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A ba r - ct TEis paper inuwduce- the p- d ele t ï upon pmcess h bm izz, whieh is simulated by genemI Monte Cad o oode MCNP

TEe abso² ed dose rates h m lbB ( n A ) 7LL 14N( n , p ) Et J H ( n J ) 2D and M neuM E elast ic scattem g reaction m m midered -

Th major eont ibuti on Ø the tumor m m is h m the nm uon eaptu e maction £f boron .Ä " eompar ison of the abeorbed doee M ¹

h m thennal and epithennal m zt on inCHeates that the epithem al m um n bem m mom d ed ive than thennal neuÇ£n beam in de-

su oying deep- seated um ors , on ² e m nm ry , the latter is val id for Shanow tm m , e . g . sk hz cancer . h oomParison ÷ × detem inisti c

method DOSE pmF am , MCNP eode is eonvenient m siraula60n of Bomn Neuã£n CaptE e 'ITEempy .

Key words Monte Carlo

1 Introduction

Romn Neutmn Capture 1TEempy ( BNC T) i s a tech-

nique , which is used in tÓ ati ng brain tumors by aE× fEd all y

loadi ng the tumor ti ssue m ö isotope B--enri ched com-

pound and subsequently i m diaHon of bmi n by low em EÃy

neuUWE18. × m teehnique is based on the IOB ( n , Á) 7U nu-

cl ear Óaction emitt ing alpha paËicle and 7 U nuclei ÷ ×

total ki net ic energy of 2 .79 MeV , whi ch i 8 high m oud E to

destmy the tumor cel l s(1] .

'ITm main nuclear mactions which take place in the

bmi n m þ ( n , Á ) 7U , IW U , p ) 14 C , I H ( n , y ) 2D and

fast neut mn el asti c scattering mad on . Ê m abeoÉ ed doee

mte i s the summati on of al l the individual abeorbed doee

mtm mm lu ng fmm all above-menti oned mact ions . U e ab -

SOE² ed dose mte strongly depends on the reaction cEWes-

section and the enezÔ Ó leased in the macti on [11

For BNC r , m adequate thermal neutmn fh ld has to

be created in boron- l abeled tumor cell s wi th in a pm E

scribed tMÅet volume . 111i s means É a fOr target volumes

well below the surface , epi thermd beams wi ll geneml ly be
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, tumor , thennal and epithermal neum n , d eorbed doee rate , bomn nm ² n capttm therapy

best , whi le for target vol umes near the surface , theEÄ d

beam wi l l SEEm ce . Thermal neutmn im diations have been

used for melanoma treatments in the skin , as wel l as m th

open crani otomy for gl i oma tma ments . In general , howev-

e , the cum nt trend for treatment of pati ents m É bmin

tumor is to uØ epi thertzIal neutmn beams[21

h OMer to study the superiori ty of epi thennal neu -

tmn i n treat ing deep-seated tumor , al so the i mPOEt ance of

boron concentrat ion , the thennal and epi themIal neutron

transPOEt pmcesses i n brai n are simulated by the genemI

Monte Carlo pmg Bm MCNP4 B[3] for diEemnt cases of M -

mor poei ti oE1. The neutmn and gamma eneEEy spectm and

the absorbed dose mte di str i bution in a head phantom am

cal culated . Ç 1e resul ts show i n good acCOMm ee in most

cases wiÉ the mSUIts of M . K . Marashi that wem simulat -

ed by detem inistic method [1] . However , M CNP simul at ion

gi ves hi d ler thmÄ al neutmn n ux a deep si tes , then the

abeozç d dom mte i s hid Eer than that of multi - p u lp de-

termi nisUc method . We anal ym d th is mason . h a nal , the

abeoÉ ed dose rates compad son d di gemnt tumor depths

has been shom1.
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Monte Carlo method solves part icle tmnspod prob-

lems by si mul ati ng a g ea number of i ndivi dual pan i cles

and gi ving thei r average behavi or . Monte c azlo pan icl e

tmnspod process e88ential ly i nvolves the continued track -

ing of parti cl ee thmu6 1 8ed es of di screte event unti l them

ei ther to be thennal im d , egcape , undergoing coll ision or to

reach neutmn energy- l i mi t , wei d 1t-l i mi t or ti me- l i mi t . I t

has been extensively appti ed to td al nuclear physics ,

atomic energy , sol id physics , sociology and economies ,

etc .

