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COMPARISONS OF RESULTS OBTAINED WITH SEVERAL PROTON 

PENETRATION CODES - PART I1 

W. Wayne Sco t t  and R .  G .  A l s m i l l e r ,  Jr. 

Abstract 

Comparisons of t h e  r e s u l t s  ob ta ined  f o r  a hypo the t i ca l  problem 
with four  d i f f e r e n t  pro ton  pene t r a t ion  codes have previous ly  been 
presented  i n  ORNL-RSIC-17. I n  t h i s  r e p o r t ,  s imi l a r  comparisons ob- 
t a i n e d  wi th  two a d d i t i o n a l  proton pene t r a t ion  codes,  CHARGE w r i t t e n  
by J. R .  L i l l e y  and W .  R .  Yucker and ASTROS w r i t t e n  by R .  Wallace, 
P .  G .  Steward, and C .  Sondhaus, which have been added t o  t h e  code 
c o l l e c t i o n  of t h e  Radiat ion Sh ie ld ing  Information Center ,  a r e  pre- 
sen ted .  The hypo the t i ca l  problem considered i s  t o  f i n d  t h e  dose as 
a func t ion  of depth i n  t i s s u e  when a t y p i c a l  s o l a r - f l a r e  pro ton  
spectrum i s  inc iden t  3n a semi - in f in i t e  s l a b  of aluminum followed by 
t i s s u e  and t o  f i n d  t h e  dose as a func t ion  of depth when monoenergetic 
protons are inc iden t  on a semi - in f in i t e  s l a b  of t i s s u e .  

I .  INTRODUCTION 

I n  a previous r epor t ’  ( h e r e i n a f t e r  r e f e r r e d  t o  as l), r e s u l t s  ob ta ined  

for a hypo the t i ca l  problem wi th  four  pro ton  pene t r a t ion  codes,  which a t  t h a t  

t i m e  were included i n  t h e  code c o l l e c t i o n  of t h e  Radiat ion Sh ie ld ing  In- 

formation Center ,  were compared. Since t h e  w r i t i n g  of t h a t  r e p o r t ,  two 

a d d i t i o n a l  proton pene t r a t ion  codes have been added t o  t h e  code c o l l e c t i o n ,  

and i n  t h i s  r e p o r t  comparisons s imi l a r  t o  those  given i n  1 and using t h e s e  

a d d i t i o n a l  codes a r e  p re sen ted .  

The codes considered i n  t h i s  r e p o r t  a r e  N T C , 2  w r i t t e n  by W .  E.  Kinney 

of t h e  Neutron Physics Divis ion of t h e  Oak Ridge Nat ional  Laboratory,  

CHARGE,3  w r i t t e n  by J. E .  L i i l e y  and v.  R .  Yucker of t h e  Miss i l e  and Space 

Systems Divis ion  of Douglas A i r c r a f t  Company, and ASTROS ,4 w r i t t e n  by 

R .  Wallace,  P. G.  Steward, and C .  Sondhaus of t h e  Univers i ty  of C a l i f o r n i a  
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Lawrence Radiation Laboratory.* The NTC code used he re  i s  t h e  same as t h a t  

used i n  1, and i n  t h e  one case  when t h e  hypo the t i ca l  problem considered 

he re  i s  the  same as t h a t  considered i n  1, t h e  c a l c u l a t e d  r e s u l t s  wi th  NTC 

are t h e  same as i n  1. 

I n  sec t ion  I1 t h e  major d i f f e rences  between t h e  codes are descr ibed .  

I n  s e c t i o n  I11 t h e  hypo the t i ca l  problems are descr ibed ,  and i n  s e c t i o n  I V  

t h e  r e s u l t s  are given and discussed.  

11. GENERAL CODE DESCRIPTION 

NTC and CHARGE c a l c u l a t e  t h e  primary and secondary p a r t i c l e  doses be- 

h ind  mul t i l aye r  s h i e l d s  due t o  a p resc r ibed  i n c i d e n t  f l u .  ASTROS i s  more 

s p e c i a l i z e d  and c a l c u l a t e s  t h e  primary and secondary p a r t i c l e  doses f o r  

monoenergetic protons inc iden t  on t i s s u e .  Since d e t a i l e d  d e s c r i p t i o n s  of 

t h e  codes and t h e  d a t a  used i n  t h e  codes are given i n  r e fe rences  2-4, on ly  

a f e w  general  comments on t h e  main d i f f e rences  between t h e  codes w i l l  be 

given he re .  

