
A 

Raymond Davis Jr. 

Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973, U.S.A. 

Abstract 

A so la r  n d upon the 

C137(V , e')Ar3? 

ethylene as the neutrino capturing medium. 

by sweeping w i t h  helium gas, and counted in a small low level  proportional 

Argon is removed from the l iqu id  

overy eff ic iency of the system was tes ted  w i t h  by the  

hod, and also with Ar3' produced i n  the l iqu id  by fast 

capture can be removed with a 95 percent e f f i c  

I n i t i a l  r e su l t s  with the detector  show t h a t  the neutrino capture ra te  

was l e s s  than 0 .5  per day, corresponding t o  a 

product of l e s s  than 3 x 8ec . Prom t h i s  l i m i t  and the cross sect ions 

of Bahcall, the following conclusions were dr 
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e ult imate de tec t io  
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Introduction 

A solar neutrino detect ion 8yste.m ha8 been b u i l t  t o  observe the neutrino 

produced i n  610 tons of tetrachloroethylene (C2Cl,) by the neutrino capture 

37 reaction Cl (3 ,e-)Ar3', 

and i n i t i a l  measurements were performed. 

The apparatus was completed i n  ear ly  1967, 

Argon-37 was not observed i n  these 

a t  that  time by so lar  model calculat ions.  2*3  However, there became 

was introd 
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ointed out by 

ted by m e r  a 

i n  the in te r ior  of the  s 

reduction i n  t h  

process, and found the f l u x  t o  be 4.7 times lower than  one would expect if 

a1 calculations of the e f f ec t  of mix in  

i n  the s u n  have been but a t  the present time i t  t clea  

rocess is important i n  the sun. 0 .  

present report w i l l  be devoted t o  the design, operation, various 
1 

$ 1  
4 t e s t s  of the recovery of 

the experiment. u l t s  w i l l  be 

the e a r l i e r  r 11 

the detection sens i t iv i ty  of the  experiment, and the l imitat ions imposed by 

and the counting procedures that  are used i n  

t various background processes, 

work. Neither the United rt was prepared as an account of Govern 

of any information, apparatus, method, o r  process disclosed in this report  m y  not infringe 

e of any information, apparatus, method, or process disclosed in t h s  report. 
As used in the above, “person acting on behalf of the Commission” includes any em- 

ployee or Contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commlssion. o r  employee of such contractor prepares, 
disseminates, o r  provides access to, an? information pursuint to his employment or contract 
with the Commission. or his emdovment with such contractor 



prevent the inleakage of a i r  argon, since i t  would d i l u t e  t h  

absolutely t i gh t ,  a helium leak t e s t  was performed. 

en t i re  system was evacuated, the outside of the system was blanketed w i t h  

helium gas, and a search f o r  helium leaking in to  the system was made with a 

mass spectrometer attached t o  the vacuum pumping system. 

leakage rate’was l e s s  than ern3 sec u 

demonstrated that  t 

exposures (lo0 day auld be s m a l l .  Following 

Por t h i s  t e s t  t 

The t o t a l  helium 

t ions.  This t e s t  

inleakage of a i r  argon in to  the system during the long 
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etrachloroethylene, 

The detector employs 3.8 x lo5 l i t e r s  of t e t r a  

contaibed i n  a ylindrical  t a  meters 

long. The A r 3  

purging the l iquid with helium gas. 

a system of pu 

he l iqu id  b y  neutrino capture is removed b y  
I 

To provide the gas and l iquid circulation 
I 

and eductors are used, see Figure  1. 1 
i 

pumped from the bottom of the tank, and returned through t I 
I 

I 
header pipes tha t  run longitudinally through the center of the tank. 

each of these header pipes is attached a set of 20 equally spaced eductor 

(aspirator)  nozzles that  draw helium from the top of the t a n k  and m i x  i t  

On 

i 

! 

, 
I I 

I 
I with the l iquid as  f i n e  bubbles. This system of pum 

the helium blanket gas (volume 20,000 l i t e r a )  through the l i q  

The combined agi ta t ion and bubbling action 

um gas throughout the en t i re  volume of the 

ion  t o  bring argon dissolved e s  an effect ive purging 
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and returned t o  the tank. Again, flow 

operating from the l i q u i d  pumping syste 

through the argon extraction s y s t e m  of 310 i f t e r s  per minute. 

of the argon extraction are shown schematically i n  PBgure I. 

the t a n k  f i r s t  passes through a baffled condenser a t  -40% t o  condense the 

b u l k  of tetrachloroethylene vapors. 

trace amounts of water that  may be present are removed b y  a molecular sieve 

(dehydrated zeol i te)  absorber. Argon is  f ina l ly  removed from the helium b y  

a charcoal gen temperature (77%). and 

The components 

Helium leaving 

The remaining tetrachloroethylene or a n y  

b u i l t  1490 meters underground (capprox. 4400 m.w.e.1 

The arrangement of a t  the Homestake Gold Mine a t  Lead, South Dakota, U.S.A.  

the tank, pumps and argon extraction s y s t e m  i n  the mine is shown i n  Figure 2. 

