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r e l a t l v e  abundance, i s  consis tent  with th; cloud chamber data. 
i s  not obtained for the B/Li spa l l a t ion  r a t io ;  however, f o r  la rge  values of 

Good agreedent 

t h e  i r r ad ia t ion  t i m e ,  t h i s  could be due to uncer ta in t ies  i n  the  paremeters. 

This does not seem possible for  short  i r r a d i a t i o n  times, however. 
processes a re  le,ss reasonable i f  C i s  present i n  the planetesimals or if 
higher energy pa r t i c l e s  a r e  assumed i n  order t o  ge t  appreciable amounts of 
LiBeB from spa l la t ion  of SiFe a s  wel l  a s  from 0 

The nuclear 

16 . 
The second stage of t he  calculat ion y i e lds  the required hydrogen concen- 

1, and "d i lu t ion  factor ,"  Fd - 20 (approximately t h e  r a t i o  of 

The amount of water i s  considerably reduced 

t r a t ion ,  H/Si 

unirradiated t o  i r rad ia ted  mater ia l )  t o  give the  t e r r e s t r i a l  D/H r a t i o .  

calculated Fd = 10 and H / S i  = 8. 

i n  the present calculations.  Although a loss of 0 during the  formation of t h e  

ea r th  s t i l l  must be postulated, the amount t o  be l o s t  i s  much less than i n  the  

FGH case. 

FGH 

We point  out t h a t  the  FGH model i s  compatible with suggestions t h a t  t h e  

moon has a high water content and t h a t  b i o t i c  mater ia l  has formed i n  the  

carbonaceous chondrites and on t h e  lunar surface.  

The nucleosynthesis of C I 3  i n  i t s  present t e r r e s t r i a l  abundance appears 

qui te  feas ib le ;  however, i n  t h i s  case t h e  s o l a r  C13/C12 r a t i o  w i l l  be much 

less than t h a t  observed t e r r e s t r i a l l y .  

on t h i s  point  a t  t h e  present time. 

appear t o  be due t o  chemical f rac t iona t ion .  

sa t ion  of L i ,  Gd, and K i n  stone meteorites i s  i d e n t i c a l  with t h a t  found 

t e r r e s t r i a l l y  requires t h a t  both t e r r e s t r i a l  and meteori t ic  mater ia l  were 

subjected t o  the  same p a r t i c l e  f lux  and had the  same f r ac t ion  of mater ia l  

i r r ad ia t ed .  Tnis implies t h a t  the ea r th  and the  meteorites had a common 

i n i t i a l  h i s to ry  if  the  basic  fea tures  of t h i s  model a r e  t o  be retained.  

lunar o r ig in  fo r  stone meteorites could very wel l  provide the  required a s t ro -  

physical  s i t ua t ion  t o  meet t h i s  requirement, whereas an a s t e ro ida l  o r ig in  

presents  many more d i f f i c u l t i e s .  

Conflicting experimental r e s u l t s  e x i s t  

Observed C l 3 4 C l 2  var ia t ions  i n  meteorites 

?"ne f a c t  t h a t  the  i so topic  compo- 
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Deuterium and the isotopes of lithium, beryllium, and boron (DUEieB)* 

a r e  important exceptions t o  the  general ru l e  t h a t  t he  chemical elements can 

be synthesized by chains of thermonuclear reactions occurring in stellar 

I n t e r i o n  ris, fcx exanpie, described by W b i a e ,  Burbidge, Fowler, and Hayle - 
[ 19571 (€?"). 
than synthesized by thermonuclear reactions.  

A t  s tellar temperatures and dens i t ies  DLiBeB are destroyed ra the r  

The f ac t  t h a t  p a r t i c l e s  may be accelerated t o  high energies by magnetic 

a c t i v i t y  on the  surfaces of typical s t a r s  such a s  the  sun l ed  t o  suggestions 

t h a t  it may be possible  t o  produce LiBeB by mans  of spa l la t ion  react ions on 

the CNO nuclei  present [&, 1957; Burbidge, Burbidge, and Fowler, 1958; 

3ashki.n Peaslee, 19611. However, Fowler, Greenstein, and H o y l e  [1960] 

(FGH) pointed out t h a t  it was unreasonable t o  assume t h a t  simple spa l l a t ion  

would produce t h e  observed Li7/Li6 J L2.5 and B1l/Bl0 - 4 r a t io s ;  moreover, 

- 
- 

one w o u l d  expect t o  ge t  mre B than Li f'ram spa l l a t ion  of CNO; whereas the  

meteor i t ic  abundance r a t i o  i s  Li/B -5. FGH showed t h a t  these d i f f i c u l t i e s  

could be overcome i f  t h e  spa l la t ion  were assumed t o  occur i n  s o l i d  bodies 

r a t h e r  than i n  a gaseous nedium. Neutrons w i l l  also be produced i n  the spa l la -  

t i o n  react ions and a f r ac t ion  of these w i l l  became thermalized and be captured 

i n  the  bodies. 

w i l l  begin t o  r eac t  with t h e  Li6 and BIO by Li6(n,a)H3 and B10(n,a)E7. The (n,a) 

As t he  cancentration of LiBeB increases,  t h e  thermal neutrons 

7 9 reac t ions  on Li , Be , and 3'' are endothermic and w i l l  not occur f o r  thermal 

7 6  neutrons. This increases the  B1'/Bl0 and Li /Li r a t io s ;  furthermore, t h e  

t 
I n  r e fe r r ing  t o  a s e r i e s  of nuclei we w i l l  generally oni t  co~omas and the  

word "and". Following the  notation used by cosmic-ray phys ic i s t s ,  w e  



7 conversion of BIO i n t o  L i  changes t h e  Li /B r a t i o  i n  t he  d i rec t ion  of the  

present-day meteorit ic abundance r a t i o .  

case of nucleosynthesis on s t e l l a r  surfaces because most of the  neutrons w i l l  

be captured by the H (n,r)D 

with Li 

many of t h e  neutrons would beta-decay before undergoing any react ion (see FGH 

Section 111, 10). 

Neutrons a re  not e f fec t ive  i n  the  

1 2 react ion and f e w  w i l l  be avai lable  f o r  react ion 

6 and do; furthermore, a t  the low dens i t ies  i n  s t e l l a r  atmospheres 

FGH placed the s i t e  of nucleosynthesis i n  s o l i d  bodies cal led planetesi-  

mals which were assumed t o  have formed a t  l o w  temperatures i n  the so l a r  nebula 

during the hearly h is tory  of the so l a r  system. The source of high energy 

pa r t i c l e s  was the ear ly  sun which was assumed t o  be magnetically very act ive 

[Hoyle, 19601. Further discussion of the astrophysical conditions i s  given 

i n  Section 11. 

T'ne approach used i n  t h i s  paper w i l l  be s imi la r  t o  t h a t  of FGH. A revis ion 

i s  appropriate because there  has been considerable improvement i n  the  experi- 

mental geochemical and nuclear data which was used by FGH. 

be considered i n  more d e t a i l  a t  the  a?propriate places i n  the  following 

discussion. 

These changes w i l l  

Section I1 outl ines  the astrophysical conditions assumed i n  the present 

calculations.  

so t h i s  sect ion could be omitted without loss of continuity by those famil iar  

with the FGH paper. 

a s  changes due t o  experimental work since the  publication of FGH, the  other 

parameters of the model have been thoroughly reviewed and i n  some cases revised. 

The basic  idea behind t h i s  re-examination was t h a t  - even i f  we could not i m -  

prove on the  FGH values - we should determine the eAxtent of t h e i r  uncertainty 

These have not changed s igni f icant ly  from those assumed by FGH; 

Section I11 contains the  nuclear calculat ions.  As well 

an on the conclusions. Mucin of the  

b 
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dis.cussion of the  choice ofz and the uncertaint ies  i n  these paraneters has 

been placed i n  appendices i n  order t o  maintain continuity f o r  readers not 

i n t e re s t ed  i n  t he  d e t a i l s  of the calculations.  Section N i s  a discussion 

of t h e  conclusions and consequences of the  nuclear calculations.  W e  have 

t r i e d  t o  be se l ec t ive  r a the r  than comprehensive i n  t h a t  we have not attempted 

t o  re-examine a l l  the  top ics  discussed by FCH. 

on t h e  in t e rp re t a t ion  of recent experimental work which sheds l i g h t  on t h e  

conclusions drawn f’rom these calculations.  An exception i s  that  an in t e r -  

p re ta t ion  of the  r a the r  large amount of data on the  isotopic  composition of 

xenori ana otner r a r e  gases i n  meteorites nas not been attempted aithougii the 

p r d u c t i o n  of these i so topic  anomolies vas - and s t i l l  i s  - an important con- 

sequence of the  FGX calculatiofi. 

Rather we have concentrated 

11. ASTROPHYSICAL CONSIDERATIONS 

As i n  FGH, t he  present calculations a re  based on a model f o r  the  ea r ly  
/ 

s o l a r  system proposed by Hoyle [1360]. The reader i s  re fer red  t o  the  work of 

Hoyle and t o  FGH fo r  t h e  d e t a i l s  of this model. This paper will attempt no 

modification o r  s ign i f i can t  elaboration of these discussions.  

Tie ea r ly  s o l a r  system according t o  Hoyle i s  outlined below and presented 

schematically i n  Figure 1. 

( a )  

when i t s  radius  was about 3 x 10 

present o r b i t  of Nercury. 

Rotational i n s t a b i l i t y  developed i n  t h e  condensation of the Sun a t  a time 

12 cm= 40 % which is s l i g h t l y  inside the  

This leads t o  the  formation of an equator ia l  disk 

of mass = 15 of the  so l a r  mass. The Sun was spinning rapidly a t  t h i s  ea r ly  

s tage.  

(b)  A magnetic torque coupling developed between the  Sun and the  disk which 

opposed and slowed the  ro ta t ion  o f t h e  Sun. Solar  ro t a t ion  led t o  a twis t ing  

3 



I 
of t h e  f i e l d  l ines  and a t r ans fe r  of angular mmentum t o  the  disk causing it 

t o  separate and m o v e  out f romthe  Sun. Eventually the  bulk of t h e  mater ia l  

moved t o  distances corresponding t o  the  major planets  leaving the  region of 

the  t e r r e s t r i a l  planets gas-free. 

( c )  I n  the  region of the t e r r e s t r i a l  planets any bodies greater  than metric 

dimensions would be l e f t  behind i n  the  outflowing gas. These a re  the  

"planetesimals" referred t o  e a r l i e r .  The planetesimals were composed of t h e  

non-volatile portion of so la r  material, mainly MgSiFe i n  oxidized form, plus 

hydrogen bound as H20. 

02 t h e  neutrons. 

tne  r a re  gases were not incorporated i n t o  the  planetesimals i n  any appreciable 

amounts. Further, it must be assumed t h a t  the  He produced by t h e  spa l la t ion  

The hydrogen plays an important ro l e  i n  the  moderation 

We assume t h a t  the  v o l a t i l e  consti tuents H2, CH4, NH3, and 

3 
, 

3 reactions can escape rapidly.  This i s  necessary because He ac t s  as  a "neutron 

sink" cue t o  i t s  large neutron capture cross-section (5500b). 

of t h i s  assumption i s  included i n  Section I I I D  and Appendix D. 

( d )  erg) of the so l a r  condensation was 

s tored i n  the  sun as  magnetic energy ana was dissipated by means of solar  

f l a r e s .  About 2 X 10 erg appeared i n  the form of high energy pa r t i c l e s ,  

nos t ly  protons. Follmring FGH we adopt tne proton energy spectrum derived 

theo re t i ca l ly  by Parker [1957] which agreed with the  experimental spectrum 

observed by Meyer, Parker, and Simpson (19561. 

i s  about SO0 MeV; however, nei ther  t h i s  nor t he  exact form of the  spectrum 

enter  t he  calculations d i rec t ly .  The accelerated p a r t i c l e s  t rave l led  along 

magnetic f i e l d  l ines  and i r rad ia ted  the  planetesimals. 

at tenuation of the charged pa r t i c l e s  be small, t'ne res idual  gas Censity i n  

tne  region of t h e  t e r r e s t r i a l  planets must be of' the  order 10 

More discussion 

45 The ro ta t iona l  energy ( -  5 X 10 

44 

The mean energy of t h i s  spectrum 

In  order t h a t  t he  

p / C C .  
- 11 - 12 
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A t  .these d e m i t f e s  the fraction of t'ne hydrogen ionized by the  p a r t i c l e  flux 

- is  about 10-5-10 , which i s  considerably greater than the s e t  by H a y l e  

[19601 as  the  m i n i m  for which the coupling of the magnetic field t o  the 

disk can be maintained. 

-4 

III. PKJCLEAR CALCULATIONS 

The nuclear process with which we s h a l l  be concerned is t he  i r r ad ia t ion  

6 of the planetesimals by high-energy protons. For each 10 S i  atoms p protons 

reac t  and i n  t u rn  produce n neutrons and Ls nuclei  of LiBeB by spa l la t ion  

react ions.  Of the  n neutrons produced, n reach thermal energies and are 

captured. 
r 

The ef fec t  of t h e  capture process on the L nuclei  i s  t o  deplete 

Li 6 and BIO and enhance Li7 by the reactions Li6(n,a)$ and B 10 (n,a)Li 7 . 
Neutron capture on the  hydrogen retained i n  the planetesimals as  €$O as  w e l l  

a s  deuterons from the  spa l la t ion  processes p r d u c e  deuterium. 

term "spallation" t o  include a l l  nuclear reaction mechanisms by which 

may be produced i n  high energy reactions.)  

( W e  use the  

L nuclei  

A. Production of LiBeB 

The equations for the  production r a t e  of L nuclei  w i l l  be wr i t ten  i n  

terms of the  number of neutrons, n, a s  t he  independent var iable .  

equations i n  t h i s  way, =., using the number of L nuclei  produced per n 

neutrons, has the  effect of averaging Over much of the complicated time and 

space dependence of t h e  general problem. 

any spec i f ic  assumptions about the  planetesimal sizes except t h a t  they must 

be large eimugli far a secondary neutron fiw t o  be developed. According t o  

recent calculations by Mitler [19&], t h i s  implies t h a t  the  planetesimals must 

have r a d i i  greater  than about 20 cm. 

Writing the  

Also there  is no necessity t o  make 

5 



Thus, fo r  the production of L i6  we can wri te  (following FGH) 

6 
dLi6 
dn 

- -  
A 

6 The symbol Li6  indicates the abundance of Li 

t i o n  process. 

spa l la t ion  t o  the neutron production r a t e .  

of He6 by spal la t ion which beta-decays t o  L i 6  with a 0.8 sec h a l f - l i f e .  

S t r i c t l y  speaking, cXP represents the  r a t i o  of the cross-sections averaged over 

t h e  d i f f e r e n t i a l  proton energy spectrum within the  planetesimal, averaged over 

depth w i t h i n  the  planetesimal, averaged over t he  chemical composition of t he  

planetesimals, and averaged over the planetesimal s i ze  d is t r ibu t ion .  Mitler 

[1964], i n  a re-evaluation of the  FGII calculation, attempts t o  calculate  these 

spa l la t ion  r a t e s  d i r ec t ly .  However, a t  t he  present time we f e e l  t oo  l i t t l e  i s  

known even of the cross-sections themselves ( l e t  alone the  other required 

d i s t r ibu t ions )  t o  attcmDt such a d i r ec t  evaluation; thus a 
6 

parameter. 