NTC employs Monte Carlo methods and i s  unique among t h e  codes be ing  

considered i n  t h a t  t h e  angular  d i s t r i b u t i o n  of t h e  secondary p a r t i c l e s  pro- 

duced by a l l  e l a s t i c  and none la s t i c  nuc lea r  c o l l i s i o n s  i s  t aken  i n t o  account .  

CHARGE and ASTROS use  t h e  s t r a igh tahead  approximation i n  t r e a t i n g  p a r t i c l e  

product ion from nuclear  c o l l i s i o n s  and cons ider  e x p l i c i t l y  only f i r s t -  

genera t ion  secondary p a r t i c l e s .  Furthermore,  ASTROS n e g l e c t s  e n t i r e l y  any 

con t r ibu t ion  t o  t h e  dose from neut rons .  

*These codes are packaged f o r  d i s t r i b u t i o n  by t h e  Radia t ion  Sh ie ld ing  
Information Center as CCC-T/NTC, CCC-70/CHkRGE, and CCC-43/ASTROS. 
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I 

NTC uses  d a t a  developed 

energy none la s t i c  c o l l i s i o n s  

by B e r t i n i 5  f o r  p a r t i c l e  product ion from high- 

while CHARGE and ASTROS r e l y  on t h e  d a t a  ca l -  

c u l a t e d  by Metropolis e t  aZ.6 

are i n  reasonable  agreement, b u t  because only a few energ ies  and elements 

were considered by Metropolis e t  aZ., cons iderable  e x t r a p o l a t i o n  and i n t e r -  

p o l a t i o n  were r equ i r ed  t o  o b t a i n  t h e  d a t a  which a r e  a c t u a l l y  used i n  CHARGE 

and ASTROS. Therefore ,  t h e  par t ic le -product ion  d a t a  used i n  t h e s e  codes 

may be  q u i t e  d i f f e r e n t  from those used i n  NTC.  

The d a t a  of B e r t i n i  and Metropol is  e t  a l .  

111. RESULTS AND DISCUSSION 

I n  o rde r  t o  compare t h e  codes under several d i f f e r e n t  circumstances 

and a t  t h e  same t ime use  e x i s t i n g  NTC c a l c u l a t i o n s ,  several s l i g h t l y  d i f -  

f e r e n t  h y p o t h e t i c a l  problems a r e  cons idered .  

The f irst  problem considered i s  t o  f i n d  t h e  dose as a func t ion  of depth i n  

t i s s u e  when a t y p i c a l  s o l a r - f l a r e  pro ton  spectrum i s  normally i n c i d e n t  on an 

i n f i n i t e  s l a b  of aluminum 20 g/cm2 t h i c k  followed by a t i s s u e *  s l a b  30 g/cm2 

t h i c k .  The f lare  spectrum i s  taken t o  be  exponent ia l  i n  r i g i d i t y ,  that  i s ,  t o  

where K and P are parameters which must be s p e c i f i e d .  For t h e  f irst  problem 

cons idered ,  K and P a r e  t aken  t o  be lo9 protons/cm2 and 100 m ,  r e s p e c t i v e l y ,  

and because of l i m i t a t i o n s  i n  NTC on ly  i n c i d e n t  pro tons  between 50 and 400 MeV 

0 

0 

*In CHARGE and ASTROS t i s s u e  i s  approximated by water. 
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are considered.  The problem s o  de f ined  i s  t h e  same as t h a t  considered i n  1 

and t h e  NTC r e s u l t s  given he re  a r e  t h e  same as those  given i n  1." The com- 

par i sons  between t h e  r e s u l t s  given by CHARGE and NTC a r e  shown i n  F igs .  1 

t o  4. 