The tank was set nel, and a water t igh t  door was 

provided between ank r and the pump room. This  arrangement permits 

looding the tank chamber with water to  form a fas t  neutron shield around the 

t a n k .  Background e f f ec t s  f r  internal  

natural alpha emitters w i l l  be discussed l a t e r .  

The recovery efficiency of the system for removing argon f r  

s tes ted by two methods. A measured volume of isotopically pure 

Ar36  was placed i n  the tank by  introducing i t  in to  the helium gas stream a t  

the point shown i n  Figure 1. 

operating the pumps and eductors. 

f t  was then dissolved in the l iqu id  b y  

The Ar36 was recovered f r o  

,operat ing the system a t  the fixed helium gas flow ra tes  s t a t ed  ea r l i e r ,  



percent recov 

0.42 million l i t e r s  of helium through the argon extraction system, and t h i s  

can be accomplished i n  a iod of 22 hours. 

A second method of tes t ing  the efficiency fo r  recovering argon from 

the tank was made u s i n g  radioactive Ar3?. 

i n  a re-entrant iron pipe that  extends t o  the center of the tank, see Figure 1. 

A Ra-Be neutron source w a s  placed 

energy above 1.08 MeV produce Ar37 i n  the l i q u i d  by the 
3s 37 reactions, C1 ( ~ , P ) S ~ ~  and C1 (p,n)Ar3'. The Ar37 produced 

1 

by the neutron i r rad ia t ion  was removed along with car r ie r  Ar36 (introduced 

a f t e r  the i r radiat ion)  b y  three successi helium purges. The recoveries 

r3' are given i n  Table 11. It may be observed tha t  the recovery 

successive helium purges does follow the recovery of A r  36 car r ie r .  

These t e s t s  are  of crucial  importance, and do demonstarate that  Ar37 produced 

i n  the tank b y  neutrino capture would be removed with an efficiency of a t  

l ea s t  95 percent b y  the helium purge, 

Argon-37 Counting 

The en t i re  argon sample is purif ied b y  gas phase chromatography and 

placed i n  a small low level  proportional counter. 

required t o  remove Kr and Xe that  are present i n  the rare gases recovered 

from the tank. These higher rare gases were absorbed i n  the tetrachloro- 

ethylene from the atmosphere during manufacture and storage, 

A rare gas separation is 

The rare  gases 
the 

, therefore, contains 10.8 year Kr8', and t h i s  ac t iv i ty  

TO removed from the f i n a l  argon sample that  is counted, 

ensure the complete removal of the higher rare gases a gas phase chromatographic 

separation is carr ied out through a charcoal 
f 
I 



refined iron, and the outer envelope is  made of s i l i c a  glass. 

wire i s  made of tungsten and is 25 microns i n  diameter. 

used a i e  metals ands i l i cag la s s ,  the counter can be outgassed by heating, and, 

as a consequence i t  does not exhibit  memory ef fec ts  a f t e r  counting relat ively 

e center 

Since the materials 

high level  Ar37 samples. A window is provided a t  the end of the counter 80 

that  X-rays from an Pe55 source can be used f o r  energy cal ibrat ion,  see 
, 

e 3 .  ample of argon gas along with 5 t o  10 percent methane is 

introduced into the c gh two s i l i c a  glass tubes with stopcocks that 

e argon is compressed in i n  t o  a common taper joi the counter by  a 

Toepler pump, and the mercury columns are brought t o  the ends of the capi l la r  

tubes that  lead t o  the active volume of the counter. 

is operated inside the well of a 12.7 b y  12.7 c 

s c i n t i l l a t i o n  cou er .  Exterior to t 

Of proportional counters, and a 30 cm thick iron shiel 

anticoincidence g of proportional 

rs are 

on a continu 

storage osci 

noise pulses can be noted and eliminated, 

observed pulses  

channel 20. Th 

the Ar37 decay is centered a t  channel 50 in 

the counter 

Less t rcent of t h  

l tage on the counter is s e t  so that  the 2.8 keV peak from 

ectrum, Tn 

Ar3' is 28 percent ( f u l l  width at  half m 

h i n  t h i s  resolution, the counter has an efficiency of 51 percent. 
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Results 

Two experimental run e here reported. One of these r u n s  was 

reported ear l ier , '  and was 

(run no. 9). 

a 110 day exposure from day 174 t o  day 284, 1967 

The recovery of Ar36 car r ie r  gas f o r  t h i s  experiment was 95 

percent. 

on day 177) are shown i n  Figure 3. 