Tarameters. 

- i . e . ,  t h a t  the  shape of the proton spectrum does Rot change with t i n e .  

a t  some stage during the  i r r ad ia -  

6 The quantity a6 i s  the r a t i o  of the production r a t e  of Li by 

It a l s o  includes the  production 

0 

i s  retained as  a 

The o ther  L i h B  spa l la t ion  r a t e s  w i l l  be t r ea t ed  s imilar ly  a s  

We assume only t h a t  these production r a t e s  are independent of n, 

6 The second tern i n  Zquation (1) i s  the  r a t e  a t  which L i  disappears cue 

t o  the  (n,a) reaction (proportional t o  a6 Li ) r e l a t i v e  t o  the  r a t e  a t  which 

neutrons are  being formed. The cross-section f o r  Li (n,a)H i s  06. The r a t e  

a t  which neutrons are  being formed i s  equal t o  the  r a t e  a t  which they are  

captured (proportional t o  C NA a*) divided by the  f rac t ion  of the  neutrons 

produced whicn react ,  

6 

6 3 

A 
where the  neutron capture cross-sections and r e l a t ive  fr' 

abLmdancSof t h e  nuclear species i n  the p l ane te s imls  are  0 and N resgectively.  A A 

The neutron capture cross-sections depend on th? tem>erature. This was 

6 



est-ted by Fi;x to be i30-2Wo K although sonewhat higher texuperatimx 

(200-250') would be more i n  accord with recent so l a r  evolution calculations 

[Hayashi, 1361; Iben, 19651. 

' 

For t h i s  range of temperatures t h e  capture 
I 

cross-sections are  expected t o  vary as l /v  or as  TT t o  a f a i r l y  g o d  approxi- 

mation, since the planetesimals are composed predominantly of l ight  elements. 

Therefore, since only the  r a t i o  of' cross-sections appears i n  the equations, 

values measured fo r  2200 m/s (about 293' IC) can be used. 

As i s  shown i n  Appendix D, no nucleus which makes an appreciable contri-  

butlon t o  C EA UTA has i t s  abundance s igni f icant ly  changed by the i r r ad ia t ion  

T\-pPT\PPCC. +-n,.? 4-h:- -..- 2 -  ___-----, w L A b ~  takexi Lo 'oe constant and is designated by the  symbol 

C f o r  convenience. 

A 

Equation (I) gives 

fo r  Jr a6 >> 1 , n 

trhere Jm i s  defined a s  nf,/C = nJC, nr being the  number of neutrons which 

reac t .  

flux (neutrons/cm ) which reacts  i n  the  planetesimal. 

i n t e r e s t  

by spa l la t ion  i s  defined as 

Ikfineci in this way, Jrn 5s the  value of t h e  time-integrated neutron 

2 For the  cases of 
6 o6 qn = 3-5, so Equation (2 ' )  may be used. The amount of Li made 

6 Ids = a6 n. 

The equations f o r  t he  production of Be' and Bll are  simpler since these 

nuclei  a r e  not affected by the neutrons and produced only by spa l la t ion .  

- -  dBe3 
dn - a9 (3) 

dBl l  
dn 5 1  

- =  

7 



The quantity 

unstable and 

s t ab le  s t a t e  

Cy9 includes only d i r e c t  formation of Be 9 s ince B 9 i s  p a r t i c l e  

9 L i  , although i t s e l f  p a r t i c l e  s tab le ,  decays t o  a p a r t i c l e  un- 

11 i n  Be . The quantity all includes the  contributions of C 3 

= 20.5 min) and Be 11 (tl = 13.6 sec)  a s  w e l l  as  t h e  d i r e c t  production 

The production of BIO i s  complicated by the  existence of long-lived Be 10 

2 2 
11 of B 

with a mean l i f e  (ha l f - l i f e /0 .693)~  = 3.9 X 10 6 yr fo r  beta-decay t o  B 10 . 
Thus, if the  time of i r r a d i a t i o n  i s  not long compared t o  the  mean l i f e  of 

Belo,  a s ign i f icant  f rac t ion  of the  present-day BIO may survive the  i r r a d i a -  

t i o n  as  Bel'. Only the Be 10 (n,y)Be'' r eac t ion  is  energe t ica l ly  possible a t  

thermal energies, and the 

s ince the  neutron binding 

Astrophys i ca l l y ,  the 

t o  d i s s ipa t e  the magnetic 

cross-section f o r  t h i s  i s  expected t o  be very small 

energy i n  Bel1 i s  only about 0.5 MeV. 

time of i r r ad ia t ion  corresponds t o  the  time required 

energy s tored i n  the  ear ly  Sun. Hoyle [l960] 

estimated t h i s  t o  be comparable t o  t h e  contraction time of the  ea r ly  Sun. 

This was taken t o  be roughly 10 y r  i n  FGH and considered t o  be very long 

compared t o  the mean l i f e  of Belo. 

7 

Since t h i s  estimate i s  only order of mag- 

nitude, we have generalized the  equation f o r  the production of BL0 t o  hold 

fo r  cases where t h e  i r r a d i a t i o n  time i s  short  or  comparable t o  the l i fe t ime 

of BeLo. As our bes t  estimate of the contraction time, we w i l l  take the  value 

7 of roughly 3 X 10 

evolution. 

y r  obtained by Iben [1965] i n  recent calculat ions on solar - 

In  terms of  time the production r a t e s  of BIO and Be 10 a re :  

8 



10 an& 'io represent t h e  spa l la t ion  r a t e s  of B" plus C (7 :  = 19 see> 
5 0  7 

where 

and Belo respectively.  For this calculation we have assumed e x p l l c i t l y  that 

any var ia t ions  i n  the  proton flux occur i n  times small compared t o  T. 

and rio will be taken a s  constant, and t h e  neutron flux (neutrons/cm see)  

Thus 

2 
5 0  

w i l l  a lso be steady i n  t i m e  and given by lr /T where T i s  t h e  duration of 

the i r r ad ia t ion .  The term Be /T represents the  beta-decay rate of Be , 
and t h e  t h i r d  term i n  Equation (4)  represents  t he  depletion of BIO by t h e  ( n p )  

I: 
10 10 

10' reac t ion  i r i th  cross-section a 

Equations (4) and (5) may be solved t o  give the  present-day BIO abundance 

BIO = Belo(T) + B1*(T) 

10 where BIO = rl0 T and Bes = rio T are the  amounts of BIO and Belo produced 

i n  spa l la t ion ,  and f10 = BeF/B:. For t he  spec ia l  case when T/T >> 1, 

Zquation (6)  reduces t o :  

S 

wlich i s  i 2 e n t i c a l  t o  Equation (14) used by FGH i f  we note t'nat t h e i r  symbol, 

3 2 ,  includes t h e  Belo  produced by spa l la t ion .  For t h e  case where T/T << 1 

9 



and ;Irn large,  Equation (6)  reduces t o  BIO = Belo which, physically,  means 

t h a t  a l l  the  B F  produced by spa l la t ion  w i l l  be "burned up" by the neutron 

flux and the  present-day B i s  j u s t  the Be: produced by spa l la t ion  which 

did not decay i n  the short  i r r ad ia t ion  in te rva l .  

large, then f o r  Equation ( 6 )  reduces t o  t h a t  given by FGH i n  

Appendix 1, Equation ( A l ) .  

Equation ( 6 ' )  w i l l  be va l id  fo r  values of 

S 

10 

'n I f  w e  do not assume 

T/T << 1 

For most cases t o  be considered +,al0 J 15, so 
7 - 

T < 10 yr. 
7 Li i s  produced by d i r ec t  spa l la t ion  and as  a product of the (n,a) r e -  

10 LO - B1o 
+ Bs act ion on BIO. Since the  amount of t he  BIO burned i s  Bes , 

7 7 where L i s  includes the  contribution of Be7 (tl  - = 53 days) as  well  as  L i  

produced d i rec t ly .  
2 

B. Calculation of the  Neutron Flux 

6 As noted e a r l i e r  i n  the  discussion of L i  production, we f e e l  t h a t  ex- 

perimental data  on spa l la t ion  and neutron cross-sections, and our understand- 

ing of the  development of secondary fluxes i n  so l id  bodies a re  in su f f i c i en t  

t o  make a d i r ec t  calculat ion of the  r e l a t ive  abundances from nuclear data.  

We w i l l  thus t u r n  t he  calculat ion around and use the  observed abundances t o  

estimate the  neutron f lux  and the  spa l la t ion  yields .  

w i t h  the  heip of Equations ( 6 ' )  and ( 2 ' ) ,  an equation f o r  

Rearranging Equation ( 7 )  

may be derived: $ n 

7 10 L i  + B *.- = N 

B/ L i  I7 + 5 0  

a7 B 
' 6  ' 6  -t I10 E '10 ' 
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For T/T >> 1, g = 1, Equation (8) reduces t o  Equation (21) i n  FGH. 

Ye 'rave made the following choice f o r  the other parameters i n  Equation ( € 3 ' ) :  

I,_ = Li"/Li  = 0.0742 t e r r e s t r i a l  value 
U 

~ 

! 

I7 = L i ' / L i  = 0.926 I, I t  

.g7 = 313 3 a t  2200 ,Y/s fron tiu5:hes and Sch;-artz E19581 
b 

= 3813 D under same conditlons 13 0 

3'LI = 0.21 frorc the meteorit ic a3unZances of Shima and Ronda [1353], 

Yzankowsky and Mueller t13641, and Shima [19521 

7 c  
Cx7./CXE = L i  / L i d  = 1.3 based on the work of Gradsztajn, Epherre, and s s  

3ernas [1963]. 

= 0.25 13 P 

A ce ta i i ed  discussion of t'ne a'cuncance and nuclear data used t o  obtain these 

numbers i s  given i n  Appendix A along with a discussion of t h e  e f f ec t  of un- 

ce r t a in t i e s  i n  the various paraneters. Tiie pr inc ipa l  change f ron  the  parameters 

used. by X H  i s  i r  cL,/Z6 

3/Li = 0.24 vkich d i f f e r s  only s l i g h t l j  f r o m  t h a t  used here. 

vhich F'GH estimated a s  1. FGH used a value of 

;quation (8') i s  qua-atic i n  qn and can be solved f o r  various choices 

of T/T. Tne r e s u l t s  of t h i s  calculation are presented i n  Table 1. Note t h a t  

f o r  i r r ad ia t ion  t i nes  ranging from 0 t o  a, \i; var ies  oiily by a factor  of t-a, 

- 9  i . c .  t h e  neutron flux required t o  produce the  observee l i g h t  element abundance 

i s  not e s p c i a l l y  sens i t ive  t o  the  time of i r r ad ia t ion .  

n 

(*This w i l l  not 3e 



t rue  of the  predicted spa l la t ion  y ie lds  discussed i n  the next sect ion.)  

accordance with the above discussion ve have chosen 3 x 10 

In '  

y r  or T/T z 7.5. 7 , 

Corresponding t o  t h i s  t i m e ,  we adopt for  the remainder of t h i s  paper a value 

fo r  the neutron flux of Jm "= 4 X 1021 neutrons/cm , i den t i ca l  t o  the  FGH 

value. 

2 

C.  Prediction of Spal la t ion Yields 

Using Equations (2 ' ) ,  ( 3 ) ,  ( 6 ' )  and the def in i t ions  of a7/OL6 and flO, 

it i s  possible t o  use the  meteorit ic abundances (Appendix A) t o  predict  the  

r e l a t ive  yields  of L nuclei  i n  spal la t ion.  These y ie lds  a re  sham i n  Table 2 

for  T/T 7.5 and compared with the  meteori t ic  abundances. The Be1' produced 

ir, spa l la t ion  i s  included i n  the BIO yield.  

neutrons a re  immediately apparent from t h i s  comparison. 

The e f f ec t s  of the  thermal 

The calculated r e l a t ive  spa l la t ion  y ie lds  may be compared with the  cloud 

chamber data of F'uller [1354] fo r  01' + 300 MeV neutrons which i s  discussed i n  

Appendix A .  Neutrons cannot be detected i n  a cloud chamber; thus only the  

spa l la t ion  product charge d i s t r ibu t ion  i s  measured. 

A are  the prompt y ie lds  of the  spa l la t ion  process i t s e l f  and a correction must 

be made fo r  the extent t o  which subsequent beta decay has modified the  d i s t r i -  

bution. (This has been done using the  cross-sections given i n  Appendix A plus 

an estimate of 3 mb for  He .) 

well; however, there  a re  no r e l i ab le  nuclear considerations fo r  separating the  

Be 

la ted  and observed y ie lds  shown i n  Table 3, Belo  has been included with Be 

ra ther  than B. The LiEkB s p a l l a t i m  y ie lds  are  e q r e s s e d  a s  f ract ions of the 

t o t a l  Ls yield.  The symbol (B/Li) ,  r e f e r s  t o  the B t o  L i  y ie ld  r a t i o  i n  

spa l la t ion  and should be distinguished from B/Li which i s  the  meteorit ic 

The data given i n  Appendix 

6 It is  possible t o  make t h i s  correction f a i r l y  

3 and Belo  contributions t o  t h e  Be yield.  Consequently, i n  both t h e  calcu- 



a'bwciance ratis. 

t h e  ove ra l l  e f f e c t  Of t he  chm4es i n  t h e  parameters. 

'i"ne yiel&s as  caicuiated by FGfi are also sham to i l l u s t r a t e  

I 

Note t h a t  t h e  r e s u l t s  i n  Table 3 a re  more sens i t ive  t o  t h e  i r r a d i a t i o n  

This, as  wel l  a s  t h e  t rend of the  results, t i m e  than was t h e  neutron flux. 

can be understood by considering the e f f e c t  of Befo. For small T, t h e  present 

day BIO abundance cons is t s  amst  en t i r e ly  of t h e  Be 10 [see Equation ( S ' ) ] ;  
S 

10 thus t h e  i r r a d i a t i o n  must have stopped when Be lo - BIO. 

i s  qui te  small (1.5) and t he  B i c / 3 e F  r a t i o  (l/flO) i s  f ixed i n  the  model a t  

However, s ince B 
S 

4, t'ne amount of B F  will be r e l a t ive ly  small (6).  Since the abundance of 

7 ~i 2s l a r g e  ( 3 3 ) ,  alinost a;; of it must tnereTore come f r o m  spa i ia t ion ;  hence 

(q/Li)s has t o  be small and cannot d i f f e r  much from B / U .  

for large T t h e  present-day 3'' corresponds t o  t h a t  p a r t  of the (€3: + Belo)  

On the  other hand, 

S 

which survived the  neutron i r rad ia t ion .  

thermal neutrons is  la rge  (- 12.5 for T/T = a), B F  is  r e l a t i v e l y  large 

(12.5 X 1.5 

Since the  depletion f ac to r  due t o  

19), and t h e  BIO contribution t o  t h e  present c?ay Li7 i s  s izable  
S 

-( and less Lis i s  required. The required (3/Li)s i s  then considerably l a rge r ,  

%,a separate  comparisons betwen t h e  calculated and experimental data 

zan be na2.e. 

