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Y40 raO>0EEREREE AWK
OPERATION RESULTS AND UTILIZATION OF NIRS CYCLOTRON

A BRI, JtiE IBA B @A SRR Bk BR RAA K MEA
BFH EA RA £ EE S8° BE E—-°. F1L R H B35 s B,
gHE #H="

Akinori Sugiura®, Satoru Hojo®, Ken Katagiri®*, Nakao Masao”, Katsuto Tashiro”,
Kazutoshi Suzuki®, Akira Noda”, Takashi Wakui”, Takanori Okada®, Yuichi Takahashi?, Isamu
Aoyama®, Hiroshi 1i®, Takashi Kamiya®, Koji Noda”

AL BFRIFHRMTTERREEE BREREZRESTIER MEB I
BLmEBITI VT voKkREH

B=

TR RRE PR BT OV A 7 1 b e Ui, KA 7 a b (NIRS-930) & /Ml 7 km
YHM-18)D 2 EDH A 7 a b URERE SN TWDH[L], YA 7 a ka3 SRR o Rl - i
ZEEAIZ, KRBV 7 v b o 3B ESEA O BE - BFE % IS BRESE, BT, R AR s
D%, AR — A8 Thn-, KBV A 7o b TlRE—A0% bLIT->TRY . #Fthe—
LELT2TMeV AU U AZFHTIHSE Le, £, RV A 78 b TIIAIC L ERETLERO
B — AFRIGEIR ATV, FF 11 [T o 72,

ARG ETIL, Rk 27 BT D 2 5OV A 71 b o o OEFEH &EERFERE., R RILIZ oW
THET 2,

1. EREH

KABLOVNY A 70 ho Tk, FHO 8:30 725 17:00 £ TiEliza2fT-o TW\5, FEBREDHEY
N DHLGEITITERIZRY 19:00 F THEREE 2> T 5, B, KV A 7u berTiIAIC 1
[FIFRE D L2 B IZER AT - TV D, Fpk 27 FREIE, 85 T 7 0], 25 T 4 [[lo0F 11 [Alod> LE A iE
HRZ T o7,

WA T 28 %E 9 AR O3 ARV A 7 e e x 3@, VYA 7m baif2
MEoTWnb, SFEEIRMYA 70 ha DT 7 VI X —DEFI O~ T 2T 4 v 7 F ¥ RIVE
WOEFH D=, 3 HOEMA V7o 2MMidfE LY 1 #HMELS Lz, RV A 7r e T4
W, YA 7o ha X2 B E L,

v EANIFE T, BENHOEE 2 BT THEELZ LTS, 2 HEAIIC4ANSH 8 HET
DOE I~ o XA L%, THATAICI0 A2 AEFTOHENM~ L o H A4 LEZELTND,

2. XBY4H9p0bknY
2-1. EIREHF

Rk 27 AR O IERRIFIIX 1706.9 B CTH 72, T 7LV X —FH DL, 3 ADEMA LTI
Rkl ol Z LEIZ XD Wk 26 FEE D 1789.6 I L W 4072 e o T D, IR+ =R L F—
B ORI A28 112, IR B OIEERRE R EIS 2 X 1 1SR T, Ik 1 « =R /L ¥ —RBl D iFEi R
Tl R O BYE - fFZEIC R S5 34 MeV ~ U 7 178 464.4 WS WyBREFSS . A Warse.
B s OBRSE, BRI K 2 HERER, AR — AR Vo miB AW TR S LS 70
MeV [51-7% 405.6 Kl & 72> TN D, 2D 34 MeV ~Y 7 AT L 70 MeV B+ < FIH SN TEH
V. REEEEE O 51.0% % HH TV 5,

IR - BERRRE R ES T, TR TOGHTHH SN TW D512 43.7%% Hd T\ b, Fiz,
W FRIER O BLE - FZECEICFIH SN TNDAY 7 AN 36.8%% HDTW5D, EDOMMORL 1 TlE,
KFES TN 10.4%, HE 78 5.6%. [RFEZD 1.0%, LA D 2.6%DEIE L7 ->TWD, ik 26 4R &
PR U TR AR A o B43E - R R BV TN HEIEIC T T IRR R OB OBE N X Bt £ o Tt
Z b, ~NY U AOBEIERFE AN L TWD, ZOMoR ORI BB EliconTi, £FIHA
IO OB T 5,



R 1 IERLF « TR F—FIEERRH

Cka BBF =&
IRILF— | EERER IR)LF— | EERHER IRILF— | EERHER
[MeV] [h] [MeV] [h] [MeV] [h]

80 39.0 50 9.2 144 16.2
70 405.6 25 10.8
60 73.7 20 76.2 A
50 17.1 IRILF— | EERHER
40 58.6 A1) Ly [MeV] [h]
30 24.0 Ix)LF— | EEER 120 43.6
25 18.3 [MeV] [h]
18 109.7 100 9.1
75 453
KEDF 40 88.7
IR)F— | EERRFR 34 464.4
[MeV] [h] 27 20.3

27 461
24 131.0

mE TV 26%

1.0% g

~L | BF

36.8% 43.7%
B
5.6%
BT 5.6% KESTF 10.4%
X 1 .JnEeL1 B SRR B A
2-2. FIAKRKR

FEEAREH 0 1706.9 FEIOFIANR E LT, FIH B BB OERRH & 2 0HlIG %% 2 12, FIHH
HBIOIEERIF RIS 2 X 2 1R T, EHTH DG ESRA O RE - HFFEIIE 791.4 WER O IEHR R
DY THNT, ZFOMIZIT, WERRFZEIZ 277.7 K], B8R s OBIFREIC 73.2 K. ZEMBFZEIC
68.0 Wi, Ak — a2z 148.6 BRI SNz, £70. KB — LB 343.0 HRRE. iR 4
HEIZ 5.0 FEEINES ST,

TATEERIER 2 D DEIS TH D & KNy & 72D 46.4%DN U MEERF o Bl < BF 7R IcHTHNR TV D,
[FRRIZ 13 & 72 580 33.2% 03 A Bt — A2 G e 2 ML A HBEMICH TONTEY 16 &7 D
20.4%72381 7270 B — A T R L X — DOFH MR, E— AOEOWED D OFEEIAICH T Hi
776



# 2 FIH B BB E i

B B B B [(h]| B & [%]

(1) R HEROEE-H#E 791.4 46.4
(2) HIEBWME 277.7 16.2
(K FHEBHEZDOEHE 73.2 4.3
(4) £ HRE 68.0 4.0
(5) BHE—LIE#H 148.6 8.7
(6) FE—LEH 3430 20.1
(7) et =L2 AE 5.0 0.3
&8 17069 100.0

TSR E 2 RIE 0.3%

& - %
%

£V 4.0%

PlFiRIR
DEFZFE 4.3%

2 FIH BB EER R E S

(1) BHEEFIOHE - HR

TSR D Bl - BHFFE[2] T, MOERRIRFT O 46.4%I2 % 7= 5 791.4 FERIASFIH Sz, kit
TR FX RN LRI AR ORI & %X 3 12n7, FARMEZRLFRIICEHEE R L, ~U D
LY 60.5%, B 178 17.4%, KFEH10° 14.3%, ERGF05 7.9% & 72> T\ D, KBS FIIREEZ I
& LCTHRE L TCWD720, BrclaBEE2HIE LZAAIZ3LT%E 25,

Fifbhizxrx—iE, AL ORGEIZ AW B BYSe, MAs DELEIZ S VB L 34
MeV ~ U 7 278 43.1%, SCu DB Y BTz 24 MeV KSE4 778 11.4%., 'Cu B IC VB
7= 40 MeV ~ U 7 78 11.2% . MC, As DBLEIZ IV & 417 18 MeV 7728 10.2% & 72 > T 5,
Z DIz ®Ge DEIKEIZ VY BT 30 MeV B 75 0.9%. ¥'Cu 12 IV B 417~ 60 MeV 5 7-7° 6.3%. 2
DR B U7 27 MeV KSE S -3 2.9%. *PRe D5 12 FHV 5 4172 20 MeV EERS -3 7.9%. "“As
OEGEZ AV B HT= 27 MeV ~ U 7 573 0.5%, Mg OELEICHV BTz 75 MeV ~ U 7 1718 5.7%
Tholz, FIMEZRE L2 R F—L 2T MeV ~U T L Lo TIN5,



75MeVAI D L 5.7%

30MeV[EF
8MeV[E+ 0.9%

40MeV 10.2%
UL FN 60MeV[5F 6.3%

1.2%

P& 24MeV

T KERE
14.3% 11.4% 27MeV

KJEAF
2.9%

AL
60.5%

20MeVE [5F
7.9%

27 MeVA ™ L 0.5%

B 3 HURMEIRF DRIE - BFZEICRIT DT « =R —RIFIABE

(2) PEHRE

WS Cl, IR O 16.3% T 5 277.7 BEEAFIH Sz, WEPIRICB I A h1 « —
FX—RHIFHEE 2K 4 18T, RiralicHs &, EICRHEINTODE T 75.7% & 72> T
%o FOMORIT-TIL, BEB77° 3.9%., REN 4.7%., A0 15.7%E ki ki -SRI En T
W5,

WBFE ClE, TIREO~ U Z A ANEBSNTEY, TNENOMETCHH SN =
FIF—TRD LB TH D,

(B % T2 1R « ZWR OB A A — 2 7Bl o JEREBR%E ) [3] 70 MeV 5+

[RZ R R AR B — E Oy W AR O I E ) [4] 40, 70 MeV 51, 25 MeV E 51
[ERLT-BR D AW RAT R R 3 1T D S B 5E | 120 MeV %4>
[ FE - HRIG IR D 723D D AR BTSSRI B9~ 5 P98 [5] 70 MeV [+
(R T & feth 7 BT D sk 1A pk — By Wrim A O E | [6] 40 MeV [57

