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This is a report on the activities of the Working Group on Atomic, 

Molecular and Nuclear Data for Medical Science, Japanese Nuclear Data 

Committee in the flsical years of 1982 and 1983. 

This report consists of (1) brief reviews on stopping powers of 

charged particles and electrons and related topics, and on problems to 

use these data for practical radiotheraphy, (2) reports on the investi

gation of the present status of data activities in other countries, 

(3) references, and (4) future plans after 1984. 
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2. tt M <r> m % 

2.1 MtfrflflihiUc-^-c 
VIC SB Si IS 

2.1.1 ( i L # 4 

1955%:, DalgarnotGriffingliBornfifHIt =fc DPS flttf?5**ISi'-©|i[i±ti^, .UjSjf« 

f!6*%fflfKAtLT,iH;Lfc1)o *©tSJft£, &ffc t t1-**$tf f-©fflihfi&©mJtt^'iJt« 
"T5 £ , 120 keV « ± ® J 7. >K¥-mWT'H.-%mm t J: < - a L, 10~ 120keV ©BfflT fcBS* 

1 2 ^ - - - b ^ h ^ ( $ O i f f i ^ - e * o ^ 0 -&©?£ (1962) fife » I t * * ® ] " " f - A5 ' fc •££)>'HJ -/• t r - ^ 6) 

BorniffiWliB9^tSM-f*fc(i^i'-oiS«il*iaiJ:|iy-rsiK«St£aia4-)t:>5E?it5„ *^-Kii'-
Ja^li^*6«i!rffilli<)&iiBaS(«-ffli,^iWn(i'<i fe^^OTT, Born ififHlciSlt^fc-gttffiat 
Ic t tSo SiR—WSrSSJn (binary-encounter theory B.E.T.7 ' ) ( i 0 ± © J; -5 J'j:iKiBi>j:&-# 

iMisucna-rsaî iî si-i-ti-r', eowr-© ««<!«» * ?•"*'-, s-iae**•«,+--*>• *# 

B.E.T. (±, fB$»r[fnfiS«Dftfflt4s^Trt, 3?&<ifc*j L T £ < <Di£&2®t 6ig*>fci>&Jj5 

bftT^-57)o 

# « £ - ? « , ' «« , tf&*, ;Iffi##frtt£"ffl$®^KffiULfc#6, Bornfi|fllcJ;6,ih@0« 
IgtlSSIco^Tili^-So 

*ffllc:ASfliilc^,-B^«SlcSi|S4T-lc*-5x*/i/*'-ffl»)&i, jSj'.K-̂ flBWtffilcfeWSHlitfii 
£W8f t lTfc£-? 0 

ffifflffle-f(±tlKitA#r(SSi»TSi^liS*jli§^.5-3'6.i<:i'.r.1it:i««.fflicy-5o collilicfi 
- r - ^ ^ - J i t - ^ + ' - l i ^ c D i - p i c L r a S i a c i ^ T ' ^ S 8 ' „ W*.tf, Bi-ficoi'TU, ftffivii 
f&fi&mWtntt, il:.A'.Efe J;t>'*ij£+fi£&li*©J; -5 ic<£ S„ 

f 1 = 1 — fo ( 1 ) 

f o = f o ( 1 - e x p { - N ( " o i + < ' i o ) x i : ( 2 ) 

CCIC, 

fi 

fo 

fo 

" 0 1 

"10 

N 

x 

WStfiaicfctf S^ttiSft (= "io/("oi+ ffio)). 

AWft̂ OjBfTSEAt, 
^ iTf f i» s xo= {N(«oi + <'io)} l i ^ J 5 i 7 j < * S ? J S g » [ i f o = 0.63if0 t+i&i}i, c©|i,']K. 
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dE 
Ep 

t i t ' L , 

J E 

Ep 

S ( E „ ) 

S ( E P ) 
E p ( " o i + » i o ) N 

fcfivmft xo t U & i T-IJ:^ -j 
i ^ o A I t i * * ^ - , 

HJ-Toffliffi 

( 3 ) 

ft 9 x 7.^4-'-©fiJ&(iia/£(ftK^© J; -5li:#^ i-ft5„ 

i ^ A , * - -

i f i a a » o i fcif/'io £ LTDagnacf t i i 9 ) (1 .4<:E p <. 54keV) tsi.!>"Toburenfte10)(100<;Ep 

<:2500keV) (£J;57KMfU<:>tfTrS'MiJfii£3H\ ffijbfi££ I T G r e c n i Peterson11' lc<fcf)|s] 

f < * ^ a i : « L T « * 6 t e ^ . f c / I - f r f f l p r l f - W L ^ J E / E „ , fo„:t3,fctf f i„fflff i£Table 2. 1. 

Table 2 . 1 . 1 

FBACTION OP ENKRQY DRQKADKD BeroiiE EQUiuua.vnoN op CHABOK STATES 
jiXD BQUiunmtm Cuinai: FJL\CTIONS 

E,' 

0.4 
1.0 
4.0 

10.0 
40.0 

100.0 
400.0 

1000.0 

i£/E,i-

4.09 X 10-' 
2.91 X 10-» 
1.S7 X 10-« 
1.38 X 10-» 
7.73 X 10-* 
9.37 X 10-* 
2.42 X 10-' 
9.33 X 10-" 

A.' 
0.991 
0.976 
0.894 
0.749 
0.462 
0.188 
0.003 
0.000 

/..' 
0.009 
a024 
0.108 
0251 
0.538 
0812 
0.995 
L000 

• Primary energy in keV. 
k Approximate fraction of initial energy degraded before equilibration of charge states. 
* Equilibrium fraction of neutntl hydrogen. 
' Equilibrium fraction of proton). 

3P^I«lhft6. 

( 4 ) 

2. 1.2 Born iftfEHC i S l t W 

Dalgarno i Griffing l i T K s j s J S i ^ ' ^ i c l I I i ^ A M L/ciB&OHitfffiS-

S = f looSl + fOo„So+ f— I,*, S—1 ( 5 ) 

- 3 -
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2.1.2.1 l ^ i t - ' ^ ' - f K 

a) mmtmm 

H + + H ( l s ) - H + + H ( n ) ( 6 ) 

S O ) ~-£>§f4fi, 

sr^^cEn-Eo)";1 (7) 

H + + H ( l s ) - H + + H + + e ( e ] ( 8 ) 

S. i - f , , n " x ( lH+0 ' , . , d«. (9) 

J 0 

£max=T71E (10) 

M 

C C E , E lif&^CD* *n<¥-, M U - e o f i , m l i l t t ^ <0HttT?*S.> 

H^aigfeJ;a ' l ig | l i :Bgt '5»rffiS}(iBatesiGnffinge)Borni!rfaicj ;5ItWS« l 2 >^tfi 
(2) il^Mj'ffi 

F + + H ( l s ) - * H O s ) + H + (11) 

is £.mmmnffimhMm •. 
H + + H ( l s ) - H ( n ) + H " 1 " (12) 

-jra<«-c, 

SE (13) 

M 

Sf = £ ( E n - E o + ^ E ) " ! , 0 (14) 
n = l M 
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Born ffi(HKJ:S 1 s,frb 4f *Tfflttffi^©'ii?MSSfiiffi[i Bates t DalgarnofC £. 0 4 

i a ^ S - e S S o C . © . f c o f c L T # » f c £ f f f B J 8 £ i £ 8 t e £ i £ « - f 5 i , 25keVJi (±Ol l^ i 

7- ;i'**-tEl!-C !f±, gfeTJa*—|S[«-«-S 
16),17),18) 

2. 1. 2. 2 4>tt7K*IS-T-CD i *• >f¥-m9i 

a) attain 

' H ( l s ) + H C m ) 

H ( l s ) + H U s ) - ^ 

H(£l+H(m) 

H ( l s ) + H + + e M 

H++el<M + H ( l s ) 

H + + e ( < 0 + H + + e ( « ' ) 

H(m) + H++e(£) 
.+ , 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) H +e(«)+H(m) 

tzKl, H(m) fecfcO'H(a±*^)f.^Ofilgtt^ls«^-©t»c)i^*to 

JiKEo^iiSoSTrifflffl^ < " . «Z. <". °V, ""', C J s - f c t f ^ i i ^ f t t f . t f t 6 © i S 

So e = 2i :(Em-E„)<7»». 
m 

si = f ' m a x ( i H + o < ' d £ , 

S j = [ " - " ( I H + O ' t ' d . . 
J o 

s i . .= f«".« f w + J / ) i J / d t d i 

Jo J o 

S ° ' ' = 4 o Jo""" ° H + " + Em_Eo) "" d s • 
S ^ ' e = £ [ £ m i " ( l H + ^ + E m - E o X d £ , 

Born i£ffilKJ;5BI«-r'5BTffittliBates<!:Griffing l9~a)KJ;f)ff-3gcsnr^So 

(2) 3MS&© 

H ~ + H + , 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

H + H - i + 
,H + H , 

(29) 

(30) 

C©SiigteB C W C - g 0 » S © T ' S - r g t l c J: QlfffaiiiSafcjaai&fflx * ^ * ' - ( i S l c 

- 5 -



JAKRI - M 8S 02-1 

firs?-cttcuzo Ltz&iTJE= CE^Xt- ' i/^-j + ca-f-sjitix *•".*-_) t-s-nti, 

SoT=2 4E«'?^ (31) 
tztzL , "Sr ttJ&fS(29)*fcli(30)©»ifiifi}£/F-f <> C©ffiifriK(±it3J'ei§£ttTl»ttl,KDT-. 

Whittier©3gl&22fc J: o TiU 6*lfc 

H + H 2 - r T + H 2
 + (32) 

©SriffifiS©*#£ "Sri L T S l ' ? , 

2. 1. 2. 3 ft7K£-f * i-ffli * '"+'-fu* 
| ^ > i B ) f - i . „ <iflSfcjfc-«r>Mi>ffl-e, %fc(Dm±tfcio-3fr\muX-.tz>t-:rix-ibZ>„ 

±«ia*ii Lrft©i:o*#ia-r50 

H ~ + H - H + e ( 0 + H , (33) 

H ~ + H ^ H + H ~ (34) 

s i , = ("'""" ( - A + O ^ 7 , 0 d ^ (35) 

J o 

cctz, A ( i J l i - F S W x * ^ * - - - e , ^"f iSfdnf i f l?** . . 

» « ( "T'" i t T I i , Whittier 2 2 ) l tX HM'MZtltz&Iti, 
H _ + H ? - 2 : H ( m ) + e + 2:Hz(m) (36) 

. m m 

OWfiBiSiO-i-^ffl^So f-i / f i t L T I i , |B]i;<Whittierlt£9iH!jJE;as*lfc#$tt f-*fx 

+ lc*>tf5ffi£8J(^5„ iag(34)0gf^S-!(iaiM(i2)<i-[H)| 'Mi#X.a<, 

2. 1. 2. 4 JgJR te J; ff 35K i © J t « 

i®go«f4*Fig.2. i.2, 2. i.3(c. zzic¥m&itm±ztiim??>&ffimm<D-&ii%Fig. 
2. 1. 4 K * i - o Fig. 2. 1. 5 I t l i , SieiVEISO**%lKLfcl§&OB}-f©Hl±(i64 Born itt(Hi 

Bethefi(HT'§t» L fclSSJ, *>«fc tfffiVC^arttJifcfc W -Sl®-f ©•i¥ffiJt*S» UfcSK^JP Lfc„ 

t t g f £ ! t ! i x ? . ' ! / * ' -# , 10keVKl± lco^ r>5Lr*5Af ( BoTi\&UT'ft%cDV25keVl>2T 

Fig. 2. 1. 1 J; 19 , 6T(E¥»R<S-e©M*£--f * vofrf f iJ t l i iS* 1 '•>'- * > h t S O , * fcHJ 

^i*tt**®T-t©#ffiitB55kevftiaTrisee-r5o pa^©aiffi*^^tti£ttffi«iiii'-©i&* 
WiiffiVo(=jf7-) IC§L< ^ • S i S © i § ^ O X 7 - ^ * ' - ( i 2 5 k e V r i * 5 * > t . , 55keVlc*fJ&^ 

Siiffi/i V„fflr= v '55/25 = 1.5fg£«5<, BIKli, H2 ifz.ip<D¥l!j-?lcXj-tZ>Mhson2%T-

Fig.2. 1. 2 I ± a » I C ^ ^ f - / , / i ' f c f ^ « » i L f c l g & © | i l l i t ( f 6 i & « g f f l 2 f f > » * ^ L f c t > © 

- e * 5 ^ ' , 25keV^i£^® :Fff l«(Cj;^xt- ' ' -* ' - f f l*i ;E«8S*fi lCj ;a^ ' f t^ ia i l ; ' | f i ]S0ri^ 

o T l ' 5 „ Fig. 2. 1. 3 l i & : f r l t # t t * £ l l - ? f c . - - / , £ y £ * f £ £ LfcJg&fflHIitfili&iBfilOgf 
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L T H 5 , 

Fig.Z 1.4(i^®sp»ttff i lct-ys#iJ^HijhfiBSi5J: tf§ff i^t t !Ki»e.©^4, S 6 K H2*"x 

Ktttzm&nsg:21®'*'(Hift^'t:2mourn?tmrntfrtii-)^*L/cfeo-e£So 200 
k e V j a ± T ' ( i J : < S l i i - S ! L r i , ' 6 o 100keVBlTicfcy5Hg|t(OSI4H!»TK:«J^-5|iBjh 

i f t^Hif^ K*tt5ffiitSii© 2teictt£>tt<,\, •$-*£*> 5 BraggfliJ#&JcO£fc«W;&£%;ibn 

fflStft, ' . S g | i a t g l c J ; 5 H l i i c D I ! i l j i : J 6 » l t l j e « ( S i " + S i , ) ^ B e t h e i f i ( H i ] t « ^ 5 i 

(Fig.2. i. 5 ) , 200keV &±-eim%l*-*.<-3c?Zo i f c , ®BT«l*ffilc*>fctS|i|lih(j6s 

i B S ^ C ^ ^ ^ f i o o C S i ' + S, ' ) ZitHit&t, ZOOkeV j a T T - * > « l 9 0 ^ A * * S C i * i ^ 5 o 

Fig.2. 1.5, 2. 1 .6 l tHuberman 6 ) iAl i i son1 ' fe 5 ) ICj :6^ i lgS*SL/ ;o fcfc'L, Fig.2. 

1. 6 lc>S LfcTfflO/SSiUi Fig.3 Itfcfcf 6— flriBjSiniilitiaigvix^ico^^lc-flrfeitKznjae 

2. 1. 3 ist)<0K 

$$fiSl±Bates-Griffing© Born ifi(HIC ±5Pllh(i6ciatS*S*SlCo^T£l!ia;-sfc feOT?<& 

- 7 -
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F i g . 2 . 1 . 1 
108 « • 

Energy (k*V) 

Charge state fractions for charge <ui librium H-beam ic H-gas as a 
function of energy. 
Curves .Born approximation, open circles.experimentai results obtained 
by Al l i son . 

10* 
F i g . 2 . 1 . 2 Erwrgy(kcV) 

Stopping power of various processes for proton in hydrogen atoms . 
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151 5 T 
Eh«-gy<k»V) 

F i g . 2 . 1 . 3 Stopping power and constituent parti for neutral Ix-atoro iu H-gaa. 

F i g . 2 . 1 . 4 Entrgy(ktV) 

Slopping cross section at hydrogen atomf for charge equilibrium 
hydrogen beam, according to tbe Born approximation and experimental results 
( X : Phi l i p s , Q : Reynolds e l a i . , • ' • W e y l ) . 
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F i g . 2 . 1 . 5 Comparison of the stopping power due to proton ionization and 
excitation with total one of equilibrium beam. 

F i g . 2 . 1 . 6 Total (charge'equilibrium ) and atomic ( neutral ) stopping power . 
The solid curves are the best curves through the cxpsrifnentai 
results obtained by All ison et a l . ( ' 6 2 ) and the lower dashed 
curve is neutral stopping power wi thoul charge-changing co l l i s ions 
calculated by Dalgarno and Griffing (' 55 ) . 
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2.2 1E:x.*/^-m-ytf>IHjLfii 

mm + n- w- ± 

?,. 2. i e n 

LT, —oltfilOkeVULhTIi, S<^t.BethetD|iflitfrgOit1)^*|£<«ffl$n, fET-i#)K® 

Sfcfflfflfit, T - ^ S l S i + ^ + ' - i L T S p ^ t S f t T , Bethe-B]ochO|ill±ftgOi\:ic:0'o< 5 » 

£ftfcJglcttoTH5o CO|lihB6cDffi(i, 10keVJJ [±T ' (4 l^ l^ i aSSn , 'Ji®tt<!:=t< 

&? fco^Sffi$tiTl£<ffiffl$nr^2>o ftfcffL^feOiLTIi, itt< ICRU ffliaglBt L 

Tdh£tt&¥^©Berger-Seltzer©!t3WfiA*'£52)o 

L#>L, 10keViilT"C"-(iBethe-Bloch©jl:fflJ;^IC'r-iT©i?wt-+--}fli(cCDaS;£4!te('ft 

i)^**fft>nr*5 0, L^feSi^o^asfff*iffi2$nT^«AiT-fe, iokevjaTT-Pflit«6«-

^aWlcff lS t^ lc i i , l¥$0$i]a£lOA«flltLtetfft(;fn£b>S^o $ £fc*frl?ffi#rS'P# 

^¥-tfl0~ 10* eVr-,WW.ttZmmMt&£>i%&t>nO~l02 A li&&Ctfr'h, |H] Ufa*. *J> ? 

©ISittO, ffiitfi&^filg©?--*©^^, ^ffoSKJf<ifflttKit©»v^r<5<, cn^ic JPAX', Sififi i , (tSt&7*7X-7#iO«^(10oeV~104keV) i ^ 5 X ? g g (KSffi) f, <5Jb^OSWf'7"5X-7iSLTl^t lK C^Rte'1; if—Pfl'*-?-*££) i©fi2ffc«l 

- 1 2 -
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2.2.2 H±i60Saiffi®tiaffliOlMl« 

" r - ^ f f , , ( 1 ) 
n 

T'gfr3ti£„ c a - , »„finttffi^©aigC«!ifc^ir)»r!i«T-£5o Sfc«"r, ffn fc*tJo 
•t^^^gfiffiSCmean free path) <*T, •*„<*, igfiWSSfc !)®#*Tt^©S©iJS?ii! 

1 / 1 T = I 1 / ' , (2) 
n 

tDlT&fflMLfrb(Di)i&l.^ *LT*-<©Hit©faSf '(±^T©ti*«sS§i?l (attenuation 

length) iffcL, « ? ©2§jaffllI!©2f£*fiSt7'o -j h ©/Ajffi/j>b*toXl1-5©*>iffflT'*^o 

—£, fflihffiS(EI=dE/dx(intt.'«^©BISit--'i/*'-*^Eni-rn(i', 

SIE) = ^ = N X J E „ « „ = i - 4 ^ O ) 
dX n n X n 

PlihSlKBaa^^fiKfllg (Range) A**5o KT, i ^ i ^ t t J R g o S f t l c o ^ r W l c a i 
^T*s<o MnWKIi, ii«^5S;"P^a$n-5ilflSn«iiiffi(afSg(Continuous-slowing-
down approximation (CSDA) range) RCSCA^A)^ "StlTW-So 

RCSDA = - f^SfE) 'dE J o ( 4 ) 

ccr-, E»a\%x*>t>¥-T'&Zo PcsDA®ffl%ttWM8.&m. mmtrSMtzmmsz® 

- 13 -
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Jg$8*U tt<t3St>«^4-#i.jfJfte (extrapolated range) R „£!"¥.& CjgfflJiifM (practical 
range) ifcn-5) „ *fcSMJ§©gS<»fl.JiiWt # i t ! i &?&£©;*: (ftt9i) J S r £ l ! „ , » 
St^AEJg^ftSRpr&fttUJlSg (projected range) iP?-i;0 

t C - d 9 T ( t ) / d t ) dt ( 5 ) 
o 

©T^£S£;5ft^«t;U;ft£©E1gc£te£faT£><5o 
a.±gmtZt, ¥-i%&&m8£*nlt, ©j|g«1fcDffl«o##tti!B5g»TifiB}iN''„=l/^„ffl 

HIT-, •* „ i m o ' t f i j n s ^ , c«,( ix7-**•-E®;i-f**jpes*atoIC^HIC'**.SJ? 

