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Multi-leaf collimator Range compensator Patient collimator

Fig.1: Beam modifying devices for the broad beam delivery system, the collimators and the range com-
pensator. Either the multi-leaf collimator or the patient collimator is used for the treatment. The radiation

from the radioactivity remaining in the devices was measured.
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% R 2 ET N ERGITERUBEOL<EH2HDT, I FU—=TIY A-=F,
BER-FA, BEIVA-F, ThHd, BEXBNORBEZFMET S0, BEIY 7
VA —F =77 MAICESBRA THHREZHET S, Table 1 & UTable 212 JE K R4 D H
5 - BIERFZ X O,

Objects Materials Size Distance
Patient collimator Brass Aperture 3 X3 cm? Surface
30 cm away
Range compensator  Polyethylene/ 10cm water equivalent Surface
Chemical wood thickness 30 cm away
Multi-leaf collimator Iron Aperture 5>5 cm? Surface

50 cm away
Patient Tuff water 30 % 30 X 30 ¢m? Surface

30 cm away

Table 1: Specifications of the measuring objects and the measuring distance from the object.

Protons Carbon-ions
Beam energy in residual range (cm) ~25 ~15(25)
Field size in diameter (cm) 15 15
SOBP width (cm) 6 6
Physical dose at the mid-peak (Gy) 5 5
Dose rate (Gy/min) Equivalent to Equivalent to

treatments treatments

Measuring interval Every 30 sec Every 30 sec

Table 2: Protocol of the radiation measurements for the proton and carbon-ion beams. The higher beam

energy of the carbon-ion beam was optional.

2.2 HWEHR

BEEFHRY — XA A—% (Fig. 2) ZAVWTRENS OMFHBRBEZIM CEITREL 2. &
B OF vy 72T T EICLD BRICKDEERBOBE BT /2. HHERORIE BRIIE
KEEL L —HEY T —DHLRERIIBNT LELURNITRIERATH o /.

Fig.2: Photo of the lonization survey meter used for the radiation measurements.
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Fig.3: Dose rate (uSv/h) as a function of time, from the radioactivity remaining in the beam devices, the
patient collimator [(a), (b)], range compensator [(c), (d)], the multi-leaf collimator [(e), (f)], and the tuff-

water phantom [(g), (h)], after the irradiation of proton/carbon-ion beams. Lines are the double attenuation
curves fitted to the data.

3.2 #IT < 3EM
BRENEEFOHIKKREIR. () ROoMEHMBREEERMTHEY L#EEINZ. $51D0
EENIRERTH., HO2HLUNSRETIZET S EE, FOEEIZLZHII< BHIZ.
H = J‘z Hdt
! (2)
= pipalexp(—t, / p)—exp(—t, / p,)]+ pyp,lexp(—t, / ps) —exp(—1, / p,)]
ThROEND, ROBBITHAREN D H S & Bbh 2 LB IEHREEEIIC OWTHEL /-,
BHEITED SO DA L EDIEETI— ANOEMMTD EREL . —EOBEEHIET 51E
HRFR, BN S ORI EDOL MBI Table 312 RENTWS, ZHIZEE 1 AD 1 BORHIC
I 5ETHD, — ANOHEHEEMIZTable 3DE%% 1 H20[E], H£260HF7> E{REL =
BEHFROT—FMOWESINZHRBELEOERZEFig. 4IRT. EOMBHROT—¥EHNT
b, PR O E N ER R Y RIZEM TI0mSVARE TH o /. /- K EHEE S RIZFEMT100mSy
R THoM. TNZVTNHEERLKICK S FRME (EHHEENR0mSv/E, KEHEERY
H500mSv/F) 2+ U7 L Thwiz, BEFREANOHII<IZ0. 2mSvRBEEHEEST N, Th
BN ROHBEBRETHS 1 mSv/FELHEBL THHEWETH - 7.