MCNP is a geneml puEp ose Monte Car lo N. pazt i ck

£ode that cm be used for neutron , photon , electmh or

coupled neutmn/ photon/ electron transPOEt , incl udi ng the

capabi l ity to calculate eigenval ues for crit i cal systems .

Point -wise cmes- section data aEü used . I mPOEt ant standazd

featums that make MCNP veÉ vematil e and easy to use

incl ude a powed d geneml soume , cri t ical i ty Ø ume , and

SUEf ace soume , F OInet I7 and output tal l y plotters , a r ich

co1lection of variance mduct ion techniqu es , a nexi bl e tall y

struetum , and m extensive col lection of cmes-sect i on

data[3]

In calcul ati ng the total and individual absoÉ ed dose

M m fmm th four Eü actions in the head , the head is simu-

lated by a one-dimension slab or 2Ocm depth , i n Fig . l m

l z th ick tumor is loaded at a depth of l 1¤ h our cal eul a-

ti on , l I takes 1 .5cm , 3cm and 5cm , and conüSpondi ng l 2

takes k m ,5cm and 4 .5cm , respect ivel y . U e cormspond-

ing phantom am call ed as shal low , med ium and deep tu-

mor model .

Ð 1e rlaIurd elements constituting both the normal u -

ssue and the tu mor tissue am suppoeed to be H , 0 , N , Na
and C wi th concentmti ons ï l i sted i n Table 1[1] . × 1e

concentmtions of art iEd all y loaded isotope B in the tumor

T- Me l c onemt a60m d É e etema Ô h the he- d ptØú mm.

Element Wt(% ) Atomic demity x 16 4
H 10.7 6.40 x 10- 2

O 71.4 2.69 x 10- Z

C 12.1 6,« x 10¤2

Na 4.5 1. IE x 10¤z

N 13 5.60 x 104
B¤10(nomaI M ue) 1ä pm 5., 7ñ 20 - 2 -

B-10( tumof ) 3ä pnz 1.67 x lo- 2

937ñ Ð ã È :­ Ð Ó ý ® Î ÆÄ É Ø ¨ Þ ½ ¨ £ â

m d nom al ti ssue am assumed to be 3O m d 1O ppm , m -

spectively .

1TEe energy d incident epitherald neutmn beam i s in
the range of 3 . 0354 - 15 . 034 keV [1] . For thmÄ al beam

along the incident diE@CHon , it i s in the mnge of 0 . 05 -

0 . 1eV , ÷ × m intensity noEYEmli md to 1 n - cm - 3¤8- t .

incident
neu®oa
be¤m

Fig.1. Th phantom d BNCI--

3 Calculations of absor bed dose r ate

Most of the absoEbed doee rates come fmm the fol low-

ing mactions : 10B ( n , Á) 7U , 14N ( n , p ) 14C J H ( n , Ã) 2D , and

the elastic scattering reacti on . 111e eneIüy released in

each of the macti on other than ( n , y ) E¬action i s deposi t -

d local ly , whemas the gamma rays fmm mactions ( n , y )

deposi t thei r eneEBy thIÉ311ghout the medi um by continuous

slowi ng down of electmns Iü SUIt ing hw n Compton scatter -

i ng and photoelectric intemction . A part of the gammas

and electmm may escape from the medi um , canÃi ng ÷ ×
them the coÐesponding energyl11 Ò 2e abeoÉ ed dose

rate , due to each nuclear maction , is cOImidemd indivi du-

al ly as fol lowing :
(a) EOB( n,Á)7U maction :

10B has a veÇ l aEÅe thermd neutmn captum cmss

section of 3840 barns . Other than the energy of gamma

( 0 . 48MeV ) , the energy is deposited wt thi n 101tm of the

maction si te , potent ial ly mak i ng the radiati on hid Ily cen .

selecti ve[41 .