St£?R@fi|BjCft£©7t£feo#, —SftWKKi 

^ < ^ T < R e « < R m a 1 < R ( S M ( 6 ) 

Z, •*„, ^TfillHlOafSljiSS, Rex, Rmax. RrjSDA l i f f f l l f O i * * f - f 4 S * ^ T W 

2.2.3 ffijhffit^iijiase^i 

S^c%8©ffl5ftffl£Kitfi£;^tttoT^-5o Fig. 1 Kip.?& HZ, tztz.{fM KJ fLT 

©*§&, fix ^u-*"-§]*£, 7 * y yfammtm, ^ifoitfifli-f-, ftft«if-i©ffl2ffffl 
<t unseen £©(.#& MI (x7wt-*--?peicffl^-rs) KjstJfcfflSftfliiMafcn, 4 » i L t 
©fflitsg'i, iis^o-eftoftiiLrat>*nsciicn£S„ 

7i^5¥fiff l±*^t .0 .15eV< b ^ © i C 5 K / S ^ f t 5 t * - ? ( i , Fitting ^4> # , 7 * y 

y<tfflxt>^*"-©Jia5il9©|!Jl±ffil<:>(=t-r^S!3-;£JIsmWlCJl4to^fe©T-S..50 Lz5>L, eft 

oi>f, g&'K? (fl-igfli^) £©ffl5ftffllc-3t*T(i, Ritchie, Ashley * «fc tf Tung t,© 

Oak Ridge ffl^-riigAlf^^gi^fflia, :T5X-?B,ig (g&HH^Mft/IS) * 

g-Afc(iait9i©«**J6Ti^5_7,o -r«fc-&, iaffiv©'®T- '̂, BistB^^-w^ffisE^fl?* 

X ' (E <")= —Im — . } (7) 

CCZ, E = mv 2 /2 

- 1 4 -
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g aegis ^T(E)(i 

^T_'(E) = /d« ' ^_1 (E,«<), (8) 

*flBl)-6ffiltf§Sf(E)(i 

S(IE)= /"d<" ̂ _ 1 (E , "OH" (9) 

i l > £ i e « i 5 D Ritchie b (i @ glU^A" *+!$(<: fci-3'*, £ S i f l « i L T , sfif-sBiS 

# « 5 ) - 9 ) leff L < HCb t iT l 'S , , ^OJgft^/FL/;©^, Fig. 1 ©@EMr\ / « t y 

OftSTSi-So 5 b l£$£f iAl©2p, 2s*3J;0" l s cOr tSSaeo^^K '^^ r , Manser.81® 

Hartree-Slater SilKS!(Cj;5-ft&{tSi(|^®(Sroe4ffl^Tlt0'L./;A5. * t t b «#££•{> 

Fig.2. 2. lIC;pLT££o 4fc, Fig. 2. 2. 2 I C C t t b O i K i © ^ ^ ^ ^ ! ' Z%mH%t 

< T ' = 'lls_1+''2S"_1 + ''2p""1 

-C*5„ -£LT, AKciaLrt^aiBICi^af^li , tl-ffflx *,«/+'-10' , 10*, 103 fciO'lO* 
eVItftLT, Pl±^Tr(±-&*X*'^l~0, 1, 52fcJ;Oi'64 &, ^ g i B ^ T ' l i O , 0.2, 12 feJCO* 
14%??* 3 „ tfclOkeV-eti^Hiflilcl^L, Bethe-BIoch © « i ~ 3 96T~?tii<-, ri>3„ 

•e, iOkeVaT?'«rt«sae©¥lS!ad3B6Siic^t5a)iSAi'lO~i5%JilTT'*6(:iA^a^y'j: 
i2©-S^-«t.%*:F*-xgtI+*«S*ffl^rRitchiei(tSr^ttgtSc*a*fc9_11,<. ctiiifeH^ 

-C88, ¥^lg*Klffi'eii5^jart-C!J;< & ^ W 5 . € L T & b H S i , Ni ,Cu, AgJsiO'Au 

«ifO^^<C*!f^-*ffi±«6<t¥^ie*«e(S©et-^*ff-^, J&glCO^TSlfif-f S S i t r - - * t i t 

4fc, Ritchie. Ashley bO^-^WMffl^f f i ' lLTff l l 1 , SftfSfeJ;tf#«»»a^T-Ci|!Il 
thffi*3=fcy;'¥tejaas§aEcoit**ffofc12_'I4)

0 Fig. 2.2.3ic^n>io-j*>, * ' . ) * * i ^ i c - 3 
l^TCDltflEfeS^^to * L T , lOkeVeiiBerger -Seltzer ©f i t 1 «T?tetf> t . i i 'Koi ' i^ , 

&8if&£tt^#i"T-i&6fi£tt#fHT-*3#©ffljhlffiK:o^ni, igferrLTfccoi l T ( i , 
Ashley151 *s±©eSttel^S!IJ:3tS*a«.. ft^WMS&fcWSifiStOfcttS^tt^ir-i t i fc 
ic, ffix*;u*'-T©^$m?i©£&&S£i<3AttfciH-&3**So Ctili, |n]i;y>i/-7-ffl 
Ritchie b©ff-^c#Jffl©§t}J7)J;l9 fc, JfcliH t:T-<&£#, ft 120eV £01 C6C f- ? i f f t 
25%>{£t'ffit'tt£j#Tl>£„ 
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T(tAI(cfJSiLrSrWLA'4H<„ tUi^Qarber C ""fti&Mttlc J; (J 300~900cV, Fitting"1** 

^i®te£fllFI©Si¥Jb<J; 0 500eV~9keV, Ishigure K,IB1*<x f. /K+ ' - f i i* ;^^? I- Mh^X 0 

2~10.9keV (cfcAnTiff l i t 'LTl^ , , C t l^Jl / iMil iM Li < Fig. 2. 2. 1 (c,;< L T&ZW, (l£x 

* «/+'-IC tt 4(Sirjiifo.'.; ®(i * ' J * ; ^ A * l'„ C0>i>J0yJi^ r - 9 <D -f «:*>* fi, ^WW'JiK 

* A:, iifflOSSfiiJ £ L T, Adams "-j ]9'ii< Nz , 02fe J" O"Ar , Kr , Xe U £'«-?&#' x 411 K © 

t 7 ? - ( Ti£6iO±IC/jliii-a-T, igiilC J'-»a;i2^JiWx'l |W^|iti#)-c^-&Cr3+wail' '!!*^.'!! 

3 $'*!<: J; - ) T I 5 i l ' i a - - ? t£-JjU:X'0.1 ~3keV«|!|[iLiilj4«'<i; L , Ritchie h OT,!I ' » £ 

-E-fflSzJ', ftlecH'TfilGSOWtWi'i'tVl/i'*' 1 «* -5« />T , f e i 2 0 ) „ 

- ? j f - J4 ]0 l . y s r« l c -3^ r i i , |,'.1l>t:J!ii(iii>trr±«*f-1'l;i-£-waMtt*"i, Plliktfcfflffi&iat 

^ T t r o > L < tt(,>a>T, l i !^<»iI l i | '^«^S,So L ^ l , Cft( , fcli £/^if( l ( 2 ) J £ T ; K 3 * 1 

S e t t l e , * 5 W ^ f f l W f f i ^ 0 ^ a » f - l i j n i f l l i l ! S * l > ( « d L r i t e + 5 ^ i r t O - ^ ^ L < , l i i 

/Li'(i^^siigCIi-tiSU3S, tfcfot.a&HiSi&ilMiii'LTi.'S,, Fig. 2. 2. 2ICA1 i c o ^ - o t t f © 

Ashley bO, ] |@aK t i fcic, ^£TI£f!J£f t fc , J iWI 2 1 '~ 2 6 1 & * I T £ 5 „ ttibOWU® 

&&&$>, Al f e o ^ T f i i ' f i lT10eVJa±Tf iAsh ley«^Bf f l&*®££f f i* (£J : i>£#X. 

b W „ L t * m , WljkfiBK-30Tfcji:(3)iA:(iJ:(8J, (9)®IM«feJ;tfl0keVirBelhe 

- B l o c h 0 ^ i - a L T l > 5 c t / j > i i ^ » S - ' l J l ' l : A i K , t i F . $ n f c c i l i i ^ 6 o Fig. 2. 2. 3 lcf t$M 

tmmt&mt I T * '; x-f î  y® h-i^t„ c w c o i ' T t e i t t f t - ^ X S W ^ 4tti'*i, 
ffe©^W^*M»JI:^®,ilEr-(It^!Kfi:«J;^ -S^^>^T, E-ViffiT-fltti *;!)>£•£*. t , n5 . 

i -f'Penn29' lil'illJVii /-A' x $ * ! r j l H l T * 5 WJl^M LT 

^ r ( E ) = E / [ a ClnE+b) ] (10) 

• e ^ ^ S n S C i ^ / j J L , Ctt^likcofefiltfc&'JMlT^&o Tt>TSeah ^ 2 8 ) l i f t 350 CD'iii; 

£ £ g f f l L , ~ l e V ~ 1 0 k e V © x ?. « / * ' - S i $ T , 

- * T ( E ) = a / E 2 + b E ^ (11) 

t£6mmA£&-ct,<60 z <btcAshley iH) aimm't£®i wft-f-wn) K*H 
- ! T (E) = E / a l n E + b - c / E ) (12) 

*«5-^Tl>S„ 

© l / E f f l C ^ T T l i E 1 ) itU!6hfrlz.^t£ft<htS.^t C?>i)WmT-& &o Itzfr-? T=fc DS' l ' 

4- '#£ t . K 5 ! r i l $ - j D x T ^ < ^ S * i * ' 5 o 
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2 2 4 I g 

Hmmmmm^RcsDAlc-o^Xlt, Sugiyama30,£ Tung 4 1 0 f e l fff^&m^SlK iSPl l 

j h S 6 0 r W S ^ ^ b f f l * * t o T i . ^ o H!i#(iAHc>(.)-r6{I*100eV~10keVOlilWT?, & # ( 4 

A!, Cu, Ag, Au ICfttSffi^OeV-lOkeVClBWl-eHIC/SLTfcO, Al K ^ + S | J 3 ^ ® e -

iS(i75^i-l3«fc< — S L T l ^ . Ashley t> 1 3 ' (4^(0l£S\ * 'J x ^ i / y | c S L t , 15eV~-10keV 

JtlOeV l c i , T l > 5 . 

^IIIClffl-r-SiaittO'iii^iLTIi, fitting171, Schout,3", -ettK Adams t , 1 9 , »f i - #;&<* 

So Fitting 17)(i*fms6£tfjl*.5£-< fr<o<Dfi&T:, &]&&&.& 1 fc'K#5J¥;*£JSAJ)HiBRnm 

t L T , BefriJAulcMS 6ffi3S0#fStc*f LT500eV~]keV O x fc^+'-tS&Tr-e ©ffi£il 

S L T t ' S o f L T , JOkeVjaT-JTfii*ffl«liliWSfi!iOjJ;oiLr^SD 

Rmax= 900/»°-8E1'3 (13) 

cl tT 'R„, a x t4A, lOf i t tMOSS' t rg /cm 3 , E (4 keVcD.qMi "?&.&„ ft«Tung < i " % 

R1:suA®,il'»te'»l±, AllcttlTtt£«Fitting0$Sitt^*JU;jjffiffl^l8S£*<!:, 4fcCu K*J 

L TI4 Fitting © feMi tfrUQ J; <—ifcLTi^So L.*>L, SEfiOtBii^-x.tt .ffC GO— gt(4 |s 

T(4, Rm^iiRcsDA <t O-fcte^'hS < 4 o r i ^ . 

Schou £ 3 I ) , Adams ^ 1 9 ) OH^(i^- r t ! . fcSl ($*f i f i -e ia t t l< :LTl i ( f l i l fc fc©-?N&5o 

Iii#(±AueoaS!!i>&O^SgfegL«-?i|ffl-rS*yi:-T-, H 2 i D 2 * T ' 0 rigj@(*"ffi (penetration 

depth)J mi><om$lK&Z#, 'MmffiHRvtW-WL-CJ:^) £500 eV~3keV ««W)T'iSijjE 

L, ^ t l i f t a c Q l i H i g l O I J S g i l ^ C ^ S T ? , N a > 0 2 , Ar, Kr, Xe*T-«Rp£100eV~3keV 

©iEffl-eifttofco -eLTff l f iSioJ tSf i , 5Egoff l i f f i®i t* iA4*(cL^ff t5nTi^ j :u 0 

2. 2. 5 <tr f- £>' 

a±iokeVHT®?ii?K3i?z>mm<Dm±.t&t, \miKimam>m, mumtzi&'&cn 

tti£<&8iEL, *fcH&Ki£< piff le* t£ ic i f t ;U#St tH®<fc^3i§S? ' -*(±, &!ft#.lc5.L 

< ^ t O i o i ^ - j g J L T ' , ^'&<DC<DT}\K\(DXlO— H©0f%CDi lM^O^ '4 t l5 0 *©fctol t 

14, f?U^®g{|;f®l»]f£, fctilf, a a - : 0 S * L ^ % f i S 4 L o o S ) S » l l * | i J ) f l L f c x u ? 

S i S « i C 6 , stffT'fi, Ritchie, Ashley bOOak Ridgeffl i , '^-7"£0f±'lf^> *ftffe^'« 

W R f - > * « - s - f f t ? r - 9 s u n l i t , m.&ctii<ar-9col&mr-9 ttx^a^ii 
T ^ 5 f c O ( 4 , I t JMKfelr tLTl ' -So ttz, ft*&gmi«lz.>lit%mihm(D,imiz-D<.-.Tti., 

Ritchie , Ashley brt> "SKiiWfcf'-?©{£•«•£• 5 « t i ' i S ^ T i : > 5 . 
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2.3 EflfSfitflfljtfiBlCiJ-rSBragg&lll 

mj-mm&mftm & oi m % 

2. 3. 1 li Ctote 

» « C i ! d i T ? # 5 t ^ - J O * * Bragg MmT'&Z» £©8tg l J#4 '©«K3 "£•(!«•??# 5 b<DU<Dfr 

mmmmi-xi^t # iciii* -, * D 4 L ^ S * ^ &mr.î  c 4^s *> -5 5= * fcasswic & 
BetheOHj t f f i ^Kfc t f S^te/ElliSx *-"•"*'-fflimffiK75s'fi < ttfrofcfcs&lc, Jgffi«ff« 

i-^mmm. cz2<;i8) T?MWtt.<i©as^fi:j;3*g#!irij;*tt, tfc^t^ws&o^ttcj: 
•Sf tSfcStr jSt tT**: , , # l c A S * x * ^ ^ - * i ® ^ » ^ l c ( i o # ! 3 LfcJJliLS6aAiJl.&*i*C. 

4A*floT§fco C © J ; ^ « r p i 3 i l l C o ^ T O ^ & l 8 S 4 L . T , Ahlen", Janni2 ' , -£ L T 

fc«5eDx^^+--{ii{tg-c!iafee)4ffiS-r«c4K«*o *fcg*ffeS(**tai#ctt^ 
fc4§T?fc|!iitB6lJ£<^'ftLfc^4(S^LT^5t4l£:tt5o Ccoi-Sttff i^AiSISSftft lf 

ffioTfcJ;i^ib%% fztx.ti&% C%m ©Bitffil i , ^oJ fcSf t^ -e fcSN! , 0 2 , Ar , 

« |o (a ih«6! ! i*fc*TT^nt f fB#lc lWT-#T, ^ 0 * S S I ± H ^ I S a 4 J ; < * ' 5 f c K > 4 # ^ t J n 

5„ *A:EmuIsion © i § £ , ¥ * » f f i x 7-^*'-^'331eV4Sl1ffl 'C' , g & x ? . ;u4-*-£Mt L 

r , Ag, Br «cDS^cDPiIhfr^^>!mLrfc î4^4•gsa(i4L;y^^»4.et>n5= 
BraggiSBiJ*Jfi!4 3 5 : L « P 4 # ^ e . n « J i & l c - p p T c D S g g | i g a 4 - » S L - C * S 4 

la) ^ H « t t f f i 3 a S : S l ( * r - i 6 5 4 # 4 , # » • @(*T?i&5 4 £ © « S , 

(b) - f b ^ g & a a r - f b & ^ i f c l i ^ ^ l c o ^ r , i g & x * / i / ^ - © | g { t « - 4 f e t t ^ £ : 4 l i : J ; S 

©2a«fc#t f i * « . 

e:tDfflST'[i*-f¥^)lii2xt-^*'-©©aW)KfflfeJ;0rft^We&icJ;§^'ft«-ia'<. $•=. 

K4*© J; 5««&lc, BraggfflfliJ*»£4'©gffi0li'f tta^SO^KO^T, ^ffiWifflltfig© 

l t ^SS4«Kem©««WW*4 <3 St fT i tK L T * S c 4lc Lfco 

2.3.2 « ^ « H i h ^ & a ; 4 ¥ ^ B i S x 7 w u * - -

S i f « * i ? P J ± ^ K ) y t 5 f t H O | i ± S | © a i i ^ ; t LTBethe fiS4)^J:< SI b f t T i ^ : 

mv |_ v I ' Zz J 
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DoS^St, C/z2firtt£iglEiI, z2(t?-y-y t-®iP#-s§-, t i n (±¥^i)ie^*^*'--e, 

BraggMJli, Pljh»rffiffls*£ = ( l / N ) S e i f f i « # S i , •ft&tlXmY„ OlljhBf Bffi 
* (X r oY„)#, 

«(Xm Y„) = me(X) + n*(Y) (2) 

- » - * o T , Bethe^5tli^to*4©JfJ-e(iafflT#^lV Sli&r-:? ©PU^tffCQiBS 

Se=liL0il2
N{Z2* ln^)+Dj(1+B)+Soq (3) 

C C-eZi*, Z2*, I* (i^-netlAfttifi^fflWaB^II-^ (effective charge) , 9-V-jY<D 

WStllSi1*^, *LTW«d3Fte)Siext-'i '¥-X&oT, BohrOfl^^<q=^5.ft»bn-5o D(i 

IM£3^L, ^ L T S e q ( i A « i ? £ * - < I r * h ^ . ^ i ^ i i ^ l t ^ L x m ^ T ^ B l & L x m ^ i S . 

W i f i i * ' "* ' -1K o p r c a g j f t f c Bloch &im&0<fc olcg< t i i i t ^ £5 ) 6) : 

I = 1 0 . 0 Z 2 % - | ^ ' ) 2 Z s - ^ + K d i s s J , (eV) (4) 

C CTEHPsiETP li^ft-f'tflHartree-Fock-Slater i LXThomas-Fermi ffifH-£ffl&$ll 

axtwu-+--cDffi, Zs^MiLo-^^aSlciafflLfc^aiS^S^-e, »SfflJ:?lcieig&tt£ : 

U w C l . l 3 Z s ^ r / a o ) = UHFs0.13Z2^r/ao) 'F (5) 

C CfUi'f it Thomas - Fermi ffifHT'© L - e ^ ^ M , UuFsfiHartree-Fock- Slater jififH 

T-fflL*^W«$!^LTF(iai^£IST©*fc><9 Soffit" ZmMr/aoKtsldZ,i\!ie>ffi?\cm 

•ilte^*g?g|i-«,fcJ6cDxtwi-+--l (diss.) %lBx.X'p&.&&i)i&Zo 

Table 2. 3. KiSi($ttffl(C*;y 6 I -ffiOitK* Lfc-f 7)~10>„ #?*>-J:tHfc&i)li:o(,>Tti 

S?gix7-^+'—S-SD^^M (g5!ttl*l^2Jl@) *ELfc„ 5«8ffi&£i'>(±»&ffi.t(4)3;<Dstg 

ffl(ilO«jai*|TS-oT*5'3, |!IlhS6li:SlgLTBjxt-^+'--ei.5«KrtT?S>Tri>50 Table 

2.3. 2(ifg($to±0'll(*ttffilcfcy^I-fiOJtK*L»-t8)~ l z )= Thompson"'o^K^Sii , 

(4)SO«lto^T(DltMtfflI (Cu) = 348eV(Cg^'fbLT*§o Berger-Seltzer ,0)© HzO 

CDr*-?(iRitchiesI3,
F •£ LTAshley H ) ©gi&ffMS-eaBSo —)KWlCfg0:fflI-ii(iM*® 

II<£ 0 fc A * < t t ^ T ^ 3 £.£#*';£>*-So &*>(3)jf>te>*5;6>S.fcolc, Z^-ffiiE^D- ffljff. 
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WiWlttfmm.W&h t%*?, •f t ' f^^«Slc^ft©ASi*ic(iBraggffiaiJI±lS2L^:^t 

1 ^ 5 . fc£;t<«R#©H2£02^'fl:&LTMt.-H20 i t t S i * , §im<D£iktf*>C Sfctofc, 

SWOISILSI?'-* £•?-©*i&m-c'&two $.tzm*c<or-9*»<*•??*aCO^CO2©KI 

ry*-TNH3fflffiltfryfg(CffiA^i'CiK4-^o Tissue equivalent gas ©fflihSgli*© 

^/S^SvWoffijhBgCf-^^'ti^TT^fttfjRtoSti/tiiTi-So L*>L Tissue € © fe © (i 

2. 3. 3 PIitSlKfctf £ Bragg $fllJA>£©< l>ifil' 

S a i i t K L T « - / ; 0 Fig. 2. 3. lli^f*im*-iS(*t©|!flih«ES©8i|&«-L»-r,, &SS(i 

)anm2)t>mWi7-?&btlzZtl6tzb<DT:\ MBiti 3 JiCic i^ltJffflT', Ct02(N2fcl5 

1*0 t;) lc-o^rj±eLfcfeffl-tT*So Janni O^Sx ' - : ? A»t>OJt̂ ffl*«0.SMeV PftiST'ffi*. 

r ^ s © « , 3H8ffia#J;< ft^fcto±#*.6*is,, 
Fig.2. 3.3 (if©?*.-=fc!>' He A * v*s'Ci<:Aftt LfcJS&fc^>I^T, Besenbacher et al.7) © 

mm%t(3Uizj:z,§mm<t®it&£Lidt<, m<$t®&£<Dm±mmi, n®mma>mm 
rt"eiilS'*oT05il^J:-j„ Fig. 2. 3. 3 (i « - ! £ - ? # * H20 It A #t L £!§&©, SU$£r& 

($i©fflltftiJ:b*Lto+o W*feSil±ThwaitesI2>fflfe©-C--, JUJfeSlliSiag&gigffllBIIrtT?* 

• 3 W « i i ' ) i J . ttfcBichsel15){i^-tf--f neo i>T , ^fl5«»:<taWi©ffljtSgSi6siSi * 

2. 3. 4 IS !& 

BraggffiflJiil&jZ L<i < ttSii,^ c £jWH;fc£n*.3o - f i « K i ^ ( i , ffiB^S^feH 

# <«5«iS]£L«>-t\> ftawttfll^^tf s«&fei§lt;ffiisi*jat>n5o xT-^+--A>'K îi 

i^S^cBSo &KBraggSffJ£ff i r>T{[ ;&^ff l¥ i»Ex^4- ' -**#T, -eo&SKifgS 

<DfcJ&©S¥l*x */i>*"-£fln*.T, PJlltfil©It®£ff-5 CtK.U&0 
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Table 2.3.1 Comparision of the mean excitation energies of typical 
gaseous medium recommended in various publications. 
The present results are the calculated I(molecule) 
plus dissociation energy I(diss.)- Values are given 
in units of eV. 

