%29 % 5 11
2005 4 11 A

[T/ R /R
HIGH ENERGY PHYSICS AND NUCLEAR PHYSICS

Vol. 29, No. 11
Nov., 2005

K CRATRARS

RE LR REITNE

éﬁj’al;l) N. Mafcsufuji2 E. Urakabe’ M. Kanazawa® S. Sato’

1 (R ERRE BT A A B 5T

2 730000)

2 (HAHE B RE2 AT Tt 263-8555  HA)

WE HERBSAECRELEA TaBE AR, ZH - MRYAEWLALFHRERITHENET °C
ARARTEFRE L kid, RETERARNFRELNAEFH AL T HLRMERIN L

0 T P4 2 S B TR o 7 5 4 U 2, 831 T 3%°C
BF A AT AT A AR ERE IR B3 5 %A

S BB 3 3 L
S FATHE BT B W B A

Bl Z CRIMM A B P & E R AT, KA ARRASREE L, BHNEHREFER
¥, T4 K% Bragg M 2 °CH TH LMK, HARFRELITRENER AN A EFHERAE

FAEAT s FATHUIE bt #2800 & 1% 2| i (B

KR N EEAHR

i

1 5

A Mk, e H AR [ 45 & 0k B 5K 1)
T ARG IR RIS AR % A NSyt 7
I R], FAT 1 2 2R O P AN TR g T e s
B ORI IR AL, AR TR 8% Kk T
FEASKZL RS W1 0C, 8B A 8L 25 YA 1 SR B AR
TS TR A 1) e WU R SR, RIS O 5 (1) b
AR ER A RORA T PN e A IS 2 AR T 5 HH )
A RERE 11 R O T3l AR T R S 0
o B AT RE A, K SRR AETIOK B4, DRI &
ATIIAE A A2 22 30% (RBE) KT By vl e 4 i 15
TR G AT IT 3L

TEFRATT S HI R T A2 ) 2 S A 9 vh R UE 5K,
OC Wi 7E H Bragg WX fHIE 7 % ) RBE Lk L&z
T EEFRIGARRTT I 2C R RBE 22K 1 £% LA
RPN L BB R R A RN O C R A TR B
2 PRI IR IX SR P 5 AR U B2 b R A
T DI OG, e 20 0 © C SR i Bl 2B 2 AN 1)
BLH, FREEAL OC N T ¥R J A B R, AR S0z
T — AN A 2355 3500E EL v 5 (TEPC) Ml &

2005 — 01 — 25 Wk
*orp ERF G ETHRITE AE R SRR 23642 (10205021) % B

1) E-mail: ligiang@impcas.ac.cn

AAEMIE IS Lk

2N

H 2R
WA

2

A

HEFH LR HEFHERATE

¥
=

T OCHPAA BT IR S BRI ZRRE (y) ik, I 15 2
TR R LRGP 2 e o T B i 2k
WL (LET). ASCHRIE 71X — SRl &, 4321105256 4L
P BET R 7R © C RSN ] T6 8 R85 E 1 ALt

2 MRI5AE

2.1 MSHIECCRIRIE

A SU A H A [ 7 2R e 2E gk G U
(NIRS) T 25 1 3 ¥ i 7 i 3 28 HIMAC! Y vk 2 o)
k! Fsg . HIMAC [ 4 n ik 2342 44t 430MeV /u
R2CHI AR, 7EH IR H A 4 R H 40mm B #E 5
10mm 55 B3 A8 F A5 ) H J s R Ll = AR T8 P 0 C
WL, X SRR R R A G A FRATT S AT I S Y
A EAIE S 7 O C R R B A A M) AR 1% 4%
17N HIMAC R 8 i 4 7 AR 1) C IO BAT K )
PR R A B BT AR AR CC W R A T A
Fm W, WOC R EA 5% 3RS, shEdh
SO N [ AR BB N 329.5MeV /u. F 58 I I SE 564
IR AT LI E i % O 0C R T B E A R R
SRIM2003 2 51" A] v 5545 51 1% °C HO 76 K 9~

1041 — 1046



g

1042

it ¥ #M 45 % ¥ H (HEP & NP)