(1) 
9 

3e 

S-Aess-Urey value used by FGH as  a r e s u l t  of the measurenents of S i l l  and 

W i l i i s  E13621. As Table 3 shows, the ewer imenta l  data  do ind ica te  t h a t  

Be 

The 3e Yield. The low calculated Bes i s  a d i r e c t  consequence of t he  la! 

meteor i t ic  abundance which has bFen reduced by a fac tor  of 30 f'rom the  

9 + Be1' i s  low; fu r the r  the  crude breakdown of  t h e  OI6 cloud chaxiber data  

3 ic:o i so toyic  cross-sections m d e  i n  Appendix A gave a l a 7  value f o r  o(Be ) = 

2.5 ~ b .  

T):?;'sFcs because (a)  t h e  other mass 3 isobars do not contribute t o  the  y i e ld  

snd (b) Se 

3 A l o w  3, yie ld  is zot urx-easonabie frm t h e  point of view of m c l e a r  

2 
i s  only bound by 1.7 ?kV and has no pa r t i c l e - s t ab le  exci ted s t a t e s .  

13 



( 2 )  The (B/Li )s  Ratio. The calculated and experimental values disagree fo r  

a l l  T .  The s t a t i s t i c a l  e r ro r  i n  the  experimental r a t i o  i s  about k 0.4 so 

t h a t  (B/Li )s  >_ 1 seem certain.  This i s  a l so  expected on general grounds 

since spa l la t ion  yields  typ ica l ly  decrease a s  t h e  mass difference between 

ta rge t  and product increases. 

From t h e  physical arguments given above it can be seen t h a t  ( B / L I . ~ ) ~  i s  

f a i r l y  sensi t ive t o  f10 for  small T / T ,  and a l s o  t o  B/Li and CX7/Cts especial ly  

at  the  la rger  values of T/T. 

and f10 t o  0.1 w i l l  increase (B /L i ) s  by roughly a fac tor  of 2. 

a t  large T/T may not be s ign i f icant  because of t he  uncertainty i n  these paraneters; 

however, for small values of T/T, the  changes i n  these three parameters t h a t  

would, be reqJ.ired t o  b r i n g  ( B / L i )  

argues fo r  a large value of T/T. 

For example, a t  T/T = 3, changing B/L i  t o  0.3 

The discrepancy 

up t o  1.0 seem unreasonably large.  Tnis 
S 

For comparison Table 3 a l so  includes the  cloud chamber data of Kellogg 

E13531 for  C12 + 90 MeV neutrons. 

amounts of C 

chondrit ic meteorites (5  per cent by weight) may have been present i n  the 

planetesimals. This var ia t ion i s  in te res t ing  because i n  many respects t h e  

carbonaceous chondrites appear t o  be a good approximation t o  primordial so la r  

system mater ia l  [Rinmood, 1362; Urey, 1964; Anders, 19631. 

C would require t h a t  a weightec? average of  the  C and 0 values f o r  a7,/a6 

for f10 be used ra ther  than t h a t  f o r  0l6 alone. However, on the  assumption 

t n a t  a7/CX6 and f10 are  not appreciably d i f f e ren t  for C than 0, the  

calculated spa l la t ion  yields  would be unchanged. 

experimental ( B / L i ) s  i s  larger, as  expected, for C; thus, i f  

present i n  the  planetesimals, the discrepancy between the  calculated and 

observed (B/Li)s i s  worse. 

Consider a var ia t ion  of the  model i n  which 

comparable t o  the  concentrations observed i n  the  carbonaceous 

The presence of 

and 

Table 3 shows t h a t  the  

C i s  assumec 

From t h i s  point of view the o r ig ina l  assumption 

14 



t h a t  C was -highly depleted i n  t h e  formation of t h e  planetesimals seem 

preferable.  More discussion of t h i s  point will be given i n  Section IVB and 

i n  Appendix D. 
t 

For the  t s e  of pr-hary f l u x  (E - 500 MeV) we have assumed up t o  now, 

L i&B are  produced almost en t i r e ly  by the  spa l la t ion  of 0l6 (and perhaps of 

CE). However, we can a l s o  consider a s i t ua t ion  i n  which a much "harder" 

incident  flux is  assumed. A t  high proton energies t h e  cross-sections f o r  

producing L nuclei  from SiFe ta rge ts  a re  probably coxparable t o  those f o r  

7 
0l6 [based on Be ; see, for example, Perf i lov (19SO)l. Below about 1.5 GeV 

l f i  
iiie Sil?e crobs-sections &op off rapiaiy; whereas the  O-- cross-sections 

r e D i n  coxstant c%m t o  about 100 MeV. The nuclear react ion mechanim by 

xhich t h e  

For an 0 t a rge t  L nuclei  are the residues left behind following the  enis- 

sion of protons, neutrons, alphas, etc., Fromthe o r ig ina l  nucleus. For a 

SiFe t a rge t  

i s m  i n  which they a re  themselves emitted whole f'rom the  i n i t i a l  nucleus. 

Although the  exact riature of t he  fracpentation process i s  the  subject of 

considera3le debate among nuclear chemists a t  t h e  gresezt  time, it i s  expected 

on senera1 grounds t h a t  t he  y ie ld  of an 

function of i t s  nuclear charge droppin& off something l i k e  e-(-Z) [Perfi lov,  

19601. 

perimental (B /L i ) s  r a t i o  with which the  calculated r a t i o  should be compared. 

Haiever, the  SiFe contributions must be qui te  large t o  make t h e  calculated and 

experimental r a t i o s  agree. 

tne L i  nust corJe from SiFe. i f  t h e  a a t e r i a i  cazSar?ed contained comparable 

numbers of 0 and SiFe nuclei  and were only eQosed t o  p a r t i c l e s  of -1 GeV 

OF greater,  then agreement m u l 6  be obtained. The first requirement i s  

L nuclei  a re  produced i s  probably d i f fe ren t  i n  the two cases. 
16 

L nuclei  a r e  produced by t h e  so-called "fragmentation" mechan- 

L nircleus i s  a s teeply decreasing 

Thus contributions f'rom SiFe spa l la t ion  would tend t o  luwer the ex- 

A t  T/-r = m, for example, roughly 50 per cent of 
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rea l ized  i n  tne planetesimals; however, t h e  second is  more d i f f i c u l t  t o  

rea l ize .  From a natural  source one usually f inds  a p a r t i c l e  spectrum i n  

wfiich the  number of pa r t i c l e s  increases strongly wi th  decreasing energy. 

Tfle L y ie ld  vi11 then be dominated by the  contributions from 0l6  spa l la t ion  

by the more numerous pa r t i c l e s  of l e s s  than 1 GeV. I f  one a r b i t r a r i l y  assumes 

an inciaent flux of only high energy pa r t i c l e s ,  t h i s  s t i l l  does not solve the  

problem because i n  a so l id  body the  high energy p a r t i c l e s  w i l l  generate large 

nmbers of secondary pa r t i c l e s  i n  the  0.1-1 GeV range. Consequently, ins ide  

the bocy there i s  again a sharply decreasir,g f l u  wi th  increasing energy 

and the  d i f f i cu l ty  remains. I f  one postulated t h a t  the  bodies Fiere small 

enough t o  avoid such secondary production, then the  number of neutrons thermal- 

ized would be too m a i l  t o  s ign i f icant ly  a f f ec t  t h e  L i 6  and BIO abundances. 

A l l  i n  a l l ,  assumii:g a "harder" f lux  w i l l  not explain the discrepancy i n  the  

calculated an? experimental ( B / L i ) s  r a t io s .  

D.  Deuteronomy, The Synthesis of Deuterium; 

The Concentration of Fydrogen i n  the  Planetesimals 

Using the neutron flux calculated i n  Section IIIB, we can now wri te  t he  

and from deuterons equation fo r  t h e  production of deuterium by H'(n,r)D2 

emitted i n  spa l la t ion .  

f al H r - -  
dn (9 )  

al 
whcre a i s  t h e  r a t i o  of the  dleuteron t o  neutron prochction r a t e s  and 

i s  the tnernal  neutron c a p u r e  cross-section for hydrogen (0.332 b ) .  

2 

I n  order 

t o  caIcu3a t e  D/H froxi Equation (9) H/Si m u s t  be knom. Agair? the  problem 

m i s t  bc t u r m d  aroxnd t o  f i n d  the  value of H / S i  required t o  give the t c r r e s -  

t r i a ?  ~ / i i  r a t i o  (1.5 x 10 -4 ). 
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. The planetesimals probsbiy naa r a d i i  t h a t  were large compared t o  t h e  

\ depth of penetration of t h e  cascade p d u c e d  by t h e  primary par t ic les ;  thus 

only t h e  outer  she l l s  were i r radiated.  

obtained a f t e r  a thorough mixing of the planetesimal material ,  - i .e . ,  t h e  

t e r r e s t r i a l  D/H i s  the  D/H i n  the  i r rad ia ted  mater ia l  multiplied by the  f rac-  

The t e r r e s t r i a l  D/H is  presumably 

t i o n  of t h e  mater ia l  which was i r rad ia ted .  

t h i s  de f in i t i on  F is a "di lut ion factor".  Equation (9) gives 

FGH defined t h i s  a s  l/Fa. With 

d 

Let as re-czite C/Si i n  the form 

si = c A bA ITFi = u 1 (") S i  + C' c - 

where C' is  a calculable constant f o r  a given chemical composition. Assuming 

t h a t  t he  other  parameters can be estimated, Equation (10) has two & o m s ,  

Fd ane H / S i .  

abundances r e l a t i v e  t o  S i  w i l l  be di luted by a s imi la r  fac tor .  

A second equation may be obtained from the  f a c t  t h a t  the LiBeB 

(Consideration 

f ac to r s  for D and for LiBeB a r e  not ident ica l ;  however, we s h a l l  neglect t he  

difference i n  the folloving discussion.) 

*n ' Q n  L r  Q n  L = - = - =  

fr Fd fr LS 

6 where Ls i s  t h e  t o t a l  amount of LiBeB (including t h e  Lis  l o s t )  produced i n  

slyallation an& 0: 

Equations (lo), (ll), and (12) can 3e solved for 

is the  ratio of l i g h t  eienent t o  neutron production r a t e s .  L 

F -  and H/Si i f  the  parameters 
C 

cy2, fr, E ' ,  and CY. can be estimated. L 
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The de ta i l s  of t h e  estimation of these parameters have been included i n  . 

Appendices B through D. 

of these estimates i n  the  main t e x t  because the  uncertaint ies  i n  them introduce 

a ra ther  large spread i n  the  possible values of H/Si and F 

It is  important, however, t o  include some discussion 

d' 

We have chosen a value of a! - 0.1 based on t h e  y ie ld  of primary 2 -  

deuterons r e l a t ive  t o  t h a t  f o r  primary and secondary neutrons. 

i n  t h i s  parameter is  not expected t o  introduce appreciable e r ror .  

The uncertainty 

(See 

Appendix A , )  

The calculation i s  

estimates of the number 

(a )  AII upper limit t o  

FGH estimated aL = 0.1. 

more sens i t ive  t o  Q! thus t h e  uncertainty i n  the  

of secondary neutrons i s  more ser ious,  

aL i s  s e t  by the  primary cross-sections.  On t h i s  bas i s  

A t  present t he  bes t  estimates of primary cross-sections 

L; 

(See Appendix B.) 

- 
give cIL = 0.075 but with enough uncertainty t h a t  GIL < 0.1 i s  a reasonable 

upper L i m i t .  

(b)  Estimates of secondary 

a lower l i m i t :  

( c )  By following through a 

proton, values i n  the  range 

aL S 0.02. 

neutrons produced by cosmic rays (E = 4 CeV) give 

cascade on the  average f o r  a 500 MeV incident 

0.03-0.04 are  obtained. These values appear low 

r e l a t i v e  t o  the semi-empirical cosmic-ray values; thus 

adopted a s  our best  estimate. 

G I L -  0.05 has been 

There are two reasons why fr  m y  be d i f f e ren t  from unity,  namely 

(a) non-t'nermal capture and (b) surface leakage. 

out t h a t  t he  amount of H 

thus non-thermal capture will not be important and only ayproximately 10 per 

cent of the  neutrons w i l l  be l o s t  t h i s  vay. 

mechanism (b) probably amounts t o  10-20 per cent based on estimates of neutron 

leakage from the ear tn  and the moon by Lingenfelter,  Canfield, and Hess [1961]. 

(See Appendix C,) It turns  

i n  the  planetesimals i s  always large (H/Si 7 1); 

For large bodies (> - 100 cm) 
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mw, values of f, between 0.7-0.8 seem indicated. Ve take  f, -0.75 as * .L 

. our best estimate. 

There a re  two choices for C' depending on whether a meteori t ic  o r  so la r  

composition is  chosen fo r  t he  planetesimals. 

a ted by t h e  contribution f r o m  Fe (high abundance and high u ). 

Fe abundance i s  higher i n  meteorites than i n  the  sun, t h e  meteor i t ic  value of 

C' is higher than tha t  based on solar abundances. I n  severa l  respects  Type I 

carbonaceous chondrites appear t o  be a good approximation t o  primordial matter 

[Rinyood, 19621. 

ipproximation i s  icrey, 1334; linaers, 13tj3j, we oniy want to nme Lnat because 

t h i s  class of meteorites i s  very r ich  i n  iron, they give a value of X '  

can be considered an upper l i m i t .  

Seing l o w  i n  i r o n  - w i l l  give the  lover l i m i t  t o  E'. The values a r e  

(See Appendix D.) C '  is  domin- 

Because the  
€! 

Without entering i n t o  the  controversy of how va l id  t h i s  

- - - 9  

t h a t  

On the  other hand, t he  so l a r  abundances - 

C '  = 3.4 (carbonaceous chondrites) 

C' = 1.2 (solar) 

As H. C.  Urey has pointed out for  many years [see, f o r  example, Urey, 19641 

t h e  difference i n  t'ne Fe/Si r a t i o  between the sun and the  mater ia l  of t h e  inner 

s d a r  s;Jstelr, i s  prababiy r e a l  and represents an i r o n - s i l i c a t e  f rac t iona t ion  i n  

the  f m m t i o n  of t he  l a t t e r .  

hence 

before o r  a f t e r  t h e  i r r ad ia t ion .  We have placed the  FGH i r r a d i a t i o n  after the  

loss of gas f'romt'ne region of t h e  t e r r e s t r i a l  planets;  and, i n  the  absence of 

gas, ve can think of no nechanisn 

could be rer,oved f ron  the  i m e r  so la r  system. The i r o n - s i l i c a t e  f rac t iona t ion  

t h e n  mst  have occurred ~ u r i n t :  t h e  f3rmation of the  phnetes imals  p r i o r  t o  

t h e i r  i r r ad ia t ion .  Consequently, t h e  meteori t ic  composition giving C '  = 3.1; 

i s  most a>pro?riate f o r  t h e  present calculat ion.  