I n  F ig .  1 t h e  primary pro ton  doses are compared. A primary pro ton  i s  

de f ined  t o  be an inc iden t  pro ton  t h a t  has undergone n e i t h e r  e l a s t i c  nor non- 

e l a s t i c  nuc lear  c o l l i s i o n .  

ment except  a t  t h e  aluminum-tissue i n t e r f a c e  where t h e  CHARGE r e s u l t  i s  

The primary pro ton  doses a r e  i n  reasonable  agree- 

s l i g h t l y  higher  t han  t h a t  given by NTC. The secondary pro ton  doses and 

secondary neutron doses are compared i n  F igs .  2 and 3, r e s p e c t i v e l y .  I n  

both  f i g u r e s  t h e  agreement i s  r a t h e r  good a t  a l l  t i s sue  depths .  I n  F ig .  4 

t h e  t o t a l  doses , t h a t  i s  , t h e  sum of t h e  preceding t h r e e  graphs , are shown. 

The c a l c u l a t i o n s  presented  i n  F igs .  1 t o  4 are d i r e c t l y  comparable t o  

those  presented  i n  F igs .  1, 5 ,  9 ,  and 13  of r e f .  1. I n  g e n e r a l ,  t h e  degree 

of  agreement between CHARGE and NTC i s  comparable t o  t h e  degree of agree- 

ment between LPSC and LPPC and NTC. 

The second problem f o r  wh?'ch comparisons between CHARGE and NTC have 

been made i s  t h e  dose as a func t ion  of depth i n  t h e  t i s s u e  when a s o l a r -  

f lare  pro ton  spectrum i s  i s o t r o p i c a l l y  i n c i d e n t  on a s l a b  of aluminum 20 g/cm2 

t h i c k  followed by a t i s s u e  s l a b  30 g/cm2 t h i c k .  The shape of t h e  f l a r e  spec- 

trum i s  taken  t o  be exponent ia l  i n  r i g i d i t y  as b e f o r e ,  b u t  P i s  t aken  t o  
0 

be 80 MV and K i s  taken  t o  b e  2.388 x lo9 protons/cm2 s o  t h a t  t h e  publ i shed  

NTC c a l c u l a t i o n s  of I r v i n g  e t  aZ.* could b e  used. I n  t h i s  c a s e ,  as i n  t h e  

previous c a s e ,  on ly  i n c i d e n t  pro tons  below 400 MeV were cons idered ,  but un- 

l i k e  t h e  previous case  t h e  low-energy p ro tons ,  t h a t  i s ,  t h e  pro tons  below 

50 MeV, were considered. 

*See a l s o  r e f .  7. 

These low-energy p ro tons  do not  g e t  th rough t h e  
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SHIELD: 20,g/cm2 OF ALUMINUM FOLLOWED BY 
30 g/cm2 OF TISSUE. 

SPECTRUM: Po = 100-MV NORMAL INCIDENCE. 

0 CHARGE 

Fig. 1. Primary Proton Dose vs Depth i n  Tissue. 
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SHIELD: 20 g/cm2 OF ALUMINUM FOLLOWED BY 
30 g/cm2 OF TISSUE. 

SPECTRUM: Po = 100-MV NORMAL INCIDENCE. 

- NTC 

0 CHARGE 

0 5 10 1 5  20 25 30 
TISSUE DEPTH ( g / c m 2 )  

F ig .  2. Secondary Proton Dose vs Depth i n  Tissue.  
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SPECTRUM: Po = 100-MV N O W  INCIDENCE. 

0 CHARGE 

1 0 - 2 , , , , , ,  , , , , , I , , , , / , , , , / , , , , , , , , , , , , , , , , , , , , , , , , , I , , I I , , I , , I  I , I I I I  I I  I 1 1 ,  

20 25 30 

Fig. 3. Secondary Neutron Dose vs Depth i n  Tissue. 

TISSUE DEPTH (g/cm2) 
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SPECTRUM: Po = 100-MV NORMAL INCIDENCE. 

0 CHARGE 

F ig .  4. Tota l  Dose vs Depth i n  T i s sue .  
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aluminum and t h e r e f o r e  cont r ibu te  t o  t h e  dose only by producing secondary 

neutrons.  The con t r ibu t ion  t o  the dose of t h e s e  secondary neutrons pro- 

duced by low-energy inc iden t  protons w a s  found by I r v i n g  e t  a l .  t o  be s m a l l ,  

bu t  it i s  included he re .  

