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* 
S o l a r  Neutrinos 

* Raymond Davis J r .  and Don S . Harmer 

The prospect  of s tudying the  s o l a r  energy generat ion process  d i r e c t l y  

by observing t h e  s o l a r  neu t r ino  r a d i a t i o n  has been d iscussed  f o r  many years .  

The main d i f f i c u l t y  with t h i s  approach is t h a t  the  sun emits  predominantly 

l o w  energy neu t r inos ,  and d e t e c t o r s  f o r  observing low f l u x e s  of low energy 

neut r inos  have not  been developed. However, experimental  techniques have 

been developed for observing neu t r inos ,  and one can fo re see  t h a t  i n  the  near 

f u t u r e  these 

s o l a r  neut r inos .  A t  p resent  s e v e r a l  experiments a r e  being designed and 

hopeful ly  w i l l  be ope ra t ing  i n  the  next year or  so. We w i l l  d i s cuss  an 

techniques w i l l  be improved s u f f i c i e n f l y  i n  s e n s i t i v i t y  t o  observe 
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This  r e a c t i o n  is the  inverse  of t h e  e lec t ron-capture  r ad ioac t ive  decay of 

argon-37, The method depends upon exposing a l a r g e  volume of a ch lor ine  

compound, removing the  r ad ioac t ive  argon-37 andobserv ingthe  c h a r a c t e r i s t i c  

decay i n  a small low-level counter .  A high s e n s i t i v i t y  f o r  neu t r ino  de tec t ion  

is achieved by us ing  a l a r g e  mass of ch lo r ine  and performing the counting 

measurements i n  a counter with a very low background. An experiment w i l l  be 

descr ibed  t h a t  has  been performed with 1000 ga l lons  (6 .1  tons)  of perchloro-  

e thylene (C,C14) t h a t  served a s  a p i l o t  experiment t o  t e s t  t he  method. A 

* 
Research performed under t h e  auspices  of t h e  U . S .  Atomic Energy Commission. 

Permanent address: Frank H. Neely Nuclear Research $ 
ZEA5F 7% 

I n s t i t u t e  of Technology, At lan ta ,  Georgia 30232. DL’; FS 



2 

de tec to r  one hundred times l a r g e r  is now be ing  b u i l t  t h a t  is designed t o  

measure t h e  p r e s e n t l y  c a l c u l a t e d  s o l a r  neu t r ino  f lux.  The design and aims 

of t h i s  experiment w i l l  be descr ibed .  

I n  planning a solar neu t r ino  experiment one is guided by the  present  

ca lcu lak ions  of so1a.r neut r ino  f luxes .  These c a l c u l a t i o n s  have been developed 

i n  recent  years ,  and one p r e s e n t l y  has  confidence t h a t  the  n e u t r i n o  f l u x  can 

be c a l c u l a t e d  wi th in  a f a c t o r  of two. Sears '  i n  p a r t i c u l a r  has ca l cu la t ed  the  

solar neut r ino  f l u x  with h i s  model using var ious  va lues  for t h e  s o l a r  

composition, age,  luminosi ty ,  and nuclear  parameters t o  t e s t  the  e r r o r s  

introduced i n  t h e  values  of neu t r ino  f l u x .  Independent c a l c u l a t i o n s  have 

a l s o  been performed by Pochoda and ReevesY2 and Cameron and Ezer, '  and t h e i r  

r e s u l t s  a.gree wi th in  a f a c t o r  o f  two w i t h  those of Sears .  I t  is genera l ly  

agreed t h a t  t h e  P-P chain of r eax t ions  is the  dominant mechanism f o r  t h e  sun.  

I n  t h i s  chain, neu t r inos  a r e  produced b y  t h r e e  processes ,  the  H(H,e+p )D 

rea.ction and the r ad ioac t ive  d e c a y  of Be7 and B . 

