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Q- A solar neutrino detector has been ‘buiit that is based upon the
, cl ()) e )Ar reactxon. The detector uses 3900 000 liters of tetrachloro—’_
ethylene as the neutrrno capturrng medium, Argon rs removed from the liquid
‘by sweep1ng with helrum gas, and counted in a small low level proportronal
'“Vcounter The recovery effrciency of the system was tested with Ar ‘by the S
isotope dilut1on method, and also with Ar37 produced in therquuid by.fast
» neutrons - These tests demonstrate that Ar37 produced in the quumd by neutrano |
| capture can be removed with a 95 percent efficiency by the procedure used. |
Initial results with the detector show that the neutr;no capture rate
was less than 0 5 per day, correspondxng to a total neutrrno flux—cross sect:on
product of less than 3 x 10 c-l. From this limxt and the cross sectrons
. of Bahcall, the following{conclusions were ‘drawn: (1) the flux of neutr;nos
from Bs.decay in the snn was less than 2’x 106‘cm -2 el ; (2) 1ess than
“pr9 percent of tﬁe sun 8 energy is produced by the CNO—cycle. and (3) the
vextraterrestrial flux of 1 10 and 100 Mev neutrrnos is less than
5x 10° » 13 x 10 , and 4 x 10 cm z_secql,‘respectively.,
The ultimate detection sensitzvxty of the present experiment is
- limited by background effects from cosmic redrgtion and internal contenrnetion‘
‘>‘with netural alpha emittere' 'Knowiedge of the nagnitude‘of these backgronnd
’f:‘effects show that the ultimate neutrino detectron sen31tiv1ty can be 1ncreased
f1ve~fold A brxef survey is p - g1ven of possible low threshold radxo-

chemxcal neutrino detection technrques that could be used for observing 1ow energy "

'neutrznos from the sun,
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. radiation from tﬁe Sun.' Neutrxno detectxon depends upon obsetving Ar
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‘Raymond Davis Jr.

Chemistry Department,‘nroqkhaven National Laboratory, Upton,”New York 11973

Introduction

A solar neutrino detection system has been built to observe the'neutrino'
37

‘produced in 610 tons of tetrachloroethylene (C 014) by the neut:ino captufe

reactxon Cl ()J e )Ar 7. The appatatus was cnmpleted in early 1967'

and 1n1t1a1 measurements were performed Argon-37 was not observed 1n these
'eexperxments, and from the sensltxvxty of the counting measutements it was

:Honly p0551b1e to set an upper 11m1t to the solar neutrino flux.1 The total

37 was found to be less than or equal to

-36

3x 10 ec 1 " of part;cular 1nterest was the flux of neutrxnos from the,¢;

Eﬁdécéy of B in the sun, The upper 1imit to the flux of BS neutrinos was

-2

vz xv1063cm ; sec"l, approxlmately a factor of ‘severi below the flux predlcted ‘ :

»3

at that'time by'snlar model calculat1ons.z 'However, there became ‘.

f”ava11ab1e a new measurement of the carbon, nitrogen and Oxygen compos;txon

of the sun, and some add1t10nal nuclear data.' When this new informatxon f‘
was 1ntroduced 1nto the solar model calculataon the predmcted B flux was

reduced by a factor of thtee.4 The present status of these solar model )

f.calculat1ons W111 be dxscussad at this conference by Dr. Bahcall ‘ A summary o

”of hls results is g;ven in Table I. This table lxsts the fluxes of neutrznos:,

‘vfrom var1ous processes occurring in the sun, and the correspondxng neutrlno
37'

_ncapture cross sectxons in Cl These calculations predict a total neutrino

437 of 0.6 x 10 35‘ c‘l, It is interesting to note that

capture tate in C1
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react1on that was f1rst poxnted out by Dr. Bahcall

Jin the 1nterior of the sun, and as a consequence reduce the flux of B

... of the C17 -Ar" method were fitst pointed out by Professor Pontecorvo

80 percent'ofvfhie'xate would eriSe from 88 neutrinos.' This is a result

. of the hzgh neutrino capture cross sectzon that leads to the formatxon of

37 37

the aﬁalog state in Ar” ', an impo:tant feature of the Cl ()J e )Ar

5
It has been suggested by Ezer and Cameron6 that c1rcu1at10n in the sun

assocxated with a fast rotat1ng core could ma:ntaxn a hlgh hydtogen abundance
8

vneuttznos. They estimated the maximum reduction in the B flux by thxs
,process, and found the flux to be 4. 7 times lowet than one would expect if

‘the sun were not mixed. Some addztxonal calculations of the effect of m1xing

7,8

in the sun have been made, but at the preSent txme it 18 not clear whether

.this process is imoortant in the sun,

vTﬁe present report will be devoted to the design, operation, various
' 37

. tests of the recovery of Ar” , and the counting procedures that are used in
',the'ekperiment. Some'new reSults'will be given.thét Se;Ve to’substantiate

. the earlier results,‘_A,d;soqssioh will be given of possible improvements in

the detection sensitivity of the experiment, and the limitetion3=impoeed by

various background processes.

