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INTRODUCTION 

The p rospec t  of ex tens ive  space opera t ions  i n  the  e r a  of the  Space Transporta-  
t i o n  System and poss ib ly  a permanent manned space  l abora to ry  accen tua te s  the need f o r  
understanding t h e  i n t e r a c t i o n  of e n e r g e t i c  heavy ions  with extended mat te r  ( r e f .  1 ) .  
I n  a d d i t i o n  t o  t h e  space program, h igh -a l t i t ude  a i r c r a f t  ope ra t ions  ( r e f .  2) and 
rad io therapy  ( r e f .  3)  are a r e a s  r e q u i r i n g  b e t t e r  understanding of heavy i o n  beam 
t r a n s p o r t .  In  t h e  p r e s e n t  r e p o r t ,  previous c a l c u l a t i o n s  ( r e f s .  4 and 5) a r e  extended 
t o  a r r i v e  a t  a more complete model f o r  heavy ion  beam t r a n s p o r t .  

The s o l u t i o n  of t h e  heavy ion  t r a n s p o r t  equa t ions  is considered i n  t h e  s t r a i g h t  
ahead approximation. The equat ions  are solved by methods of c h a r a c t e r i s t i c s  us ing  a 
p e r t u r b a t i o n  expansion. Af t e r  t h e  t r a n s p o r t  c o e f f i c i e n t s  a r e  reviewed, r e s u l t s  f o r  
neon beams i n  water are presented  along with conclus ions  based on these r e s u l t s .  

HEAVY ION TRANSPORT 

In moving through extended mat te r ,  heavy ions  l o s e  energy through i n t e r a c t i o n  
with atomic electrons along t h e i r  t r a j e c t o r i e s .  On occas ion ,  they i n t e r a c t  v i o l e n t l y  
w i t h  nuc le i  of t he  matter producing ion  fragments moving i n  the  forward d i r e c t i o n  and 
low energy fragments  of t h e  s t r u c k  t a r g e t  nucleus.  The t r a n s p o r t  equat ions  f o r  t h e  
s h o r t  range t a r g e t  fragments can be solved i n  c losed  form i n  terms of c o l l i s i o n  den- 
s i t y  ( r e f .  4 ) .  Hence, t h e  p r o j e c t i l e  fragment t r a n s p o r t  i s  the  i n t e r e s t i n g  unsolved 
problem. In prev ious  work, the p r o j e c t i l e  i o n  fragments were t r e a t e d  a s  i f  a l l  went 
s t r a i g h t  forward ( r e f .  5 ) .  

wi th  t h e  s t r a i g h t  anead approximation and t h e  t a r g e t  secondary fragments 
neglected ( r e f s .  4 and 5), the  t r a n s p o r t  equat ion may be w r i t t e n  as 

where @. ( x , E )  is the  f l u x  of i ons  of type j with atomic mass a t  x moving 
a long  t h e  x-axis  a t  energy E i n  u n i t s  of MeV/amu, a j ( E )  i s  t h e  corresponding 
macroscopic nuc lea r  abso rp t ion  c r o s s  s e c t i o n ,  ;,(E) i s  t h e  change i n  E pe r  u n i t  
d i s t a n c e ,  and mjk(E)  is  t h e  m u l t i p l i c i t y  of i on  j produced i n  c o l l i s i o n  by 
i o n  k. ( A  l is t  of symbols appears  a f t e r  the r e fe rences  i n  t h i s  r e p o r t . )  The range 
of t h e  i o n  is g iven  as 
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The s o l u t i o n  t o  equat ion ( 1 )  is  t o  be found s u b j e c t  t o  boundary s p e c i f i c a t i o n  a t  
x = 0 and a r b i t r a r y  E as 

@ . ( O , E )  = F . ( E )  
3 3 

Usually F ( E )  is c a l l e d  the i n c i d e n t  beam spectrum. 