N 2 0 2 Ne CI2 Ar H20 Air 

Dalton-Turner 
(1967) 

Bichsel 
(1972) 

89.6 101 132 176 189 

78 100 137 176 182 

Besenbarcher et al. 86.7 102.1 139 
(1978) 

194 

92.9 

90.8 

Berger-Seltzer 82 95 137 174 188 71.6 85.7 
(1982) 

Present estimate 92 102 126 178 182 73.5 94.5 
(82+10) (97+5) (176+2) (69.1+4.4) 

Table 2.3.2 Comparision of the mean excitation energies of typical 
liquids and solids. Values are given in units of eV. 

H20 Al Cu Ag 

Thompson 
(1952) 

Dalton-Turner 
(1967) 

Bichsel 
(1972) 

Thwaites 
(1981) 

Berger-Seltzer 
(1982) 

Present estimate 

97.7* 112.6* 

98 109 

81.2 163 316 466 

78 166 319 475 

79 

90.5 104.3 75 * 78 166 322 470 

79 81 167 348 497 

* Values normalized to I(Cu) =348 eV. 

** Theoretical estimate by Ritchie et al. ^' ' 
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Fig. 2.3.1 Comparision of the percent deviation from Bragg's 
rule as a function of proton energy. Solid curves 
are the present calculations. Dashed curves are 
the semi-empirical estimate by Janni.*-) 
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Comparision of the relative difference between 
the stopping cross sections for H and He ions in 
gaseous and solid C. Solid curve shows the 
present estimate. Experimental points are taken 
from Besenbacher et a l . " 
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2.4 ffii*/i^-«?|go#*KfcttS!l*»e> 

3? g 

x * ^* ' - i f i B8K:#5W<J 2 ̂ 0 S M M ± © r a ! i £ £ f f l ^ S ^ ^ * & o 3? 1 & l i , 3H0 

SBWjttrSLETJg/jg O 5 •.>•?$;«!/*-) t * 6 „ F a l i f j i ^ S g W o * ^ ^fcJcO-'RgiBi-rsaitl 

^ S d S It J; <0 , t ti€ti(D[!gfficD»'3J(c i l L fcW^^ffi 4IR 5£-gA<* 4 'Qk'VWftn f ® 3H,s 

iifflSiafflijjEiijS»iWicii»/j:©-r', mftmi oio toiii^cos6S«fS(cfei-ri,̂ ;iiaini 

^iosi'̂ ofisiaiM^jife LT, fi^coaj^v^ (-(^n) offlffi, ft^-it-^+'-feitf 

?ff??(OffiK;&»rr-r?.St©JS-/D ^ 5 A (ETRACK) ^fEfiJcUc iIT-oai^KfftiStfe^WW-

ttSr5?05P-^)#4j:t-'i'*'-Or-?[iParetzke fe J;t>'Berger (1978) iWWfi L^M^tf] W ; 0 

Sf$.is£0:Auger M^&^tS'itifCDlimtt, Zliiilix % JU*--i}<fc(D<< * W t i ? - * * ' - 02.6eV) 

ffifi, Sr^oaS, fi*i**f-) 4ii-,C«Lr, W i l ? ? - ! * ( K f - / ) icfiî  
L£« tro?[«ffii§77 i jf&mVTtzttit^yitiiai?.^? b>i-, LETx^h-u, fftffitfjjg 
fflssiaa© b u *-? A»'4?si]ft»ffi*, (D&sas, ta-r ^ ^ M ?'- , (a r? h * ^ / - , (4>£ 

ifflfe^ '̂(5;!% ,̂ ©5ffi@K#3HLT, fflr^«rtr©3H^«©iKiRiifflffllte«i!.i.J'^ao^0 

£SliiWi§&(±, R50 ( 3Hmffl50%©£gij iA*iKlK$n-5») Ii0.85 ^mfc iO ' fool iaB^ra 

i S t » * t l / ; 0 T ^ M M y-CDif&Kii , gift ( « & ) M-NffllSa© r^*iA<?>J A<^5o 

£/«S#*T'iiS8H8 ^m O^fflg-W CD !>$!<:, fAjj?|i j3 |gffii f) c ; « l i m ft <h « S /5 SSSi. <0 ©MX 

X < tl&o 

2. i. 1 i± Lftir. 

ffi:r^*'-'l-T-$©»M84H'»!R(i, ##(* , ffiLETftttSi LT, rSfc=tax!«^ 

i'<t4iJ6TfflSsS$ftTl^*i, /6l-jffi(i«LTSW^iig,i:*nT0.5„ fti7.*f-i8 (2 

- 29 -



JAERI - M 85- 024 

£olCt£itz„ it:, v O o F ^ 1- ))-®mmbfefoltlimm$.0>&m'$!&KlT^tzm 

ifi, i. >0'h&Umfo&^Mt&'&gtz&t bft, smtzmfotiW itl&£.ol£U-,t:o 

-a, %mi'-m?imtLTit, mm£fr<Dm$LMmcw.-o n f ^ i C3H) comm^amii • 

«£J:Dffi?gitfcttt->.&fl#65<, EffifflVrJi^bii, 125l i g f l ' M S i LxKrtP.H.Wicfi] 

fflts*&©»iRSia4irf-ffit-5±T', Auger•(eT-yi'o<fi^*^+*-;i-r-a©#K*fflft?ts 

.£-S*s'*5o *! t , TAuger TherapyJ iP?tfn5#SJ14OISl^(0?&JSSSfeiSSS*nT^4o 

Mwopi'i&mmz.'uzm^r, ^&.<D Augersf-om^u a IC^IQ, mm'-mw.v>-cM>w-1Ka 

X££ts£U:?3mtt6mmjl%;$:-%li®.lUiini,iU bt£l'„ Fig. 2. 4. 1 |i , #1]£ LT, 3H/3 ® 

0&®®%z&mMKmifctztzto<om®&(omi<D%A.)iti, wstir&wmtnxiZKi. 

ml) J;f3?telO»iKS]l*(2.9A mGy/day) £ § t W t * C i #T*£ «(1)„ L*>L, » (~ 

®»ffi&©teffl(;U8ttJT-tt< , 'HOSRSWtfM&fc cfctfS ^S®J1I» (l Pm) ^ t l L t i W r t 

ffl*KSIl£»fli L tt «fttftt btt l̂ (2)0 £ 6IC, DNA tt £'# f woumVW*fett#jJfi£TO 

±ta©gf«gsic*tLT, &&-£mx-fowmw<D&^mftmkw*-s7-*'»°mz£.z,i\\im& 
(2fHa( Simulation of Track Structure) T'»6<, fi l-'-f'>OftWSKiiW^/Tr (Neuherberg 

munchen) ©Paretzke * ( i , 7ki*gftEp©ffix * ^**-fE?-Soii^»rlfiitf{;£, ;J<#{ti<1>©<t£ 

fc<tKL-CsR», ' i t r f©^* « « • & & ) * - t / f * * a a T l » ( M O C A 7 - D ^ 7 A) L, 

^ K e a i ^ ^ - S c 4 S r ^ 5 ( 1 ) o NBSOBerger (2', ORNL CD Turner <S(3,fc[fi]«lt* >x * 

A-Dj£fc«fc.5Track Simulation£7T#I^v-f ? o V's * Y ') - O i 5 S K S i T T l > 5 . 

*# l iS£*l i , L E T * ^ * - (BfcJfiJtWtStf) lc=t5, , l L E T / « t S («&-/-$, " ^ 

HA?®, fii^s*) <Dm.m?i-?<iJOF^I-u-cwsgic^-rtLr^fc^, 1 ^mjaTo îBi 

2. 4 2 £ H 

2.4.2.1 m?im<oitmm<D&g 
t yf-* /H3ffiic±sffix *^**-'S^|g07j<4 IT0^<D$i$£i«;, Fig. 2. 4. 2 (ori-f <t -j 

ic*5RjJBxt- > K * ' - E O £ & ^ T & P 0 KAMLrc'Si^, RS'lcfi^^ldC-r&iaC^P,) 4 
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omUm%btiha »??£Dffi^o|g4Sffl*litt!tM («.«) X&6tf, -&ftb©¥teHI(±»35»T 

<gx */is*'-mj- Q0eV~100eV) 07j< (H20) i©«f3gK(i, # S a j L i * s * 5 0 #$ t tS t 

g L ^ ( i * a i i f 3 S i a e a j ^ i ^ ' * ^ 0 « ! « £ l c f e H 2 0 © M y a « ? l t £ < 7 » ^ f i & 3 ^ , 0 

(K*) fflls fta(K-Shell)'S?i®^-r§i, « a i c § l * ^ i Auger»-jWAai£ttS 

(523ev) OT-, zcom&ii$kiLimmt?,&••&&&?>, mmffi3z<D®i3LtzK£thztifc2i!km 

Fig.2. 4. 3!i, 7j<4'©-a:pJK]a50^jaft®^{*CDttVoStl4^:L^fc©-?;*.5o SSI icffig 

hho « » ® I I « o e S l i , « ' ?©§j^«f ;£#2 l |L^W*i§7: r ' l ' ' t ' (Track Structure 

File) £ L T , «*T-7"ltfS#-9 £„ € I T , t f f l l l f - ^ i f f g d f l 0iW<D7'• ., I-, 

« igx^ :7 b^Oa tg , LETTMJOSM?-, aWjSStt^ffiOltlK?) KKt:/:)i?tff7,D7*7A5-

f « L T , 2 f t « n c S S ^ » - 5 t i A i - e # 5 0 9s#(i, Sffif±PDP-ll/34® i ^ y t 1 , ^ 

2. 4. 2. 2 flj^BfiMfflffffi 

*y-f* ^affile J:*), JlW©4£jg£fT-5;fca!>ICfi, F^g|ICtS**>Mr-i|Sll(10eV~100keV) 

tOt^Xtztiti 6$&Wifif&<DT-S£<ibg±t&o U#( i , ParetzkefccfcCXBergerrti-eft-e 

naji:lc^ffiLfc*0«^»riiffl7-'-? OO^MKcDiSl^-^ii-) <4,©o-&££LTParetzke 

Ofi^fSfflL-CStff-^feC/S-DTl^o Ctll i , St£r-?75^l|b*l.Sffi*Tit;miRM£T-£-5 

f - ? W f f l a f I f f i ^ o T i < S . S # l i , Paretzke^|irffiL)t.J|:-#tt*5gO»firri«i> ifiBtir 
^ i i E K i o « l & , ffi*orts!i-l^©«i]&feiCJf, #*#tt«5P:ic±S*J£|x * ^*'-}fl5fe 
©ItSMSK^fll^r, tyf**olt»ic£.ggtt-r-<T©8i3t»fii«ffc =':'J<»SS3fc<ooffl*x 
7.^*'—&ffffllfc0 ?W4aSL©»fifia(i, Motto and Massay © a ^ ! 5 ^ < D i t =fc "9 J t» L 
fco H»ii^ll#ffl2^'€?ll (»$D O x * n,*'-?}*f±Moller(Dit(6' £ffll>TIt»Lfco 
Fig.2.4.4K, COJ;-5Kt.r^6nfca^«3*K>St^-5»fli?«i**f'o iSflfiiSStt/ym^iflfi© 

v ? o i i i « x - * u i ' j , i5iia©-effl©»iiiiii, nmmiaraqz îf̂ sEgî /T-r,, t̂iiisiBfiij 
Jftii, SAWx7-^*'-lcfeW6 2«'ffl?©©x^^ h^ ic fc i - f# , v 7 I-Tl-jWrifiiKi ( 2 * 
S :F©iIS|x?.^*--^;K©Jigt.-t;xy>'7^=12.6eVJi(T) £ ' > - KVIMMi (<5»JM* 
ififfiD £(c»»Lfc„ S6K, «aEKiinffi(©7%, KJgort^aStraWffiffl^SUlctRth LAuger 
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1 ^ M l t L f c T / v W / v ^ C D ' l i l S ^ l l l ^ T , i l^raf f iSi^yt f f i - r^o Fig. 2.4. 5 ic, HfriftifuW 

SJ&£* - r „ ffixt-^+'-MWtTli, mkMlmm?;frP^<oX\ *Mf t (c i - )TH, ,iT?WiiiJ® 

®|<jofc»';q!t'fe», i;i^f«E8iLr l i i&ifcc/j;7„ Fig. 2.4.6(4, ^ i f / % « ( c * ^ n 6 x t - ' i - * " -

© sF14)f f l * /^Lr^5o W . f f l i c ^ , M'j '^ lcfctf £-,!iNit • ftfcn'ittro.iT-illiyffliMilllllffli L 

T ^ t t H C f , C0fcStt>|iJSj(fi/£x?. ' i -+ ' -JHX*T^^ f i ; / t1LT^-5o 

Fig. 2. 4. 7 (4, i iWr i f i i t f i i » ' £ « © x * /K* ' -M*£f tb) - LTiU •in^|iJlitfi<o f - ? T-<& 

•So 150eVlt|!|lihf£oJ4i;A;ffi(25eV/nm) ! W b f t 3 » 90eV WT'Cte, &&8i':£K: <fc5x * 

2. 4. 2. 3 fti-/-flW©;?|-&Ji±K>*ajH 

•ffir-OTKfcW-tsffi'XWridili'i^, . i M l i S t i & i , c n i i l j ^ r , *M'T»- 1 [ i i ' -o3; f»^K« 

(SSI) t S C i A i r i M i ' i ' S o Fig. 2. 4.7(4, * v T 1I luaililc±3Ui r » / W » « : S 7 ' a ^ 

7 A (ETRACK) ©BSnisil^/pto W f - f * * 7 I- U : » t , SOURCE TrUi f -&£4 :£ * 

^ f f l ^ / S ^ T , Jkht,«t l f f lSLa4ff l i ' fc ( 7 )o & i j -£®f f i« ( ELSCAT, EXCITE. IONIZE, 

DELTA, AUGER) fctfJjfi&ttfcVE f- (4, ^ - i i j C D x ^ + ' - f f i ^ / i L ' J ITMI , i f i '£ i£raff iU' 

IftSLftffi^'i^-^nr, t ^ h ' ; - « i i t , ffljfflx *;!•*"-Eo(eV)raHif-i±. cwflltta* 
W S i ^ S i M l T , tff l i i l i ' f lx 7 - ^+ ' - 4 ^5^ , * f f l ' i l l g | *x Vv ' r ^ « F o x ^ ^ f - l c f f 

aiidnsttrasf'rs CTRKEND) „ <?e£=teMuger;ii-f-a<#'f-:-f s t , 7c»/i«icrat§ 
*-g-&fiVffi(iffffLT:fc(,>T, 2 * v l i / - © ; f f i » 4 * l c i a » t 5 0 2&Tl i r - f f i i i !M s**:b£±, & 

"C#5o ffl4©§j'£0s£&|i( * l l g 7 7 ^ i - ( d S t - f - 7 ) I t , ^'|J«ifijlC,;d«t-5o ffl*. 

(4, 3HiHS C-f-Kjx * ' " * " - 5.7 keV) ©#44000 | 0 ) l » i 1 *OffiSvx - 7 (2400 feel,1600 

BPI, #j30MByte) IClKtoS £ i # T j S„ 

ETRACK -eit, fc<\>lCti<r}<bT\mWi&<omfiOH\:,\iKi'J £ r j l \ 2 m'-lUWm.OlrtW<£li, 

fiWffig 7 7 - f ^ i i L T , I S O / ^ H T - ^ f r - r -5o 

2.4.3 Siftai<t^?g 

2. 4. 3. 1 3H^fUO?|Wtt1® 

Fig. 2. 4.9 (C(4, —jjflJiLT, 5.7keV®i!2/• (3H/9g® f-14)x 7-^*"-) 0*1(1 fflJlW^.ifc 

i T / p , h L / ; H ^ / ] i t . IriJBlcWnfJ (-EID cfcOAWLfcS^Oili-ffflJfW^ififtT/p-S-o 

OEPI4fIif£, xE[I!4©jeA>ieo/c^,^7];t= Wt t&t&f i f t ^T i fc* , , JURUi&IJ 1 ? m t * 5 
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2. 4. 3. 2 &ffl©18lSffl©itg 

* : / T # ^ o j £ T * t o f c 7 f W 8 J § 7 r<\ n'&mtirt&Ctizi.t), ffi&X'-s? b/i/, LET5MT, 

K&?>; ««*--•? NwsiiKstTtiej-ij^-KSjaf ĉ @, Auger-a^^tr) 

iz: J: £$- '*& S i Mi, A u g e r m ? l c J ; S ^ ^ « - » S i L r i ¥ f f i t ' 5 C i f c ' g S - e * 5 „ Fig. 2.4.10 

lccfflJ;-3(i:LT*i6fc3H /3£jjl©fiji;* "«7 h *£*-#-„ 

I n i a o ^ t t i c =fc >3 , LET j ( j i i l±© i ?. «,*--© o^-^ai/i-JII?*.!: g.tt L Tj]'3J Lfc LET 

( y » « m i i t S C i W S S o y#tfJ ( I H l J t S d ^ m a S f c t t i j . S t t S M I f t x + . / i / * -

ti>, -zy-rfi/traffic<£.t)>t#3>hct-h^tieXibZx, 

COf i l c l i , iriiSd/imCDiSroOiHIC, 'H^SS^^y^Alc j Ig iS- t f , -e©/9i$©JfW;!>\ W-1-] 

Kf£4 ;*#SSBiO» 'S :*« i f cC i (C j ;»3 , L E T * ? : ' ? - £ $ & • # " S C £**"?£ 5 0 

£©J; -5 lcLT, l t S f * i 6 f c * i t > O y M ( © # & « ) ( i , ffiSSS^ffi*'*©*-?*^.:'^ 

l l t f i , 10%fillK©i!S,igT?—gtLfco 

2. 4. 3. 3 3H / 5 S © M « 8 f f i # * < D l t J f 

H»b3lirnja*(c3H«SJ6g©ffl|}& • fflUa&rtT-©#iiJ£Sl5C £/><, ffl«"C"*-5o 3H/3 SffljRIIiili, 

ftl /im£fe&TJsso©-zr, fflK3P9©3H#*KJ; tp StW«4feiffffl<oJS*^(i'ji4 ^. t> t i5 0 

DNA £ ^ f ; i ' S l f f i « T ' © R « f f i ± , A"# < gsgffcgtf 3„ t © < f c o t t f f l | | a i ' ^ T ? © » m 

mmMn&iimtziL-F, *^f**Dfiii^(£|g«ftt^. 
Fig.2. 4.1112, «Mi2© 3Hffl}Kfi£5o©*r7HCLT/-pLfcfc®-C ;£-5o (U/'.USW:* fn -

l i , 1iStSri ' jUi5M»ft ;&#X.'5fi**x*f*5„ (2M x t - f ^ - t f * ! * , «a«f-Jffl3H # # 

ff.L, Rft (SUJSH) l£f±lf&L<j:ipiS&©*r n--e&<9, fflltS&'KIfSUAitt^H-f 5 •>'>"¥ 

fflDNA&/S©MW^t.©Hiit*IMlJ-t-6±T-ffilH-e^S„ ( 3 ) » i f n » * * r ^ l i , M | © 3 H # 

ttiLri'St £&&'./£. LtzitSttiittttim* 7 > r * 5 . (4)©T>? H f - ( y - * f / H i , <2)£f± 

jffiIt, ffiJ13'fifE©*3H##ffiL, ftrtlc(i#ffiLtt^iLfc*rVi/-eabi3, 3 H * ( H T O ) ^ l c 

J : -5mff i©M^ ! £t l lc i f i^ t t . f f iT '£5 0 (5 )©teJ^#f t*r ;H±, 3Htf\ SfWjIciii'Sl^Kfi-f 

a i f i^T ' feO, COtg&ICff io r©*, 3 H / ' S f f l f g ; i t . ^ + ' - - B ^ S S i L T © L r i T a S ; & I S a 

Fig.2. 4.12(i , ; S $ « * r /HCffioVT, f&ffifr iJ©H--fI^fr©«$(Mffi#«£,i |-Kl Lfc t> 

l£AftT&ZCtlc£>b£tf§.t>tl&<, 
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Fig.2.4 13(4, -f W4 ^ - ^ x ' l ' O l t g f f i S C - f i R * LA: fecDTSSo HBIO»(4 8 P m 

x 8 jam CD*# ST?, 8B«f.0^:#**^:-r= fe± (1 //m) I 4 3 H 0 # 1 ^mCKWICW^PSfeL 

T^SJ£&©0$g©jRfi ( ioo» £?• • ., h Lfcfcffl-es-5,, gEfl-ogauW r3s*fc"Lj n > 
ZmTfrfrfrZo 3 H £ § / 0 / c < S © * # $ 2 , 3, 4, 5, 6, ? r a i * J < L T l > < £ , IlllflSfJfflS 

iSt t^Hif f l ja^ i^vx^^oa^J;^, ^awicsiMffi-rsc. t as tes . 