Design of the Détector

',Solar neutrino detection by the 0137~Ar37 method'depends_upon the

Afotmatidn of a few’hundred (or'Iees) atoms of tedioactive Ar37 by neutrino
'Lcapture in a large volume of liquid tettachloroethylene. C'CI  These few
ﬁ hundred atoms must be removed from the liquid with hxgh efficxency, and’ placed'_

'1n a small 1ow level proportional counter to observe the characterxstxc

37

‘radiations'from the'decay of At " These general ideas, and the advantages

37 . 37
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Srnce the solar neutrrno flux is very 1ow. 1t is neCessaty to uSe as

'large a voiume of tetrachloroethylene as is technicelly feasrble, and to‘

' perform the countrng measurements in a mrniature counter with a very low '

background countrng rate.” It is important to have a sealed system to

. prevent the rnleakage of air argon, since it would dilute ‘the final sample

that is counted To insure that the tank and liquid pumprng system was

absolutely tight a helrum leak test was performed Por this test the

'entrre system was evacuated the outsrde of the system was blanketed with

’

helium gas, and a search for helium leaking into the_system was made wrth a

mass spectrometer attached to the vacuum pumping'system."The total helium

leakage_rateswaswless than 1(‘)"6 cm3 :e.ec_1 under these eonditions._ This test

 demonstrated that the inieakege of air argon into the aystem during the long
» expoSures'(log days)'would be small, PFollowing this test the,tank was filled ‘.,’

uith”tetrachloroethylene;

The detector employs 3.8 x 105 liters of tetrechloroethylene tnat,was

contained in a horizontal cylindrical tank 6.2 meters in diameter and 14.8 meters :
long, The Ar3 formed in the liquid by neutrino capture is removed by
purging the quurd with helrum gas. To provide the gas and quuid czrculation

a system of pumps and eductors are used see Figure 1,

quurd is pumped from the bottom of the tank ‘and returned through two '

' heeder pipes that run longrtudxnally through the center of the tank. On
‘each of these header pxpes is attached a set of 20 _equally spaced eductor
b(asprrator) nozzles that draw helium from the top of the tank and mix 1t
with the quuid as frne bubbles. Thrs,system of pumps(andveductors asprratesv
| theiheiium blanket gas‘(voiune 20,000 liters) through the liquid at a total

brate of 9000 lrters per minute. The comb1ned agrtation and bubblrng action

produces turbulent mixing of helium gas throughout the entire volume of the“!

quurd. Thrs provrdes an effective purging agtron to bring srgon dxsso;ved



‘1n the 11qu1d 1nto the helzum gas phase.”

Helzum in the tank is cztculated through an argon extract:on system e

and returned to the tank. Again, flow is mainta;ned by a pair of eductors

>0peratxng from the 11qu1d pumping system. These provxde a'hclium flqw rate'

thrOugh the argon extraction system of'310 iiteis per minute. The components

of the argon extraction are shown schemat1ca11y in Pigure 1, 'Helium 1eaving

~the tank flrst passes through a baffled condenser at —40°C to condense the

bulk,of tettachloroethylene vapors. The remgxnxng tetrachloroethylene or,any
trace,amdunts bf,watqr that may be piesent are removed'by a”mOIebular sieﬁe

(dehydrated zeolite) absorber., Argon is finally removed from the'helium by

~a charcoal absorber held at 11qu1d nxtrogen temperature (77°K), and then the

L helxum is returned to the tank

" The apparatus was built 1490 meters undergrotnd (&pprqx. 4400 m.w.e.)

.at the Homestake Gold Mine at Lead, South Dakbta; U.S.A. The arrangement of
‘the tank, pumps and argon extraction system in the mine is shown in Bigure 2.
. The tank was set belpw the access}tuhnel, and‘a water tight door was

provxded betWeen the tank chamber and the pump room, This arrangement permits

floodzng the tank chamber with water to form a fast neutron sh1e1d around the o
tank. Background effects,from\cosm;c_:ay muons, faat‘neutrons and internal _

natural alpha emitters will be discussed later.

Ar 37 Recovery Eff1c1ency Tests

The recovery eff1c1ency of the system for temov1ng argon from the

S 1liquid was tested by two methods. A measured volume of 1sotop1cally pure

Ar36 was placed in the tank by introducing it into the helium gas stream»at“'

~ the point shown in Figure 1; It was then dissolved in the liquid by
_‘operating the pumps and eéductors. The A;?G_was ;ecovered frqm‘the_tank-by‘b'

‘.opetating the system at the fixed helium gas flow rates stated earlier,



It'was‘foond‘thef the volume'of Ar36 in the tank dropped exponentially with

'the volume of helium crrculated through the argon recovery system.' A 95 |

36

percent recovery.of the Ar” 1ntroduced could be ach1eved by circulating

0 42 million lrters of hellum through the argon extractron system, and thzs

can be accomplished in a period of 22 houts.

