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ABSTRACT 

Assuming t h a t  cosmic r a y  d e u t e r o n s  and  helium-3 n u c l e i  are 

of s econdary  o r i g i n ,  w e  show t h a t  a un ique  d e t e r m i n a t i o n  of  b o t h  

t h e  cosmic r a y  p a t h  l e n g t h  and  t h e  r e s i d u a l  i n t e r p l a n e t a r y  f i e l d  

modu la t ion  a t  s o l a r  minimum may be made from a comparison of t h e  

c a l c u l a t e d  and  measured i n t e n s i t i e s  of these two n u c l e i .  T h i s  

d e t e r m i n a t i o n  d o e s  n o t  depend on any a s sumpt ions  r e g a r d i n g  e i t h e r  

t h e  s o u r c e  s p e c t r a  or t h e  unmodulated p ro ton - to -a lpha  p a r t i c l e  

r a t i o  of t h e  p r imary  cosmic r a y s .  The p r o d u c t i o n  of deuter ium 

and  hel ium-3 by cosmic r a y  i n t e r a c t i o n s  i n  t h e  g a l a x y  is c a l c u l a -  

t e d ,  c o n s i d e r i n g  energy-dependent  c r o s s - s e c t i o n s ,  i n t e r a c t i o n  

k i n e m a t i c s  and  demodulated cosmic r a y  s p e c t r a .  The r e s u l t i n g  

f l u x  a t  t h e  e a r t h  is o b t a i n e d  by  t a k i n g  i n t o  accoun t  leakage 

f r o m  t h e  g a l a x y ,  i o n i z a t i o n  losses, n u c l e a r  b reakup  and modu- 

l a t i o n .  From a comparison of t h e s e  c a l c u l a t i o n s  w i t h  t h e  m e a s -  

u r e d  d e u t e r i u m  and  hel ium-3 i n t e n s i t i e s  a t  t h e  e a r t h ,  w e  conc lude  

t h a t  w i t h i n  t h e  e x p e r i m e h t a l  u n c e r t a i n t i e s  a l l  t h e  data can  be 

u n d e r s t o o d  i n  t e r m s  o f  a n  energy- independent  cosmic r a y  pa th-  

l e n g t h  of 4 - + 1 g/cm2 and  a r e s i d u a l  i n t e r p l a n e t a r y  f i e l d  modu- 

l a t i o n  a t  s o l a r  minimum which above 600 M V b o f t h e  form exp(-q/Rp) 

w i t h  rl = 0.35 + 0.15 BV, where H and  B are r i g i d i t y  and  v e l o c i t y  

r e s p e c t i v e l y  . 
- 



COSMIC RAY DEUTERIUM AND HELIUM-3 OF SECONDARY O R I G I N  

AND THE RESIDUAL MODULATION OF COSMIC RAYS 

I .  INTRODUCTION 

The abundance of deuter ium and helium-3 i n  t h e  cosmic 

r a y s  w a s  found t o  be s i g n i f i c a n t l y  l a r g e r  t h a n  t h a t  e x p e c t e d  

from t h e  s t u d y  of  t h e  u n i v e r s a l  abundance of  e l e m e n t s .  I t  

h a s  been s u g g e s t e d ,  t h e r e f o r e ,  t h a t  t h e s e  i s o t o p e s  are  of 

s e c o n d a r y  o r i g i n ,  produced by n u c l e a r  i n t e r a c t i o n s  of  cosmic 

r a y s  w i t h  t h e  i n t e r s t e l l a r  gas and  t h a t  t h e  comparison of t h e  

o b s e r v e d  and c a l c u l a t e d  i n t e n s i t i e s  of deu te r ium and helium-3 

c o u l d  d e t e r m i n e  t h e  mean amount of mater ia l  t r a v e r s e d  by cosmic 

r a y s  i n  i n t e r s t e l l a r  s p a c e .  

P r e v i o u s  s t u d i e s  of d and H e 3  p r o d u c t i o n  were made by 

Hagakawa e t  a1  (19581,  F o s t e r  and  Mulvey (19631, Badhwar and  

D a n i e l  (1963) ,  Dahanayake e t  a 1  (1964) ,  Kuzhevski i  (19661,  

F i c h t e l  and  R e a m e s  (19661, Badhwar and Kaplon (1966) ,  B i s w a s  

e t  a 1  ( 1 9 6 6 ) ,  Meyer e t  a1  (1968) ,  and  B i s w a s  e t  a1  (1968) .  

The mean cosmic r a y  p a t h  l e n g t h s  deduced from t h e s e  s t u d i e s  

r a n g e  from a few g / c m 2  t o  more t h a n  10 g/cm2 and  t h e y  may or 

may n o t  be e n e r g y  dependen t .  Even though t h e s e  v a l u e s  a r e  of 

t h e  same o r d e r  a s  t h e  p a t h  l e n g t h  dl?duced from t h e  obse rved  

abundances  of  L i ,  Be and  B (Shap i ro  and Silbenbp911968),  t h e  
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d e t e r m i n a t i o n  of t h e  amount of material  t r a v e r s e d  by cosmic 

r a y s  a t  l o w  energ-.-s is s e r i o u s l y  c o m p l i c a t e d  by a n  unknown 

r e s i d u a l  s o l a r  modu la t ion .  

The e x i s t a n c e  of such  a r e s i d u a l  m o d u l a t i o n ,  a c t i v e  even  

a t  s o l a r  minimum, is i n d i c a t e d  by t h e  measurements of a n  i n t e r -  

p l a n e t a r y  g r a d i e n t ,  be tween t h e  o r b i t s  of t h e  e a r t h  and  Mars, 

i n  t h e  p r o t o n  and a l p h a  p a r t i c l e  f l u x e s  (O 'Gal lagher  a n d  Simpson, 

1967;  O ' G a l l a g h e r ,  1967) .  The measurement of  t h i s  g r a d i e n t ,  

however,  d e t e r m i n e s  o n l y  t h e  r e l a t i v e  modu la t ion  o v e r  a d i s t a n c e  

of rough ly  a n  a s t r o n o m i c a l  u n i t ,  and  n o t  t h e  t o t a l  r e s i d u a l  mod- 

u l a t i o n ,  which s h o r t  o f  d i r e c t  measurements o v e r  large d i s t a n c e s  

i n  t h e  so la r  s y s t e m ,  r ema ins  e s s e n t i a l l y  unde te rmined .  

I n  a p r e l i m i n a r y  r e p o r t  of r a t h e r  e x t e n s i v e  c a l c u l a t i o n s  

of  d e u t e r i u m  and hel ium-3 p r o d u c t i o n  (Ramaty and  L i n g e n f e l t e r ,  

1968),we s u g g e s t e d  t h a t  because  of t h e  s e c o n d a r y  o r i g i n  of t h e s e  

n u c l e i  and  because of  t h e i r  d i f f e r e n t  charge- to-mass r a t i o ,  a 

compara t ive  s t u d y  of d and He3 i n  t h e  cosmic r a y s  a l l o w s  a n  es- 

s e n t i a l l y  independent  d e t e r m i n a t i o n  of b o t h  t h e  amount o f  m a -  

t e r i a l  t r a v e r s e d  by cosmic r a y s  and  t h e i r  t o t a l  r e s i d u a l  modu- 

l a t i o n  i n  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d .  U n l i k e  p r e v i o u s  

a t t e m p t s  t o  estimate t h e  t o t a l  m o d u l a t i o n ,  t h i s  t e c h n i q u e  re- 

l i e s  s o l e l y  on  t h e  a s sumpt ion  t h a t  t h e  o b s e r v e d  d a n d  H e 3  are  

of s e c o n d a r y  o r i g i n ,  and  d o e s  n o t  depend on any  a r b i t r a r y  assump- 

t i o n  a b o u t  t h e  c h a r g e  ra t ios  or  s p e c t r a l  s h a p e s  of t h e  p r i m a r y  

cosmic r a y s  e i t h e r  i n  i n t e r s t e l l a r  s p a c e  or a t  t h e i r  sources .  
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I n  t h e  p r e s e n t  pape r  w e  g i v e  a d e t a i l e d  d i s c u s s i o n  of t h e s e  

c a l c u l a t i o n s  and c o n c l u s i o n s .  

The p r o d u c t i o n  s p e c t r a  of deu te r ium and he l ium-3 ,  re- 

s u l t i n g  from t h e  i n t e r a c t i o n  of cosmic r a y  p r o t o n s ,  a l p h a -  

p a r t i c l e s  and medium n u c l e i  w i t h  t h e  i n t e r s t e l l a r  gas ,  are  

c a l c u l a t e d  by t a k i n g  i n t o  account  t h e  e n e r g y  dependence of 

t h e  c r o s s - s e c t i o n s ,  t h e  k i n e m a t i c s  and t h e  s e c o n d a r y  energy  

d i s t r i b u t i o n s  of t h e  v a r i o u s  d and He3 p roduc ing  i n t e r a c t l o n s .  