2. 4. 4 IS US 

£#*.5±-c\ «g(i-7 0 o K->^ t- ';-©sta£, itE-e*j6 5ci^-e#/;o 

x m 

1) H.G. Parrtzke, G. Lentheld, G. Burger and W. Jacobi, Approaches to 

Physical Track Structure Calculations, Proc. of the Forth Syrap. on 

Microdosimetry, EUR 5122 d-e-f, pp.123-140, 1974. 

2) H.G. Paretzke, An appraisal of the relative importance for radio-

biology of effects of slow electrons, in Proc. of the Fifth Symp. on 

Microdosimetry, EUR 5452 d-e-f, pp.41-60, 1976. 

3) Hamm, R.N. et al., Spatial correlation of energy deposition events 

in irradiated liquid water, Proc. of the Sixth Svmp. on Micro

dosimetry, Harwood Academic Publisher, pp.179-186, 1978. 

4) M.J. Berger, On the Spatial Correlation of Ionization Events in 

Water, Proc. of the Seventh Symp. on Microdosimetry, pp.521-526, 

Oxford, Sep. 1980. 

5) H.G. Paretzke and M.J. Berger, Stopping power and energy degradation 

for electrons in water vapor, Proc. of the Sixth Symp. on Micro

dosimetry, Harwood Academic Publisher, pp.749-758, 1978. 
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Dosimetry and Hlcrodoslmetry of ^H p-ray 

(1) Hacro-Doslmetry 

"A 

jjCi/ml 

D = 0.29 rad/day 

(2) Micrometer-Dosimetry ( Ce l lu l a r l eve l ) 

(A) Microscopic Dose Di s t r ibu t ion (D(X)) 

> Direct measurement i s impossible ! 
> Ce l lu l a r 3H d i s t r i b u t i o n da ta 

(B) Energy Deposition Spectrum ( f (y ) ) 

> Measurable for d=0.5 to 20 pm 
> There t ica l RBE based on DRA model 

(3) Nanometer-Dosimetry ( DNA leve l ) 

.fj> * 

(A) Hit Distance Distribution (P(x)) 
> or Proximity Function (T(x) or t(x)) 

(B) Distribution of Target Sensitive Site 

Fig.2.4.1 

Col l i s ion of •'H p-ray with H20 

HI 
p., 

© 

I n i t i a l Energy (eV) 
Col l i s ion Point (X 1 ,Y i .Z 1) (nm) 
Col l i s ion Distance (nm) 
Energy Transfer (eY) 
E l a s t i c Sca t t e r ing 
Exci ta t ion 
Io;..Hat ion 

Fig.2.4.2 

- 3 5 -



JAER1 - M 85 - 024 

—a 
. Theory M 

Photon Neutron 

Fig.2.4.3 
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-I •:— •i"-»-j-i-<-i-[ ••! •:—-i—:-->-I-M-| y <—-1—:—>•• - • • • 

i iSS al-lffliii i iBEi l 
•Q Fai°Hffi 
•••*• El&sHtH 

* Tot oi it hie 

:liffi::!:H:j! 
> j — • j—H"j-j-} 

"-Sj»c£i-4>it-ffM 
er-;--" 

ostfc I I 
ss:::::£»ei:jtJi|Bf 
x iFo-tBi-f-icH 

> i""!"****!'!** 

or Rtf^afHtki 

m 

renhHQHiHi 

101 

Fig.2.4.4 

102 103 lO14 

Elecirou energy (eV) 
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10 

10' 

' " ' i i i 11 | 

ELECTION STOPPING P0WEB: ill WaTEft' 
i t t t I 

I J M l 
I > 14 1 
I } M l 

I t 1 (1 

I I M 

: ( i i l l 

* ExclIaUor 
x Total Icalzetfon 

* Deitk-fii/i 
© Auger- el E 

J * i i i 
B t i 

i i j ( > i ) 

(Edilt: 
trott 

13*V) 
<0is) 

1 * 1 I J 

101 

Fig.2.4.7 

Electron, energy (eV) 

- 3 9 -



JAER1-M 85-024 

ELECTRON TRACK SIMULATION (ETRACK) 

Fig.2.4.8 
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A 

-25B20915B100-50 0 50100150200250 

PLOT OF ELECTRON TRUCK 

( By ETRflCK and EPLOT 1 

Dote =31-RUG-81 

F i l e None = 5700EV.DRT 

Track NuLber = 5 

5700 eV Mono-energy Electron 

250 

-200 

-150 

•100 

• 50 

• 0 

- 5 0 

-100 

-150 

-200 

-250 

•250 

•200 

•151) 

•101) 

- 50 

• I) 

- 51 ) 

-100 

-15(1 

-20(1 

-25(1 

Fig.2.4.9 
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10" 

-10 r«i 

O 

Eicr 
o 
CD 
C L 

cn 
210 r6 
o 

Q 

O 

en 10 

10" 

SLOWING DOWN. SPECTRUM 

101 

Fig.2.4.10 

:©::3IO1:BLI:::|::H:;:| 

•S-Rri-iitdrj4fH 

.^..Pel.yj.|]|j 

X flugM I I {!: 

m 

i o c 

. . | . . . . } . . . } . . } . . ; . . ) . } 

• i ! • • • • > • • ! • •> - • : 

103 10 

. . | . . . . ; . . . . j . . ) . . ; 

SSSSESEDy 

E l e c t r o n energy (eV) 
10* 

- 42 -



JAERI - M 8 5 - 024 

) Point 

*r 
t<\—*. 

r 

Extreme case"for dose calculation 

Radial dose distribution ? 

) Ins ider 

H >/> (-

Labelled •'H in cell nucleus 

Escape of (3-ray from target 

Radial dose distribution for d(jum) ? 

Escape of p-ray from target 

Labelled % on the membrane 

Radial dose d is t r ibu t ion for d(juiu) ? 

HTO in cytoplasm 
Sink of p-ray into target 

Radial dose d is t r ibut ion for d(jwn) ? 

Simple assumption 

"Random" dis t r ibut ion of p-ray 

LET effect of Ĥ /3-ray 

Fig.2.4.11 Model of Cellular JH Distribution 
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RRDIRL DOSE DISTRIBUTION 

TRITIUM BETR-RRY 

POINT KERNEL 

° Robertson and Hough 

Shiragai (1972) 

Ks 
IS 

I 

0.0 1.0 2.0 3.0 4.0 5.0 B.O 7.0 

Radial Distance (/juil 
Fig.2.4.12 

8.0 
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1NSJOER (IJJMI IN=IOO:Ni i=106: l* ; = 3] INSIDFR I1UM) lMT?Op:Ni INSIDER I1UM) l^T?(>p:N6i = 231il4> = 5) 

INSIDER (21JMI IN=100iNn=91 :I*>--3I INSIDWpi I5PMI !N = 200:Nu-?16:Nk>*SI 
M l MICRO nrrtn ( oo „ 

INSIDER (3UM1 llftJ?00:Nn=2:>S;Ni» = 7l 
HICBQ *! ' IB 

Fig.2.4.13 
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2.5 \-7~y^mmmi^tm^mz^tss-f*ymmM^k 

mm a m M. 

2.5.1 ( i t36(C 

t>nT*/c'~3,„ ttzmoimxmtfaz, ££LrArfriu><*y£xva^z%%0m-yic 
i 5tt '$ffl ia?^ffit tf t©HIS^SMfi!glM¥WK|!|f0 Bucker # ($© ^ - 7 ' I C J : ^Tu^tl 

7 vVfoh 1 ~3MeV/amu(DArfXe^ * VTWJSX.&J; -3 !<:?,£ T ^ „ 1974 - 5 ̂ WtniX1 '2 ' T-, 

S * ( i ' j g l l © * * l - 7 ^ - t ? V n ffi-5~7), Powers , Lyman , Tobias ffl#tf;8' fc i^'SH 

Katz Oft-f j|-yaSS(aJa^Ox*^*--ft4CDgBSigi(iBi11/i-x^l;-, U ' t i v ^ a >tD'J|iii 

icx< &?£j-es?>fr, mmm£>n,>',)fci.m&i)i$>z>tg.fr>n&c, Sfc, tt-^iiijai'-orSic 

« t54 l¥ f t f l ! ^ ) tWar3f iST '7 -a v h LTIJff[iHl!lc/A§(CfcA^^t>-f, Katz O f t l L T 

*I^*-C-'(iKatz fflgf^a©fi|I»4=t^S5l|lca]L^fcO<!:^-eci^K*.fco TJ-^-fe, «S« 

CD* # £ (tnm com? <0 " core " (D 8|S# 11£ 5 ̂  < |UJ (; A * 2 K £ *J , £ fc if 'f * >*<IS-f © 

core ^ l i « L f c i i & t m K ^ t f 4 j l « L r n t o ^ « / i ' y ^ £ ^ l i ^ i ^ S j S « ± t ? ® { S « ^ 

%#g tU; 0 J i(T(ca^?>i9ic, to;5ft-t£<fc<9, C^bNe*/cft*Tffl-f* yn8»T;f ffitt 

Co(i B/r imi-ZT^rmAttti^T fcl«£n- o / c 

2. 5. 2 l - f i ^ K i J « 4 ^ ® M l 

Bacillus subtilis/te?3 ,13 ) feitfE «/ i B / r ®1975 ^ t l ^TOJSWff i l c^^T l i i a fC^ : 

i l , 2 T 'KE^^ fe©-?-5:ttjytM£t Lfc, fjfjtgftfflifa^fflo.iiMJSKfco^rfSiijllcad-ro i l 

flf-W-f ? D h a y^t.CD'f * y * I S $ 2 / i m © ^ : ? ^ $!&$•*& 2°45'K|'5Ji:& L t < 5-1 * > £ 

i W : 7 - 7 < W -±<Omonolayer«a!f4l;:|raftt-t5<> » £ U * yfrtTPJj-ZZ'PttWMZ 

y-foiifecsft, ^g-ist>n5Sfi«'ypaw$n6'1",6) „ «*>•, sitf--iHtf >ic=fc3 
mTO^iifeitom^i&'notzlh- 1 MeV/amu AM * > © M t t £ CR-39 l 7 , J - f f J 

2.5.3 ^^>0 i f f iK i i i 2Kfcy5KJRI I l : 

Katz a>m<l*y • 1-5 '7 ^ l a a ^ O f f i i S i j ^ K i ^ x *^+'-ffi¥PJImlCifiliaii3§e)*Sfjifc 

SiJifcf It L =fc -5 i-T-5t&S-tfAhlen (<:£<? 4 '$ ftr(,'5 18>„ &ffi®i%)c =fc-5Sffifii i L Ti t ta 
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Auger t t^s 'Sc tbSf t5o Lfrh-ttitU * v o i i S g ^ i i - l S A H r t l c S f f l ^ i f e * L t i J ^ o O 

•e f tHl -e^y^o C h a t t e r j e e - S c h a e f e r a j H 2 0 > T f c J i l i a i 5 l 4 ^ a L T l ^ o 

KatzO®iRSifiDKZo K a t z ( i « f f i 8 f t ; t o ^ T ^ < o f r © ; £ £ i g P § L T ^ - 5 A s , C C C I i 

CCKCtiSSi t ( * K S L ? C = 1.36X10""' e r g s / c m = 0.85keV/( lOO^m)), Z *e (i-f * 

Z*e =Ze ll-exp(-12SPZ~2/i» ( 2 ) 

X m = « m „ = t ( 2 n i c ! ^ r 2 ) , O ) 

CtfC4r|ijgtl; ( * K ^ L T « : = 10 j t ,g/cm2keV), r = ( 1 - ^ 2 ) _ ! ^ T £ . 5 „ Ahlen'8)tt i t l 

tf(l)S(4Z^26, /3^0.8 K ) H t 5 i 7 * y 3 ^ « H ^ K : & < - g f T ^ o Pierce i Blann2" li 

(2)sX.tp<Dfe&. 125 Oft 0IC 130 £ & $ L T ^ S „ S « ft 130 t Uz t # <f "5 fc 6 ^ N'T * vK"3 

Katz -Ahlen CDfRiRigffiDKA. Katz O i » i R © a < i J f i S * 3 g O * * # a t L t t ' j n t , JSPS 

prompt primary doseii 

? N 7 * 2 p * 
Dp= V» 2 J | f K C ^ K , 2 ( f K ) + r 2 ^ K « 5 ( f K ) L ( 4 ) 

m p c x C<K 

2 ^ l i k S g f f l © e * f i O i ? > ^ * ' - , k o i k i ttZtlZ'tl order O i 1 fflfEJf^ -, -te/i/|58l!t, 

fK«Si t t^*K^5r~J ;4 '0g |^^-C--SiJofcfcff l r '*ao a * ( i * S t l 9 © t a b l e 2 ic %-. I &*ifc 

* l d « ^ - S f K f i * i i ^ f c o Fig. 2. 5. l l c i , & f t S J ; - 3 K , Drfx) !±» A J: <3'h£ i>x lc*f[_T 

DKZ(X) i H ^ i ' . ^ C t l W , Katz-AhlenOKiRSiaDKAlxl **©J ; -9 lC /g i lL 

fc : 

DKA(X)=D„(X) (D p lx)>DKz(x)£DiS), ( 5 ) 

DKA(X) = DKZ(X) ( D P I X ) < D K Z ( X ) 0 £ £ ) . (5') 

DpfiFig. 2. 5. 1 ItW.Z.tl&X.jKDiiZ tt£l6 bfrlcmtfttZo 

Chatterjee t Schaefer (OWSMWL Pes. Chatterjee £ Schaefer 20> (izkKft LtftC<fc r> 

_ , . LET„ , LET°° , 

Dcsix) = -—2 + 7i n T~R • r . x<- r<: 
2Tr c 4"r'ln ( e / 2 r p / r c ) 

„ , . LET~ 
2 "x In ( e ' 2 r p / r c ) 

( 6 ) 
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C C K r c £ r p (i core £ penumbra ffl^MlT?* 0 , * il-f'tt 

r p = (0.768T-1.925-i/T+1.257) ,,m, 
(6') 

r , = 0.0116 /3 p m , 

S&Zo itz, TiiMeV/ama^&.X-Mt>Ltz^l is ycvx.% >\s*'-T:fo&<, Dos £ DK7 l± t t& 

<Dtz!6lcFig.2. 5. 2 IcjpLTS-So 

2. 5. 4 ;Fffitt<t»iMa©«0T 

(i) PMfnmJtS 

coreOfflfttmLi^tZ-ti-to * * © M | K i t l f i ' , core ©ili|j.'if± 0.2-0.3pm2 T f e 5 „ — £ , 

ttgi^»t"c~-£) < tt« fc J: - 5 ( c * * 5 DNA ®SS#<i#-/0.12pm2 T i ^ t , ffi* U t C TO. 12pm2 

•t7l i t t<, Schafer et al. 4> left-, TO. 22 pm2 £ t ^ i I £ M H ^ 6 o -erafffidlii, S¥trr©$fgT-

®*(i0.22 pm2 £ l^ f i^0 .30 A ,m 2 *4l ,Mi0 . l2pm 2 £l - 'o^(aJ ;Ofc ja<^®*S!K*3SiW1-

•5Ci^f i tbLfc^fe . -c -*5o S&fc, 0.22 iUm2£l^fif±^H3«ffl*ffl^fcffi^oai-f * x f 

- * * > 6 » & n f c ^ S « (0.215pm2) £fe£l<-!SC-f 5„ t> LBS-f © core ^ ( * * « ® S « c r * <3 , 

EXr) = O a 2 ) ' | « r i ! D(n ) + J "_" '2 *xD(x)dx + f" '2x «D(x)dxl, r < a 

Tr+a 
D(r) = (*a8) ' / 2xflD(x)dx, r > a 

(7) 

e c K e li 

9 = arccos C(r2 + x 2 - a 2 ) / 2 r x ] ( 8 ) 

CC-PSf t r i (iKatzO®JRgfflDKZ K#f LT(;S: a/1000IC, Katz-AhitnKJRSiiiiDKyi K 

StiLTIJ 1 A E , Chatterjee-Schaefer ©KlKSf lDcs l t f t L T I i rc ItteSJ:-5 I c S ^ i ' o a 

/1000, l A i l ^ f c « ( i j i ^ l c : S ^ ) t * t > f f l ^ ? * 5 0 • e , a*li&cDJ;-j<j:Jt«-I+©L, t * l # 

R=Cxr , 2 D(r , )+ /" D(x)dx)/LET . ( 9 ) 7, 
DKz(x)£ DKAIX1 lziit^R^Fig.2. 5. 3 ICgr^,, DcsIx)IC*f LTi i t f f l i t J J 1 \Zti£C tWfH 

W T l ' 8 . LET ©tt t iXiKl5^i i i f fc„ a^f iDKAKIMLTIi lM * v(C*f^5 RAM. 0 £ 

a ^ ' i ^ A o l c r i i f c j a e L f c o .^SWtcDM^iSfEff i l iketz <Dm<fi)mm&^& L-T3 C i E 

P = C l - e x p ( - D ( r ) / E o J 3 m 00) 

- rg -^ i&nSo Eo l2¥J3LT lSiWiS*) 1 t w h £ ^ ; i S J : S t t K T O a ^ * * o ^Stt-ftBrffi 

«f±, 
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S= / 2*rPdr (11) 
J o 

•e^Z-btlZo Katz et a). 12)lim {-left Lm = 4 , a = 5.8 x 10 -6 cm S-ffll^T^S**, £ t l W 

* ^ ^ 1 0 )
o f o o i , Katz et al. lc<fc oTfflt* £ftfc a©&(*#B>I«fi'e«l\, S ; * l i m £ l i 

L , iifftfi* £'J: < tt b f t T l ^ i iHj-tli 'fc, IKS-f <D core CQffifcWO. 22 pm2 lc fc£ <fc o * a 2 £ 

a ^ it'o (2. s. 4 o ffito o issmsw » 
He « y f f l f - > I J , (10), (ll)i£-t?m= 1 £ f c # , 63.5kradS:Eo> 8krad<OfBlfflfflEo£ 

y-^rWtffLfc (Fig.2. 5. 4 - 2 . 5. 5) „ *<0figDKA«:fl3^5i DKz*fflPfcJi&lc:Jt'<Ti['< 

--fey h^t^AirttftBrifllSAiilf-ift^o -S*( i ^tSroSftSi^KgiJ-f Sfctolcffl'f * y f t f t L T 

(10), ( lOf tOf tOIC^A^ff l l^c : 

P,„ = I - e x p ( - D ( r ) / E , n ) , r < a (12) 

Pi= 1 - e x p ( - D ( r ) / E » ) , r > a (12) 

S= J " 2* rP,„dr + / 2*rP;idr . (13) 
• ' 0 ^ a 

C£lt?i„!,i4 * yt>m:(~<D core $:m&t S £$tD*ff i t t f t©6WT-* "3 , E.„ |3.><7>< - J f 

*S (iittri) „ Pali-f tvtim+oicoKtoZaZMmtZiLiM-i-WtUiziL^XKitiMlZti 

& D 3*7 =63.5 krad IC|S|Si L , E ,„«*£63.5krad A> £«£'>& #fco 63.5 krad fr i8krad ffl E ,„ 

£fe£lfc<i£, IM ^^it^ta^?,mftKi(iiM«W»:tfiSic^-Iti±i.i^n'j:A^^ (Fig.2. 
5.6) „ Ei„(±He^*yic^tS^/S1'Mt»ifii?i'iO'A'Sf#icJ;oraiM$n6o fcLE,>8-
lOkrad J; laffitf tl(t, n'Wtft S(±AJffi®-t *- ^ 4 - ' - ® He -f * y icfl-f Sfflrifijfi'f© %*&$.£• 0 A 

S^WfrMfcf£f-J-*.S ( Fig. 2. 5. 4 - 2. 5. 5 #]!«) „ -Ti, bkhM Ltz E ,„#:(i N -f * > (Fig.2. 

5. 6 - 2. 5. 7) (cWLT8-10krad-CT^6o fto T 8 - lOkrad <OE ,„ M N U v i f t x f- ^ 

* ' - He <f * y O'jKIHiS.^SWT- S 5 i (. ^ <t T „ 

^•£T?E,;£63.5krad lc|A1£ L T * tztf, 'A-figfi £ ©lift =t <?'M l'"Jffgtt*>* S» Howard -

Flanders6 )(CJ;n(i , » ISHCStft-5 LETJ}M± lOMeV/amu © Hc-f * >iC(HTl >60 Fig. 2. 