1 

8 The neut r ino  spectrum 

from these  t h r e e  sources  may be combined t o  represent  the  gross  neu t r ino  

spectrum from t h e  sun.  Figure 1 shows t h i s  spectrum and the  f l u x e s  of 

neu t r inos  a t  t he  e a r t h  as c a l c u l a t e d  by Sears .  The neut r inas  from t h e  

H{H,e'y )D r eac t ion  a r e  below the threshold  (0.816 MeV) f o r  the  capture  

r eac t ion ' (1 ) .  However, the  0.861 MeV neu t r ino  l i n e  from t h e  Be7 decay is  

above threshold  f o r  r eac t ion  (11, and c o n t r i b u t e s  about t en  percent  of the  

expected capture  r a t e  i n  chlorine-37. The f l u x  of e n e r g e t i c  neu t r inos  from 

t h e  B decay (E = 14.2 MeV) is only 1 .9  x 10 cm s e c  s i n c e  the  

Be7(p,y)B 

However, the  c ros s  sec t ion  o f  r eac t ion  (1) is so l a r g e  f o r  t hese  ene rge t i c  

8 7 -2 -1 
max 

8 only 
r eac t ion  p l ays  a minor ro l e  i n  the  s o l a r  energy genera t ion  process .  n 

t h  t e d  t o  produce about 90 percent  

37 of the  t o t a l  s i g n a l  i n  a d e t e c t o r  based upon the  C1 ( g , e - ) A ~ - ~ ~  reac t ion .  



The reason t h a t  the c ros s  s e c t i o n  is i g h  for  t h e s e  ene rge t i c  neut r inos  

i s  tha t  neu t r inos  above 6.0 MeV energy w i l l  be captured t o  produce an 

4 exc i t ed  s t a . t e  i n  Ar37 a.t 5.2 MeV. 

i s  t h e  analog s t a t e  t o  t h e  ground s t a t e  i n  C137 and hence the neu t r ino  

Bahcall  has  pointed ou t  t h a t  t h i s  s t a t e  

capture  t o  form t h i s  analog s t a t e  is a superallowed t r a n s i t i o n  and the re fo re  

has  a high c ross  sec t ion .  Bahcal l ’s  pred ic t ion  has been r ecen t ly  v e r i f i e d  

by two sepa ra t e  experimental  groups, a t  Brookhaven’ and a t  McGill. They 

observed the  b e t a  decay of Ca37 t o  revea l  t he  5.2-MeV l e v e l  i n  t h e  mi r ro r  

nucleus K . The f a c t  t h a t  t h e  c ros s  sec t ion  f o r  ene rge t i c  neut r inos  is 

l a r g e ,  had l e d  us t o  be l i eve  we could observe the  B s o l a r  neu t r inos  by the  

~ 1 ~ ~ - ~ r ~ ~  method. 4’7 

6 

37 

8 

8 I t  is i n t e r e s t i n g  t o  note  t h a t  t h e  product ion of  B i n  

t he  sun depends s t r o n g l y  on t h e  c e n t r a l  temperature,  t he re fo re  a masurement 

of  t he  B neu t r ino  f l u x  allows one t o  deduce an accurate  value f o r  t h e  c e n t r a l  8 

temperature of the  sun. 

Using the  ca l cu la t ed  so la r -neu t r ino  f l u x e s  from Be7 and B8 and t h e  

37 values  of t h e  c ros s  s e c t i o n  f o r  the  C1 (9 ,e-)Ar37 r eac t ion  one deduces t h e  

value of  the  

The error i nd ica t ed  r e f l e c t s  t h e  u n c e r t a i n t i e s  i n  t h e  s o l a r  model ca l cu la t ion .  

