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PROTON TISSUE DOSE FOR THE BLOOD FORMING ORGAN 

IN HUMAN GEOMETRY: ISOTROPIC RADIATION 

By G. S. ~handelwal*  and John W. Wilson 
Langley Research Center 

SUMMARY 

A computer program is described which calculates doses averaged within five 
major segments of the blood forming organ (BFO) in the human body taking into account 
self-shielding of the detailed body geometry and nuclear star effects for  proton radiation 
of arbitrary energy spectrum (energy l e s s  than 1 GeV) and isotropic angular distribution. 
The dose calculation includes the first term of an asymptotic ser ies  expansion of trans- 
port theory which is known to converge rapidly for  most points in the human body. The 
result is always a conservative estimate of dose and is given as physical dose (rad) and 
dose equivalent (rem). 

INTRODUCTION 

A necessary requirement for radiation shield and dosimeter design and for space 
mission analysis is a reliable method of calculating the anticipated dose distribution in 
the human body for the pertinent radiation environment. Customarily, the human body is 
approximated by a simple geometric object (such a s  a sphere, slab, o r  cylinder) with 
resultant disagreement among the various approximations (ref. 1) and consequent dis- 
agreement on shield and dosimeter design and impact on mission objectives. 

Described herein is a computer program which calculates proton dose averaged 
over five major segments (upper limbs, lower limbs, upper trunk, lower trunk, and skull) 
of the blood forming organ (BFO) by treating the human body geometry in detail (refs. 2 
and 3) but assuming isotropicity of the incident primary particles. The calculation uses 
an approximate form of transport theory in which nuclear star effects a r e  incorporated 
(refs. 4 and 5). The output of the program is in t e rms  of physical dose (rad) and dose 
equivalent (rem) . 

v Professor of Physics, Old Dominion University, Norfolk, Va. 



SYMBOLS 

43 dose a t  the point z9 rad o r  rem 

E incident proton energy, MeV 

1 area l  density distribution function, ------. 
g/cm2 

R(t,E) dose response at depth t for  protons of energy E, 
rad  o r  r em 
proton/cm2 

t depth from surface o r  area l  density, g/cm2 

. x' vector locating point within the body, g/cm2 

5 vector denoting direction of motion of radiation, dimensionless 

@(z,E) proton differential fluence spectrum, protons/cm2 -M~v-sr 

THEORY 

An asymptotic expansion for the dose at a point 2 is derived in reference 5. The 
f i rs t  t e rm of the expansion is an accurate approximation of the dose given by 

where the e r r o r s  a r e  second order in the expansion parameter 6, which is the beam 
width. In equation (I), @(z,E) is the proton fluence spectrum in the direction 5 with 
energy E,  R(t,E) is the fluence-to-dose conversion factor a t  the depth t for  normal 
incident protons on a slab, and t(6) is the distance from the body surface to the point 2 
along the direction 5. When the proton fluence spectrum @(6,E) is isotropic, equa- 
tion (1) can be written as 

since @ is no longer dependent on 5 (that is, @(E,E) = @(E)) . 
It is advantageous to replace the integral over 6 by an integral over the depth t 

of tissue. This can be accomplished by the correspondence between the fractional solid 
angle and the depth t of tissue. Thus, the above integral can be written as 



with 

where fx(t) is the areal  density distribution function for the point 2. The quan- 
tity fx(t) dt is the fraction of the solid angle for which the distance to the surface 
from the point 2 l ies between t and t + dt. The areal  density distribution func- 
tions of Billings et ale (table 1) ar? discussed in reference 3 (see also refs. therein 
and in particular their ref. 23) and differ markedly from their original data in refer- 
ence 2. The function R(t,E) is given in references 4 and 5. In the program, the 
integrals over areal  density and energy a r e  performed using the Gauss-Legendre quad- 
rature formula (ref. 6). 

PROGRAM DETAILS 

The data for the program a r e  self-contained except that the user  supplies a sub- 
routine to generate the primary fluence spectrum (protons/cm2-M~V-sr). A sample 
spectrum is supplied with the program for initial checkout. The output for  this sample 
calculation is given in tables 1 and 2. 

In the program, an intermediate function Rx(E) is calculated by evaluating 

after which the dose is evaluated a s  

max 
~ ( i i ) = 4 n r  R ~ ( E ) @ ( E ) ~ E  

0 

where Emax is restricted to 1 GeV. A brief explanation of the principal subroutines is 
given below. 

There a r e  three basic functions to be generated for the calculation. These a r e  the 
areal  density distribution function, the fluence-to-dose conversion factors for  normal 
incidence on a slab, and the incident fluence spectrum. Two numerical integrations a re  
then performed to evaluate first equation (5) and then equation (6). These calculations 
a r e  performed in the following subroutines: 



Subroutine Purpose 

APDF Generates areal  density distribution for five segments of BFO and 
BFO average 

ARES Generates the fluence-to-dose conversion factors R(t,E) 

SPECTOR Generates the incident fluence spectrum ( p r o t o n s / c m 2 - ~ e ~ - s r )  

Generates the function Rx(E) given by equation (5). The entry 
point RTAB generates a table of Rx(E) for interpolation. 

Generates the dose D(Z) a t  point 2 by computing the final inte- 
gral  over energy a s  indicated by equation (6). 

The program requires no input other than the incidence spectrum supplied by the user. 