Us ing  t h e s e  s p e c t r a ,  t h e  e q u i l i b r i u m  d and He3  f l u x e s  are  eva l -  

u a t e d  by c o n s i d e r i n g  l e a k a g e  from t h e  g a l a x y ,  i o n i z a t i o n  l o s s e s  

a n d  n u c l e a r  breakup.  The r e s i d u a l  so la r  modu la t ion  is t a k e n  

i n t o  accoun t  by f i r s t  demodulat ing t h e  obse rved  pr imary  cosmic 

r a y  f l u x e s  a t  t h e  e a r t h ,  then u s i n g  t h e s e  demodulated i n t e n -  

s i t ies t o  c a l c u l a t e  t h e  p r o d u c t i o n  of d and  H e 3  i n  i n t e r s t e l l a r  
bl 

s p a c e  and  f i n a l l y  by modula t ing  t h e  r e s u l t a n t  s econda ry  e q u i l i -  

brium f l u x e s  w i t h  t h e  same modula t ing  f u n c t i o n  a s  used  i n  t h e  

i n i t i a l  demodula t ion  p r o c e s s .  By comparing t h e  r e s u l t a n t  d 

and  He3 s p e c t r a  w i t h  t h e  o b s e r v a t i o n s ,  it is demons t r a t ed  t h a t  

t h e  measured d e u t e r o n  and  helium-3 f l u x e s  a t  t h e  e a r t h  can  be 

best  u n d e r s t o o d  i n  t e r m s  of an energy- independent  p a t h  l e n g t h  

a n d  a r e s i d u a l  s o l a r  m o d u l a t i m  which is b o t h  v e l o c i t y  and  r i-  

g i d i t y  dependen t .  
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11. DEUTERON AND HEL’UM-3 PRODUCTION 

The ra te  of p r o d u c t i o n  of secondary  n u c l e i  by cosmic r a y  

i n t e r a c t i o n s  i n  t h e  i n t e r s t e l l a r  material  may be w r i t t e n  a s  

where qs is t h e  p r o d u c t i o n  spec t rum of s e c o n d a r y  n u c l e i  p e r  

s econd  p e r  gram of i n t e r s t e l l a r  m a t e r i a l ;  E and  Es are  t h e  

e n e r g i e s  p e r  nuc leon  of t h e  pr imary  and  s e c o n d a r y  p a r t i c l e s  

r e s p e c t i v e l y ;  j is t h e  e q u i l i b r i u m  i n t e n s i t y  i n  i n t e r s t e l l a r  

s p a c e  of t h e  i n t e r a c t i n g  cosmic r a y  n u c l e i ;  n is t h e  number of 

target  n u c l e i  p e r  gram of i n t e r s t e l l a r  m a t e r i a l ;  6 is t h e  i n t e r -  

a c t i o n  c r o s s - s e c t i o n ;  and  F(E,Es)dEs is t h e  p r o b a b i l i t y  t h a t  a 

pr imary  cosmic r a y  n u c l e u s  of ene rgy  p e r  nuc leon  E w i l l  p roduce  

a s e c o n d a r y  n u c l e u s  of  e n e r g y  p e r  nuc leon  i n  dEs a round  E,. 

T h e  p r o d u c t i o n  is summed o v e r  a l l  i n t e r a c t i o n s ,  i ,  which 

produce  t h e  secondary  n u c l e u s ,  s.  The i n t e r a c t i o n s  which w e  

have  c o n s i d e r e d  f o r  t h e  p r o d u c t i o n  of  d e u t e r i u m ,  hel ium-3 and  

t r i t i u m ,  which decays  i n t o  helium-3, are l i s ted  i n  T a b l e  1. 

Each of t h e s e  i n t e r a c t i o n s  may a l s o  i n c l u d e  t h e  g e n e r a t i o n  of 

p i o n s .  

The i n t e r s t e l l a r  material  is assumed t o  be composed of 

hydrogen ,  helium a n d  CNO n u c l e i  i n  t h e  r a t i o  1 : l O - ’ :  ( S u e s s  

and  Urey,  1956; Cameron, 1959) 

We s h a l l  now p r o v i d e  de ta i led  d i s c u s s i o n s  of t h e  p r i m a r y  

cosmic r a y  i n t e n s i t i e s ,  p r o d u c t i o n  c r o s s - s e c t i o n s ,  a n d  t h e  

. 
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k i n e m a t i c s  and  secondary  energy s p e c t r a  t o  be  used  i n  t h e  

e v a l u a t i o n  of e q u a t i o n  ( 1 ) .  

Pr imary  Cosmic Ray I n t e n s i t i e s  

The  ene rgy  s p e c t r a  of t h e  v a r i o u s  c h a r g e  components of t h e  

p r imary  cosmic r a d i a t i o n  were measured n e a r  t h e  e a r t h  a t  so l a r  

minimum by F r e i e r  and Waddington (1965) ,  Balasubrahmanyan e t  a1 

(1966 a , b ) ,  Comstock e t  a1 (19661, Fan e t  a 1  (1966b1, Hofmann 

and  Winckler  (19661, O r m e s  and Webber (1966) and  Waddington and  

F r e i e r  (1966) .  The i n t e r s t e l l a r  pr imary  cosmic r a y  i n t e n s i t i e s  

u s e d  t o  e v a l u a t e  e q u a t i o n  (1) are o b t a i n e d  by demodula t ing  

t h e s e  measured s p e c t r a  w i t h  a modu la t ing  f u n c t i o n ,  M , of t h e  

form e$-T/pf($ based  on P a r k e r ' s  (1958) so la r  wind model.  

The modu la t ing  pa rame te r  2 , which is s p a c e  and  t i m e  dependen t ,  

d e f i n e s  t h e  t o t a l  r e s i d u a l  s o l a r  m o d u l a t i o n ,  /3 is t h e  p a r t i c l e  

v e l o c i t y  i n  u n i t s  of c , and f ( R )  is a f u n c t i o n  of magne t i c  

r i g i d i t y  and  depends on t h e  d i s t r i b u t i o n  of t h e  i n t e r p l a n e t a r y  

m a g n e t i c  f i e l d  i r r e g u l a r i t i e s .  I t  w a s  f i r s t  s u g g e s t e d  by Dorman 

(1963) t h a t  f ( R )  c o u l d  be approximated by f ( R ) = % f o r  RcR,,and 

f (R)=R f o r  R)R,,where R , i s  a c h a r a c t e r i s t i c  t r a n s i t i o n  r i g i d i t y  

depend ing  on t h e  d i s t r i b u t i o n  of t h e  magne t i c  i r r e g u l a r i t i e s .  

S u b s e q u e n t l y ,  J o k i p i i ( 1 9 6 6 , 1 9 6 8 )  and J o k i p i i  and  Coleman (1968) 

d e m o n s t r a t e d  t h a t  such  a form is c o n s i s t e n t  w i t h  t h e  measured 

power s p e c t r u m  of t h e  i n t e r p l a n e t a r y  f i e l d  v a r i a t i o n s ,  w i t h  

R , e s s e n t i a l l y  t i m e  dependent  and  of t h e  order of  s e v e r a l  
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hundred 9 W  i n  1 0 6 5 .  With t h i s  f u n c t i o n a l  form f o r  f ( R ) ,  t h e  

modula t ing  func tAon ment ioned  above can  be w r i t t e n  as  

M = e ~ p ( - z / R e P )  3 s R e  

e*p( - : ! /RP)  ) R > (io 
(2)  

G l o e c k l e r  and J o k i p i i  (19661, Balasubrahmanyan e t  a1  (19671, 

O 'Gal lagher  and Ginpsone~Lt)~O'Gal lagher  (1967) have , a l so  shown 

t h a t  t h e  measured tempora l  and s p a t i a l  v a r i a t i o n s  of cosmic r a y s  

i n  t h e  i n t e r p l a n e t a r y  medium can be e x p l a i n e d  by such  a modula- 

t i o n ,  bu t  have deduced d i f f e r e n t  v a l u e s  f o r  t h e  modula t ing  pa ra -  

m e t e r  Ro. S ince  there is no g e n e r a l  agreement  a s  t o  t h e  v a l u e  

of Ro ,  and s i n c e  t h e  modula t ing  pa rame te r s  which d e f i n e  t h e  t o t a l  

modu la t ion  may be d i f f e r e n t  from t h e  v a l u e s  o b t a i n e d  from t h e  

t empora l  and s p a t i a l  v a r i a t i o n s  ment ioned  above ,  w e  have t r e a t e d  

b o t h  7, and R, as f r e e  pa rame te r s  t o  be de t e rmined  from t h e  p r e s -  

e n t  s t u d y .  

P roduc t  i o n  Cross -Sec t ions  

The deu te ron  p r o d u c t i o n  c r o s s - s e c t i o n  f o r  p ro ton -p ro ton  

i n t e r a c t i o n s  h a s  been measured i n  c o n s i d e r a b l e  d e t a i l  f rom 

t h r e s h o l d  t o  a few Bev by Schulz  (19521, Crawford (19531, 

S tevenson  (1953) ,  Durbin e t  a l .  (1951) ,  F i e l d s  e t  a l .  (19541,  

S t a d l e r  (19541, Ba ldon i  e t  a1  (1962) ,  Guzhavin e t  a1 (19641,  

Neganov and  Parfenov (1958) ,  Chapman e t  a1 ( 1 9 6 4 ) ,  F i c k i n g e r  

e t  a1  (19621, P i ckup  e t  a1  (19621, Smith e t  a1 (1961) and  H a r t  

e t  a1 (1962) ,  and t h e  t h e o r y  of t h e  i n t e r a c t i o n  h a s  been s t u d i e d  

by Rosenfe ld  (1954) .  T h i s  c r o s s - s e c t i o n  d a t a  t o g e t h e r  w i t h  a 
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smoothed c u r v e  u s e d  i n  t h e  p r e s e n t  c a l c u l a t i o n  a r e  shown i n  

F i g u r e  1. 

The c r o s s - s e c t i o n s  f o r  t h e  p r o d u c t i o n  of d e u t e r o n s ,  t r i t o n s  

and  helium-3 n u c l e i  from t h e  breakup of  H e 4  were measured i n  

p r o t o n  i n t e r a c t i o n s  w i t h  a l p h a  p a r t i c l e s  a t  28  Mev by Wickersham 

( 1 9 5 7 ) ,  a t  31 Mev by Bunch e t  a 1  (19641, a t  32 Mev by B e n v e n i s t e  

a n d  Cork (19531, a t  53 Mev by C a i r n s  e t  a1  (1964) ,  a t  55 Mev by 

Hayakawa e t  a1 (19641, and  a t  95  Mev by Se love  and  Teem (1958) ,  

a n d  i n  n e u t r o n  i n t e r a c t i o n s  wi th  a l p h a  p a r t i c l e s  a t  90 Mev by 

Tannenwald (19531,  and a t  300 Mev by Moulthrop (1955) and  I n n e s  

(1957) .  These d a t a  are shown i n  F i g u r e  2. W e  have assumed 

t h a t  t h e  He4 b reakup  c r o s s - s e c t i o n s  a t  t h e s e  e n e r g i e s  are t h e  

same fo r  i n c i d e n t  p r o t o n s  a s  for n e u t r o n s .  The measurement of 

t h e  p i c k u p  c r o s s - s e c t i o n  by Tannenwald (1953) of 12+2.5  - mb f o r  

90  Mev n e u t r o n s  i n  t h e  r e a c t i o n  n d - r d t  and by Se love  and  Teem 

(1958) of 15+3 - m b  f o r  9 5  Mev i n  t h e  r e a c t i o n  p+dHe3  s u g g e s t  

t h a t  t h e  coulomb barrier f o r  p r o t o n s  is n o t  i m p o r t a n t  a t  t h e s e  

e n e r g i e s  and  t h a t  t h e s e  c r o s s - s e c t i o n s  are e q u a l .  A t  lower 

e n e r g i e s ,  p a r t i c u l a r l y  n e a r  t h e  t h r e s h o l d ,  t h e  coulomb barr ier  

is i m p o r t a n t  and  t h e  p r o t o n  p ickup c r o s s - s e c t i o n  is much lower 

t h a n  t h a t  for n e u t r o n s ,  which shows a r e sonance  a t  a b o u t  22 .15  

M e V .  

