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Few attempts have been made t o  study the  r o l e  t h a t  energe t ic  neutrons 
play i n  t he  production of cosmogenic nucl ides  i n  meteori tes  and the  lunar  sur- 
face (1 ,2 ,3) .  Production r a t e s  and r a t i o s  f o r  charged-particle-induced reac- 
t i ons  a r e  wel l  understood (e .g.4,5) .  However, within an e x t r a t e r r e s t r i a l  body 
the  main contr ibut ions t o  t he  production of most cosmogenic nucl ides  come from 
secondary neutrons, a s  they a r e  t h e  majori ty  of p a r t i c l e s  with E < 300 MeV and 
there  a r e  many neutrons with energ ies  > 1 GeV (5-9). These secondary neutrons 
must be considered i n  ca l cu la t ions  of t h e  GCR production r a t e s  of cosmogenic 
nucl ides  i n  meteori tes  ( 6 )  and i n  t he  moon ( l o ) .  

The type of p a r t i c l e s  inducing a nuclear reac t ion  is important because 
the cross  s ec t ions  f o r  producing a given nucl ide from a t a r g e t  element can 
vary considerably with the  inc iden t  p a r t i c l e  ( 3 ) .  There a r e  very few cross  
sec t ions  measured f o r  neutron-induced reac t ions  t h a t  produce cosmogenic nu- 
c l i des ,  and the  neutron energies  f o r  these  measurements a r e  almost always l e s s  
than 15 MeV. Monoenergetic high-energy neutrons a r e  not  r ead i ly  ava i l ab l e ,  so  
we have looked f o r  neutron sources which simulate s i t u a t i o n s  i n  t he  i n t e r i o r  
of meteori tes  o r  lunar  samples. High f luxes  of energe t ic  neutrons with a var i -  
e ty  of spec i a l  shapes a r e  ava i l ab l e  a t  beam s tops  of charged p a r t i c l e  accele- 
r a t o r s .  

In  our experiment a t  the beam s t o p  of t he  Los Alamos Meson Physics Faci- 
l i t y  we exposed metal f o i l s  of Mg, A l l  S i ,  Ca, T i ,  Mn, Fe, Co, N i l  Te, Lu, W 
and Au i n  t h ree  s e t s  of i r r a d i a t i o n s  with high f luxes  of ene rge t i c  neutrons. 
The inc ident  proton energy was 5 800 MeV. Elements up t o  N i  a r e  of relevance 
f o r  t h e  production of most cosmogenic radionucl ides ,  e spec i a l ly  f o r  long-lived 
isotopes l i k e  10-Be, 22-Na, 44-Ti, 53-Mn, 54-Mn and 59-Ni. F o i l s  of elements 
with known cross  sec t ions  f o r  neutron induced reac t ions ,  such a s  (n,xn) reac- 
t i ons  ( l l ) ,  o r  known s p a l l a t i o n  systematics ,  such a s  Fe (61, were used t o  
determine the  f l u x  and s p e c t r a l  shape of t he  neutrons. 

A wide range of products were formed and i d e n t i f i e d  by t h e i r  character-  
i s t i c  y-radiat ion and h a l f - l i f e .  Fig.1 shows nucl ide y i e l d s  i n  N i  f o r  i r r a -  
d i a t ions  a t  d i f f e r e n t  loca t ions  r e l a t i v e  t o  t he  beam s top  a s  a funct ion of t h e  
reac t ion  Q-values. The absolute  y i e l d s  depend on the  i n t e g r a l  neutron f luence 
which var ied  with loca t ion .  The r e l a t i v e  y i e l d s  r e f l e c t  t he  hardness of t he  
neutron spectrum. F o i l s  from i r r a d i a t i o n  2006 have been exposed t o  a compara- 
t i v e l y  s o f t  neutron energy spectrum. 

A comparison of production r a t e  r a t i o s  of i r r a d i a t i o n  1112 and 1113 with 
r e s u l t s  from t h e  i r o n  meteori te  Aroos and the  s tone meteori te  Bruderheim i s  
given i n  Table 1. We normalized our r e s u l t s  t o  t h e  chemical composition of 
both meteori tes .  I n  case of Aroos only i r o n  and n icke l  had t o  be considered a s  
t a r g e t  elements. The 53-Mn/22-~a i n  our beam s top  f o i l s  is  l a rge  compared t o  
t h a t  of Aroos ( f a c t o r  of 4 ) ,  i nd i ca t ing  t h a t  secondary p a r t i c l e s  w i t l i  energies  
of severa l  hundred MeV a r e  more abundant i n  Aroos. This was expected a s  prima- 
ry p a r t i c l e s  of > 1 GeV of energy a r e  present  i n  t he  GCR. However, i n  t h e  
lower energy regions,  which a r e  re levant  f o r  the production of spal logenic nu- 
c l i d e s  with reac t ion  thresholds 5 50 MeV (e.g.  26-A1 and 53-Mn), production 
r a t e  r a t i o s  from the  meteori tes  and t h e  simulation experiments a r e  s i m i l a r ,  
i l l u s t r a t i n g  the  r o l e  t h a t  secondary neutrons p lay  i n  t he  production of cosmo- 
genic radionucl ides .  The r e s u l t s  of these  experiments a r e  being used t o  extend 
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and improve model calculations of the production of cosmogenic nuclides in 
extraterrestrial bodies by GCR-secondaries. 
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Table 1: Comparison of production ratios of cosmogenic radio- 
nuclides in Aroos, Bruderheim and this simulation experiment 
Production ratio Aroos Monitor foils*) Bruderheim Monitor foils*) 

1112 1113 - - 1112 1113 - - 
54-Mn/22-~a 131 859 2200 1.1 
54-Mn/46-sc 16 2 7 48 16 2 7 4 3 
5 4 - ~ / 4 8 - ~  5.2 9 15 2.9 9.3 16 
54-~n/51-~r 1.8 2.2 2.9 0.9 2.3 3.1 
54-Mnb56+5 8-CO 3.9 3.5 3.3 7.1 4 -3 36 
54-Mn/57-c0 5.2 7.4 6.7 11 7.5 109 
*)calculated, assuming the chemical composition of Bruderheim and Aroos. 

Fig.1: Yields of isotopes from 
different irradiations of Ni with 
high-energy spallation neutrons. 
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* Presently at Max-Planck-Institut fiir Chemie, D 6500 Mainz, W-Germany 
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