A listing of the program is found in the appendix. The language is FORTRAN N 
and written for the CDC 6000 ser ies  computers. Although it  was originally programed 
on a 60-bit machine, round-off e r r o r  on shorter word machines should not be a problem 
for  these calculations. The incident spectrum in the list is 

with a sample output from the program given in tables 1 and 2. This sample calculation 
requires 112 seconds of CPU time on a CDC 6600 and 2 5 000 (octal) locations. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., October 23, 1974. 



APF?FNDZ% 

PRO LISTING OF THE DOSE CALCULATION 

PROGRAM GSK ( I N P U T  9 0 U T P U T  9 TAPE3=0l . )TPUT 

COM;~ON/ALPHA/PI .P 

R E A L  CDSF ( 6  r 2 ) 
A L P =  1  o 
A L P = "  e 

C A L L  I N I T I A L  
C A L L  HOOS (3OSE ) 
P Y I V T  1  
P R I N T  2 v ( 3 0 S E ( I ) . I = 1 9 6 )  
P R l N T  3 9 ( D O S E ( I ) r I = 7 9 1 2 )  

1  F3RibaAT ( 3 0 x 1  * A 9 V S  L E G 5  H I  TRUNK L O  TRUYK S<IJ 
ILL A V E  9 F O * / / )  

2 FORMAT ( 3 9 x 9  3 1-2FIlviit v6F. 1 0 c  1  / /  ) 
3 FORMAT ( 3 u X r *  RALI* *f,k l a e  1 / I / / )  

ENP 

S U B R O U T I N E  I N I T I A L  

R E A L  A 0 ( 2 3 ) r P Z ~ F ( 6 )  
DATA AC; /l e l  q l  o 3 2 " ; r l  a 5 9 5 9 1  0 ' ) 2 ~ ~ e ~ ~ ~ ? a , 7 ~ ~ ~ 7 ~ ? q 4 0 t 4 ~ H s 5 ~ ~ 7 ~ i ~ 6 ~ C - ) ~ ? ~ 8 ~ 3 4 , ~  

1 l ( ? s * ? 5 r  l z o r  1 4 e L . r 1 7 e L i ~ 2 1  e r ~ r 5 ~ L i q 3 i ~ e e r : ~ 3 6 e 5 r ~ 4 e  rFz$o  r 6 3 e 5 e 7 6 e  9'91 e! l /  

A = l *  
C A L L  I N T A P D F  

F R I N T  4 

4 .FORMAT ( 1  H 1 r  / / / / /  ) 
P Y I N T  5 

5 FORb, l f iT(*  THE 5 ILL I NGT: A N I )  L;+Q\IGL F Y  h12C/\L 3 F  U.5 I TY I) I STI? I i ; L T  I O N  FII 

I N C T I O N S  A R E + * / / / / )  
P R I  bIT 3 

3 FOI<>?V!AT ( *  T H  I C:i<NF\S A F? '4 :; L k  GS H I  Tq iJ  

1 NK L O  T-2VNI< .-<,CoLL A V E  i- !Fa* r / /  ) 

DO 1 I = l  v 2 f i  
C A L L  API IF  ( A ! )  ( I ) 9 P 3 F  

1  P R I N T  Z r A D ( I ) v P D F  
2 F C U r J A T ( - / F l ? a 3 )  

F'RINT 4 

C A L L  R T A b ( A )  
RETIJRN 

END 



APPENDIX - Continued 

S U B R O U T I N E  Y D O S ( D 0 S E )  

C  T H I S  5 U b R O U T I N E  C O M P U T E 5  T H E  U O S t  A T  P O I N T  X  t i Y  C O M P U T I N G  T H E  
C  I N T E G R A L  O V E R  Eh tFRGY r T H E  I N T z G R A N D  t 3 t I W G  T H F  P R O D U C T  O F  
C  T H E  I N C I D E N T  F L - U E N C E  S P E C T R O Y  A N O  T H E  D O 5 E  R E S P O N C E  
C A T  P O I N T  Xq  R S U d X  O F  E 

R E A L  A N S ( 6 r 2 ) 9 C ( 5 ~ 2 ) 9 9 0 c C ( 6 e 2 1  

E X T F 9 N A L  P O X  

T H K =  1  c 1 D l  
C A L L  A M 1  ( T H Y  e F V I  Y )  
E?) I N=E?4 I N +  o 4 

E O T H = t M I N + l O a  
\r, l  = M 2 = 2 3  
C A L L  I ~ G A ~ J S S ( ~ ~ M I N ~ E O T H ~ M ~ , ~ O S E ~ P O X ~ ~ ~ ~ ~ )  

C A L L  M G A U ~ ~ ( L O T Y ~ ~ ~ ~ O ~ ~ Y ? P A N ~ ~ P O X ~ ~ ~ ~ ~ )  

D O  1 L = 1 , 6  
00 1  I = l  r 2  

1  D O \ E ( L 9  I ) = D O S E ( L ,  I ) + A N S ( L q  I )  
R F T l J Y Y  

E N D  

SUilCIOIJT I NE: P O X  ( X r ) 

C T l i  15 ~ i J f i k O J T  I N E  C O : ~ P I J T F ~  THE I N T k C R A N D  Vl E P E D  I N  
C  COMPLIT I N G  i ) O S E P 1  3 ( x )  k T  ~3 I N T  X  

R E A L  F ( l 2 ) s R ( 1 2 )  
F = x 
C A L L  L P k C T 3 K  (SPr:CT?A q t  ) 