A second method of testing thé}efficiehcy for recovering argon from

_the‘tank‘was made using radioactive Ar37. A'Ra-Be'neutron source was'placed

_1n a re- entrant iron prpe that extends to the center of the tank, see Frgure 1,

‘Fast neutrons wrth energy above 1,08 MeV produce Ar37 in the liquid by the

two‘nuclear:reactions, Cl (n,p)s 5 and Cl (p.n)Ar ?. The a7 produced

by the neutron irradiation was removed along with carrier Ar3§”(introduced

;'after'fhe irrediation) by three'succeesive‘helium purges. The recoveries

'_of'Ar36 and,Ar37 are given in Table II. It may be observed that the recovery

of Ar37 with successive helium purges does follow the recovery of‘Ar36 carrier,
These tests are of crucial importance. and do demonstrate that Ar37 produced
in the tank by neutrino capture would be removed with an efficiency of at

least 95 percent by the helium purge.

Argon-37 Counting

The entire argon sample is purified by gas phase chromatography and

: placed in a small low level proportional counter, A rare gas separation is

required to remove Kr and Xe that are present in the rare gases recovered
from the tank, These higher rare gases were absorbed in'the tetrachloro-
ethylene from the atmosphere during manufacture and storage. The rare gases

the .
recovered froml{tank therefore,'contarns 10 8 year Kras, and this ectivity

’ must be completely removed from the frnal argon sample that is counted To

ensure the Complete,remova} Of,the higher rare gases a gas phase chromatographic

separation is carried out through a charcoal column,
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The counter has an 1nterna1 volume of O 65 cm” and the actxve‘

‘v°1ume is 0 49 cm in diamete’ and 3 0 cm 1°"€-; It is made of materzals known o

to be free of‘radioactive cdntaminants. The cathode is made of zone
- refined iron..and"the 0uté: enveiope is made of silica glass. The center
‘ Qire is made'bf tungsten and is 25 microns in'diaméter. Sincé the materials
.:used are metals andsilzcaglass, the counter can be outgassed by heatzng, and,
-'as a c0nsequence it does not exhibit memory effects after counting relatively
hlgh level A137 samples. A window is ptovided at the end of the counter so
that x—rayé fromfan Pes5 source%;an be used for energy calzbrat1on, see
| Figure 3. The sample Qf argon gas along with 5 to 10 percent methane is
vintrbduced into the_counter thrpugh two silica glass tubes with stopcock; that
'.jOin to'é éommon tapet'jOint i'The argon isbcompressed ih¥d.the cbuhtef’by’a‘
' Toepler pump, and the mercury columns are brought to the ends of the cap;llary'
tubes that. lead to the active volume of the countet. v n |
The counter is operated inside the well °fu‘,13f7,bY 12;7 cé.spdiuﬁ
‘iodide SCintiilhtion_cqunter.‘iExteriQ: ﬁo,this-isua mercury7shie1d Bicﬂ thick,
a_ringwof broportibnal,counters, and,a'30 cm thick iron shiei&}l~Ev¢nts in
'anticpiﬁcidenﬁe’with the_sgintil;ation counter and the ring of érqpqrfional:
coupters‘are measg;ed on a 100‘¢hgnne1 pqisévhe;ght analyzer, and recorded
oﬁ a’cbntinupusly‘advanpiﬁé_p#bervtégé.‘_The pulsc shape is displayedfén a8 ‘ 
storage'oscilldséope and recorded photogtaéhically. In‘this waf pqssiblg
noise pulses can be ﬁoted andveliminéted.‘ Léss'thah‘aufgw pe?centvqfvthe
observed pulses are caused by electrical ndise,.and fhese are usually below
" channel 20. The‘voitage on the counter is set so that'the_Z.SAkev‘peak ftom
the Ar>! decay is centered at channel 50 in the spectrum. The resolution of

37

'1th¢"qounter fdﬁ Ar”' is 28 percent (full width at half maximum); and, for

events within this resolution, the countei has an efficiency of 51 percent.



" Results

'Two»eiperiﬁental runs are here reported. One of thege runs was
reported'earlier;l and was from a 110 day exposure from day 174 to day 284, 1067

(rin no. 9). The recovery of Ar36 carrier gas for this experiment was 95

‘percent The pulse he1ght spectra for a 35 day count and a7l day count (started'

on day 177) are shown in P;gure 3 These spectra may be compared to the

,baékground spectrum obtained with the counter filled with Ar36 that was

purified by the same ptocedure as used for the sample from the tank. It may
be noted that 10 counts were observed 1n the argon sample recovered from the
tank in the 14 channels centered about channel 50, whereas the background for

an equlvalent period of time was 11 counts. Hence, in th;s experiment (run

- no. 9) the difference in the t°t31,39°9mﬂlﬁt§d counts in the argon recovered .

from the tank and the'background was -1 #* 5 counts for the 35 day period,

There is no evidence fof ard? activity in the argon.recovered from the tank,
37

"and the exper1ment ‘can. only give an upper limit to the Ar productxon rate in

--the tank from solar neutrinos. Using 5 counts as an upper limit to the Ar

37

acfivity observed during the 35 day period, and allowing for radioaotive growth

and decay,,ergon recovery efficiency, and counting effioiency; ene would conclude

the,Ar37 production rate in the tank was less than or equal to 0.5 Ar37 atoms

per day.

