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A FORTRAN PROGRAM FOR ESTIMATING RESIDUAL RADIATION LEVELS IN HIGH-ENERGY 
CHARGED-PARTICLE ACCELERATORS 

J. B. Ball  and C. B. Fulmer 

ABSTRACT 

A FORTRAN I1 program is described for utilizing cross-section data for spallation 
products to obtain an  estimate of the residual radiation from the bombardment of materials 
with high-energy particles. 

I N T R O D U C T I O N  

In the course of studying t h e  feasibil i ty of a high-intensity charged-particle accelerator,  i t  is 

desirable to  make a realist ic appraisal  of the  radiation leve ls  that  will result  from operation of the 

machine. Such an appraisal  will help to ascertain the  gamma shielding and remote handling facil-  

i t i es  needed for safe operation and maintainance of the machine and associated experimental equip- 

ment. Expenditures for unnecessary faci l i t ies  can thus b e  kept a t  a minimum without incurring un- 

anticipated delays in maintainance operations due to  high levels  of residual radiation. 

Calculation of residual radiation leve ls  for a given spallation product as a function of incident 

beam intensity,  bombardment time, and cooling time is straightforward. The total  residual radiation 

level results,  however, from the contributions of all the spallation products, and t h u s  the  amount of 

computation becomes prohibitively time consuming for hand calculation. T h i s  report descr ibes  a 

computer program that was prepared and used in residual radiation s tudies  for the proposed ORNL 
McZ Cyclotron, which is designed to  accelerate 100 pa of protons to an energy of 810 M e V .  

DESCRIPTION OF T H E  C A L C U L A T I O N  

It is assumed that a collimated beam of par t ic les  impinges normally on a s l a b  of material. The  

incident beam intensity I ,  is attenuated in t h e  material by the macroscopic geometric cross  sect ion 

c,. Thus  a t  a depth X in the  s lab ,  

I ( X )  = I ,  exp (- X , X )  . 
The production rate of spallation product j at position X is 



2 i 
where X, is the macroscopic c ross  sect ion for the reaction. After bombardment t i m e  t ,  and cooling 

t i m e  t c ,  the concentration of product j ,  as a function of X ,  is 
I 

1 - exp <-xi t B )  1 exp (-hi t c ) )  , (3) 

where A .  is t h e  radioactive decay constant  for product j .  The activity A .  of j ,  as a function of X, i s  
I I 

Aj(X) = Nj(X)hj . (4) 

At a point p ,  a dis tance d outside the slab,  the flux C$~(X) of photons result ing from Aj(X) is 

= [ A ~ ( x )  exp (-pi x)j / 4n(x + d12 , (5) 

where pj i s  the absorption coefficient for the radiation, T h e  radiation dose rate  D . ( X )  due I 
to A j ( X )  is’ 

D j ( X )  = const  q5j(X)Ej , 

where E ,  is the  energy of the photons. The total  dose rate a t  a point p due to all activity from prod- 

uct j distributed along the incident beam path is obtained by integration: 
I 

where Xmax is the smaller quantity of the  s l a b  thickness  and t h e  range of the incident protons in 

the s lab  material. In actual calculations,  t h e  integration d o e s  not need to extend to  the range of 

several  hundred Mev protons because of the  exponential attentuation of the gamma radiation in the 

material. The  analytical  evaluation of the integral yields  a slowly converging infinite s e r i e s ;  there- 

fore, numerical integration is used to  evaluate D..  For t h e  total d o s e  rate a t  a given point p ,  the  

D.’s for all the spallation products must be evaluated. 
I 

1 

DESCRIPTION OF T H E  PROGRAM 

T h e  program determines the dose rate,  for specified bombardment and cooling t imes,  a t  the  ex- 

posed surface of the irradiated material, at a dis tance of 10 c m  from the  surface,  and at a dis tance 

of 100 cm. 