29 %

¥ILET 4 11.85keV /um.
2.2 XWEFERN:F

SEH ke H a0 B 1P s, AE HIMAC IR 40 K it
2 b AR 00 C R R 4 20mm B 4% AE T 2% (4 4 R
100mm x 100mm x 150mm ) #E B, FF 28 — U ik 38 8%
VAT R I BT 2 R B S HE N R R L ARSI E AT
RE B PRI B R0 25 2 A RBUR BN BRE I
) 20 AR SO v BB (FWT LET-1/2, 36 [H),
RPARBH A4 K 1.27cm, £ I 45 BE #4 F} 4 Shonka
B A-150 £V A LB KL (p = 1.12g/cm?), BEJE
1.27mm. $RIEE A AT U0 7.5 x 10°Pa I 25534
AR (55.0%C3Hg439.6%CO5+5.4%N,, p=1.062g/1),
XN T EAR R Lpum PRGN LL. 15 SR Ak
Tum (4922, TAEH A +500V.

collimator plastic scintillator

K1 s R E K

THEE PR AR B 10 A AS[R] JE B R B R 4T
(19, B&GE 34 B PMMA AFRMEI R, 5B H: 0.25,
0.5, 1,2, 4, 8, 16, 32, 64 F1128mm. & —Ffe /i #fnT
GV NS S DA e s B o N A (1B AN A B A B
2, XL R e Al 41 T Bt K & 255. 75mm 1] %
eI, MRS 7 AR ) AL b R AN ) B %
TRBE. PMMA BB} 1) 7K 55 200 5 B8 2R B4 512 56 W &y
1.16, T LAAS 3CH om0 5 28 IR T ) #8 J2 Fi 7E /K
IR B, RITRs el A I DB A T B PMIMA B fie
JE RS K I JEL

S 56 00 B A I TEPC R I 2 45 1 28 i
59 KA LR, K1%6HFHES EAER™ 4
AN I P 0 B2 PR A T, RS A8 H 0 SR R S8 4 2 AH
JVAR 5 R N R TE . R IR s WR, ARSI SR I
TEPC 3R B R 48 H AT HE 3 UF i Ze vk wi Y. TEPC
A5 3] Be B DU 5 400 B K #5 (ORTEC
142PC)JBURHE N TR (ORTEC 671), 445 5
FEHUE i (ORTEC AD413A) 7 3l it CAMAC %k 3k
RS (TOYO-CCT700)# i HHUIT R AE.

2.3  MEIERIRE R EFHLERIIRS

AR TEPC W& — /NI 15 1

244 Cn JRCFR, 2 IBURIE A ) ook 1 T b e 1
TEPC R 5 4t i 43 21 100 & 3% J@ #1500 R, Ul
P5TT AL KT, HH B YR K56 1) ocRL -~ AN REE AR
D25 RBARRL SR RSP 28 R 40 bR A, gk
SPURIT A 45 tHEE A M HT IF, ookl 1y TEPC R
I RBARR B AZ 7 M 3EN TEPC. H 2 Cm U H
oKL T IR g Bl 5.80MeV, {E 1um 4 ¥ 41 43 4% 4%
R BEEBUA N 81.72ke V. IXFE, £E TEPC b &€ it L
U A7 S5t I P 0 5 R G ) LR it 4 81.72ke V. HH T
W R 5 R a5, 7% TEPC & R &4
MU AR S 20 %18, Zehty i T A3 21

y=7 M
H ey TEPC 2 Bk BUdh (1 vl B RE =, 14 3R B
TEPC R AR 5% K, B

_ 2

[=3d, (2)
X H d 4 TEPC RBARI B AR, XTI T A 5256 4 1)
Ak, d 2l 1um.

28 H5 s A HL A T A3 AN R B R R B0 C
Zefgite, AP E Gaose 1 F 01321,
> yin(y:)

gdose: Zy,n(yl) )
o na(y,) S22 8y, I % TEPC 3R 5 Ze 0 i 1
T
2.4 HKEEEMERKTESRSHBHLET S
B K78 FHLET B3R5
M Rossi & & (R SL3EI iy il B 13 31 10 £ i 3%

Wi R AT DU LET %, 159 2 (% LET % 4 76 %
WeFIER D BT A LET %, /i

3)

D(L) = 55lyn(y)(1=95)],—sr , (4)
_y dn(y)
= n(y) dy ’ ©)