L P C C T I < A = \ P C C  T R 4 9  1 2 .  rif>h 

C P L L  ROFI. (t4.F) 

DO 1  I = l . 1 2  
1 F ( I  I = & (  I ) * L P E C T H A  

R F 7  ClRN 
F N P  
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f;UF-\Q0tJT I N E  R O F E  ( R  9 T  

c. THIS S I J ~ M ~ O T  GL:NFr))lTE:C; QL'.,) L!hJl> RF ?4 i>PSF I;'F/C:POkSE?- AT  POI WT 
c x 1  Q 5;jij x OF F,  Fr )R F I V C  .SF(,i"lENT'i O F  I- F ' !  .AN[? i ( F O  t l V f - Y A G F  
C T t i ~  FNTRY ?C I N T  R T A E  (;FI\;F'AATtI.C> A T A I i L F  ni: -9SF 2FC,FON.5FS A T  
C  P ( j ! N T  X,  i? sue X  OF E 9  Fo? I N T k l < t J D L / l T I  S P . 1  

CO?.+VON / t N E R G Y /  XENk .K  

H E A L  i.?( l 2 ) r R T  ( 5 u 9 1 2 )  e C ( 4 9 5 : I q  1 2 ) * T A 9 ( 4 2 )  

R E A L  A N S ( 1 2 ) r A ( 1 2 )  
i ]ATA T.A~i / : j4  94:;e q 5 ; 2 e  +6<?*  ~ 7 ~ j e  ~ C ~ L J S  q c > n e  9 1°C; .a 9 1 1  s 1 2 ? e  9 1  : 3 n e  q 1 * 1 7 n m  

1 ., 2(::?. , ;1Si; , 3~;:~. 4 ,  .:j * q 5.:>r-'. 9 hi.',..'. e 7' ' : :  e r t3 '..' . r '3:'O e I) 1  !..PO e / 

E X T F R N b . L  F O X  

D C ?  l i ' l  1 = 1  9 1 %  

1 0 1  C C L L  S P L I N ( T A E ~ ~ T ( ~ P I ) ~ Y P T ~ C ( ~ * ~ ~ ! ) ~ T + Q ( I ) )  
RFT:J:?N 

. E N T R Y  F iTAY  
N P T = 2 3  
DO 1  I = l + N P T  
X E N E R = T A t ?  ( I ) 
I ;NFR=XENER 
lJENFC7=101C?e 
C A L L  A A N G E  (P ,  E.Nt5P r U E N k R  I A  9 U 

T M I N = l . l b l  
F O T t + = H  
C O T H = R  
T O T H = R  
I F  ( ~ O T H e G F c 4 3 o H ~ ! 7 ) F O T l i = 4 7 . 8 3 7  

I F ( T O T H e G F o S e ) T O T H = %  
M 1 =20 
C A L L  V G A U S S ( T M I N ~ T O T H ~ M ~ , A ~ I ~ ' I F O X + A ~ ~ ~ )  
P O  1 1  J = l r l ?  

1 1  R T ( I * J ) = A N s ( J )  
I F ( T 0 T H - 5 .  ) 1  e 3 q 1  

3 I F  ( C O T H e G E o Z 3 e  )COTH=%0.  

C C L L  ,MGFUSS ( T O T H I C O T ~ V K ~  r ' lN5sFOX P A +  1 2  

DO 12 J = l q l ?  
1 2  L<T(  I I J ) = R T ( !  e J ) + A N . q ( J )  

I F ( C O T H - 2 0 ~  1 1  9 4 r l  
4 C G L L  MGAUS?; ( C O T H + F O T H I  '41 q A V S  9 F O X q  A9 1 2  ) 

DO 1 J = l  s 1' 
. 1 3  R T ( I r J ) = K T (  I s J ) + A b J S ( J )  

1  C O N T  I N v E  
DO 1 ' )  J= l  912' 

1C; C A L L  S P L C N ( T A O ~ H T ( ~ Q J ) ~ N P T ~ C ( ~ I ~ ~ J ) )  
R E T o Y N  

E N D  
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5 I I R R Q U T  I N E  F O X  ( XI F ) 

T I i I C  L I JHHOCIT INF I  C i ) i " P I ! T E i  T t l E  I N T E G R A N D  FOI? I-?AD ANT: REP"" .*DOSE 
K E 5 P O N s t l S  A T  P O I N T  X s  H S:ld X O f  E 
I4i.AL F ( G I e P C F ( 6 )  
(.OFCYOU /E?:ERGY/ XEhlEH 
T = X  
t N F H = X Z N t R  

C A L L  L!k?F:S ( T  r  E \ r ? k q  lii-?~' r R A i ) )  
C A L L  APDF  ( T  r P!?F ) 

P O  1  I = 1 9 F .  
F ( I + 6  ) =F-?ADSPDF ( I ) 

1  F ( I ) =RFPA*PLF ( I ) 

HET! . IZN 

END 

C  T H I S  P R O Z k A E  G E N F R A T L Z S  T H E  [ 4 I L L  I N b S  4ND L A N G L F Y  A 2 E A L  D E N S 1  T Y  

C  U I ~ i T 2 I t ~ ; O T  I O N  F : J N C T I ( ? N  P U F  ( I ) FOI-2 F I V E  S ~ ~ G I ~ I E N T S  O F  r3FO ( 1  = 1  9 5 )  A N D  
C  T H t  A V F H G G L  O V F K  i3FO ( I =6 