Another eiperiment was performed in whicb_the:period of irradiation was
36 '

130'days from day‘zz to 152, 1968 (run no. 12). An Ar”" recovery efficiency

'of 97 percent was achleved _and the argon gas sample tecovered had a volume of

0.42 cm3; The countlng data for this experxment is given in P1gure 4 along

'w1th a background count made 1mmed1&te1y ptxor to introduc;ng the argon

recovered from the tank The count was continued for 131 days, and the

f1gure shows four sequential pulse he1ght spectra obtained dur:ng th1s perxod



counting rates were essentially 1dent1ca1

g neutrino capture rate per 013 atom § 3 x 10 -36 sec .

‘»f,The last perxod of countxng can be used as a background count sxnce only

'10 percent of the in1t1a1 Ar37, if present would remain, The

chronologxcal occurrence of each pulae durxng thxs petiod is shown in

Fxgure 5, and it may be notxced that the counts occurred lxnearly thh

time, but W1th a large statistical varxatxon because of the small number of

counts. A compatlson can now be made of the counts observed with1n the

‘half-w1dth of the A137 peak p031t10n from the sample of argon from the
~ tank, the initial background count and the residual background count.

vThese are: . 11 counts for the sample from_the tank, 8.6 counts for the

initial background, and 11.6 counts for the residual background, scaled

to a 33;6’day period. The counts observed for the intermediate periods are

somewhat,lower,:S and 3.5_count3‘scaled,again for the}33.6.day period,
- The initial background count approptiately combined with the

residual background count can be used to dete;miue,the background counting

’;atevfor the counter, namely 10.2 * 2.3 counts in 33.6 days. ACOmparing'
this to the first 33.6 day count with the argon recovered from the tank in

‘which 11 counts were observed, one can conciudeﬂthatYO.S :'4'counts can be

contributed by A:37. This experiment (run no. 12) is entirely consistent

with the previously discussed experiment (run no, 9).> The number of

‘cOunts observed‘during the first counting period, and the background

- It may be concluded from these two expetxments that the Ar37

productxon rate, or solar neuttxno capture rate in the 3. 8 x 10 11ters of ;

,tetrachloroethylene 15 less than or equal to O, 5 per day, and therefore,

-1
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The upper 11m1t of the neutr1no capture rate per c1e 37

atom is a factor ;
of two lower than expected from current solat model calculatxons The E
calculatloqs of Dr, Baheell and his‘co—wquers in Table I that nge a‘total
neutrino captﬁre rate of 6.2'x 10‘36 eec—l, were ﬁade using the accepted
values of the various parameters 1ntroduced in ‘the model, One can adOpt

the vxew, as Dr. Bahcall has done, that errors in the parameters are

'suff1c1ent1y 1arge to accommodate the'present result. To resolve this

question would require an increase in the sensitivity of the experiment.

_FQe‘exampie;*if the sensitivity of the experiment were increased by a factor

f of five, the combined low energy neutrino fluxes from Be7 and the H(H.,¥)D

reaction should be observed. Perhaps an imptevement in sensitivity by a factor

of five is possible. The experimental approaches toward reachihg this goaln o

will be discussed later. Bahcall Bahcall and Shav:tv4 have shown that the
flux of more energet1c neuttznos (1, 44 Mev) ftom the H(Hc ;J)D reactxon doesb

not depend upon the parameters used in the~ca1culation. Hence, if the sun

is cbmpbsed mainly of hydrogen, and is producing energy bykthe:mal fissien.

~2

a flux of 1.44 MeV neutrinos equal to 1.7 x 108 em~ seefl:should be
‘observable at the‘ea:th. This flux would ‘give a capture eate of 0.3 x 10
.gegfl.peF‘C1?7‘atem.’~T9’obsetve these‘neutt;nos alone would teqqxre“an o
.vincrease in sensitivity of more then a fectbr”of ten over thet a¢hieved }n
Fthe exper1ments reported here.« It appeers.frdm our knowledge of background

:effects, that it is un11ke1y that the senszt1v1ty of the present experament

will be 1ncreased enough to measure the neutrinos from the H(H e, 9)D
react;on if this is the only source of solar neutrxnos.

. Since the cross section for the C137(2),e-)A:37'reaetion is well
5,9,10,11 ’

known, the experimental 1im§t,opwthe'enpture rate cahvbe used to

calculate an upper limit on the flux of neutrinos from various specific .