XHE LALET, r b TEPCERIE R BUARI 42 A
TSI, ZRE n(y) W5 ZEREAT B D Ab B, AR 3L
K H T Origin7.0 # 4 (OriginLab 2 7, 38 E)#2 {1t 1)
Savitzky-Golay i JiE %% B 45 6 T8 Uy R I 15 2 11
REEHEAT T B eI AL B, WAR, (Rt 17 LET
TEECHN, A 3N, B B AR R I E L1,
B LA o R 2% RAUARL, B I R KT
PR 35 RABARBU U, WO, TEPC X kit
PRI R A IR L AT



%11

S

JBUR PR O C AGANF BT 5 B2 RE A

1043

17 LI LET 3%, WA R 559 71
BJLET (M Laose %7 ) Al 1 F A 0H 433, H:
JL x D(L) xdL

Ldose =

, (6)

JD(L) xdL
XL, tH TEPC W &= 5015 21 T 4G = Ak 176 N I AE
AR R FWRE ECCHRM M A E I LET. [F5EH )
PPPC il &Lk, TEPC &5 T A5 B 7 &% ih
OC HEAR M A I AR

3 HR5ITR

BI245 T 9C MU T K o e 9 AN AN ) B 2 R 1
R RE RS, SEIG I T D B T R R DU SR
TEPC [l 5 7 55 7 pHE R JL 2R, 0C ALK I 5
W15 4 2 500ions /spill, &E—/Nu I 5K Z°4 0.5h,
13 HIMAC [5]) 22 0 3 s 5 — > o3 Jik o 1) 1 391 4
3.3 XAERLIAT 2.8 x 1054 B T- A4t 5 TEPC .
1 T 2% RL 1 T AR °C B 7 A DU 88k, B o
T Bragg WX BT, T LAAS SI2 56 90 12t 15 1) BF 28 IR 5

T B AE TP 1E Bragg Vg X (A2 52560 T FH °C W I Bragg
e A7 Y BILAE VR E 14Tm A0 *)). 78 NI ib 2 g S e 0
I3, WL N IR 26 e 29 4 OkeV /pum, 5 K26 BE LE
4 20keV /pum e A7, XN 87 B S5 i TEPC
P EARTT . T A C A K I LET 254
12keV /um, 1fif TEPC YA LVERL EAL N 1pum, H
LR U RE (L) T, 31X 500 75 20 2 Re A 1 v
(R e R SE A — S0y, B B 28 IR BE I 1S In) Bragg
W X SEIT, B RERREEWIE K, IX 58 e & FEACS
P B AR I RETR G DAH — 2 IF HLZL R B XU &5
R 25 IR BN 4R Bragg W) BT B TR,
RIVR R T 148.9mm, 2k fe 5 AL B I 2k, I
TS N e BT/ (R, 1200 = et © C AU B3 27 ZH 201
[) 7 AR R AP R RE R DR, T e R A
BIEE 8 Yoo KRB BT TR S AYA L EAEH
3 R 2 RN IR (R 2R BT BT DA S AR A
133 R 2R A A T R (3) VB T Y OC ORI B 0 I
WY AR, R LTS, X S IR AT e AT
B JER Ay 2 ST Kt — 38, O DS B e R H )
B e L i 3 A B R G T A RS

— depth=1mm 20 depth=135.9mm 15 | depth=138.5mm
‘S 15
X 1.5
~ 10 1.0
> 1.0
E s 0.5 0.5
8
2
S 0 0
L5 10 depth=144.8

T’: depth=141.1mm ) depth=143.1mm epth= 144.omm
o
= 1.0
X 1.0
> 0.5
Z 0.5 05
<
8
2
S 0 0

1.0
— depth=146.9mm depth=148.9mm depth=150.9mm
\2 1.0
X 0.5

0.5
E" 0.5
Z
<
8
2

1 10 100 1 10 100 1 10 100
y/(keV-pum™") y/(keV-um ™) y/(keV-pum™")
2 ARSEEG T O C AR K P O AR B R LI R



g

1044

fe ¥ H 5 % ¥ B (HEP & NP) %29 %

F1 OCHAR TR LR Tk A
g AP fmm T A gaos/ (keV - pm 1)

1 1.0 12.32
2 135.9 39.97
3 138.5 47.57
4 141.1 55.94
5 143.1 63.57
6 144.8 73.18
7 146.9 81.59
8 148.9 91.94
9 150.9 93.73

AR SCORE R A5 2 Y 2k e i e 45k AN R VR
EOCHUR P LET #8 W HOR) & B b 0 #i i 20 Ai, n
B3PR. T BE ST R BN, & 1 RER PR,
LET R 73 75 W B R 40 B0 1 . th LET 3%