5.4 i Fig.2. 5. 5KH<if t5=t •?!£, 5-6MeV/amu Hcf * v It *-t "T * fffi ifli fii li DKZ t DKAIC 

fc*flE« = 30krad, Drs tcSr-f LT40krad ffl[llllS±lciU < © - ) T i ' 5 , £ ft £>©ffll± o gutty 

"TS Ed<nTUXibZ>t%z_^nZ> ( 10 MeV/amu © He -f * xi t i t f - tS EoliS -6McV/amu 

He 4*v£.<0'P>(>k£ < tiZT-fc^i) „ i<£ -)Tfli* !iDKz i DKAK*J LT30krad , D<-s It *J 

LT40krad tEi&ntelWVrZttitz (Fig.2. 5. 7 - 2. 5. 8 ) „ IH *> i Xe -f * >IC 'Jl >'C 

li E,„ £ 8 krad <-E ,„"•- E« C(E[ l t i r$^ . t t(13).rCe •>*. b f t « S«,5rR:f[S<cUM ^ « f c « t , 

>j-Z.tmC i » - > / : = E,s = 63.5krad ©45 ft, N-f * xltfcfL r / i i (>ii L /; E ,„ ft (±8 - 10 

k radT£-3 A:„ He 4 * y | t * U -XS (i K i L X E,„ ©Mfc«fc -, Ttf!* >̂ C i A ' ^ S o M^.(i< ; 

U E,„ % lOkrad (c|,<,lJi?L , E*^-lOkrad fr t>63.5kradtCtfillU$ itilti. 6Me\'/amulet; l -T 

WflMffilifi20*ia< « « 0 L^LCOFBaSmfiTTfifc, (8flftiM«jli^W J: 0( i t f<«i L t a i -

(Fig. 2. 5. 4 - 2. 5. 5) 0 C il hmlWKid t >Tft* (i >a ' ?-0.22/Jm
2 i U : , ^a2-5r() SO^m' 
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icLTfcEsffl^glaBlilslD-rss^, N £ c 4 t y o f f i m i i o r ? i- -«©M«©SiWffi8£ 

lcfcS 0 *a2 4-0.12 / , m 2 i t ^ i l l ^ e S ( i $ b I i : S i a f l L l C < <<££«, 

B. coH B/rOi#&(iD3
r7 = 3 . 6 5 k r a d 2 ) 4 - e o t * f f i T T E i „ = Ea = 3.65krad, *a2=0.44 

pivrftuh t%mm^'r>mn^msm.mt^~-t&x'&z (Fig.2.5.9) „ tt^sfrTwJM&i 

•oTEi„=E«=Dj7T|iSW-tr#.5iOtt0fflg6(OLET0cff*ilL< ttf£ i4 / fc L T l ^ O T -

(2) EJcgfWSS 

IS34(iFig.2. 5.lOii:>r;tJ;-5lcRllj)fJ0ii&ii:L^ffii,Mi^^o Fig. 2. 5.lO(±ffifSgwaf©*8 

2. 5. 5 ^ffitt-ltffl «ffiIt --> i * X 

Fig.2. 5. 4 * 5 P ( i F i g . 2 . 5. 5 It g. b tt & =fc-5 It , Eo = 30kradX(±40krad t tf t- tSFlii isi 

S ( i 4 ~ 6 M e V / a m u He -f * > l c ^ t S ^ i $ l c S o < ^ffitt-(»[fllKiffleria< & o t i ' J . 

*jt, fix * /i-*'- He-r *svimrzwktt*h>tv> ^n/cWifn'Siiia^ Eo ftoaiisitt^i—a 
t « . CfflVHtiHorneck^'AS/pLfcLETffliiSnfctf'ifeSiffiffliEE^XCiTTlftlW-eSSi 

S t i n g o R B E © t - ? f c £ fc0.8MeV/amu He 4 * v It tg^-f 3 ft }50 keV/ f,mCO LETIc 

S K T S t i f t S (Fig.2. 5.11 ) o X W l T l i [;£:<£? It hy -j? • -H?/ y b&XUHe -i * v 

It <fc -oXUl-iZsfA'Mt-th IC(± 7 B X I i 8 HELL© " primary ionization " #30A ffl^-j 

? .Hz?"* y n ^ t t ^ c i M - I i ^ f t S 1 , 6 1 . -ettii, ctiKti w&Bi.ia 4 *yfrT£6 

i f t ( t t l £ s ' « i £ * - 3 i l ^ S f t ^ f c f t l t t & ^ o " Primarj ionization " (ifigcDNA £fflotf 

4fc"tJT'(£(, r&&8}£<D£.&•?&& OH 7 •yiinsmb&r&t&T'&Zr). O H 7 ^ * ' K O ( t i J 

Uf tyiciiizit, im£M:*rS?MMmi$Es*i6Z.skTad (±KffiD i i - , t ( , , 30 

krad (DKZ i Dw lt*flf-<5TI®) S/t(i40krad ( D o s l t f t - f S T K ) £ I T fc, t ^ T 

Schafer et al. 4) ©3ls®*>iifl?t>ftfc«fifnfit=fc Off iWIi fcS (Fig. 2 5. 6 - 2 5. 8 ) „ Z + 

= 33, /9 = 0. i fflffl-f * y • h 7 -7 ^o*'C>* •iioAiiti-'-i-c-'fi^^i-r^rfflJg f-, 9t /-I±D„ 

(10A) = 1 0 " e r g s / g i ^ 9 , ^ i a a 4 S « (Fig. 2. 5. 1) , ftg-p -f * y\Uk&CfT:hh 9 £ 

thermal spike ' ' 1 0 ' 25) f> shock wave 4 ) £ '± i ; , -^rS-fh-ftWrtfiifiU«mill '̂t-l^ffl^SSoGSlg!26)«-

Jfi (long range effect) £ l> -) C £ **£ 5 . C t i t T'ftttS/jSi5' ^thermal spike x/jiliicj; 

* « ! # « * i f t t H 0 , * tzimiz.0t W * >Tl±&iM)iR7Wi -3 * 0Ui-S =t ? tr& 6A>27', 

t 'WIffi® '1 -f * yfr £ Z- ffl$3lrtsfi C 4 0 * J f c " J : < 9 4 > i T ^ < £ l ' . Johnson £ lnokuti281 

+ Roots (Ref. 31) I C t n i l ' O k a d a i Roots (Ref. 23)#JU«8fflffllKIC-3l'X>iilfcX*il0>i!3i'?» 

OH radical K J; Sti!1t£&**!)* ( - 6 5 % ) £> Ar -( * yX'lt~ 10»IC»S5„ £ f i ( i chemical core l-NT 
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#fe©3ftx * * ^ - K g * i , T * < J S S £ S ¥ L < ,!ftnj5 L t i - 5 . 4 « M l c * s t f Stt-f * y © 
29) 

«j l3ai^feC0J:-5)S:c: i igg«*J*»3-?--5-e*5„ J t i f i$3l©IiIHiLTf±ion explosion Ki 

fcf&T £ t t & IP i S ; b f t £ o ttfc, Matsui i I m a m u r a 2 S ) I C i m i N ' f * y K J ; - 3 r t h e r m a l 

spike K£6 t&t>ft5 7 Vfi >i'V>'ftW%.l&®lfr£.ir2> t^o C t-e&tQ , C*IK#9^'ffitt-fb 

(12)iW> e,JrA^ =fc 9 ic E,n li -f * y ©BAS^fe!?-© core f t ^ o fca#037 ^ftffjgffllctg 

3 t 5 . N^ * y i < S x * " ' * ' - H e ' f * y (LET > 1 5 0 k e V / p m ) IcStf t£8- lOkrad © 

E in { K t S a d a i e i K a d a ^ ^ ^ g L f c repair deficient strains J C ^ - ^ S g f e f i l ' D3
r7 (~24 

krad) i 5 t » ' I i ' J o T l > 5 0 <KO«t •3«ffi^EillffiltSSftD(rW«ja;POcore ffl^fflfflft 

oiiTospKj-ejbSii.^ciicioTgiB^sns^feJsnntt^o *--3fc"£3-*ii£, JtE i n/ 
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X (cm) 

Fig. 2.5.1 Solid lines are Katz's doses 
from Eq.(l) and dotted lines 
are Allien's prompt doses from 
Eq.(4) for 6 = 0.05, 0.1 and 
0.15. 

X(crn) 

Fig. 2.5.2 1) Katz's dose for 6 = 0.05; 
2) Chatterjee and Schaefer's 
dose for 6 = 0.05; 3) Katz's 
dose for 6 = 0.15; 
4) Chatterjee and Schaefer's 
dose for 6 = 0.15. 



2 5 
Energy (MeV/amu) 

10 

Fig. 2.5.3 Ratio R given by Eq.(9). 
1) R for DKA, Z = 92; 2) R 
for DgA, Z = 2; 3) R for 
°KA> Z = 7; 4) R for %Z» 
Z = 92; 5) R for DKZ, Z = 2; 
6) R for DKZ, Z = 7. 

2 3 4 5 6 
Energy of the lorget (MeV/amu) 

Fig. 2.5.4 Inactivation cross sections of Bacillus 
subtilis as a function of He ion energy. 
x: Experimental; l)-8): Theoretical curves 
(Eq.ll or Eq.13) for 7ia2=0.22 um2. 1) E0 = 
8 krad, DKZ: 2) E0 =10 krad, DKZ; 3) Ein=10 
krad, E5=63.5 krad, D^z! 4) Eo = 15 krad, 
DKZ; 5) E0=20 krad, DKZ! 6) En = 30 krad, 
DKZ & DJJA (dotted line); 7) E0=AO krad, DKZ; 
8) E0 = 63.5 krad, DKZ & D ^ (dotted line). 



1 2 3 4 5 

Energy al the forgel (MeV/omu) 

Inactivation cross sections of Bacillus 
subtilis as a function of He ion energy. 
x: Experimental; l)-8): Theoretical 
curves for Tiaz = 0.22 pm2 calculated by 
DCS. 1) E 0=10 krad; 2) E i n = 10 krad, 
E5 = 63.5 krad; 3) E 0 = 15 krad; 4) E0 = 
20 krad; 5) E0 = 30 krad; 6) E 0 =40 krad; 
7) E0 = 50 krad; 8) E 0 = 63.5 krad. 

Ref.3 
C 
N 
O 
Ne Present dalo 
Xe| 
Pb Ref. 1 
U I 

—12)Xe 

Fig. 2.5.6 

4 6 8 
Energy (MeV/amu) 

Experimental and theoretical inactivation 
cross sections of Bacillus subtilis. 
l)-7): Theoretical curves from Eqs. (12), 
(12') & (13), by using DKZ. Eg was fixed 
to be 63.5 krad. Almost the same result 
was obtained for Dj^. l)-2) E^n = 8-63.5 
krad; 3) N ion, E i n = 8 krad; 4) N ion, 
E i n = 10 krad; 5) N ion, E l n = 15 krad; 
6) N ion, E i n=25 krad; 7) N ion, E i n = 
63.5 krad. 



1.2 

LO
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0.4-

0.2 

« C Ref. 3 
* N « 
• 0 » 

, • i n •> Ne PRESENT DATA 
1 ' , u • Xe Ref. ] 

- Pb » 
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2 4 6 8 10 

Energy (MeV/omu) 

2.5.7 Experimental and theoretical inactivation 
cross sections of Bacillus subtilis. 
l)-7): Theoretical curves from Eqs. (12), 
(12') & (13), by using Dcs. 1) E,5 = 40 
krad, E l n =10-40 krad; 2) N ion, Ej =40 
krad, E i n =10 krad; 3) N ion, Eg =40 krad, 
Ei n=15 krad; 4) N ion, Efi=Ein = 40 krad; 

5) E5 = 63.5 krad, E i n = 10-63.5 krad; 
6) N ion, E,5=Ein = 63.5 krad. 

4 6 
Energy (MeV/amu) 

(5)U 

C Ref. 5 
N -
O * 
Ne Prasenldoto 
Pb Ref. 1 

> 

Fig. 2.5.8 Experimental and theoretical inactivation 
cross sections of Bacillus subtilis. 
l)-7): Theoretical curves from Eqs. (12), 
(12') & (13), by using DJJZ- Ej was fixed 
to be 30 krad. Almost the same result 
was obtained for Di KA- D-2) Ej 
krad; 3) E i n = 8 krad; 4) N ion, E 
krad; 5) N i on, E-^n — 10 krad; 6) N ion, 

^8-30 

in " 

15 krad; 7) N ion, E± 30 krad. 



E0 = 3.65 Krad 
ira2 = 0.44 um2 

N •* 

C x 
a » 

Fig. 2.5.9 Experimental and theoretical inactivation 
cross sections of E. coil B/r. 
l)-3): Theoretical curves from equations 
(10) and (11) with m = l. 1) N ion; 2) C 
ion; 3) He ion. 

Fig. 2.5.10 Experimental and theoretical inactivation 
cross sections of Bacillus subtilis. 
Solid lines are calculated for spherical 
target (cross sectional area ira2 = 0.25 
um 2). 1) U ion, 
45 krad, 2) U ion, 
3) N ion, E l n = 12 
4) N ion, E i n = Ei5 

E l n = E 5 = 63.5 krad, 

45 krad, 

63.5 krad. 
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AD 

° = a Particles 
A : C ions 
• : N ions 
& •• 0 ions 
* : Ne ions 

d> * 

O.OI57 for^Coy-ray V 

50 100 2 0 0 500 1000 
LET (keV-Mrrf 

Fig. 2.5.11 Relation between LET„ and RBE 

(I/D37 = 0.0157 krad - 1). 
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2.6 •&§tmtfimizis\l>xgnL2tiz&2.Mfc<?>mmt 

mmKFft t& m m M 

\\::i\mm.am.\Himv¥>k'jWMi(onmmi, \w&tzm^<Dmw®iW<x¥;L<ms-th^t& 

y>, !&tt^<DmhU&'i-tm%;£T-l 296U±, £*I®&BET\-I- 5S&J}TR)i;KM<cS:h,Tl<5„ & # 

ic S ffifii '-J- £ *i S * -e ©jSFi £ * ©£«{,-• ft fe l ̂  T^ffli&Jg ic *?¥•*- -S M f K "J l >t «ift L , X 

2. 6. 1 £%.&£ 

target volume £1^9) It H#ttMUa£ ->*., ^-3^®IS]WlO|SftfS*SSt'l:.03i!ri^lliKS (-gtf-K.fR 

K S , organs at r i s k £ l > ? ) O f i f f l ^ f i Srti'tf/h£ < tZtomtt-imii'Att&iyMtZ* •& 

ic^MT-tfim-f-^imimm^ma^^mLr, fet&®%tf&xtte&£ou'?.m-!K.mif\,Am 

ccr-n, site']-<n®m&±.bft£<T&t£k,u^m\\u$>&Ka'm!mn11<»%vm\z 
S'S!l "J " <2 o 

a a f f i O f - J T ' l i , Table 2.6. 1 IC7j^J:-3lC, WMWJiWWlohWfofr^mfSifimWx, 

m<ofaMitil?MfA&W%TtfZ> £ , ffi ©'•»=£ #70% A> ^ lO^KTA*oT I t ? t tmW ->T 

i > 3 2 )
0 (Fig. 2. 6. 1) o f L r , KmH|a*©IS:!ftttffl'l:liA#'j:)IWSli£'£'.il*'C'*5 : ,) 

(Fig.2. 6.2) „ X, lE'ftfflSSieDpii-if fcSUiiftteff-L (Fig.2.6. 2) , !!«W¥?Bi»^* < fc5 12 

£ ' » m ? H # ' h £ < ftS„ ffi!M&e($'M< t 5 f : » K ( i , 3 y c^-*|KfJSJ&8i (CT) &£'•£• 

ffli^TglW^Kf*iF.fflicffiaL, «Mttt£ rALrffigLfciiiii^ffi^fhSfa£-3g*s*So * 
•5-rsc£icj;-,r, gt.'mB&mx.T'i&aT', ^%x^LT^tim&m®x%z,<mw 
<&£„ X, iilKLfcfeffiKlCcttKi', 5&®&Sfflfflffiig£K*«KI*«iJTS££(.^o « ± © J : 
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•otectfrc,, ICRU (H§gfeftf8iii&S/£S*£) x-H, B?i~-(DHl%mmttt8®2T"±29b 

Hl*|I<:-t5tt£g*LT^;54)o 

2. 6. 3 S M S 'f oiilM £ ^ « S ) K 

SL«LT!!8W1-^l*iaP.H» (f f i* t 'hSi l K^ff l*5^( ibrachytherapy£l^) # * 5 „ t t l b O 

! ! ? J I ? £ I C O U T , .#.#(t^-f'SIS«fg4(cM-5*-eiZ)Sfflif!if/EOSg*Fig.2. 6. 3SWFig.2. 6 

fco£;E^^»l!«i.fl'f©S|ig-e|fic 5 b o i s * ? , , , 

2. 6. 3. 1 7 ? n i ^ ® J l f i t £ i j O W I I J E S 

®-:*«^ST-SJ}: Lfc H*E¥»*f«i^&gafflSffig** y ? - c±a KMISIRI?) <nmm & 

»\yEix^6mm$m&xtini:mm(Dxmc^^rm<om-&xM7ELtzm^mMM'Srfn'-'r, 

Loevinger3)a-'ff-filliT(i, #3? It<t < Sff lWa^ff - J T ^ - S J S & T " 2. 5%, - f t l l i J«£ lST '5% 

2 6. 3. 2 .#.# ^ O n a « ® S P g - C j g S » 5 E K 

fco-C, HtffflfW. ( * £ £ © « $ , aiifiiffllMlfi, » , #A£i'cD^teiKtt) i c t s f e © , (2)r&)iS 

!l«»OSI©T'(±, tfflffilcAW* x (c i$o< »f0E®:Ai';£3c, I S S I t S , 5"f- Jaiffit-f-jgfrt 

» * » K WiM%f'$l-£<DfaB.U£<Di£.m.<D'-<7*-9G>Mv b, e-^aatitm^mbtit'oiSi'O 
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2.a4 i&MmfemKi3iiz\hJ]®mtoftffi&tze>%mL&liBtz®w-w-i'-:5*-* 

2. 6. 4. I ®;£t/h8Kte« it is id i, KJRSWa 
i i i S T I i , 2 2 6Ra,6 0Co, 137Cs, " 2 l r y £"# 1 m£«f r S « i L T , 198Au, , 2 5 l#*f lJ iJA 

fflA^fffltfeitSi^AoCmCi ) T '*££j! i!f! ; l>br(cm) gttl^^tDfflffitDPiiiKSSiJDCGy) fi, 

t B#f!fi»Tfi 

D = 0.01X • f = 0.01-TF I V a Aoe - 0-6 9 3 1 7" ' '^ ( 1 ) 
r ' o 

x :«aw*sn(R) 
f : R-rad &.%&%.-£, S f i + T ' 1 -i * yjtt&tti CQIC&gti* % >\,¥- W= 33.85eV/4 

^ y f t i - T & i 5 1 , f = 0 . 8 7 3 ( / » r a / p ) t i 5 S „ e / P c „ / P ) i „ r ( 2 ) 

r* : K 8 « M * ; £ S r (R cm 2 h" ' mCi" ' ) 

rs= IP,riCh"0, ( 3 ) 
i 

r,= 194.5 O c - n / P ) ; , i r ' h 1 ' , ( 4 ) 

h » i i l r S i o i * ^ ' - (MeV), j B e n / p f i S f f i ^ ^ + ' - M f l S S r e & S o i t - s T , $8fi»tJ? 

It 14, ^ iSgo8c*t ( i i , ¥Sff l , K t m r S (XI4X8) o x t - ^ + ' - i S , ^ a&t> '« i a s©f i e 

x %r»%-W3L%Mfl-S£Jgrzib*>* UI®icf4ScftN§Ao t4»A»t>fc< Tt>, 1 cm fflEEUfcfctf 3 

S i t t t e f f i ^ K f t ^ S W K S H T ^ t S o Table 2.6.2(c&JfrS«®ilBl*Jtt*fiJ-.5f £ , K t „ 

2.6.4.2 M-i».*tx • r mmmumn 

4<MkV«T©x*8fe£ft#*MW£K«£#>-«-fci\, 

2.6.4.2.1 400kVfilTfflX$i 
4ookV£iToxssico(,'«Ti±1 •« igwicpa^^aoa^g^s^6^b , ffiffl-raxisrasM 

150kVA»b 300kVCDXS(HVL0.5mmCu^64mmCu) I C o ^ n i , * ^ O K i E ^ d ( 5 c m ) 

ic ^©SHtDXiaue^i 'TJBjftSift CR^ffi) -CKJELfc^giliffltPiC^Sfc-a-, XS£.na 

- 6 2 -



J \KR1 XI rt", uj.i 

!i 
D„au..r= 0 01 M N „ , : f 

M : AMMhK, 4 *>«*,';ftfcliiK*56; L/:tfi 

N „ J : vmsi f i j®-ero$R«xSic*•] -*-*»«W*aM:t t iKi i i f t 

f : R - r a d $ & » & - ? , X a w g j f t i c J; - , T $ 5 0 Table 2.6.20(ift<:lt|i • * . 

a U h l W ^ W * - - ? C i t f i G y ) T ' K i K L T A - S t J j f t l C I i , * « f * i l : . £ S * N k . , i t « i 

D w a „ . r = 1.145MNk,, I" 

4 0 k V ^ h . l 5 0 k V » X S CHVL 0.5mmAI *• i,8minAI ) WHJftlCli, Si'Ki AiftillllS'.SI £ ?i L 

l^l!gi.»'^:'xVt'ICfcl>TiHi|'>iiL, M i ( W < W / K c O « « S i | S D r ( G y ) * - * j < U 0;Ry> 4 , 

D».,,,.,=- 0 . 0 1 M „ , f B 

Kit D„;,„. ,= I. 145MNk, f B 

B : IV&iiMLVi-.&'C, 7 r v i- A / j i / i i - i 6 wr^ 'xUI 'Cfc ' i •?> J: .Mift f ;*•)-*-/S v •, > I- / . * > * 

-5<h*«i l <| [ i J lc l j^SJ ; />( i i ' (WJt ' f r i 'To S S / W V i l i l t t f i i T w S h a i i v v > I- i M 5 

i W f t t ^ H i f r T M < L, P ( i W « i ^ J t l . . | - i t * , 

;&{«;»,«.« mi x a «*s w t mmtoi K&ZICX-, X W a i , 

2. 6.4. 2. 2 ,;':, i f. /i/ *• - x S 

H i 7-'i'+"-Xf ;lii^fl ,.^!./KWWi«©M'("r,itfilir4--60 /K ' t ' : -^^-6f i ' i i - . . ' ' . iy)^ ' l?(J , S S ' i T-

;K'l'wRi|-.!.i,d(c, "CorSwn/WKiilTtiil.L/:,iliSI!?Mi'j'l'.L.^«'i:,KI. . X fiM-Mf ( /: i 

i O j ^ & M i - f S d : , ' . t lMlrt- ' i I ' i 4 f J S i d II ?; !J -6 /K W»»«f« ''i! »».„.-, ( Gy) ! J 

Dw ,•-- 0 I ) 1 M N „ , C , I 9 ) 

M : A-MWiii:, -f * >"f'f*,Vf>Miil-:£J& L /:«ft 

d : « i « l 3 i l l i t ^ c ' r i f t f t a r < t r-x=f-^+'-i ; . l ' iytt- . i ia»ri<r 'V-.> r iS i :? - t f ' ^ V * -••' 

Cn-W.Gy) T t i i l - . l / i H S f t i a i , -cwt-iil ' . L S I - X L . i •* Z> i 

D„a,.-, "- 1- l40 .V lN t , ,L , Mm 
M C o r » « 4 j f t l C ( ± , "^'xUl'Tft 'l- L / ; 2 A'.li i'c/jO - r - f c ^ W j U ! 'i '> ' > ) ' : " , '8 A O J { J : K 

1. M575M.140£/i-5>o 

C; A...A,^. (sr«) .fi" "»-i .... ,. 
e : 111 (-oy,\i(»iX , W . l l r / i ' - 0 8 7 3 r a ( l / ' H 

- 3,'- :5 }/C 

s .-M Mli i : life 

r^if : '-r*1*-f Ztclii{f-a '/yyy'l 1 -097 -0 99, * 0 9 9 - 0 995 " 
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A„, AJi6°Co r iiiti'Mt ^([I'IT 

f (/ '••„. f ) „ . „ 1 .. S 
A" - [ ( / , . - , ) - ; ^ ^ . 
A,- (3, -An.,!!. I', (13) 

P : D , K ' " ' (l.|) 

D: Bft«,«!,!: 

K : •>] - ••', K '"' - K( 1 - fi) 

60Cf) r ViO, iif; ,5 1 005, A».,ii = 0 98-0.99 

P. : ••ti#Jrn'')i:-f;ViW"^*)4-i, 0 ZAt:Z tiii-ltlhhlMtt. :"fn!SP. - l 

A„. • A, It t ' ^ I-'T v 7 + .• v - /oMHilV-S i;tei'r: L , h ifrM* f T i : t f i ( f t 5 . 