Measurements of a l p h a  p a r t i c l e  breakup were a l s o  made a t  

630  Mev by Kozadaev e t  a l .  (1960) and  a t  970 Mev by R i d d i f o r d  
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and W i l l i a m s  (1960) .  These measurements d i f f e r e n t i a t e  between 

r e a c t i o n s  having  LNO, three or more charge p a r t i c l e s  i n  t h e  

f i n a l  s t a t e  but  do  n o t  c o m p l e t e l y  d i s t i n g u i s h  between t h e  var iol lS 

modes. T h e r e f o r e ,  some as sumpt ions  must be made i n  o r d e r  

t o  o b t a i n  t h e  d e u t e r o n ,  t r i t o n  and helium-3 y i e l d s .  I t  was 

shown by Moulthrop (1955) and  I n n e s  (1957) t h a t  i n  3-prong re- 

a c t i o n s  ( th ree  cha rged  p a r t i c l e s  i n  t h e  f i n a l  s t a t e )  t h e  r a t i o s  

between t h e  a l p h a  p a r t i c l e  b reakup  modes i n t o  s i n g l y  cha rged  

f r a g m e n t s ,  pt:pnd:dd:2p2n#0.58:0.26:0.12:0.04, are  t h e  same 

i n  b o t h  p i o n  and  non-pion p roduc ing  r e a c t i o n s  and  t h a t  these 

ra tes  are rough ly  independent  of e n e r g y .  

Us ing  t h i s  r e l a t i o n s h i p ,  and t h e  f a c t  t h a t  Kozadaev e t  a1 

(1960) d i d  measure t h e  non-p ionic  p t  b r e a k u p ,  w e  can s e p a r a t e  

t h e i r  3-prong c r o s s - s e c t i o n  i n t o  p a r t i a l  c r o s s - s e c t i o n s  for  

these b reakup  modes f o r  b o t h  p i o n  and  non-pion p roduc ing  re- 

a c t i o n s .  A similar t r e a t m e n t  is a p p l i e d  t o  t h e  data of R i d d i f o r d  

and W i l l i a m s  (1960) w i t h  t h e  a d d i t i o n a l  a s sumpt ion  t h a t  Woand n+ 

I 

I p r o d u c t i o n  are r o u g h l y  e q u a l .  

I n  o r d e r  t o  r e d u c e  t h e  2-prong i n e l a s t i c  r e a c t i o n s  which 

i n c l u d e  t h e  dHe3 and  pnHe3 f i n a l  s t a t e s ,  w e  make three assump- 

t i o n s :  ( a )  p ion  p r o d u c t i o n  w i t h o u t  a l p h a  p a r t i c l e  b r e a k u p  con- 

s t i t u t e s  r o u g h l y  1% of t h e  t o t a l  p i o n  p r o d u c t i o n  c r o s s - s e c t i o n  

a t  e n e r g i e s  g r e a t e r  t h a n  300 M e V ,  b a s e d  on t h e  measurements  of 

I n n e s  ( 1 9 5 7 ) ;  (b) 'N a n d  T o p r o d u c t i o n  are r o u g h l y  e q u a l ;  and  ( C )  

t h e  d H e 3  a n d  pnHe3 f i n a l  s t a t e s  are  e q u a l l y  p r o b a b l e  i n  p i o n  

+ 
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produc ing  r e a c t i o n s ,  based  on a s i m i l a r  e q u a l i t y  found for 

non-pionic  modes i n  t h e  lower energy  measurements .  The cross- 

s e c t i o n s  t h u s  deduced are shown i n  p a r e n t h e s e s  i n  F i g u r e  2 ,  t o -  

g e t h e r  w i t h  t h e  i n f e r r e d  energy-dependent  p a r t i a l  c r o s s - s e c t i a n  

f o r  pd i n t e r a c t i o n s .  

I n  t h e  a b s e n c e  of d a t a  on helium-4 b reakup  i n d d i n t e r a c -  

t i o n s ,  w e  have assumed t h a t  t h e  same breakup  modes o c c u r  and  

t h a t  t h e i r  c r o s s - s e c t i o n s  are s imply  f o u r  t i m e s  t h o s e  i n  d p  

i n t e r a c t i o n s  a t  t h e  same a v a i l a b l e  k i n e t i c  ene rgy  i n  t h e  c e n t e r  

of m a s s  frame. S i n c e  o u r  c a l c u l a t i o n s  s u g g e s t  t h a t a [ d  i n t e r a c -  

t i o n s  make a n o n - n e g l i g i b l e  c o n t r i b u t i o n  t o  d and H e 3  p r o d u c t i o n ,  

a measurement of t h e  breakup c r o s s - s e c t i o n s  i n  t h e  e n e r g y  r a n g e  

a round  100 Mev would be p a r t i c u l a r l y  v a l u a b l e .  

The d e u t e r o n  p r o d u c t i o n  c r o s s - s e c t i o n  i n  p r o t o n  i n t e r a c t i o n s  

w i t h  CNO n u c l e i  w a s  measured a t  18.5 Mev by Nadi and Riad  (19641,  

a t  20 Mev by Legg (1963) ,  a t  40 Mev by K a v a l o s k i  e t  a1  (1963) 

and  a t  190 Mev by B a i l e y  (1956) .  A t  h i g h e r  e n e r g i e s  t h e  c r o s s -  

s e c t i o n  can  be e s t i m a t e d  f r o m  t h e  d / t  y i e l d s  c a l c u l a t e d  by 

F r a e n k e l  ( p e r s o n a l  communication) and  measured by S c h w a r z s c h i l d  

and  Zupancic  (1963) .  The t r i t i u m  p r o d u c t i o n  c r o s s - s e c t i o n  for 

t h e s e  i n t e r a c t i o n s  w a s  measured a t  43  Mev by Cherny and  P e h l  

( p e r s o n a l  communica t ion) ,  a t  150 Mev by Brun e t  a1 (19621,  a t  

190 Mev by B a i l e y  (1956) a t  224, 300, 400 and 750 Mev by Honda 

a n d  L a 1  (1960) ,  a t  450 Mev and 2 .05  Bev by C u r r i e  e t  a1  ( 1 9 5 6 ) , 1 t  

2 .2  Bev  by Fireman and  Rowland (1955) ,  and  af 6 . 2  Bev by C u r r i e  
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(1959) .  The helium-3 p r o d u c t i o n  c r o s s - s e c t i o n  i n  proton-CNO 

i n t e r a c t i o n s  is n o t  w e l l  measured ,  b u t  t h e  measurements  of  

B a i l e y  (1956) a t  190 Mev and  t h e  Monte Carlo c a l c u l a t i o n s  of 

F r a e n k e l  ( p e r s o n a l  communication) i n d i c a t e  t h a t  t h e  He3 /H3 

y i e l d s  are of t h e  o r d e r  of  1 . 7  from p r o t o n s  of  e n e r g i e s  be- 

t w e e n  a hundred and s e v e r a l  hundred M e V ,  and w e  have assumed 

t h a t  t h i s  r a t i o  h o l d s  f o r  a l l  e n e r g i e s .  These  c r o s s - s e c t i o n s ,  

a v e r a g e d  t o  a mean v a l u e  f o r  CNO i n  t h e  cosmic-ray n u c l e a r  

r a t i o  of 0 . 4 5 : 0 . 1 0 : 0 . 4 5  (Comstock e t  a l ,  1966) are shown i n  

F i g u r e  3 .  

- Kinemat ics  and Secondary Energy S p e c t r a  

The d i s t r i b u t i o n  f u n c t i o n s  F(E,Es) can  be d e t e r m i n e d  

f r o m  measurements of t h e  a n g u l a r  and  ene rgy  d i s t r i b u t i o n s  of 

d e u t e r o n s  and helium-3 n u c l e i  produced i n  n u c l e a r  i n t e r a c t i o n s .  

C o n s i d e r  t h e  i n t e r a c t i o n  of a n  i n c i d e n t  p a r t i c l e  of mass mi 

a n d  L o r e n t z  f a c t o r ,  

n u c l e u s  of mass m t .  

s econda ry  p a r t i c l e s .  C o n s i d e r  one of t h e s e  p a r t i c l e s  and  l e t  

p(r,  x* ,COS$ ) d\* dw’3@* be t h e  p r o b a b i l i t y  t h a t  i n  t h e  c e n t e r  

of m a s s  frame i t  is e m i t t e d  i n t o  d c o s  8 * a round  cos e* w i t h  