, 4Hez+?Li3+2.79(MeV) (6%)

1¤B t nú tsBF
Ü Ü ¢ 4Efe2+7Li; +2.31(MeV) (94%) ¶l }

?L L + Ã + 0 .48(M eV )

( b ) MN ( n , p ) 14C Eüaction :

111e total energy about 0 . 66 MeV i s released in d1i s

macUon , whem 0 .62MeV i s can t ed by the pmton and
0 .04 MeV is caETied by 14C nucl ei . × Ee k ernIa mtes of

the above two reacti ons in Gy/ h are cal culated fmm the

fol lowi ng fomztEl ati on :
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10· ' (E) x Ò( E) xK(j ) EB

N T ( j ) Á E Td E , ( 2 )

wh en k ( j ) i s th e k em za rate at poi nt j i n med i um i n

Gy/ h , é ( E ) i s th e neu t m n n ux a poin t j m n - em - 2 .

8¤ 1 , N T ( j ) i s th e n u mber of the spec ia ed nuc l ei / g at

poi nt j , Ò ( E ) i s the neu tm n c ross seCHon i n c m2 , and E T

i s the energy re leased i n th e m ad m h M eV . 111e Þ n -

stan t 5 . 76 x 10 - 7 is th e convemi on £oeg l c i ent , conven i ng

M eV / g - s in to Gy/ h . Ä e eneEBY Eü l eased i n th e m ac t i on

i s d eposi ted l oc al I y . 111us ÷ × a good ap p m xi ma ion i t

cm be eq u al im d to th e abeorbed doee m te und er Ch ar ged

p azt i ck E qu i l i b r iu m ( CPE ) cond i t i on , i . e . D = K , wh ere

D i s th e absorb ed d ose ra te aZEd k i s th e k ernm m ã [1] .

( c ) I H ( n , y Y D m ac t ion :

Ä Ei s m act i on i s usual l y cal l ed hydm ge n c apsu m Á m -

ma m ac t i on . 111e p m d uced gamm a tak es energy d 2 . 2?A

M eV , a h ac ti on of wh i ch cm escape fm m the m edi u m . By

assu mi n g t he CPE cond i ti on tk abeoÉ ed doee rate f rom

the ab ove m act ion cm be Ó ce i ved fro m the n ux - to- dom

m te convemi on fac tom . A s a matter of f ac t , th e gamm a

n ux m ul ti p l i ed by th e n ux - t o- doee rate COZEvem ion fac tom

i s th e dom rate i n Ó mí , wh i c h i s equ al t o l u m G y/ h -

131e eon vem ion fac tom extr acted fm m A N SIj A N S × zd

I CRP - 2 1 aze l i sted i n append ix [3] . 1TEe Eü c en tl y p ub l i sh ed

k en na fac tor m i n IC R I j 63 lsj - h th i s paper , th e abeorbed

doee m te f m m al l ( n , y ) Ó aCHon w as cal c u lated .

( d ) E l ast i c scat t er i ng Ë aCHon :

1E e f ast neu tro n doee i s p r i mad l y due to elasti c neu -

tr on col l i si ons ÷ × hyd m gen , 1H ( n , n ' ) I H , and rep m sen ts

90 % of the ad u l t b rai n k em a between m erg es d ~ 60 0

eV and ~ 3 M eV . Other neu tm n m ac ti on , pEi mad l y ÷ ×

12 C , 16 0 , an d 31p gen eral l y conM b ute 4 % - 8 % to the

b rai n k em a betw een - 40 eV an d - 5 M e V , but at ceEt a i n

m sonm ee energ e8 m y COZEM bute moEJ J . By assumi ng

th e CP E cond i t i on the absorb ed d oee rate h m h st neu -

tro n s i s cal cu lated fm m th e fol l owin g equ at i on :

N
D ( j ) = 5 . 76 Á 10 - 7 Á Z m ( j ) Á ô ( E J M J

( E ú E ' ) Á ( E - E ' ) d E d E ' , ( 3 )

wh em D ( j ) i s t he ab eoÉ ed dose Õ e a poi nt j i n G yí ,

Ç ( E , j ) i s th e EZetatm n n ux at eneE° y E at poi n t j i n

n - c m - 2 ¤s - 1 , Ô ,a( E ú E ' ) i s th e neu t ron el ast i c m at te r -

ing CEWes secti on fmm eneE¬y E to E ' MeV in cmz for nu -

clei L NE is the number of nuclei i , and A E = E - E '

is the eneEBy lost i n one scatted ng Eüacti on .