(7)^!i(8iAi(9)^ J; 0 , r.':, x * ' u * ' - X Kw««$liU4lli»f, 'f l t t(i , •.li^ffi«60Co r « i c *-t 

1 5 f i iHiiiiiS i C j W KJaicte <713 „ U l i ^ ' x t i c * f t 5 * tttf'.li* ffi WKfiffi <r>Vi lilPllil-.liltt, 

>$ 1% n i •?. xi w n iiut.'i'*'- « (* a w i± & o( wic te a- -t <s« 
'Kliilroftfr^ffl^fHPAJVli. « 7 , f K.liiffilTlC'^TBerger iSelzer ( 1982) ? ' I: J: 

3Sf U>Jt|-|t|!|lil-|!E(/>f'-7 i Hubbcll (1977)8 ' IC.fcViHU ?• ̂ * ' - » « « ? • * * « ? - ? *JIJ 

I ' T C i ^, i lP. Ln't L-CO^,9 ' o •&«$,';!«£ Table 2. 6. 3IC,j;-<f-0 

2 6. 4. 3 ,•,';,x ?• ' I ' + ' - . l i )'iSf'Jii*!:«f*!ii: 

^)AM''l'C,fili'i8il'JNjiiiS, ' "<- 't 1- " ^ * ; H ' ( * ' • ' -f ? u I- u >*>''.« 6-35 Mi-VfH.iftfJ'ili j'-gi! 

,;•;, i f- ^+'-XI«wti,Srti|.i|MC, 6°C<> r S i a OH SMS lit 5i IfV. '*\1i - vTf i i l . L M M 

ffl wliiclji|>.L..*-*'I^JtiiK.'.'i. d iCiii;'; L , '.li rtKI*) L / ; t b w ^ / ^ M i t i i , •.MffiA-

i i ' i £00,'^ d M^/J^A^WiWiSI.UX.,,,-, ( Gy) It 

D„.,„, O0I MN„,C | . ; ! J i ; (15; 

<H U„,i.-, 1 UOMNk. , C K P K (16) 

L-K A - A - ( ^ f - ) - ( ^ K " 7 ) 

PK : >U%i Wri'K I ' , ' : 1 ±11 £ *>*g£I.MiiI;.(sf: & 

,r;,x % ^4--XiS.«tt.;r?r.:t, <_MC fgflfiiiii-.fSi&p- J ^ T o t * , ;[if«"->«,;rncfic'i- i; 

t&fttiliilJ*tt(1,'? MrcWii>- roj{t0iliaffioyii-3j'M'L-^aW7:ft'jMi.L.-A>^&(i^-ti-iT^ 

• '4(i?ilhl:.'-"IB* i -- 'CI ' 3 , Table 2 fi 4 IC C i;*/)';t ""„ 

\n\ i•z>#.u>vii,\f\\i\Mit>kv>w<nmiSn-&?>o 
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2. 6. 4. 4 j&tMi-pH<D«4XSSffl 

; b ^ H T ' ( ± f c t E W £ E * « l t « l > T , t O o ^ y£ffil>fc30MeVd + Be StO'MMeVd + 

SOT-, r!Stjii^W:r-Soi!SJRSti^«il^icffffit5.i;>g^*-50 ^©fcj&ic, *t t?S<tr 

a > , "Mijiil+£- CQ> i L f c x 7 o > -Cai i i^ i lH, !g*ff i-£T^ J ^ - ? i . , •$««(*«• Tyi, 3 

>90%, X 5- >10?6i LfcAl-Ar 'digiffi) ^ - W i L T f f l l ' 5 . SfffclHl U/IffiJilCfe^fc £ 

5 » u x # > x £*• ft-enMr SO'Mu , iJti^lcRiF. r S^IMffiSlftiKSfflT-1 Gy M#t L f c i ^ 

» u x . + : ^ x i - f f t f n M i ' r a o ' M d ! £ - T 6 £ , 

RT = M T / M C T = k T D N + HTDU (18) 

Ri = M i / M c i ; = k u D N + hi.iDG (19) 

DN : i)i*t j"-»«UtS|icfcfcf 6i»iK8M (Gy) 

H; : )tf-CD*[»£&«3WKfSfit (Gy) 

hT, hi : ftil&SoKir'. rf«lco^rog/Slc>t^5SffiJi©)fe?lco^Tfflg)E©J± 
(18), (19) .<*M^T 

„ _ hiiR'i'- h r Rn 
h u R ' r - h-rRn 

(20) 

D« = h
kT

k
R, :"h

k l J
f c

RT (21) 
h nk T — h'rk u 

kT , hT , ki;, hu j><ftfrMZL<0( 2 X ^ / H i ' T ^ t t f i3E-po®iK^ffl«-»i|>!rlcJFfflT# -So 

Broerse i-j 

Broerse t, ' " l i , fflS^«',fi«Bflc J; 5?gffi«[cfetf5 lCRUff i l *7«m I 2 W«SS£* . r tT -

DN + D( ]=N(! - ( j rk A ) r ; - ( f , ) f : ' dT-kT ' • : i • R'r • (»k 11) -j (22) 
1 + 0 

-1 =
 r* * N ( K , / K „ , ) N 

'' ( S m , B ) c ' 1 » i : , ( ( f B / f ) , / ( f t , / | i ) , ] . 

?S?-t lilCRUffiWH®, j jsi=m(«lS®3«ifi»n ( A - 1 5 0 ) <Dffittft£;e«-rSo 

*kA : ' • S a . ^ T i l ^ L->: £ * ©VIMS® A h * , t'/u K 7 •, 7"* +• •* 7*. x f i tt £ '&$l t 

f, : ffi«it*tlJ-6R-rad » ! ? ( * » 

d r : a^MiiEffJK 
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sm,s •. vmmftcomticK t?>mmommn±mit 

*kR : &JtRlz.titZ>X%Wiii. 

w, k, iten/p l i g i * ^ * ' - X $ 9 o i g ^ i | 3 l L : T - * 5 o 

341(4fS®«iKSa»f f io^ l i t5gf f i " ( i , K t E r S - p . W C o r 19K*t t^ f lWt lS i t t t t iEJ i ; 

S , W, /<c.n/p S^^^ f t i f f i f f i o f f i l c , W . l i f S K f t ^ £ W & t K * - ^ J t © « £ f f i K f f i f f i ) -

5o 

2. 6. 5 Wrf«]"'^-S'iS!,l,1fffli©-fffiiEffi 

2.6.5.) « x t-'u+'-XSS 

ICRU 1969;I:"Tci&iui^zfrcoww.mmuoj'sm-MminmLTI-S,, *©*s8i£## 
IC L T , &mrW-\>-=> < - 9 (n*m'aLI$L4:t}.fltr>fc(Z>t< Table 2. 6. 5T'*,S„ MlftHllkliJtW 

^ffli&'ffi W i fe A £<.'<> Fig. 2. 6. 5IC(Ji!(fi(C=fc5M!iW±ffii.t®fl1ie*^^-14,
0Fig. 2. 6. 5 ffl 1 

*> t> 6 iz-It6'Co r S it *-J t -5 fc»T, S J H f t f f l - T ^ f f i ! * - i - ^ t ^ 8 K f f i ^ t o t i 2. 3 % 

i ' i 5 . 7 £8l i30MV X K l c f t t 5 f c O T \ £ - f ffliSffili 3. 3 ?6ZA6o K.QAT(il983 <(<(c 

8f Li'CitfiS-tAS'A-Lfcai, *ft&HH<Ti3£ttS8&!itfr !ff i©>P&'AMli, &!F.8(ftt$T'2%, 35 

MV XS"C3. 5<%>£ I T l - ^ ' o 

2.6.5.2 ,'.•;, i t - ' f+ ' - iUl ' -S 

,S,x t . J u + ' - X & i S f t ^ ' l . i J U i t W / W j ' ^ ^ - ? 5 - J f l o n > 4 0 J T , ffiiiK«8lrt»¥ffiW^*At' 

iSfcr&x * n ' t ' -X 88 iMfiUBiT-<&*>,, IA>1 . 'JUBSco f - i . i co i>T iJ , ili /-SJffl * ^ ? 1- ^ 

raff ffi^'X 8 <fc '3 =fc * fcs >z>T, «9 WJf fficfiV/ffli X Umrjfr*. i >» 

2.6.5.3 mm. r-s 
Table 2.6.6 KBroerse -"'0)\,Uli-,ti'MWm')'^ ' 9 oy^Stf^H^t W i * - ' i t 

O^f f i&f f iTWi ikASl ' . TablL-2.6.7ICttfflfir-i«Wrtfir!Va+li?f-r-j\\V>(|i,i^,);t. 'I't'l. f t ; 

ft-^ffitgdilCRU Report 26l2)IC30MeV l r ' j i i n t l ' 5 . Fig. 2. 6. 6IC-S-W l ffi*W 

^ l / - - „ Fig. 2. 6 7 l i - e c 0 r - ? ^ M l c L r j ) - p . L / ; * - v ) t T , tissue approximation * 1 i 

I ti„ •.lX^ffilclf)t>^nrt--5>fflm^fifi7 7 * + y 7 A - 150 l i , $|1®K < 4-vTC4>¥ ', , O 

i)<'pt£i.><DT, fix *«,* ' ->WI; fKJrRTff lSaiaf i t&A4 A £<.'<> 

30MeVlU±®x f - ' " * ' -M ' l 'M : f-ic*-ft * » - - n f ! & ( ± , i S f f i a - . T f W i f r J f L < W 

^^ f f lT ' ' 6 ' , Table 2. 6. 6 K> fl - 7 i t t f t x f. , i ,*--t j i f t f-|C*f L T 'Mft'&'Btri' A;S < ' i - u l ' 

4» 
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2. 6. 6 ( I t t f 

g&ztiT^&fii, li#^©£iit&^KM5*T'Jt£r&«rti';&-3'r, biggieo^r©T<«fi^ffi 

^tttg^tr-ofiifflfflSPg-efestb^sifioiFaT-ii, ^ftcoisscfttiHt-^-cfc, "Co/is 

y * - 9 CD ? *,TZ, W i A-vJtffl^ilSgffi/liJRfc^Ci^o 2OMeV0±c»xt>^*"-Oc)3tt-fK 

*f-f5*-?ibOJ{Bai±«fc< ttl^i, 4f*, 60MeV Jit±©ll-T4-fflW/c ( P + B e ) * t t ^ © ' t e 

x, fix*/!,+•-rSiS^ffli^^H'mssj&JKSffcAoa^ffl'f a-^r&gt^ffl&sn-c^ 
SOT-, £ ft &©«§!».* 5 I WigEOia«*^SlT"*S i |5ll%IC , C ft b®K!WS©Sffl?IJglC 
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TableZ 6. 1 JfcSICfctf Sgf f l l l&SWJ©#* (Perez, 1977 ' ' ) 

e » (BUI) JS 

a ® 
w s 
I i 1 fi 

T- 'g m 
ue • nasi • mm 
m u m 
') vm—®mM 
& iti s 

S P J T B S * © ^ 

35% 

10 

15 

15 

10 

40 

50 

20 

-

i& Ws $5 a 

•$$96 

25 

25 

65 

50 

45 

25 

20 

-

aBafe^o* 

30% 

65 

25 

20 

30 

15 

25 

60 

70 

S H f H S i i X i : Qitoth 

Table 2. 6. 2 400kV£TF®Xi!©*Ry :&jl r SSil©ffil*J 

(C^-fS R-rad §!&&&. 

x *aoi|iffi« 
(mmAl ) 

0.5 

1.0 

2.0 

4.0 

6.0 

8.0 

(mmCu) 

0.5 

1.0 

1.5 

2.0 

3.0 

4.0 

f (* ) 

0.89 

0.88 

0.87 

0.87 

0.88 

0.89 

0.89 

0.91 

0.93 

0.94 

0.95 

0.96 

« m 

226Ra 

60 Co 

137Cs 

198 Au 

192Ir 

1 2 5 , 

f mm) * 

0.961 

0.961 

0.961 

0.961 

0.961 

0.920 

*W=33.85eV/^f^-y*f 
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T a b l e 2 . 6 . 3 &ffiX, r ttlcStf-fS C x ( H P A , 1983) 9 ) ) 

d 

•tei/9 A - 137 

2 MV 

3/-OL- 1- - 60 

4 MV 

6 MV 

8 MV 

10 MV 

12 MV 

14 MV 

16 MV 

18 MV 

20 MV 

25 MV 

30 MV 

35 MV 

I M C 1969) 

0.95 

0.95 

0.95 

0.94 

0.94 

0.93 

0.93 

0.92 

0.92 

0.91 

0.91 

0.90 

0.90 

0.89 

0.88 

«ffi(1983) 

0.955 

0.950 

0.95i 

0.952 

0.95o 

0.94 s 

0.943 

0.94o 

0.93s 

0.93 3 

0.93i 

0,927 

0.919 

0.9U 

0.908 

(cm) 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

2: 

22 

23 

24 

Table 2. 6.4 \ii m<D y V&»MMCK 

(1CRU Report 21 , 1972101) 

S J O A I i - * ' ^ ' - Eo (MeV) 

5 | 10 ! 15 j 20 I 25 i 30 i 35 | 40 j 45 | 50 

i 0. 922' 0. 877i 0. 843' 0. 823 0. 808' 0. 795. 0.784; 0.775' 0.768: 0.762 

I | 0.893 0.858; 0. 835 .0. 819 0.806! 0.795' 0. 786^ 0.778; 0.771 

| i 0. 915 0. 871 0. 848 0. 830 0. 816' 0. 804' 0- 794! 0. 786! 0. 778 
! | 0. 947 0. 886' 0. 859 0. 840 0. 824 0. 812' 0. 80V 0. 792 0. 785 

j ' 0. 963 0. 901 0. 871 0. 847 0. 831 0. 819 0. 809 0. 799 0. 791 

| j ' 0.933 0. 835 0.856 0.839 0.825' 0.815 0.806' 0.798 

0. 965 0. 902 0. 867 0. 846 0. 832' 0. 821 0. 812 0. S03 

j ! 0. 941 0. 882 0. 854 0. 839 0. 827 0. 816' 0. 808 

| \ 0. 959 0.898 0. 86a' 0. 847' 0. 832! 0. 820̂  0. 814 

! 0. 926 0. 917 0. 878^ 0. 856' 0. 84o' 0. 827 0. 819 

I '• , 0.946 0.890 0.866^ 0.848 0.834 0.823 

j i . 0.939 0.906^ 0.879 0.857 0.841 0.829 

! ' 0 . 926' 0. 890 0- 867 0. 848 0. 835 
: 0. 959 0. 907 0. 877 0. 857. 0. 842 

0. 933 0. 924' 0. 890 0. 866 0. 849 
1 ' , : ; 0.954 0 .903 0.876 0.357 

j , 0 . 929 0. 919 0. 887 0. 864 

I i I 0- 940 0.900 0 .874 

j ; . j 0 .936 ' 0.915 0.883 

I | , j 0- 935 0.895 

• • ,' i 0.943 0 .908 

| ; , ; j 0.921 0.924 

| ; : ; J j I j 0 .945 

i ! I ; ' ' i i | 0 .918 
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Table 2. 6. 5 60Co r.f«ffl!!(i.S^©frtKiK(C«o < 30MVX8!©*'!' 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

%m-"t\\'-\><7 * - *> 

BliU|-©ct*M 

KiKjjiaNx.c-iA'xiMiK 

W©||i'j 

Hiit 1 1 - ^ + ' - i K i | y i n » i t A „ . 

/8 = D / K H - g ) 

A i 

"Co r 130MVX« Bragg -Gray 9k{'\-<n^ 

Hlitlillil-.llliJt, dmK) x/(Sm,K)c 

-f-^ffi&ia: (ritfii®f4nttO 

-a 

**&«:<£ 

0.2 

2.0 

1.0 

0.2 

0.1 

0.5 

1.0 

2.0 

3.3 

Table 2. 6. 6 'I'l'll j'SUUKfc tt ^W\W*mMkm<&V) *•<$&&}& (Broerse b 1 U) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

% H ">'- ft'J '< => * -

W^^-fiiliUffiroj;^. RT 

X'kWMMA 

m.miii:M& 

KiKaia • mimim&t • R-rad $#»» 
WW 

KttlillihfflJt 

A - v i t 

Hlrtx t-^*'-«»JKffia»it [(/< 

- 9 

RT 

( * k K ) T 

d-r 

N c - ( i - k A ) , -

W N / W , . 

rN/(S„, ,B) 

C K , / K , „ ) N 

( r , ) , 

*„//>) l / C / ' c / P ) , , , ] , -

-fe ^ « £ Iff ( 0 ifs III « f- 7j ffi) 

A^W:;A9& 

0.2 

0.3 

0.5 

1.2 

4.0 

2.0 

2.6-9.7* 

0.1 

5.4-10. 8+ 

+ Bewley (1980)12: J; h t , ffiWjffltfili d (16) +Bi> 'I'M: f, 

lOj I ># «ffi(i P (66) + Be f|>«; f-icHi IXMIU £ ft S„ 
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T^ble2.6. 7 QmnWcZitZK?, «&-/-, PH fii J;tA|i|'t /-© W(eV) 

GCRU Report 31, 19795)) 

IS ? 

a *£ ? 
IS ? 
m =? 
* ft ? 

Ar 

26.4 

26.66 

26. 4 ±0 .5 

N2 

36.4 

36.68 

34. 8 ± 0 . 2 

CO: 

34.2 

34.37 

33.0 ±0 .7 

•£. S 

35.1 

35.18 

33. 85 ±0.15 

35* 

if * 

31.0 

30.03 

29.2* 

31 = 1.5 

a: 5. 3MeV, p : l . 8 M e V . n : l ~ - 1 4 M e V 

" ICRU Report 30. 1979' 5-> 
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3.1 &|KI tz a (t h W?-'\:WFT- 9 IMhiz -? i» t 

ljiiiinuclic-.il physics 7; 'tiff: eftf;K>. {•'<>;>. j> ' '• - '' •'- •'.OWL.fiWi I'K.NDC 0) |-

!~f>t> Biiimcclu-.il Sub> "iiimiiic-i' ."<J". '"C 197-1 ;l ' - v l l ' M i ^ ' C \ V i ' o Fit; H. 1. 1 I: 

•j';T £ -"ji: I'KNUC :t IN He hSHS'iJ'liflt-'rft' V ' . - ' J Subcommittee .'t 1977 !('• ic ; i Ll > 

T - Vu) Lis! ''- •/, -? i i ' , . " . 1979 If r -r?l i . ' . i . i l O I J: ST. -7-ft';', " I " ' . • £ -TrOjftJJ 

„ii-il!»j(:-J'.'-;i£f': J 7 i ,.': Si ;',:$ ' i ^ U-7 i - *„••..'-'' I - I H . T : , - :-;;t 1979 ; | - i 7 J ^ ; ' , « 

fl!f'>i""/)i-v I-.*;'J I III WI.1 -.<-3'i"-V'j:- -li r i .-. i , . : , liif*:: 1'KNDC r «i, ', £ * ! / : Request 

l.isl ' 7 - ^ T 7 i ; : T - G N - L i t J ^ i j M l , : ' j l HI . ^ i - ; ' . ' ' j W f : ; t 7 the B r m s h Library 

Lending Division ' B o s t o n Sp.i . Wetherbv. Yorkshire ' 7 A | 7 ' j ' j 

1 Radionuclide Decay Schemes 

biomedical user Mii I. V : tc \v"j - I -JA> I . f . ' , l i ^ 

Dillmann, L.T. ; von der Lage. F .C . . I975 , Radionuclide Decay Schemes and 

Nuclear Parameters for Use in Radiat ion Dose Est imat ion. NMMIRD 

Pamphlet 10, (Society of Nuclear Medicine, 475 Park Avenue South. 