= 1 + E/mi, w i t h  a s t a t i o n a r y  ta rge t  

Such a r e a c t i o n  may produce  t w o  or more 

5 s 

d&* a round  I n  t e r m s  of t h i s  pro-  
‘ 2:. L o r e n t z  factor i n  

b a b i l i t y ,  t h e  d i s t r i b u t i o n  f u n c t i o n  F ( T ,  3 ) may be w r i t t e n  * s 
as  
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The l a b o r a t o r y  Loren tz  f a c t o r  is d e t e r m i n e d  from t h e  

c e n t e r  of mass L o r e n t z  f a c t o r  and  e m i s s i o n  a n g l e  by 

is t h e  L o r e n t z  f a c t o r  of t h e  cen ter  of  mass 

2 2 

where 'd, 
b; = 

E'i-rnc-ky - -  yy + m t  
E' 2 m t  E' (5) 

and  E '  is t h e  t o t a l  a v a i l a b l e  ene rgy  i n  t h e  c e n t e r  of mass 

frame 

S u b s t i t u t i n g  ,)eOse*/dl from e q u a t i o n  (4) i n t o  e q u a t i o n  (3), 
S 

w e  ge t  

I f  t h e  f i n a l  s t a t e  c o n s i s t s  of more t h a n  t w o  p a r t i c l e s ,  

t h e  L o r e n t z  f a c t o r ,  -b;" , of one of  t h e  secondary  p a r t i c l e s  

h a v i n g  m a s s  ms may have any v a l u e  up t o  a maximum which  is de- 

t e r m i n e d  by t h e  c o n s e r v a t i o n  of  momentum and e n e r g y  and is g i v e n  

where  mr is t h e  sum of t h e  masses of a l l  t h e  o t h e r  s econdary  
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p a r t i c l e s .  However, i f  t h e  f i n a l  s t a t e  c o n s i s t s  of o n l y  t w o  

p a r t i c l e s ,  and t h e  p r o b a b i l i t y  d i s t r i b u t i o n  

r e d u c e s  t o  a d e l t a  f u n c t i o n  i n  and e q u a t i o n  (7) becomes 

For  t h e  purpose of  e v a l u a t i n g  t h e  i n t e g r a l s  o v e r  

g i v e n  i n  e q u a t i o n s  (1)  and  (31, w e  have t o  c o n s i d e r  t h e  ranges  

of t h e  i n c i d e n t  L o r e n t z  f a c t o r  and t h e  secondary  L o r e n t z  f a c -  

which can  c o n t r i b u t e  t o  a g i v e n  l a b o r a t o r y  L o r e n t z  f a c -  
k 

is u n i q u e l y  de t e rmined  by 2 and v i c e  v e r s a ,  
tor 3 s  Since k 
t h e  p e r m i s s i b l e  r ange  of a l s o  d e t e r m i n e s  t h a t  of . These  

ranges  are  de termined  by t h e  r e q u i r e m e n t s  t h a t  
a; 2 

I me* I 6 1 

a n d  t h a t  15 5 '6", f o r  more t h a n  two p a r t i c l e s ,  o r  

f o r  o n l y  t w o  p a r t i c l e s  i n  t h e  f i n a l  s t a t e  r e s p e c t i v e l y .  

Using e$aitioh(k), t h e  r e s t r i c t i o n s  on WSe" imply t h a t  

t h i s  i n e q u a l i t y  restricts 2. and  t: t o  85 For a f i x e d  

t h e  i n s i d e  of a h y p e r b o l a  g i v e n  by 

For  i l l u s t r a t i o n ,  s u c h  h y p e r b o l a e  are shown by s o l i d  l i n e s  i n  

f i g u r e  4 f o r  

of  r o u g h l y  1 0 ,  100 a n d  1000 Mev/nucleon r e s p e c t i v e l y .  The t h r e e  

b r a n c h e s  of each hype rbo la  are s e p a r a t e d  by t h e  p o i n t s  

a n d  ( % k c = \ ;  

%s = 1 . 0 1 ,  1.1 and  2 . 0 ,  c o r r e s p o n d i n g  t o  d e u t e r o n s  

(2- t 5 ;  if=!, * 
?dS) . The v a l u e  of COS8 e q u a l s  -1 on t h e  
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L 

t 

two b r a n c h e s  which e x t e n d  o u t  t o  l a r g e  

and  C~50 = +1 on t h e  r ema in ing  b ranch .  
f 

m 

v a l u e s  of %=and I ,” ,  
I n s i d e  of e a c h  hyper-  

b o l a  h a s  v a l u e s  between t l  and  -1. 
* 

The dashed  c u r v e s  i n  f i g u r e ( 4 ) a r e  p l o t s  of 1 as  a func t ion  m 

of %. , 
t i o n s  H’(p,d)?r He4(p,d)He3 and p(He4,d)He3. A t  t h r e s h o l d  

de t e rmined  from e q u a t i o n s  ( 5 )  and  ( 8 )  f o r  t h e  reac- 
+ 

1 and 1 = let, which i s  t h e  Loren tz  f a c t o r  of t h e  cen-  %: = C 

t e r  of m a s s  a t  t h r e s h o l d .  

f rom e q u a t i o n  ( 5 )  w e  o b t a i n  

S ince  a t  t h r e s h o l d  E‘ = ms + m,, 

k A s  t h e  i n c i d e n t  ene rgy  increases above t h r e s h o l d ,  

a l s o  increase above t h e i r  t h r e s h o l d  v a l u e s  a n d  2; Y 

and 2 m  
may or may n o t  become g r e a t e r  t h a n  . The c o n d i t i o n  f o r  

t h i s  may be s e e n  from t h e  a s y m p t o t i c  b e h a v i o r  of I m a t  l a r g e  

2,’- mt i n c i d e n t  e n e r g i e s ,  

-Y 

. Thus i f  m t > m s ,  f o r  ~ G > ~ c z  , 
U n c  -kc a 

a t  which I *  = 
I C  r*l I C  

is t h e  v a l u e  of k z  , where 

The v a l u e  of 3 can  be d i r e c t l y  e v a l u a t e d  from e q u a t i o n s  

( 5 )  arid (8) and  is g i v e n  by 
C L  

, secondary  p a r t i c l e s  may & greater than I C 2  
For. v a l u e s  of 

be emi t t ed  i n  t h e  l a b o r a t o r y  f rame i n t o  b o t h  t h e  fo rward  and 

p a r t i c l e s  e m i t t e d  w i t h  
b.c 

backward c o n e s .  When ’).E e q u a l s  

e*% -q i n  t h e  cen ter  of mass f r ame ,  have z e r o  k i n e t l c  ene rgy  
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3: can never 
i n  t h e  l a b o r a t o r y  frame. However, i f  m t < m s ,  

e q u a l  & and  i n  t h e  laboratory frame, t h e  secondary  p a r t i c l e  

w i l l  a lways  be e m i t t e d  i n t o  t h e  fo rward  cone w i t h  nonvan i sh ing  

e n e r g y .  

a; which 
, of t h e  r a n g e  of v a l u e s  of %e The lower l i m i t ,  

is de te rmined  by t h e  f i r s t  i n t e r -  4 may c o n t r i b u t e  t o  a g i v e n  

s e c t i o n  of 

as  can be seen  i n  F i g u r e  4 .  

k 9  * w i t h  t h e  hype rbo la  c o r r e s p o n d i n g  t o  t h e  g i v e n  

o r  

< &, t h i s  c o r r e s p o n d s  t o  p a r t i c l e s  b e i n g  emi t t ed  i n  t h e  

k 
I-##’ 2 c t  

Depending on whether  

c e n t e r  of mass frame i n t o  t h e  fo rward  o r  backward d i r e c t i o n s .  

The upper l i m i t  on  , however,  is n o t  n e c e s s a r i l y  f i n i t e .  kc 
The a s y m p t o t i c  forms of t h e  two b r a n c h e s  of t h e  h y p e r b o l a  c o r -  

r e s p o n d i n g  t o  a g i v e n  a; are  a-,[ls+-,/G ] 
t ioned  above ,  f o r  l a r g e  

a n d ,  as  men- 

. There-  
I C  ’ >: -(m, 1%) kc 

f o r e ,  if 

w i l l  remain a lways  i n s i d e  t h e  h y p e r b o l a  c o r r e s p o n d i n g  t o  

T h i s  i n e q u a l i t y  is e q u i v a l e n t  t o  2 > %(@), where 2 (..) . 4 2 s  s c  
is e q u a l  t o  a(mt/ms + ms/mt> and  a t  large i n c i d e n t  e n e r g i e s  as(@) 
is t h e  a s y m p t o t i c  v a l u e  of t h e  L o r e n t z  f a c t o r  of s e c o n d a r y  p a r -  

t i c l e s ,  

mass f rame.  Because of t h e  r e l a t i v i s t i c  a d d i t i o n  of v e l o c i t i e s ,  

,emitted i n  t h e  backward d i r e c t i o n  i n  t h e  center  Of 3s 

2 [d) is independent  of t h e  i n c i d e n t  e n e r g y  a n d  t h e r e f o r e  pro-  
& 

. 

- 

j ec t i l e s  of t h e  g r e a t e s t  e n e r g i e s  may a l w a y s  p roduce  s e c o n d a r y  
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p a r t i c l e s  w i t h  ~ s > ~ s ( 0 6 ) ,  provided  t h e y  are  e m i t t e d  close 

enough t o  t h e  backward d i r e c t i o n  i n  t h e  c e n t e r  o f  m a s s  f rame.  

In t h e s e  cases, t h e  uppe r  l i m i t ,  becomes i n f i n i t e .  

( 0 0 )  w e  have  t o  c o n s i d e r  s e p a r a t e l y  t h e  cases 

i n  which m > m or m < m . For  m > m and two p a r t i c l e s  

is de te rmined  by t h e  i n  t h e  f i n a l  s t a t e ,  t h e  upper  l i m i t  

second i n t e r s e c t i o n  o f  * and t h e  h y p e r b o l a  c o r r e s p o n d i n g  

t S t S t s -  

T C U  

I m  
. I f  t h e r e  are more t h a n  t w o  p a r t i c l e s  i n  t h e  f i n a l  to ys 

s t a t e ,  however,  becomes i n f i n i t e ,  On t h e  o t h e r  hand ,  f o r  

%m* 
is de te rmined  b y  t h e  second  i n t e r s e c t i o n  of  t Cms’  I c u  

w i t h  t h e  h y p e r b o l a  c o r r e s p o n d i n g  t o  , r e g a r d l e s s  of  t h e  num- 

ber o f  p a r t i c l e s  i n  t h e  f i n a l  s t a t e .  
3 s  

F i n a l l y ,  a f u r t h e r  d i s t i n c t i o n  ex is t s  between r e a c t i o n s  

h a v i n g  m greater o r  smaller t h a n  m , namely t h a t  f o r  m > m , 

t h e  c u r v e  * w i l l  i n t e r s e c t  e v e r y  h y p e r b o l a  a t  least  o n c e ,  

whereas  for m 

t S t S 

3 m  
h a s  to  be g r e a t e r  t h a n  a minimal  v a l u e ,  t ms7 1 s  

( m i n ) ,  i n  o r d e r  t h a t  t h e  co r re spond ing  h y p e r b o l a  b e  i n t e r -  