The e r r o r  i n  the  c ros s  s e c t i o n  values  a r e  small ,  around 10 percent .  This sum 

of t h e  products of the  f l u x  and the  c ros s  s e c t i o n  would correspond t o  an 

expected capture  r a t e  o f  5 + 3 per  day i n  600 tons of perchloroethylene.  Let - 
u s  now descr ibe  the  p i l o t  experiment which uses  1000 ga l lons  of perchloro- 

e thylene t o  i l l u s t r a t e  how a neut r ino  de tec to r  based upon r eac t ion  (1) 

opera tes .  The performance of t h i s  modest s c a l e  de t ec to r  w i l l  a l s o  show how 

close we a r e  t o  observing the  p re sen t ly  ca l cu la t ed  s o l a r  neut r ino  f l u x .  
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THE PILOT EXPERIMENT 

Let me review b r i e f l y  t h e  h i s t o r y  of t h e  method. The advantages of 

37 t he  C1 

Pontecorvo. The experimental  method was ou t l ined  and background e f f e c t s  were 

analyzed i n  d e t a i l  by Alvarez with the  view of u s ing  the technique t o  observe 

-Ar37 method of d e t e c t i n g  neu t r inos  was poin ted  out  18 years  ago by 
8 

9 

neu t r inos  a t  a nuclear  r eac to r .  

sugges t ions  and performed experiments near  a Savannah River r eac to r .  

We developed a d e t e c t o r  based upon these  

S ince  a 10 

nuclear  reac tor  is a source of an t ineu t r inos  we found these  a n t i n e u t r i n o s  

m u l d  not d r i v e  the reac t ion .  I n  terms o f  present  concepts ,  t hese  experiments 

served t o  t e s t  t he  p r i n c i p l e  of  lep ton  conservat ion.  

37 37 t h a t  
I t  was apparent t he  C1 -Ar method with i t s  inherent  s e n s i t i v i t y  t o  A 

low-energy neu t r inos  would be u s e f u l  t o  observe s o l a r   neutrino^.'^ The 

s e n s i t i v i t y  of the apparatus  was seve re ly  l i m i t e d  during t h e  Savannah River 

experiments by a l a r g e  background e f f e c t  from cosmic ray muons. 

the  apparatus  2300 f e e t  underground (1800 meters of water  equiva len t )  the  

By p lac ing  

cosmic ra.y background e f f e c t s  were reduced t o  a neg l ig ib ly  small value.  

used the  l imestone mine of t h e  P i t t s b u r g h  P l a t e  Glass Company a t  Barberton 

We 

Ohio, Figure 2 is  a photogra.ph of the  apparatus.  I t  cons is ted  of two 

500 ga l lon  tanks  ( t o t a l  of 6 .1  me t r i c  tons)  of perchloroethylene,  C2C14, 

equipped wi th  a g i t a t o r s ,  and a helium purging system. Helium was passed 

through t h e  tanks i n  s e r i e s ,  through condensation t r a p s  and f i n a l l y  through a 

l i q u i d  n i t rogen  cooled charcoal  tra.p.  A t  the  l i q u i d  n i t rogen  temperatures 

used, argon was adsorbed on the  charcoal  and helium passed through without 

adsorpt ion.  By t h i s  simple procedure any argon-37 produced i n  the t a .nks  

could be removed and t r a n s f e r r e d  t o  a s m a l l  charcoa l  t r a p  wi th  an e f f i c i e n c y  

of 90-95 percent .  

d i l u t i o n  method i n  each experiment by in t roducing  0.05 cm3 of Ar 36 c a r r i e r  

The e f f i c i e n c y  of t h i s  process  w a s  measured by the  i so tope  
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a t  the  s t a r t  of each exposure and performing a mass a n a l y s i s  of  t h e  recovered 

argon. The argon s o  i s o l a t e d  was removed from the  charcoa l ,  p u r i f i e d ,  and 

counted i n  a small  low-level counter .  Pulse he ight  a n a l y s i s  was used t o  

observe t h e  2.8 keV Auger e l e c t r o n  from the  e lec t ron-capture  decay of argon-37. 

The counter  w a s  opera ted  i n  an t ico inc idence  with guard propor t iona l  and 

s c i n t i l l a t i o n  counters ,  a technique commonly used i n  low-level counting. The 

pulse  he igh t  spectrum is shown i n  Fig.  3. The p o s i t i o n  o f  the  argon-37 Auger 

e l e c t r o n  peak was determined by c a l i b r a t i n g  t h e  counter with Fe55 X-radiat ion.  