It  fo l lows  from Bethe 's  theory ( r e f .  6 )  t h a t  

A, A Z 2  
S j  ( E )  = % Ep(E) 

A.2 
3 p  

f o r  which 

( 3 )  

The s u b s c r i p t  p r e f e r s  t o  proton.  Equation (Sa)  i s  q u i t e  accu ra t e  a t  high energy 
and only approximately t r u e  a t  low energy because of e l e c t r o n  cap tu re  by t h e  i o n  
which e f f e c t i v e l y  reduces i t s  charge ( r e f .  7 ) ,  h igher  o rde r  Born c o r r e c t i o n s  t o  
Bethels  theory  ( r e f .  8 ) ,  and nuc lear  s topping  a t  t he  lowest  ene rg ie s  ( r e f .  9) .  
Herein,  t h e  parameter v is  def ined  as 

j 

v R . ( E )  = vk R ~ ( E )  
1 1  

(5b)  

so t h a t  

( 6 )  
2 v = Z .  /A 

j 1 1  

Equations ( 5 )  and ( 6 )  a r e  used i n  t h e  subsequent  development and the energy v a r i a t i o n  
i n  v is  neglected.  The inve r se  func t ion  of R j ( E )  i s  def ined  as 

j 
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and p l a y s  a fundamental role subsequently.  For t h e  purpose of s o l v i n g  equa t ion  ( 1 1 ,  
I 
I def ine  the  coord ina te  t r ans fo rma t ion  ( r e f s .  4 and l o ) ,  

and new f u n c t i o n s  

where 

f o r  which equa t ion  ( 1 ) becomes 

where t h e  9 are assumed to  be energy independent. Solving equat ion ( 1  1 )  by using 
l i n e  i n t e g r a t i o n  with an i n t e g r a t i n g  f a c t o r ,  

r e s u l t s  i n  



where 
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j 
2vk 'j 

Vk - v 

'k + "j 
Vk - v 

5 E;, = J T)' + 
'k 2vk 

and t h e  boundary cond i t ion  (eq. ( 3 ) )  i s  w r i t t e n  as 

Consider  a Neumann series for  equa t ion  (13)  f o r  which t h e  f i r s t  t e r m  i s  

and the second term is 

An express ion  f o r  S!2)'rpj 1 i s  de r ived  once equa t ion  (16)  i s  reduced and h ighe r  
o r d e r  terms can be found y cont inued i t e r a t i o n  of equa t ion  (13 ) .  These expres s ions  
(eqs. (15)  and ( 1 6 ) )  are now s i m p l i f i e d  for  a monoenergetic beam of type  M i o n s .  

The boundary cond i t ion  is now taken  as 

where 6jM is the Kronecker d e l t a ,  6 (  i s  the D i r a c  d e l t a ,  and Eo is  t h e  i n c i -  
d e n t  beam energy. Thus, 



I X b[c;-RM(EO)] dq' 

The c o n t r i b u t i o n  to  t h e  i n t e g r a l  (eq. ( 2 0 ) )  occurs  a t  

-5 .  < q' < 9, so t h a t  provided t h a t  r)' l ies  on t h e  i n t e r v a l  3 

(20)  

The s i m p l i f i e d  form i n  equat ion  ( 2 2 )  may now be used t o  c a l c u l a t e  t h e  next  i t e r a t i o n  
of equat ion  ( 1  3)  : 
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where 

v - v  k v + v  
k J q" + 

'k 

2vk 'j 
Vk + J v - v  

k j qll + % = 2 V k  

and 

wi th  t h e  requirement t h a t  -< < < $. The i n v e r s e  of t h e  t r ans fo rma t ion  is  now 
applied t o  obtain from equat ion  (19) 

and from equat ion  (22 )  

so long as 

otherwise  (x,E) is zero.  A f t e r  a complicated b u t  s t r a i g h t f o r w a r d  manipulat ion,  
a s imilar  r e s u l t  may be obta ined  from equa t ion  (23) for  @.!2)(x,E) .  