R E A L  A D T  (25) 9PC)FT (6 r 25) 9 TF3I)F ( 2 5 9  6 1 9  Cr ( 4 9  25 r 5 )  qPDF ( 6  1 9 F R A C  ( 6 )  

P A T A  a D T / l  e l  9 1  . 3 2 5 , 1  .c'~L~c~.,l ~ c ? ? ~ . ? ~ . 3 ~ ? ~ 7 ! 7 9 3 ~ 7 9 4 a q ~ 4 e f 3 9 5 e 7 c 5 9 6 e 9 5 9 9 e 3 5 q  

1 1  ! o ' 1 q r  1 % .  e 1 4 e ! ~ r 1 7 o " ) v ( 7 1  D v ; ? L ' . ~ I ? 9 . j ~ ~ ' . > q 3 h e L - q q / 4  s s t 1 3 0  q 6 3 e L i . 7 6 .  9 9 1  o 5 /  

G A T A  T P C F /  c : l Y - / € ~ r  a 7 2 6 4 9  s i > 6 r ; 7 q  1  - 3 7 I 3 l ) r  0a2q2 + e ' ; r a 9 6 r  . 5 7 4 t 2 9  .5247q 
1  e 7 5 h i ? r 2 e l  1  l 5 t l  83,  759  o Y i ! r ) ? q  s 4 1 ; ? 4 9  e 1 : = , 7 Z q  e l 6 7 9 1  s l 5 O r ) r  e2.3230 

2 o 14t: i )e e l  1 3 ' 7 9  s { l L 5 6 7 r  e '44'-.1 e u l  7 / 4 9  e i ; l % / + s  r . J 0 7 1  , O e . ; T ) C i 9 p c ) r C O C 0 ~  
3 < ! . ( . l ' > < , d r \  ea- ' .J: . j \ , ,v  e & j X > 3 2 q  *t!4?.?* e ' 9 1 ~ 7 e  1  e 6 3 b 9 9 2 e  1 3 8 ' > ~ 2 * C ; 7 3 3 * 2 * 6 6 7 5 9  

4 r ? o 5 2 ' 1 6 q 2 ~ : ! 2 ' / 1  9 1  * 7 2 4 1 1 e 1  047' : )79 *';+l!-/i19 et-! \ : iTj3r o 4 6 Y F S r  0 2 5 6 1  r e l 6 6 7 9  
5 r l 4 9 . 4 ~  c n 5 i t / r  s 2 . ! 7 / l r  r . ' 3 r i ( ? 3 ,  e c i . ! l k 3 9 C o i j C i d 9  o 0 9 3 7 t  r ? 4 3 7 +  c f i 2 7 7 9  
6 c 6 5 4 4 r  . 4 ' 3 1 3 1  . 5 , j 7 l  9 1  c l ! ) Q l  r 1 . 1 3 4 3 9  1  a 2 4 5 1  s l e / 2 : j 1 9 ~ 1 ~ 4 0 4 2 ~ 1  * Z ! 3 1 6 e  
7 1 o ? : 3 - 3 5 ~  e ~ . ' ? l Y , *  o . - 1 4 C ) 3 r  o k ; J ' ) 4 q  c > 3 1 ? 9  e Z i L j L 9 q e  a 2 2 4 4 9  e l 1 4 4 9  oGh389 
85 e,::75Lj~ a ' ' j ~ ! 9 1  9 e 11  2 & : 9 , ,  e,J9C;~! 9 , . , * . ~ . ! < : 1 ; q C ! ~  , iC8L 'J  V L . , ~  J ~ ~ I ~ O ~ C ~ ~ Z ( I ~ ~ ~ ~ ~ C ~ O +  
' 9 i ! o ' . ' P ' . ( ~ v  o ,7"31:3q  ~ ? 7 : ~ : ! 9  e ; - ' A 1 ' 3 ?  e e ' ; > 2 3 1  r  c 9 4 5 8 9  o P 3 5 5 9  e ' J 6 2 5 . ~  
1 l e l A ' ) S r  e 7 < : 2 1 p  e q ' ) 5 O p  c ; - '7 -7 ' ->9  0 1 6 i " > 9  ~ 1 2 9 5 ,  s , 3 7 C 3 9  r C i 3 7 5 r  o C l 3 l e  
1 e ~ ~ . ~ f i 9 ' - ~ e ~ r , ~ ; >  - e l ;  - : : - b : : , e f  e . ! ~ - , ,  9 c < ! 1 3 7 9  a 3 4 3 1  c 8 7 4 7 1  9 s75709 

2 * - ? 5 1 3 6 ~  0 ( + 5 t i > ? e  O L I . ~ ~  ii* ~ 5 2 3 ; ) ~  e 7; '2 ' l s  e S ; ) P l  9 0 3 - 3 9 7 9  ~ 3 2 1 4 9  e 2 2 5 6 9  
3 c i : ' 5 t ! t j *  c C 1 - / > r  r ' - ' 1 4 2 q  o . : l 3 7 .  e . d l r 3 ' 3 r  r 3 ' ' > 5 : ) 9  e : l ' ? 4 . 3 9  o Q Q 5 7 9 Q e 0 0 0 n ~  
4 o 1 : 2 1 2 1  r , ' . i 1 2 2 s 1  r r 1 < ; 2 2 9 . i c 2 6 C ? : 3 q : j e 1 . ~ t i 9 3 e 2 ? 2 L : r : 3 o ~ 3 ~ 7 2 5 c 4 o 2 4 6 R 9 4 a 9 2 1 T ! ~  