Our choice fclr the chemical composition (and 

2 ' )  of the planetesimals de3,ends on whether t h e  f rac t iona t ion  occurred 

which large quaxt i t ies  of s i l i c a t e  mater ia l  
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3 Considering C' t o  be a constant assumes t h a t  t he  concentration of He , 

= 5500 b) remains small during the  i r rad ia t ion .  This requires  not only (aA 

t h a t  it be highly depleted during the  formation of t he  planetesimals but a l s o  

t h a t  the He 

a s  H ) diff'use out i n  a time short  compared t o  the  mean l i fe t ime f o r  the  

He (n,p)H reaction ( - 6  X 10 yr). The conclusion drawn by FGH (see t h e i r  

Appendix 3) t h a t  no solution i s  possible i f  spallation-produced He3 i s  retained 

3 produced i n  the  planetesimals by spa l la t ion  (both d i r e c t l y  and 
3 

3 3 4 

i n  the  planetesimals is s t i l l  va l id  even though some of t he  numbers entering 

the  calculation have been revised i n  t h i s  paper. 

FGH, Appendix 3 for  fur ther  d e t a i l s .  

from the  planetesimals was considered by Mitler [1963] who found, using the  

The reader i s  re fer red  t o  

The question of whether He3 can d i f fuse  

5 FGH parameters, tha t  the H e  would escape rapidly enough t o  j u s t i f y  neglecting 

it i n  the  calculation of 2 ' .  

The way i n  which the  calculated values of Fd and H/Si depend on the  

parameters discussed above i s  i l l u s t r a t e d  i n  Table 4. 

solutions f o r  (Fd, H/Si) f o r  various choices of C',  fr ,  and aL. 

Table 4 lists some 

A l l  of the  
2 above r e s u l t s  are for \k = 4 x 1O2l n/cm and a: = 0.1. n 2 

Following the above discussion, our "best" estimates, corresponding t o  

The corre- 

It should be 

aL = 0.05, C' = 3.4, and f = 0.75, are  F r d 

sponding solutions obtained by FGH were F d 

= 20 and H/Si = 1.2. 

= 10 and H/Si = 8.0. 

emphasized t h a t  the uncertaint ies  i n  the  parameters, pa r t i cu la r ly  aL, cause 

considerable uncertainty i n  F 

range 0.02 5 CLL 5 0.1 and 1.2 < - C' < - 3.4 corresponds t o  10 5 Fd 5 37 and 

0.5 5 H/Si 5 11. 

and a lower H/Si value than the r e s u l t s  obtained by FGH although much un- 

and H/Si. As can be seen from Table 4, the  d 

The present calculation tends t o  indicate  a higher Fd value 

cer ta in ty  s t i l l  remains. 
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3. Energy  ilequirenznt s 

W e  conclude th i s  section with a b r i e f  discussion of the  t o t a l  energy 

The nethod of required t o  produce the t e r r e s t r i a l  and meteorit ic DLiBeB. 

calculat ion i s  very s i d l a r  t o  t h a t  given by FGH (Section 111.9). For the  

carbonaceous chondritic composition the cross-sections given i n  Appendix B 

ind ica te  t h a t  there  i s  roughly one L 

tions. 

protons will undfrgo a nuclear interaction; i.e.. on t h e  werase  a'ncli-1.t. 9 

incident  protons of average energy 500 MeV a re  required t o  produce one 

nucleus; thus 4.5 GeV of energy nust be diss ipated i n  spa l la t ion  reactions for 

eacn L nucleus proCuced. Section I I I C  s k m e c  t h a t  roughly 50 L nuclei per 

lo3 Si &toms were Srckiuced by spai la t ion.  If WE assume t h a t  t h i s  figure holds 

f o r  a l l  the matter i n  the  inner solar  system, end use the  FGH estimate of 

4.6 x 10 

X 10 ~4.5 X 1.6 X 10 = 1.7 X ergs a s  the  t o t a l  amount of energy re- 

quired. If w e  assme, following FGH, t h a t  -10 per  cent of the accelerated 

p a r t i c l e s  interac'iec with the  planetesimals, then about 2 X IOb4 ergs i n  high 

energy pa r t i c l e s  a re  required. U ~ i r . g  HDyLe's es t iEate  of 5 :i 10 a s  the t o t a l  

amomt of r o t a t i m a 1  energy t o  be dissipated, we see t n a t  about 4 per  cent i s  

required t o  appear a s  high energy par t ic les .  

nucleus produced per  s i x  proton reac- 

For a nean incident proton energy of 500 MeV, about 2/3 of the 

- ,  

L 

,. 

4 9 
S i  nuclei  i n  the  t e r r e s t r i a l  planets,  w e  Dbtain 50 x I O e 6  x 4.6 

b3 -3 

40 

N. DISCUSSION 

A. I'he Mater Coctent of t he  Planetesimals 

Even though it can be argued t h a t  H/Si car, be calculated only t o  h i t h i n  

an oreer of magnitude (1 - < H/Si - < TO), t h e  iwor t an t  ~ o n ~ 1 i x i o n ,  as e q h a s i z e d  

by FGE, t h a t  the  hydroger, ( x a t f r )  content of t he  planetesimals i s  intermediate 

between the  so l a r  (H/Si = 3 x 10 , C/Si = 30) and t e r r e s t r i a l  (H20/Si - 4 X loe3) L 
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values can s t i l l  be drawn. It i s  in te res t ing  t o  note t h a t  OUT bes t  estimate 

of H/Si = 1.2 based on carbonaceous chondrite abundances f o r  non-volatile ' 

elements, i s  close t o  t h a t  measured i n  t h i s  c lass  of meteorites. 

discussed i n  Section I I I C ,  the  f ac t  t h a t  the  calculated (B /L i )  

siderably less than would be expected from t h e  observed 

the  carbonaceous chondrites removes any significance f'rom t h i s  observation. 

However, as 

r a t i o  i s  con- s 

C concentration of 

I n  Appendix D we show t h a t  O/Si = 3.8 + 3 H/Si fo r  t he  carbonaceous 

chondrite composition. 

r e l i ab le  way t o  estimate O/Si for  the ear th  a s  a whole. 

has O/Si = 3-4 l i k e  the s i l i c a t e  phase of the meteorites, then we must postu- 

l a t e ,  as  d id  FGH, t h a t  some oxygen a s  wel l  a s  hydrogen was l o s t  i n  the  time 

between the  i r rad ia t ion  02 tne  planetesimals and the  formation of the  earth.  

However, i n  the  present calculation t h e  amount of 0 which must be l o s t  

[ (O/Si)lost = 0.4-1.41 i s  considerably l e s s  than f o r  FGH (3.2-4.2). 

0 i s  necessary i n  any model f o r  t he  formation of t he  ear th  and the  meteorites 

whicn assumes t h a t  tne first bodies t o  form i n  the ear ly  so la r  system were 

somethirig resembling carbonaceous chondrites. Such models must a l so  assume 

t h a t  the  excess C would be lo s t  as  well as  the  0. 

For H/Si = 1.2 t h i s  gives O/Si = 4.4. There i s  no 

However, i f  t h e  ear th  

Loss of 

If loss of 0 during the formation of the ear th  i s  r e a l l y  necessary, it 

presents serious d i f f i c u l t i e s  - as  has been emphasized t o  us by H. C .  Urey - 
because the  0 must be l o s t  under conditions such t h a t  other v o l a t i l e  elements 

such a s  mercury were retained.  

A f'urtner chemical d i f f i c u l t y  i n  the  present calculat ions has been 

For nuclear reasons i n  Section mentioned t o  us by both Urey and ii. Anders. 

I I I C  we have assumed t h a t  the C concentrations of the planetesimals was 

l o w ,  and the  i r rad ia t ion  was assumed t:, occur a f t e r  the escape of H2 *om t he  

inner solar systen. Assuming t h a t  t he  i ron i n  the  planetesimals is  oxidized 
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(which would be t r u e  i f  the  p l ane te sb31  const i tuents  vem f~ n &=+_e ~f 

chemical equilibrium), there is  thus no reducing agent avai lable  t o  convert 

the  i r o n  t o  the  metal t o  form t h e  core of the  ear th .  

* 

The purpose of the  present section is  t o  define necessary chemical and 

physical  conditions such as  these for  which the  nuclear calculat ions of Section 

I11 woula be val id .  We have not attempted t o  develop de ta i l ed  models by which 

t n e  y lane ts  and t h e  meteorites can form f'rom planetesimals; moreuver, we have 

not Ciiscussed the  d i f f i c u l t  question of how the planetesimals themselves forned. 

If reasonable models cannot be formulated which remove the above d i f f i c u l t i e s ,  

ser ious mcUfications i n  the  nuclear calculat ions w i l l  be necessary. 

Urey E19651 discusses the  poss ib i l i t y  that ce r t a in  lunar surface fea tures  

ind ica te  the  presence of l iquid water. 

water transporter5 t o  tne  lunar surface following t h e  co l l i s ion  of t h e  ea r th  

w i t h  another lunar-sized body. Another so lu t ion  considered but not favored 

by Urey was t h a t  t he  moon escaped from the  earth.  

would be fomd i n  t h e  FGH m o d e l ,  namely t h a t  t h e  moon, unlike the ear th ,  re-  

ta ined  a large amount of thc  water of t he  planetesimals. 

Kopal Cl3E31 have previously suggested t h a t  water i s  escaping f r o m  t i e  moon's 

i n t e r i o r .  

a high concentration of water woul6 lower the  melting point of s i l i c a t e s  

causing the  i n t e r i o r  of t h e  moon to be completely molten. Tnis would  cause 

extensive lava flows on t h e  moon's surface. H e  f e e l s  t h a t  there  is no evi-  

dence fo r  extensive volcanic ac t iv i ty .  

Urey considers t h i s  t o  be t e r r e s t r i a l  

However, a simpler so lu t ion  

Gold [1964] and - 

Urey [1363] argues that t he  water was only on the  surface because 

Urey a l s o  suggests t n a t  most stone meteorites come fl-om the  moon. I n  

p a r t i c u l a r  the orgar.ic cmrpoilnds present i n  tine carbonaceous chondrites arise 

fro= t h e  contanination of the  mon with primit ive t e r r e s t r i a l  b i o t i c  material .  

In -the a l ter i ia t ivc w e  have proposed the carbonsceous cnondrites woule 
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represent material  knocked from the  moon p r i o r  t o  losing i t s  water and other 

v o l a t i l e  material. The possible presence of organic and biotic const i tuents  . 
Can be understood on a qua l i ta t ive  basis .  

out t h a t  "conditions during the  formation of t he  planetesimals were highly 

favorable t o  the  building of biological ly  in t e re s t ing  molecules. The possi-  

b i l i t y  i s  suggested t h a t  pre-biot ic  o r  even b i o t i c  materials could have been 

formed i n  the  planetesimals before the  formation of the Earth." 

present point of view addi t ional  organic and b i o t i c  a c t i v i t y  might well have 

taken place on the moon i t s e l f .  This suggests t h a t  t he  g r e a t  care being taken 

i n  Russian and American investigations of the  lunar surface t o  avoid t e r r e s -  

t r i a l  contamination i s  t o  be highly commended. 

FGH (page 212) have already pointed 

On the  

We emphasize t h a t  we a r e  not claiming on the bas i s  of OUT calculat ions 

t h a t  the  moon has a high water content or  t h a t  b i o t i c  a c t i v i t y  has occurred 

i n  some meteorites and on the won.  We a re  only pointing out t ha t ,  i f  inde- 

pendent evidence reveals  e i ther  of these to be t rue,  tnen t h e  present model 

provides a means by wnich they could occur. 
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B. Effects of the  Planetesimal I r r ad ia t ion  on 

the Abundances of Other Nuclei 

(1) CU/Cu. FGH found t h a t  t he  amounts of produced by spa l la t ion  of 0 16 

i n  the planetesimals were comparable t o  t h e  C13 abundance i n  the  ear th ' s  crust .  

-,is 

& d e r  data of f i l l e r  [19%] for 0l6 + 300 MeV n 

r a t i o  of the C13 t o  the  

L spa l l a t ion  y ie ld  is roughly 50 per 10 

af%er the  miAng of the i r rad ia ted  and unirradiated material .  

produced by spal la t ion i s  thus 50 X 3/8 = 1 9  per lo6 S i  with an uncertainty of 

about 50 per cent. 

b i l i t i e s  f o r  the planetesimal carbon abundance: 

formation of the planetesimals t o  t h e  present c rus t a l  abundance; or (b) C was 

conz2&sior; also holds for t h e  preaeiit r n k G l G % h i E .  Rm the  C l a u d  

we have estimated t h a t  the 

L spal la t ion y ie ld  is about 3/8. From Table 2 the  

6 S i  which is  the abundance obtained 

The C13 abundance 

I n  our discussion up t o  now we  have considered two possi-  

(a) C was depleted i n  the 

present i n  the  concentrations observed i n  t h e  carbonaceous chondrites, 

favored a l te rna t ive  (a) i n  the  discussion thus f a r .  For a l te rna t ive  ( a )  we 

We have 

3 have C = 1.7 x 10 

The t e r r e s t r i a l  C1'/CZ r a t i o  is 1/90 which gives C l 3  = 13 which, considering 

the  uncertaint ies ,  i s  for tui tous agreement. Assuming t h a t  C i s  5 per cent by 

5 4 weight, a l te rna t ive  (b) gives CU = 5 X 10 which i s  2.5 x 10 

of C13 produced by spa l la t ion  rather  than the  observed fac tor  of 90; thus t h e  

nucleosynthesis of C13 i n  the present process would not be possible i f  alter- 

nat ive (b) is  adopted. 

smell (4 nb), the  amount of C 

less of the  i n i t i a l  C concentration (C13/CQ 2 4 x 

(based on t h e  c rus ta l  abundance given by Taylor [19&] .  

times the amount 

Since the neutron capture cross-section f o r  CQ is  

13 12 formed by C (n ,y)  will be negl igible  regard- 

x 4 X 1O2l = 1.6 

Considerable e f f o r t  has been made t o  measure t h e  so l a r  Ci3/CQ r a t i o .  

Greenstein, Richardson and Schwarzschild 119501 were only able t o  s e t  an 
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upper l i m i t  of C13/CQ < 1/36 based on t h e  absence of a C13N14 i so topic  ' 

doublet. 

s e t  Cl3/CZ < 1/200. 

Recently Wyller and Greenstein [19641 have reviewed these data and 

Righini [19561 found a weak spec t r a l  feature  which he 

iden t i f i ed  a s  C13 and allowed him t o  s e t  Cl3/CU r~ 1/4000; however, t he  la tes t  

work by Righini [1963] places t h i s  r a t i o  s t i l l  lower a t  C13/CQ J 1/10,000. 

On the  other hand Delbouille [I9641 has detected C13 i n  a d i f fe ren t  C 

band from t h a t  used by the above workers. 

13 14 N 

He quotes a r a t i o  of C l 3 / C l 2  = 1/100 

which would be ident ical ,  within experimental e r ror ,  t o  the t e r r e s t r i a l  r a t i o .  

If the t e r r e s t r i a l  and so lar  r a t i o s  are  ident ica l ,  a s  indicated by the 

work of Delbouille, then the nucleosynthesis of C I 3  must have occurred p r io r  

t o  the formation of the so la r  system. 

by spa l la t ion  on the  sun's surface i s  small compared t o  the  high C l 2  abundance 

( C I 2  = 1.7 X 10 

above. Conversely, i f  C , i s  much smaller on the  sun, a s  indicated by the  

observations of Righini, then a l te rna t ive  ( a )  i s  indicated strongly. 