3 
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The dose a s  a func t ion  of depth i s  given a s  

which is eva lua ted  from equat ions  ( 2 6 )  and ( 2 7 )  a s  fo l lows:  

and 

- %[x + R j ( E )  + q l ]  dE 1 
and E R  span the energy l i m i t s  a s s o c i a t e d  with equat ion  (28). The 

where % j 
va lues  of t h e  in t eg rand  of equat ion  (31) a t  t h e  l i m i t s  of i n t e g r a t i o n  are 

(31 1 

. 

With a l i n e a r  approximation of t he  exponent, equa t ion  (31)  becomes 

(33)  
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Note t h a t  assuming t h e  s topping  power t o  be n e g l i g i b l e  r e s u l t s  i n  an energy- 
independent s o l u t i o n  f o r  t he  secondary f lux :  

which provides  some confidence i n  t h e  above approximations (see also r e f .  5). 

In similar fash ion ,  t h e  i n v e r s e  t ransformat ion  can be app l i ed  t o  equat ion  (23) 
and D ( 2 ) ( x )  can be eva lua ted  as 

1 - exp(-aMx) exp( -a .x )  - exp(-akx)  
3 - 

dM - d j 4c - 'j 

where 

and 

(35) 

The results of equat ions  (36) and (37) are understood to  be zero whenever t h e  r i g h t -  
hand s i d e s  a r e  negat ive.  The above express ions  can be app l i ed  t o  var ious  s h i e l d  
m a t e r i a l s  of uniform composition. Each s p e c i f i c  a p p l i c a t i o n  r e q u i r e s  knowledge of 
t h e  appropr i a t e  t r a n s p o r t  c o e f f i c i e n t s  S j ( E ) ,  aj, and mjk.  The nex t  s e c t i o n  pre-  
s e n t s  t he  t r a n s p o r t  c o e f f i c i e n t s  f o r  water. Water is p a r t i c u l a r l y  impor tan t  s i n c e  it 
resembles organic  m a t e r i a l s ,  is  under ex tens ive  s tudy  a t  heavy i o n  f a c i l i t i e s ,  and i s  
r e l a t e d  t o  an a s t r o n a u t ' s  s e l f - s h i e l d i n g  f a c t o r s .  
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TRANSPORT COEFFICIENTS O F  WATER 

Stopping Power 

In  pas s ing  through a m a t e r i a l ,  an i o n  lo ses  t h e  l a r g e r  f r a c t i o n  of its energy to  
e l e c t r o n i c  e x c i t a t i o n  of t h e  ma te r i a l .  Although a s a t i s f a c t o r y  theory of high-energy 
ion -e l ec t ron  i n t e r a c t i o n  i s  a v a i l a b l e  i n  the form of Bethe 's  theory u t i l i z i n g  the  
Born approximation, an equa l ly  s a t i s f a c t o r y  theory f o r  l o w  ene rg ie s  is n o t  a v a i l a b l e .  
Bethe 's  high-energy approximation to  the  energy loss p e r  u n i t  pa th  i s  given as 

47 

where Z1 i s  t h e  p r o j e c t i l e  charge, N is  t h e  number of t a r g e t s  per u n i t  volume, 
z2 is the  number of e l e c t r o n s  per t a r g e t ,  m is  t h e  e l e c t r o n  mass, v is t h e  pro- 
ject i le  v e l o c i t y ,  @ = v/c ,  c is the ve loc i ty  of l i g h t ,  C is  the ve loc i ty -  
dependent s h e l l  c o r r e c t i o n  term ( r e f .  1 1 1 ,  and 
given by 