U P BE i P AT BEMEAA B D W -5 FER ) [7] 50, 80 MeV [+
MERLFICE D LE W R X —(HE OGBS 2898 [8] 144 MeV fx 3

144MeV 5 3 40MeVIEF

4.7% 19.0% 50MeV
25MeVEPSF [&F
3.9% 3.6%
80MeVISF— =T
4.0%
70MeVI&F
49.2%

4 MERFECRIT DR - = XVF—RIFIHES
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(3) HNFRELIBOBRR

KL TR HH AR O BHSE T, HOEERRERT 0O 4.3%12% 72 5 73.2 RIS FIH Sz, kLR g
B DR =R X —=RIFHEIG 2 X 5 2T BBl 25 & B2 76.6%, Ef51-28 12.5%,
A~NU T AN 109%E 72> TV D, FEIZGT 70 MeV 2 FEYEIZ R 72 5 = p L —0o 5 4 IS L. bz
AR AR D HEBESOMERER A (2RI S Tz,

KRR R OB TIX3FEDO~ L U 4 A ARFEENTEY . TNFhOETHA SN
B E TR —IRDOLEEBY TH D,

[FH R AR ot Bk o K HH 2R O BEJE | [9] 70 MeV [57-, 50 MeV E 57+, 100 MeV -~ U 7

MEATRBMR HE P IS S ND BEA 4> T v 7 ORI [10] 20, 30, 70 MeV 5+

DE/NT 7 7 4 7 O AR it OB [11] 70 MeV 51

(B F#k E— DB D H e T ARRER KO

Byl It o A EFHALOS) D LET KFMEICBIT 5058 [12]1 70 MeV [+

100MeV
ANty L

50MeV 10-9%
Edl s
12.5% 12.1%
B
76.6%

70MeV[&F 52.7%

B 5 M FRRRHHER DBAFEIC IS DRLF « =R AXF—FIFIHBE

(4) SR
RIS ClE . FOEEEIF O 4.0%12 577 5 68.0 BREIASFIH S vz, A Tl 3 EO~ &

VHEALREINTED . FIHSNZRFIETXTT0MeV BFDHTH -7,
B AR A1 2 KA T 722 B ONTIKEERSE T COMANESERh R [13]
[T b oAcxd 5 e MEEEMIBOMIESC ROT T VRN [14]
[R5 18R D LEMZN R DAL [15]

(5) BAHE—LIR#

AR e — AR HETIE, RRIEHRIER D 8.7%I24 7= % 148.6 FEIAFIH STz, Ak e — A42HEHTF
HENTRLAIIG O TH -T2, FIZFH SN R X=X 70 MeV T, ZDOfhD TR /LF—
TIE 25 MeV X° 50 MeV D3RIl & vz, FICTFHMHABRIC L 2B s ~O B LT 57200

FIRAE 72> T 5, [16]



25MeV[EF 6.4%
50MeVP&F 2.5%

70MeVP5+F 91.1%

6 A — AREIZBIT DHTF - =X AF—RIFIAEE

(6) E—LB%

B ARSI, RIEHRIE D 20.1%I2% 725 343.0 FERIA Y CH -, B —ABRICE T Bk
T R AX—RIFIHEIE Z K 7T IR T, BRI AH D & B 35.2%, KB 18.7%. E
Bit78 4.0%, ~U 7 AH 41.2%, FRFEN 0.9%E 72 o> TWD, K, HdHEsEF o il - fFgEic
WT I R O ERE~OF ARSI Sh b At “As, ®4sc @% GEEIZRIH S 34 MeV ~
U U LD e — MR 21T O B & < BIED 36.0%%£&>Tb\éo Rk 27 AEREEDOFHE
— AL LT, HURMERERIORGE - BFEAIC 27 MeV ~ U U ARG LT,

NIRS-930 ¥ 7 1 b L OEERI[ATNCB N T, ~ T X T 4 v 7 F ¥ U FILOEROEHFL,
HET LI AUAT AOED, HEHE T L —0 B — ADOHIIEHFE ISV TEET 5,

144MeViR 3 0.9%

100MeV~ 1245 0.3%
,30MeVI& T 2.2%
_40MeVIBF 1.7%
50Mevr!§% 1.0%
GOMeVE%
7.1%

UL 3529, 70MeVIEF
41.1% 6 o 5o

KERGTF
18.8%

24MeV
KESF

27MeVA o Ly 4,.8%— 11.9%

20MeVEBT 4.0%—

B 7. ©—ABRICEITHRF - =X AF—RIFIHEE



3. ©MNgHysHo/onraY
3-1. BigRE

RK 27 - ORSTEIRREIL 16419 Bl CH o7z, KAV A 7o huar DT 7 L7 X —HEHD%, 3
AOEMIA LT U A% L 5722 LI 80 Rk 26 FFED 15979 B L v 1072 < o TW 5, Kit
H 0B O EERRE ] 2 3% 312, ki1 BRI O EIRRF S & 2 X 8 1T~

RIS 7 a ha T, TRAF—[[EET 18 MeV B 1-& 9 MeV R -2 Mb(E rTsETH 5, 18
MeV B+ ORI T HERFE] D 95.3%12247- % 14703 Bl ThH o 7=, £72. 9 MeV EL+DOF| X
FRIEIRRER] D 3.7%I2 %4725 56.8 KEfE] Th > 7=, £ DOMIZIX, FHEEEL T 18 MeV F57-1Z 11.8 FFFfiH, 9
MeV E[5 112 3.0 BRI EC LT,

#£3. BV 4 7 a b uroEERR

18 MeVIEF | 9 MeVE[FF B
METEEFIOIE R 1470.3 56.8 | 1527.1
2F B EEr 11.8 3.0 14.8
it 1482.1 59.8 | 1541.9
. SE B E g
RO SR 0D S - TRZE A B8

E5F 3.7% —\ /[BFRUEBF 10%

T ET T D B - B ZE
f&F 95.3%

X 8. /NBIY-A 7 1 b v v OERRREEE
3-2. FIARK
NS A 7 a3 SRR O B - SRR AR ST D, REIRIER OIZ & A LN
18 MeV 5712 & %5 MC =0 BN, BF 72 & & FIW T S PRI o U YE - BFRICRI Sz, £72. 9 MeV
BB LD 0 & W A ORI - BFEAT O, 7235, THRKELRER I 2e A E R A
YT U AR D B AERICFEIZERS IR TW D,

BEXHR

[1] Jtik 1B, &2id 2|, A @ $E BX, FH E, BH 25 0H S8, 58 58—, H #5,
FW R, A #7: WEMY M 2 0 O (NIRS-930, HM-18)DIRIRERE, 5 12 [A1 B AMNEEF
SEREHEHET, 20155 8 B 5 H~7 B, FSP021, p.340.

[2] ®FHF i, 85K F, BAX & BH ZH, Bk ¥z, WA E1T, skiE 50KER, A4t 42, 5k AR
X 40O ORFTO—TDEE - FHREADFIAIKR, & p15-p18

[38]1 A ZE, &4 FEsh, ZE B, /Nd 87 S8 2N, BE EX, K ¥, RE h G =
B BFRERAWARE - SEHEOBIMA A —D U T EMTORERERS, A5 pl9-p25

[4] &K &&, U0 B, & BN, 515 80 BERFERZEMSMEEDRIE, K&t p26-p30
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[6] BEE A, T BE—8R, 18l #A, B 8IX, %K EA, b TF WE 6, £8 28], 1t
& 18 SREBFRABRO-ODOEBRHEMEEIZREIT HMZ, K5 p3l-p36

[6] & #, KFE Epr, BEH BEE, F K&, WO 3, 7K B 515 B0 RiAERRAIC
BT ARBENMTFER_EWMAMEBEDBRIE, A& p37-p40

[11 8T EE, §5 Hth, =18 &X, A HBX, BF B, K —, 1R 6 5 1EE S5
E B, EF;"% %A miE B TJ&(%‘Ilia_ﬁ&ﬁﬁ_!%'liﬁﬂwqﬂ'E?ﬁL%%ﬁ AiE pal-pa2

[8] /\B & #R M2z, &K B8 KW 2% BERFICLSLEVIRILX—HEORKRIGIZET
%)Tﬁ;m ann, p43-p45

[9] dt#t &, /NFE S, WYE ==X, Soenke Burmeister, Robert Elftmann, Jan Steinhagen, Eric Benton, Rachid
Machrafi: FEBSHEOTERFRIBEEIROBMHE, KiE pd7-p49

[10] WA Znth, WA ZME, LH B8, L¥F Kt DF R A B BARBRERFICERIND
BEAX U Ty DEBER, K&E p50-p54

[11] FiR ¥, k& BF, BH B BH € 7 5§, bW & 8hET70 74 TFHEHRGHRRE
T DBEASE, A5 p55-p58

[12] 5k #fH, &35 BN BFRE—LICEFTIRAT I RABEFRURIL I Rt XEEET(AI203)
D LET {KFHICEAT 58F3%, A&& p59-p6l

[13] F1W =—, /NRE RKAE, 5382 I, 2 2FE AR =X, M & BFREHNICETLIRRTEL
VIZIEBERT COMBBIENR, &A5& p63 p64

[14] #6K Heift, FREE #A, £k BEZ, Jbft @&, &£ 8 0o bricxd b e MEEMEOMBREIE
RDETIVEMN, A5 p65-p66

[15] BTE FF, BH K, #R &, T §—, Cartwright lan, E3R 3, db4F &, #EHF =, 0k =5k
GFEDEMSRDMAE, KRk p67-p69

[16] #2i@ B2, duiE 1B, FR &, FE Bk, B =A, K 1F, HH E, §F £F& EH S48,
BiE E—, HU R, # #E, FE #HE: NIRS-930 (28 1+ 2 HRHEM O FIRIKR, zis p71-p72

[17] dL1% 1B, BH &, AR & EF'J:' BX, &8 E8, FH E, [H 58, B £—, Fl 1K,
FH 1BE, BFE #$7):NIRS-930 Y47 0O kO DEERIKR, K5 po-pl3
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NIRS-930 4« ~ O kO > DEERR
STATE OF THE NIRS-930 CYCLOTRON

g BN BF OREFN AR R hE BX &E 2ZAN BA EN
HEH ;'ﬂﬂ'B ;Ei*g %_~ ﬁu-l :[jJ=tB #le\sE],E %#_JA
Satoru HOJO Takash|Wakm Ken Kataglrl Masao Nakao AkInOI’I Suglura Ak|ra Noda