The comparisons between CHARGE and NTC a r e  shown i n  F igs .  5 and 6 .  

I n  Fig.  5 t h e  doses from primary protons a r e  compared, while i n  F ig .  6 t h e  

doses from a l l  secondary p a r t i c l e s  are compared. The primary pro ton  doses 

are not i n  complete agreement and t h e  secondary p a r t i c l e  doses are i n  ser- 

ious  disagreement.  The reason for  t h i s  d i f f e r e n c e  i s  not known. 

The t h i r d  problem and t h e  f i r s t  case  f o r  which a l l  t h r e e  codes,  NTC, 

CHARGE, and ASTROS, a r e  compared i s  t o  f i n d  t h e  dose as a func t ion  of depth 

when 200-MeV pro tons  a r e  normally i n c i d e n t  on a s l a b  of t i s s u e  30 g/cm2 

t h i c k .  The NTC c a l c u l a t i o n s  f o r  t h i s  ca se  are t aken  from t h e  work of 

Zerby and K i n n e ~ . ~  

are shown i n  F ig .  7. 

i n  very  good agreement a t  a l l  t issue depths .  

good agreement a t  t h e  small t i s s u e  dep ths ,  b u t  t h e r e  are s i g n i f i c a n t  

dev ia t ions  at t h e  l a r g e r  depths.  

Comparisons of bo th  t h e  primary and secondary doses 

The primary doses obta ined  wi th  a l l  t h r e e  codes are 

The secondary doses are i n  

Ca lcu la t ions  wi th  CHARGE and NTC have also been c a r r i e d  out  f o r  t h e  

c a s e  of 200-MeV pro tons  i s o t r o p i c a l l y  i n c i d e n t  on a t i s s u e  s l a b  30 g/cm2 

t h i c k .  

i n  F ig .  8. 

Kinney.9 It i s  t o  be noted t h a t  t h e  NTC r e s u l t s  p l o t t e d  i n  Fig.  8 are a 

f a c t o r  of two smaiier than  thcse  g iven  by Zerby and Kinney s i n c e  i n  F ig .  8 

t h e  r e s u l t s  are given p e r  u n i t  i n c i d e n t  flux r a t h e r  t han  pe r  u n i t  i n c i d e n t  

c u r r e n t .  

The primary and secondary p a r t i c l e  doses  for t h i s  case  are compared 

The NTC r e s u l t s  a r e  aga in  taken  from t h e  work of Zerby and 

There i s  a s i g n i f i c a n t  d i f f e r e n c e  between both t h e  primary and 
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68- 4287 

SHIELD: 20 g/cm2 OF ALUMINUM FOLLOWED BY 
30 g/cm2 OF TISSUE. 

SPECTRUM: Po = 80-MV ISOTROPIC INCIDENCE. 

- NTC 
0 CHARGE 

F ig .  5 .  Primary Proton Dose vs Depth i n  T i s sue .  
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Fig. 8. Dose vs Depth i n  Tissue. 

, 
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secondary p a r t i c l e  doses i n  t h i s  case .  I n  genera l ,  t h e  agreement between 

NTC and CHARGE is much b e t t e r  f o r  t h e  case  of normal inc idence  than  f o r  t h e  

case of i s o t r o p i c  inc idence .  

F i n a l l y ,  i n  F ig .  9 CHARGE and ASTROS a r e  compared for t h e  case  of 

730-MeV protons normally inc iden t  on a very t h i c k  (300 g/crn2) s l a b  of 

t i s s u e .  For t h i s  high-energy case  t h e  primary proton and secondary pro ton  

doses a r e  i n  reasonable  agreement at a l l  t i s s u e  depths  considered.  A sec- 

ondary neutron dose from ASTROS i s  not shown because t h e  secondary neut rons  

are neglected i n  t h i s  code. Beyond t h e  range of the primary pro tons  

(%200 g/cm2),  n e i t h e r  CHARGE nor ASTROS gives  a secondary pro ton  cont r ibu-  

t i o n  because both codes cons ider  only f i r s t - g e n e r a t i o n  secondary p a r t i c l e s .  
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