T h i s  can  be s e e n  by composing t h e  c u r v e s  of 
1 s  

l m * .  s e c t e d  by 
” 

* f o r  t h e  r e a c t i o n s  t-lJp,d)He:’ and p(He4, d)He 3 i n  f i g u r e  
%n 

(4). T h i s  minimal  l a b o r a t o r y  L,orentz f a c t o r  is o b t a i n e d  when 

and t h e  secondary par t ic le  is e m i t t e d  i n t o  t h e  Is* = l m * ’  
backward d i r e c t i o n  i n  t h e  c e n t e r  of mass f r a m e , O  * = -n. 
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T h e  i n c i d e n t  k i n e t i c  e n e r g i e s  p e r  n u c l e o n  E E 
t h '  E ~ 9  min 

cz and l c ( m i n ) ,  as w e l l  a s  t h e  s e c o n d a r y  Yet, t 

I 8 s  

c o r r e s p o n d i n g  t o  

l a b o r a t o r y  k i n e t i c  e n e r g i e s  p e r  nuc leon  E ( t h ) ,  E (min) a n d  

E (a), c o r r e s p o n d i n g  t o  

S S 

(min) and  ( 0 0 )  are shown i n  
S 

From e q u a t i o n  ( 4 )  w i t h  Is* = l m  * and g *  = -#, w e  f i n d  

t h a t  t h e  d e r i v a t i v e  of 1 v a n i s h e s  when 

The  f irst  term w i l l  neve r  v a n i s h  s i n c e  l m * (  $c ; t h e  l a b o r a t o r y  

L o r e n t z  f a c t o r  w i l l  go th rough  a minimum when t h e  second  t e r m  

v a n i s h e s .  The v a l u e s  of  
14s 

which s a t i s f y  e q u a t i o n  
?dc and k.* 

(min) and * (min) ,  are  o b t a i n e d  from e q u a t i o n s  (5) 
( 1 5 ) '  IC b m  
and  (8) and are g i v e n  by 

and 
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For illustration, the range of possible secondary 
I '  

4 

energies as a function of incident energy is shown in figure 

The curves (5) for a variety of deuteron-producing reactions. 

represent the kinematic limits determined from equation (4) 

for COS@ = 1 and form the envelope of permissible secondary 
* 

* 
energies corresponding to intermediate values of cos0 . The 

significance of the various minima and asymptotic limits listed 

in Table 2 may also be seen in Ehgure(5). 

The center of mass angular distribution of deuterons from 

the reaction H ( p ,  d )T' was well measured and has been studied 

3 3  
2 by Rosenfeld (1954) who showed that the (- , 5) interaction was 

dominant and that the distribution was therefore given by 

1 2 *  - + cos 8 . Since this reaction also results in two bodies 3 

in the final state, 

given directly from 

the deuteron distribution function is then 

the angular distribution and equation (9). 

1/3 + C O S 2 Q *  

The center of mass angular distribution of deuterons from 

was measured at 31 Mev by Bunch et 4 3 
the reaction He (p,d)He - 
- al. (1964), at 55 Mev by Hayakawa -- et al. (1964), and at 95 Mev 

by Selove and Teem (1958). These measurements are shown in 

Figure(6) and they can be fitted in detail by the model of Smith 
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and Ivash (1962) based on the distorted wave Born approxi- 

mation with diffuse-well nuclear optical potentials. For 

the purposes of this calculation, however, we have fitted 

the distributions by functions of the form: 

where cos@o depends on the incident Lorentz factor . In 1 
the incident energy region of 30 to 90 Mev/nucleon, cos 8, 

can be well fitted by 
t 

and we assumed this energy dependence for all values of 

considered, 

Since this reaction results in two bodies in the final 

) f o r  both deuterons l 7  1 s  state, the distribution function F( 

and helium-3 nuclei is determined from equations (9) and (19). 

The parameter & is +1 in the reactions He (p,d)He and 4 3 

1 1 H ( 4  , He3)d and is -1 in the reactions H ( d  , d)He3 and 

4 3 He (p,He )d. 

Above the pion production threshold the more complex 

reactions leading to dHeX and d t X  also become signifi- 

cant‘, as can be Seen from the cross-sections shown in figure( 

3 0  + 
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It has been shown by Riddiford and Williams (1960), however, 

that pions produced in proton-helium reactions are ejected 
J 

as from the collision of free nucleons. Because of this, we 

have assumed that, kinematically, the dHe lt’ and dtv re- 

actions are similar to the reaction ~ ( p ,  d )r,and therefore 

the distribution functions F( 1 ,  

3 0  + 
i 

are given by equation (181, 

are determined by equations (5) and (8) with 

m and m = m .  
where I C  and hl* 

t P S  d r w m = m , m  = m =  i 
The energy spectra in the laboratory frame of deuterons 

from pnd breakup of He and of tritons from pt breakup of He 

were measured by Tannenwald (1953) and by Innes (1957) for 

incident neutrons of 90 and 300 MeV, respectively. These data 

are shown in figure(7),normalized to a unit integral. 

be seen, within the experimental uncertainties, the triton 

spectrum from the multibody pt breakup of He is independent 

4 4 

A s  can 

4 

of the incident neutron energy and can be fitted by a simple 

exponential of the form: exp(-Et/Eo) where E is the triton 

kinetic energy per nucleon and l/Eo is equal to 0.27 (MeV/ 

nucleon)-’, 

hymexponential with l/Eo =. 0.063(Me~/nucleon)-~. 

t 

Similarly, the deuteron spectrum may be fitted 

These spectra indicate that in the laboratory frame the 

multinucleon fragments tend to be produced predominantly with 

low energies. This will happen if the angular and Lorentz- 

factor distributions in the center of mass are peaked in 
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~ 

I n  t e r m s  of t h e  c h a r a c t e r i s t i c  energy,  Eo, d e f i n e d  a b o v e ,  - S e e  

t h e  backward d i r e c t i o n  and  around L o r e n t z  f a c t o r s  which a re  

a b o u t  e q u a l  t o  t h e  L o r e n t z  f a c t o r  of t h e  c e n t e r  of m a s s .  A s -  

suming t h a t  t h e  cha rac t e r i s t i c  e n e r g y ,  Eo, is independen t  of  

t h e  i n c i d e n t  e n e r g y ,  t h e  e x p o n e n t i a l  d i s t r i b u t i o n  i n  k i n e t i c  

ene rgy  per nuc leon  may be t r a n s f o r m e d  i n t o  a n  e x p o n e n t i a l  d i s -  

t r i b u t i o n  i n  t h e  c e n t e r  of mass a n g l e ,  8* . 
4 

f o r e ,  t h a t  for t h e  mul t ibody r e a c t i o n s ,  H e  ( p , p ' ) n p d , d d , p t  and  

nHe3, t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  

is g i v e n  by 

We assumed,  t h e r e -  

where i n  fm( i n t e r a c t i o n s ,  t h e  parameter 

f o r  1 ;). and % * =  
e q u a l s  -1 and  

and  i n  
- 

P 
L c ci. s 

i n t e r a c t i o n s ,  & = +1, and  t h e  mean Loren tg  f a c t o r  

is  t h e  same a s  i n  

a b l e  e n e r g y  i n  t h e  c e n t e r  of m a s s .  

pd i n t e r a c t i o n s  f o r  t h e  same t o t a l  a v a i l -  

Using e q u a t i o n s  (4 )  and  (9) w i t h  b o t h  #: a n d  tE re- 
c 

t h e  l a b o r a t o r y  d i s t r i b u t i o n  f u n c t i o n  3: ' p l a c e d  by 

becomes 

is g i v e n  by 
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I 
U 

S i n c e  Eo is independen t  of t h e  i n c i d e n t  e n e r g y ,  t h e  ene rgy  

dependence of COSoo is de termined  s o l e l y  by 1, and 2-s 
We have a l s o  assumed t h e  same d i s t r i b u t i o n  f u n c t i o n ,  

g i v e n  by equat ion(22) ,  f o r  t h e  mult ibody r e a c t i o n s  

a n d  nHe3 when p i o n s  a re  produced.  

n p d , d d , p t  

The re  are  no measurements of d ,  t , or He3 p r o d u c t i o n  by 

do( r e a c t i o n s .  We have assumed a r b i t r a r i l y  t h a t  t h e  breakup 

p r o d u c t s  of e a c h  He4  n u c l e u s  e f f e c t i v e l y  c l u s t e r  t o g e t h e r  a l -  

lowing u s  t o  t r e a t  t h e  i n t e r a c t i o n  a s  a two-body p r o c e s s  w i t h  

t h e  two " c l u s t e r s "  hav ing  a n  i s o t r o p i c  a n g u l a r  d i s t r i b u t i o n  i n  

t h e  c e n t e r  of m a s s  sy s t em.  Thus,from e q u a t i o n s  (4)  t h rough  (9), 

w i t h  m i  = mt = m 

d .  t . and He3  produced indo( r e a c t i o n s  w i t h  and  w i t h o u t  p ion  

= m r , w e  d e r i v e  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  
S 

p r o d u c t i o n  t o  be :  

The measurements  of  B a i l e y  

d e u t e r o n s  and  hel ium-3 produced 

(1956) of  t h e  s p e c t r a  of  

by  190 Mev p r o t o n s  on ca rbon  

are shown i n  F i g u r e ( 8 ) , n o r m a l i z e d  f o r  u n i t  i n t e g r a l .  

be s e e n  t h e s e  s p e c t r a  have t h e  same form a s  t h o s e  shown i n  

F i g u r e  (7), and can  a l s o  be f i t t e d  by a n  e x p o n e n t i a l  c h a r a c t e r i -  

z e d  by l/Eo = 0.14  (Mev/nucleon)-'. Assuming t h a t  t h e  t r i t o n  

d i s t r i b u t i o n  a l so  h a s  t h i s  form and t h a t  Eo is independent  of 

i n c i d e n t  e n e r g y ,  t h e  d ,  t ,  and He3 d i s t r i b u t i o n s  f o r  pCNO re- 

a c t i o n s  are t h e  same as those g i v e n  by e q u a t i o n s  (22)  and  ( 2 3 ) .  