New York. NY 10016, U.S.A;. 

Martin, M.J.; B l i che r t -Tof t , P.H. . I970. Radioactive Atoms. Auger-

Elec t rons , ei, li, 7 and X Ray Data. Nucl.Data Table A8, Nos. I and 2 . 

Martin, M.J. ( l id. ; , 1976, Nuclear Decay Data for Selected Radionuclides , 

0RNL-51I4 (Oak Ridge National Laborat ry , Tennessee, U.S.A.) . 

ICRP, I960 1982, Limits for Intakes of Radionuclides by Workers, Publ i 

ca t ion 30 (Oxford: Pergamon) 

iX"i(j0Jli3 - u , /s-cT (/J S.i,-j< Cli.; Lfc f J ' C & S , , SHCc'Ii I 'KNDC W subcommittee 7: 

Legrand, J . ; P e r o l a t , J . ; Lagoutine, F.' . Le G a l l i c , Y.,1975, Table des 

R a d i o n u c l i d e s I I , Laboratoi re de Metrologie des Rayonnements Ion i -

s a n t s , (LMRI), Saclay, France) . 

& 3 the Chemical Nuclear Data Committee T I K U W / u T 7 i . - ^ * \ J / c O R N L f f l g f 

-9 7 -p i> * 9 hCDX • j / i f - J V - * WWyf -5 £ I> ') i. 0 LtS I ZZn&WU I T t < 3 £ 

( ,>9®^«t t "c*6-3o ORNL ffl Nuclear Data Group© n<fmtfiJ>&iltj&r~ 9 7 r 1 

A- (ENSDF) J 4 f i t t > 5 . 

ID) Neutron Activation Analysis 

iMaVj'SSffl£$«-:»> ci. ^t iW-JicWttrasSjcSic^-rsit lTinJHif- '-? fe[£^x*.ju+' 
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ErdLmann, G; Soyka, W., 1973, Die y-Linien der Radionuclide, 2nd edn, 

Jul-1003-AC (Kernforschungsanlage Julich, 517 Julich 1, F.R.G). 

Erdtmann, G; Soyka, W., 1974, A Table of the y Rays of All Known Radion

uclides, Nucl. Instrm. Meth. 121, 197-201 (Summary of Previous 

I terns). 

IAEA, 1974, Handbook of Nuclear Activation Cross Sections, Technical 

Reports Series No. 156, STI/DOC/156 (Vienna: IAEA). 

Mughabghab, S.F.; Garber, D.I.,1973, Neutron Cross Sections: Resonance 

Parameter, BNL-325 (3rd edition) vol.1 (Brookhaven National Labora

tory, Urton, Long Island, NY 11973, U.S.A). 

"%| Excitation Functions 

A;lrt/ilfi!)W*3„ McGowan i<D -acffiftltlg-f̂ fflSTMffltttf-f l-'i'^Tl>5„ Keller 

o « L <D i> iili b {•£ ¥\ X- <6 -5 „ 

Keller, K.A. et al.,1973, Excitation Functions for Charged Pjrticle 

Induced Nuclear Reaction, in Landolt-Bornstein Numerical Data and 

Functional Relationships in Science and Technology, Group I. Nuclear 

and Particle Physics. Vol.5. Part a, b, c, (Berlin: Springer 

Verlag). 

McGowan, F. K.; Milner, W. T., 1975, Reaction List for Particle-Induced 

Reactions, 1973-74, At. Data Nucl.Data Tables, 15 ,189. 

Way. K. (Ed.), lgra, Charged-Particle Reaction List 1948-71, in Atomic 

and Nuclear Data Reprints, Vol 2 (New York: Academic Press). 

Includes: 

McGowan, F. K.; Milner, W. T.; Kim, H. J.; Hyatt, Wanda, 1969, 

Reaction List for Charged-Particle-Induced Nuclear Reactions. Part 

A: Z 3 to Z=27 (Li to Co). Nucl.Data Tables, A7, 1. 

McGowan, F. K.; Milner, W. T., 1939, Reaction List for Charged-

Particle-Induced Nuclear Reactions. Part B: Z=38 to Z=99 (Li to 

Es), Nucl.Data Tables, A7, 1. 

McGowan, F. K.; M'.iner, W. T., 1970, Reaction List for Charpjd-

Particle-Induced Nuclear Reactions. Z=l to Z=S8 (H to Cf), Hay 

1969-June 1970, Nucl. Data Tables, A8, 199. 

McGowan, F. K.; Milner, W. T., 1971, Reaction List for Charged-

Particle-Induced Nuclear Reactions. Part I: Z=l to Z=98 (H to Cf). 
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July 1970 to June 1971, Par t I I : Coulomb Exc i t a t ion ; 1956-June 

1971, Nucl. Data Tables , A9, 469. 

McCowan, F. K.; Milner, W. T . , 1972, Reaction L i s t for Charged-

Par t ic le - Imluced Nucleai React ions . 1971-1972, Nucl. Data Tables . 

A l l , 1. 

McGowan, F. K.; Milner, W. T . , 1973, Reaction L i s t for Charged-

Par t i c le - Inouced Nuclear React ions . 1972-1973, Nucl. Data Tables, 

A12, 499. 

(—I Kerma Fac tors for Neutrons 

1CRU Z6A«a*f iWCi65 0 30 MeV VX l . T l i Alsmil ler z,t> Passel OeO fccoA^S., 

Alsmi l le r , J .R . ; Bar ish , J . , 1977 , Neutron Kerroa Fac to r s for H, C, N, 0 

and Tissue in the Energy Range of 20 - 70 MeV. Health Phys. 33 , 

98-100. 

ICRU, 1977, Neutron Dosimetry in Biology and Medicine, ICRU Report No. 

26 (ICRU Pub l i ca t i ons , P.O. Box 30165, Washington, DC 20014 U.S.A.) . 

Basse l , R.H.; Herl ing, G.H., 1977. Energy Transfer to Hydrogen by 

Neutrons from 30 to 100 MeV, Radiat . Res. 69, 210-212. 

1+) W ffl 

a ) IE f i f t f - : ICRU 31 AsfiSfffl b c D T r * 6 i „ # t t f c f & l ' x * ^ * ' - K ) i B f^ 1I'T 

It MM ikrc ok t> Combecher (DW&fr & 2>. 

b) Wk{-$>-;<o 2 fctmtif • ICRU 3i ESf i Jn r i ' 6 „ 
Cole, A.,1969, Absorption of 20-eV to 50,000-eV Electron Beams in Air 

and Plastic, Radiat. Res. 38, 7. 

Combecher, D.,1978, W-values of Low Energy Electrons for Several Gases. 

in Proc. 3rd Symp. on Neutron Dosimetry in Biology and Medicine, 

Neuh^rberg/Munchen, May 1977, FUR-5848, (Luxembourg: CEC) pp. 

97-106. 

ICRU, 1979, Average Energy Required to Produce an Ion Pair. ICRU Report 

NO.31. 

'^V^h-^f - 9 7 7 -f ^ E N D F / B photon interaction l ibrary it the Neutron 

D a t a Compilat ion Centre ( C C D N ; Saclay ) T A ^ ^ - S o Table3 .1 .1 \c biomedical 

field Tffij&o compilations * i ^ L T < B 5 „ 1 S f f l f - 9 %W£t 3 i t f t l f , 1 KeV Jil h 

Xlt S t o r m - Jsrael O t f f l i ' f f l t r i ^ . < t & $ l l c * f L T [ i mixture rule ^fiffl-T £„ 

1 0 K e V ~ 1 0 0 M e V © j t i : I C ) t T ^ ' 5 ( / < e n ' > > i O a t t / i " ) A4 I CRP jg^Aff l 69 © 
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Hubbell, J . H.; McMaster, W. H., Ker Del Grande, N.; M a l l i e t t , J . H, 
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W. G. Hamilton (Birmingham. U.K.: Kynoch P res s ) p . 47. 

ICRU, 1970, Radio.ion Dosimetry: X-Rays Generated a t P o t e n t i a l s of 5 to 

150 kV. ICRU Report No. 17 (ICRU P u b l i c a t i o n s , P.O. Box 30165, 

Washington. DC 20014 U.S.A.) . 
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Elements Z=l to Z=94, At. Data Table 5, 5 1 . 
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Absorption Coef f ic ien t s for ICRP Reference Man (1975) Organs and 

T i s sues , Health Phys. 33, 73-81 . 

I-' Penelralion and Dosimetry of Electrons 

a ) x i w + ' - f f i S t • 1CRU 21 <t Berger - S e l t z e r <Oft£$ffl L T l ^ 5 „ 

b) x t- ^ * " - rT'>£>'$|ii|#tfi : ' P f e x 7 - ^ + ' - O i ! i f-lcfcrTS SpencercDl|-gi:ic&-A V; 

P tm.fr'•'><»ty.ttt®tft'Atii1>i Cross f Berger It i. <)•#» b ) T O > o „ 

Berger, M J . , 1971, D i s t r i b u t i o n of Absorbed Dose around Point Sources 

of Elec t rons and Beta P a r t i c l e s in Water and Other Media, J . Nucl. 

Med. 12, Suppl. No. 5 . 5. 

Cross . W.G., 1967, Tables of Beta Dose D i s t r i b u t i o n s , AECL-2793 (Chalk 

River, Ont . : Atomic Energy of Canada L td ) . 

Cross, W.G., 1968. Var ia t ion of Beta Dose Attenuat ion in Different 

Media, Phys. Med. Biol . 13, 611-618. 

Spencer, L.V., 1959, Energy Diss ipa t ion by Fast E l ec t rons . NBS Monograph 

No. 1 (Washington, DC: National Bureau of S tandards ) . 

Berger, M.J.; S e l t z e r , S.M., 196' , Tables of Energy Losses and Ranges of 

Electrons and Pos i t rons , in Studies in Penetration of Charged 

Particles in Natter. Nuclear Science S e r i e s Report NO. 39, National 
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Academy of Science-National Research Council Pub l i ca t ion 1133 

(Washington, DC; NAS). 

ICRU, 1972, Radiat ion Dosimetry: Elec t rons with I n i t i a l Energies between 

I and 50 MeV, Report No. 21 (ICRU Pub l i ca t i ons , P.O. Box 30165 

Washington, DC 20014, U.S.A.) . 

H ^ l c S S L r f i Andersen t>ffl fed, a fi^tcM L.T( i Ziegler t>. He 1 t ^ i O l l ' f i 

a t W - e i i N o r t h c l i f f e &CD fccDAsaffiW'TSSo L/0> L £ n & t i l ? P l i t f i l l c l S l & n T u S o 

® i * * 4 - ' - o i 4 * ^T-li&SS&ifcSUSWltlc y s 0 SPflih*64#El Lfc fcfflic « Lindhard 

i 'f3 C ldenburg to. Dennis ffl fcOA^SSo 

Andersen, H.H.; Z i e g l e r , J . F . , 1977, Hydrogen Stopping Powers and Ranges 

in All Elements, Volume 3 of 77ie Stopping Powers and Range uf Ions 

in Hatter, (Pergamon Pres s , New York). 

Z ieg le r , J . F . ; Chu, W.K., 1974, Stopping Cross Sec t ions and Backsca t te r -

ing Factors f o i " H e Ions in Matter , Z=l-92, E(4He)=400-4000 keV, At. 

Data Nucl. Data Table 13, 463. 

Dennis, J . A . t I 9 7 1 , Energy Loss C h a r a c t e r i s t i c s of Heavy Ions in N i t r o 

gen, Carbon Dioxide, Oxygen, Hydrocarbon Gases, and Tradescant ia 

T issue , AERE-M2346 (Harwell: AERE). 

Lindhard, J . ; Scharff , M.; S c h i o t t , H.E. , 1963, Range Concepts and Heavy 

Ion Ranges, Note on Atomic C o l l i s i o n s . I I . , K. Dan. Vidensk. Se lsk . 

Mat. Fys. Medd., 33 , No. 14. 

Nor thc l i f f e , L.C. , 1963, Passage of Heavy Ions through Matter , Ann. Rev. 

Nucl. S c i . , 13, 67. 

Nor thc l i f f e , L.C. ; S c h i l l i n g , R .F . , 1970, Range and Stopping Power 

Tables for Heavy Ions , Nucl. Data Tables , A7, 233. 

Oldenberg, U.; Booz, J . , 19(72, Mass Stopping Power and Path Length of 

Neutron Produced Reciols in Tissue and Tissue Equivalent Mate r i a l s , 

EUR 4786 (Luxembourg: CEC). 
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O P . D. Holt Phys. Med. Biol. 24(1979) 1. 

2) P.D.HcH (Secretary. Biomedical Sub-Committee) A>t>£>fAff (21 Feb. 1984 ) 

U.K. NDC Biomedical Subcommittee Request List Gtf2<e*3 ICRP 30 It 

supplements fc§«6T 1 ~ 3 Si-kXWn^tlt:) 
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U.K.N.D.C. Bio-Medical Sub-committee 

Request List 

Excitation functions for the production of isotopes of C, N, 0, No, Mg, 

P, S, Cl, K( Co ana I and also Fe52
f Kb

8 1 and Tl20* by bombardment of 

suitable targets with protons, deuterons, heliuai-3 and heliuui-4 ions of 

energies up to 500 MeV»" 

Application is the economic production of isotopes for use in medical 

diagnostic techniques- Suitable isotopes should hove bolf-lives in the 

range from a few minutes to o few days and omit photon radiation in the 

energy region 100 to 500 keV. 

Differential cross-sections for the production of prompt goraua rays by 

.neutron interactions with C1 , N , 0 , P end Ca . Cross-sections 

for the neutron energy range 5 to 50 MeV are required, to an accuracy of 

- 10̂ o, with the range 8 to 15 McV of particular importance. 

Application is in medical diagnostic techniques using in-vivo activation 

analysis by neutron radiation. 

Energy and angular distribution of charged particles produced- by non-

elastic nautron reactions with C ' t N '*, 0 , P and Co «. The neutron 

energy range required is 5 to 50 MeV with emphasis on range 8 to 15 MeV. 

Accuracies of differential cross-sections of - X0% would be adequate-

Applications ore to the dosimetry of neutron radiations used for enncer 

tberop3' and radiobiology, and fundamental investigations of the physic a?, 

bases of radiation action on living tissues* 

Stopping powers of protons in the energy range 0-01-10 MeV, alpha particles 

in the range O.C1-8 MeV and C, N and 0 ions in the range 0.03-2 MeV, in 

gases containing H, C, N and 0 and solids containing these elements 

together witb Co and P. Measurements for different phases of the same 

stopping material are important. Of first importance are stopping powers 

for protons and helium ions to accuraci es "of - 3?*. 

Applications are to the dosimetry of neutron radiation using ionization 

dcthods in cancer therapy and radiobiology, the internal dosimetry of 

nctinide elements in radiological protection, and for. fundamental 

investigations of the physical bases of radiation action in living tissues 
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. Values of tbe average energy, V, required to produce on ion pair "by 

protons in the energy range 0.03-15 MeV, alpha particles in the range 

0.03-8 MeV, and C, N and 0 ions in the range 0-01-2 >JeV in CU C U 

C2H2, C02, Ar and tissue-equivalent gDS (64.4# CH , 32. 4# CO and 

3.2# N by volume). The accuracy of measurement should be better than 

i 3#. 

-Application is to the dosimetry of neutron radiation by ionization methods 

in cancer therapy and in fundamental radiobiological studies-

Measurements of the angular- and energy- distributions of electrons as 

a function of distance from o raonoenergetic point source (l0 keV to 

3 KeV) in homogeneous media containing H, C, N, 0, Co and P. Also 

measurements of the changes in the distributions at interfaces. Accuracies 

of - 5;o ore required. 

Application is to the confirmation of computer calculations of these 

distributions, which are used for the internal dosimetry of beta emitters 

in cancer therapy and radiological protection-

Experimental values of stopping powers, penetration and range,of electrons 

vith energies iu the range 0.1 to 10 keV in tissue like material. 

Accuracies of - 10c/o are required. 

Applications are to tbe calculations of dose distributions about internal 

beta emitters, and the calculations of track structure about ions in 

studies of "the physical bases of radiation action in living tissues-

Experimental values of photon attenuation coefficients for photons in 

the energy range 0.1 keV to 10 keV in tissue like coterials including 

bone to an accuracy of - 5?o, and in the energy range 30 keV to 200 UeV 

to an accuracy of - 2?£. 

Applications are in diagnostic radiography, in the detection of internal 

isotopes in radiological protection, and for the dosimetry of fundamental 

studies in rodiobiology* 

This request list has net referred to isotope decoy schemes although these 

ore an important item of data for biomedical work* The reason is that 

V S Snyder of Oak Itidge National Laboratory is compiling data on all 

decay schemes vith bslf-lives greater than J minutes for the International 
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Commission on f t a d i o l o g i c a l P r o t e c t i o n , and t h i s c o m p i l a t i o n i s expec ted 

t o be p u b l i s h e d d u r i n g t h e n e x t 12 months; a l s o t h e N o t i o n a l P h y s i c a l 

L a b o r a t o r y (on b e h a l f of t h e I n t e r n a t i o n a l Committee on r a d i o n u c l i d e 

Me t ro logy) i s c o n d u c t i n g a s u r v e y , u s i n g q u e s t i o n n a i r e s , t o a s c e r t a i n 

t h e da t a needs i n t h i s f i e l d - I t did no t seem -worth v h i l e a s sembl ing 

a r e q u e s t l i s t of decay schemes u n t i l t h e Sub-Committee h a s hud an 

o p p o r t u n i t y of s t u d y i n g t h e s e two p i e c e s of work. 

7 February 1977 

Addit ional note 

The Subcommittee has not yet produced i t s request l i s t of rad ionucl ide decay 

schemes. The compilat ion of decay schemes assembled by the l a t e Dr W S Snyder 

of Oak Ridge National Laboratory has been completed and i s the source 

mate r i a l for ICRP Publ ica t ion 30 (Limits for In takes of Radionuclides by 

Workers), Par t 1 of which has been publ ished. Par t 2 i s in p r e s s , but 

Part 3 and the decay scheme compilation i t s e l f have not yet been published. 

28 December 1979 
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Table 3 .1 .1 Photon interaction dnla 

A u t h o r 

H u b b e l l 
I C R U 
-Monii uml l<r 
Vei-jele 
H u b b e l l (/ nl. 
W h i l u an i l 

F u z z , - m i d 

a c l 

D u l l ' 

HlliO 
11170 
1970 
1073 
1974 
1977 

N.i-iis 

T h e o r . 
T l i e o r . / E x p t . 
T i i r o i . 
T h e o r . , ' T . x p t . 
T h e o r . , ' E x p t . 
T h e o r . 