Takanori Okada YU|ch|Takahash| Isamquyama H|rosh|I| and KOJINOda
A M%ﬁ@%%AﬁnﬁEﬁ¥Eﬂ%t/9 %ﬁlﬁ%
BIMERBIVIO=TY oitkA&ut
B=
HEMFO RS 7 7 ha NIRS-930 (F, ##E SN THHEEIZ 40 22 TV D 08, BRI
Eﬁ@iL%¢bu%ﬁﬁamfﬂﬁéﬂfw EiE L LTI, M ALEESCH R E, &
FEOEFE LT A %Eﬁbﬁ#%@%%mffwé AEET, E—LORDHLUEETH D
77%74/7?%/XW® BIROEHC, HET I VI X VAT LAOEH & To7T-, FET 7LV X
. B, BRE), EIR. S AT AOEREIToT-D T, THICOWTHET DS, iz, SR
mﬁ®%Lu%@HMTﬂ%éﬂéw@mmwizw% D E—LADNEFAEIZ OV T HHET 2,
1. TI2LI93VRATLOES
INETOHET 7L 7 Z1F, A7 0v ba U H#EESY)D Thomson #DT 7 L7 % Z Tz,
EAGIZ L0 BRI AL E O BHBMEOMBER H VD . & O ITEFERF O L O ANF b R & 70> T
B, MEER-oTW, 20720, BRENGIEZ 5O, EREEKRTE (SH) "HoTF7 L s 227
A(Eﬁl 2) ~DOEHFEIToT, o, FHET VL7 XHOREELEERICBVLTYH, Efit=4
WCAREAER DY | @EEEMEEORERDFHI CE 2 ZeoTWeled e CHEFH 2k 27,

BE2SHIBFT 7L 7 Z U 257 A (REMAIBFEIERE)



SHI BIDT 7 L7 XV AT AOFFHIBWC BAET BRI ENDH DT 7 L 7 XEMBOTEIRIZ
Thomson #LE[F UK & Lz, © 7 ¥ AEBMOWEHAES b KsME OB EEuE 2 LELanE i, k
THE OB A & [FERECHER: L7, NIRS-930 %1 7 1 b1 > OIIEF ~DE Y 1) f-=ohr @& b i o 7
A F‘l/~/l/%? bt L7oA#EE & L, Thomson BT 7 L7 X L O HEEMZ (> T5b, —J7. EXE)
FlIEEEICB N TCE, T X THLW AT AL ERS>TEY . Thomson #Tlri, 5/(?/1/JET7‘//5
A— 5(553)%i07/&»f»%% 202 X 2 BRENL i 2 1T > Tz ps, SHI LTIk, PC
MBOPLCHIFE & 72> TN D, A A v OERENE O —F %2 BH 4 127~

s
= NIRS930 #17OMAY WEFILYI59— BREHEE g
| | L 4 |EEE

EIEXTRAGTION PROBE

s enenats 10.00 = MOVE
[pesars .00 =n = | E—

[wcwmsns: 500w | ot O

B Hv-0UPUT

[pomsan: D80 w

[mrwmuaL 078 == oLl

[povnrsar,
[pasuaTe
mctrma,

B.E 3 .Thomson & BE4 SHI#5 7 v 7 ¥ BEREHIEEE O 1 4l
T 7V FEEE) (F7 v ZHR L BRENME %2 BERHT TR RSN TWVW5,)
il

EEERIZEB W TS FERICE I T, fkxitg 2 W72 282 ~HE Ws60xD700xH2005 mm D) S
2m 7 v 7 1 Ry OEEERND, M%m@m%&mwlgf/%7/&2U&47®@ﬁ_mmmém
TW5, SOICEREIHIE & FERICA A YILRRT v va A= L7l A—2—T{ToC\Wi&E
BRI AR ®ﬁ@ﬂﬁVX%A%m&ﬁy%ﬂ*wfwﬁ%ﬁﬁméﬁﬁ%ﬁotomF ﬁ%ﬁﬁ
SN, “m@ﬁm%TA&ﬁofwéoik TV ZHOREEERIZBWNTIX, T 7V
7 B ERRE D T2 DT Are B HHFBRAREIC X 0 RS W & 725 Arc Trip BEREZ BN L7z, LS L7223 5
V7= = /@ﬁmﬁ#ﬁ&{’ﬁ%fﬁ0)I~“)yﬁ‘ﬂiﬂlﬁb\‘( INS TR CEIRIE LD DN D T2, A

RU— g VIZREE DB H D . SEORBPMLE L 72> TN D,

FIVLI R AT AOEFH%, 18 MeV proton, 70 MeV proton, 34 MeV Helium (2 KV b — LGH%
EAToTz, TEERERE LT, 777 rE L EE, WY M LAEAZR 11237, Septum Input |7
TV HZANALETOD, A7 ba L boOEREZ 7, GI, GOiX, ThEhT 7L 27 % AN
O TOT 7 VI ZEEEmE 72 LEROBEAETRT, WO M LSEX, 777X A0DT
n—7nb, TIVIE RITRT A v I TR, IIT 4 halb s X —Eimmkice— A
FTANIZANY, SHENUEM~ 7 2y Nl %077 75— TETOMERTHD,

18 MeV proton, 34 MeV Helium TiX, VY H LERICE W TR ZRERNDTFTOLN TS, 70 MeV
proton ([ZBWTIEL, BOH LHRMETFT L TWDER, T 7L 7 X @BBEO~ T RT 4 v 7 F ¥ RV
NREBDOEEIZ L @EARERBRMEMEFLTLE-TWA 20, B HLOBERMETFTLTEY
#9425 80 MeV proton & FIERIZA % DRMFHREE L 72> T 5,

HE—LIZBWT D, MEOFEICSOWTL, BT 7L 7 X A7 A THD Thomson BT 7 L7 X
DEFHIZ L DERENERE D N 7T o v 2 O, BRI RELIC LA MEF A LEAT v g
A — B HEDORBEDHENNZ L AMEREDIKR TS -2 EEZXTND,

DX, TIVIZ VAT LAEEREHTLHZLICLD ., BEROT =2 —C 72 AL E O
BRE, 77V 72 AT AOREEZ ZVE T EICHMBEICIET 2 Z E 03 kD L) 127 o T,
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18 MeV  proton

1. 77V 77— AEERLERE

Septum Input GI GO TILYREE Y LE
[mm] [mm] [mm] [kV] (%]
SHI Def. 903 6.3 8.4 20.4 63.4
Thomson Def. 909 10 10 20 58
70 MeV  proton
Septum Input GI GO TILYVRERE Y LEhER
[mm] [mm] [mm] [kV] (%]
SHI Def. 909 5.2 15 478 12.5
Thomson Def. 907 10 9.5 47 25
34 MeV helium
Septum Input GI GO TILYVAERE Y LEhER
[mm] [mm] [mm] [kV] (%]
SHI Def, 904 6.3 12.1 278 82.2
Thomson Def. 909 13 15.5 28 90

2. E—LFRAEICOWT
2—1. 100 MeV He? beam

T B 7R HH 2R D BRI T, 100 MeV He* beam DERMNH Y B — LK EIT-7=, LIATL D
100 MeV He** DMERZAT > TV, @EEKEGOKENLHE L T LEIBER S -T2, KEL
TR TE D X O E R AT,

FT. A 70 br rNEHOE— A IEROMREZIT 72, FFHIETOE—LERE R 212,
BRSO REFRK 3ITENTNRERTE L ORT, AFEROY 775 —h v 7 (FCN4) b A
> 7 V7% (INF) £TOREE (INFFCN4) 1L 72% & BiFCTh o7z, 72, AFDOZhFE (R=100mm,” INF)
2% 35%, HOEE NS OT 7L X A0 a—7 (Def P) £ TOMEDZHE (Def P, R=100mm) %,
100% & BAF7fECTh -7,

£2. ARZAVBLUOY A7 ba U HNEOAE—LFHELRICBIT 5 B — ARE

FCN4 INF R=100mm Def_P BSO
[pA] [pA] [pA] [pA] [pA]
HEEEE:] 9.2 6.6 2.3 2.3 1.2
R 9.2 6.4 2.4 2.4 1.3
# 3. ZRICRITH@EBEER
INF.~FCN4 | R=100mm/INF | Def_P/R=100mm
[%] [%] [%]
HEEEE:D] 12 35 100
HEEEYE S 10 38 100

WIZ, M7 v —7 % T, INEEEIC BRI 525 R To v — MM EZHRE Lz, (M7 m—>7
D H IO Probe No.1 2> 5 B Y H U 88 % & Tefic B SMAI O Probe No.10 & T D &' — A7 AH O I E 5
ZaaEETE LT 1SR, MY CTd % Probe No.1 DOfZFEZN 20 FEFH TRV . & HICHE LHMIC
20 EOTNNECTEY, 40 ELLEOEEZFEES>TLE- TV, MU AaA S OREEIT-
2o B U DA NBGOFHESG D v — MM Z X 1 I % & LT 7, Probe No.1 7> Probe No.10
FCHIBELTH10 [degree] DIE E 325 Z LN TE 7z, ZORER., @EKELOBENEA LD,
RE LTI E— LN FRE L 2o 7o, MAHHREZOAFHR TOE -8 e, FHllRMOFEEZ %
NZENFE 2, 3G L LTORT, MO L 54 B — BRI, RiEaT & 2k,
FERUEE 2o TS, BERE—AHEZIT O %121, E—AERESCHREOLEZUGET HDT
IR+ TC, BE—2DOMELEDLEDIVENH L Z LB gnol,
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50
@ JELE] & RS
[ )
40 o o

Beam phase [degree]

20 Phase probe No.

1.100 MeV He* beam phase

2 —2. 80 MeV proton beam

FHT HC AR GRS BRSO BRSE . PR EINE S 123\ T, HUR SR AR 1 0 bl
IRV R X — DB TR OERBZH SN 5D Z E3Z% 0, NIRS-930 %1 7 v ko ik, BIfE, f&fikn]
HEZ2 proton beam D K E— AT R /LF—[X 80 MeV & 72> TWAHH, BV i L0 1%L T ¢, By
HE 2 B — AENMEVIREIZ /> T LE- TS0, BV H LRGEL B LIIEZITT-o72, &
FHAE CoO B — A & FHIER TOMELZNENR A, K5I T, BELRDLE—LERIL,
2 —7y MIBETOE—AfEREZ H3ICTELHME LS LT, Y H L% BSO T 50 nA fREEDTREE A H
L LTW5,

