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The prospect of observing s o l a r  neut r inos  by means of t h e  inverse  

b e t a  process C137( y,e-)Ar37 induced us t o  p lace  t h e  appara tus  previously 

described‘ i n  a mine and make a preliminary search. This experiment served 

t o  place a n  upper l i m i t  on the  f lux of e x t r a t e r r e s t r i a l  neutrinos.  These 

r e s u l t s  w i l l  be reported,  and a d iscuss ion  w i l l  be given of t h e  p o s s i b i l i t y  

of extending t h e  s e n s i t i v i t y  of t h e  method t o  a degree capable of measuring 

t h e  s o l a r  neut r ino  f l u x  ca l cu la t ed  by Bahcall i n  t h e  preceding paper, 2 

The apparatus c o n s i s t s  of two 500-gallon tanks of perchlorethylene,  

C2Cl4, equipped with a g i t a t o r s  and a n  a u x i l i a r y  system f o r  purging wi th  

helium. 

(1800 meters of w a t e r  equiva len t  sh ie ld ing ,  m.w.e.). 

It is  loca ted  i n  a limestone mine 2300 f e e t  below t h e  surface3 

I n i t i a l l y  the  tanks 

were swept completely f r e e  of a i r  argon by purging t h e  tanks wi th  a stream 

of helium gas. 

f o r  periods of fou r  months o r  more t o  allow t h e  35-d Ar37  a c t i v i t y  t o  reach 

nea r ly  the  s a t u r a t i o n  value. Carrier argon along wi th  any Ar37 produced w e r e  

removed from t h e  tanks by sweeping them i n  series wi th  5000 l i t e r s  of helium. 

Argon w a s  ex t r ac t ed  from t h e  helium gas stream wi th  a c t i v a t e d  charcoal a t  78 K. 

F i n a l l y  the  argon was  desorbed from t h e  charcoal,  pu r i f i ed  and counted. 

o v e r a l l  e f f i c i e n c y  of t he  processing w a s  determined by A r  i s o t o p i c  a n a l y s i s  

Ar36 carrier (0.10 cm 3 ) was  introduced and the  tanks exposed 
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of t h e  recovered 

than 95 percent. 

argon. The recovery of carrier argon was  always g r e a t e r  

The e n t i r e  argon sample w a s  placed i n  a s m a l l  p ropor t iona l  
n- 

counter 1.2 c m  long and 0.3 cm i n  diameter t o  measure t h e  Ar" a c t i v i t y .  

Pulse he igh t  a n a l y s i s  was  used, and counts w e r e  recorded i n  an t ico inc idence  

wi th  a r i n g  of propor t iona l  counters,  and a n  enveloping N a I  c r y s t a l .  

counter w a s  provided wi th  a n  end-window t o  permit exposure of t h e  counting 

volume t o  Fe55 X-rays f o r  energy c a l i b r a t i o n  and determination of t h e  

The 

r e s o l u t i o n  of t he  counter. 

t h e  2.8 keV Auger e l e c t r o n s  from the  Ar37 decay,was 26 percent. 

counter e f f i c i e n c y  f o r  Ar3' i n  t h e  f u l l  peak w a s  46 percent. 

The r e so lu t ion ,  f u l l  width a t  h a l f  he igh t  f o r  

The o v e r a l l  

The counting 

rate wi th  t h e  sample w a s  t h ree  counts i n  18 days, t he  background rate f o r  

t h e  counter. Assuming t h i s  rate corresponds t o  real events  and using t h e  

e f f i c i e n c i e s  mentioned, t h e  neut r ino  capture  rate i n  1000 ga l lons  of C2Cl4 

was  4 0.5 pe r  day, o r  t h e  $5 4 3 x 10-34 sec" C137 atom-'. ". - - 
9, * 

From a comparison of t h e  l i m i t  set by t h i s  e&er?ment t o  t h e  ca l cu la t ed  
2 ' *' 