I2 i s  t h e  mean e x c i t a t i o n  energy 

z2 In = C f n  l n  E, 
n 

(39)  

where t h e  
En t h e  corresponding e x c i t a t i o n  energ ies .  Note t h a t  t h e  sum i n  equat ion  (39)  
inc ludes  d i s c r e t e  and continuum l e v e l s .  Empir ical ly  it has been observed t h a t  molec- 
u l a r  s topp ing  power is reasonably approximated by t h e  sum of t h e  corresponding empir- 
i c a l l y  de r ived  "atomic" s topping  powers f o r  which equa t ions  (38)  and (39)  imply 

f n  are t h e  e l e c t r i c  d i p o l e  o s c i l l a t o r  s t r e n g t h s  of the  t a r g e t  and t h e  

Z j  and I are t h e  corresponding j where Z and I p e r t a i n  to  t h e  molecule, 
atomic va lues ,  and 
(eq.  (40) is usua l ly  c a l l e d  Bragg's r u l e  ( r e f .  1 2 ) .  

are the  s to i ch iomet r i c  c o e f f i c i e n t s .  This a d d i t i v i t y  r u l e  
"j 

Sources  of d e v i a t i o n s  from Bragg's a d d i t i v i t y  r u l e  f o r  molecules and f o r  t h e  
condensed phase are d iscussed  by Platzman ( r e f .  13 ) .  Aside from s h i f t s  i n  e x c i t a t i o n  
e n e r g i e s  and ad jus tments  i n  l i n e  s t r e n g t h s  a s  a r e s u l t  of molecular bonding, new 
terms i n  the  s topp ing  power appear due to  coupling between v i b r a t i o n a l  and r o t a t i o n a l  
modes. Add i t iona l ly ,  i n  condensed phase, some d i s c r e t e  t r a n s i t i o n s  are moved i n t o  
the  continuum, and c o l l e c t i v e  modes among valence e l e c t r o n s  i n  ad jacen t  atoms produce 
new terms i n  t h e  abso rp t ion  spectrum t o  be d e a l t  with.  Platzman proposed t h a t  t h e  
exper imenta l ly  observed a d d i t i v i t y  r u l e  may no t  show t h a t  molecular s topping  power is 
t h e  sum of atomic p rocesses  b u t  r a t h e r  demonstrate t h a t  molecular bond s h i f t s  f o r  
cova len t  bonded molecules a r e  r e l a t i v e l y  independent of t h e  molecular combination. 
On t h e  b a s i s  of such arguments, Platzman suggested t ha t  i o n i c  bonded subs tances  
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should be s tud ied  as a r i g i d  test  of t he  a d d i t i v i t y  r u l e  because of t h e  r a d i c a l  d i f -  
fe rence  i n  bonding type. H e  f u r t h e r  es t imated  t h a t  i o n i c  bond s h i f t s  could change 
t h e  s topping  power by as much as 50 percent. Recent  r e s u l t s  on molecular bond s h i f t s  
on mean e x c i t a t i o n  ene rg ie s  are d iscussed  i n  r e fe rences  14 t o  16. E f f e c t s  of t h e  
p h y s i c a l  s t a t e  have l ikewise  been s t u d i e d  ( r e f .  1 7 ) .  