#F4. 80 MeV proton &b —AZFHHALRIZBIT A L —LEE

FCN4 INF R=100mm Def P BSO
[nA] [nA] [nA] [nA] [nA]
810 680 308 220 1.5

# 5. 80 MeV proton D% FIZRIT 5 @BERIR
INF.~FCN4 | R=100mm/INF | Def_P/R=100mm BSO/Def_P
(%] (%] (%] (%]
84 45 A 0.7
MO THLT 7L BN T XT 4 v 7 F v XL OEmEKICHRE S LT % Radial
probe THOE—ARAF ¥ iR % 80 MeV proton & DM e B — A2 CX 2 1ZRT, o —
ANEIZR=1120mm HEZ BB LT T7T 4= haLb 7 Z—~ A>T DIZx L, 80 MeV proton
TlX, R=1090mm DOALE & 30mm FEEPNHIZ BB L TR0, BY H L oOHE CORMA RN K E RER

Lo TND T ENS Z))OT’

BT R DZRAX—IZBITD, TIVIRZEEL~ITRT 4 v 7 F ¥ XIIVDOERMEZ TN,
M4, K527 7, 60 MeV LA ETOT 7 VI ZEEEL~T AT 4 v 7 T v o FVOERMIT, HKAHE
(U= D, BLD H3 proton beam DT R X =R EN-Th, T VI XEBEE~T R T 4 v 7 F ¥
VRNV DOERMEE BTS2 ERHRTW RO bNE, TV 2 AT A LT, Ak L7ziE
DE%ﬁi)%ﬂbﬂtt&) féé SHICHEEZITSO TV FETH D, T RT 4 v 7 F ¥ RO N
T, BRCTOEBEIRE=F —ICREERH T, TDOD, ~TXT 4 v 7 F ¥ L RNVHOBERDOEH
%WW\LMﬁﬁ/XTﬁ%E%LKOik\Vy*?4y7%?V*WﬁkWTi A LV OERHE
RIZ L HHEAKOBE ERNHEEE 2> TS, ZHET, —~/t o —I3mAEAKEE IZED (17
SNTEY, FUEREREDEREZIT > CTE, E\M%ﬁﬁﬁmﬁ<ﬁﬁm®mﬁéﬁﬁﬁm¢é
FOMREFHIERAZRE LEA L, ZAICEY, EBitEFKEEZBHI LA L, EIRZ{T> T D,
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0.6
—8— 30 MeV proton —@— 30 MeV proton —@—34 MeV He —@®— 18 MeV proton
0.5
0.4
0.3
0.2
0.1
0
1060 1070 1080 1090 1100 1110 1120 1130 1140

Radial probe position [mm]

X 2.Radial probe 2T ALK& E—bDS5H (Total 1 & L7255 mm HEDHA)

60
— 50 4
Z s 4 °
5 40 s i
2 .
o
> 30

[ ]

o
g P eIHF 7L 4
9 20 .i .
= s 2 AT 7LV H
/10

0

0 20 40 60 80 100

proton beam energy [MeV]
M3.7a RV RXAX—IZKT DT 7V X EBE

1200 ‘

— °

< [ ]
— 1000

g [ )

g 800 P ‘

<

t ®

2 600

&= ()

=)

%” 400 °° OHTF7 LI X

+

=)

& 0

2 0 20 40 60 80 100

proton beam energy [MeV]
B4.7v VIRV FTHT DY ITRT 4 v 7 F ¥ U RNVER

3.F¢L®

SEEZ, TV Z VAT AOEREAToToMR, B — M0 H LIXRAFRIREE 2 RS Z L 2N HDBE
T D, BOFH ARSI 5 O AR = 2L ¥ — D RIREAL DAL BT BT XL F—DE—
LG RESE LD, EMEIREZITVOSEBEOURZED TW L PETH 5,
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3. Y4 0k ORF7OA—TDHE - BRERADOFIARKR






Yoo rarDaF7o—708E - BERERAOFIARR
PRODUCTION AND DEVELOPMENT OF MOLECULAR PROBES USING
CYCLOTRON IN 2015

KA . &K F.RBEX ME. BHF =H. Bk Kz, A EfT. KiE AKX

BR. AI#F MfS. 3k OBAR

Makoto Takei, Hisashi Suzuki, Kazuyoshi Nemoto, Hideki Ishii, Masayuki Fujinaga, Masayuki
Hanyu, Kotaro Nagatsu, Kazunori Kawamura, Ming-Rong Zhang

MEHREZRERARTNFA A —P Vv ITRRE VI —DFRERARTOIT S A

mE

BFA A= 0 TGt v 2 —4 TR 7 v — 7 Tl BRI 2o R se o 2 A B 724y
7 a—T O, 7 e — T A RIS B R U R O BLE K ORI OB 2T o TV ET,
FTo. BAETEMNI PET HOBSMHREAOMGE LIT-o TR0, 7 A A=V Tty 2 —DkH
72 DT ERLERS RV H —IRBEOIMIB O KT - WFFERERE - REOFEEICIA L TV D,

FOERMBIL. BT O 2 RE 7 8L ORENT . Fl PET 47 v — 7 K Ok (Fh
R & SO OBRFE, BRI L 2 EE O F M & RiERR, RIS CTH 5, BRMIERIC
FE SO PESRANL. 1) HIMAC Z VN2 S5 OO TR0 3 00 BEATE PHa i D A 70 & D TE ., 2) 1B
P2 H T 2 5 OKEE R ORFE ., HIB R OTREN R ORHMEIZBI 3 24758 3) FRAVE, FH
FIE, 72 & ORFEOIEARRE B OBZE, 18R ORI L QIR AER A A T = X LA ORI/ £l
FIMENTWD, AMEETIIHHR DT 7 1 —7 O BRI R O PE 2R o0 SR A s 4
Do

1. 9F70—TOREWHERR

BT 7 m—7 OR%., NABIECET 2 RO GG, BrdUEibdl - Ao, &
151 FE U BEAL DAFFE5E D 7= O\ U PERIAL R N BE STV 5, LRI 2 b OFFEIZ DN
TREV IR BN T 5,

D =@wfblic] 2T, [Nc]—EfbiRE. [18F] 74 u B b= F L % ST S O A R T R 2 %2
ERE L, B L-ABRE S 27 AT 10 MU EOFBE#SR e —T7 28k Lz, £, EF&
CEFIVEWZ TV, b D7 a—7 O ka2 34 L7z,

2) 3 FEDOHHL PET #KA| (['FIFEDAC, ['SF]JAMPBB3. [''CIMePEPA) %227 RYBLIETE K OV E A 5% e
S L. ATERIRRER T DA BR, X < MREHEERER 2 5, KAEZESITEHEEFER, f2H.
D%, FOND [BF]AMPBB3 2o\ T, FRRAFICIC iRt 2 BRsA L7-,

3) 1B B AAEEREFE Sc—47 KT Re-186 (Z2W\W T, MMM ORERICE S —HEORE FiLE AL S5

ZEITERII L, RUL IBEEMEME L L TR SN D Cu67 OAyBEEERUC DU Tl 7= 722 2y Bl B A

Rt L7, Ac—225 OBLEIZOWTILFEIMZEIC K 0 o BEkERIE 2 M U, iR NS B SEBR A2 1T7 -

7=
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2. FFTO—TDEE - REKR

Rk 27 FEREEICHELE U m B EERAN X, SR (A FA =2 S-dThd, FDG) . fMHEEEHIE
(PBB3, BTA, TASP457. WAY, ABP688, 7 7 1< A K, MPPF, FMeNER, AMPBB3) 5 FgLEFIH. H
. Ty b, v R EOEMW ISR (PBB3, ABP688. AC5216, 0-H,0, Altanserin, AMPBB3. %'Cu 7k
WIR, 2MAL KIEIR7: E) | RIEA 7 7 v AR (F-72 &) gt L7, £/, 127 bnmv
FROKRFIY 4 7o b o Z2FH LT %Cu KIEHE. Cu AKIAIE., At KIRIK 7R & D& B RO RIS 24T
9 & 4T Mg KA, TAs KA 7R & & 1 BFZERERIC T R OREIE AT o T,

AFRAMR Tl WAL OBERER Rt 2720, A 7o bo B, EEREETH A ESS
GMP YRR E &2\ T2 A 7 1 b o U CITIRBRIEHE A 24 [AFTV, W2 CITEE T 1
L—&—% 7z FDG R REE 2T T\ D, Fio, A7 b MEE 1 Ay b7 REIZ 5F-F
G REEE (1 /) . BERZEERIC SF-alaikdiE (1 6) . i 'C GEE 2 /) 28AL
722 LIk o T, ZREEARERN AN ATRE S 72 0 | BERIRMACH R SR 21T > T 5,

¥ R 27 AEEICELE L AR E B L OVEEEEZ R 11T, HBREREZK 112, AE - 2t
EEOHERB 2K 2 122 Ehor LT,

R1. FRH27EEICHELZRELENBIVEER

s e *ES PG E Bt E EE
GBg (E1%0) GBg (E1%0 [ON) GBg (E%0) GBqg (E%0
PBB3 208.064 (110)|  85.125 (80) (83)]  30.056 (53)
BTA 155.019 (79) 95.52 (71) (76) 1.036 (3)
RAC 33.698 (12)|  13.399 (8) (8)
FLB 23 §D) 1.05 (1
SCH 10.226 (3)
ABP688 94.331 (47) 8.699 (9) (9)]  37.399 (37)
WAY 38.305 (15)|  19.7439 (14) (14) 1.889 (3)
MNPA 3.454 (2) 1.33 (1) (1)
TASP457 111.43 (37) 36.22 (24) (24)
AP MET 1025.03 (150)| 527.272 (170) (280)]  34.184 (13)
S-dThd 60.179 (19)|  25.166 (18) (18)
DASB 28.46 (8) 2.332 (1) (1)
HMSO011 9.549 (4) 1.482 (2) (2)
Ro1788 8.41 (4) 3.567 (4)
PE2I 555 (1
PK11195 3.804 ¢)) 0.2 (1
Ac5216 63.693 (28) 26.925 (28)
BF227 1.724 (1 0.675 (1)
CH3I 2.074 (22)
Z D1t 943.5401 (702) 75.735 (122)
o |H20 53.77 (13) 45.31 (10)
FDG 475.635 (57)| 150.349 (59) (108) 2.146 (4)
FMeNER 14.721 (12) 7.09 (6) (6) 1.321 (2)
AMPBB3 8.353 (6) 4.124 (5) (5)
Altanserin 8.761 (8) 4.347 (8)
1sg  [MPPF 14.063 17 9.295 (13) (13)
FEDAC 2677 (3)
FEtPE2I 0.926 4D)
FLT 3.756 (3) 0.612 (1)
F- 59.246 (18) 42117 (14)
ZDfh 98.464 (93) 8.606 (26)
Mg ki 0.02882 (6) 002882 (6)
®sc  |kmm 1.475 (3) 0.1964 )
Scu |KiE®E 67.085 (19) 44.821 (29)
Scu  kiEm 0.37 (10 0.37 (10)
As KA 0.0006 (1) 0.00037 (1)
24 |kimi 0.814 3) 0.804 3)
'®Re |KiEi& 0.035 (1)
At |kEmk 3.64085 (19) 2.5555 (18)
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11C-PBB3, 83.A 11C-BTA, 76 A