‘the sun's'energy'is’produCed by the CNO cycle,

is approach1ng the range of that observed for total cosmic radxation, that

It

-fu prdcesses In particular one can conclude the flux of 38 neutrinos from

“ th : ‘
an -2 1

_ the sun is 1essA9r equal to 2 x 106 . sec ., Also, if the CNO 6yc1e

is domlnant 1n the sun, the flux—cross section producf is 35 x 10 -36. ec-l.

5
v»Thxs value™ is determlned by knowxng the fractxon of the enetgy radiated as
nedtrinos‘in the CNO cycle, the solar constant, and the cross section for

-~ neutrinos from N 3 and 0 7, One may then conclude from the experimental

limit, that less than 9 percent df the sun's énergy is produced by the CNO
cycle. This conclusion is in agreement with current solar model calculations; ‘

For example, the fluxes given in Table I would infer that 0.7 percent of

The limit on the neutrino capture rate in Cl37 may also be used to

set 11m1ts on the total extra~terrestrxal electron neutr1no flux This is

of interest for various cosmological consmderatxons.lg Table IIT summarxzes

the limits on the flux for neutr1nos of energy 1, 5, 10 and 100 MeV energy,}
and the correspondzng limits on. the energy dens1ty of neutrzno radlatxon.

The limits are not very low at low energy, but at 100 MeV the energy ‘density

is 1 eV cm 3g Above a few hundred MeV the cross section will be affected

37

by nucleon loss from the resulting Ar nucleus, and thetefore the cross

section is not well known,

: ImprdVements'in“Sehsitivity’

The apparatus as descr1bed here was deszgned to measure a solar
26 1 3

neutr;no capture rate of 30 x 10”7 sec Cl37 atom 1, or in the event that

the solar neutr1no flux is lower than expected the apparatus would be

"suff1c1ent1y sensitive to be able to search a fnctor of . ten below this rate.

These 1n1t1al‘a1ms have been acp1eved, and one may now ask whether the

sensitivity of the apparatus can be increased. FPFrom the foregoing discussion



; 1t 1s clear that an 1mprovement 1n sens;txvity by a factor of frve would

 be requrred to observe neutr;nos from Be? decav in the sun, and an 1ncrease S

in sensrt1v1ty of over ten is required to observe neutrrnos from the
H(He )))D react1on 1f thxs is the only source of solar neutr1nos.

The sensxtlvxty of the present exper1ment 1s 11m1ted by varmous ‘

» beckgroundiprocesSes,that produce Ar37 in the tank The most serious

background effect is from cosmic,ray muons; Protons produced by'cosmic

ray muon 1nteract1ons form Ar in the liquid by the Cl1 (an)At37 resction,

The Ar37 productxon rate from th1s process as & funct1on of the depth

'undergrOund was estzmated from measurements performed at 25 m. . e., the

decrease‘in the muon_intens;ty,w1th depth, and the ;ncrease in the ctOSs;f'

section for nuclear interaction of muons with depth. This rather crude

,analysis'indicated the cosmic ray muon production of Ar37 at‘s depth of

4400 m.w.e. is 0.1 atom per day.13 The study.of the production of neutrons

by nuclear 1nteract1ons of muons underground of Ryagslcaya and Zatsepm14
37

‘ would indicate thenbackground at this depth would be 0,06 Ar” ' atom per day.

' Professor WOlfendalels kindly estimated the background effect from fast

muon interactions, and found elso an Ar37vproduction rate;of 0.06'day-1.

_These analyses are based upon an At37 ptoduct1on rate of 6500 day -1 io
3. 8 x 10 11ters tetrachloroethylene at a depth of 25 m.w, e. y and they
’vassume the muon 1nteractxons vary thh depth as IBO 7, where I is the total
smuon 1nten51ty and E is the average ‘muon enetgy ' In view of the long

: extrapolatron from the measurements at 25 m.w, e.ﬁto a depth of 4400 m.w e.,

the estxmated muon background effect is not very accurate. Bxper;ments

~are in progress wzth a 16 000 11ter detector that may be set at various

depths in the mine. A slngle measurement was performed at a depth of

approxlmately 800 m.w.e., and the Ar37 productzon rate was found to be 1ess '
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1;1than;0;4 atOme‘per day. Whereas ‘the above analysxs would predxct a rate of

1.3 Ar37 atoms per day in 16 000 liters of tetrachloroethvlene. Add1t1ona1

measurements wzll be performed to derive a more accurate value for the muon

background effect in the 380 000 llter detector. However for the present we .