This i s  because the  amount of C I 3  produced 

7 6 on t h e  S i  = 10 sca le ) .  This would ru l e  out a l te rna t ive  ( a )  
13/c12 

Stawikmski and Greenstein [I9641 measured the  C13/C12 r a t i o  i n  comet 

Ikeya 1963a, a near-parabolic comet. 

the t e r r e s t r i a l  1/90 within experimental e r ror .  

They found C13/C12 - 1/70 but equal t o  

Cmets  are thought t o  repre- 

sent  the outer pa r t s  of the so la r  system, and it is  d i f f i c u l t  t o  see how they 

could have been heavily i r rad ia ted .  I f  we assume t h a t  such comets have always 

been i n  a long-period orb i t ;  then, although they could come quite close t o  the  

sun i n  a given o r b i t ,  t h e i r  t o t a l  exposure ( f l u x  times time) would be consider- 

ably less  than a planetesimal which remained i n  the  inner pa r t s  of the  s o l a r  

system. Further, the  large C abundance i n  comets would seem t o  rule out 

obtaining the  t e r r e s t r i a l  C l 3 / C l 2  r a t i o  by spa l l a t ion  even i f  we assume tha-b 

comets represent "und.iluted" material .  

by assuming nucleosynthesis of C13  p r io r  t o  the  fornation of the  so la r  system 

These observations can bes t  be explairted 
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end are c=nsistezt ir? t h i s  X C ~ P C ~  ~ 6 t h  IkIbmAl'le's mensaxmement of the solar 

C l 3 / C X  r a t i o .  I f  one chooses t o  adopt Righini's measurements, then it is 

necessary t o  conclude that comets were made from the  mater ia l  of t he  inner 

' 

Dlanets. This i s  contrary t o  prevailing opinion on the  or igin of the  comets. 

m e  izterpr5tatim cf m=szrei~ mP+-eoritic c13/cU ratios is ccmqa~catd  by 

the f a c t  t h a t  chemical processes can produce measurable change6 i n  the  isotopic 

composition of l i g h t  elements. Boato [1954] measured the  C13/C12 r a t i o  i n  

the  reduced and organic C f'romthe carbonaceous chondrites and found t h a t  

the  r a t io s  obtained w e r e  within the  range observed i n  t e r r e s t r i a l  igneous and 

sedimentary rocks. 

ninerals  from t h e  O r g u e i l  ane Ivuna Type I carbonaceous chonckites was about 

-47 3 -  

However, Clayton [1963] found t h a t  CAu/Cd i n  t h e  carbonate 

6 per  cent larger  than the r a t i o  i n  any t e r r e s t r i a l  carbon. 

which would give a f ract ionat ion o f t h i s  magnitude a re  unknown of the  earth;  

but, accorcXng t o  Clayton, cannot be completely ruled out. If the  difference 

were nuclear i n  or igin,  it could be readi ly  explained by the FGE m o d e l  by 

Chemical processes 

assuming, f o r  example, a 6 per  cent difference i n  d i lu t ion  fac tor  between 

t e r r e s t r i a l  mater ia l  and t h a t  of the Orgueil and Ivuna meteorites. However, 

i n  Section I V Z  arguments against  a nuclear or ig in  w i l l  be given. 

(2)  Li7/Li6. The L i  /Li r a t i o  i s  sens i t ive  t o  the  magnitude of the  neutron 7 6  

flux. 

of tine ea r ly  solar system would give var ia t ions i n  the L i  /Li  

neutron flux and proton f lux are pro?ortional, so a var ia t ion  i n  t h e  neutron 

Thus, var ia t ions of t h e  time-integrated neutron f lux  i n  various pa r t s  

7 6  r a t i o .  (The 

f lux  r e f l e c t s  a var ia t ion  i n  the  proton f lux.)  

manner xould be independent of any mixing of i r r ad ia t ed  and unirradiated 

Variations produced i n  t h i s  

mater ia l  subsequent t o  the  i r rad ia t ion .  

by considering how the  L i 6  and Li 

i r r ad ia t ion  a s  measured by the  number of neutrons reacted per 10 

The s e n s i t i v i t y  csn be understood 

7 abundances vary d u r i n g  the course of the  

6 Si ,  n . r 
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6 7 For small 

abundances w i l l  r i s e  l i nea r ly  with n with a slope determined by the  spal la-  ' 

t i on  r a t e s .  

nr 
ance w i l l  s t i l l  increase a t  a r a t e  even f a s t e r  than the  spa l la t ion  r a t e  be- 

cause of t he  contribution from B (n,a)Li . Thus, t he  Li / L i  will be in-  

nr the  ( n p )  react ions w i l l  be unimportant and t h e  L i  

r 

and Li , 

A s  t h e  (n,a) reactions become more and more important fo r  la rger  
6 7 the L i  abundance will reach an equilibrium value; however, t h e  Li abund- 

10 7 7 6  

creasing a t  a r a t e  greater  than l inear ;  consequently a given percentage var ia-  

t i o n  i n  nr w i l l  produce a la rger  percentage va r i a t ion  i n  L i  / L i  . 7 6  

If the  meteorites come from the  as te ro id  b e l t  and if t h e  meteorites were 

formed from planetesimals t h a t  occupied t h i s  region of the  solar  system (1.5-5 

astronomical un i t s  with the  maximum concentration a t  about 2.5 AU),  then we 

might expect some difference i n  the meteori t ic  and t e r r e s t r i a l  L i  / L i 6  r a t i o s .  

7 

(Bruderheim, Harleton, and m o l e )  compared w i t h  t he  t e r r e s t r i a l  r a t i o  of 12.5. 

7 

Shima and Honda 113631 reported L i  / L I E  r a t i o s  of 10.5 i n  th ree  chondrites 

T h i s  would be i n  the d i rec t ion  predicted by t h e  above analysis  because the  

meteorites should represent planetesimals which were, on the average, fur ther  

7 6  from the  sun during t h e  bombardment and, hence, have a smaller L i  /Li r a t i o .  

However, Krankowsky and !filler [1364] have repeated these experiments including 

t w o  of the  t i f e  meteorites studied by Shima and Honda and can de tec t  no 

difference i n  the meteori t ic  and t e r r e s t r i a l  r a t i o s  t o  within 2 per  cent.  

Work by Ordzhonikidze [E360 1 a l s o  revealed no difference.  Poschenrieder, 

Herzog, and Barrington [1965] studied the  L i  / L i 6  r a t i o  i n  various portions 

of the  Holbrook chondrite using an ion-microprobe mass-spectrometer. Their 

preliminary r e su l t s  ind ica te  large var ia t ions  (from 9.5 t o  27.5) i n  the  L i  /Li 

r a t i o .  

7 

7 6  

Although there  a r e  experimental questions which remain t o  be se t t l ed ,  

the work of Krankowsky and M i l l e r  appears t o  be most de f in i t i ve  a t  t he  present 
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shall assume t h a t  there  I s  no difference be-en t h e  meteoritic 

Ld f L i  
7 6  r a t i o s  to  within 2 per cent. This implies t h a t  t h e  

meteor i t ic  and t e r r e s t r i a l  planetesimals saw neutron fluxes i d e n t i c a l  to less 

than 2 per cent. 

Whether or  not t h i s  could occur as t rophysical ly  depends on when, where, 

and how t h e  e a r t h  and t he  meteorites formed. 

be i d e n t i c a l  has such far-reaching implications for  t h e  history of the  solar 

system t h a t  it is  not proper t o  assume it f r o m  these r a the r  narrow nuclear 

considerations.  

required astrophysical  conditions. 

we want t o  consider t he  poia t  that, despi te  t h e  requirement of constant flux, 

i so top ic  var ia t ions  i n  ce r t a in  elements a r e  s t i l l  possible due t o  var ia t ions  

i n  Fa. One poss ib i l i ty ,  for  example, would be t h a t  meteorites formed from 

planetesimals which were larger  or  smaller than those f r o m  which the  ea r th  

formed. 

a re  second generation objects  resu l t ing  f r o m  mixing the  i r r ad ia t ed  and un- 

i r r a d i a t e d  mater ia l  of the  planetesimals. 

involving nuclei  tihich a re  strongly a f fec ted  by the  i r r a c i a t i o n  so  t h a t  var ia -  

t i o n s  i n  i so topic  composition mu12 renain even a f t e r  mixing. 

(3) Dilution Anomalies 

A. G d ,  Sm, E h .  

capture cross-sections: 

Sas2 (220 b),  Ehl5l (8700 b), EU1j3 (320 b)  . 
changes i n  abundance, &Ja/Na, is given by 

The requirement t h a t  t he  fluxes 

However, without claiming t h e i r  va l id i ty ,  we can discuss the  

However, before aiscussing tnese conditions, 

In  &iscussing these "ciilution anomalies" we assume t h a t  meteorites 

Thus three  examples w i l l  be considered 

These elements have isotopes with very large thermal neutron 

Gd15' (58,000 b) ,  Gdfi7 (240,000 b), Sn149 (41,500 b) ,  

For these cases the  f r ac t iona l  
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2 For Jm = 4 X 1O2l n/cm , the  l/Fd approximation will hold for a l l  the  case? 

considered here. Physically, t h i s  equation corresponds t o  the  s i t ua t ion  when a 

the  nuclei  i n  question have been completely depleted i n  the  i r r ad ia t ed  material; 

thus the  maximum difference i n  the abundance of these nuclei  between mater ia l  

which has been i r rad ia ted  and mixed and mater ia l  which has never been i r r ad ia t ed  

i s  j u s t  the fract ion of t h e  former mater ia l  which has been i r rad ia ted .  

our bes t  estimate of F 

measurements o f t h e  isotopic  composition of these elements, i f  done with s u f f i -  

c ien t  precision, can be used t o  measure differences i n  the  f rac t ion  of mater ie l  

i r rad ia ted  between various samples of so l a r  system mater ia l .  Note t h a t  such 

measurements, although of nuclei with large neutron capture cross-sections, 

give no information about the  magnitude or var ia t ions  i n  the  neutron flux. 

Murthy and Schmitt E19631 were unable t o  find any difference between the 

t e r r e s t r i a l  isotopic composition of these elements and t h a t  of four meteori t ic  

samples : 

(Murray), and 1 achondrite (Pasamonte). 

i n  the  measurement of the isotopic  r a t i o s  was one per cent. 

For 

- 20, t h i s  maximum f r ac t iona l  change i s  0.05; thus,  d -  

2 chondrites (Holbrook, Forksville),  1 carbonaceous chondrite 

They estimated t h a t  the  uncertainty 

For s i m l i c i t y  i n  notation l e t  q = l/Fd, t he  *action of mater ia l  i r r a d i -  

From the above discussion, we conclude t h a t  t h i s  experiment shars t h a t  ated. 

'%err  %et '  < - 0.01 

Since t h e  calculated value of q = 0.05 i s  based on the  t e r r e s t r i a l  D/K r a t io ,  

it should be ident i f ied  with 

much a s  0.01,/0.05 or 20 per cent.  If q were smaller (Fd l a rger ) ,  then there  

i s  room fo r  s t i l l  larger  differences between 

discussion means physical ly  i s  t h a t  a s  q gets  smaller, it becomes increasingly 

Thus gmet can d i f f e r  from sterr by as  

What the above %err  and %et' 

harder t o  see the e f fec t  of t he  admixture of i r r ad ia t ed  mater ia l  on the  overa l l  
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i so top ic  composition, and one is only measuring the  unirraciiated material. 

The pr inc ipa l  point of t h i s  discussion i s  t h a t  it is  not necessary t o  assume 

t h a t  t h e  t e r r e s t r i a l  and ne teo r i t i c  q-values are  exactly iden t i ca l  in order 

. 

t o  explain the experimental r e su l t s  of Murthy and Schmitt; and the  required 

6 per  cent var ia t ion i n  

Clayton i s  consistent with the  work of Murthy and Schmitt. 

q t o  explain the  var ia t ions i n  Cl3,/C= observed by 

It is  possible t o  decide experimentally whether t h e  above permissible 

%err  = %et* var ia t ions  i n  q do exist o r  whether we must assume t h a t  

This i s  because the  abundances of nuclei wiich are produced i n  amounts not 

~ L C ~ L L ~ L U L C  C O q ~ i l l ~ i ~  to tiit  &GLC;Zt pjrrsefli - U t f O r e  tiit. 'uornbar&men-i; are  more 7 .  - 2 L ,  - 

sens i t ive  t o  q t'har, those depleted during the  p-ianetesimal bombardment. To 

i l l u s t r a t e  t h i s  we vi11 consider t w o  examples: 

B. 

(a )  I n  the  i r r ad ia t ed  m t e r i a l  K /K = 0 u = 4 x lo2' x 2.2 x = 

9 X using K40"  t o  denote t h e  K4' produced i n  the bombardment. 

K40 and. 5'. 
IC4'. K" can be Droduced by ( a )  K 33 (n,7)K4' and (b) spa l la t ion  of Fe. 

40-n 33 
n 39 

Dilution 

with unirradiated K lowers th i s  by a fac tor  of F 

eventually formed the e a r t h .  mi fKI'O*/K") = 4.5 X 10 

= 20 f o r  t h e  mater ia l  which 6 
-4 from neutron 

ca9ture. 

(b) 
,- - 

After i r r ad ia t ion  and dl lu t ion  50 L nuclei  per 10" S i  were produced by 

spa l la t ion .  Fromtke cross-sections given i n  ApTendices A and B, there  i s  

about 1 L nucleus prochced per 6 proton reactions or a t o t a l  of 300 protons 

react ing per loo S i  atoms. Based on the  i n e l a s t i c  cross-sections of Appendix 

B, about 17 per cent of the protons reac t  with Fe group nuclei .  3onda and La1 

[I9641 measured a cross sect ion of 8 5 1 ~5 f o r  K40 produced by the  spa l la t ion  

of Fe xitin 730 XeV Protons. Tnis energy is  somewhat hisn for  the t;rpe of 

9rim.r;; .-Dcctrum t;e have assmed, thus a lover cross sect ion i s  q p r o p r i a t e  

fo r  t h e  present calculation. Consmgently, >.-e estimate t h a t  about one per cent 
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of the  spal la t ion react ions on Fe (corresponding t o  a cross-section of 5.5 mb) 

w i l l  produce a K40 nucleus and take the planetesimal K3' abundance t o  be ' 

3.6 x 10 on t h e  S i  = 10 scale .  Thus 3 6 

-4 = 1.4 x 10 300 X 0.17 X 0.01 

3.6 x 10 3 

The t o t a l  (K40*/K3') produced by planetesimal bombardment of t e r r e s t r i a l  mater ia l  

i s  roughly 6 x The present K / r a t i o  i s  1.2 x 10 . The mean l i f e  

fo r  K40 i s  1.88 X 10 yr; thus,  a t  4.5 X 10 y r  ago K40/K3' = 1.2 X 10 

13 X 10 of which 6 x 10 

40 8 9  -4 

9 3 -4 2.4 - - 
e 

-4 -4 or about one-half was produced i n  the  planetesimal 

bombardment. I f  

( K  / K  

cent or up t o  10 per cent. 

because K , 

can d i f f e r  from qerr by up t o  20 per cent, then 

40 39 )met could d i f f e r  from the  t e r r e s t r i a l  value by one-half of the 20 per 

The e f f ec t  i s  much la rger  than i n  the GdSmEh case 

w a s  not negl igible  compared t o  the  primordial r a t i o  even a f t e r  40*/,39 

d i lu t ion .  The above calculat ion i s  uncertain t o  about a factor of 3. Thus 

it i s  conceivable t h a t  a l i  of the  present K40 could have been made i n  t h i s  

process; or, conversely, only a f r ac t ion  may have been produced. 