Initially, t h e  program reads and s tores  a l l  the  desired bombardment and decay t imes and the  re- 

quired information about each spallation product. The  integral in Eq. (7) depends only on the form- 

ation c ross  sect ion for a given species ,  the absorption coefficient for the  radiation, and the d is tance  

from the  surface.  As the information about each spallation product i s  read and stored, the program 

evaluates this  integral for the  three d is tances  and s t o r e s  t h e s e  in a two-dimensional array. For 

each bombardment and decay t i m e  the remainder of Eq. (7) is computed for each  spal la t ion product 

and is a lso  stored in a twodimensional array. 
Finally,  t h e  total  dose  rate at each dis tance from the  s l a b  surface is calculated by taking the 

sum of the products of the appropriate elements from each  array. In this manner the  redundant 

parts of Eq. (7) are computed only once. T h e  program prints out the total  dose  rates ,  as well as 
~~ ~ ~~ 

M. Honda and D. Lal, Phys .  Rev. 118, 1618 (1960). 1 
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the  contribution of each  spallation product t o  the  total dose,  for each  s e t  of bombardment and de- 
cay times. The  FORTRAN list ing for the  main program is given in Appendix I. 

T h e  numerical evaluation of the integral in Eq. (7) is performed by a function subroutine AINT. 

The total range of the impinging particle in t h e  s l a b  material is divided into a specified number of 

layers. The  contribution to the total  dose  is then calculated for each  layer; the  source is assumed 

to be concentrated at  the midpoint of the  layer. The  total dose  is then the  sum of the individual 

layers. When the depth of the layer becomes great enough that the  contribution is less than 0.1% of 

the contribution from the f i r s t  layer, the sum is terminated and the  value returned t o  the  program. 

If very thin layers are chosen, the  denominator of the  integral is not well behaved for t he  c a s e  of 

the surface dose. T o  avoid th i s  singularity in t h e  function, t he  denominator is restricted to  a lower 

limit of unity. Th i s  approximation leads  to a consistent value of surface dose  as a function of layer 

thickness. The  FORTRAN list ing for the AINT function is given in Appendix 11. 

USE O F  T H E  P R O G R A M  

The  first card of input data for each  case contains four fields. The  first  three fields are eight 
columns each and are, in order, the  total range of t h e  incident particle in centimeters or the s l a b  

thickness (the smaller quantity is entered), the macroscopic total  c r o s s  section for t he  particle in 

reciprocal centimeters, and the number of divisions of t he  range desired for t he  numerical integra- 

tion. T h e  decimal point is assumed to be a t  t he  right-hand edge of each  field unless  specifically 

entered. The final f ield is 60 columns and may contain any alphanumeric information t o  identify the 

calculation. This  information will be printed at  the top of the first  output page for each  case .  In 

practice, i t  has  been found convenient to make the  number of range divisions about t he  same as the  

range s o  that each layer in the  integration is about 1 c m  thick. 

The  next card contains the  desired bombardment and decay times. These  times are entered in 

pairs with up to four pairs per card, making a total of eight f ie lds  per card. The  f ie lds  a re  eight 

columns each and are success ive ly  bombardment t i m e  and decay t i m e  in hours. The  program will 

accept up to 20 of t h e s e  cards,  or a total of 80 bombardment-decay-time pairs. The  final card of 

th i s  type must be followed by a card containing a - 1 in the first  eight columns. 
The  next cards contain the  information about the individual spallation products. There is one  

card for each  product. The  da ta  for t h e s e  ca rds  are summarized in Table 1 and d i scussed  in more 

detail  in the  next section. T h e  program will accept  up t o  89 of t hese  cards.  The  l a s t  card must be 

followed by a card containing a - 1 in the  first  eight columns. 
T h e  above cards  consti tute a complete case. As many complete c a s e s  a s  desired may be in- 

cluded in the  input deck. A sample input shee t  for a simple case is shown in Fig. 1, and the  re- 

sult ing output is shown in Fig. 2. 
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Table 1. Summary of Data on Spallation-Product Cards 

Field Columns Entry 

~ 

Units 

1 

2 

1-6 

9-16 

17-24 

25-32 

32-40 

Alphanumeric identification 
of product 

-1  Macroscopic production c m  
cross  section 

Half-life hr 

Energy of gamma ray 

Absorption coefficient for 
gamma ray 

P R E P A R A T I O N  OF I N P U T  D A T A  

Mev 

c m  -1 

The  utility of t h e  program is obviously dependent on a comprehensive s e t  of spallation-product 

data. T h i s  en ta i l s  a literature search from which a compilation of production c r o s s  sec t ions  for 

the  spallation products is obtained. Extremely short and very long half-lives may be  deleted. In 

the  work for t h e  ORNL M c 2  Cyclotron, half-lives less than 1 min were not included; the  input format 

of t h e  program (in its present form) limits half-life va lues  to  lo8 hr or about 11,500 yr. For  products 

which decay to more than one  final s ta te ,  each branch i s  treated as a separa te  product with the pro- 
duction c ros s  sec t ion  prorated. Similarly, isomeric s t a t e s  are handled by treating each  transition as 

a separa te  spallation product. Positron emitters a re  treated as 0.5-Mev gamma emitters with the  pro- 

duction c ros s  sec t ion  doubled. 