\ | / 11C-RAC, 8A
. ‘//-_ 11C-ABP688, 9 A

11C-TASP457, 24 A
11C-WAY, 14 A
11C-MNPA, 1A
11C-DASB, 1A

18F-FDG, 108 A __

11C-HMS011, 2\
18F-AMPBB3, 5.A

// : 18F-FMeNER, 6A
1csdmhd, 184" \E 18F-MPPF, 13A,

o e

AR RS ey

11C-MET, 280\,

Bl P Rk27 B CdH T SR EF(648 M)

26500 2000 )
1 5P|
2000 1 1500 = 1 SO |
1500 A mEgE e ] SNRERA
El 2l B WAL [ 10 ] s 11 CHEEEE A
ﬁ 1000 : ﬁ e 7 () LA 885 |
500 >0 ———iEE
: RN —o— g2 kT
& & & K ko & & & & K - me FEEESHT
FE *‘gﬁ@w SRR —

2. 4 FElalFL R At IR O HR
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4. YEHR

. BFREAVERER - PHOBNA A —S U TR OERMR
. BBRAERZERMS ERORIE

. BREBRTFRARO-HOEREMBEICEET SR

. MATAERRAICE T SABERFER_—EMSEERDAIE

. TSR R AR AR EM O i FE R EER

. BERIFICKBLEVIRIILX—(HEDRRGIZET S8R






BFRERAVGER - BHBROBMNA A —S U TR
Basic Study of Real-time Radiology Imaging during the Proton Therapy

AR ZA BX EIL A 2B BIEA /M BFA SE EW A EBE 2R
BAR A TE B° BE EEC
Jun Kataoka”, Yasuhiro lwamoto®, Takanori Taya”, Ayako Koide®, Miho Takabe”, Takamitsu
Masuda”, Aya Kishimoto”, Taku Inaniwa®, Teiji Nishio®
A: BIRERZEI 2R - AEEBEIEHER. B MHREFREAEMENFERFE
U —YEBIFEE, C LEXZXFREEEREZAER

B=

DANIENEICB T 2 ZRKEAFOEETHY . FEHRD 13 2 5D 5EERTH D, BFREILTHR
AL (PUDAKNEE) - BEHRIEO R E S Z2020 0 6d i, & RIF# % V2 Bk
TRIIIE VAR A v DR A~DOEFE 72 7 A — V3 HIFF &, QOL (Quality of Life) 2@V ERIELE L
TFEEREEDOOH D, LI, BHRIEEERIT 2 A M/MULTEDL A Y v MR L FEN
m <, RS R E MO TWD, — T, R rRERIEZE O EE TS X I EMEZR B AR KT
b, B AERED & IEFHRRCE THRAR S A=V B 2000, 58RO X #jE AW IRRICH S
B AR ORI ER < . K0 ERE R IRIE 2 FTHE & 3 DR D Ol 72 HAIE R 23R O ST 5,
& ZCAMIZE TIL, RO B E BT RERIC I oA A =D 0 7 Hi O JLBEBI R 217 9, 2015 FE X
(1) B -RrIRE Iz I 2R3 o~ BROEE KON 1 otk (2) =227 b A Z & iz AN5
H o~ (3) Bt TR O A BT R E (4) B AES1-#R CT Hiffr o FERER R I B $A 72,

1. BHM

FREAE RO B O BRI I B WO TR R R 2 IEMRICHRE T 5 Z L 1T TEETH H 25, EBE
IR ICNEE R E CTh 5, BUE, BRILICA AV BIVTOW D XHEIE T o~ 1 (511keV) 2351 D#F
BEAVLTLE FL—RALARWZ LIEIPHE T o 20BN L R THEHLNTH Y, £7- PET MHE O E
by B EYTOD (T4 T Ho~ag 52 LITEINR e WEEN LS, &6z, 7
T4 UTIRET DA, B P E b OO G NEHICIRS Y G5, BE RO M e
AR FE NS EE TdH H A, Geant-4 ° PHITS & W o 72 HERAICIES VWS DY 2 2 L—F TT 5T
— A R—=RIAR—HRHY , FHEICKERERNROND, S5, B RIBE CIIWERNOE 75
FEENARMMMETH DN, BUEIX X B CT Ol E b S HROLIEEZFEHL TR0, Foi—kr b
DREZENAET D, ZORBEERIT D720, IGRICHE OB HRETOHLOTCT miBga55 22T, LV
FEREZIBIRET IR CE D A[ERMER B 5, £ Z TARIFZETIE (1) 20keV 7> 5,000keV (2072 2 RI%E
Ve RRORIE E 1 RITHA ORI () EE DT o ~#E ) TS A A TG A RER 2 7 b
YA AT ORI (3) T b a7 a AW E TR OB R E (4) CCD I A 7 LB T#o
RERICK LN v F L—F 2 v BERA) B8R CT > A7 LADOBFICEF LT,

2. EBRAE

FEERA)— Q@I OWNTIE, C6 = —RITBWT lem ¢ FRIEICK 72 710 MeV B E— 22T 7 U LR
K, Ca(OH), 72 ED 7 7 > M M T 5 Z & CHEa L7z, B — AEIIE(1)(2)23 5 KT 400pA FEEE, (3)
LT IV NIRIE & B D HEEMED B R K B0nA % FRET L 7=, 3285R(4) 1L C8 =2 — A2\ T 10X 10cm
FIEIIEE IRV 79— =2 %7 7 P AICHE L, CT BB E2EA Lz, B —AERiTx
K 50nA ZMRE L7-, BRET 7 o b DTHEHRESS 100cpm DL RIC72 D £ CTHRETRN CTHRE L, % HER
Y ENREY AT T,

(1) BPRT o ~BOBESICHE E 1 RT3 5

B 15 % NRIZHRSS U 7o BRICHR 2 7ot 0 o~ RO B i X AR NET B 23, & ORI 2D\ T
IILTLH BT, & 2 TAME CIE, MR Z Gtk % 727 7 > b & (K, PMMA, Ca(OH),
72 E) 1T T0MeV Bo 183 % FRET L H-Ge frHigs 2 AW T2 o~ AT RV OKREERIE & 520t L 7=, H-Ge
FRHZ (Seiko EG&G; GEM-40190-P-S)ix HIMAC LFRIFIAGMEMA L, AiH XV BR2GH 24D, F
TE— LG - BARZICT 7 FAREKRNOAET DX - W ~wBRA7 MVETFS L, ZORENE
¥riToT, FNTT7 70 FAZE XA T — V105 Y, 20-30em FEEDI A Y » R TH U~ A E
EEmm IS TREETAT Y L, 772 NAEND T 7 v 7 B2 25 RI38 0 < # » Xfj
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(K 1:C6 2—RICHEITDHFEREY N7 v T O, (£) H-Ge MHZRIT L 2 EHEE A7 MVIE
(EBR 1), () BIEEa T N ATICEDEIRY o~ BIE, ¥ —% v X Ca(OH), (35 2)
DAY MVEALZFNTZ[1], & ITRHFFIE, BE—2BHE 002 Y A—F N TOHRMETFRIGZ LI
LN 7 70 RPBHTEL, 2D OB KA KRR ER L 725, ERITEKENC D> TT
W, RV zFLorryuayriEal) A—2L L CENLEZLD, AV v MEZ 2—5mmBEETEE L=
DRE, VIalb—ra il Dl L FRICEE T O o)) == a U aRATe, [FRRIC,
YUy b IEED NI T, AV v MBI TAREICRK & R 2 FF oM SRI RG22 y o 7
TV ROBAEBEHE LR, £2C, H-Ge figs (E£L 51mm, BATX 80mm) (L& < & CTh
BOFEDIIZHAV, 1 WITAF v XX /D SrI2(Eu)s v F L—% (EAE 25mm, $ATX 25mm)
72 LI, Bk Ce:GAGG+BGO 72572 5 /MU o+ 27 ¢ FHa H#H(GAGG 1X 5x30mm, B1T X 50mm)

ZEHEL TNy 7 7T 0y ROKREILZX -7z,

(2) arPbrrAASERWERRY < BOBRE S
B = 2 L X —D @, BT~ DA A= THE LT, For Nk =2 24k & L[E R
LT/ T N A T[2-4 W TR 7 > b & (K, PMMA, Ca(OH),) DR 417-7-, PET
LRI ar T N A T3 200keV L EDAEE O o~ ERIERRE CH H, — T, ERQ) N
5 511keV DT <N B — AU - BRRZICR IR, FRBERKTHOWOA TS Z b H b
F=HAHLELELNTWS, £2TC, 9L 511keV AL T A 2« A A—=VESEZHEL Lz, &5
IZ PMMA = Ca(OH), 13 °B 725 ® 718keV 1 o~ N ET 572, 26 B — ARIIFEO IR AET D
BT < frDA A= 7 BRI [Bl, 2T R B ATIET7 7 h A5 30—50cm FEEEET 728,
Wi D L Y (PMMA D54 13 70MeV T 3.5cm F2EE) (T~ % & BEfFD 1 A Z g B (59 10° FWHM
@511keV) I EFHD ETHoEWx W, L LAERDL, 772 NANTH U ~BBRRETHE
DMIEZRSD, 77 v 77— LT 5 2 L3R L RiAE N5,

