1 R RIAEECA-HOPTN) - | 9A0A | Rpaepe ATF R
(k) @34, 12 1 A, C9, 10:00~13:00 (K)
RIZAEC'CuliER2) _
8)?7?5 H RIAFE H,24, 20 11 A, C4, 9:00~11:00 9)?7}3) . RIAFE AT T A
PF-Cu-64®), Bhi it
SRl RUERE RIE e VST Ruzeee AT F A
FR LA L N L — (D
8H23H . B B 920 48 HREAFOS N 9A13R . N T
(%) RIZEpE N 13.6 MeV/u / 300 nA (%) RIZEPE AT F LA
C6
8A24H 9A14H
(+) (+)
i i (BHATF LA 9/17~)
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20194E EER W]~ A4 AT 2 2(2019.9.30~2020.3.15) 14

2020/9/8ENRl
YA IOk R A Vb YA Ok R A b
B il T % TRl % J B IEmT T #% TRl | E 7
) SEL ek G L S| 2 N N NN SN N
PN a oo e | A7z [N AT AT FUA
WA RierE R&D - BIEALIE B DRE DTS H
. R =RV —RL T
64~ e RIZEZE (' CulifizR2) K3
10H2H RIEjE RIZPEC CuliEk2) 10H23H RIEE L S o ) KU\ <‘M/A(Ez>
(k) Hy24, 20 1 A, C4, 9:00~11:00 (%) o100 P40MeV / 20nA
: : cé
F 5 R L — L 11 L AR e ORI AE
10H3H . . 10H24H . KEK(f3#)
R RIZAE RIA o RIAjE P70MeV / 20nA
C6
RIZAEPE
10()%%4)5 RIApE RI&pE 10@2? H RIAjE He 34 MeV 10 pA C9 10:00-12:00
i i P 18 MeV 20 pA C3 14:00-17:00
10A5H 10426 H
(+) (+)
10H6H 10H27H
(") (")
AT erron| RUERE || 27 Fon | RUERE [O0E e RiERE| 27 Fo2 | RUERE
s /28 =
OASH N R RUEPEC Me-(Dprsh) - [10R29F) Rz RI:pE
75, C4, 10:00~14:00
10H9H RIZEPE RIE%(MCUE’E%Z) 10/ 30A RIZpE RIEFE?(MCUEE%%’W]‘)
(7K) Hy24, 20 u A, C4, 9:00~11:00 (7K) Hy24, 20 u A, C4, 9:00~11:00
B % 7 H T DA FERL AR AR
10H10H . . 10H31H . S W ORI E TR ERE)
) RIAE RIZEPE oK) RIA:PE i P40MeV / 10nA
C6
B8 7 (BT DA kA K
10H11H . fiFIH 19CH103 11A1H . CEMO WA OWE  JuR(EEE)
(%) RIZEpE P70MeV / 0.5nA (%) RIZEpE P40MeV / 10nA
C8 C6
10H12H 11H2H
(+) (+)
10H13H 11H3H
(B) (B Xfeo A
10H14H s 11H4H S
WASH RiE RIZE BE HAST RiepE RI4PE
0A16A|  pra RIZAE (" Culifi ik 2) AR | Ry RIA: PE(* Culti K 1)
(7K) Hy24, 20 u A, C4, 9:00~11:00 (7K) Hy24, 20 u A, C4, 9:00~11:00
AN Ridpe RIZE BE HATHN Riepe RI40E
s = L XL ISR DR IS OB BRI O AL TeiT 7
10H18H . KEK(f&#) 11H8H . S R FTAEA LB O BRI i)
(%) RIZEpE P70MeV / ;om (%) RIZ:jE " 1)70\1\ / 10 nA ’ ‘
C6 C6
CHE VI T NS UL P B FRRIB IR O m AT 7
10H19H KEK (&) 11H9H S #R rTARA LB O BRI i)
(+) P40MeV / 20nA (+) P70MeV / 10 nA
C6 C6
10H20H 11H10H
(A) (A)
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2019 L I~V A4 LT EFR(2019.9.30~2020.3.15)