C .  V50. 

the  calculation w i l l  be similar t o  t h a t  for  K40.  

i s  about 4 per cent of a l l  Fe-group spa l la t ion  reactions and t h a t  the  V 

Here production occurs only by spa l la t ion  of Fe-group nuclei  and 

We estimate t h a t  the  V50 y ie ld  

51 

abundance i s  190; thus 

v50* 300 X 0.17 2: 0.04 E 10-2 - -  - 
190 V 5 l  

This r a t i o  i s  what would be obtained a f t e r  the  mixing of i r r ad ia t ed  and unir-  

radiated material. thus a l l  of the 

t e r r e s t r i a l  V50 can be eas i ly  produced by planetesimal bombardment. 

suggestion has previously been made by Sh im and Honda [19631. 

The observed Vs0/VS1 r a t i o  i s  2.4 X 

Such a 

The factor  
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of -4 excess i n  the above calculation i s  probably not s ign i f icant .  

i s  produced only i n  the i r r a d i a t e d  material  and then di luted with t h e  V5I f n  

If the V5' 

t n e  unirradiated material ,  t he  VS0/Vs1 r a t i o  w i l l  be proportional t o  q, and 

the  up t o  20 per  cent var ia t ion i n  q permitted by the GdsmEu results would 
50 51 give up t o  20 per cent var ia t ions i n  v /V . 

Burnett, Lippol.  and Wasserburg 119651 have measured the  K40 i so topic  

abundance i n  nine stone meteorites, covering a l l  t h e  major classes.  With the 

exception of t h e  Norton County achondrite, any differences i n  isotopic  carqpo- 

s i t i o n  between the meteorites and t e r r e s t r i a l  sanples are  l e s s  than 1%. V a r i o u s  

Norton County samples show enrichments of up t o  1.54; however these could have 

been produced by cosmic rays. 

t he  t e r r e s t r i a l  and meteorit ic q values d i f f e r  by l e s s  than a. 
value fo r  

r a i s e  the linit s e t  by the  K4* experiment t o  45. 

pre ta t ion  of the  G d  and K experiments i s  that 

i t e s  must have been formed f'rm an iden t i ca l  sampling of t h e  planetesimals as  

t e r r e s t r i a l n a t e r i a l  i f  one wishes t o  r e t a i n  the model discussed i n  this paper, 

Based on the  above discussion, this means t h a t  

The calculated 

q could be high by a s  much a s  a factor  of 3 ,  but this would only 

The straight-forward in t e r -  

i.e., the  meteor- %et = aterr, 

Tne Orgueil carbonaceous chonki te  was among the  meteorites analyzed for 

Tnis m e w  t h a t  t he  excess C13 observed by ClayLon [1963] probably has 40 K . 
a geochemical origin.  

V, CONCLUSION 

The present analysis  shows tha t  t he  experimental work carr ied ocrt since 

the  puj l ica t ion  of FGH has r a the r  sharply defined t h e  astrophysical conditions 

..- urlder xhich the ~ & e l  voulZ 'se ~slid. 

anornolies i n  Li, Gd, and K requires a c o m n  i n i t i a l  h i s tory  f o r  meteori t ic  

and t e r r e s t r i a l  mater ia l  i n  t h a t  both types of material  must see the  same 

p a r t i c l e  flux and have t h e  same f iac t ion  of mater ia l  i r rad ia ted .  Whether the 

I:: particular %he h c k  nf isotnpic 
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FGH model can be accepted then depends on the  answer t o  the  questions of where 

do meteorites originate and how were they.formed. 

’ 

I 

It has been proposed many times [most recent ly  by Lovering, 1958 and 

Ringwood, 19591 t h a t  the meteorites are  f’ragments of a small planet which 

once occupied the asteroid b e l t  and has since broken up. 

for example) has developed the  idea i n i t i a l l y  proposed by Fish, Goles and 

Anders [1960] t ha t  the meteorites could be formed i n  large asteroids .  I n  both 

of these models, meteorites represent mater ia l  f’romthe asteroid b e l t  and were 

formed i n  t h a t  region of space. 

it is d i f f i c u l t  t o  meet t he  requirements of the  FGH model. 

poss ib i l i t i e s ,  a l l  of which a re  unlikely but not impossible. 

(a) The pa r t i c l e  f lux  and planetesimal s i z e  d i s t r ibu t ion  were constant over 

a range of 1-2.5 AU. The l a t t e r  condition i s  reasonable but, we see no good 

reason t h a t  the former should be t rue .  

Hoyle’s model for the ear ly  so la r  system, we can predict  a l/r dependence fo r  

the proton flux within the nebular d isk :  the coupling of the  magnetic l i nes  

of force f r o m  the sun t o  t h e  disk w i l l  focus the p a r t i c l e s  on the inner edge 

of the disk. I f  t h e  pa r t i c l e s  t rave l led  l i nea r ly  from the  edge of the disk, 

the  f lux  would drop as  l/r since the  divergence wi th in  the  disk would now be 

i n  two dimensions rather  than three.  The complication i s  t h a t  the  pa r t i c l e s  

w i l l  follow t h e  twisted f i e l d  l ines  i n  the disk ra ther  than diverge rad ia l ly ;  

nevertheless t h e  f l ux  would be expected t o  be s igni f icant ly  less, deep within 

the d isk ,  than a t  the edge. 

(b) 

during or  a f t e r  t he  i r r ad ia t ion  system. 

gas there  would seem t o  be no good mechanism for  the  large-scale r a d i a l  motion 

required by t h i s  hypothesis. 

Anders (see - [1965] 

With such models fo r  the  or ig in  of meteorites, 

There a re  three  

Taking an oversimplified view of 

A l l  t e r r e s t r i a l  and meteorit ic material  was thoroughly mixed e i the r  

In  the  absence of large amounts of 

Even with gas present there  a re  d i f f i c u l t i e s  
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because o a v  smsll planetesimals would be ef fec t ive ly  moved by the  gas and 

t h e  gas would tend t o  damp out any eccentr ic i ty  i n  t he  o r b i t s  which would 

tend t o  promote mixing. 

( c )  

the  same distance fromthe sun as those which eventually formed the  earth.  

This would probably have t o  be somevhere near t he  present-day location of the 

ear th .  Meteorites would then be formed f'rom planetesimals which were sca t te red  

out t o  the  as te ro id  belt and farmed "meteorite parent bodies" w h i c h  then broke 

up yielding ne teo r i t e s  which eventually return t o  the  earth. This is the  mst 

plaus ib le  of the three al ternat ives;  however, one m u i d  expect that s m l i e r  

bodies w o u l d  be preferen t ia l ly  scattered out leading t o  a la rger  f'raction of 

irraciiated material  i n  meteorites contrary t o  w h a t  is  observed. 

The meteorites were formed fron planetesimals w h i c h  were i r rad ia ted  a t  

Urey 119651 has given argumen%s for  a lunar or ig in  for stone meteorites, 

These a r e  presum- i n  pa r t i cu la r  those having short cosmic-ray exposure ages. 

ably knocked frcxn the lunar  surface by comet heads, i ron  meteorites fYom the  

as te ro id  belt,and possibly by those few types of stone meteorites which have 

high exposure ages. 

t r i bu t ions  of meteorite o r b i t a l  elements and cosmic-ray exposure ages can be 

used t o  decide whether meteorites came *om the  moon or from the  asteroid be l t .  

If it turns out t h a t  those meteorites analyzed for Li, Gd,  and K (all stones) 

came from the  moon, then the requirements f o r  t h e  FGH model are  most nearly 

met. 

exposed t o  the  same flux. It is not obvious t h a t  t h e  moon would form from the 

same sampling of planetesimals a s  the ear th ,  especial ly  i f  the  differences i n  

density of the noon and earth reflect a difference i n  coaposition. 

s i b i l i t y  i s  t h a t  the  moon has a high water content, as  discussed i n  Section 

N A .  

Am0115 [19&, 19653 has shown how the s t a t i s t i c a l  dis- 

Both types of mater ia l  would have been i n  the  same region of space and 

One pos- 

Another p o s s i b i l i t y  is t h a t  the moon formed i n  a d i f f e ren t  pa r t  of the 
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solar system but has a surface coated with material  of the  type t h a t  formed, 

the  ear th  during o r  short ly  a f t e r  i t s  capture by the  ear th .  

the meteorites would then be samples of t h i s  " t e r r e s t r i a l - l i k e "  lunar surface. 

I n  this p ic ture  . 

I n  summary, a lunar or ig in  f o r  stone meteorites could very wel l  provide 

the required astrophysical s i t ua t ion  fo r  the  FGH model t o  hold; whereas an 

as te ro ida l  origin presents many more d i f f i c u l t i e s .  

t h a t  we are  not claiming - as a r e s u l t  of the  calculat ions i n  t h i s  paper - t h a t  

stone meteorites have a lunar origin.  

independent considerations. 

out i t s  significance t o  the  problem of the or ig in  of DLiBeB. 

We wish t o  again emphasize 

This question should be decided f'rm 

The purpose of the  present discussion i s  t o  point 

It can be argued t h a t  the FGH model i s  ruled out because of the absence 

of any pos i t ive  evidence t h a t  DLiBeB were produced i n  the so lar  system other  

than the p l aus ib i l i t y  and self-consistency of the  model i t s e l f .  

independent confirming evidence i n  i t s e l f  i s  serious and disturbing. 

i f  it were def in i te ly  established t h a t  the  C l 3 / C U  r a t i o  on the sun is much 

l e s s  than the  t e r r e s t r i a l  value, o r  i f  t h e  var ia t ions i n  Li / L i  

single meteorite reported by Poschenrieder e t  a l .  [1965] can be ver i f ied  and 

extended t o  other meteorites and elements, then there  would be experimental 

evidence which would be d i f f i c u l t  t o  explain w i t h o u t  the  FGH model. 

This lack of 

However, 

7 6  within a 

On the  other hand the nuclear physics requirements of the  m o d e l  appear t o  

present no great d i f f i c u l t i e s  a t  the present time although m r e  information on 

spa l la t ion  yields and, perhaps, more study of the requirement t h a t  He3 escape 

fk.om the  planetesimals would allow a more de f in i t e  statement t o  be made on 

th i s  point.  

attempting t o  formulate models fo r  the  formation of DLdBeB i n  t h e i r  t e r r e s t r i a l  

abundance and isotopic r a t i o s  i n  s t e l l a r  atmospheres o r  i n  supernwae. 

f ac t  t h a t  the  L i  / L i  

This can be contrasted with the d i f f i c u l t i e s  encountered i n  

The 
7 6  r a t i o  i n  spa l la t ion  (both of C and 0)  i s  much lower than 
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the terrestrial abundame r a t i o  definitely shows that sanething besides pure 

spal la t ion must have been involved i n  the nucleosynthesis of t e r r e s t r i a l  LiBeB. 

Neutrons are ineffective a t  l o w  densities and i n  large H concentrations. Thus 

it is  not clear what the second process w o u l d  be i n  a star or especially i n  a 

supernova. One might appeal t o  convection on a s t e l l a r  surface t o  destroy 

Li ; however, why then is  Li about 5 times as abundant as  B when the cloud 6 

chamber resu l t s  show that ,  as  expected, the B/Li spallation yield r a t i o  is  

certainly greater than one? It is  possible that the t e r r e s t r i a l  di/I?' r a t i o  

can be obtained direct ly  by spallation under reasonable astro2hysical condi- 

t ions? 

of t h e  Li Wnere then does 0 originate? 

Stars have been observed which seem t o  be making Li, but no one has ever seen 

D i n  a s ta r ,  l e t  alone a D-rich s t a r .  

[ 1965 1 .) 

nedium t o  the t e r r e s t r i a l  D/H ratio,  one would expect tha t  copious amounts of 

Further, D would be coq le t e ly  destroyed i f  convection destroyea mst 
6 

On 8 different type of s ta r ,  perhaps? 

(See, for  example, Peimbert and Wallerstein 

If a star o r  suDernova can produce enough D t o  enrich the in t e r s t e l l a r  

LiBe and Darticularly B wmld have also been added t o  the in t e r s t e l l a r  medium 

making t h e i r  t e r r e s t r i a l  abundances several orders of magnitude higher than is  

observed. 

19S5j cannot be detected i n  the in t e r s t e l l a r  medium. 

Also D [Weimab, 13621, L i  [Spitzer, 19k91, E)e [Spitzer and Field, 

However, the upper limits 

which have been set for  L i  are ;high. For Be one can argue t'nat it i s  preferen- 

t i a l l y  locked i n  dust grains because C a  which would be expected t o  behave 

similarly i n  such an environment is a l so  depleted. .. The D result (5 s t h e  

t e r r e s t r i a l  D/H) i s  based on t h e  91.6 cm D l ine  i n  the radio source Cas A, so 

one cannot say with certainty tna t  t h e  resu i t  i s  applicable t o  the in t e r s t e l l a r  

riediw- as a whole. 

due t o  chemical fractionation p-ocesses during the fornation of the earth. The 

One can also argue t h a t  the earth is  'ni@ly enriched i n  D 

required fractionations are quite high however, and t h e  above nuclear problems 

would remain even i f  D/H were an order of magnitude lower. 
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In  conclusion the present paper has bruught t h e  nuclear calculations of 

the  FGH model up t o  date, generalized them i n  an approximate manner t o  include 

the i r rad ia t ion  time dependence caused by the long l i f e  of Belo, and estimated 

the remaining uncertainties.  The consequences of the  revised calculation have 

been followed, par t icu lar ly  the e f f ec t s  of the nuclear i r r ad ia t ion  on nuclei  

other than DLiBeB. The analysis of experimental data on the  isotopic  abund- 

ances of these elements leads t o  spec i f ic  astrophysical conditions which must 

be met i n  order t o  r e t a in  the model. These conditions could provide the bas i s  

by which future  space and meteorite research can decide what ro le  nuclear 

physics has played i n  the formation 03 the so la r  system. 

* 

, 
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AP"4DIX A 

ESTIMATION OF PARAMFllERs USED IN C m A T I N G  THE XEXJ!?XON FLUX 

1. Abundance l a t a  

As mentioned i n  t h e  Introduction, t he re  have been large changes i n  t h e  

The atiin&ices -used in thc present IiiiieB abunbnces sfme the work of F.e;I. 

calculat ions are given i n  Table A l a n d  compared with the  Suess and Urey [1956] 

(SU) values used by FGH. 

f ac to r  of 3 lower fo r  Li and B and a fac tor  of 30 lower f o r  Be than those 

given by SU. 