Due to the cont inuous poi nt-wise emes- seCHon was

adopted in MCNP code , how to obtai n Ò̈ ( E ú E ' ) is a

key . As it i s wel l lmom , the enez¬y d the mcoi l neutmn

approxi matel y obeys the fol l owi ng di sM bution :

d E '
f ( E ú E ' ) d E ' - , ÁE Ë E ' gz E ,- ( 1 - Á ) E

( 4 )

6. ( E ú E ' ) = Ò, ( E )f ( E ú E ' ) , ( 5 )

¨ em i A- 1}2
U Z ¶ , A i s the ôµ 8 d tÊa®ÖrØEe±t nmmEuÐE

Ò a ( E¨ ) Ê t h e n e u t r o n tÙ o© t ad l rmm aÉ i c Emm ÒØ e cÞ oëÞ põÏ iÓ c e l a s t i c sæ c a¾ t¢ t eÊ dm EnÖ

1Ø

g

cEm@@Ù8 secti on , and f ( E ú E ' ) is scatteri ng enezw trand er

h nCHon - u e m ergy spec» um of the mcoil neutmn i s

ud onn tbr specç £d taª et nucleus and incident nm tron

energy E . So m have

E
§ ( E ú ¨ E - ¨ E ' = 0 5 ( 1 + Á ) E Ø

d

And dzen

D ( j ) = 2 .88 Á 1OJ Á Áþ þNn (j )

j Ø Ý ,j )E(1+aME (7)

Af ter m incident epi thennaI neutmn beam mdi a ed

the medium tumor model , m enm¬ y spectm m of neutmns

in the head phantom is pmduced . 1TEe neutron spectm m

at thE, e digemnt poi nts m the head phantom is shown in

Table .2 . It can be seen Ý£m the table that , at a di stance

of l cm from the scal p suÉ ce the epi thermal neutron EEó

is hi6 1er than the thermal n ux - whemas , ± di stance 4cm

mzd 15cm it i s lower .

T- bte 2 . m e nm d ú em al m d epi¤ú ØØ ¤l na tron

at ² me ameeg zt depð¤ .

Dep4tde-- ÕÉIn-cm- 2., - t Õ, AIn-cm- 2. . ¤I

1 1.192688 2.37?AO

4 1.746 84 0.¤6915

As soon m the epithemml neutmm enter into the
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head phantom , they am seattemd into low energy neutron .

As i t i s expected in Fi g .2 , the themzd gmup neutmns en-

Et ch in tumor mm .

103

~

10- ,

10- 4

1õ '

Fig.2. Diskibution of neuu£n am ì ú energes d emape

8, 13 and 17 aloEEg the head phazê£m borigontal axis-

h Fig .3 , i t cm be seen É a the abÙ ö ed dom mte
fmm IOB ( n A )7 U maction due to non-thennal neutmns is

10- '

~

10"

10- M

10- u

£ . 8 1

DepW cm

Fç .3 . 11Ee compaztson d é ¤Í ed d£" rate along the

head phantom due Ø 10B ( n j U TIA rese6023 ì ú tbeETaal

l o - -

10 - u

10 - t®

10 - 2¤

10 - "

~

o 4 8 l 2 16

DepdÍ cm

Fig .4 . Disut bu60n d abeo,² ed do-e rate along the head

phantom due to al l dze neuuon elasti c scattem g reaction .