(3) FxzlvrarzitiERAWBEEFBRHEEREOEmEER EE
B RRRIC L > T 7 > b AT ST B+ DGR T3 i S v, Zo—ixF = 1
YaATNERTDHIENMOLNTND[6,7], I TIEH 203 EEE CCD & W iUEiRE /e T,
Fx Lo a7 oEMSAA, OW TR F RO ZZM s & K LB e a—T7 e b, K
I TIIRE A 727 7 D AR TR A RS L, ZORICBHIS NS T = L v a 7 ORI R 2 H1IE L
72o CCD /1 A7 & LTIL BITRAN #1884 BUSILN ZffiH L7z, Z 2 CTHMI L7725 % —IRICIZESE L,

X 2: C8 a—RIZBITDHERE Y N7 v 7 OT (K)HIE LY AT L0 EMEEK (F) SO
Ty FT Y TFOEHE, CCD A ATIIAETFRNTHY ., X A= EF 2085 2 &2 L THIE,
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PHITS ZHWzv 2 ab—a Ui HIfF S D007 L i3 % Z & Toox OB 1# O A0 & HE
ETDHEEBR LI, 61T, Bl —RITHMD kA 7 (B2 2B A2 o) BE I
MORNHMOEREDETHLHZLITER LI, $72bb, R 4ICB I 2 | kDT = L=
7t L IRoTH AT & yi (X, tj) e R W yi (X, tj) =F; (tj) 1i(x) ThbbIihd, ZZT Fi VLR DR 221 L
ERIE, LX) I ICEEO—RIET =L a7 mESATH Y, BTN AS LTZBRICAET D
B RO A (1 %oT) ICHBIT 2R TH D, EERICBRI S DR Gz 5 1 koT/uh
BETOBM I »bOHFGFEARELIZLOROT, YY) =2y ) THREND, ZNEFL j=1-N £
THEHN. LTS 2 & T, ZENENOBREIZE TS |, (X) Z23RDDH T ERHKD, 612, @ x 1351
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(4) CCDIAFZ LE NV U FL—F AW ERE] B8 CT OFE

PUFL—F L CCD B AT EHWTB T CT ¥ 27 AZHOW T BRI R STV A[9),
B TRRICH L CHDENWT T AT v I v F L—F B HWTH 2 2RI L, FBEED 2Kk
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FR72B5 78 CT 2L 0 FICAT 2 70, RO Z2 1T/ o7, By T v 7&K 2 1IR3, PPt
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W, ZEMSATE TR S Z LIS T L A TIRARY, EEE, FENRBEAL TV LB T RN T
T 5. Geant-4 X° PHITS 72 CHEEOEREY 2 2 L— X —DFERENLT L L —E3, TN EBR[2]O
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TEDRMET, BRICKEREEEZRIADDLTATTREELTND
Wfﬂm%wf%\¥%28$Eu%%ﬁ%%%4ﬁmFuyfiﬁ%ﬁbélkfﬁﬁék%ﬁﬁ
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R A E R ERMS EE RO RIE
DOUBLE DIFFERENTIAL CROSS SECTION OF FRAGMENT PRODUCTION

R Bk 0 TR Al #BAS HiE #BaC
Toshiya. Sanami®, Yuji Yamaguchi®, Yusuke Uozumi®, Yusuke Koba®
MEBEIRLF—IESIAEEE LEEBRUMEER BSR4 —
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R L S — IR BT ZE R . TUIN R, BRI R A TR IERT A & 72 5 XY 7 L— 7 IR 2
i, B T R O A SRR TR A A B 5 06295 2 & e ONp, p) R 351 2 2K FBEE D & OB 7D
FENIEZ B LT, WMENYA 72 har2FH L-ERT— 2 OBE 217> T\ 5, “hE
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3. E—LSEE

KR B A il D ANSHRL T8I X A IRIFEME O 2 AR & LT, S4FEE X 25 MeV EG1. 70 MeV B
FANFNCE DRV YA, [RFE, TIAI=T L, . Y —47 v bo6 ORENERER AR B Wi f
HEZITo7-, AUELRZINETICHE L E—AfE XL X —ICONTE2ICE LD S,
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[2] G. Reitz, etal., “Astronaut's organ doses inferred from measurements in a human phantom outside the
international space station”, Radiat. Res. 171(2), pp. 225-235, 2009
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| |
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Fig. 1. A repeat unit of PADC.
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ORI NEE TNV A E L TRL TS, A3 N7 v 7 OBERY BDEHTE L7
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Fig. 2. Reduction behaviors of the relative absorbance of ether, C=0 and CH groups in PADC films exposed to 70
MeV protons [8].
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NIRS-930 TO MRS TIL, VAT O RAVEREF 2 FIH L7z, 2 Z CHER SIS HEIIR T D7 L
T ARl O GV EE ECRER L= 2 S22 b2 A9,

Table 1. Removal cross sections o; (X 10™° cm?) of ether, carbonyl (C=0) and methine(CH) groups for protons.

Energy (MeV) 20 30 70
Stopping power 3.6 25 1.2
(keV/um)
O ether 3.22 £ 1.02 2.10 = 0.15 1.89 = 0.10
0 c=0 158 + 0.36 0.92 = 0.25 0.62 = 0.10
0 cH 152 + 0.87 0.81 = 0.30 0.44 = 0.08
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— R F— FT AT IABRD b T v 7 a7 88 Rk BLIE BRI AFME 2 7R L72[8],
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Fig. 3. Effective track core radius for loss of ether bond as a function of the stopping power, solid square
symbols are present work, open symbols are previous ones [4,6]. The effective track core radius is about 2 nm at
the boundary of the two regions, which corresponded to the length of the repeat unit of PADC [8].
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Fig. 4. Effective track core radius for loss of CH groups as a function of the stopping power, solid square symbols
are present work, open symbols are previous ones [7]. The arrow is the detection threshold of protons [8].
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Fig. 5. G value for loss of CH groups as a function of the stopping power. The broken line is for eye guide.
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3. EERER

3—1 E—LME—HREDAE
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Fig.2 Position dependence of the proton beam intensity on the horizontal axis
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Fig.3 Fluctuation of the response from each D-shuttle
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4. £&H
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SE X
1) KRB —. BAHIT, 2013.7 (2013) 62.
2) T. Doke et al., Radiat. Meas., 33 (2001) 373.
3) K. Terasawa et al., KEK Proc., 2005-12 (2005) 63.
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LET dependence of radiophotoluminescence glass dosimeter and
thermoluminescence dosimeter (Al,O3) in proton beam

SRMEHR A5, HIHMA°
Weichan Chang™ ®, Yusuke Koba®
"EHMRPERR. CREHRERR SRR
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— XA 72 R RRIEIR O T REHE . BT RRIEHR) O EMRGEICBEH S T 5 2 < OfgE LET K77
PEZRF T2 B HRIBIR O EMGEIC A T & 2RV, K- HRIE W O R B GRS B ARS8
s (O T ARRERE RGD KUBUL I 2t v AFEENTLD) ZISH T % 72 OIC U E SRS
ZEFTOYA 7 v ha @ C-8 a—ANBRA LTz T0MeV [51-# % FH\C RGD &L TLD (Al,03) @ LET
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1. BH

B5 TR K 2 B RRIE IR (S I D B E & A R A Ff 072D, 1EH SR TRV IEFE T+
JiER TIREATOIL TN D, BT RRIEHR CIIERCER Lo ED M AT 5 2 &R TE 20, IEHk
TRHRI AT O oI, IR ZAT O AN+ 72 ERGESLE L STV D,

HEH T A fjEEt (radiophotoluminescence glass dosimeter, RGD; GD-302M) i34 IS & BRI 2 H 5 5.
MO LGEAIRY ATRE, 7 = —7 4 70V E W (R 1% . FEFIS/NMLZR EoBH T, IEEE
FBRIRIR D in vivo SEEGHCEERE OMEFHE L CRHA SN TE 2D, R E R &3 DI85 R0 H
HEHD I, Rah 51X RGD 235 F-#RICIS 1T 2 FRBLrtE, SREEARIE, SREREAA M & AR Sk
HERFEZ SRR, 2N ENOEIIE 2% N2, B P TOMMAAHIGF SN TEZ[1], —F. BET
X RGD OFNANHIL LET IRIFEN H D L iE S h7z[2], [3]. Z2H B, BRFEOR % W Tiz o\ T
A L7223, BB FRRICEI L Tid 150MeV (5 74 COFRNNRO A L[], B idiESIick T
RNF=NEDDIZD, B FHTD RGD OFINZHD LET ARFFEIC DWW TH 2R AR MEETZ,

Fio, BT I v AL A TEUL I 1B AR EEH(Thermoluminescence dosimeter, TLD; Al,O3)IZB LT
X, BEH & 2 HIMAC TIT o = EBROFERIZ L - T/ e — iR o EEM O ©— 27 (3K LET sz
TRIDFEO LET RN/ NS WAEER S S, 2F 0, BT RIGR CORARMFETE 57D, BT
BT RGD DFNZNHRD LET (KAFHEIC DWW TE R AN LET, SEIOERTILRGD & TLD 235
TRCTORNNEEZFHET L EEHNET D,

2. RBRTE
TR COEBREZAT D ANS, RGD KUY ALOs OREAMMRI 2155720, a7V MRIEZAT>72,
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HRIS R Bl C8 =1 — A R & 2 KALATEARFERER O v > MEIZ LV HIE T 2726, BEHLE T
DO & Z OFBEEE OBUREZ AL ST 20 E R H 5, Jod, BEMIE 2 Advanced Markus EEER 2
RiE LT, E— AT InA BREICERE L TR Z T o7, RIZ, AT U 7402 KElD PMMA
) ZFIFH LT, RGD ICAHT L= /¥ —, DFV LET, #E#HT 5, F=H/NLF—IZ 4 KD RGD
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AL T DFADHIT RGD THIE L 72# S (Drop) F 7213 Al,O3 THITE L 72 & (Do) & ERER CTHIE
L7z &ED )Pt &%,