A s  can  
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- P r o d u c t i o n  S p e c t r a  

The ra te  of p r o d u c t i o n  p e r  gram of i n t e r s t e l l a r  material  

of d e u t e r o n s  and helium-3 n u c l e i  a s  a f u n c t i o n  of s econdary  

k i n e t i c  energy  p e r  nuc leon  c a n  now be c a l c u l a t e d  by u s i n g  t h e  

demodulated cosmic r a y  s p e c t r a ,  p r o d u c t i o n  c r o s s - s e c t i o n s  and  

t h e  secondary  ene rgy  d i s t r i b u t i o n s  d i s c u s s e d  above .  W e  have 

performed t h e s e  c a l c u l a t i o n s  f o r  a v a r i e t y  of modu la t ing  pa ra -  

meters 

creases w i t h  i n c r e a s i n g  , b u t  is q u i t e  i n s e n s i t i v e  t o  v a r i a -  

t i o n s  i n  Ro. The r e l a t i v e  c o n t r i b u t i o n  of t h e  v a r i o u s  produc- 

and Ro and  i n  general  t h e  a b s o l u t e  p r o d u c t i o n  i n -  

z 
t i o n  r e a c t i o n s ,  however,  is n o t  s t r o n g l y  dependent  on t h e  as- 

sumed modula t ing  p a r a m e t e r s .  For i l l u s t r a t i o n ,  we show i n  

F i g u r e s  (9) and (10) t h e  d e u t e r o n  and  helium-3 p r o d u c t i o n  s p e c t r a ,  

r e s p e c t i v e l y ,  for f = 350 Mv and Ro = 0. A s  can be s e e n  from 

f i g u r e  (91, d e u t e r o n s  of e n e r g i e s  less t h a n  aboct 70 Mev/nucleon 

a re  produced w i t h  e q u a l  p r o b a b i l i t y  by cosmic-ray helium-4 on  

hydrogen i n  t h e  p i c k u p  r e a c t i o n  H(He4,d)He3 and  by cosmic r a y  

p r o t o n s  i n  t h e  mul t ibody breakup of h e l i u m ;  d e u t e r o n s  i n  t h e  

ene rgy  r a n g e  from a b o u t  70 t o  200 Mev/nucleon are  produced 

main ly  i n  t h e  (: ,?) r e s o n a n c e  r e a c t i o n  of cosmic-ray p r o t o n s  
2 2  

on hydrogen ,  H ( p , d ) T t  ; and d e u t e r o n s  of ene rgy  g r e a t e r  t h a n  

abou t  200 Mev/nucleon a re  produced w i t h  r o u g h l y  e q u a l  p robab i -  

l i t y  by t h e  mul t ibody breakup r e a c t i o n s  of cosmic- ray  helium-4 

on hydrogen.  I t  s h o u l d  a l s o  be n o t e d  t h a t  t h e d d  r e a c t i o n s ,  

under  t h e  assumpt ions  made above ,  c o n t r i b u t e  a p p r o x i m a t e l y  20% 

of t h e  t o t a l  d e u t e r o n  p r o d u c t i o n  a t  a l l  e n e r g i e s ,  a n d ,  b e c a u s e  
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of t h e  lack of e x p e r i m e n t a l  data on t h e  c r o s s - s e c t i o n s  and  

k i n e m a t i c s  of t h e s e  react ions,  an  u n c e r t a i n t y  of t h i s  order 

is i n t r o d u c e d  i n  t h e  c a l c u l a t i o n  from t h i s  s o u r c e  a l o n e .  

From F i g u r e  (lo) w e  a l so  see t h a t  helium-3 n u c l e i  of c n c ~ r g  ics  

less t h a n  a b o u t  40 Mev/nucleon a re  produced p r i n c i p a l l y  by 

cosmic-ray helium-4 on hydrogen i n  t h e  p i ckup  r e a c t i o n  H(Hc4. 

He3)d, a s  are t h e  l o w  ene rgy  d e u t e r o n s ,  w h i l e  helium-3 n u c l e i  

1 

of h i g h e r  e n e r g i e s  are produced p redominan t ly  by t h e  b reakup  

of cosmic-ray helium-4 i n  t h e  r e a c t i o n  H(He4 , t )2p ,  t h e  tritium 

d e c a y i n g  t o  hel ium-3.  The& r e a c t i o n s  a l s o  produce abou t  20% 

of t h e  helium-3 and  i n t r o d u c e  a c o r r e s p o n d i n g  u n c e r t a i n t y  i n  

t h e  t o t a l  p r o d u c t i o n .  
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111.  DEUTERON A N D  HELIUM-3 FLUXES AT THE EARTH 

From t h e  deu te r ium and  helium-3 p r o d u c t i o n  ra tes  i n  t h e  

i n t e r s t e l l a r  medium, c a l c u l a t e d  a b o v e ,  w e  may now de te rmine  t h e  

e q u i l i b r i u m  d e n s i t y  of t h e s e  S e c o n d a r i e s  i n  the g a l a x y  xnd t h e n .  

t a k i n g  i n t o  a c c o u n t  m o d u l a t i o n ,  t h e  f l u x  of  t h e  d and H e 3  n u c l e i  

a t  t h e  e a r t h .  T h e  e q u i l i b r i u m  d e n s i t i e s  of  t h e s e  n u c l e i  i n  

' t h e  g a l a x y  can be o b t a i n e d  by s o l v i n g  a s t e a d y - s t a t e  c o n t i n u i t y  

e q u a t i o n  i n  ene rgy  s p a c e  which t a k e s  i n t o  a c c o u n t  l e a k a g e  from 

t h e  g a l a x y ,  i o n i z a t i o n  losses and  n u c l e a r  breakup of t h e  secon-  

is 
qS 

where is t h e  secondary  cosmic-ray e q u i l i b r i u m  d e n s i t y :  

t h e  secondary  p r o d u c t i o n  r a t e  c a l c u l a t e d  above, per gram of 

i n t e r s t e l l a r  ma te r i a l ;  is t h e  d e n s i t y  of  i n t e r s t e l l a r  m a t e r i a l  

i n  g/cm3; 7 

is t h e  ra te  of e n e r g y  loss due  t o  i o n i z a t i o n ;  a n d  a d / V  is t h e  

mean l i f e t i m e  a g a i n s t  n u c l e a r  b reakup .  The s o l u t i o n  of  t h i s  

e q u a t i o n  can  be w r i t t e n  a s  

P 
is t h e  l e a k a g e  l i f e t i m e  from t h e  g a l a x y ;  dE/dt  

L 

I 
I 

w h e r e %  is t h e  e f f e c t i v e  l i fe t ime a g a i n s t  l e a k a g e  a n d  n u c l e a r  

b reakup  a n d  is  g i v e n  by: 

I 
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A more g e n e r a l  e x p r e s s i o n  f o r  %, which under  a n  ap- 

p r o p r i a t e  s i m p l i f i c a t i o n  r educes  t o  e q u a t i o n  ( 2 6 )  g i v e n  above ,  

c a n  b e  o b t a i n e d  by i n t r o d u c i n g  a p r o b a b i l i t y  d i s t r i b u t i o n  p e r  

u n i t  t i m e ,  p f t ) ,  s u c h  t h a t  E)(t)dt is t h e  p r o b a b i l i t y  t h a t  a n  

o b s e r v e d  p a r t i c l e  ( a t  t = 0 )  was produced a t  a t i m e  t i n  t h e  

p a s t .  I n  t e r m s  of t h i s  p r o b a b i l i t y ,  t h e  number 

of  ene rgy  i n  dE a round E which w e r e  produced i n  

t e r v a l  d t  a round  t ,  w i t h  e n e r g i e s  i n  d E '  a round 

by 

of p a r t i c l e s  

t h e  t i m e  i n -  

E ' ,  is g i v e n  

where  t h e  e n e r g i e s  E and  E ' ,  t h e  t i m e  i n t e r v a l  t and  t h e  

e n e r g y  loss r a t e  dE/dt have t o  s a t i s f y  t h e  f o l l o w i n g  r e l a t i o n -  

s h i p :  
E' 0 E" t= l - l  
E 

(29) 

E q u a t i o n  ( 2 8 )  c a n  be i n t e g r a t e d  by assuming t h a t  t h e  ra te  of 

p a r t i c l e  p r o d u c t i o n  

t h e  v a r i a b l e  of i n t e g r a t i o n  from t t o  E '  w e  f i n d  t h a t  t h e  

e q u i l i b r i u m  d e n s i t y  us(E) is g i v e n  by 

is t i m e  i ndependen t .  By changing  !IfE' 
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Equa t ion  (30) is s i m i l a r  t o  e q u a t i o n  (26) g i v e n  above ,  ex- 

c e p t  t h a t  the e x p o n e n t i a l  d i s t r i b u t i o n  is r e p l a c e d  by t h e  

more g e n e r a l  e x p r e s s i o n ,  P ( t ) .  The f u n c t i o n a l  form of t h i s  

e x p r e s s i o n ,  however, depends on a v a r i e t y  of f a c t o r s  s u c h  a s  

t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  s o u r c e s ,  t h e  n a t u r e  of  pa r -  

t i c l e  p ropaga t ion  f r o m  t h e  s o u r c e s  t o  t h e  e a r t h ,  and  t h e  

p r o p e r t i e s  of t h e  t r a p p i n g  volume of t h e  p a r t i c l e s .  

I n  t h e  p r e s e n t  s t u d y  w e  have assumed a s i m p l e  e x p o n e n t i a l  

d i s t r i b u t i o n ,  P ( t )  = . Such a form is v a l i d  f o r  t h e  

sudden l o s s e s  r e s u l t i n g  from n u c l e a r  breakup and i t  might be  

a good approximat ion  t o  a p h y s i c a l  s i t u a t i o n  i n  which  t h e  

s o u r c e s  are  uni formly  d i s t r i b u t e d  i n  a t r a p p i n g  volume of 

r a d i u s  &{-which cosmic r a y s  e s c a p e  by d i f f u s i o n  caused  by 

s c a t t e r i n g  o f f  magnet ic  i r r e g u l a r i t i e s .  The l e a k a g e  l i f e t i m e  
? 