Action of the worker Start time of the | Time for the | Distance between the source to the worker

action after the | action Effective dose estimation Skin dose estimation

treatment MLC PC RC MLC PC RC
Detaching the immobilization devices Omin 25sec 30sec 50cm 30cm 30cm 50cm 30cm 30cm
Dismounting the patient collimator Omin Hbsec I 10sec 50cm 30cm 30cm 1.5cm Ocm Ocm
Dismounting the range compensator 1min 05sec 10sec 50cm 30cm 30cm 1.5cm 30cm Ocm
Putting away the range compensator 1min 15sec 15sec == = 30cm = = Ocm
Putting away the patient collimator 1min 30sec 10sec = 30cm == Ocm

Table 3: Assumptions of the actions of the worker (radiological technologist) after the irradiation of the
proton/carbon-ion beam, the start time of the action, the time for the action, and the distance of the worker
from the radiation sources (MLC, PC (patient collimator), RC (range compensator)), to estimate the effec-
tive and skin doses.
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Fig.4: Effective doses estimated from the attenuation curves with four facilities' data. All of the doses are

much lower than the annual limits by the Japanese regulations.
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B FHEBERIC L 2B EBERE R UVCEFEORMLIC DWW TERZIT > IR, HHEYD 5 OB
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1. BU®IZ

BT E RS N B A L RBT AN TEEEL. ER0X (v) BOETRE
FWEEBERRD, BEOAESTRELKBERICHELL, FTHTFOREBEETH S, M
FHEOEHICO W TR ER; B R OEAVAE T EICE L TR2 Lo#RE 2 LT a2,
IS B ED L. BEOHETHITEICOVTRENOEA TREEINTOAEL, KTH
BRORECEL T, BAEHNLETHINERM LTS,

BEOTHETHIT . BEOMMMLI X ERREEORIIIONT, ERNORTFRIEHEER
WWBWTERBRNICIHEME L -ERIIFD 2 DO0OHETHLMNICENTWS, I ZTII#EMEOEER
HE, BEOWEHLIC L B2FBEOHII BLUBEAOEEZ M LRI OV TEHET 5.

BB IOBMEONEL. BEEHBREFELHGS GHEEES  BRFRIBRSHEROER
SRR D R B D & 0 H BT D5, FEMZE - HHEE) 22T TERITEENS 3
ERDOEETHDNTEEHEORREORN TH 5, > CREPFIILT X TELEMIEE. PFES
W, REBHBCE> TERIN=HDTH B,

2. #HINEOEERE

HAEOEB DR ZE, BICBENOBHEEBLTVNS KAV, TAUA, ATz —F>, B
7IUHN, ZAAABLEEIZL TORWSIESRICDOWTHEREETH L1 > RIZDWTHRE
L. RS ZTo-EEEDR. BECHVTWAKRTFOBEEBARIIINF—2RT,

country code organization particle used cnerey
for therapy (MeV/u)
Germany DE GSI, Darmstadt 12C 430
HIT/DKFZ, Heidelberg 12C 430
Loma Linda U., CA P 250
USA Us MD Anderson, TX P 250
Florida U., FL p 235
Sweden SE Upsala TSL P 180
S. Africa ZA iThemba LABS, Cape Town p 200
Switzerland | CH PSI, Aargau P 214
India IN VECC, Kolkata Therapy is not conducted.

&1 REREET->IELER.

R FEIGERRORE2EUTHHRELBICEL TE. AUz —7 Vid BA & RRRMER O R
TR EBFICOVTIZRB S FBBEIEY L THEM, MEE2EEOT—DOEBMEMNEFL TS
ENEZNELD TH D, KETRMIZEK > THERIDPRZR S,

BRI EDOBRFICHN DABBRERBEICOVTIE. KA VIZAEID BERICICRPEIE 2
MO ANTWERE, FERZEZ > ThrRDEE>TWS, Y 7Y HEA 2 RTIIRHHEITH
FLTWBH, 12 ROBRBEIISELEITEL WL DITEZ 2,
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R—F ATV A—FE MBICHE LT 2NERMETHRET 2R OREICHT ST,
RAVIIETHRIZV VT S ALNIREDH SN TWS D, EHEIZNIZH> THETHUT
LW, HEZEOKADOETIE. HELRZEIEDHDONTEST, BHFOHKIIEINTLSD
MBIRTH 5,