5 (6) M 2N =PI LET. B4 I T AR
12 C AP LET B 53 2 R B30 i) 20 A i
THEFELET C 28 gk SR AR 45 AR O ) 2
R A 2 N P A St R ) i R S
L RETE HI A5 21 ° C AN [A) B 2 IR B 3
BLET. Jytt, B DRESG S 50 M AT~ 40 A e L v 2k
2 (PPPC) 43 21 (19 3 5 ) LET fry B 4™ &5 A 51

0 R HEAT T ECAL, IR Sihver 575 P 445
BT 1% O0C WRATAH B L8 KR 1 LT (R JE 77
R LET K504, Wik 4 FR. o LUE #HE 2], 76
WS 88 0 Bragg g X, TEPC I i & PPPC
DB A5 31 1 70) B F 3 LET J2& LU 75 4 1, A7 3 4
55 Sz 6 Bl th FL R X0 TR B R N T e
b, CCE T MR AR, FER A 9 RRL T I DT,
DRI i 566 K FH PPPC il 1 15 77 2 % bk 1A 355
WY TEPC I & 1) 45 o2 — 21, 76 °C Wi 1) Bragg
WA IR R W IX S 5 IX, RIS 140mm LA, 422 C 311
VORI, 781% X 38 i1 T PPPC HU I 47 LA 25
F K BR A6, AL R 5 43 28 Rk A R e 1Y) T
TEPC H15e It 728 K KL K5 77 1) 1) 1) 38, w6 ity
G RRL - e s YU MERR DI &, KR TEPC Il & 45
I T34 LET 75 °C UL 1) Bragg W X K 61X f5 Y
X} ZEW] KT PPPC I EAG 2 A2 LET, 1R
Bl 425 H 2 s, X, ARRSEE TEPC 515 2
(37 B 735 LET B8 GEARER ©C s 1 JBUR P B 22 R 1
DAL 1 A6 AR SC 4 977 P38 LET 43 A 25 1) B °C 7R
Vi AE Bragg VDX P 57 585 9 (16 24 0 25 0% O o A I
WEA T RE K.

5 depth=1mm depth=135.9mm : depth=138.5mm
— 1.0
S
2
o 0.5
o 0.5
g 1
£
“—
0 0 0
0 20 40 60 80 100 120
depth=141.1mm depth=143.1mm 0.5 depth=144.8mm
S
x 0.5
~ 0.5
=
2
g
&
0 0 0
depth=146.9mm depth=148.9mm  , depth=150.9mm
£ 3 3
=1
X2 2
1
g
é 1 1
=
0 0 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
L/(keV-pum™1) L/(keV-pum™!) L/(keV-pum™")

3 OB G O C MU R R LET ZEW SR i o 4t 43 A



11 s JRUNE O CIRFIANR B 2 Uk LR 2k el il 1045

T T T T T T 3T
» measured with LET counter A

—— calculated without delayed particles
4 measured with TEPC 4

100 -

depth in water/mm
A O o/ AR 7 - W 19 5230 9 O N
o340 K% 5 ST PPP Cl & 45 AT o155 (0 LU

4 HERIE

L F FH TEPC N & 1y °C Wi 51 28 UR E E 11
LRhens, 198 T B PR RE R P LET IR A
IIAT, EXASAFIAT T W] BRI © C SR 1 T A B A
PR AR LIS A 0 2 RN AR AR R DR, bl e R
OC WU FH T3 5 VA D 38 A AR D b s 1k
AT BT S B9 58 T ) B A,

S %3k (References)

1 Castro J R. Radiat. Environ. Biophys., 1995, 34: 45—48

2 Schulz-Ertner D, Nikoghosyan A, Thilmann C et al. Int. J.
Radiat. Oncol. Biol. Phys., 2004, 58: 631—640

3 Mizoe J, Tsujii H, Kamada T et al. Int. J. Radiat. Oncol.
Biol. Phys., 2004, 60: 358—364

4 Koto M, Miyamoto T, Yamamoto N et al. Radiother. On-

10

11

12

13

col., 2004, 71: 147—156

LI Q, Kanai T, Kitagawa A. Phys. Med. Biol., 2003, 48:
2971—2986

LI Q, Kanai T, Kitagawa A. Phys. Med. Biol., 2004, 49:
1817—1831

Barendsen G W, Walter M D, Flower J F et al. Radiat.
Res., 1963, 18: 106—119

Belli M, Cera F, Cherubini R et al. Int. J. Radiat. Biol.,
1993, 63: 331—337

Folkard M, Prise K M, Vojnovic B et al. Int. J. Radiat.
Biol., 1996, 69: 729—738

LI Q, Furusawa Y, Kanazawa M et al. Int. J. Radiat. Oncol.
Biol. Phys., in press.