The e l e c t r o n i c  s topping  power f o r  pro tons  i s  adequate ly  desc r ibed  by equa- 
t i o n  (38)  f o r  energies  above 500 keV f o r  which the  s h e l l  o r  " t i g h t  binding" cor rec-  
t i o n  C makes an important c o n t r i b u t i o n  below 10 MeV ( r e f .  1 8 ) .  For pro ton  e n e r g i e s  
below 500 keV, it i s  well-known t h a t  charge exchange ( e l e c t r o n  t r a n s f e r )  r e a c t i o n s  
a l t e r  t h e  proton charge over much of i t s  pa th ,  s o  t h a t  equat ion  (38)  is  t o  be under- 
s tood  i n  terms of an average over t he  proton charge states.  I t  is  normal t o  i n t r o -  
duce i n t o  equat ion (38 )  an e f f e c t i v e  charge t h a t  i s  found by averaging  equat ion  (38 )  
over  t h e  charge states so  t h a t  t he  e f f e c t i v e  charge is  the  root-mean-square ion  
charge and n o t  the average ion  charge.  A t  any ion  energy, charge equ i l ib r ium i s  
e s t a b l i s h e d  very quick ly  i n  a l l  materials. U t i l i z i n g  the e f f e c t i v e  charge i n  equa- 
t i o n  (38)  appears t o  make only  modest improvement below 500 keV, an i n d i c a t i o n  pre- 
sumably of t h e  f a i l u r e  of t h i s  theory based on t h e  Born approximation ( r e f .  7 ) .  
Customarily d a t a  below 500 keV are t r e a t e d  on an empirical b a s i s  ( r e f s .  7 and 1 8 ) .  
The r e s u l t a n t  s topping power f o r  pro tons  i n  water are shown i n  comparison t o  t h e  
eva lua ted  d a t a  of Bichsel  ( r e f .  19) i n  f i g u r e  1 .  

E 
0 
> 
a, 
2 

3 
a 

\ 

L 
a, 

0 

UJ 
C 
Q 

0 

CI) 

.- 
n 
c 

Particle Energy, MeV 

Figure  1.- Calculated and experimental  s topping  powers i n  water f o r  t y p i c a l  
cosmic r ay  ions  as a func t ion  of k i n e t i c  energy. 

The e l e c t r o n i c  s topping  power f o r  a lpha  par t ic les  requires terms i n  equa- 
t i o n  (38)  of higher order  i n  t h e  p r o j e c t i l e  charge r e s u l t i n g  from c o r r e c t i o n s  t o  
t h e  Born approximation. The a lpha  s topping  p o w e r  cannot  be r e l a t e d  t o  the pro ton  
s topping  power through t h e i r  e f f e c t i v e  charges.  Paramet r ic  f i t s  t o  exper imenta l  d a t a  
a r e  given by Z i e g l e r  i n  re ference  20 f o r  a l l  e lements  i n  both t h e  gaseous and con- 
densed phase.  

z1 
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The e l e c t r o n i c  s topp ing  powers f o r  heavier  i o n s  are r e l a t e d  t o  t h e  a lpha  s top-  
p ing  power through t h e i r  corresponding e f f e c t i v e  charges.  
ges t ed  by Barkas ( r e f .  21) i s  used: 

The e f f e c t i v e  charge sug- 

where Z i n  equat ion (41)  is atomic number of the  i o n .  

A t  s u f f i c i e n t l y  l o w  e n e r g i e s ,  the energy l o s t  by an i o n  i n  nuc lea r  c o l l i s i o n  
becomes important .  The nuc lea r  s topp ing  theory used i n  t h i s  paper i s  a mod i f i ca t ion  
of t h e  theory of Lindhard, S c h a r f f ,  and S c h i o t t  ( r e f .  9;. The reduced energy is 
given as 

z ~ z ~ ( A ~  + A ~ ) ( z : / ~  + z 2/3 1/2 
E =  

2 

(42)  

where E is i n  uniks of keV/amu and A1 and A2 are t h e  atomic masses of t h e  pro- 
j ec t i l e  and t a r g e t .  The nuc lea r  s topping power i n  reduced u n i t s  ( r e f .  2 0 )  i s  

(1 .593e1l2 ( E  < 0.01) 

(0.91 < E : 10) 

and t h e  conversion f a c t o r  t o  u n i t s  of eV/(1015 atoms/cm2) is 

8.426Z1Z2A1 

2/3 1 / 2  f =  
2/3 + z ) 

(Al + A 2 ) ( Z 1  2 

(43)  

(44)  