RITHARIGHEIZE L T, ERNEEEOESCEE OHEHEIZH T 285BI DLW TR ETD
L. BERTRIILAETIZZ, 3/ETZI LG, MO TELBYORNEEIIMELTL
E5720, #HIEKRBRBEAEBRIEZINTEST, WTNOKHROEREESICHT 250286
FELEZTWE, FEEFOKRLIZIDONTHLRNILIZEVL®D, TXRTOBRIZBWLTERA
FEEIIR SN TWiaho7z, X=X A—-ARLEXZESE L -BEORFIZDOWLTIZGSIE T TR
Bt D, EARNICIIESE ZEZERN L 2dTEEIEEEA ST,

3. HBFEHEHHE O
3.1 79U x—4OWHERE

R TRREHIC X > TEEOBRMHAIIMIBICHIHE T 2. L > TREICAHEHE D Tk
WE<T2REMNH D, X-BEOHMYICHAEYELRE TN S, o OHEE2AMT 570
WBEEZEETS 7 7 AL L TY 77+ — % Z4lEi% CRIEKERS THEZF AL > 5 —,
AR NAE S — RERSRTFHRIEEY Y —. BB EEREWERERN FERER >
F—) ZBNT, RUTRTEREOBTFELRBRFRE—LZHWTERHEL /=,

FRESERMHIE. B1 (A) ITRTEBDEZ30en® S 77 +—F1Z250enDFEEET10em*10emiZ#e - 7=
E—/4 (SOBPIL6 cm. BRZFDKPRIBIIG T T25cem. HKETI5enZE/~1325¢cm) %, SOBPHI AT
BT LHEETIGYHE L 7=,

tough water phantom

tough water ionization chamber survey meter
phantom with plastic cap for y ray only,
without plastic cap for p+y rays.

10ecmx10cm collimator

beam

50cm

S

B1 (A 3970 +r—sBEOFE. B) IBEEONESRHS

ctivated part

BEBY T T+ —5ENY 75 ROBOREEMCEHEBHL, 1 B) IRTEDIC. E
BERRXY — XA A—Y TRRBLIUVEEN530cn (BEHOEDTLETOER 2115 rBE
R (Frv IMNTHE) BLUB+ v HBER (F+v v 7L THE) 28K 2300 THE L =

T4 —FDEERIITRT, HLEDZHIZRL 72 M DML (ICRU soft tissue) 12
e, BENDRRFENSZN,

AIERROFIE LT, BEHKR TS EORBEEEZEL2ITRT. BT EBH TIIRERICHELT
BfEDL S HRERBENEVI LS5, RERHOBE TCRIFINF-AENEFGRRIIT R
F—OHUEICERLTWSA, RELORUREFEOKE TRECIRILF—MNEFEVEED
EOBHBRIT/NZ WV, FRIZFHTH %,

RERFNOREMZ. RO 2R OEREHRTEYML-EREZX212RT,

— 112 —



[ dose rate (uSv/h) B+ emitter
facility beam at surface at 30cm concentration®
(Bg/g)
Py ¥ Pty ¥
B 200MeV p 298 136 19 11 387
405! 220MeV p 286 134 18 9.8 353
210MeV p 230 116 13 8.9 323
jad 4 =
320MeV/u 12C 10 11 Gl 1.3 45
290MeV/u 12C 21 15 3.1 2.1 76
e —
400MeV/u 12C 35 22 4.9 3.9 142

* Weight of patient is assumed to be 50kg.

%2 Tough WaterDBHREFTo7=MER. AULVEE—AELSHEDORBES LU30cmDAIE TH

ELEVREENSHETROL. BEFHRBKEDEEERNOLLMEGIHE

JLHE H C N Cl Ca
Tough Water 8.2 66.2 22 20.7 0.4 2.3
ICRU soft tissue 10.1 11.1 2.6 76.2 0 0

%3 Tough Water (ZBEE1.018g/cm®) & ICRUBKEEIDR Y. HEIEEBHE Wt%).