Hirao Y, Ogawa H, Yamada S et al. Nucl. Phys., 1992,
A538: 541c—550¢

Kanazawa M, Kitagawa A, Kouda S et al. Nucl. Phys.,
2002, A701: 244c—252c

LI Q, Kitagawa A, Kanai T et al. Nucl. Instrum. Methods,
2004, B222: 270—284

14 LI Q, Kitagawa A, Kanazawa M et al. Nucl. Phys., 2004,
AT746: 288c—292c

15 Ziegler F J. Nucl. Instrum. Methods, 2004, B219/220:
1027—1032

16 ICRU. Microdosimetry. ICRU Report 36. Bethesda, MD,
USA, 1983

17 Attix F H, Roesch W C. Radiation Dosimetry(Vol.1): Fun-
damentals. New York and London: Academic Press, 1968.
73—86

18 LI Q, Komori M, Kanai T et al. Phys. Med. Biol., 2004,
49: 5119—5133

19 Furukawa T, Noda K, Urakabe E et al. Nucl. Instrum.
Methods, 2003, A503: 485—493

20 Kase Y, Kanai T, Noda Y et al. Jpn. J. Med. Phys., 2003,
23(Suppl.3): 98—101

21 Kanai T, Furusawa Y, Fukutsu K et al. Radiat. Res., 1997,
147: 78—85

22 Matsufuji N, Futami Y, Fukumura A et al. Proceedings of
the Workshop on Reaction Cross Sections and Detectors
Applied to the HIMAC Beams, Study on the LET Distri-
bution of Projectile Fragments Produced from Heavy Ion
Therapeutic Beams. Chiba: National Institute of Radiolog-
ical Sciences, Japan, 2001. 40—44

23 Kohno T, Kiyota T, Matsufuji N et al. Nucl. Instrum.
Methods, 2000, A450: 456—466

24 Sihver L, Schardt D, Kanai T. Jpn. J. Med. Phys., 1998,
18: 1—21



g

1046 it ¥ #M 45 % ¥ H (HEP & NP) o529 %

Measurement of Lineal Energy Spectra at Different Penetration

Depths along a Radioactive °C-Ion Beam "

LI Qiang®V N. Matsufuji? E. Urakabe? M. Kanazawa? S. Sato?

1 (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)
2 (National Institute of Radiological Sciences, Chiba 263-8555, Japan)

Abstract It is expected that a radioactive °C-ion beam as a type of double irradiation source can increase the curative
effect when applying it to heavy-ion cancer therapy, and it has been proved in our previous radiobiological experiment
that the relative biological effectiveness (RBE) at the depths around the Bragg peak of a °C beam was greater than
that of a therapeutic '2C beam at least by a factor of 2. To characterize the physical basis of a ?C ion beam applying
to radiotherapy, a spherical tissue-equivalent proportional counter (TEPC) was used to measure the lineal energy (y)
spectra at different depths along a radioactive ?C-ion beam in this work. Based on the measured spectra, the distribution
of dose-averaged lineal energy in depth was derived. Moreover, the measured lineal energy spectra were converted into
the distributions of LET in absorbed dose at the different depths. The distribution of dose-averaged LET in depth,
therefore, has been obtained for the °C beam. The dose-averaged LETs measured with the TEPC and our preceding
parellel-plate proportional counter (PPPC) were compared. It has been found that both the measurements agreed well
with each other at the entrance channel of the °C beam while the dose-averaged LETs by the TEPC were larger than
those by the PPPC around the Bragg peak, i.e. the stopping region of the incident °C ions. This coincides with the
expectation that all of the delayed alpha particles and protons, which are emitted isotropically during the decays of the
9C ions, can be included by means of the TEPC measurement. The data sets obtained in this work provide a substantial

physical basis for revealing the advantages of °C beams in cancer therapy.

Key words double irradiation source, tissue-equivalent proportional counter, lineal energy spectrum, dose-averaged

lineal energy, dose-averaged LET, penetration depth
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