3. ERIERLER
ﬂ*’$%ﬁ\le&@AHh%ﬁwk%éf&@ﬁmﬁﬂﬁiﬁﬁﬁéf&KRm)&AM%
BEEAR X DR E A Z R Lz, AEIEH L7 RGD & ALOs b EENEW =D, 7T v 7
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EDcDEITHFEFVIEIICEISTEDLLRWNT EIZx L, Drepl TR EINRKRE L 2522510 T Dk
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LB ZIRTTOMESMFHINCANW TN D EF 2 D,
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o —J7. LET 285 keV um™ LA F 72 5, ALOsDRENMNHRITEENUNTH 5 Z & BbinoTz, —kihH
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4. F&H

T T AMERE L BUL I B 2 ARREFHALO)IZ R e D = R VX — DR & U L, 2 E i
HIZRDOFEIENRD LET KFMEZ A Uiz, S0 7 AMEFHIEEF IS LET KFEMEEZ /R L, Bul
Fb v ARG ALO)ZIZLET 285 keV mm ' LU F Tl b £ W R SR> 72, 5% Z O @A £ LT,
7 U = IV B — A TCOMEFHNC AT THFET T T FETH D,
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BFRESICHETIRIATE L VICERRT TOMRRTEHR
CELL KILLING OF MAMMALIAN CELLS AFTER EXPOSURE TO LOW-LET
PROTON BEAMS UNDER OXIC AND HYPOXIC CONDITIONS

FLR—A NEFRF S REBRTA BZRE®, AEEXC AmP
Ryoichi Hirayama”, Maki Obara”, Akiko Uzawa”, Cuihua Liu®, Yukio Uchihori®, Hisashi
Kitamura®
A BSHREEREMERMENFENZE U4 —RIERERFAEAE TOIS A
B: MAHREEREA R RLERE L4 — U RV EREHAR IO S A
C: M REFREMEALCENEEHKE
D : MEREZLEMTMARER L 2 —HAREBEME

BE
P 7 hr oo BAE 7 70 MeVin B 1-#f A O C AR 2 (homologous recombination: HR)
{EE KABHIIE T 2 51D1 ML OMIRESEIZ I T B B TR OMBEIER %2, 7 VNV AB RV vy —% H
WCHETE Uy B 78 0 HA BOERE 12 DO TR L2 O BLS 0 B I 5 20z LTz,
1. BW
K& T T 51D1 #REICE FRR 2 R L. OH T ¥ B /LR O RIE/E A 2SR ESEIC & ORE SR E L
TWLPERLNIT 5,
2. EEBFE
F v A =— AN LA LZ =PI HR O CHO #Mifu 4 Bk IZFF> HRAETE KRB T d 5 51D1 flifa 2 f
St 12~ 18 B[RS, H T A v v — L B TREEE L 7o, BRET 1 RER AT DMSO %00 2 (213 0.15, 0.2, 0.3,
05, 1M) | Br#t (70 MeV/n) % CHO flildiZ BRS L7-, HRSSHREIT 3, 4,6 Gy & L. PREFRERZ
Wz 775 A v —LinbEIL L, 20 =—akE TR O AR ZHIE LT, 4% DMSO 2B W T,
PR ST TR 2ok, DMSO R & AR R O M5 & DMSO 5 PR A IR o fi K fR
HERERDD LT, MRBIEE~OBEHERZ AL 5 2 12 Lz[1-4],
3. RERER
3-1. {ilERFE
51D1 #HfiE % 4 DMSO 2 CALERZ IR~ T Ml R OB RER A X 1 12~ L=, DMSO ##
FEHEIMZAEN, OH T U ARt &, MIRAGTREN ER T2 2 LR TE, £2. BRED
DMSO ClIHIafR DRI BFIRIBIC 72 > TN D Z & B TE 12,

1 1 1
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B XO/Q/Q . .l
S 5] 5]
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S S C 5 0.01 E
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1 & DMSOBEIZHITH 51Dl HilADEFE

3-2. MEEADHEEE
175 A fRaE R 2 B H L % DMSO (2361 A Al 2 [X] 2A 127K L7-, Alla =13 DMSO
BRI B U, SREFER CIfafnd 2MHm 4R Lo, [LEOME 3 SOEWITBIZE I
MoT=DT, BEEFENTEND L 2R TE T, 72K 2A OO MiE %X 2B ([CHY B L (i
oy ME) | BEIREBROUT OWED HRIIEEEEIZI T D 5RO MBAER % 53 % 46 +/- 10 %
(U X 100%) & HEE LT,
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4. FLEH

51D1 flifia Z K5 F T RS L7254, MIRESEDR 77%I1X OH 7 ¥ W VB KOR#EIEH TH
5z ENbinotc, CHO Ml TIRB RIS X 2 MIESEIZ 31T 2 BBEMEH O % 53R 134 80% T
BHo7o72D DNAHBEBEE O —>TH 5 HR & MEAERIC X 2 MIREFE O B EAY 22 B M IXH] 5 2:MZ
RO o T, S%ITREERE T COMRESEIZHIT 5 BHER O E SR 4Rk, MRESEIZHIT
2 IR E & DNA JEEEMRE O BEMEIC O W TR D TETH 5,
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ANALYSIS PROTON-INDUCED CELL DEATH BY THE MICRODOSIMETRIC
KINETIC MODEL (MKM)

B M WE RS EE BEZC W mb HLE g’
Masao Suzuki®, Taku Inaniwa®, Shinji Satou®, Hisashi Kitamura®, Takeshi Murakami”

A BSHREZRAMAMENFERFZ L I —ERENFERFHEI DY 74
B:MGHREFREMEMEN FERZ U4 —REREM FAEMAEI DI 74
C:REFRAMRFENFERF LA —YEITFE
D: MSREFREMRMARERE 2 - REB RN
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B 00 3 MRS O Ll AR AT [ R C 0 BIRR L, 24Uk DI Bt bR 25~ ZivE
TIATo72 8 FHRENAMIERED T — % & O 2 EIIEHNI T 2 EEBRZOEWEZ S /n L
72

1. B®

RFEA A 078 N AT L DR AIEEDEAE I IEE A ¥ 2 — WSO 7= D21, B M e o
DEIRENEZENLT D 2 E BN TH DM, R HRIRE & QI B W T IRk 2 B2 L ng
T —HIFFEFIROEN TV ONBIRTH 5, ARBFERE T, R SFRIAEH B — A OGO
TR BRI R 2 — WAL R DT DI BEAR R R EWFHIET — 2 D55, 7'a b ATk 535
F—HEHERL, IBEET L MKM  (the microdosimetric kinetic model) [1]iZ3@H U CHIFESES)
BB EEEICBET 537 A —4 —ZRE L, b - RIEEOEELICE T 2Bl OMEICT 5T 5
L ABME UCEE LR 25 R L VIR A D TV D, AR TH B LT EBR T — & & HI/E HIMAC
THE L TWBIRFA A B — 2B OERT — % 2 HbE, 7o b b ER R E SR iR
DAEEDOFREEO— b2 X0 . RIS T DRI HIREIED A X 74— RERE R&E BN &35,

2. EBRAE

Rk 27 HEEDEBRITIE, AWM S 7 L0 AT Lz RS HRIE F BRI (NBIRGB) %
AW, 8 a— X THEBLID T0MeV 71 k& VT, SRR 25 4EFE IR E L7~ H—RREH T kb3 2 477
HN B% FRIE LR DM EE HE G 3 R O AL ORI IR CE O EIRA 21TV, an=—F
FIENZ CREAREESRAE Z Mt L, Wi 5 Elkind recovery [2] &FH~7z,

3. ERRER

[X] 112 HSGe—C5 Al ds & O NBIRGB M54~ 5 Elkind recovery HifgZ =79, W oMifuIcE L
Th7e hAzxtd 2 B Cld, X THSE I TV D 0EIFFE 100-120 57 TEIERFE S O
FEN KR E 725 K 9 72 Elkind recovery BifR & [FIEEZRBBEHEED O OREIENBILZ S22, DS AR
EIEFHR CIXAERRDO EROBRENKE S B b F 0 -7, £7-%5 5172 Elkind recovery BHARIZ.
HIMAC DR A 4> (LET=13keV/um) (Z%F4 % Elkind recovery Hifg & IFIEE—TH D Z &3¢ - 7=,

4. FLoH

SRk 25-27 AEEED 3AER]TTHEM LmFEBRD S, T0MeV 712 k> (LET=0. 95keV/um) (2B W TH, X #
THIEINTZ X 9 7 Elkind recovery WFET HHFEN 72, LML S, b FHEON ALK &
IEFHIE & Tld, AFRO ESESWAR R | BAMBBRD 52 X0 @B S I 5 Rl
Zon Uiz, ZHUE, AAMR & EF RO OMABEEDEEROENZ IR LD TH D |
ZDE WA MKM  (the microdosimetric kinetic model) (Zi@H U CHEMT 5 Z &I XV . RiFHRICK
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Hawkins, Effect of dose-delivery time structure on biological effectiveness for therapeutic carbon-ion beams
evaluated with microdosimetric kinetic model. Radiat. Res., 180, 44-59 (2013).

[2] M.M.EIkind, H.Sutton-Gilbert, W.B.Moses, T.Alescio and R.W. Swain Radiation Response of Mammalian
Cells Grown in Culture. V.Temperature Dependence of the Repair of X-Ray Damage in Surviving Cells
(Aerobic and Hypoxic). Radiat. Res., 25, 359-376 (1965).