Examples of spallation-product da ta  se t s  a r e  i l lustrated in Tables  2 to  5 where data for t he  

materials most extensively used in cyclotron construction a re  tabulated. The c ross  sec t ions  a re  

for 800 Mev incident energy and in m o s t  cases c a n  b e  used for 500 Mev t o  1 Gev without incurring 

large errors. T h e  cross-section da ta  were obtained mainly from refs 1 to 5. 
coefficients were obtained by interpolating a tab le  of linear absorption coefficients. 

T h e  l inear absorption 

T h e  program c a n  be used for high-energy neutrons a s  well a s  for charged particles. T h e  main 

limitation is the  availability of complete sets of spallation cross-section data. With appropriate as- 

sumptions t h e  resu l t s  of t h e  computer calculation c a n  be used to es t imate  residual radiation leve ls  

for oblique incidence and for distributed fluxes of incident particles. Examples of application of the  

program are presented in ref 7. 

L 

2P. Benioff, Phys.  Rev. 119, 316 (1960). 

3G. Rudstam. E. Btuninx, and A.  C. Pappas,  Phys.  Rev. 126, 1852 (1962). 

4J. Hudi-s et af., Phys.  Rev. 129, 434 (1963). 

’3. Bruninx, High-Energy Nuclear Reaction Cross-Sections. I, CERN 61-1 (Jan. 16, 1961); High-Energy 

6Samuel Glasstone, Principles of Nuclear Reac to r  Engineering, p 78, D. Van Nostrand, 1955. 
7 

Nuclear Reaction Cross-Sections. 11, CERN 62-9 (Feb. 15, 1962). 

C. B. Fulmer, K. S. Toth, and M. Barbier, “Residual Radiation Studies for Meson Factories,” to be 
published in Nuclear Instruments & Methods. 

1 
t 
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T a b l e  2. Spallation-Product Data  for 800-Mev Protons in Carbon 

T h e  data here and in Tables  3 t o  5 are in the form of the  computer output. MXS(l/CM) is the 

macroscopic production cross section in cm-';  HALFLIFE is the half-life in hours; EG(MEV) 

is the energy in Mev of the emitted gamma; MUABS is the linear absorption coefficient in cm-' 

of the s l a b  material for the emitted gamma. In the column labeled HALFLIFE the number is 

listed as  a coefficient times a decimal exponent. 

P R O D U C T  P X S (  J/CM) H A L F 1  I F E  E G ( M E V 1  MUABS 

c-I1 C ,005f iZCO 3 . 3 C E - 0  1 0*5t!c G . 1 8  
c- 10 C *CCC6220 5.50E-03 o . scn C.38 
c-IO c.ccn313 0 5.50E-03 0 .  sco 0.18 
BE-7 o.occ 1300 1.27E 03 C.48C C . 1 8  

Table  3. Spallation-Product Data  for 800-Mev Protons in Aluminum 

P R O  OlJ T: T 

N E  2,r 
NA 2 4  
NA 2 4  
NA ?2 
NA ?2 
F I S  
0 I S  
h 1 3  
c I t  
B E  7 

5 . 5 flE-rI2 
I . 5 i l F  31 
1.5OF :I1 
/ .28E "4 
2.28E 74 

3.50E-[32 
I .70E-q1 
5 50E-'31 
I .%7F rl.5 

2 . ~ 0 ~  no 

3.47'3 
1 3713 
2. 75C' 
I1.5C3 
I .280 

u*5nu 
2. 50!3 
3.5c33 
5 . 4 8 3  

n. w:! 

n.232 
7. 142 
n. 09.3 
0.233 
3. 144 
n.237 
0 . 2 3 3  
0. 23il 
9. 2 3 3  
0.2.31 
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T a b l e  4. Spallation-Product Data  for 800-Mev Protons in Iron 

! 