5 7 ~  1 4 6 & t 5 .  7 : 3 1 i 7 q L > e  ? / > F , s L i e i J e 1 4 .  3 ~ t ~ ~ ~ ~ r L i 0 / + 7 5 ~ ~ 2 0 5 - ? 7 ~ q  1 ~ 8 9 0 4 9  1  o O Y 6 6 s  
5 e ( , l t ; t !  s  o / ! h Z 6  a er7. i ' ir? e 1  . ! F ; i ,  s i .d .36~ e < : h r 0 r  .3 a 5 0 0  . a /  

D & T A  F Q A C /  e 1 3 7 4 r  e 3 1 ' . 7 6 r  e c ' 5 ! > L j r  e l 4 2 0 9  ~ > R 1 6 q l a d 0 1 4 /  

D O  1  I = 1  9 6  

C A L L  53L I b! ( & l )T  9 T P V F  ( 1  r  I ) 9 25 r  C ( 1 9 1  s  I 9 r P D F  ( I ) ) 

I F ( P r > - (  I ) r L T e ~ 2 o  ) P ! ) =  ( I  ) = C e  

1  C 3 N T  I N I J E  
R F  T l  lQN  
E N T R Y  I N T A P D F  

C)O 3 1 = 1 9 E :  
D O  3 J= 1  9 2 5  

3 T F D F (  J 9  I ) = T P D F  ( JI I ) /  ( 1  ! 2 ? e * F R A C (  I ) ) 

DQ 2 I = l 1 5  
2 CAL I -  . 5 P L C N (  A P T  9 TPL jF  ( 1 r  I ) 9 2 5  C  ( 1  9 1  9 I ) ) 

H E  T IJRN 

E N D  
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SUBROUT I N E  RANGE ( R  9 CNER 9 LJFNER9 A  r 3 ) 

C T H I S  SUil lROUT I N E  COVPOTES PHOTON k A N G E  I N T I  SSOF 

9 I F ( E N E R - l 0 o  1 1  r l  9 3  

3 I F  ( E N E R - 3 0 0  ) 6 e 6 q  1 1  

1 1  I F ( E N E R - 1 C O e ) 1 3 9 1 3 e 1 2  
1 2  I F ( E N E R - 3 C J e ) 2 2 * 2 2 t 2 3  
23 I F ( E N E R - 5 0 U m ) 1 7 9 1 7 9 2 5  
25 I F ( E N t k - U E N t R ) 6 v r 6 9 q l 9  

1  A=,q:l2245 
!?=I c 6 9 8  
GO TO 6 G  

6 A=.,01!1956 
B = l  e B  

GO T O  6 0  
1 3  A = o 0 0 1 Y 7 7 5  

B = l  .R 

GO T O  6 0  
2 %  A= s O L 2 7 6 6 2 4  

R =  1 729 
GO TO 60 

17 A = , 0 9 5 4 H 4 7  

P.= l  o h 1  
GO TO 6 0  

fir., A= e n  1 2 5 4 6 2  
3 = l  - 4 7 7  

GO T O  6 0  

6 0 CONT I N U E  
R = A * E N E R * * U  

RFT!JQN 
1'3 b ' R I T E ( 3 + 2 6 )  E N E H  

26 F O R V A T (  l l i C s l E l f S c 6 )  
E N D  
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SIJF3ROIJT I NF A M  I ( E X  p E N F R  ) 

C  T H I 5  S U U R O t J T I N E  COWPUTES T H E  C U T O F F  E N F R G Y  F O R  A  G I V E N  T H I C K N E S S  

C  O F  T I 5 5 U E  
3 I F  ( E X - *  1 2 1  ) 1 e 1 . 3  
3 I F ( E X - e 8 9 1 6 3 ) 6 e 6 . 1 1  

1 1  I F ( E X - 7 e b 7 2 6 ) 1 3 q 1 3 r  l? 
1 2  I F ( E X - 5 3 e . C . 5 8  ) 2 2 * 2 2 r 2 3  
23 l F ( E X - l E l a 4 8 ) 1 7 . 1 7 e 2 5  
25 I F ( F X - 3 4 0 e ) h Y r 6 3 r 5  

1 A = . n 0 2 2 4 5  
8 = l  c69b 
GO T n  h C  

6 A = s Q C ) 1 9 5 6  
B = l  * A  
GO T O  60 

1 3  A =  .CY 1  3 7 7 5  
8 = 1  .ti 

GO T O  60 
22 A = . n n 2 7 h 6 7 4  

P = l o 7 2 Q  
GO T" 60  

1 7  A = , n b 5 4 U 4 7  

0=1 e h l  

GO T O  60 
69 A= o 0  1 2 2 4 6 2  

H = 1 . 4 7 7  
GO T O  60  

60 E Y F H = ( F X / A ) * * ( l  a / R )  

2 E  T1 J4N 

5 C A L L  t X I T  

ErQn 
SUEIR(>IJT I N E  A t  L>UC ( A  r i 3  9 E X  9 I- N E R P  r t - lu r -4  

C T H I S  ~IJFJIIOOT I NE CP"IPI!T€C. T H F  a t 5  I l)lJnL ' I\ lk?CY O F  P R O T O N  
C A F T L K  1 T  T t ? A \ / t T R C ~ E  r, T 1 I > O F  OF A  G I V F N  r ~ I c l < r \ l F S S  