ñ Ð ã È z , ½¨ £ â 939Ç Ð Ó ý ñ « ÆÄ Á ' ¯ ¨

ned igi ble in comparison ÷ × × ± d thermal neutmns -

U e same phenomenon appean in mtrogen captum mac-

ti on - Fmm the foll owing mSEElt , it is seen É ± the ab -

so--bed doee rate i n tumor moetl y comes f rom IOB ( n J ) ?u

macUon . 'ITEat is why the thennal neuÜ£,1 should be en-

riched in tumor m ne ; al so the eoneentmti on of bomn i n

tumor shoul d be hi d Ier than that in EZornEd ti ssue .

h Fig . 4 the indivi dual absoÉ ed dose rate fmm the

m oi l nuclei ( consti tuting the head phantom ) i n neutron

scatted ng pmcm s i s shmm . h Fig .5 the absoÉ ed doee

~

Fig.5. 13Ee ab-a bed dom rate h m all the (n,Ã) reacUon

doÖ the bead phmØm.

mte fmm ( n , y ) is shown . CompaEüd with the EüSUIt of

M . K . Mamshi , the CURe appean mlatively gat . 111e

peak d CURe is no mom than 4 time8 d the val ley ,

whem s the pealE of eum is 1Otimes m m than the val ley

in the mSUIt d M . K . Marashi .

TEe compadmn of the maj or absoÉ ed doee mtÅ

16 ´

~

10- w

o 4 8 12 16

Dep4Wcm

Fig.6 . 112e mn× aztson of abeoÉ ed doee mte d ae to d i

poe-ible neuuozz re- euon al@ng ² e depth d medium

model ± ² ep4them aA incident neuuwn .

20

´
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from al l the nuclear macti ons is shown m Fig . 6 . M . K -

Marashi cal cul ated the eom sponding abeoEbed doee nue

Fi g . 7 wi th the determi nisti c method code DOSE . Ò 2e

m w Ê i n the two ap sres look aim - t the Sam m each

other - Some diEerenees appear a near d the deep sit" -

h eompari m n with Fig . 7 , the cun es in Fig .6 descend sl ,

owly along the depth .

10- 7

~

.o

Fig.7 . Ä e cm pm son of abead ed rate due to d R ¤¤ible

mut on reacm ns along the bead phantom ( cd cula ed by

M. K. Mar--N. Øtb Dog i

In OMer Â Ônd the m l reasm , we tadl ied l Þ Î ume

neutrons special l y . We found ú " when the nm tmn wm

slowed down i nto them al energy mnge , many up scatter -

ing mactions appeamd . A Ø ume neutmn usual l y underg -

oes x m t0 3Þ col l isions before i t dies Ú , and moet eoUi -

siom come fmm them al ones . So the them al neutmn fhzx

± deep si tes is sti l l M auvel y Md z ( see Fig .2 ) . FUEther-

more , boron and ni trogen doee nam m a l y come h m the

macti ons ¶ th themzd neutmn . l t can be seen É a MCNP

has a detai led physics tm tBEent for neutmn them al m -

tion . However , for mul t ipÉmp treatment , tize anther eoUi -

Sion is not eom idemd when neutron energy goee dom to

thermal p u zp . Maybe it is the mason of the diEemace

between Fig . 6 and Fig . 7 . Th is phenomenon has exi a ed

i n pri maE7 mseazd 1.

42 photons weÓ pmduced h m the l Þ sotm e EEeu -

tmns coll i sions - whem 34 photons came h m hydrogen ca-

ptum gamma Eüaction ( ÷ × m m fme leng h 2 1 . 6cm ) , 6

photons came fmm bom,z eaptum m- ction ( wi th mean fme

lene h 10 . 19cm ) . 1O photons escaped f rom medium wiÉ -

out m y energy lost . M er several Þ l l iSi ons ( less than

8 ) , 20 photom escaped from medium wi th relat ively hid E

Ú 27íHEP & NP)ë " ï í ë å " í (

eaeEW ¤ Ò 2e E¢emai ned 12 photon s - d ter rep eati ng Þ lu .

¤iom , EBead y dep oeit ed al l th ei r Om m erg i n th e med i -

u m . U sual l y t he p hoto n n ied fm m one end d t he model to

th e othe r end , an d t hen n i ed bac k . A h er mm y Compton

scatt er i ng and ph otoe lect r i c in teract i ons , a nal l y , th e p ho-

ton dePOM ed al l t h e eneEW ¤ I t i s cm be seen th at th e en -

ergy m l eased in ( n , y ) react i on i s nd l ocal l y deposi t ed .

but th m u ghout th e m d i um Å £on t i n t,ou s sl owi ng dom -

M uch energ y i s dep£, i ted i n deep si tes of t he model ( ½

Fi g 5 ) .