' ?  I ' .  -1 capture  rate of (4 ? Z ) * X , . ~ O - ~ ~  sec C137 atom-' * i t  is  clear t h a t  t h e  

s e n s i t i v i t y  of t he  experiment w i l l  have t o  be  increased by a f a c t o r  of 100 

t o  measure accu ra t e ly  t h e  s o l a r  . .  neut r ino  flux. I f  t he  yo&ne of perchlor- 

e thylene  were increased t o  100,000 ga l lons  one wouHYexpect 4 t o  11 s o l a r  

neut r ino  captures  per  day. 

present  experiment a n  increase  i n  t h e  volume of l i q u i d  t o  100,000 ga l lons  

On t h e  b a s i s  of experience obtained wi th  t h e  

would not present  any insuperable  d i f f i c u l t i e s .  The r e s u l t  of such a n  

experiment would provide a v a l i d  tes t  f o r  t h e  present theory  of t h e  s o l a r  

energy genera t ion  process. The important f e a t u r e s  of t h e  method are t h a t  

small amounts of Ar37  can be removed e f f i c i e n t l y  from l a r g e  volumes of 

l i q u i d  by t h e  simple procedure of sweeping wi th  helium and t h a t  t h e  charac te r -  

i s t i c  decay of Ar37  can be observed i n  a counter wi th  an  e s s e n t i a l l y  zero 

background. There are, however, a number of o t h e r  processes t h a t  could 
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produce Ar37 a t  these  l o w  levels i n  a tank of perchlorethylene i n  a n  

undergound mine; t hese  o t h e r  e f f e c t s  c o n s t i t u t e  a n  undes i rab le  background. 

Alvarez 4 made a thorough a n a l y s i s  of t hese  unwanted e f f e c t s  i n  h i s  o r i g i n a l  

proposal some years  ago. I n  general ,  background e f f e c t s  may arise from 

cosmic ray  muons, from f a s t  neutrons from t h e  surrounding rock w a l l ,  and 

from nuclear  r eac t ions  a r i s i n g  from i n t e r n a l  contaminations i n  t h e  l i qu id .  

Cosmic ray  background e f f e c t s  underground arise by the  C137(p,n)Ar 37 

r e a c t i o n  from t h e  protons produced i n  muon i n t e r a c t i o n s .  The magnitude of 

t h i s  background e f f e c t  can be ca l cu la t ed  from measurements made a t  a depth 

of 25 m . ~ . e . ~  where t h e  nucleonic component i s  e s s e n t i a l l y  eliminated, and 

t h e  Ar37 is  produced by muons. A t  t h i s  depth a n  Ar37 production rate of 

210 atoms per  day w a s  observed i n  3000 ga l lons  of  CC14. 

t h e  Ar37  production should decrease wi th  t h e  product of t h e  muon i n t e n s i t y  

Below t h i s  depth 

and t h e  c ros s  s e c t i o n  f o r  star production by muons. The following t a b l e  

l ists  t h e  muon i n t e n s i t i e s 6  and c ross  sec t ions7  used t o  c a l c u l a t e  t h e  A r 3 7  

production by muons a t  lS00 and 4000 m.w.e. 

Table I 

Depth below Muon i n t e n s i t y  Muon star production Ar37 production 

sur face ,  p.1s cm-2 sec-1 ster-l c r o s s  sec t ion ,  rate per  day f o r  

m.w.e. cm2 /nucleon 105 ga l lons  C ~ C I ~  

25 2 

1800 2 

4000 6 x 10'' 

3 6500 (measured) 

1 7  3.5 

22 0.14 
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It may be noted from Table I t h a t  t h e  ca l cu la t ed  rate a t  1800 m.w.e. is 

below t h e  l i m i t  set by t h e  present 1000-gallon experiment. However it i s  

c l e a r  t h a t  a l a r g e  scale experiment would have t o  be performed a t  a much 

g r e a t e r  depth. I f  t h e  proposed experiment were conducted i n  a mine approxi- 

mately 4500 f e e t  deep (4000 m.w.e.) t he  muon produced Ar37 would be a f a c t o r  

of 30 below t h e  expected rate of 4 t o  11 per  day from s o l a r  neut r inos .  