A R = l  
A A = F X / ' I  
AAR=AL tX*  ( 1  . / A H  ) 

2 3  I F  ( F k t R - A A R  ) 26 e 26 9 2 7 
2 6  ENFl.IP=C a 

R E T I  I Y N  
F 7  F N F H P = ( ~ N F Y * * ( A R ) - A A ) * * ( ~ ~ / A K )  

R 5 T I J i l ' l  
ENn 



,-.
. ru
 S

i 
u,

 >
 

C
 
i
 

s
 

>
 

(,; 
fr

 
i>

 \
 

i
 
0

 
0
 

c: 
* 

e. 

?;
 

f.. 
C

 
el 

Q
 

* 
a
 

'-" 
"
 

,- 
Q

 

B
 

B
 

a
 

J\
 

0
. 

.; 
". C 

4
 

= 
-
4
 

2
 

i
 s 

O
 

::. 
c,
 

5
 

c.
 

r
e

 
L

'.
 - 

-,
 

2
 

'2
 

0
 

3
 

- e i;
 
- 

2 
- 

%
-

 
w 

a
 

3 
0
 

* - d
 

r; 
- 

a
 .
n 

Y
\ 

3
 

a
 

* 
\
 

=
 ... i 3 9
 

i\
.)
 

3
 

3
 

I,? 
-i
 
,a
 

D
 

U
 

--
I 

D
 

6
 

- 
y
l 

- - 
\
 

- 
in

 
T
 

il
l 

D
 



APPENDIX - Continued 

C; ~d I ,;_, LJ JROLJT C ~ j v ; . i ~ T t b  T H ~ .  P : i 0 .>&13  I L 1 T Y  O F  A  N L I C L L A R  L-ZEACT I Obi i'J:)T 
c, O ~ C ! . J ~  I i'dG ii!_F91;'E A G 1 \ / [ -  N  Tt-1 I CICNhC':'; O F  T I b S L I F  I s  THA'J'?RSi?D 

ENER=k:Ri:iiP 

I PI\'O= 1  
9 I F ( F Y E ? - l c h ) G 3 . 5 4 ~ 5 4  

5 4  I F- ( ~~. l t - :Y- i )  s':) ) 66 . 515 r c j c Y  

655 I F  (cYER-?:5o ) 6 7  9 0 7 9 5 . 8  

53 I F ( f y V F c i - 1 4 U e  ) 6 9 9 6 ; . ? e 7 G  

70 I F ( E N E K - 4 9 1 . 2 ~ )  71  9 7 1  972 

7' IF ( 'h !ER- IJFrJ l 'F ' )73 r73~1 '3  

fi3 ao=i  a 

POI\J=" a 

A T I & : = ' j c  

A T H = i  P 

A F O =  :, o 

GO TO 4 
66 AO= . ' 3 5 5 i 1 3 ? 4 4  

AOK=  r 5 4 5 2 4  1 6 6  
AT\!!=-2 e 3 2 C 4 5 9 9  

4TW=ao  1 2 1  6 4 4 7  
A F O = - 2  e 5 9 6 . 3 6 2 4  

GO T n  4 

67 A D =  k E 3 7 2 4 T L 7 4  

AON=  s Y 7 ' J B 0 6 H  
AT*:= 1 3 52246 1  

A T t i = - 1 7 3 e 2 6 2 2 8  

A F O = 4  1 8  e e 6 1 4 4  
GO TI) 4 

69  A O = . % 3 8 3 4 i l  
A O N =  13.3~3'93% 
AT!$:=-a 1 Z 4 b 3 6  7 1 K l G * * Q  ( 5 )  

ATH= * ' . > i 5 7 H R 4 9 % 1  g o  w3.L ( 6  ) 
A F O = - ~ 9 6 4 c 5 ~ 3 4 3 2 * l  > o * a ( 7 )  

56 T O  4  
71 A@=-  . 6 7 H f ~ C 9 2 3  

A O N = . 7 7 0 5 5 7 1 4 % 1  3 e * *  ( 3  
A T v ; = - e  1 7 ? ~ C 3 6 ' 9 8 * 1  O s w *  ( 6 )  
A T H = . l L ) h l  1 7 1 ! . < * 1 0 e + * ( b )  
A F Q = - e  H 6 4 1 . 3 ( 9 6 S * l  C e * 9 ( 3 )  

GO TC) 4 
7 3  A O =  eQ7.4.-35:3'3 



APPENDIX - Continued 

AON=.-e 1 4 5 5 5 8 5 6 * 1  0 e * *  ( 4  ) 
AT l * '=  rn 1 4 9 4 2 @ 7 2 *  1 0 s  ** ( 7 ) 
A T H = - o 9 5 6 3 7 6 1 9 * 1 G e * + ( 9 )  
A F O = e 7 5 7 8 7 6 4 1 * l ~ c * * ( l l )  