2, , mentioned above ,  may t h e n  be w r i t t e n  a s  TL f cA2/(2;1,U) 

I where is t h e  s c a t t e r i n g  mean f r e e  p a t h .  For s u c h  an  ex- 

p o n e n t i a l  d i s t r i b u t i o n ,  e q u a t i o n  (30) becomes e q u i v a l e n t  t o  

e q u a t i o n  (26) .  
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i .  
Barkas  and  Berger (1964) .  The d e u t e r o n  b r e a k u p  c r o s s - s e c t i o n  

v a r i e s  w i t h  ene rgy  b u t  s i n c e  w e  f i n d  t h a t  t h e  l i f e t i m e 3 i s  de- 

t e r m i n e d  p r i n c i p a l l y  by l e a k a g e ,  w e  have t a k e n  it t o  be  a con- 

s t a n t  of 170 m b  which co r re sponds  t o  t h e  a v e r a g e  v a l u e  o v e r  

t h e  ene rgy  r a n g e  of 10 t o  100 Mev/nucleon (Van O e r s ,  1963;  

a n d  Davison e t  a l . ,  1963) .  The helium-3 b reakup  cross s e c t i o n  

is much smaller y e t  and  hence was n e g l e c t e d .  The b reakup  mean 

p a t h  l e n g t b ,  Ad 

Avogadro ’ s number. 

- I  
is g iven  b y  ;\A =(Q da3) , where Na is 

I n t r o d u c i n g  a mean p a t h  l e n g h t  a g a i n s t  l e a k a g e ,  = p V y L  

e q u a t i o n  (26)  can  be r e w r i t t e n  a s  

where j (E) is t h e  secondary  cosmic-ray e q u i l i b r i u m  i n t e n s i t y  

i n  i n t e r s t e l l a r  s p a c e .  We have e v a l u a t e d  e q u a t i o n  (31)  f o r  

a v a r i e t y  of p r o d u c t i o n  s p e c t r a ,  qs(E) , c o r r e s p o n d i n g  t o  a 

r a n g e  of  v a l u e s  of t h e  modula t ing  p a r a m e t e r s  ? a n d  Ro, de- 

f i n e d  above .  

a t  t h e  e a r t h  by r e m o d u l a t i n g  t h e  r e s u l t a n t  e q u i l i b r i u m  s p e c t r a  

i n  i n t e r s t e l l a r  s p a c e  w i t h  t h e  same modu la t ing  f u n c t i o n  as  t h a t  

u s e d  i n  t h e  demodula t ion  p r o c e s s .  

l a t i o n s ,  f o r  Ro=O and f o r  s e v e r a . 1  v a l u e s  of t h e  mean p a t h  l e n g t h  

x a n d  t h e  m o d u l a t i n g  parameter  , are  shown i n  F i g u r e s  (11)  

a n d  (12)  f o r  d e u t e r o n s  and helium-3 n u c l e i  r e s p e c t i v e l y .  

S 

We have  t h e n  o b t a i n e d  t h e  d and  He3 i n t e n s i t i e s  

The r e s u l t s  of t h e s e  calcu- 

1. 

The n e t  e f f e c t  of t h e  p r o c e s s  of demodu la t ion  a n d  t h e  sub-  
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s e q u e n t  r e m o d u l a t i o n ,  d e s c r i b e d  above ,  is a decrease of t h e  

secondary  i n t e n s i t y ,  because  S e c o n d a r i e s  of a g i v e n  ene rgy  

are  produced by  p r i m a r i e s  of h i g h e r  ene rgy  which are there- 

f o r e  l e s s  modulated t h a n  t h e  s e c o n d a r i e s  which t h e y  produce .  

T h i s  c a n  be s e e n  i n  F i g u r e s  (11) and (12) from a comparison of  

c u r v e s  A a n d  C, f o r  z e r o  modula t ion  and modu la t ion  c h a r a c t e r i z e d  

by 'I = 0 . 3 5  BV. A l s o  shown i n  F i g u r e s  (11) and  ( 1 2 ) ,  are  

measurements a t  t h e  ear th  of d e u t e r o n s  and  H e 3  n u c l e i .  I n  

comparing t h e s e  d a t a  w i t h  o u r  c a l c u l a t i o n s ,  w e  f i r s t  c o n s i d e r  

t h e  case of z e r o  r e s i d u a l  modu la t ion .  A s  c a n  be s e e n  from 

c u r v e  A ,  w e  f i n d  t h a t  f o r  a cosmic-ray p a t h  l e n g t h  o f  abou t  

4g/cm2 and  z e r o  m o d u l a t i o n ,  t h e  c a l c u l a t e d  He3  i n t e n s i t i e s  a t  

e n e r g i e s  g r e a t e r  t h a n  a b o u t  200 Mev/nucleon are  i n  good agree- 

ment w i t h  t h e  measured i n t e n s i t i e s  (O 'Del l  e t  a l ,  1966;  B i s w a s  

e t  a l ,  1967; Dennis  e t  a l ,  1967) .  However, w e  a l s o  see t h a t  

a t  lower e n e r g i e s  t h e  c a l c u l a t e d  d and  He3 i n t e n s i t i e s  are  much 

greater than  t h e  measured v a l u e s  (Fan e t  a l ,  1 9 6 6 a , b ) ,  and  w e  

f i n d  t h a t  f o r  zero modu la t ion  no c o n s t a n t  v a l u e  of x can  g i v e  

a f i t  t o  t h e  d a t a .  T h i s  s t r o n g l y  s u g g e s t s  t h a t  a s i g n i f i c a n t  

r e s i d u a l  modula t ion  e x i s t s  a t  s o l a r  minimum. T h i s  c o n c l u s i o n  

is s u p p o r t e d  by t h e  obse rved  g r a d i e n t  i n  t h e  cosmic-ray i n t e n -  

s i t y  between the o r b i t s  of t h e  ea r th  a n d  Mars (O 'Ga l l aghe r  a n d  

Simpson, 1967; O ;Ga l l aghe r ,  1 9 6 7 ) .  

The r i g i d i t y  dependence of t h i s  r e s i d u a l  m o d u l a t i o n ,  however ,  

is n o t  w e l l  known and  a s  d i s c u s s e d  a b o v e ,  t h e r e  are s i g n i f i c a n t  

d i s a g r e e m e n t s  among t h e  v a r i o u s  e x p e r i m e n t e r s  as  t o  t h e  e n e r g y  

1 
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4 

dependence of t h e  observed  cosmic-ray s p a t i a l  and t empora l  

v a r i a t i o n s .  According t o  J o k i p i i  and Coleman (1968) ,  t h e  ob- 

s e r v e d  power spec t rum of the  i n t e r p l a n e t a r y  f i e l d  v a r i a t i o n s  

i n d i c a t e  t h a t  t h e  f u n c t i o n  f (R), d e f i n e d  above ,  can  be repre- 

s e n t e d  by a power l a w  i n  R w i t h  a v a r y i n g  s p e c t r a l  i n d e x ,  

r a n g i n g  f r o m  about  -0.5 a t  l o w  r i g i d i t i e s  t o  -2 a t  h igh  r i g i d -  

i t i e s .  W i t h i n  t h e  expe r imen ta l  errors, t h i s  would be  c o n s i s -  

t e n t  w i t h  t h e  modula t ing  f u n c t i o n  g iven  by e q u a t i o n  (2)  w i t h  

Ro of t h e  o r d e r  of 600 MV. 

l a t i o n  is indeed  demanded by t h e  observed  d e u t e r o n  and helium-3 

data. A s  c a n  be s e e n  f r o m  c u r v e s  A i n  F i g u r e s  (11) and ( 1 2 ) ,  

t h e  c a l c u l a t e d  d-to-He3 r a t i o  a t ,  f o r  example,  50 Mev/nucleon 

f o r  z e r o  r e s i d u a l  modula t ion  is about  1.8, whereas  t h e  measured 

r a t i o  a t  t h e  same energy  p e r  nucleon is pe rhaps  as  g r e a t  a s  6 .  

Such a d i f f e r e n c e  c o u l d  r e s u l t  f r o m  a modula t ion  of t h e  form 

exp( - l /Rp)  , as g i v e n  by e q u a t i o n  (2) f o r  R > Ro. 
t h e  same ene rgy  p e r  nuc leon ,  d e u t e r o n s  have a h i g h e r  r i g i d i t y  

and  hence are less modula ted  than  He3 n u c l e i ,  such  a r i g i d i t y  

dependent  modula t ion  would i n c r e a s e  t h e  c a l c u l a t e d  d-to-He3 

r a t i o .  

c u r v e  A s u g g e s t s  n o t  o n l y  t h e  n e c e s s i t y  of s o m e  r e s i d u a l  modu- 

l a t i o n  b u t  a l so  t h a t  above a r i g i d i t y  of about  600 MV t h i s  mod- 

u l a t i o n  is v e l o c i t y  a s  w e l l  a s  r i g i d i t y  dependent .  Because of 

Such a r i g i d i t y  dependent  modu- 

S i n c e  a t  

Thus,  t h e  comparison Of t h e  d and H e 3  measurements  w i t h  

t h i s ,  w e  w i s h  t o  s u g g e s t  t h a t  t h e  comparison of f u t u r e  measure- 

men t s  of t h e  d-to-He3 r a t i o  wi th  t h e  c a l c u l a t i o n s  d e s c r i b e d  i n  

t h e  p r e s e n t  p a p e r ,  cou ld  de te rmine  more a c c u r a t e l y  t h e  cha rge  
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dependence and  ene rgy  spec t rum of t h e  r e s i d u a l  so la r  modu la t ion .  