274

2020/9/8ENRl
N A 7R KA A 7 ar N A 7 R KT A 7 ara
A B 4 mil F #% T il | T % A B 4 mil F #% T il T %
AN A7 Fn AT TR VAR | RIERE | AT 2 R&D
HALRAN Rra:je RIA:pE ZRSAN RigpE RIZEE(Mg-QpisH)
(k) (k) 75, C4, 10:00~14:00
N 64 7o
11A13H ‘ RIZEPEC Culli R 1) 12A4A ‘ RIZEPE( CulifiR2)
oK) RIAJE o e PR ) RIAJE H,24, 20 u A, C4, 9:00~11:00
S—5, a34, 12uA, C9, 13:00-16:00
HASH Ridpe RIZE BE PRSI RiE RIZE g
BB TR TR D AL T 7
11H15H . AEFIAH 19CH104 12H6H . FRR AT AT OB ISR )
(%) RIAE P70 MeV / 1 nA (%) RIZEpE P70MeV / 10 nA
cs C6
11H16H 12A7H
(+) (+)
11A17H 12H8H
(H) (H)
WA S erron RusEpE | Ao7on | RUERE || 20T oo RugE| Ao Foon | RIERE
AN RipE RIZE BE AN RipE RIZE g
A28  pra RIZEFEC' Culiiik ¥0i)  [eiunl g RIZAE( Culifi i 2)
(oK) Hy24, 20 1 A, C4, 9:00~11:00 (7K) Hy24, 20 1 A, C4, 9:00~11:00
ST RidpE RIZE BE AT RipE NG
RIE — LM AARIEDT- 8 DISOLZ D B % T F U7 BRI H ER O BB X5
11H22A . Fril 12H13H . (L7 FAT YA OFESE AR (L)
(4) RIZEPE PI8 MeV / 20 uA (%) RIZEpE He 100 MeV / 100 nA
C3 C8
T F U7 R ER O BB X5
11H23H 12A14H (LR SAF YA ORESE AE R (LD
(+) (+) He 100 MeV /100 nA
C8
11H24H 12H15H
(H) (H)
WIS oo RUEBE | A7 Fn | RUERE O] a7den AT F A
HASH RipE RIZE BE AT RiE NG
SUEIT] - RIZEFE(" Culiffk2) ZABAI pra RIZERE( Culfk2)
(oK) H,24, 20 1 A, C4, 9:00~11:00 (7K) Hy24, 20 1 A, C4, 9:00~11:00
11H28H . fiFIH 19CH106 12H19H . 5
) RIAJE P30 MeV / 1 nA (K) RIZEPE RIE
cs
Biological Effecto of accelerated proton
11H29H . EFIH 19CH106 12H20H . in whole range CSU =T Rk (i)
(%) RIA:FE P70 MeV / 1 nA (%) RIZ:jE P 70 MeV /10 nA
cs C8
11H30H e L 12H21H
12H1H 12H22H
(H) (H)
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2019 L I~V A4 LT EFR(2019.9.30~2020.3.15)

3.4

2020/9/8EN I
N A 7R RIT A R N A 7 R RIAT A 0k
J Bl T #% T Hi F 7 J Bl T % T Hi | F 7
12 RESerrn| RIERE | A TF 2 R&D N FRAD A
B TR R LI 7
12A24H . B AT LR OB R 1H14H : .
(X) RIZEpE P70MeV / 1 nA () RIZEpE RIZFE
C6
12H25H : RIAE 1A15A : RIZEFE( Culig R 1)
(k) RIZEPE P 18 MeV 20 pA C3 14:00-17:00 (k) RIAEPE H,24, 20 1 A, C4, ue;]:oo~11:00
AN RipE R&D VUSTL Risee RI4: 7
12H27H . FAEFIH 19CH105 1A17H . I 19CH107
%) RIZEpE P70 MeV / 0.1 nA %) RIAJE P70 MeV / 10 nA
C8 C8
12A28H 1H18H 2
() () FERFIHE
12A29H LH19H
(H) (H)
122 <0 VI20B 1 0 s 2 ATF R
(H) (H)
12/31H 1H21H : .
) o) RIZEPE RIAE
A1 _ 1A22A : RIZEEC Culli K Ti)
H 3 ]
(K) e (7K) RIZEPE H,24, 20 1 A, C4, l]9[];00~11:00
1H2H 1H23H : .
o e RIZEE RIAE
1H3H 1H24H . ZAEFIA 19CH107
%) (%) RIZEpE P70 MeV / 10 nA
C8
1H4H 1H25H
(1) (1)
LH5H 1H26H
(H) (H)
VO errn| Rk | 27 | RUERE (VT e R | 7 on | RIARE
i RIZEJE RIE e VIBEL Rukpe RIZE BE
VIS | i RIEECCuREE ) || 1290m | o RIAEZE( CulififR2)
(oK) Hy24, 20 1 A, C4, 9:00~11:00 (7K) Hy24, 20 1 A, C4, 9:00~11:00
ERRE D T RTRIR DT=D D
1H9A . AR ARSI A kTEAGER|| 1A 30E : .
oK) RIZEpE P70MeV / 50 nA oK) RIZEpE RIZEFE
C6
ER D T RRIR DT D
1H10H y EAR AR o kT EAGER|| 1A31E y AR 19CH108
(%) RIZEPE P70MeV / 50 nA %) RIAJE P70 MeV / 20 nA
C6 C8
RIE — AN AARIEDT- 8 DISOLZ 0D B %
1H11H 2A1H J Al
(1) (+) P18 MeV /20 uA
C3
LH120 2H2H
(H) (H)
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2019 L I~V A4 LT EFR(2019.9.30~2020.3.15)