P R O C U C T  

c o  5 5  
co 5 5  
F E  59 
FE 59 
FE 52 
MN 56 
MN 5 6  
MN 56 
MN 54 
M N  52 
MN 52 
N N  52 
V N  52 
PN 51 
C R  51 
CK 49 
C R  49 
CK 48 
CR 48 
v 84 
V 48 
\I 48 
v 47 
T I  45 
SC 48 
SC 48 
SC 48 
sc 47  
SC 46 
SC 46 
sc 44 
sc  44 
sc 43 
sc 43 
CA 4 7  
K 43 
K 43 
K 42 
CL 39 
C L  39 
C L  39 
CL 38 

C L  34P 
CL 34M 
CL 34M 
MG 28 

C L  3a 

M X S f  I /CM) HALFL IF€ EG(MEVI 

a.uec0424 
O.GC00085 
o.cc~o34o 
cIocuo5c9 
o.cccc594 
c .cc005u9 
0.CCOff  169 
O.CCCCC8S 
G.CC28017 
O.CO08490 

0.CCl 1037 

0.CC06792 
O.CC03056 

o.oc02 i 22 
U.CCG0849 
O,CCO0849 
0,CCC2122 
0 *CC02 122 
i3 .cc02 122 
O.CC04245 
C.CC06368 
O.CCCC424 
C . CCCG424 
C.CCG0424 
O.CC00552 
C.CCC2717 
c.ccc2717 

0.cc02207 
O.CC13C085 
0 .CCO 10 19 

c.cm 1037 
o.eoi 1037 

o , o ~ m 4 9 0  

D , G C C ~ ~ C ~  

O ~ O C G C O C B  
m x n i  104 
o.coo I o i 9 
c.cccinsc9 

o.ecca169 

n . 0 ~ ~ 0 3 4 ~  

~ . C C O O O R ~  

o .cccn255 

0,CCGU 169 

O.OCC0169 
o.ccco255 

0.cco 101 9 

0,CGGGOBS 

I-HCE 01 

1.08E 03 

8.00E 00 

1 . 8 1 ~  os 
i . m E  03 

2 . m  on 
2-60E 00  

2.60E CC 
7.20E f13 
1.37E 02 
1.37E 02 
1.37E 0 2  
1,37E 02 
7 CO E-0 I 
6.72E E2 

7. OGE-CI 0 
2,30E 01 
2.3CE 01 
3.84E 02 
3,84E U2 
3,%4E 02 
5 OC E-O I 
3.COE 00 
4.4CE 01 
4.40E 01 
4.40E 01 
8.2GE 01 
2.02E 03 
2.02E C 3  
4.COE 0cI 

4.0Cf cc 
1 . C 8 E  22 
2.2CE 01 
2.20E (31  
3,24f 21 
I o G O E  Cc" 
1.0Of cc 
I-CGE G C  
6. UCE-0 1 
6 CCiE-3 f 
5,CCE-CI 

7 . ~ E - O  I 

4,no~ cc 
4 . e ~ ~  co  

5 . u x - 0  1 
~ . C O E - ~ I  
2.10E 01 

C. 9 C O  

1.290 
1*ICO 
0.5CO 
C.850 
1 .ec3 
2. ICU 
0.840 
E . 5C0 
C.7CO 
C.9CO 
1.5CO 
0.5CO 

0,SCU 

c.120 
0.310 
c.sc0 
0.990 
I .  3co 
0.5CO 
c, suo 
I?, 990 

1.330 
0,1615 
C.880 
1,120 
c.5cn 
1,160 

c . 5cu 
1.3CO 
0.37G 
O.hl0 
1.530 
c.25c 
1,270 
1,SCfl 
1,bCO 
2.2co 

1.2CO 

0 . 4co 

1.4~0 

c .  320 
c.070 

I . o w  

0,370 

c x n  
2.1~0 

MUABS 

0-46 
n. 39 
0.40 

0.46 

0,46 

0.42 
G.62 

0.35 
0.32 

0.62 
c.51 
C.46 
C.38 
C.62 
0.68 
0.62 
0.85 
0.85 
C.68 
C.62 
c.44 
0-40 
0.62 
0.62 
c.44 
0.44 
c.43 
G.75 
11.46 
0.42 
0.62 
C.42 
C.65 
0.62 
6.40 
0.65 
C.60 
U.38 
c.72 
e. 39 
C.38 
0.37 
C.32 
0.62 

u.32 
0.63 

n.41 

i 

f 
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Table  4. (continued) 