Ú ze th m e model . wem i m d i ated wi t h the rmal an d

ep i t herm al neu t ro n beams , m spect i vel y . 1E e m SUIts weÓ

si mi l ar to F ig . 6 .

h OM er Ø show th e sig ziE cane e and con t ri bu t i on d

the bom n compou n d abÊ É ed doee i n the t u mor ® ú " -

sp ect to that of th e total abeorb ed dose i n th e head , a p¤ ¤

rameter cal l ed " A bÙ ö ed Doee Rati £ " ( A D R ) i s dea ned as

fol l ows :

A D R = D ' B ( n , Á) f ( D B ( n , Á ) + D ( n , p ) +

D ( Ã ) + D ( n ) ) , ( 8 )

wh ere D B ( n A ) , D U , â , D ( Ã ) an d D ( n ) m th e ab ¤

. £É ed d 0¤e nue h m bmo n capsum , m Ø gen captu m ,

hyd m gen capM m and fast n eu tm n el ast i c seat te ri ng IØ c -

t i on in w hole head , respect i vely . D ' B ( n , Á ) is th e ab ¤

. £É ed doee Õ e fm m bom n cap tu m i n t umo r m ºEe , the

detai l i s sho ¾n i n T ab l e 3

h order to f uzt h e- t avoid d amag n g th e norm al ti ssue

wh i l e deetEW i ng th e tu mor ; A D R wou ld be bet ter ó h i d E

m poesi b le . From Tab l e3 , i t can be seen , fo r deep an d

med i um mod e l , the A D R d ep it henZEal neu tm n sou rc e is

F eater th an t hat or t herm al neutm n so×m e , wheÓ ² , for

shal l ow tu mor mod el , i t ' s on t he f on t rar y .

T - bhe 3 . Th ± m E¤ o- d ADR .

ế1612

E,.. d ¨ ­ Am { , Ä m d ) ADa { » m¤1)

SE Z 1.5¤ . h z k - 0." 5 0 .640

t1=3¤¤ . tz - se¤ 0.647 0 .569

t I ESe- -h s 4.k m O.e¤6 0.3"

5 Summary

As sbown i n Fig . 4 . bom z captum mu tioa moa l y

c£m s fmm thennal neut om , " ADR is stm nd y m lased
with the thennal meutmn fhu m MInor . 'ITm i ncident epi -

thennaJ neutron has a slowi ng dom prom g¤. m the peak
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d thennal neut m a m i s n© a the m m near scd p but mom than other elements . Seeki ng for rid u bomn com-

tumor zone - H its peak appeam in tumor m ne , moet dom pound ensuring the concentrat ion M tumor to be mma t -

being deposi ted i n the tu mor , the scalp t i ssue is fua hest ably hid Eer than that i n nom a» tissue i s a key ­ the suc-

pmtected whi le destmying the tumor . so the energy of i n- cess of BNC I--

ci deat epi -thermal nm tmn should be changed ÷ × the It cm h concluded É ± epithem al neutrons have a

depth d tumor to enri ch thermal neutmn m the tu mor p Ä ter depth of penetrat ion in t i ssue and tha Ê OEü am

m ne . mom eg ed ive than thermal neutmm in destmying d the

A lso A l thoud I the eoncen¥, tion d bom n in tumor is deep seated M Inors zthemzd neutm s are m m d ed ive for

far lower than m y otÉer el ements consti tuti ng tumor , the the shall ow tumor . MCNP cm be a vew m ea d tool of

abe06 ed dose mte fmm bomn egptum mact ion is much d Emul ation of BNC r .
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Append x