GO T O  4 
4 C F E =  1 e / E N E R  

C S E = C F E * C F E  
CTE=CSE++CFE 

C F O = C S E * C S E  
Y F = A o + A O N + C F E + A T I Y + C S E + A T H * C T ~ + A F O * C F O  

I F ( I P g 0 - 1  ) 5 9 7 r 5  
7 I P R O = 2  

Y N U = Y F  

E N E R = E E N E R  
GO T 3  9 

19 W R I T F ( 3 v 2 6  ) E N E R  
26 FOR,VGT ( 1 H O 1 1 F 1 4 e 6  

C A L L  E X I T  
5 PROB=Y F / Y  N U  

R E T U R N  
END 

5 U R R O U T  I N t  A K t S  ( X  I N T ~ t N E d . K E 5 F  9 i , d t Z S F )  

C T H I S  PROGRAb'  G E N E Q A T F - 5  T H F  FL.UENCE T O  C O S F  C O N V E R S  I Oh! F A C T O R S  
C H ( T I E )  A S  A F U N C T I O N  O F  T I S S U E  T H I C K N E S S  A N n  E N F F G Y  

E X = X  I N T  
A O =  06 

H Q =  8 

D E N F R = E N E R  
U E N E R = 1 0 1 O s  

56 C C N T  I N U E  
C A L L  R A N G E  ( R  9 E N L K  I U E N ~ L R  A h ) 
C A L L  A F ~ T L . C ~ ( E N E R ~ F ~ ( ? ; . ; I ~ ~ ' T \ ~ ! ! ~ ~ P O ~ ! . : C ~ ~ P C ) ~ P T ~ ~ ~ ~ P O N ~ ~ )  
C A L L  A E U U C  ( A  P U P  k X  9 ENFTP eZ!NtZl-? ) 

I F  ( E N E R P  ) 34 s 33 9 34 

3 3 C O N T  I NCJE 
r ? E S r = g  

. b I R F q F = C e  
E N C H = C F N E R  

RET!J?N 

3 4 CONT I NClE 

C A L L  A&OU ( P R O E  r t N E R P  9lJEN!52 9 k N E R  r LJENLR ) 
E N E H = t N t l ~ P  
C A L L  ATOT-'P( EN€[-? s S T 3 ! - ' F )  
I F ( S T O P P ) 3 3 t 3 3 *  1 

1 I F ( S T O P P - 2 7 b C J  s 12 9 2 9 33 
2 C A L L  A F ( S T O P P v O f i L F 9 A R r 3 Q )  

22 PC.' i=Pl4OE*STOPP;c(:ALF 

CORE(3= ( P O O + P O N ( 2 r X  I N T  ) /  ( F X 7  (PTi ! , , i I *X I N T  ) ) 

COREC= ( P O + P 3 N * X I h l T  ) /  (F.XP ( P T T > I * X I  N T  ) 

RESF=PE5*COh !CG* . l  e 6 E - 8  
' v F . ( F ~ F = ~ T C P P % ~ - ~ I Z O Y X C O K F C K  1 .SE -H  

E N F H = C E N t R  
RET0 ;7N  
F Y r -  



APPENDIX - Continued 

S U R R O U T I N F  S P L I N ( X I Y ~ M ~ C ~ X I N T ~ Y I N T )  

C T H I S  S U E R O U T I N E  I N T E R P U L A T E S  AM3NG THE D A T A  P O I N T S  TO P R O V I D E  V A L V E S  
C  ON S O k i I N T E R V A L S  A F T E R  C O N S T A N T 5  ARE CALCULATED I JY  S U B R O U T I N E  S P L C N  

DIMENSION x ( ~ u I ~ Y ( ~ u ) ~ c ( ~ * ~ c )  

DATA I P / O /  
I F ( X 1 N T - X ( l  ) ) 7 r  1 9 2  

1  Y I N T = Y ( l )  
RETURN 

4 Y I N T = Y ( K + l )  

PE7C17N 
5 K = K + I  

I F  (M-K ) 7 v 7 r 3  
6 Y I b J T = ( X ( K + l  1 - X I N T  ) * ( C (  1 9 , < ) *  ( X ( K + 1  ) - X I N T ) * * 2 + C ( 3 r K )  I 

Y I N T = Y I N T + ( X I N T - X ( K ) ) * ( C ( ~ * K ) * ( X I N T - X ( K ) ) * * ~ + C ( ~ ~ K ) )  
RETCJRq 

7 P R I N T  1 0 1  
1 0 1  F C H M A T ( *  OUT O F  9 A N G Z  FOG I h T E H P O L A T I O N  * )  

I P = I P + l  
It ( I P a G T e S U )  50 TO 1 0  

RETLJRN 
10 C O N T I N U E  

A=ALOG ( - 1  D ) 

E N D  



APPENDIX - Continued 

S V R W C U T I N E  S P L C N ( X * Y s ? , ? t C )  

C THIS 5 U f i R C d T l ~ i - 1 '  C A L C U L A T F S  T H t  CONSTANTS TO t3E USED I N  S P L I N E  
C F I T  OF THE DATA 

D I M : : N ~ I C N  X ( j 0 )  ~Y(52)*D(i0)qP(bi))tE(ji!)9C($*53) 9 A ( 3 6 q I 3 ) @ E ( 5 f i ) 9 z ( b o  

1 )  
MV=V- 1  
DO 2 !<=I *'.PI 

D ( I < ) = X ( K + l  1 - X ( K )  

P ( K ) = 3 ( K ) / 6 o  
2 E ( i < ) = ( Y ( K + l  ) - Y ( K )  ) / i > ( K )  

DO 7 K=c leVM 

3 B ( K ) = E ( K ) - E ( K - 1  

A ( I . E ) = - I e - D ( l  ) / D ( 2 )  