4.4

2020/9/8ENRI
TR A Ja TG A 70k T A iRy SRR I
A B Xl T & A T % A Bl T % L [ T 7
BRI LD
oH 38 ||, . : NP FORONE) 2H24A o
) 7T REEN AT A N ) tmsmeva | T R) IR
/ 300 nA C6
2 RIZEJE RIA 5% A Rizeee RIAJE
2A5H : RIZAE('Culfik2) 25126 H : RIZE2E (! CuliGi bk 1)
(oK) RIUA7E H,24, 20 1 A, C4, 9;og~11;oo (oK) RIZEPE Hy24, 20 1 A, C4, l]e;]:oo~1 1:00
A ‘\‘L’iﬁfﬁf%%f@ffﬁﬂ?k/)y’:‘of)U) 7 o5 B
2A6H RIA:7E EU.MJZf'lv'f’r‘ﬁi‘ﬁl!;’:zr?”{‘{ﬂ!}?’r’ﬁt 7’\1 rEx@ER|| 28278 R 72 RIZAPEC Mg-@FT4H)
(R) i ~1t\(‘é 50 n. (R) @75, C4, 10:00~14:00
TR T RO 0
2H7H » AR S BRI KT ERTER) 2H 28 H » SR 19CH104
(%) RIZEpE P70MeV / 50 nA %) RIAJE P70 MeV / 1 nA
C8 C8
2A8H 2H 297
(+) (+)
2H9H SH1H
(H) (H)
AU | RUERE || AT RIZE: ¥ P s | RUEFE | AT F 22 RIEPE
Es ‘EFEEO A Il R RIZE
2512H , RIZE('Culfik2) 3A4H : RIAE2E (! Culifi bk 1)
(oK) RIUA7E Hy24, 20 2 A, C4, 9:00~11:00 (oK) RIZEPE H,24, 20 1 A, C4, l]9[];00~11:00
2’?7}35 RIZEFE RI:pE 3’(1,2)5 RIZEE RI4: 7
R LA LR TR LR — TR D IR ERESR DS T BRI BB B
2H14H . B B 92 48 HKEFFOR) 3H6H . 5. % 255 Fia i
(%) RIZEpE Ne (FS) 7.5MeV/u / 500 nA (%) RIZjE P70MeV / 1 nﬁ\H
C6 C8
2H15H . e 3HTH
2H16H 3SHSH
(H) (H)
R IS AT PR SO L | RUETE AT PR
ST Rz NG PO Rz AT LR
2A19H : RIZEC'CuliEk2) 3A11H : NP
(k) RIAPE Hy24, 20 1 A, CA4, 9:og~11:00 (k) RIA7E AT IR
A0 R NG P R AT F LR
T T RO B e
E > 7 AR FY T _
2)?\2@1)5 RIEFC—E //L/)'metj%MC\ o IJ{\HBE 3)?%3)5 RIEFC—E ATFF LR
C8
2H22A 3H14A
(+) (+)
e REFEE B v (B~ 2145 3/30~)
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