The t o t a l  s topp ing  power Sj is  obtained by summing t h e  e l e c t r o n i c  and nuc lea r  con- 
t r i b u t i o n s .  Other p rocesses  of energy t r a n s f e r  such as Bremsstrahlung and p a i r  pro- 
d u c t i o n  are unimportant. 
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For ene rg ie s  above a few MeV per nucleon, Bethe ' s  equa t ion  is  adequate  provided 
t h a t  appropriate c o r r e c t i o n s  t o  Bragg's r u l e  (refs. 14 t o  1 6 )  , s h e l l  corrections 
( r e f s .  7, 11, and 1 8 ) ,  and e f f e c t i v e  charge are included.  E l e c t r o n i c  s topp ing  p o w e r  
f o r  pro tons  is ca l cu la t ed  from t h e  parametric formulas of Andersen and Ziegler ( r e f .  
1 8 ) .  The ca l cu la t ed  s topp ing  power f o r  pro tons  i n  water i s  shown i n  f i g u r e  1 i n  
comparison wi th  data given by Bichse l  ( r e f .  19 ) .  

Because alpha s topping  power is  n o t  d e r i v a b l e  from t h e  pro ton  s topp ing  power 
formula us ing  the  e f f e c t i v e  charge a t  l o w  energy, t h e  parametric f i t s  t o  empirical 
a l p h a  s topp ing  powers g iven  by Z ieg le r  ( r e f .  20) are used. Applying h i s  r e s u l t s  f o r  
condensed phase water poor ly  r ep resen ted  t h e  data of  r e f e r e n c e s  22 and 23. Consider- 
i n g  t h a t  phys i ca l  s t a t e  and molecular binding e f f e c t s  are most impor tan t  f o r  hydrogen 
( r e f .  141, t h e  water s topp ing  power w a s  approximated by us ing  t h e  condensed phase 
parameters f o r  hydrogen and t h e  gas  phase parameters f o r  oxygen (which are known 
expe r imen ta l ly ) .  These r e s u l t s  are compared wi th  exper imenta l  data f o r  condensed 
phase water ( r e f s .  22 and 23) i n  f i g u r e  1. I t  appears t h a t  Z i e g l e r  overes t imated  t h e  
condensed phase e f f e c t s  f o r  oxygen. 

E l e c t r o n i c  s topping  powers f o r  i ons  of charge g r e a t e r  than  2 are r e l a t e d  t o  t h e  
a lpha  s topp ing  power through t h e  e f f e c t i v e  charge given by equa t ion  (41 ) .  For w a t e r ,  
t h e  condensed phase formula of Z ieg le r  f o r  a lpha  particles ives probably t h e  best 
s topp ing  powers f o r  heav ie r  i ons .  Calcu la ted  r e s u l t s  for  "0 and 56Fe i o n s  i n  
water are shown i n  f i g u r e  1 i n  comparison wi th  t h e  N o r t h c l i f f e  and S c h i l l i n g  data 
(ref.  24 ) .  
important s i n c e  t h e i r  d a t a  seem to  agree  wi th  t h e  range experiments  of J. H. Chan i n  
Lexan' ( r e f .  25).  
calculated i n  a way similar to  t h e  procedure g iven  above f o r  c a l c u l a t i n g  s topp ing  
powers i n  water. 

Good agreement wi th  N o r t h c l i f f e  and s c h i l l i n g  for  56Fe i o n s  is  e s p e c i a l l y  

The s topp ing  powers i n  Lexan and t i s s u e  e q u i v a l e n t  material can  be 

Nuclear  Absorption Cross Sec t ion  

The nuc lea r  abso rp t ion  cross s e c t i o n  4( is c a l c u l a t e d  from a quantum mechan- 
i c a l  model of  the heavy ion  reaction. Approximate s o l u t i o n  of t h e  coupled-channel 
equa t ions  f o r  high-energy composite par t ic le  s c a t t e r i n g  i s  used t o  calculate  t h e  
e l a s t i c  s c a t t e r e d  ampli tude from which t o t a l  and abso rp t ion  cross sect ions are 
de r ived  ( r e f .  26). Nucleon-nucleus cross sections are bet ter  than  5 p e r c e n t  accurate 
w i t h  respect t o  absorp t ion  mean f r e e  pa ths .  
are now be ing  incorpora ted  i n t o  t h e  model ( r e f s .  27 t o  29) and improved c a l c u l a t i o n a l  
methods w i l l  r e s u l t  i n  more a c c u r a t e  cross s e c t i o n s  a t  a l l  e n e r g i e s  from 20 MeV/amu 
t o  30 GeV/amu. The p r e s e n t  r e s u l t s  der ived  from r e f e r e n c e  26 are shown i n  f i g u r e  2. 