The ab~mdances i n  Table A 1  a r e  a l l  based on analyses of ordinary chondrites. 

m e  B/Li r a t i o  assumed i n  the present work is based on the  total L i  

and B abundances given by Shima and Honea 119631, Krarikowslqy and U e r  (19@+] 

and Shins [1962] along with t e r r e s t r i a l  i so topic  r a t i o s ,  

abundances a r e  used t o  calculate  the B/Li r a t i o  appropriate t o  s o w  system 

mater ia l  on the  assumption t h a t  t h e  B and L i  i n  t e r r e s t r i a l  rocks have been 

subjected t o  chemical f ract ionat ion.  

by about e fac tor  of 2 anong various c lasses  of stone meteorites.  Assuming 

t h i s  t o  be t r u e  f o r  3 a i s o  -lies an uncertainty of about a fac tor  of 3 i n  

B / U  f o r  unfractionated solar system mater ia l .  

The recent abundance determinations a r e  roughly a 

Such changes had been predicted by 11. C. Urey (see FGH, p.  181). 

The meteori t ic  

Tie meteori t ic  L i  aburidances vary only 

2. *terminstioil of ?/aG 

By mass spectrometry, Gradsztajn, Epherre and Bemas [1963] have measured 

6 7 (13.7 f 4 mb) cross-sections foz the  poduc t ion  of Li 

from 01' + 156-14eV protons. 

(9.8 .f. 3 mb) and Id 
7 These cross-sections a r e  r e l a t i v e  t o  t h a t  for Be 

- w:L;cfi -- - n--z ur auS6 -+-;- L I G ~ A A  rla~n] L 14-u hac ~~~~~~~ 8s 5 f 1.5 zb ?;n,d~r t he  Sac c o n ~ ~ t ~ ~ ~ ~ ~  

n-, E 6 ii1e observee. L i  cross-section also includes He . 
Since it i s  t h i s  r a t i o  t h a t  i s  measured d i r ec t ly ,  t he  uncertainty i n  it i s  

This gives CX7/a6 = i . 3  5 0.2. 

A 1  



considerably smaller than t h a t  obtained by combining the  e r rors  i n  the 

cross-sections. The cross-sections w i l l  increase somewhat a t  higher energies; ' 

however, it should be a f a i r l y  good approximation t o  assume t h a t  the  r a t i o  i s  

independent of proton energy. 

t h a t  the  r a t i o  i s  s l i g h t l y  lower a t  600 MeV.) 

(Recent work by Bernas e t  a l .  [1965] suggest 

Almost a l l  of the L nuclei  w i l l  be produced by the  spa l la t ion  of 0l6; 

thus assuming tha t  the same a7/a6 r a t i o  holds for  the other consti tuents of 

the  planetesimals should introduce l i t t l e  e r ror .  

Table A2 shows the composite e f fec t  of changes i n  B/Li  and a7/Cl6 on Jrn 

for the uncertaint ies  ih these parameters given above fo r  T/T = 00. 

sens i t i v i ty  i s  expected t o  be s imilar  fo r  shorter  times. 

deviations up t o  a factor  of 2.5 i n  Jr 

This i s  not serious for our present purposes. 

The 

Table A2 shows t h a t  

a re  possible i n  unfavorable cases. n 

3 .  Estimation of f10 = 

Zvaluation of t h e  r a t i o  of &,"" t o  BIO produced i n  spa l la t ion  was primarily 
S 

based on the  work of Ful ler  [1954] who analyzed the  s t a r s  produced by 300 MeV 

neutrons i n  an oxygen-filled cloud chamber i n  the presence of an ayplied 

magnetic f i e l d .  

> a r t i c l e s  of A 5 4; thus it was possible t o  obtain the  charge spectrum fo r  

3 5 Z 5 7. 

t i o n  estimates are due t o  us. The cross-section f o r  s t a r  formation of 225 mb 

was obtained by estimating 250 rnb for  the  t o t a l  i n e l a s t i c  cross-section fo r  

He was able t o  identif;.  the  charge and mass of a l l  chargec 

Table A 3  summarized the r e s u l t s  of t h i s  experiment. ?"ne cross-sec- 

and subtracting 25 mb for  (n ,  xn) reactions.  To obtain f10 we must break 

down the observed charge d is t r ibu t ion  i n t o  individual isotopic  cross-sections. 

For Be 

from which we have adopted a cross-section of 9 +- 3 mb, although the work of 

7 we w i l l  use the higher energy meas-nements of Honda and La1 [1960] 

A2 



R~*U [a9633 and  erna as e t  al. 11965) wo~ld suggest that th i s  vaiue is  some- 

. what high. Honda and La1 119641 report  experiments from which we estimate 

10 t h a t  Be /i3e7 J 0.5 fo r  protons on oxygen, w, a spa l la t ion  cross-section 

f o r  Be lo  of  4.5 f 2 mb. The t o t a l  cross sect ion f o r  t he  Be isotopes i n  

Table A3 is  16 mb; thus, the  cross-section f o r  Be 

cross-section data can be interpreted as indicat ing a l o w  yield f o r  Be i n  

9 i s  2.5 f 5 mb. Thus, the 

9 

spa l l a t ion  corresponding t o  its l o w  abundance i n  nature relative t o  the  Li 

and B isotopes. 

3eg/(BeU + B” + cU) y ie ld  r a t i o  i n  s p a l h t i o n ,  e., 
&j = 25 h. 

The Be ’ /B li 1/10 abundance r a t i o  corresponds t o  the 

a( Bell) + a( B1l) + 

woula D e  expecteci t o  nave a very smaii s p a l b t i a i  yield 

because of its low (= 5 NeV) 

and will be neglected here. 

about 10 mb [Symonds e t  a l . ,  

binding energy and large neutron t o  proton r a t i o  

The cross-section for  C” production *am 0l6 is  

19571. This gives a(B ) = 15 mb and a ( B  ) = 13 mb 11 10 

10 From Table A3. k a n  Symon ds e t  a l .  E19571 a(C ) 3 6 mb; thus f10 = u(Ek)lo/ 

[a(C ) + a ( B  )1 = 4.5/19 = 0.25. The above analysis  involves considerable 

error ;  however the answer obtained for  f10 i s  reasonable. 

this f10 value is assumed t o  hold for all energies and f o r  a l l  const i tuents  

of the  Tlanetesimals. 

10 10 

As with a7/a6, 

Table 114 ind ica tes  the  s e n s i t i v i t y  of itn on f10 f o r  T/T = 0.5 and T / T  = 3 

and shows that the  large uncertainty i n  f10 does not ser ious ly  a f f e c t  the  

calculated flux espec ia l ly  for larger  values of T/T. 

A l l  i n  a l l ,  the e f f e c t  of uncer ta in t ies  i n  T/7, WLi, a,/a6 and f10 a r e  

such t h a t  t he  adopted value of  )lin is Frobably r e l i a b l e  t o  aSout a f ac to r  of 3 .  

A3 



APPENDIX B 

ESTIMATE OF cIL AND c12 

It i s  d i f f i c u l t  t o  estimate aL because the  l i g h t  elements a re ,  f o r  t h e  

most par t ,  produced by the high energy primary flux; whereas, t he  majority of 

the neutrons a re  of secondary or igin.  Thus, t he  primary cross-sections given 

i n  Table B 1  merely s e t  an upper limit on aL. The primary cross-sections have 

been estimated f o r  a mean proton energy a t  time of in te rac t ion  of roughly 

300 MeV. For t h e  purposes of averaging over chemical composition, t h e  planet-  

esimal consti tuents a re  divided i n t o  0, Si-group, and Fe-group elements. As 

discussed i n  Appendix D, there  a re  t w o  choices fo r  the  chemical composition: 

(1) based on Ty-pe I carbonaceous chondrites w i t h  0 = 55 per  cent; S i  = 35 per  

cent and Fe = 10 per  cent by number, and (2) based on so la r  abundances with 

0 = 70 per  cent and S i  = 30 per  cent.  

were guided by the work of Crandall and Millburn [1958], SkyPme [1351, 19621, 

Goldan'skii e t  a l .  [1958], Bercovitch e t  a l .  [1360] and Lavrukhina e t  a l .  

[1963]. The 0 

[ ~ 3 4 1 .  

cross-section for  A 1  and Cu respectively,  a s  given i n  the  review a r t i c l e  of 

The estimates for neutron cross-sections 

16 l i g h t  element cross-section i s  based on the work of Fu l l e r  

7 Ttlose for S i  and Fe were obtained by taking 10 times the  Be 

Perf i lov (19601. For the  carbonaceous chondrite composition Table B1 gives 

aL = 0.075 and for t he  so la r  composition c1 

on s imi la r  estimates; and, considering a l l  the uncertaint ies ,  t he  FGH value 

can be taken a s  a reasonable upper l imi t .  

= 0.12. FGH used aL = 0.1 based L 

A lower l i m i t  t o  aL can be obtained from estimates of neutron production 

~y cosmic rays because the cosmic-ray spectrum i s  much "harder" ( i . e . ,  drops 

o f f  IC-ss rapidly with increasing energjr) than any present-day so la r  f l a r e  

~ 

B1 



I 

- spectrum. W e  assume t h i s  t o  be t rue  a t  the  t h t e  af fGmtfoTi of the solar 

. system. The th ick  t a r g e t  neutron production r a t e  w i l l  increase with the  

primary p a r t i c l e  energy; whereas the l i gh t  element production r a t e  w i l l  i n -  

crease l e s s  rapidly leading t o  a smaller CI The 'light element cross-section 

f o r  0l6 will s t ay  about constant for an increase i n  the  average incident 

p a r t i c l e  energy; however, the cross-section for  S i  and Fe will increase un t i l  

it is  cwparable  to that f o r  0 . 
The mean in t e rac t ion  cross-sections given i n  Table 31 lead t o  roughly one 

L nucleus per four proton reactions f o r  both compositions. Lingenfelter, 

Canfieid, end iiess E S ~ ~ Z Z ~ S ~  12 -c_ 5 i i c~ tmxx  gey -,rotos fsr m t e r i z l  2f 

chondri t ic  composition based on measurements of the  cosmic ray  neutron flux 

i n  the ear th ' s  atmosphere. This gives CY - 5/40 = 0.025. Considering t n e  

uncer ta in t ies  i n  the above estimates, CxL 7 0.02 seem a reasonable lower l i m i t .  

Table 4 in the main t e x t  indicates that the range 0.02 < Cr, < 0.1 

gives a wide spread i n  F 

L' 

16 Therefore, for cosmic ray6, uL J 85 nib. 

L 

& I -  
- 

and H/Si. d 

Another e s t h t e  can be made by considering how the  energy of the  average 

500 EleV proton i s  ciissipated, G., by estimating hm many neutrons a re  pro- 

duced i n  t ne  development of t h e  average nuclear cascade produced by t he  average 

incident  p a r t i c l e .  This was done fo r  t h e  carbonaceous chondrite composition 

by estimating the  nmber and average energy of cascade ("knock-on") neutrons 

from t h e  Monte-Carlo calculat ions of Metropolis e t  a l .  [1958]. 

were assumed t o  lose t h e i r  energy by ionizat ion.  

cascade neutrons were followed u n t i l  t h e  energy of t he  r e su l t i ng  neutrons was 

t o o  low for  any fur ther  mult ipl icat ion.  'i?lis gave an estimate for t he  lengtin 

of tne average cascade. 

evaporation neutrons p rduced  d u r i n g  t he  cascade. 

evaporation neutrons a t  each s t ep  i n  t h e  cascade were made i n  two ways: 

Cascade protons 

Then the  react ions of the 

'&e t o t a l  neiitroii y i e l 2  Ls t h ~ s  t h e  t&al nud?er of 

Estimates of the number of 

(a) 



from the  experimental neutron production cross-sections re fer red  t o  ear l ie r .  

because these meaSWementS a r e  primarily for low energy neutrons or (b) from 

energy balance considerations based on the  calculated average exc i ta t ion  

energies remaining i n  the  t a r g e t  nucleus following the  cascade process a s  

given by Metropolis e t  a l .  [1958]. Combining the  neutron y i e lds  so obtained 

with the  L y ie les  based on primary cross-sections gave values of a i n  t he  

range 0.03 t o  0.04; however, it should be emphasized t h a t  these  estimates a r e  
L 

very uncertain.  

values of 0.03-0.04 seem too  low considering the  la rge  difference i n  the 

Since the semi-empirical cosmic-ray estimate gave 0.025, 

average priraary p a r t i c l e  energy i n  the  two cases; thus,  a higher value 0.05 

has been adopted. 

Deuterons w i l l  be produced by both the  primary and secondary nuclear 

p a r t i c l e s  i n  the planetesimals. It i s  d i f f i c u l t  t o  estimate the  number of 

secondary deuterons; thus 

(1) when the  secondary deuterons are  negl igible  and ( 2 )  when the  r a t i o  of 

primary t o  secondary deuterons i s  equal t o  t h a t  for t ne  neutrons, i n  which 

case a2 i s  j u s t  the r a t i o  of t he  primary cross-sections.  

t o  be the  b e t t e r  approximation and s h a l l  adopt the  value obtained i n  t h a t  case. 

a2 w i l l  be calculated fo r  t h e  extreme cases: 

We consider case (1) 

16 Tile deuteron production cross-section fron 0 given i n  Table 31 i s  fron 

Ful l e r  [1%41. 

of react ions producing deuterons i s  constant. 

Those for SiFe were obtained by assumin& t h a t  t h e  percentage 

Thus, very roughly, t he  cross 

sect ions will scale  l i ke  the  in te rac t ion  cross-sections or a s  A 2/ 3 . 
For case (2)  t he  primary cross-sections give a 

2 -  

= 0.18 fo r  the carbonaceous 2 
cnondrite coaposition and a - 0.22 for the  so l a r  composition. These can be 

taken iis Giving a rough upper limit fo r  a of 0.2. 2 

For case (1) tne  above value of a = 0.05 fo r  the  carbonaceous chondrite L 
composition leads t o  a t o t a l  (primary + secondary) neutron cross-section of 

E3 



1100 mb which gives a,, = 130/1100 a 0.1 which is the adopted value for this 

paper and i s  iden t i ca l  wit'n t h e  value used by FGH. 
c 

. 
Table  32 snows tlwt i n  any case the values of F an2 t o  a lesser extent,  d' 

2 
H/Si a r e  not seriously affected by a f ac to r  of 2 uncertainty i n  Q: 



APPENDIX c 
ESTIMATION OF fr 

Even when the neutrons a re  a t  energies below 10 MeV where they a re  in -  

cagable of any further multiplication, there  s t i l l  remain three  processes 

which can prevent t he  neutrons from becoming thermalized and react ing i n  the  

planetesimal: 

body, so we w i l l  neglect it i n  the  following discussion. 

capture. 

be large (H/Si -1); thus thermalization should be rapid, and non-thermal 

( a )  bete-decay; t h i s  has negligible probabi l i ty  i n  a so l id  

(b) Non-thermal 

For a l l  cases i n  these calculations t h e  hydrogen concentration will 

capture should be unimportant. 

i n t o  the l / v  region (below 0.1-i keV) before they may be considered "thermalized" 

fo r  the  purposes of our calculations (see discussion i n  Section I I I A ) .  