~ <5
H=Hye ™ + Hpe ™

HMEFZBT 5200MeVORIEMEIZIES DENAEL, IRFTULMEUTERN /2. 7T 4—
YOS, HEHTEEEEIZ 0 CEEGAL 03740) &'C CEE20.39) Tha I ARSI N
%, ERAERKIGE. "0 (p, pn) "0, *C (p, pn) "C (pIIBEFELRIRFEIL>) THD, 7
24— Z IR U TIRENE L BENDRR 0D, HEOBETIIRE2 L0 HRNEEIK

SHKEL, BOHERS NS <RZRLIENBTFHINS,

dose rate (uSv/h)

e Tsukuba 200MeV [
= Shizuoka 220MeV p

Hyogo 210MeV p
se=seses Hyogo 3;9*‘! c

- Chiba 400MeV C
c-11(20. 3omin)

time (min)
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2 AT A—YDERAHNSIMOMBICH(FTIVBBEORTHE. BEDLHICKRVER
CENRETE0 (FFEHEA2.0374) &'C (HEHA20.399) DEE (BMHEIIER) dRLL.

3.2 HMEFREOHII VM

BENHBEE T 2 9 RICEEED S 2k, FEHEEA ZH- 25T OMERREZ RO,
HNiZy 77+ —F ORED 5 30enDLEICBT D v ROBEEE T v bLEXZ, 2570512057
EFTHSLAEBETHS. R TRIERTIE. BEICHL20~30EBEOSEIRNTTON S, ARt




DHBHI DEAEERD D720, COEMEEIEL-E%E, FE—ANOBEIT<BEREL-.
R RIIBFRIBA TIZ123H0 5 138uSv. [REBRE TIE215 556uSvTH o 7=,

ZDERI T+ —IREOHEDETH. EROBETORII RHET D70, RODE
WEERELUTMHIELL. (1) XOBIHEEZELHRS, $UEZEEEARS ET5 O0OM). EE¥H
Bk 2 B R OBEHE, BRBHRS 2 REOMMEEFEL. TNENRHY DBV SKROH
EZEL., BEMNSOBEREL -,

2 _i 1.1 _,,
xe v+ H,, x xe " 2
7 %27 66.2 @

76
H'=H,, x
URabyS

(2) XZEFRIC2 NS5 12050 ETHES L. 0B LML BT TIZISH 5T3uSv. REBTIES
MHE2uSVTH oz, INHDEITNTN D —MADERBLITSBETH S ImSVIZHE L T1049D
1UTFCTHD, ZOXDITMODTBAREELNSEEZT> T, BEFEOBHIT 1TFHMEWE
THo,

3.3 BED S OHEM YD B RETE BE SEfh

TS5 HBICBEENBFENSBEULEEZO M L TOHM 2385E L 258 Ok b O i bE
BEZEE L /=,

HFEBTOEHZEET T AINOETEHETZEGATOT S A? 2HANWT, WEER (10cmx10
cmx25enD 7K EARFE) H DR DALE THBEBERA 1 BRAE LB, REM 5 30cnBEn /- 557
TORBEZHET DL, FHL XI0"SYTH o/, RTFNICHMET 520, mMkick > TERL
T BENBE D BRI T 5 LIRE L - BE DRI LD EE (FES0kg S RE) DHK
HEEEFRELAERE2ER 2 OBEMWMICTTRT,

LR HEIZ 4570 5 390Bq/g T d 2. I AT LA E < BRIEASE W ICOHEK P8 EERREE 1240 By/
e’ TH %, BRAICHHEIZITRT'CTH S ERFEEL TH, REF TITBREO LG EEITHEAK D
RERED1INS 415 BTFRTHENSIMETHD. KEICEIFREEZETZE. M LOHE
KIEGICEB LESATHREREL2 THS, X5ICREOMOPBIKICE2FRE2EZLLE, £
e BT REETRBN I EHHN B,

4. BboI

ENEICBITZRETE. WThOBRICBLTHR FRIGESE ORLEEFIIfTbhTE ST,
DLEEBFHIN TV, o/, ERBEOKEELEZFMEL LTS, BIMELOBREIZZ DD TE
<. RHBEBOLEMIIBD S oz, Mo TRTFHRIBEORLICEL. ASr RN ST
B IR Z R D2 HBEII W TE 5,

51 Sk

1) dHBE : BN TFREESHENOEEISRICRIKEBEDH 0 H T 5%, B
HEAFREHREHYES. BiE - 2EFEHREE Q0074E4 B).

2) W. R. Nelson, etal.: The EGS4 code system, SLAC-245 (1985).
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