Ar37 may a l s o  be  produced i n  t h e  l i q u i d  by ene rge t i c  neutrons. 

Neutrons having a n  energy above 0.97 MeV w i l l  produce protons by t h e  exo- 

thermic C 1  

the  C137(p,n)Ar37 reac t ion .  

l i q u i d  wi th  a Pu-Be neutron source. 

one A g 7  atom pe r  1.4 x 10 

surrounding rock could produce one Ar37 atom pe r  day i f  t h e  neutron f l u x  

on t h e  su r face  of t he  100,000-gallon tank (26 f t  diameter x 26 f t  high) 

w e r e  4 x The f a s t  neutron f l u x  may be kept  below 

t h i s  value by a water sh i e ld ,  t h e  th ickness  depending on t h e  uranium and 

35 r e a c t i o n  wi th  s u f f i c i e n t  energy t o  produce A r 3 7  by 

This e f f e c t  w a s  evaluated by i r r a d i a t i n g  t h e  

These measurements gave a y i e l d  of 

6 neutrons absorbed. F a s t  neutrons from t h e  

neutrons cm’2 min”. 

thorium content  of t h e  rock w a l l .  

I n t e r n a l  contaminations leading t o  Ar3’ production i n  t h e  materials 

of t h e  tank o r  t h e  l i q u i d  i t s e l f  cannot be sh ie lded  out,  and would se rve  

as an inherent  background t h a t  could no t  be separa ted  from a neut r ino  s igna l .  

W e  have, however, found t h a t  t h e  thorium and uranium content  of perchlor- 

e thylene  was  less than  2 x 10  

production i s  unimportant, less than 0.01 Ar37 would be produced per  day by 

-9 gm per  gram. A t  t h i s  level i n t e r n a l  neutron 

these  neutrons. However, even a t  t h i s  uranium and thorium l e v e l  the s u l f u r  

content must be  below 0.5 percent t o  reduce t h e  Ar3’ produced by the  

S 34 ( ~ , n ) A r ~ ~  r e a c t i o n  t o  less than one p e r  day. 

W e  may conclude from t h e  above cons idera t ions  t h a t  an  experiment 

using 100,000 ga l lons  of pure perchlorethylene i n  a mine 4500 f e e t  deep, 
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properly sh ie lded  from fast neutrons would have a background Ar37  production 

rate a t  least a f a c t o r  of t e n  below t h e  expected rate from s o l a r  neut r inos .  

It should be noted t h a t  i f  a p o s i t i v e  r e s u l t  were obtained from such an  

experiment t h e r e  would remain a small ambiguity i n  i n t e r p r e t a t i o n  because 

of t h e  p o s s i b i l i t y  of a g a l a c t i c  source of neut r inos .  

of d i s t i ngu i sh ing  between s o l a r  and g a l a c t i c  neut r inos  would be t o  take  

A poss ib l e  method 

advantage of t h e  e c c e n t r i c i t y  of the  e a r t h ' s  o r b i t  and measure t h e  7 percent 

d i f f e rence  i n  s o l a r  neut r ino  i n t e n s i t y  between aphel ion  and per ihe l ion .  

With a s i g n a l  as low as 7 pe r  day (a t o t a l  of 350 Ar37 atoms) such an  

experiment would be marginal, b u t  i f  a somewhat h igher  s i g n a l  w a s  observed 

such a test would be possible.  

D r .  John Bahcall, D r .  R. L. Sears and Prof. W. A. Fowler of t he  

Ca l i fo rn ia  I n s t i t u t e  of Technology have provided much of t h e  t h e o r e t i c a l  

and experimental information t h a t  makes t h i s  experiment: meaningful. I 

would l i k e  t o  thank them f o r  keeping m e  informed of t hese  developments. 

Also I would l i k e  t o  acknowledge t h e  a s s i s t a n c e  of Robert L. Chase f o r  

designing t h e  low background counting system. 
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