The pulse height spectra for  a 35 day count and a 71 day count 

These spectra may be compared t o  the 

background spectrum obtained w i t h  the counter f i l l e d  w i t h  Ar36 that was 

purif ied b y  the same procedure as used f o r  the sample from the tank. I t  may 

be noted tha t  10 counts were observed i n  the argon sample recovered from the 

t a n k  i n  the 14 channels centered a 

an equivalent period of time was 11 counts. 

1 50, whereas the 

Hence, i n  t h i  

no. 9) the difference i n  the t o t a l  acc 

from the  tank and the background was -1 5 counts for  the 35 day period. 

There is no evidence 'of Ar37 ac t iv i ty  i n  the argon recovered from the tank, 

'and the experiment can only give an upper l i m i t  to  the Ar37 production ra te  i n  

the tank f r  37 Using 5 counts as an upper l i m i t  t o  the Ar 

ac t iv i ty  observed during the 35 day period, and allowing for radioactive growth 

argon recovery efficiency, and counting efficiency, me would conclude 

n ra te  i n  the t a n k  was l e s s  a1 to 0 .5  Ar3' atoms 

J per day. 

Another experiment was performed i n  whi period of i r radiat ion was 

130 days from day 22 to  152, 1968 (run no. 12). 

of 97 percent 
3 0.42 cm . The 

w i t h  a backgr 

An recovery efficiency 

the argon gas sample rec 

Figure 4, 

31 days, and the 

t h i s  period, 



n be used os a background count s ince o 

time, b u t  w i t h  a large s t a t i s t i c a l  var ia  

be made of the 

half-width of the Ar37 peak posit ion from the sample of argon from the 

These are: 11 counts for the  s m p l e  from the tank, 8.4 counts for  the 

kground, and 11.6 counts for the residual background, scaled 

t o  a 33.6 day period. The counts observed f o r  the intermediate periods a re  

e r ,  8 and 3 . 5  counts scaled again fo r  the 

n i t i a l  background count appropriately combined wi th  the 

ay period, 

, 

I 

u i 

ackground count can be used t o  determine the 

he counter, namely 10.2 - + 2.3 counts i n  33 .4  days. 

i 

Comparing 

t h i s  t o  the f i r s t  33.6 day count w i t h  the argon recovered from the tank i n  

a t  0.8 - + 4 counts can be 
: 

37, This experiment (run no. 12) is en t i r e ly  consistent 

i t h  the previously discussed experiment (run no. 9). The number of 

counting period, and the background 

counting r a t e s  were essent ia l ly  ident ical .  

I 
I 
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The upper i i m i t  

of two lower 

calculations of Dr. Bah and 

neutrino capture rate of 6.2 x 1 

values of the various parameters introduced i n  the model. 

the view, as Dr. Bahcall has done, that  e r rors  i n  the parameters are 

suf f ic ien t ly  large t o  accommodate the present resu l t ,  

question would require an increase i n  the sens i t iv i ty  of the experiment. 

For example, if the sens i t i v i ty  of the experiment were increased by a factor  

of f i ve ,  the combined low energy neutrino f luxes fram Be7 and the H ( H . c t ) J ) ~  

One can adop 

To resolve t h i s  

improvement i n  sens i t iv i ty  b y  a fac tor  

proaches toward reaching t h i s  

call, and Shaviv4 have 

f lux  of more energetic neutrinos (1.44 MeV) from the H(Hee,)r 

not depend upon the parameters used i n  the calculation. 

is composed mainly of hydrogen, and is producing energy by thermal f i ss ion ,  

a f lux  of 1.44 MeV neutrinos equal t 

observable a t  the ear 

reaction does 

Hence, if the sun 

t i v i t y  of more tha 

eported here. It  appears from 

c t s ,  that  it is unlikely tha t  t 

sed enough to  measure the neutrin 

known, pture ra te  can be used to  



n par t icu lar  one can conclude the f l u x  of B8 neut r i  
than 

e s s k r  equal t o  2 x lo6  in'^ sec- l ,  Also, if t 

This value5 is  determined by knowing the f r ac t ion  of 

neutrinos i n  the CNO cycle, the so la r  constant, and the 

neutrinos from d3 and O15. 

l i m i t ,  t ha t  l e s s  than 9 percent of the s u n ' s  energy is produced by the CNO 

One may then conclude ft 

cycle. This conclusion is i n  agreement with current so la r  calculations* 
For example, the f luxes given i n  Table I would infer  tha t  0.7 percent of 

the s u n ' s  ener is produced by the CNO cycle. 