More accurate nuc lea r  d e n s i t y  f u n c t i o n s  

'Lexan: Trade name of  t h e  General Electric Co. ,  Polymers Product  D e p t .  
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E, GeV/amu 

Figure 2.- Ca lcu la t ed  ( r e f .  26)  macroscopic a b s o r p t i o n  c r o s s  s e c t i o n  
f o r  t y p i c a l  cosmic ray i o n s  i n  w a t e r .  

Nuclear Fragmentation Parameters 

Nuciear f ragmentat ion by proton beams has been s t i ld ied  by iiiaiij r e s e a r c h e r s ,  and 
approximate formulas f o r  t h e  product ion c ros s  s e c t i o n s  of any fragment with Z > 2 
f o r  proton beams and a r b i t r a r y  t a r g e t  nuclei  have been de r ived  ( r e f .  30).  Basic 
fragmentat ion s t u d i e s  f o r  carbon i o n  beams allow ex tens ion  of the product ion c r o s s  
s e c t i o n s  f o r  z > 2 and hydrogen beams t o  any a r b i t r a r y  nucleus ( r e f .  30) .  Given 
t h e  
and 
the  

product ion cross s e c t i o n  a ( Z  , A  , A  , Z  A.,E) f o r  a fragment of type 

fragmentat ion parameter,  o r  m u l t i p l i c i t y ,  r e q u i r e d  f o r  t h e  p r e s e n t  method i s  
Z produced by an i o n  of tykpe kAkT a& 'zk c o l l i d i n g  with a t a r g e t  AT, then j 

I n  t h e  p r e s e n t  c a l c u l a t i o n  t h e  product ion c ros s  s e c t i o n s  are averaged over  t h e  s h i e l d  
material c o n s t i t u e n t s .  
shown i n  f i g u r e  3. 

Fragmentation parameters f o r  'OV a t  1 GeV/amu i n  water are 

13  
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F r a g m e n t  c h a r g e  

Figure 3.- Calculated f ragmenta t ion  parameters  ( m u l t i p l i c i t y )  of var ious  charge 
s t a t e s  f o r  vanadium fragmentat ion i n  water .  E = 1 GeV/amu. 

RESULTS 

The dose i n  MeV/g has been c a l c u l a t e d  a s  a func t ion  of depth i n  w a t e r  f o r  a 20Ne 
i o n  beam of 760 MeV/amu according t o  equat ions  (30)  , (33) , and (35). The c a l c u l a t e d  
dose i n d i c a t e s  t h a t  of t he  i n c i d e n t  15.2 GeV a s s o c i a t e d  wi th  the  k i n e t i c  energy of 
each p a r t i c l e ,  only about  ha l f  would be u l t i m a t e l y  depos i ted .  It i s  c l e a r  i n  compar- 
i ng  D ( l ) ( x )  with D ( 2 ) ( x )  i n  f i g u r e  4 t h a t  t h e  series approximation t o  t h e  dose i s  
r a p i d l y  converging, so t h a t  h igher  o rde r  terms a r e  n o t  t h e  source  of e r r o r .  Tes t ing  
for charge and mass conserva t ion  of the  fragmentat ion parameters  i n d i c a t e s  t h a t  t h e  
average t o t a l  charge of the  f i r s t  r e a c t i o n  products  is 4.9e and t h e  average mass is 
9.2 amu. Clear ly ,  cons iderable  mass and charge a s  we l l  as energy are l o s t  i n  t h e  
Si lberberg-Tsao fragmentat ion c r o s s  s e c t i o n s .  Although t h e  c a l c u l a t i o n a l  methods 
developed he re  a re  converging a t  l e a s t  i n  t he  case  shown, cons ide rab le  e f f o r t  must be 

I 

I made t o  improve the  d e s c r i p t i o n  of t h e  f ragmenta t ion  process .  