must use a rate of 0. 06 Ar37

ray background. The upper 1imit on the Ar3 productxon rate of 0 5 atom per
day upon which the limit for the solar neutrino flux is based is then a factor

of 8 above the cosmic ray backgrOund

The‘next_most serious oackground effect arises from fast neutrons (energy

above ;_Mey) p:oduced by‘sponteneous fission'of.oranium'and (a;h) reactions'
in the surroundxng rock wall These neutrons penettate the wall of the tank
- producxng protons by the Cl (n,p)S reactzon; wh1ch then form Ar37 by the
‘C137(p,n)Ar 'reactxon.b The rock in the tank room 1s low 1n uranium and B
'thorium Measurements of var:oussamplesof the rock by gamma scxntxllatlon
c0unt1ng gave the follow1ng comp031tzons" uranium 0 2 to 5 ppm and thor;um
11.3 to 24 ppm. .The magnltude of thxs fast neutron background effect has been
measured with a rad1ochem1cal fast neutron detectot. Neutron detection depends
‘upon observlng Ar37 prodoceddby the Ca(n,a)Ara7 reection; The detector
cons§3ts of flat ten#s (60 cm by‘90 cmfand 10 cm tﬁick) contaiﬁihg a ca;cﬂdm
’ oitxate SQlotioo (20 percent Ce).b Argon437 is removed bycputging the tahks

with helium. The argon is purxfled and cOunted as already descr1bed The

eff1C1ency of this detector ‘and that of a szmzlar tank f111ed w1th tetrachloro-‘

| ethylene has been measured with pusBe neotron eoutce. The_effxcienc;es were as
follows: chlcidm nittate tank 3’x'lO'3, and tetrechloroethylene tankvyhl |

2.4 x 10—7;etoms At 7 per neut ron, .Measuremeots'were performed‘with the
‘neutron detectors 1n the room pr1or to bumlding the 380 000 liter tank, The

‘ fast neutron background effect for the large tank was then est:mated ftom its

‘ atom per day as the best est1mate of the cosmxc -

e i e oA st o gt



gea, the relatxve neutron efficxency for calcium nitrate and ‘

tetrachloroethylene, and the measuted At3 pzoductzon tate 1n the calc;um nxtratef"

detector. The Ar3 productxon rate der;ved 1n thxs manner for the solar

' neutrlno detector is 0.1 atom per day. However, th;s fast neutron background

effect can be greatly d1m1n13hed by floodzng the tank chamber wzth water to
provide aﬁfast neutron shield. The means of aocomplxsh1ng thxs_has already
been descfioed see Pigufe 2.
There are background effects from internal natutal alpha emltters.
The most ser1ous one ar;ses from protons generated by the reactzon
_ , ‘37 37, 37
(a.P)Ar that,have sufficient energy to produce Ar ' by the Cl {p,n)Ar

reaction. The y1e1d of th1s reactxon was measured by dzssolvxng anzz in

37

tetrachloroethylene, and removxng the Ar by a helium purge. The yield

measUred was 1.7 x 10~ o,atoms of Ar37 per anzz decay. The tetrachloroethylene

was monztored for natural alpha em1tters by sampling each rallroad tank car fv

at the time the tank was filled. Thls was accomp11shed by evaporat1ng E}

liter sample and alpha-count1ng the resxdue The tank walls (A-201-B steel)\

‘were carefully cleaned by shot b;astxng, and the piping was cleaned by acid .
dipping. 'The tank surface,’and the piping was alpha-tounted to determine the
'surfate alpha emission rate ‘The total alpha em1ss:on rate from the metal

»surfaces and the liquid is approx1mate1y 10 alphas per day Thus, the

internal alpha ptoduct;on rate for Ar37 is estimated to be 0.02 atom per day

. from (a,p) processes.

Internal alpha‘partioles_can also produce Ar37 by the direct reaction

Ssé(a,n)Ar37 if the liquid contains suifu:.lytho‘yiold for this reaction was ‘
measured by dissolving rn2%2 in carbon disulfide, and removing the Ar37,by

. helium purge. A yield of 1.8 x 10“7 Ar37 atoms per anaz decay was observed,

The sulfur contgnt_of the‘tet;acnioroethylene'usod'isAbeiow 1 ppm, heno¢ the



L tbackground effect from (a n) teactzon w1th sulfur is neglzgibly Small.:

approx;mately 10 -5 Ar3 atom per day

"It has been concluded from thxs examinat;on of background processes

.that the sensitivity»of the exper;ment ‘can be 1mproved by a factor of at least .

fzve W1thout be1ng limited by known background ptocesses.b The moét serioos"

: restr1ct10n 1s from cosm1c rays, and work is in progress to bettet evaluate

the magn1tude of thls background
There are several poss1b1e means of 1mprovxng the over—all Sen51t1V1ty

of Ar37 detection, These may be listed as follows.

1. NLowar:counter backgroundsvby‘performingpthe'measutements underground,

;An'apprecioole part of the‘coontef backgtdund'could a:ioetf:om gamma

L iadiafion-ftom the envirooment, ood £rom cosmic ray interaotioos. If
_ifpislshoﬁn that‘thevbaokgroﬁnd'oxisee‘fromiinfegnoivbeta contamination,
it will be;oeCeesary'to find pure matexiols o: “§°gm°‘e«93t¢£“1_¢1€ao;ng'f

ﬁtechnzques dur1ng counter assembly.