E l e m e n t s 

•23 
12 

l - i o o 
1-94 
1-04 

— 

Attenuation 

Compound^ 
mixtures 

i : i 
9 

— 
— 
— 
00 

CO l 

1 

•fiieients 

hnei'L'y rane.e 

0 01 MeY-lOOCcV 
l-l .V>krV 
0-Hill-Hid MeV 
0 1 k.-Y-l MeY 
K and L X-ruvs 
lOkeV-luOMcV 

F.ne 

Elements 

1 3 
12 

1 -1 no 
1-94 

— 
— 

'•.->• nbsoilJt 

Compoum 
mixture: 

2 
9 

— 
— 
— 
— 

i on 

} . ; • 

coefficients 

Energy range 

0-01-10 MeV 
1-150keV 
0 001-100 MeV 
0 1 keV-1 MeV 

— lOkeV-lOOMoV 

the International Nuclear Data Committee 

( INDC ) ___ 

z 
the United Kingdom Nuclear Data Committee 

( UKNDC ) 

the United Kingdom Biomedical Subcommittee 
1974 -
Chairman : J .A.Dennis (Na t iona l 

Rad io log ica l P r o t e c t i o n 
Board) 

the Chemical Nuclear Data Committee 

Fig.3.1.1 The relationship among some committees. 
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3.2 ICRU CO f— ? ffiift K o V»X 

hVkmwm.K®VK>Ti -\m « 

iRjfSteWgii'Uf'MiJ'-aiSwii ( 1CRU ) ( i d ) ftfl«S£tt$Mi£iDfitch*cQm{i. (2 ) f tS«SK7^ J 

ttttSf'-fetr"^c nt.©incoM &•¥>is /u icSt51 "1tt//?£, (3)cftc<ati.;/fir-.##ii fc5{,•;•« 

£-?(* ICRU ©ffi't'tffil^.fc.S.riiMO 1CRU »«•©«• t ' t ' ^ - L t * 3 £ i K ^ 5 „ 

cfflSM&[±K(f««K7:ffl(i/!«!':S^'Tii'fcLfc„ ccDip. l NraiffigftWSilR^fiSt ( ICR) a* 

TlftiSi?n/;0 K -f -v. 7 5 y^-triijjiciiix^ienitt L t i / x h^yiittt^-en-e'nMy itim 
m-z-Vimisnx^tzfr, immit&i -sn/;ip&(ic®:2;aicftTfi|ri];tK&te>^ i928<HSS 
2NicR (x i- -y 7 + ^ A ) \-&!c//rci;jtoTXS«fitt(i1-(4^ffiW^nfco J'SWICRU riM 

K X S ^ & - S M & i o - 5 f 1 » A > b ( J i # L / : 0 Table 3. 2.1 ic ICRU02ft<DsS?ig&>j<f „ 2 f t 

'£/>«:-£, t /^ntoicfJ-a-Lfcl ' r i lgg^oMBjj icra-ra-SU&^iJgKLfco 

ICRU 'J * - h 
KWSi'o'iM.i'ofiiiiUifrbte* ofc i CRUffiijfcsitf i2 »7 D ?"5 Afflaasa^cDMnjiit^/jAi 

f A 6 n r i ' 5 . Table 3 .2 .2lcSff i f f l7"a^*7A^/j iLTA5 0 l*MfIK"/'(i?fr)l, i->lfi. ft' 

K"f-^A-* ( » « j n T i i 3 , -ent.ltMjiliL/;ftWS^f!l!"r:. t/mmkW?-. ft«©ft'P £ ,f 

T/;^>IPf*J0(O l - . t f i t l T l ' J . Jiliififi Values of Factor -W. S, etc. ~C& itzt&ftBktiL 

Critical Data &ZWfr'&RZn. ICRU T'.&%t?5m*tor- 9 -&WD l.if T!r < >M} 
Table 3. 2. 3 I c ^ i r i i i K S n / : ICRU U --K — I-CO—iSSvjvT,, ' ; * - Mta Z (C(i!fta6T l̂  

v h y y | W i c R (cj;-3-rfiEW*nfcci*ifflS*nT^s*s, No.3Jii;&fj ICRUIC^TT 

^Hlcoi 'Tf i r i ' - l t l c t tn r igSo 1956^^to(ii(W5g(!:t>-j-fl-K*1«ft;K»DAt.n. Na8*>Na9 

lT(it1ttefffli|ii;& SM®IM^,#ffl |Ki!li '<T££„ NalOfi a ~ f t W J * - hA'&n ICRU 
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l l S n f c i s , - t m ^ N B S <D>*y V7'~, 9 t LTtbf ig*n/ ; 0 Na 11 A>b(i ICRU&I'IT ') # 

5 I C R U ( i f i E L r ^ 5 t 3 x . 5 0 iSftfittffl "5 SK*t i&fe$&#£Wft l c£KL/ . : ' | iT . ICRU 

ic c:ntyom&iFMizmm t . *tz?m?6a>icm&timfrniz, s^mmmmmm^<. '/-weii-: 

it i t*< tofSffi£P.aWL. jESMffiictt^fricpui^ffltnflqw^ff ? frrti&IWSyftffifflH*© 

- o i J t m ^ / c f t , c l f t t a^a iS- rS^ tora^a t LTCD 'J # - bfr Table 3. 2. 3(E fe^ 

9(cmilfi^nT§^o KcttSfflSRI. HfcfSf. WW?*. ffiSofilr"-?-. H#©l>'f|£^£ 

®aica^-r5 c ^ K j ; 9 *fflB^ST©$®«)!g#MituJii6£tt9, zotzsucttz< coiHt/ir 

-^-•S:*&i4>L;toa5' i : -SAs*5o Table 3. 2. 4 Ic^ffC ICRU 'J # - 1 - T l R J S ^ n ^ x -

?-£*-f„ watm. mmtsm®. m^. M«3rfe«£t-?/;4oeDJggit»y-TT-?-

- 9 -fr l C R U «ff i | lc^T£>g-i« 5o «^.(fX 8 K * H - SfllOffliaifffliKliySfiliFllffiffiS 

i&jttoRtoaJa^icii, mwrsviimvwvi mm* *n< *-<&&.&&. Kiaii^iiiiihtt^i.^ 

fcx-^-!!is*3A>nii'*«bt>nS (Table 3.2.4)„ vftfivom*v>-Jim<Dmtt<nSMW$Wl 

3*ffi-ri 5o - * i e t n & © « i f c i i i # ^ * ' - © l 3 1 ! S [ - e ; & 5 c ttt'flMa-ZihZfc, »M • iiifijllil 

« > L i ' . S t ^ T I C R U T H : i | i | t t t M a © x - ? - £ c n £ M l i l m f f l £ t t l e J : - ! t ! t f S 

f - 9 - t icfitt X l >3„ ^ # l c WT 5 7-9 - UifSfl'-Ki f - ? - (i&jg £ t l T t <D. •£ ®ffi 

fflfcfflii -ss-ft-rsa^'^^^fA^nri'So nij^icK-rsr-y-ii^ST'*-^^, LET, 

ICRUTM^nsr-9-amms.¥<ommiW£W,tz>ca^r-mtzU), &»$ 

?-£&//T-i. 15„ ICRU T'iiWSIIffilJ 5 5K JilTffl̂ ffir.W ffl L WrtfittU b ' i i ' i L T i ' 

<D<si~h^\LtiUarniiifS.s^u^\ nnmmam&uem-t ?>£?- 9 -ra^fflr*L:i§:®fri£ L 

•C~£t>$tl&1Z)b. 'PlTbltM&COft^T- 9 -&&>gft&o ICRU T » i ^ L T l > 5 
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l t K C ( O H : " a - ( i I C R U ' J # - h^SICRUSMffl*Siifi;© ICRU « £ - ^ £ # % 
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Table 3.2.1 Alteration for the name of the ICRU 

1925 International X-Ray Unit Committee 
1934 International Committee for Radiological Units 
1950 International Commission on Radiological Units 
1956 International Commission on Radiological Units 

and Measurements 
1968 International Commission on Radiation Units 

and Measurements 

Table 3.2.2 Current program of the ICRU 

Radiation Therapy 
Radiation Diagnosis 
Nuclear Medicine 
Radiobiology 
Radioactivity 
Radiation Physics-X Rays, Gamma Rays 
Radiation Physics-Neutrons and Heavy 
Radiation Protection 
Radiation Chemistry 
Critical Data 
Theoretical Aspects 
Quantities and Units 

and Electrons 
Particles 
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Table 3.2.3 The ICRU report. 

1 Discussion on International Units and Standards for X-ray 
Work, B. J. Radiol. 23, 64 (1927) 

2 International X-ray Unit of Intensity, B. J. Radiol, (new 
series) 1, 363 (1928) 

3 Report oF Committee on Standardization of X-ray 
Measurements, Radiology 2£, 289 C1934) 

4 Recommendations of the International Committee for 
Radiological Units, Radiology 2_3, 580 (1934) 

5 Recommendations of the International Committee for 
Radiological Units, Radiology 29̂ , 634 (1937) 

6 Report of International Commission on Radiological 
Protection and International Commission on Radiological 
Units, NBS Handbook 47, Washington, D.C. (1951) 

7 Recommendations of tHe International Commission for 
Radiological Units, Radiology 62, 106 (1954) 

8 Report of International Commission on Radiological 
Units and Measurements (ICRU) 1956, NBS Handbook 6_2, 
Washington, D.C. (1957) 

9 Report of International Commission on Radiological 
Units and Measurements (ICRU) 1959, NBS Handbook 78_, 
Washington, D.C. (1961) 

10a Radiation Quantities and Units, NBS Handbook 84, 
Washington, D.C. (1962) 

10b Physical Aspects of Irradiation, NBS Handbook £5, 
Washington, D.C. (1962) 

10c Radioactivity, NBS Handbook 86, Washington, D.C. (1962) 
lOd Clinical Dosimetry, NBS HandBobk 87, Washington, D.C. 

(1962) 
lOe Radiobiological Dosimetry, NBS Handbook 8J[, Washington, 

D.C. (1962) 
lOf Methods of Evaluating Radiological Equipment and 

Materials, NBS Handbook 8£, Washington, D.C. (1962) 
11 Radiation Quantities and Units (1968) 
12 Certification of Standardized Radioactive Sources (1968) 
13 Neutron Fluence, Neutron Spectra and Kerma (1969) 
14 Radiation Dosimetry: X Rays and Gamma Rays with Maximum 

Photon Energies between 0.6 and SO MeV (1969) 
15 Cameras for Image Inten-ifier Fluorography (1969) 
16 Linear Energy Transfer (1970) 
17 Radiation Dosimetry: X Rays Generated at Potentials of 

5 to 150 kV (1970) 
18 Specification of High Activity Gamma Ray Sources (1970) 
19 Radiation Quantities and Units (1971) 
20 Radiation Protection Instrumentation and Its Application 

(1971) 
21 Radiation Dosimetry: Electrons with Initial Energies 

Between 1 and 50 MeV (1972) 
22 Measurement of Low-Level Radioactivity (1972) 
23 Measurement of Absorbed Dose in a Phantom Irradiated by 

a Single Beam of X or Gamma Rays (1973) 
24 Determination of Absorbed Dose in a Patient Irradiated by 

Beams of X or Gamma Rays in Radiotherapy Procedures (1976) 
25 Conceptual Basis for the Determination of Dose Equivalent 

(1976) 
26 Neutron Dosimetry for Biology and Medicine (1977) 
27 An International Neutron Dosimetry Intercomparison (1978) 
28 Basic Aspects of High Ensrgy Particle Interactions and 

Radiation Dosimetry (1978) 
29 Dose Specifications for Reporting External Beam Therapy 

with Photons and Electrons (1978) 
30 Quantitative Concepts and Dosimetry in Radiobiology (1979) 
31 Average Energy Required to Produce an Ion Pair (1979) 
32 Methods of Assessment of Absorbed Dose in Clinical Use of 

Radionuclides (1979) 
33 Radiation Quantities and Units (1980) 
34 Dosimetry of Pulsed Radiation (1982) 
35 Stopping Powers for Electrons and Positrons (in press) 
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Table 3.2.4 Data appeared in the ICRU report. 

(a) Quantity 
Quantities and units 
Mass attenuation coefficient 
Mass energy absorption coefficient 
Mass energy transfer coefficient 
Mass collision stopping power (e,p,d,a,M) 
Mass angular scattering power (e) 
Linear energy transfer (e) , 
Radiation chemical yield (X,Y,e,p,a,n, H) 
Mean energy expended per ion pair (e,p,a,n) 
Kerma factor 
Air kerma-rate constant 
Absorbed fraction 
Quality factor 
Relative biological effectiveness 

(b) Source and Field 
Source (X,y,B,e,a,p,n) 
Primary spectrum (X,y,e,n) 
Slowing-down spectrum (e) 
Range (e,p,ot) 
Compton recoli electron cross section 
Neutron yield 
Radioactive nuclide (half life, emmited particle, 

energy, decay, ...) 
Half value layer 
Filter 

(c) Measurement 
Radiation detector (ion chamber, calorimeter, 

chemical, TLD, Film, 
threshold, resonance, ...) 

Ion collection efficiency 
Cavitv size (displacement, perturbation, 

resolving power, pressure, ...) 
f-factor 
Conversion coefficient;F 

Charged particle build-up 
Reference point 
Calibration point 
Field factor 

(d) Radiotherapy 
Elemental composition (biological tissue, ...) 
Tissue equivalent material (bolus, phantom) 
Patient data (organ shape, volume, composition, 

density, body conturs, body 
inhomogenities, ...) 

Percentage depth dose (X,Y,e,n) 
Isodose chart (single, combined, rotation, 

wedge field, ...) 
Back scatter factor 
Equivalent square (equivalent diameter) 
Tissue air ratio 
Tissue phantom ratio 
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3.3 ^G9f&<7)»*Jj i 

tit? -*y rf>i'-?'l<:*S'.*T'&mLtzZ<Dllb<DM&-lii%£%:<D&.%i(i Fid<D£&0T'&Za 

(1) &m&ltfflrZ7-9 

13.ffi<amr- 9 -a y 9 frmi LT^%&$>&. fticKy - * y f ?n>-7iz £ ->TM<L*D& 

^mmtm-i-zr-feapi-g. tiifm^Teic^^x. mm-&r- ? * y 9iiw%&.fii3t.WL 
HPDI • titkZ'ri r>tz* 

BWfflMx - ? -t y ? AiftKi LT n 5RS1E. ttic'1'lt f » f - 7 fcCWfifi f K i x J E f -

SraSrff T ^ O 

(3) I A E A i c i sy 5 K ' £ l i j f f i f - j ifia 

I AEA t l « f - ? £ , s'ttfrlll Rl l5gff.Srft>fifil«cW^lsyi»ic>c»i| LTJKtS -jTfcO. c 

tiilcfaZzi y-^^9 y \- i -7- 1 y ?'fflJ53iK£}3*fc:oi,>T. I AE A OfSj/^fg-ft^.tS'VJ 

(4) 4 ' t t i - — » ( s « c j a t t 

-7 v ff y'<xft-<c A SI'ttl'-Sfcth^fflffiMiMfii. ,'Mli)'- f 'K Au ifiic J: 5» i | i f t f- 7 >u-

?»-jLyzmm£mmmvty&f-&Mtmtzim&ft®£ni?'<B&%£^&mtmv; 
ICOI-T, m-tmm&mnm. iain*-£b5*«ju nvs-ft&zvtitz,, 
(4j x«-ftev©sm 

x mwm®®.<nmmim$<nmiii£vat x s a ^ i * ^*'- £ FTUM <t©it (sswj&tsi) 
£ ^ " ? y - ? l t L /c ig&OXiSfWIOff i^Of t f t . free air chamber K J: &ffi1#tS8(it© 
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* i c ^ i > r . S^Kfim&W&BfranWfiSftAUBWU Mia •ttiSZijitz* 

(6) P f l l h f t g ^ O x - y & i W T S * J g i a H 
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A-150 TISSUE-EQUIVALENT PLASTIC3 

ADIPOSE TISSUE (ICRP) 

AIR, DAY {NEAR SEA LEVEL)° 

ALUMINUM OXIDE, A8,203 

AMBER, Cio Hi6 0 

ANTHRACENE, Ci» H10 

B-100 BONE-EQUIVALENT PLASTIC 

BAKELITE, (C^H^O?) 

BARIUM SULFATE, BaSCU 

BERYLLIUM OXIDE, BeO 

BISMUTH GERMANIUM OXIDE, Bi<,Ge30i2 

BLOOD (ICRP)b 

BONE, COMPACT (ICRU)6 

BONE, CORTICAL (ICRP)b 

BORON CARBIDE, B^C 

BRAIN (ICRP) 

BRASS 

C-552 AIR-EQUIVALENT PLASTICf 

CADMIUM TELLURIDE, CdTe 

CALCIUM CARBONATE, CaC03 

CALCIUM FLUORIDE, CaF2 

CALCIUM SULFATE, CaSO., 

CALCIUM TUNGSTATE, CaWO., 

CARBON DIOXIDE, C0 2 

CARBON OXIDE, C0 2 

CELLULOSE ACETATE, CELLOPHANE, (C6H10 0 5 ) n 

CELLULOSE ACETATE BUTYRATE, (CJ5 H^ 0e) 
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CELLULOSE NITRATE, C6H7i,0 9>6 N2.3 

CERIC SULFATE DOSIMETER SOLUTING9 

CESIUM IODIDE, Csl 

CONCRETE, PORTLAND11 

ETHANE, C 2H 6 

ETHYL ALCOHOL, C2H5OH 

ETHYLENE, C2H„ 

EYE LENS (ICRP) 

FERROUS OXIDE, FeO 

FERROUS SULFATE DOSIMETER SOLUTION1 

GALLIUM ARSENIDE, GaAs 

GEL IN PHOTOGRAPHIC EMULSION3 

GLASS, BOROSILICATE ("PYREX", CORNING 7740) 

GLASS, LEAD2 

GLASS, PLATE™ 

GLUCOSE, DEXTROSE, C6Hi206'H20 

GLYCEROL, C3H5(OH)3 

GYPSUM, PLASTER OF PARIS, CaSO,, 2H20 

HW 

"KAPTON" POLYIMIDE FILM, (C^HmNzOs) 

LITHIUM CARBONATE, Li2C03 

LITHIUM FLUORIDE, LiF 

LITHIUM TETRABORATE, Li2B.,07 

LUNG {ICRP)b 

M3 WAX" 

MAGNESIUM CARBONATE, MgC03 

MAGNESIUM OXIDE, MgO 
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MALLORY 2000 

MAGNESIUM TETRABORATE, MgBi,07 

MERCURIC IODIDE, Hgl2 

METHANE, CH* 

METHANOL, CH3OH 

MIX D WAX° 

MS20 TISSUE SUBSTITUTEP 

MUSCLE, SKELETAL (ICRP)b 

MUSCLE, STRIATED (ICRU)e 

MUSCLE-EQUIVALENT LIQUID, WITH SUCROSE*3 

MUSCLE-EWUIVALENT LIQUID, WITHOUT SUCROSEr 

NAPTHALENE, Ci0K8 

NYLON, DU POINT "ELVAMIDE 8062M"S 

NYLON, TYPE 6 AND TYPE 6/6, (C6HuON) 

NYLON, TYPE 6/10, (C8Hi50N)n 

NYLON, TYPE 11 ("RILSAN"), (C uH 2 1ON) 

PARAFFIN WAX, C25H52 

PHOTOGRAPHIC EMULSION3 

PLASTIC SCINTILLATOR (VINYLTOLUENE BASED) t 

PLUTONIUM DIOXIDE, Pu02 

POLYCARBONATE,11 "MAKROLON", (C16HI(f03) 

POLYETHYLENE, (C2H,,)n 

POLYETHYLENE TEREETHALATE,V "MYLAR" (CJOHJO,,) 

POLYMETHYL METHACRYLATE," (C5HB0£) 

POLYOXYMETHYLENE, (CH 20) n 

POLYPROPYLENE, (C 3H 5) n 

POLYSTYRENE,X (CSH8) 
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POLYTETRAFLUOROETHYLENE,y "TEFLON", (C2F,,) 

POLYTRIFLUOROCHLOROETHYLENE,2 (C2F3CS.) 
n 

POLYVINYL ACETATE, (C„H602) 

POLYVINYL ALCOHOL, (C2H3OH) 

POLYVINYL CHLORIDE, (C2H3CJl) 

POLYVINYLIDENE CHLORIDE, SARAN, (C2H2CS,2) 

POTASSIUM IODIDE, KI 

PROPANE, C 3H 8 

PROPANE, LIQUID, C 3H 8 

RUBBER, BUTYL, (C„H8) 

RUBBER, NATURAL, (C 5H 8) n 

RUBBER, NEOPRENE, (CKHSCS.) 

SCINTILLATOR (Pilot B) 

(KI) 

(Toluene) 

SILICON DIOXIDE, S:.02 

SILVER BROMIDE, AgBr 

SILVER HALIDES IN PHOTOGRAPHIC EMULSION3 

SKIN (ICRP) 

SODIUM CHLORIDE 

SODIUM IODIDE, Nal 

STEEL 

STILBENE, CmHi2 

SUCROSE, C 1 2H 2 20u 

TERPHENYL, C]8 Hio 

TESTES (ICRP)b 

TISSUE, SOFT (ICRP)b 

TISSUE, SOFT (ICRU FOUR-COMPONENT)aa 
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TISSUE-EQUIVALENT GAS (METHANE BASED) 

TISSUE-EQUIVALENT GAS (PROPANE BASED) 

TITANIUM DIOXIDE, Ti02 

TOLUENE, C,He 

URANIUM OXIDE, U0 2 

UREA, CO(NH2)2 

WATER, LIQUID, H20 

WATER VAPOR, H20 
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•fWftO. CUto fg? - 7IC'Ji>T(i, >) X hicTi t'-«3 > > t-£Jjll*.T:fc<„ t S f - 7 K | l J t , 
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1) Lorenz, A. : Compilations and Evaluations of Nuclear Structure and 

Decay Data, Issue No.5, INDC(NDS)-112/LNQ (1980). 

2) Cumulated Index, 1965-1982, Atomic Data and Nuclear Data Tables, 

23, 661 (1983). 

3) Holt, P.D. : Sources of Atomic and Nuclear Data for Biomedical 

Purposes, Phys. Med. Biol., 24, 1 (1979). 

SCiW'k Journal ffl«f*!l. &fc,j';T fcOBitBiilFli: L / : d - , / : , 

ADNDT Atomic Da ta and N u c l e a r Data T a b l e 

NDT Nuclear Data Table 

AD Atomic Data 

NDS Nuclear Data Sheets 

tits. C co <) x !• &ft=-|j£r 3 1 ; '"1 -, T. ikio £ t t £ f'JItl I /*:, 

1) Cumulated Subject Index, with many new categories, ADNDT, 2]_ 

627-639 (1982) 

2) Lorenz, A. (Compiler), Compilations and Evaluations of Nuclear 

Structure and Decay Data, Issue No.5, INDC(NDS)-112/LNQ (1980) 
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A3. «m. T®\m 

A 4. ,3$. rUiU^7 h yu 
A 5. VismMmvmm. ttttwfig 

A 6. mmhWais. 

A 7. Mmmftm 

B. KlSriAiffi-

B 2. t|>vfefbtltMifff. SicftHfcBfifiifi'i 
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C 3. * - i> i 58if 
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C 5. PB'.E-rtHfifFffl 

c s . 1 *s<nmm 
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en. wis (tl'te-f) 
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