14 
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SYMBOLS 

atomic mass of type j ion,  amu 

speed of l i g h t ,  cm/sec 

s h e l l  c o r r e c t i o n  

energy absorbed per u n i t  mass a t  x, MeV/g 

e l e c t r o n i c  charge,  coulumbs 

ion  k i n e t i c  energy, MeV/amu 

i n c i d e n t  beam energy, MeV/amu 

d i p o l e  t r a n s i t i o n  energy,  e V  

e lec t r ic  d i p o l e  o s c i l l a t o r  s t r e n g t h  

i n c i d e n t  beam f lux ,  

mean e x c i t a t i o n  energy f o r  s topping,  e V  

2 e l e c t r o n  mass, e V / c  

m u l t i p l i c i t y  of type j i ons  produced by c o l l i s i o n s  of type k ions  of 

( c m  2 -sec-MeV/amu)-’ 

energy E 

s t o i c h i o m e t r i c  c o e f f i c i e n t  

d e n s i t y  o f  s c a t t e r i n g  c e n t e r s ,  cm-3 

cont inuous slowing-down range of type  j i on  of energy E, c m  

RT’ [Rj  ( E )  1 i n v e r s e  func t ion  of R ~ ( E )  3 

e l e c t r o n i c  s topping  power, MeV/cm ‘e 

S j ( E )  

g j ( E )  

s topp ing  power of l i n e a r  energy t r a n s f e r  (LET) due t o  i n t e r a c t i o n  of type  
j i on  wi th  o r b i t a l  e l e c t r o n s  of t r a n s p o r t  medium, MeV/cm 

s p e c i f i c  s topping  power o r  l i n e a r  energy t r a n s f e r  (LET) due t o  i n t e r a c t i o n  
of  type j i on  w i t h  o r b i t a l  e l ec t rons  of t r a n s p o r t  medium, MeV/amu-cm 

nuc lea r  s topping  power, MeV/cm ‘n 

V speed of pass ing  ion ,  cm/sec 

X one-dimensional p o s i t i o n  vec to r ,  g/cm 2 

atomic number of type j i o n  

e f f e c t i v e  charge of a moving i o n  

j 
Z 

Z* 
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B r a t i o  of p r o j e c t i l e  speed t o  speed of l i g h t  

V range s c a l e  parameter f o r  type j i o n  

sj I vj c h a r a c t e r i s t i c  coord ina te s  of type j ion ,  c m  

0. (E) macroscopic abso rp t ion  c r o s s  s e c t i o n  for type j ion  of energy E, cm" 

@ , ( x , E )  d i f f e r e n t i a l  f l u x  of type j i ons  a t  x wi th  energy E, 

j 

3 

3 ( c m 2- s e c-Me V/amu ) - 1 

xj (3 Ej 1 f lux  of type j i o n s  i n  q j  ,Ej c h a r a c t e r i s t i c  space, ~ m - ~ - s e c - ~  

- c h a r a c t e r i s t i c  space, ~rn'~-sec'l %Irk xj ' X I  $1 f lux  of type j i ons  i n  

Subsc r ip t  : 

M type of i ons  i n  monoenergetic beam 

Supe rs cr i p  ts : 

( 0 )  , ( 1 ) , ( 2 )  terms i n  series approximation t o  equat ion  (1 3 )  

Primes i n d i c a t e  a v a r i a b l e  of i n t e g r a t i o n .  
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