‘2,‘ Use smaller counters w1th a correspond1ng1y 1ower background countxng

'rate,A_The‘s;ze'of the counter is oowvlimxted by’the volume of,thepo;gon
'Samplé‘that is couhtedico.socma). MostAof this‘voluoe,is,aif‘argon that
arises e1ther from 1nleakage of air, or ftom sources within the tank, -
fSources of thzs air argon are being actively sought However, in the
'event that th1s source cannot be e11m1nated then one c0u1d consxder_
argon 1sotope separatlon to remove the Ar40f The isotopes of argon could
:be separated by gas phase chromotography usxng a suffxclently long

charcoal column./‘

3. Employ various teChn1ques to dxstxngu;sh the Ar37 decays from background

"processes that may arise from the walls of the counter. The possibilities

are: (a) use an 1ntetna1 antxcomncxdence countet. (b) prov;de a grxd
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mnear the wall bxased to el;mlnate 1ons arleing from the wall or

(c) 1dent1fy pulses 1n1tiated in the gas by pulse shape.

- .4."Perform a serzes of experimental runs and sum the pulse he1ght spectra."

J'The resultrng spectrum would allow a more sens1t1ve search for a peak at

u'2,8 kev from Ar??‘decay. Thzs approach would be very effectzve 1f the o

vcounteskbackgrouﬁd'weiédessentrally zero,‘sxnee 1t wpuld C°nSt1tute a,_i.
nearly continuouSVObseryatlon of the solar heutrinopflui,, | |

These var;ous approaches are bexng examined _'The obvious approaeh

rwould be to burld a larger detector, but thzs is not beang serrously

consrdered at present

Other Radioéhemical MEtHOdshforvbetectihgﬁNeutrinos'

' The results of the 01 "exper1ment make rt appear very 11ke1y that

~the ‘flux of energetrc neutrxnos from 88 decay in the sun is less than '

-2 -1

' 10 cm sec ., One should therefore develop another neutr;no detectron

| rtechnrque capable of observxng low energy neutrxnos. The radioehemical

method with’ 1ts h1gh sensrtivrty, appears to’ be a frurtful approach to i

. explore. 'Though 1t,1s also p0531ble to conceive of detectors based upon

the scattering of neutrinos by electrons, as Professor Reines has suggested

- at"thiSpconferehce;

 Dr, Keither RoWley and the author haye made search for poSsible

'; neutrzno capture reactrons that would be surtable for a radlochem1ca1
lyfhﬁdetectzon system. A 11st was comprled of all radroactrve isotopes producedt
from stable 1sotopes by ()) e D) reactron wrth a threshold below 1 Mev. ,0ut
v of thrs 113t we, chose only those cases in wh;ch the transrtroh was allowed y
“:bi(log ft <: 6), and resulted in a radroactrve product thh a half—llfe under ."y_

v,5 years but more than 20 minutes. An additional chemrcal restrictron was

1mposed. It seems unlxkely that one will be able to separate a few atoms of



: L& tare earth element from many tOns of a neighborxng rare ea:th element so

"these cases were e11m1nated from further conszderat;on. After the8e f;ff

'restrxctzons were 1mp03ed the number of suxtable (3) e') react;ons was

:‘:“threshold of thost lzsted"

'of the 388 kev gamma (or its conversron electron) from sr,

e A e KL A

-,eaqueous soiut1on. f'.'"‘

_extremely 11m1ted and thh one exceptzon, Were the ones already dlscussed in
“'f the 11terature.; The reactzons Selected are summar;zed 1n Table IV ’ In thxs
n”'table 1s 1msted.the calculated neutrmno capture rate from Dr. Bahcall s t'
"a. :paper. and the number of tons of the element requxred for one capture per.day;
| One must then select from thxs short 11st of poes1b111t1es, the most 1'27;' 
{suztable reactron. The maJor considerations are, the avaxlability of the . .
‘:target element, and the Sen51t1V1ty of countxng the radxoactxve product loﬁé;7‘=f

'l’jhas confxdence that an effrczent chem1ca1 separat;on technique can be developedt'

The Rbs7 reactlon, that was Suggested by Goldhaber,lé takes

87

‘,jadvantage of the 1somer1c state xn Sr . Th;s reactron has the lowest _;;'ef

;ca ’sepatation of stront1um from an

e?aqueous solutxon of a rubzdxum salt could be readxly accomplxshed thh a

“:chelatlngvresxn., A rapxd chemrcal separat;on 1s requmred sxnCe the half 11fe

87m

‘trof Sr 1s only 2 8 hours. In fact a chemzcal process;ng system would have B

7eto be used that would remove a sample every three hOurs or so. The countxng

87m decay could be:" N

J'thaccomp11’hed w;th a s;lxconVOtjgermanxum detectot to-achieve h1gh resOIUtIOﬂ-