MG 28 
PG 28 
MG 28 
NA 24 
NA 24 
NA 22 
NA 22 
BE 7 

P R O D U C T  

CU 64 
CU 62 
CU 61 
CU 60 
CU 60  
CU 60 
N I  6 5  
NI 6 5  
NI 57 
NI 57 
NI 57 
CO 60 
CO 6 0 P  
co  60p 
CD 6OM 
C O  60 
CO 60 
CO 58 
CO 58 
C O  56  
CO 56 
CO 56 
CO 56 
c o  55 
co 5s  
F E  59 
F E  59 
FE 52 
MN 56 
MN 56 
MN 56 
FIN 54 
MN 52Y 

C.CCOO255 
O.OCC0594 
u . OC00849 
0.0C00297 
c.cc00297 
0.CC00297 
O.OCC0297 

o.ccon297 

2.1CE 01 
2.1CE 01 
2.10E 01 
8.50E a1 
1.50E 01 
2.28E 04 
2.28E 34 
1.27E 03 

0.950 
1.350 
0.030 
1.38C 
2.750 
c-5cn 
1 .28C 
0.48C 

Table 5. Spallation-Product D a t a  for 800-Mev Protons in Copper 

I V I X S ( l / C M )  

C .CG 187CO 
o.cc37400 
i3.co I 3  900 
C.OC02970 
o.cco1270 
O*CCCORSIJ 
0 . CCOOO 34 
C.OCC0068 
0. CCCO34O 
c.occo34o 
C .CCOOR42 
C.CCCO340 
0 ,OCO 34CO 
O.OCC3400 

C.CC034CO 

0 .CC06800 
0.0020400 
U.CCO170U 

0 .Coc297ci 

0 .con2 f 00 
C.CCOI700 
O.CO00250 
0.000U255 

O.CCO2550 
O.UC00850 
0 .  C O C O 5  J 0 

0 .CCO 3400 

o . 0 ~ ~ 3 4 0 ~  

n . occ34co 
n.oc042~0 

O . O O R ~ ~  

c.occn170 

n.on08490 

H A L F L I F E  

1.JCE 01 
I .  7EE-0 I 
3.30~ on 
4. 0aE-u I 
4.00E-01 
4.OGE-01 
2.60E CG 
2.60E CC 
3.6flE 01 
3.60E 01 
3 . 6 O E  01 
1.65E C G  
1.80E-01 

3 . ROE-2  I 
4.65E 135 

3.70E E 5  
1.70E 03 
I a 8 5 E  u 3  
3.85E 03 
1.85E 03 
1.85E 03 
1.80E 01 
1,ROE 01 
1.08E U3 
1.08E 03 
8.COE 00  
2.60E GO 
2060E CG 
2.60E 00 
7.2GE 03 
3.00E-01 

3 . 8oE-n 1 

4.65E 0 5  

E G ( M E V 1  

0.5GO 
0.5cu 
C.5CO 
c . 5cn 
1.3CO 
3.760 
1.11u 
1.480 
c. 5CO 
1.370 
I .9GO 
c.c70 
C.C6TJ 
1.170 
1.330 
1.170 

C . 5 C O  

0.5CO 
C.850 
1.2CO 
2 . C G i l  
0.500 
c.900 
1.1c0 
0.300 
C.SC0 
0.85C 
1.8CO 
2.1 GO 
C . 84U 
0. SI30 

1.3~1 

0 . 8 ~ 0  

0.46 
G.40 
c.95 
c.39 
G.32 
0.62 
c. 3 5  
0.62 

M l r A B S  

0.72 
C.72 
0.72 
0.72 
0.46 
g040 
0.5c 
G.44 
0.72 
0.46 
0.39 
I .06 
1.10 
G.48 
G.46 
C.48 
C.46 
0- 72 
0.57 
0 .  I 2  
0.56 
0.48 
0.38 
0.72 
0.54 
0.50 
U.85 
13-72 
6-56 
0.40 
0.38 
c.57 
0.72 
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Table 5. (continued) 

I 

MN 52P 
PN 52 
K l u  52 
N N  52 
MN 52 
MN 51 
C R  51 
C R  49 
C R  49 
C R  48 
CR 48 
V 48 
V 48 
V 48 
v 47 
T I  45 
sc 48 
SC 48 
sc 48 
sc 47 
sc 46 
SC 46 
Sf 44P 
sc 44v 
sc 44M 
sc 44 
s c  4 4  
sc 43 
sc  43 
C A  47 
CL 39 
CL 39 
CL 39 
CL 3 8  
CL 38 
CL 34M 
CL 34M 
K 43 
K 43 
K 42 
AR 41 
S 38 
MG 28 
MG 28 
MG 28 
NA 24 
NA 24 
NA 22 
NA 22 
F 18 
BE 7 