- 66 -



G FROEMNROAR
Investigation of biological effects after proton exposure.
BIREF . BAZKRC. BRE Y FJIIE— -, Cartwright lan®, E3R3E ‘. JLatE °.
BRHST . MEENX®
Junko Maeda?, Yoshihiro Fujii®, Hiroshi Fujisawa ©“, Hirokazu Hirakawa ¢, Cartwright lan?,
Mitsuru Uesaka®, Hisashi Kitamura®, Akira Fujimori®, Takamitsu Kato®

a0 FMEKRE, "RPRIERK | WEH. WRKE
Hm=

The DNA repair mechanisms involved in hyperthermia-induced radiosensitization with proton and carbon ion radiation
exposure were investigated in the present study. In a previous study, Chinese hamster ovary (CHO) cells were exposed
to low linear energy transfer (LET) photon radiation. These cells can be sensitized by hyperthermia as a result of
inhibition of homologous recombination (HR) repair. The present study used wild-type, non-homologous end joining
(NHEJ) and HR repair-deficient CHO cells to define the contributions of each repair pathway to cellular lethality
following hyperthermia-induced hadron radiation sensitization. The cells were exposed to ionizing radiation, followed
by hyperthermia treatment (42.5°C for 1 h). Hyperthermia-induced radiosensitization was determined by the colony
formation assay and thermal enhancement ratio. HR repair-deficient cells exhibited no hyper-sensitization to X-rays,
protons, or low and high LET carbon ions when combined with hyperthermia. Wild-type and NHEJ repair-deficient
cells exhibited significant hyperthermia-induced sensitization to low LET photon and hadron radiation.
Hyperthermia-induced sensitization to high LET carbon-ion radiation was less than at low LET radiation. Relative
biological effectiveness (RBE) between radiation alone and radiation combined with hyperthermia cell groups was not
significantly different in any of the cell lines, with the exception of wild-type cells exposed to high LET radiation,
which exhibited a lower RBE in the combined group.

The present study investigated additional cell lines to confirm the lower RBE observed in DNA
repair-deficient cell lines. These findings suggested that hyperthermia-induced hyper-sensitization to
hadron radiation is also dependent on inhibition of HR repair, as was observed with photon radiation in
a previous study.

1. FE

R PR AT O KB A 7 &1 b a Ufigk (NIRS-930) 1230 T, 70MeV ZhNEH & A7 b
T, PLUHRSS -8 TR 24TV (1), EARIRIC K DA X #t, REMRIST & i L7, 1
EHFCIIZ DN X =D a2 AT, BECIERELIThE (2), ZhE CLARF=ETIX
AW FERRIC T T RERE, EEOIE R EMThTwie (3, 4, 5),

FE1#2 @ Relative Biolgoical Effectiveness (RBE) IZTHHLAgICHB L # 1.1 BE L S, K LET
(Lineaer Energy Transfer) [N TH D X o v~ UM EE2 b S Tnb, L,
A=t B, IREMROIREIT X 2 HEAER 2 SREAICAT o 7R 58170V, JRIEFO HIMAC 36 &
KA 70 bharEsicBTd TER (Thermal Enhancemnet Ratio) Z FFRIFTAMENH H & E %
7oo & 1X, NIRS-930 T LI 2GR OIRBHIE N R 2 MGES 2 7212, T0MeV (ZhHNE S 7ok
Z JAVNT, DNA E1E RHBHIN, 4512 DNA-PKes & /87 B & K48 L 7=, Radb1D # > 37 B2 /RHE L

7oA A Lz, SR, X, BIORFERBE IRZbLO LB LT,

2. RBMHLETE

A) Cell Culture Condition

CHO wild-type (CHO 10B2) cells and the DNA repair-deficient CHO mutants, the DNA repair-deficient
CHO mutants, V3 (DNA-PKcs) and 51D1 (Rad51D) were kindly supplied by Dr Larry Thompson of
Lawrence Livermore National Laboratory (Livermore, CA, USA) (19). CHO cells were maintained in
Alpha MEM (GE Healthcare Life Sciences, Logan, UT, USA) with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA), antibiotics (Antibiotic-Antimycotic; Life Technologies, Grand

B) Radiation Condition

X-ray irradiations were performed using a TITAN X-ray generator (Shimadzu Corp., Tokyo, Japan)
using 5-mm Al and Cu filters at 200 kVp and 20 mA. The dose rate was ~1 Gy/min at room temperature.
Hadron irradiations were conducted at the National Institute of Radiological Sciences (NIRS) in Chiba,
Japan. Carbon and iron ions were accelerated to 290 and 500 MeV/n, respectively, using the Heavy Ion
Medical Accelerator in Chiba (HIMAC), and protons were accelerated to 70 MeV using the NIRS-930
cyclotron. The dose rates for carbon ions and protons were set at 3 Gy/min. Monoenergetic 290 MeV/n
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carbon ions have a LET value of 13 keV/pm on entrance. Different LET values were achieved by varying
the thickness of poly(methyl methacrylate). Monoenergetic 70 MeV protons have a LET value of 1
keV/um on entrance. For hyperthermia experiments, tightly sealed cell culture containers were
immersed in a pre-heated temperature-controlled water bath (Lauda, Delran, NJ, USA) at a
temperature of 42.5°C for 1 h. Hyperthermia treatment was carried out immediately following radiation
exposure.

For the radiation and hyperthermia experiment, following exposure to radiation, the cells were kept at
either 37°C or hyperthermia of 42.5°C for 1 h, and subsequently trypsinized and plated to form colonies.
For the radiation experiment with the additional cell lines, the cells were immediately plated following
irradiation. Colonies were fixed and stained 7-10 days later using 100% ethanol, followed by 0.1%
crystal violet. Macroscopic colonies containing >50 cells were marked as survivors. Cell survival curves
were constructed from cell survival fraction data using Graphpad Prism 6 (GraphPad Software Inc., La
Jolla, CA, USA) and a linear quadratic regression model. D10 values (radiation dose to achieve 10% cell
survival) were determined, and the relative biological effectiveness (RBE) and thermal enhancement
ratio (TER) were calculated from the D10 values. X-ray was the standard radiation for RBE calculations.

3. #8

A CHO X-rays V3 Xerays 5101 X-rays
A) Cell survival curves =
In line with previous studies, cell survival
curves demonstrated that hyperthermia treat-
ment of 42.5°C for 1 h post irradiation,
sensitized CHO wild-type cells and V3 cells but o001
not 51D1 cells (Fig. 1). In low LET radiation . I .
including proton, X-ray and carbon 13 keV/pm, it ‘“‘_“i\ro o
the cell survival curves of CHO wild-type and
V3 [non-homologous end-joining (NHEJ) repair
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large differences between the control group 0101 2001 o
(radiation only) and the combined group Lot ke s ne
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Figure 1: Cell survival curves for CHO wild-type, V3, and . - om0
51D1 cells exposed to (A) X-ray, (B) protons, (C) carbon 13 \\"E '
keV/um, (D) carbon 30 keV/um or (E) carbon 70 keV/um. 0.501 S o L 0.00
Solid lines are the control group (radiation alone). Dashed T4 B DD DS 10 A5 20 °
lines are the combined group (radiation with E
post-irradiation hyperthermia). Error bars are standard
error of the mean values of at least three independent
experiments. Trendlines were constructed using GraphPad
Prism 6 with linear quadratic regression. «P<0.05. CHO,
Chinese hamster ovary.
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B) D10, RBE, and TER analysis
Analysis of the D10 values taken from the CHO wild-type and 51D1 cell survival data (Fig. 2A) revealed
a clear trend in reduction of D10 values in the higher LET radiation for the control group (radiation
only) and combined group (radiation plus hyperthermia). For the V3 cells, the control group had very
small reductions in D10 values when LET increased. The combined group exhibited no observable
changes in D10 values for the different values of LET. Comparison of the D10 values between the
control and combined groups revealed the differences of each D10 were greatest in low LET radiation
such as proton and X-rays, and at high LET radiation, these differences were smaller.
Hyperthermia-induced radiosensitization in HR-deficient (51D1) cells (Fig. 1) resulted in no statistically
significant differences in the D10 values of the control and combined groups. The D10 values were used
to analyze the thermal sensitization. TER was obtained from D10 values of the control group of cells
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and the radiation plus hyperthermia (combined) group of cells (Fig. 2B). This analysis revealed that the
data from the CHO wild-type and V3 cells followed a similar trend. In the LET range 1-30 keV/um, TER
was calculated as 1.5-2.0. At the highest LET used in the present study, 70 keV/um, TER reduced to 1.3.
By contrast, there was no LET-dependent TER decrease for the HR repair mutant cells. The 51D1 group
had a TER range of 1.0-1.2. Wild-type and NHEJ mutants have HR repair capacity, and the high TER
values suggested that cells have a high HR repair

[ 2/ 4

capacity in low LET <30 keV/um. RBE was also [ i
calculated from D10 values (Fig. 2C), and no B \ ..»\'\"\—‘
statistically significant differences in RBE values were 52 oo : n_:::_'__““'“‘-w’ﬂ .
detected between control and hyperthermia-exposed & CHO mpertrermia | v3 ryperemia 5101 ypecthermia
cells among the three cell lines, with the exception Of ! LETi::W!\mJ . LET[J:w.mp o LET[::W.lmJ 100
wild-type CHO cells exposed to carbon LET 70 keV/pm [ . 25 25
(high LET; P<0.05, t-test). The wild-type combined ore v o
group RBE value at LET 70 keV/um showed a g y— R 4
significant reduction compared to the control group. T s \/\ 15 -
This result suggested hyperthermia does not inhibit i - Nt
repair of the DNA damage produced by high LET ergovnm T Eerpemm T Lergewm
radiation, or the DNA repair pathway targeted by e oo T 0 oo
hyperthermia does not contribute to the repair of high g5 CHOpsthamia | pethemia 25| © 5101 hypanhermia
LET radiation-induced DNA damage. g 20 20 20] .
1.5 "é 157 1.5 ’/Qd.
Figure 2: (A) D10 values of the control group (radiation alone, closed 1.0 o 10 R g
circles) and combined group (radiation combined with post-irradiation - ';:w“m] 100 Ler i;gw“m' 100 - n::w..m 100

hyperthermia, open circles). (B) TER values of the control and
combined groups. (C) RBE values of the control and combined groups. -P<0.05. CHO, Chinese hamster ovary; LET, linear energy
transfer., RBE, relative biological effectiveness; TER, thermal enhancement ratio; D10, radiation dose to achieve 10% cell survival.

4. ER

We have shown in this study that the hyperthermia can enhance radiosensitivities of proton exposed cells. The
enhancement mechanisms were common in photon, protons, and carbon ions. When homologous recombination repair
was lost, cells could not be enahced any from hyperthermia induced radiosensitization. Since proton exposure has
advantage for dose distribution than photon exposure, hyperthermia can be an atractive adjunct therapy method for
proton therapy. For cabon ion exposure, TER decreased with LET increased. The carbon ion therapy has less benefit
from combination of hyperthermia.
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