Rub1d1um 1s a rare and expens1ve element but ton quantrtles may be obta;ned

;]The very attractive teact1on Ga ()}, ‘)Ge has been dxscussed by
17

Se"eral au’chors’ and by Professor zatsepm at’ thzs confetence.‘ The mam

n~id1ff1cu1ty aga1n 1s the very hxgh cost and availab;lxty of ton quantxtzes of

Tffgallxum.‘ The chemical sepatatxon can cert inly be accomplxshed 1n an :7




34tran31t10n is superailowad,'

1'tequ1red 1s rather modest

The L1 (z),e )Be reaction is an attractive possxbzlity. Since the o

light element the quantxty '

;‘;ver, counting Be? radxoactzvxty W1th hxgh

v’fgSenS1t1v1ty is tather d;ff;cult There are several technxques that could

o jﬁ~be applled- (1) count the very low energy Auger electtons (280 eV). (2) countﬁ_i

'nthe 480 kev gamma ray that occurs in 11 percent of the decays, or (3) count L
',the rec0111ng 11th1um ion (57 ev) The cart1er~free chem:cal separatxon

of beryllxum from an aqueous solutxon of a 1ithium salt c0u1d be accomp11shed‘t

by usxng a chelatxng resxn, or by the use of a ferr1c hydroxxde scavenger.

o Hence, 1f a countxng system could be devxsed to observe a count pet day of .

o Be? a 1arge scale 11th1um solar neuttxno detector appears to be entxrely

feas1ble. Dr. Bahcall has poxnted out in thxs conference that a- measurement f 

of the solar neutr1no capture tate 1n L17‘would be especzally valuable for

understandzng the ptocesses‘;n,the“eun, partxcularly if the solat:neot;;no@” 

capture rate in C137 wererbserved.:
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Table I

Caléulafed’Neutrino Capture Rate in Chlbrine—37 from Various. Neutrino Sources in the Sun

- Flux ;t Eafthjav Cross Secfion;b ‘ Capture Rate in
" source g (cm"'2 sec_;) . ‘c»(cmz) : ; Chlorine-37 (sec_i'; 1036)

H+H —>D+e +y  6.35x10° 0 0.0

H+H —» D+ | 1.65 x 10° 172 x 100 0.28

»Be7rdecayb nfi 2.9 x,109 : 2.9 x 10746 " 0.84

;- 38 decay . . 3.6 x 10° 1.35 x 10”7 a9
Rt decay 2.2 x 108 2.1 x 1074 0.05

‘Ols'decay :  'v 2.2 xH108' 7.8 :(“10"‘4-6 ' 0;17

e e

a Fluxes from paper presented at this conference by J. N, Bahcall.

b BFrom Bahcall.5

1z
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Recovery of Ar37,Pthuced by Neutron Irradiation

volume of Hélium‘?gssed. o Ar36 RecoVéry, ' Ar37 Reéovered
lifers;" T _ percent f’f,f’ >dis; dgyii.

350,060 . o o0l6  63.4 :.3;6
260,000 62 2.3+ 1.1

340,000 o7 07105

950,000 97.5 o 6.4+ 3.8
£ 37 el L e -7
" Total Ar~ production from Ra-Be neutron source = (7.5 + 0,4).x 10

Ar37fatoms_p¢r neutron,



- Table III
T P s e Limits on the th;ate;tegttia;QNeptiiho Flux
5,10

Brergy = Cross Section,’ Flux Limit Energy Density

Mev L e? _ cn™2 s_ec"1 v "GB/E,,kev ;m~?
1 o x 10745 5% 10° 180
5  o ﬁjlimaé._‘ me?uy  3
0 2.3 x 10“4?k 13 x 10° o 0.4
100 a7 x 1078 4x102

0.013
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S Table IV
" Neutrino Capture Reéétions ’

Tons of the

Reaction ~ Half-life Threshold, §:¢c x 1036 sec"l - Blement Required

keV S ~ for 1 event/day
RE Rb87(7),e')8r87m. 2.8 hours 115 490 v 12 -

_ Mﬂss()),e‘)Fess 2.6 years 231 o 3.8 - 280
Ga7l()J.é“)Ge7l» 11 days 233 . S 290 1

f‘VSl()),e")CrSl 28 days - 752 ‘3;0. ‘ 330

¥y ,eMAr®T 35 days 816 | 6.2 430

Li7()),e“)Be7 53 days" :‘ 862 - 36 _ o a
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'Eigﬂte Captibns

 'Schemat1c arrangement of the apparatus.

The arrangement of the Btookhaven solar neutrzno detector in

the Homestake Gold Mine, Lead, South Dakota;'U.S.A.

Pulse height spectra from run no. 9.

Pulse height spéctra for run no, 13.

" Chronological occurrence of the counts ﬁifhiﬁ,thé'A;37vpeak

position in run no, 13.°
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