The l i m i t  on the neutrino capture ra te  i n  C13' may a lso  be used t o  

s e t  l i m  r i a  

of i n t e re s t  f o r  various cosmological con 

the l i m i t s  on the f lux  f o r  neutrinos of energy 1, 5, 10, 

and the corresponding l i m i t s  on the energy density of neutrino radiat ion-  

The l i m i t s  a re  not very low a t  l o w  energy, but a t  100 MeV the energy density 

hing the range of tha t  observed for t 

c t i o  -3 is 1 eV cm , Above a few hundred MeV 

by nucleon loss  from the resu l t ing  A r 3  

sec t ion  is not well 



H(He,S))D reaction 

The Ar37 production r a t e  from t h i s  process as LI function of the depth 

ease i n  the cross 

analysis i n d i  

4400 m.w.e. i The study of the  production of neutrons 

by nuclear interact ions of muons 

would indicate  

muon production of Ar37 a t  a depth of 

14 
erground of RyajslcaYa and Zatsepin 

background a t  t h i s  depth would be 0.06 Ar37 atom per day. 

Prof e ssor Wolf endale 

These analyses a re  ba 

muon ener In view of the  long 

l e  measurement wa8 performed a t  a depth of 



background e f f ec t  i n  the 

day upon which the l i m i t  f o r  the so l a r  neutrin 

ray background. 

ast  serious background e f f ec t  a r i s e s  from f a s t  neutrons (en 

above 1 

i n  the surrou 

ous f i ss ion  of uranium and (a ,n)  reactions 

Of the tank 

roducing protons b y  the ~ 1 ~ ~ ( n , p ) ~ ~ ~  reaction, whi form Ar3’ by 

Ar37 reaction. The rock i n  the t h k  room is low 

. 3  t o  24 ppm. The magnitude of t h i s  f a s t  neutron background 

m and 10 cm thick) cont 

wi th  he 1 ium. 

i c ienc ies  were as 

per neutron. Measurements were performed wi th  the 



neutrino detector is 0.1 atom per day. However, t h i s  f a s t  neutron background 

d by flooding the tank chamber with watei t o  

means of accomplishing t h  

round ef fec ts  from Ante 

one a r i ses  f otons generated by the reaction 

37 37 C13*(a,p)Ar3* that  hav e Ar3? by the (p*n)Ar 

reaction. 

tetrachloroethylene, and removing the Ar37 by a helium purge. 

measured was 1.7 x 10 

was monitored f o  

a t  the time the tank was f i l l e d .  

l i t e r  sample and alpha-counting t 

were carefully cleaned by shot blasting, and the piping was cleaned by acid 

dipping. 

surface alpha emission rate .  The t o t a l  alpha emis he me 

surfaces and the l iqu id  is approximately lo8 alphas per day. Thus, the 

internal  alpha production ra te  f o r  

from (a ,p)  processes. 

222 in The yield of t h i s  reaction was measured by dissolving Rn 

The yield 

The tetrachloro 
-10 atoms of Ar37 per Rnzzz decay. 

l i n g  each railroad t a n k  car 

tank Walt8 (A-201-B s t ee l )  

The tank surface, and the piping was alpha-counted t o  determine the  

37 is estimated t o  be 0.0 

Internal  alpha pa r t i c l e s  can a l so  produc 

his reaction was 

y dissolving Rn222 i n  carbon d i s u l f i d  

d of 1.8 x Ar3? atoms per Rn222 decay was observed. 

1 , hence the 



f i v e  without being l imited by known background processes,  

re s tr i c t ion  is from cosmic rays, and work is  irk 

the magnitude of t h i s  background. 

There are several possible means of improving t 

is  volume is a ir  argon that 

various techniques to dis t inguish  the Ar37 dec 



4. Perform a 

ch f o r  a peak at 

counter back gr 

method, with its high s s to  be a f r u  

has suggested 

ey and the author have made search f o r  possible  

ould be sui table  





a1 techniques that could 
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