A ( l r 3 ) = D ( l  ) / D ( ? )  
A ( 2 9 3 ) = P ( 2 ) - P (  1  ) * A (  19:j.) 
A ( E 1 2 ) = 2 e * ( ? ( l  )+P(2) ) - P (  1 ) * . 4 ( 1  9 2 )  

& ( 2 9 3 ) = A ( ? e 3 ) / A  ( 2 ~ 2 )  
3 ( 2 ) = L j ( . ? ) / A ( % r 2 )  
DO 4 I<=_?vNM 
A ( K r 2 ) = 2 . * ( P ( K - l  ) + P ( I < )  ) - P ( K - 1  ) * . A ( I < - l  . 3 )  
8 ( K ) = d ( K ) - P ( K - 1  ) * ; i ( i < - l  
A ( Y v 3 ) = P ( : < ) / b ( K * 2 )  

4  & ( K ) = B ( K ) / A ( K 9 2 )  
Q=D(k1-2 ) / C ( M - 1  ) 

A ( M 9  1  ) = l  o+O+A ( M - 2 r 3 )  
A ( r f l , 2 ) = - Q - A ( ~ . l  ) + A ( F . ' - l  9 3 )  

B ( M ) = b ( Y - 2 ) - A  ( Y ,  1 1 3 5  ( K - 1  ) 

Z ( M ) = B ( M ) / A ( Y , P )  
MN=?"-2 

C>O 6 I = l r V N  
Y=W- I 

6 Z ( K ) = d ( K ) - A ( K 9 3 ) + Z ( K + l  ) 

Z ( 1  ) = - A ( 1  9 2 ) * L ( 2 ) - A (  l e 3 ) * Z ( C 3 )  
DO 7 ;<=19vv 
O = l  o / ( 6 e * D ( K  ) 

C ( I q K ) = Z ( K ) * Q  
C ( 2 * K ) = L ( K + l ) + Q  
C ( 3 . K  ) = Y  ( K ) / D ( K ) - L ( I < ) * P ( K )  

7 C ( 4 , K ) = Y  ( K + l  ) / D ( K ) - Z f K + l  ) * p ( I < )  
RETURN 
E V ~ I  



APPEND= - Concluded 

SIJL3QOUT I N E  VGA i lS .5  ( A  9 i? 9 N  9 [;Ii:'l$ F U N C  r E O F X *  NIJMHFIR ) 

D I M E N S I O K  i J ( 5 ) q Y ( S )  r S U , ' $ ( l  ) + F O F X ( l  ) 
0 3  1  L L = 1  P Y U ~ ~ E E F ~  

1  S U ' 4 ( C L ) = O e G  
I F ( A s E Q e F 3 )  HETIJL'N 
L J ( 1  ) = e 4 2 5 5 6 2 8 3 O ? ~ C 7 1 U 4  
U ( ? ) = c 2 8 3 3 0 2 3 0 ? 4 3 5 3 7 6  
U  ( 3  ) = c 1 6 0 2 7 5 2  1 5 6 5 3 4 H H  
U ( a  ) = e 0 6 7 4 5 8 3  1 6 6 4 4 5 0 8  

11 ( 5 ) = 0 0  1 3 0 4 6 7 3 5 7 4 1  41 4  

R ( l  ) = a  1 4 7 7 6 2 1  1 2 3 5 7 . 3 7 5  
R ( 2  ) = e 13463.33570? '4  3% 
R ( 3 ) = c  1 0 9 5 4 3 1 8 1 % L ~ 7 : 2 r j 1  

R ( 4  ) = o 0 7 4 7 2 4 6 7 4 - > 7 5 2 ' ) 0  
K ( 5 ) = . 0 3 3 3 . 3 ' 3 6 7 2 1 5 4 3 4 4  

F I V\IF=N 

D E L T A = F I N E / ( E - A )  
r)0 3 K = l  * w  
X I  = K - 1  
F I N c = A + X I / D F L T A  

no 7 I I=l e c 5  

UI.J=O ( I I ) /DELTA+F  I N E  
C A L L  F U N C  ( V U ~ F C F X )  
03 2 J O Y H O Y = 1 9 N U V m E K  

2 SIJU ( J O Y L $ O Y  ) = H  ( I I ) * F O F X  ( J O Y ! 3 3 Y  ) +SIJII1 (JOY:- jOY 

00 3 J J Z l q 4  

IJ;J= ( 1  aO-U  ( . J J  ) ) / L E L T A + F  I N F  
C A L L  F U N L  ( U U I F O F X )  
D O  3 N V - 1  ,NlJi\.:bEK 

3 SU,V (NN ) = H  ( JJ 1 *FOFX ( RN )+SON ( NN ) 

130 7 I J K =  1 9 NiJ.vPFQ 

7 51141 ( I J K  ) =:;!IL.< ( I JK ) / D F L T A  
RE T I  I R N  
F N !? 
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TABLE 2.- DOSES FOR SAMPLE SPECTRUM 

AHMS L E G S  H I  TRUNK L O  TRUNK S K U L L  A V E  B F O  

K E N  7 - 5 E - 1 4  2e4E-14 3 -2E-14  4 - 3 E - 1 5  4 - 1 E - 1 4  3eUE-14 

R A D  4 . 9 E - 1 4  1 -7E-14  2-OE-14 3 .3E-15  2-8k-14 2-OE-14 