Am jô .1 1¤m m m l Am Me$6 1 1¤m m -2
E DF(E) E DF{E) E E DF´E} E DJ¢ E)

mhV fh d hM pbaomdd ¤-) fMev fh d hM ô M d ¤-} l û à I('" "®}Ðù - w d ¤-} fmeV f(mdh)f(pbaow d ¤-)
0.01 3 96x 104 0.01 2.7SX EO-- 1 1.4 2.51x IO-- 3.0 4.Þ x IO--
0.Ø 1 82x 10¤7 0.015 1.1l x m¤¤ t 1.¤ 2.99x lo-- 4.0 4.76XIO--
a m 2.9O x10¤7 0.Á2 3." 't m¤' E $3 3.422®10¤6 5.0 5.56x 10¤6
O-m 2.58x 10¤7 0.03 2.56x m-T E 2.¤ 3.SZXIO-- 6.0 6.n x 10¤6
01 2.mx 10" 0.04 1.56mm-T E 2.¤ 4.Ol x lo-- 8.0 7.69x 10-6

0.15 3.79x 10-7 0.0, 1.20x m-T E 3.ZS 4.41XEO-- 10.0 9.09x 10¤6
0.2 5.01x 10¤7 0.06 1.U X EO., , 3., , 4.Ä x EO--
025 6.31x 10¤7 0.08 1.20»10¤T E 4.n i n x m-®
0.3 7.59x 10¤7 0.1 1.n x 10., ' 4.75 3 60x 10¤¤
0.35 8 78x 10¤7 0.25 2.½x 10-T E 5.0 5.¤ox m¤¤
0.4 9.SSx 10¤7 0.2 3.45 x 10¤T E 1 25 6.mx IO--

0.45 1.0¤x lo-- 0.3 5.56x 10., ' 1 73 637x lo--
03 1.17x lo-- 0.4 7.69x 10¤7 ' 6.2, 6.74x Ie--
0.55 1.ry x 10¤® 0.5 9.09x 10¤7 E ¤.75 7.u x m-®
0.6 1.36x lo-- 0.6 1.M XIO-- E 73 7." ñEe--
0.65 1.44x Ie-- 0.8 1.47x IO-- E ' -0 ¤.77x IO--
0.7 1.n x IO-- 1.0 1." XIO-- ' " .¤ 1.mx 10. ,
£-8 1.68 x lo-- 1.5 2.44x lo-- E 13.£ 1.18x 10. ,
1.0 1.9¤x 10¤® 2.0 3.Ø x 10¤¤ E 13.0 1.33x IO-s

Briem assef J F. FdCNP-A Geneml Monte Cd o Code for N-PMMe

u z ap--t Code, IA ¤12625¤M ( Mat h. 1997)
,

GOod-y J T , It iF r W S, ï , Zame¡ £S R G . Medical pfzysics -2Þ 2 .

" : 145- 156

ICRU63 . Int-zmm m l Comm i--ion m Radia ioa Units and Measum-

meats, þ xm, Bethe-da, MD

4

,

T- Me A1.



942

­ Ð Ó ý ñ Î ÆÄ É Ø ¨ Þ ½ ¨ £ â

ñ Ð ã 131) Ë ¦ 2 ¦ ô ý 2 ¤ Õ2
1(Ðú ¤ ¨ ' ¬ , , ERÒ' Ð¿ û ¿ ± © mms)

2́ ± © ¦ Ã ï í ë Æã ý § ' ¿ ù Æã ä í µ é Ò ± ÷ mm 8)

ª ª Ã ¨ Ã É Ø ¨ Þ Ì ò MCNP £ â Ë ­ Ó Ú Ë Ô Ð Ä ä Ë ý Ì . ü Õ Á ¿ Â ÷ ª ´ Ô Ô Â Ä ö ´ ¦ :
Û ( n,Á)7IA, " N( Eh p)14c , IHU ,Ã)2D, ì Ð Ó ¯ Ô ¢ ä ´ ¦ . Ô × ´ ø Ä ± × ÷ ª ´ Ôï Ð Ó ü Õ ´ ¦ . á

û í ÷ ,¬ È Ð Ó È È Ð Ó Ê Ï Ú î × « Ä Î Æ , ø È Ð Ó Ô ³ × © Ä Î ÆÐ Å ½ Ô , È ç ¤ ô © . ¬ · ¨
Û ½ ¨ Ä á û à È , É Ø ¨ , ½ ¨ » § ª » Ö £ â Ð Ó ý ñ Î ÆÄ Ã ¤ ß .
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