The p o s i t i o n  of t h e  argon-37 peak is shown, and it can be seen t h a t  no 

d i s t ingu i shab le  argon-37 peak w a s  observed. A s a f e  upper l i m i t  t o  t h e  neutr ino-  
&% 

capture  r a t e  may be deduced by t ak ing  a.11 t h e  events  i n  the  argon-37 region 

of the  spectrum, and computing the  l i m i t i n g  s o l a r  neut r ino  ca.pture r a t e .  
was 

The r a t e  so derivedkfound t o  be l e s s  than  0.3 neu t r ino  cap tu res  per 

day i n  t h e  6.1 tons  of C2C14. 

t he  l i m i t  may be given as 

I n  terms of product of f l u x  and cross  sec t ion  

-1 
~ @ I J  16 x s e c  . 
L 

This value may be compared t o  the ca l cu la t ed  

s o l a r  neut r inos  d iscussed  e a r l i e r ,  

va.lue f o r  t h i s  product f o r  

-1 s e c  . 
S o l a r  

I t  i s  apparent from a comparison of the  experimental l i m i t  from t h i s  1000-ga.llon 

d e t e c t o r  tha.t we a r e  a f a c t o r  of f i v e  away from d e t e c t i n g  t h e  ca l cu la t ed  r a t e .  

The r e s u l t s  of t h e  1000-gallon experiment may be used t o  s e t  l i m i t s  on 

t h e  e x t r a . t e r r e s t r i a 1  neu t r ino  f l u x .  Since the re  have been specu la t ions  on 

poss ib l e  values  of the  neut r ino  f l u x  i t  is i n t e r e s t i n g  t o  note  the  l i m i t s  

t h a t  can be s e t  a s  a func t ion  of the  neut r ino  energy. Combining our r e s u l t s  

and the c r o s s  s e c t i o n s  of  Bahcall f o r  the  C 1  4 37 ( 3  ,e-)Ar37 r eac t ion ,  the neut r ino  
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f l u  re  ca l cu la t ed .  The l i m i t  s e t  f o r  1 MeV 

neut r inos ,  ba re ly  over th reshold ,  is not very low. On the  o the r  hand f o r  

10 MeV neut r inos  where t h e  super allowed capture process  t o  form the  5.2 MeV 

8 -2 -1 exc i t ed  s t a t e  i n  argon-37 is important ,  an upper l i m i t  of 1 x 10 cm s e c  

can be s e t .  This  l i m i t  a l lows u s  t o  conclude tha t  l e s s  than  0.2 percent  o f  

t he  s o l a r  energy cyc le  goes through the  formation of L i  . If L i  were s t a b l e  

one would expect  i t s  b e t a  decay t o  He4 would produce e n e r g e t i c  neut r inos  

4 4 

which would dominate the  s o l a r  neu t r ino  spectrum and these  would have been 

observed by the  experiment. If the  c e n t r a l  temperature of t he  sun were somewhat 

higher  than 16  mi l l i on  degrees  the  B production would be h igher .  Using t h e  8 

f l u x  l i m i t s  t abula ted ,one  concludes t h e  c e n t r a l  temperature of the  sun is 

below 19 m i l l i o n  degrees.  

The l i m i t  is given f o r  100 MeV neu t r inos ,  but above a few hundred MeV 

the  ~ 1 ~ ~ - ~ r ~ ~  radiochemical method would not  be p a r t i c u l a r l y  s e n s i t i v e .  This 

is because the  nucleon s t r u c k  by t h e  incoming neut r ino  with s e v e r a l  hundred 

MeV energy would leave  the  nucleus and a.rgon-37 would not be the f i n a l  product 

nucleus , 

PLANS FOR A LARGE SCALE EXPERIMENT 

37 37 The s e n s i t i v i t y  of the  C1 - A r  method can be improved by inc reas ing  

t h e  volume of  perchloroethylene used i n  the  de t ec to r .  We 

a r e  now planning an experiment using 100,000 ga l lons  or 610 t o n s  of perchloro-  

e thylene.  A volume of  l i q u i d  of t h i s  magnitude can be processed t o  remove 

argon by 

However, t o  accomplish t h e  t a sk  i n  a day i t  is important t o  ma.ke the  process  

the  same helium sweeping method used i n  the  p i l o t  experiment. 

more e f f i c i e n t  by improving the  contact  between the  helium gas and the l i q u i d .  