S i n c e  t h e  p r e s e n t  c a l c u l a t i o n s  do  n o t  depend on p r o c e s s e s  

o c c u r r i n g  below r i g i d i t i e s  of about  500 MV w e  have c a l c u l a t e d  

t h e  d and He3  s p e c t r a  a t  t h e  e a r t h  for  Ro = 0 ,  and  a r a n g e  of 

v a l u e s  of  x and 2 ,  t h e r e b y  de te rmin ing  t h e  v a l u e s  of these 

p a r a m e t e r s  which b e s t  f i t  t h e  obse rved  i n t e n s i t i e s .  Wi th in  

t h e  expe r imen ta l  u n c e r t a i n t i e s ,  w e  f i n d  t h a t  t h e  a v a i l a b l e  

d a t a  on both t h e  d e u t e r o n s  and helium-3 n u c l e i  can  be best 

f i t t e d  by an energy- independent  p a t h  l e n g t h ,  x = 4 - + 1 g/cm , 
and a r e s i d u a l  modu la t ion  of  t h e  form exp(-?/Rp) c h a r a c t e r i z e d  

by ? =  0 .35  - + 0.15 BV. 

c u r v e  C and t h e  l i m i t i n g  c u r v e s  B and D i n  F i g u r e s  (11) and 

2 

T h i s  can  be s e e n  by t h e  best f i t t i n g  

(12 ) .  

The d/He and He3/He r a t io s  d e r i v e d  from t h e  p r e s e n t  cal- 

c u l a t i o n s  are shown i n  F i g u r e s  (13) and  (14 ) .  B i s w a s  e t  a1  

(1966) have r e c e n t l y  concluded  t h a t  t h e  ene rgy  dependence of 

t h e  He3/He r a t io  can  be accoun ted  for o n l y  by a n  energy-depen- 

d e n t  p a t h  l e n g t h .  However, a s  can  be  s e e n  from t h i s  f i g u r e ,  

ou r  c a l c u l a t i o n s  show t h a t  b o t h  He3/He and  d/He r a t i o s  can  be 

e x p l a i n e d  by a n  energy- independent  path l e n g t h  d i s t r i b u t i o n  

coup led  w i t h  a r e s i d u a l  so l a r  modu la t ion ,  which above  a b o u t  

600 MV is both  v e l o c i t y  and r i g i d i t y  dependent  and  is of t h e  

form exp( -  
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FIGURE CAPTIONS 

1. 

2. 

3. 

4 .  

5. 

6 .  

Deuteron p r o d u c t i o n  c r o s s - s e c t i o n  f o r  t h e  r e a c t i o n  

Deuteron ,  t r i t o n  and  helium-3 p r o d u c t i o n  c r o s s - s e c t i o n s  

f o r  p ~ e 4  react i o n s .  

Deuteron ,  t r i t o n  and  helium-3 p r o d u c t i o n  c r o s s - s e c t i o n s  

f o r  pCNO r e a c t i o n s .  

Ranges of t h e  L o r e n t z  f a c t o r s  of t h e  c e n t e r  of mass, and  

of t h e  secondary  p a r t i c l e  i n  t h e  c e n t e r  of m a s s  

r e s p e c t i v e l y ,  which f o r  t h e  i n d i c a t e d  r e a c t i o n s  can  con- 

> t c  and ks* 

k s *  
t r i b u t e  t o  g i v e n  secondary  l a b o r a t o r y  L o r e n t z  fac tors ,  

The s o l i d  l i n e s  d e f i n e  t h e  r a n g e s  of 

s a t i s f y  t h e  i n e q u a l i t i e s  ( l o ) ,  and  t h e  dashed  l i n e s  re- 
I C  and "d.' which 

I C *  
as a f u n c t i o n  of  1: p r e s e n t  

Ranges of t h e  i n c i d e n t  k i n e t i c  e n e r g i e s  p e r  nuc leon  which 

can  c o n t r i b u t e  t o  a g i v e n  secondary  e n e r g y  f o r  t h e  i n d i -  

c a t e d  d e u t e r o n  p roduc ing  r e a c t i o n s .  These  r a n g e s  are de- 

t e r m i n e d  from t h e  r e q u i r e m e n t s  t h a t  cos 8 *gl and  t h a t  

t h e  d e u t e r o n  L o r e n t z  factor i n  t h e  c e n t e r  of  mass be less 

t h a n  or equal t o  its maximum v a l u e  d e t e r m i n e d  from t h e  con- 

s e r v a t i o n  of ene rgy  and  momer ! tum.  

Angu la r  d i s t r i b u t i o n  i n  t h e  c e n t e r  of mass of d e u t e r o n s  

from t h e  r e a c t i o n  H e  (p ,d)He3 f o r  v a r i o u s  i n c i d e n t  p r o t o n  

e n e r g i e s .  

4 
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7. 

8 .  

9 .  

10 0 

11. 

1 2 .  

13 

1 4 .  

Energy d i s t r i b u t i o n  i n  t h e  l a b o r a t o r y  frame of d e u t e r o n s  

and t r i t o n s  from t h e  mul t ibody b reakup  of H e 4 .  

Energy d i s t r i b u t i o n s  i n  t h e  l a b o r a t o r y  frame of d e u t e r o n s  

and  helium-3 n u c l e i  from pro ton-carbon i n t e r a c t i o n s .  

Deuteron  p r o d u c t i o n  s p e c t r a  p e r  gram of i n t e r s t e l l a r  material 

f o r  t h e  v a r i o u s  modes shown i n  T a b l e  I .  These s p e c t r a  w e r e  

computed for a demodulated cosmic r a y  i n t e n s i t y  w i t h  

MV and  Ro=O. 

H e l i u m - 3  p r o d u c t i o n  s p e c t r a  p e r  gram of i n t e r s t e l l a r  material  

for t h e  v a r i o u s  modes shown i n  T a b l e  I .  These s p e c t r a  were 

computed f o r  a demodulated cosmic r a y  i n t e n s i t y  w i t h  7 = 3 5 0 M J  

and  R, = O  . 
The obse rved  i n t e n s i t y  of d e u t e r o n s ,  t o g e t h e r  w i t h  t h e  

c a l c u l a t e d  d e u t e r o n  i n t e n s i t i e s  a t  t h e  e a r t h  f o r  v a r i o u s  

v a l u e s  of i n t e r s t e l l a r  pa th  l eng ths  and modula t ing  

p a r a m e t e r s .  

The o b s e r v e d  i n t e n s i t y  of helium-3 n u c l e i ,  togeOher w i t h  

t h e  c a l c u l a t e d  helium-3 i n t e n s i t i e s  a t  t h e  e a r t h  f o r  v a r i o u s  

v a l u e s  of i n t e r s t e l l a r  pa th  l e n g k a n d  modu la t ing  p a r a m e t e r s .  

The o b s e r v e d  r a t i o  of d e u t e r o n s  t o  h e l i u m  n u c l e i ,  t o g e t h e r  

w i t h  t h e  c a l c u l a t e d  d-to-He r a t i o s  a t  t h e  e a r t h  f o r  v a r i o u s  

v a l u e s  of i n t e r s t e l l a r  pa th  1 e n g t M a n d  modu la t ing  p a r a m e t e r s .  

The o b s e r v e d  r a t i o  of helium-3 t o  he l ium n u c l e i ,  t o g e t h e r  w i t h  

t h e  c a l c u l a t e d  He-to+He r a t i o s  a t  t h e  e a r t h  f o r  v a r i o u s  

v a l u e s  of i n t e r s t e l l a r  pa th  l e n g t h s  and modu la t ing  p a r a m e t e r s .  

3 



TABLE I 

DEUTERON PRODUCTION 

1. 

2 .  

3. 

4 .  

5. 

6 .  

7 .  

8. 

9. 

10. 

11. 

1. 

2 .  

3. 

4.  

5. 

6 .  

7 .  

8. 

9. 

10. 

1 
p + H - r d  +q'+ 

p + He4*d + He3 + ( W )  

d + H1-d + He3 + ( T )  

p + H e 4 + d  + 2p + n + ( W )  

o( + H1+d + 2p t n + ( W )  

o( + H e 4 + d  + p + n + d +  ( T )  

p + He4-2d + p + ( w )  

a( + He1+2d + p + ( W )  

d + H e 4 + 2 d  +d+ (T)  

p + CNO-cd + ... + (17) 
CNO + H l - d  + ... + (G) 

HELIUM-3 PRODUCTION 

p + He4*He3 + d + ('W) 

d + H1+He3 + d + ('If) 
p + H e 4 - r t  + 2p + ('lf) 
d +  H 1 - t  + 2p + ('If) 

d + H e 4 + t  + p +o( + (9') 
p + He4+He3 + p + n + (If) 

d + H 1 4 H e 3  + p + n + (T )  

d +  He4+He3 + n +d+ ( W )  

p + CNO+He3 +... + (n) 
CNO + H1 H e 3  c . .  . + ( n ' )  



TABLE I1 

K i n e t i c  Energy (Mev/nucleon) 

d p roduc ing  r e a c t i o n s  E t h  E, Emin Es ( th )  Es(min) Es(-) 

p p + d n +  286.5  - 312.4 6 9 . 1  6 3 . 9  234 .1  

-L 230.2 

d p + d  He3 23 .0  - 37 .3  14 .6  9 . 1  234 .1  

p d  3 d 2pn 3 1 . 7  38 .2  2- 1.3 - 230.2 

d p +  d 2pn 3 1 . 7  - 51.6 2 0 . 1  1 2 . 5  234 .1  

p d  -+dd p 29 .9  3 6 . 1  - 1 . 2  - 230.2 

O(P-dd P 29.9 - 48 .6  19 .0  11.8 2 3 4 . 1  

14 .3  14 .4  - 0 . 1  2847.9 p 0 - + d . . .  

0 l 6  p + d , . .  1 4 . 3  - 2 7 . 1  12 .6  6 . 6  2 3 4 . 1  

pd -., d He3 23 .0  2 7 . 7  - 0 . 9  

16 

23.0 3 7 . 3  - 0 . 9  - 37.8 

23.0 - 2 7 . 7  1 4 . 6  12 .2  622 .8  

P d + t  2p 24 .8  40.2 - 1 . 0  37.8 

29 .9  15.8 13.1 622.8 d p + t  2p 24 .8  - 
p d + H e 3  pn 2 4 . 8  40 .2  L 1 . 0  - 3 7 . 8  

2 4 . 8  - 29 .9  15.8 13.1 622 .8  

- 0 .1  -- 1639.0  

3 d p d H e  pn 

p Ol6*[t.. . 16.2  16 .4  

[He3..  . 0.1 -- 1639.0  

1 0 . 1  622 .8  

10.1 622 .8  

1 6 . 2  16 .4  'r 

16 .2  -- 2 3 . 0  1 4 . 3  

16 .2  -- 2 3 . 0  1 4 . 3  
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