0,CCOI 7co 

oooco51co 
O*@CC51@0 
O.CCOSIC0 
0,CCOI 360 
u .oca I7CO 
0 .cco 1 3co 
O,CCOO420 
O.CC00510 
O,CCC1700 
o.ccc17co 

o.oco51 00  
C .COC42@O 

a.ccc3400 

o .cces 1 eo 

a.~eo170n 

o.cco I 700 
e ,cco i 7c0 
o,occ17co 
0.00057CO 
000001700 
O.GCO17CO 
o.ca02550 
o.noo51cn 
C.CC02550 
C.GCOS 100 
O.OC02550 
c .ocos 1 00 
D,OCOG855 
G .OCO@340 
O . C C C O O 8 0  

O.OCC0080 
0 .ocooo 16 
U.CC00025 
0 .occn05 1 
o.occcoo8 
G.CC!fll I10 
o,cc0102u 

O.OCG0590 
C0I2C00855 
C.OGU1270 
O,flO01270 
O.CG02970 
O.CC00340 
O.CCOC340 
O.C.CO0068 
0,CC00034 
0 .OOO I7OC 
G.OCO4240 

O.OGOCOBO 

o.ccan42u 

3 , 00E-I3 1 
1.37E 02 
1.37E 02 
1,376 02 
I.37E 02 
7,50E-U1 
6.72E 02 
7.00E-01 
7,COE-OS 
2.3CE 01 
2.3OE 03 
3.84E c2 
3.84E u2 
3,846 02 
5,COE-Ol 

4.40E Q 1  
4*4@E 01 
4.4UE 01 
8.2CE 01 
2.02E U3 
2,02E 0 3  
5,90E 01 
5.90E 03 
5.90E 01 
4,00E GO 
4,UUE C G  
4,OOE O C  
4,OOE GO 
1,08E 02 
1.0UE 00 
l .Ot3E O C  
1,OLIE 0 0  
5 . COE-0 1 
5 . 00  E-0 1 

s .OOE-O I 
2.20E 01 
2.20E 01 
1.20E 01 
1,ROE GO 
2,90E 00 
2.IOE 01 
2,JflE OS 
2.10E G I  
3.50E C I  
1,50E 01 

2.28E 04 
2.00E 00 
1.276 03 

3.00~ no  

5.m~-ui 

2 . 2 ~ ~  0 4  

1.4CO 
0.5c0 
G.7CO 
0.9co 
f.5CO 
0.5C!o 
0 . 320 
C * 5 C O  
c.u7s 
0.120 
0.310 
0 ,5CC 
0.990 
1.3cu 
13.5co 
c.5co 
0.990 
1 .E50 
1 , 3 3 0  
0,160 
a.ee0 
1,120 
13,270 
0.5CO 
1.lbG 
C. SOD 
1.160 
@.5CU 
0.373 
C.040 
0.250 
J.270 
1.5CO 
I .6GO 
2.2CO 
u. 5cc 
2.100 
0.37Q 
0.610 
1.530 
1.290 
1.8RO 
C,4CO 
0 . 950 
1.350 
1.380 
2.75G 
0,5CO 
1.280 
0-500 
C.480 

0.45 

0.61 
0.54 
0.44 
0.72 
0.84 
0.72 
1.05 
0.98 
0.84 
C.72 
0.52 
0.46 
C. 72 
0.72 
u.52 
c,51 
0.46 
0.96 

0149 
0.87 
0.72 
0.48 
0.72 
0,48 
0.72 
0.82 
1 - 1 5  
0.89 
0.47 
u.44 
c . 4 3  
c - 3 7  
G.72 
0.42 
13.81 
U,b5 
c.43 
0.46 
0-41  
0.75 
0.52 
0.46 
0.45 
G.34 
0.72 
G.47 
0.72 
0.73 

c.72 

0.54 



11 
8 

Appendix I 

F O R T R A N  L I S T I N G  F O R  M A I N  P R O G R A M  



/ 
J 

I 

/’ 12 

Appendix II 
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