This w i l l  be accomplished by the  use of a pump-eductor system, and we p l a n  t o  

be ab le  t o  remove the  argon-37 i n  10 hours with b e t t e r  than  90 percent  e f f i c i e n c y .  
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The main problem i n  s c a l i n g  up the  s e n s i t i v i t y  is t o  keep background 

e f f e c t s  a f a c t o r  o f  a t  l e a s t  50 below the  c a l c u l a t e d  so la r -neu t r ino  s i g n a l .  

The major ba.ckground e f f e c t  is f Tom cosmic ra .diat ion.  Cosmic-ray muons produce 

37 37 protons i n  the  l i q u i d ,  and these  pro tons  produce argon-37 by C1  (p,n)Ar 

reac t ion .  The argon-37 production r a t e  by muons has  been measured a t  a depth 

of 25 m.w.e., and from t h e  known muon i n t e n s i t y  and c ross  s e c t i o n  for muon 

i n t e r a c t i o n  the  argon-37 production r a t e  can be c a l c u l a t e d  a s  a func t ion  of 

t he  depth. Figure 4 shows t h e  argon-37 production r a t e  i n  100,000 g a l l o n s  of 

perchloroethylene from cosmic-ray muons a t  var ious  depths.  Also ind ica t ed  on 

t h i s  p l o t  is the argon-37 product ion r a t e  expected from s o l a r  neut r inos ,  and 

the  corresponding r a t e s  i n  var ious  mines i n  t h e  United S t a t e s  and I n d i a .  I t  

can be seen from t h i s  curve t h a t  t he  d e t e c t o r  must  be l o c a t e d  a t  a depth of 

over 4000 m.w,e., o r  about 4400 f e e t  of rock. Severa l  mines i n  t h e  United 

S t a t e s  could be used, and we a re  now nego t i a t ing  for  the  use of one of these  

mines. 

There is a background e f f e c t  from f a s t  neutrons from the  rock wal l .  

These neutrons produce argon-37 i n  the  l i q u i d  by (n ,p> followed by t h e  

37 C1 ( ~ , n ) A r ~ ~  reac t ion .  Fas t  neutrons a r e  produced by ( a , n )  r eac t ions  and 

spontaneous f i s s i o n  from the  smal l  moun t s  of uranium and thorium contained 

i n  the  rock i n  t h e  p a r t s  per  mi l l i on  range. We have measured t h i s  fas t -neut ron  

background e f f e c t  i n  two mines, and f i n d  the  e f f e c t  is a t  l e a s t  a f a c t o r  of 

20 below the  expected so la r -neu t r ino  s i g n a l .  However, we a re  providing a 

water s h i e l d  between the  rock  w a l l  and the  tank. This  w i l l  be a c t u a l l y  

accomplished by f looding  the  tank chamber with water.  Another source of 

backgraund a r i s e s  from small  moun t s  of calcium and s u l f u r  contained i n  the  

l i q u i d .  However, we f i n d  tha t  commercial grade perchloroethylene is f r e e  of 

t hese  impur i t ies  and background e f f e c t s  from t h i s  source  is neg l ig ib ly  small .  
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below 4000 m.w.e., providing 4 

fas t -neut ron  s h i e l d i n g  and insur ing  t h e  Ca and S content is low, the expected 

so la r -neut r ino  s igna l  w i l l  be c l e a r l y  above the background of the  de t ec to r .  