Further, the neutrons need only be slowed 

Rough 

estimates indicate t h a t  about 10 per cent of the neutrons produced may be 

captured above t h e  l /v  region. 

even f o r  ve-q large bodies. 

t h a t  1 7  per cent o f  t h e  neutrons produced i n  t h e  ear th ' s  atmosphere escape. 

( c )  Surface leakage. This i s  a f i n i t e  e f f ec t ,  

Hess, Canfield, and Lingenfelter [1961] calculate  

For the moon, assuming chondrit ic composition, Lingenfelter, Canfield, and 

Hess [1961] calculate 3 E  per cent leakage i f  H/Si = 0.04 ( the chondrit ic value) 

or 1 7  per cent i f  Ii,/Si = 1. The l a t t e r  authors point out t h a t  the leakage 

r a t e  i s  a sensi t ive function of the lunar H/Si r a t i o .  I n  our calculations fr  

i s  considered constant. We w i l l  now attempt t o  j u s t i f y  t h i s .  

would depend on H / S i  for H / S i  << 1, we are  here concerned with bodies of 

Although fr  

H/Si - 1. In  these cases the  mean distance t rave l led  during thermalization 

will always be small compared t o  the mean distance which must be t r ave l l ed  i n  

order t o  escape. Changes i n  H/Si w i l l  only a f f ec t  the former distance,  whereas 

the  leakage r a t e  is sens i t ive  t o  the  l a t t e r  distance.  

argument indicates t h a t  f r  

An extension of t h i s  

vi11 not be sens i t ive  t o  the  s i ze  of the  

c 1  



c 
2laaetesimls a s  long as they a re  large (> 20-50 a>. 

cscapc distance" i s  mall comared t o  t he  rac ius  of curvature o r  some other  

zgprosriate measure Of t he  dimensions of the plane tes imis ,  the  neutrons can- 

not  aistinguish their environment froin t h a t  of a semi-infinite slab.  

these calculations surface leakage m y  r e s u l t  i n  a 10-20 per cent loss. 

As long as t h i s  ''m5an 

- 

Fram 

Coanbining t h i s  v i t h  the  abwe  estimate of 10 per cent loss due to 

nm-thermal c q t u r e ,  gives values of f of 0.7-0.8. The FGH calculat ions 

vere %aced on f 

nain t e x t  in6icatesthat  vzr ia t ions  of this magnitude i n  

dizce an apprecia-ck errm i n  the calculated F and H/Si values. 

r 
= 1.0; however, reference t o  Table 4 i n  the r 

fr  will not in t ro-  

d 



APPENDIX D 

CALCULATION OF C ' ; ADDITIONAL CIIEMICAL CONSIDERATIONS 

A value of C' follows d i r e c t l y  from a choice of chemical composition 

for the  planetesimals. 

e i t h e r  meteori t ic  or so l a r  abundances. For many elements these  a re  i n  good 

agreement; however i ron  i s  much more abundant i n  the  meteorites.  

f a i r l y  lari:e neutron capture cross-section (2.53 b )  and a large r e l a t i v e  

There are  t w o  l o g i c a l  choices for t h i s  based on 

FeSG has a 

abundance, thus it w i l l  make an important contribution t o  C '  makinc t h e  value 

calculated from so la r  abundances smaller than t h a t  f r o m  meteori t ic  abundances. 

The breakdown of t he  calculat ion fo r  these two cases i s  s h a m  i n  Table D1. We 

hnvc used meteori t ic  abundances based on the  'we I carbonaceous chondrites 

a s  given by Rinwood [1962] based i n  tu rn  on the chemical analyses of Wiik 

[ l ! h G ] .  

of t h i s  c lass  of meteorites approximates the  primordial  so l a r  system abundances 

[Urey, 1964; Anders, 19631; however, they a r e  a log ica l  choice for the  g e s e n t  

calculat ion since they a r e  (wi th  t h e  excegtion of the  e n s t a t i t e  cnon<!rites) 

There i s  considerable controvery a s  t o  what extent  t h e  compocition 

r i ches t  i n  t o t a l  i r o n  of a l l  stony meteorite c lasses .  The calculated value 

of C' = 3.4 i s  thus an approximate upper l imi t ,  whereas the  so l a r  value of 

C' = 1.2 cons t i tu tes  a lower l i m i t .  This l a t t e r  value d i f f e r s  only s l i g h t l y  

from t h e  value of 1.35 used by FGH. 

A l l e r  [1961]. The source o f t h e  abundances not obtained f'romthe above r e fe r -  

The solar  abundances were taken f'rom 

ences (par t icu lar ly  P, S, C l )  a r e  given by footnotes i n  Table D1 .  

d4 and A have been omitted f r o m  Table D1 followin3 the  bas ic  assumption 

t h a t  gaseous substances were not incorporated i n t o  the plar,etesimals. As i s  

discussed i n  the  t ex t ,  H e  has such 8 high neutron capture cross-section 3 

(5400 b) t h a t  we a r e  not only forced t o  assume t h a t  it %as ;,i{;hly depleted 

D1 



in t h e  fonnation of the  planetesimals but a l so  t h a t  t he  spalLetion produced 

3 . H e  (both as  He3 directly and as  I?) i s  able t o  difAzse out of the planetes- 

imals i n  a t i m e  short  campared t o  its l i fe t ime f o r  neutron capture. 

The very large neutron capture cross-sections of Gd and Sm Kill cause the  

abundances of these elements to vary during the  course of t he  i r rad ia t ion .  

However, Table D1 indicates  that taking C’ t o  be a constant introduces negU- 

gible errors because t he  abundance of these elements i s  i n i t i a l l y  so small. 

Similar arguments can be made f o r  other elements with large neutron capture 

cross-sections, including Li and B . 6 10 

uitnough we nave used S i  ana Fe group abundances mom caroonaceoue 

chondrites, we have assumed t h a t  C -which is  about 5 per cent by weight i n  

the carbonaceous chondrites - was not present i n  any appreciable concentration 

i n  the planetesimals, %.e., we assume t h a t  these a s  w e l l  a6 a l l  other meteor- 

i t e s  a r e  second generation bodies. This assumption does not s ign i f icant ly  

a f f e c t  the  calculat ion of C’ since C’ has a very low neutron capture cross 

section. 

chondrite abundances for the present calculation i s  t h a t  they provide an 

uTyer limit f o r  C ’ .  

i n  Sections IIC and IIIB. 

We again e q h a s i z e  that the significance of t h e  carbonaceous 

More discussion of this assumption is  given i n  the t e x t  

F’rm t he  abundances given i n  Table D1, the  amount of 0l6 i n  t he  planetes- 

imals may be estimated assuming it t o  be present i n  proportions corresponding 

t o  t h e  simple oxides of t h e  metall ic elements (e.@;., t he  amount of 0 associated 

with Si = 1.0 is  2.0 corresponding t o  Si02). 

were lumped together and taken a s  (FeO + FeS). 

for  the carbonaceous chondrite composition 0 = 3.8 + 

the  so la r  composition. 

A l l  of the  i ron  group elements 

By t h i s  method one obtains 

B and 3.0 + 3 H f o r  

For E/Si -1 t h i s  corresponds t o  a gross chemical 



composition of 0 = 54 per cent, Si group = 34 per cent, Fe group = I 2  per cent 

by number for the carbonaceous chondrite composition. 

B, the gross chemical composition must be known in order to estimate a and a2 

which in turn are needed to calculate €€/Si. In principle then one should - by 

iteration or some other means -make sure that the gross chemical composition, 

aL, CX2, and H/Si values adopted were all self-consistent; however, considering 

the other uncertainties involved in the calculation, it seemed pointless to 

include this complication in the calculation. 

gross chemical composition of 55 per cent 0, 35 per cent Si group and 10 per 

As discussed in Appendix ' 

L 

We have just taken a "standard" 

cent Fe group for the carbonaceous chondrite abundances and 70 per cent 0, 

30 per cent Si group for the solar abundances. 

. ~ 

D3 



TABU2 1 

Values of Neutron F l u ,  $ as Function of Bombardment Time, T n’ 

qn (neutrons/cm 2 ) 

0 

0.5 

1.0 

3.0 

m 

21 5.9 x 10 

5.7 

5.4 

4.6 

3*3 



TABLE: 2 

Calculated Spal la t ion Yields f o r  T/T = 7.5 (S i  = lo6) 

L i 6  Li7 Be9 BIO B l l  B/Li  Total  L 

10.2 19.4 0.64 15.4 G.2 0.73 51.8 spa l l a t ion  ( c a l c u h t c a  

2.7 33.3 0.64 1.5 6.2 0.21 44.3 meteori t ic  
abundances (observed ) 



TABLE 3 

Comparison of Calculated Spallation Yields with Cloud Chamber Data 

(Belo included with Be) 

0.77 0.03 0.20 0.26 calculated,  T/T = 0 

0.64 0.06 0.30 0.47 T/T = 3 11 

0.57 0.07 0.36 0.63 I f  T/7 = 7.5 

6.42 0.56 u .43 G . 5  .T/.r = fD 

I ,  0.34 0.23 0.43 1.3 T/T = OD (FGH) 

0.33 0.08 0.53 1.4 0l6 + 300 NeV n (Ful ler)  

0.24 0.12 0.64 3.7 CU + 30 MeV n (Kellogg) 



TABLE 4 

(Fd, H/Si) Solutions 

~ 

C' = 3.4 (Carbonaceous Chondrites) 

0.75 1.0 *r 

aL Fd H/ S i  Fd H/Si 

0.1 37 0.48 28 0.54 

0.075 28 0.65 2 1  0.83 

0.05 20 1.2 15 1.6 

0.02 I 2  6.9 10.6 10 

0.75 1.0 fr 

n5 Fd H/ Si Fd H / S i  

0.1 15 0.76 12.3 1.2 

0.075 13 1.5 11.1 2.2 

0.05 11.5 3.1 10.4 4.5 

0.02 10.3 12 9.9 16 



S U  Yni s Work 3€f. 

7 7  
3-- 

7 .I: 

92.6 

20 

4.5 

15.5 

IU .O 

2.7 

33.3 

0.64 

1.5 

6.2 

44.3 
- 

sw 

S 

s 

7.7 3/Li = - = 0.214 
36.0 

SU = Suess ar_d Urey, Rev- Nod. Phys- 28, 53 [1956] - 
SE = Skiha and Fioxxia, J. Geophys. Res. 68 2649 [1963] 



T B L E  A2 

Effect of Variation of B / U  

T/T = CD 

2 
(Multiply en t r i e s  by t o  get Qn i n  n/cm ) 

1.0 

1.9 7 

6 

a 
- 
a 

3 .O 

B/ L i  

0.07 0.1 0.21 0.3 0.6 

7.7 6.6 4.2 3.4 2 .o 

5.1 4.6 3.3 2.8 1.8 

3.6 3.3 2.6 2.2 1.6 



TABLF: A3 

16 Spal la t ion Yields of 300 MeV n + 0 

*om f i l l e r  [19s41 

m e  of Fvent Number Observed Cross-Section (nib) 

Total  Number of Stars 

protons 

deuterons - 
E3 

3 

4 
He 

He 

Li 

ae 

B 

602 

619 

284 

51 

52 

333 

54 

42 

74 

225 f 15 

251 2 20 

106 f 10 

12 2 '3 

19 f 3 

127 f 12 

20 f 3 

16 f 3 

28 +_ 3 



TABLE A4 

~~ ~ 

T/T 

0.5 

Sensitivity of Calcuhted Neutron Flux to Changes in f10 

0.1 0.25 0.5 *lo 

4.7 5.7 6.2 

3 l  3.9 4.6 4.8 

(Multiply by 10"' to obtain $n i n  n/cm2) 



Estimated A.imary Cross-sections in mb 

0l6 si Fe Average Average 
1 2 

neutrons 

deuterons 

LiBeB 

interaction 
cross-section 

450 

110 

85 

250 

880 

145 

20 

400 

1800 

230 

5 

550 

740 

130 

55 

330 

570 

I20 

66 

300 

1 = carbonaceous chondrite composition (Ringwood) 

2 = solar composition (Aller) 



TABLE: B2 

Sensitivity of Results to Variations in Cr2 

(Carbonaceous Chondrite Composition) 

aL = 0.05 f = 0.75 r 

Fd H / S i  a2 
~~ 

0.1 20 1.2 

0.2 22 2.1 



TABLE D1 I 1 . 
C a l e u > . t i a i  of c* 

Case I: Carbonaceous Chondrite Abundances 

NA ‘A Fe 0 A NA/Si ‘A *A 
1iA/ s i 

A Si (I 

Group (barns) Group (barns) 

1 

I .  

Na 

M g  

A 1  

Si 

P 

S 

C1 

K 

Ca 

0.52 

0.063 

0.23 

0.16 

0.20 

0.52 

33.6 

2.07 

0.44 

0.064 

1.05 

0.0% 

1.000 

0.013 

0.51a 

o.oo15b 

0.0039 

0 . 075 

2.80 

0.033 

0.066 

0.020 

0.160 

0.003 

0.266 

0.052 

0. ooa 

0.033 

0.641 

S C  

Ti_ 

v 

Cr 

Y5-I 

Fe 

co 

Ni 

cu 
Gd 

Sm 

24 .O 3.4 x 0.001 

3.1 0.0324 0.038 

13.2 0.0078 0 . 103 
2.53 0,889 2.255 

37.0 0.0023 0.085 

4.8 0.0455 0.218 

3.0 2.38 0.001 

4.6 104 5.5 x 10-7‘ 0.02; 

5.8 x lo3 2.3 x 0.001 

0.36 2.745 

T o t a l  C’  = 3.33 
t 

( continued) 



TABLE D1 (continued) 

Case 11: Solar Abundances 
. 

U A NA/ 'A NA si aA NA/Si 'A NA Fe 

Group (barns) Group (barns ) 

Ma 

A 1  

S i  

P 

S 

c1 

K 

Ca 

0.52 

0.063 

0.23 

0.16 

0.20 

0.52 

33.6' 

2.07 

0.44 

0.063 

0.794 

0.050 

1 . 000 

0.007 

0.63 

0 .0015d 

0.0016 

0.045 

2.59 

0.033 

0.050 

0.012 

0.160 

0.001 

0.318 

0.052 

0.003 

0.020 

0.649 

s c  24 .O 

T i  5.8 

V 5 .O 

Cr 3.1 

Mn 13.2 

Fe 2.53 

co 37 .O 

IT i 4.s 

cu 3.8 

Gd. 4.6 X 10 4 

Sm 5.8 x lo3 

Total  C' = 1.23 

2.1 x 1.0'~ 

0.0015 

1.6 >: 

0.0072 

0.0025 

0.118 

0.0014 

0.026 

0.0035 
d 

5.5 x 

-7d 2.3 x 10 

0.160 

0.001 

0.009 

0.001 

0.022 

0 4 033 

0.298 

0.052 

0.125 

0.013 

0 025 

0.001 

0.580 

a Based on data given for m e  I carbonaceous chondrites given by Mason 
, 
I 

[1962], p. 96. 

I Average carbonaceous chondrite value &iven by Urey [19641. 

Value for Type I carbonaceous chondrites given by Urey [1964]. C 

, Assumed same a s  carbonaceous chondrites. 



F I W  CAPTIOM 

Fig. 1. The primeval s o l a r  system according to Royle. 
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