If Ar37 is observed it may be a t t r i b u t e d  t o  a neut r ino  s igna l .  

r a t e  i n  the  610 t o n s  is about 2 t o  8 per day. With our expected s e n s i t i v i t y  

we can measure the  p r e s e n t l y  ca lcu la ted  s o l a r  neut r ino  f l u x  t o  10 percent ,  o r  

if the s igna l  is below the  present ly  c a l c u l a t e d  value we w i l l  be able  t o  look 

f o r  f l u x e s  a f a c t o r  of 10 lower. 

s i g n a l  is observed, to  tes t  whether the  neutr inos a r e  indeed coming from t h e  sun. 

Since t h i s  method does not have d i r e c t i o n a l  s e n s i t i v i t y ,  one would have t o  

The expected 

It would of course be important if a d e f i n i t e  

look f o r  a 7 percent  d i f f e r e n c e  i n  f l u x  r e s u l t i n g  from the  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 .  A t  the  l e v e l s  present ly  c a l c u l a t e d  t h i s  would not  be poss ib le  

with 10 gal lons.  If a higher r a t e  is observed t h i s  t e s t  could be made. 5 

The general  arrangement of the  100,000 gal lon experiment is shown i n  

Fig. 5. 

cavi ty .  

equipment f o r  purging t h e  l i q u i d  with helium w i l l  be contained i n  a separa te  

cavi ty  ind ica ted  as the  process cont ro l  room. The pumps f o r  c i r c u l a t i n g  the 

l i q u i d  thrcugh the eductor system w i l l  be l o c a t e d  near t he  base of t h e  t a n k  

but ou ts ide  of the  f looded cavi ty .  We plan t o  have t h i s  apparatus ready f o r  

the  f i r s t  experiment e a r l y  i n  1966. 

Shown here is  a tank 20 f e e t  i n  diameter and 48 f e e t  long i n  a rock 

Provision is made t o  f l o o d  the  c a v i t y  f o r  a fas t -neutron s h i e l d .  The 
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Table 1 

L i m i t s  on the  E x t r a t e r r e s t r i a l  Neutrino Flux 

Neut r ino Ene r gy Cross Sect ion  Upper L i m i t  t o  the  Neutrino Flux 

-2 -1 cm s e c  2 i n  MeV i n  cm 

1 5 . 5  4 3 x l o l l  

5 9.3 4 2 lo9  

10 2.3 < 7 lo7 
5 100 8.3 ( 2 x 1 0  
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Fig .  1. Spectrum of  solar neu t r inos ,  and f l u x  of neut r inos  a t  t he  ea r th .  
P 

Fig .  2. Photograph of the  1000 ga l lon  experiment i n  t h e  Barberton l imestone 

mine, Ohio. 

Pig. 3. Pulse he igh t  spectrum of the  argon ex t r ac t ed  from the  1000 ga l lons  

of perchloroethylene exposed i n  the  Barberton mine. The r e so lu t ion  

of the  c a n t e r  f o r  argon-37 is indica ted .  

Fig.  4. The major background e f f e c t  i n  t h e  ~ 1 ~ ~ - ~ r ~ ~  neu t r ino  de tec t ion  

method is  the production of argon-37 b y  the  C1  37 ( ~ , n ) A r ~ ~  reac t ion  

i n  the  l i q u i d  perchloroethylene b y  protons a r i s i n g  from the  i n t e r -  

ac t ions  of cosmic ray  muons. The p l o t  shows t h e  cosmic r a y  muon 

produced a.rgon-37 a s  a func t ion  of t h e  depth i n  meters of water 

equivalent .  The depths  of s e v e r a l  mines i n  the United S t a t e s  a r e  

shown t h a t  would a f fo rd  s u f f i c i e n t  cosmic ray s h i e l d i n g  f o r  a s o l a r  

neut r ino  experiment. The Kolar mine i n  I n d i a  is the  deepest  mine 

i n  t h e  world, 

Fig.  5 ,  Schematic layout  f o r  t h e  Brookhaven So la r  Neutrino experiment,  
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