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Abstract

The Brookhaven Solar Neutrino experlaent has been In operation since

1968. In this report the results of 10 experiments are given that

extend over the period June 1971 to Jan 25, 1974. From these results it was

concluded that the solar neutrino capture rate In 3'ci i* less than 1 SNU

(SNU = 10~36 captures sec'1 atoa 3 7C1" 1). This result can be coapared to the

rate of 5.6 SNU predicted by standard solar model calculations. One experi-

mental run for the period July 7-Kov 5, 1972 gave an apparent rate of

6.2 + 2.1 SNU and Is higher than any other single experlnent. A search was

made for a possible neutrino pulse associated with the Jan 4, 1974 anti-

neutrino pulse observed by the Pennsylvania-Texas water Cerenkov

detectors. Neutrinos were not observed and a Halt was sat to the ratio of

v/v ? 4 if the Jan 4th event was produced by antineutrlnos.

, A discussion is given of various tests performed to nsasure the

recovery of 3?Ar in the detector system. New experiaents to test further

the argon recovery, and to measure the neutrino capture cross-section in

37ci are briefly described.

Research performed under the auspices of the U.S. Atomic Energy Commission.

-NOTICE-
This report was prepared aa an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

OlNTKi^'



REPORT ON THE BROOKHAVEN SOLAR NEUTRINO EXPERIMENT

R. Davis, Jr. and John C. Evans, Jr.

Introduction

A large scale experiment to measure the solar neutrino flux was built

in 1967. In this experiment neutrino detection depends upon the neutrino

capture reaction 37Cl(v,e~)^'Ar, and takes advantage of the favorable circum-

stances that the product is a radioactive rare gas which may be removed

easily from a large volume of target material, 610 Metric tons of liquid

C2CI4, and that the characteristic radioactive decay of 37Ar (half-life

35 days) can be observed in a small gas proportional counter (volute 0.5 cm*).

The design of the experiment and the results have been given in a series of

reports [1-3]. It is well known that this experiment has not observed the

flux of neutrinos predicted by various theoretical models of the sun [4-7J.

The magnitude of the discrepancy between theory and experiment is expressed

by comparing the neutrino capture rate in -*7C1 of 5.6 SND (SHU = Solar

Neutrino Unit of 10"36 captures/sec 37C1 atom) expected from the standard

solar model calculations [5] with the experimental upper liait of 1 SNO. A

number of special solar models have been proposed that give reduced neutrino

fluxes. These models postulate one or more of the following mechanisms -— a

low heavy element abundance in the sun's interior, a rapidly spinning core, a

large nonhomogeneous magnetic field, and a periodic variation in the solar

energy cycle. The limitations of these various models have been discussed in

recent reviews by Ulrich, who concluded that a number of hypothases are

capable of accounting for a flux of 1.5 SNU but few, if any, can account for

a flux of 1 SNU. Because of the intense theoretical interest in solar

neutrino flux levels in the region of 1 SNU, measurements with the present

Brookhaven detector will be continued. An effort will be made to improve the

discrimination for 3?Ar decay events by improving the counter backgrounds.

The present report will give an evaluation of all results from the last 3

years during which the detector was shielded from a fast neutron flux from

the rock wall by water. The water shield has an average thickness of 1.7

meters. An argon recovery efficiency test will be reported ia which a

measured amount of 3?Ar was introduced in the detector tank, removed, and

counted.



Two experimental runs are of unusual interest. In run no. 27 a larger

amount of ^kr was observed than In all other experimental runs. This obser-

vation will be compared to the 3?Ar production thct may occur from collapsing

stars. Experimental run no. 32 was performed to search for a neutrino pulse

corresponding to the unusual event observed by the Pennsylvania-Texas

water Cerenkov detectors on January 4, 1974 (8]. This event might be attri-

buted to an antineutrino pulse from a collapsing star. A positive neutrino

signal was not observed in run no. 32, and the observation allowed us only to

say that the flux of neutrinos was at least a factor of 4 below the anti-

neutrino flux if the January 4th event is attributed to antlneutrlnos.

Results

We will give the results of 10 individual experiments performed during

the last 3 years of operation of the 380,000 liter solar neutrino detector.

The procedures used to extract argon from the tank were the same as reported

previously. For details the reader Is referred to the references already

cited. Since the tank was shielded with water, the background effect from

fast neutrons from the rock wall is eliminated. However, the detector is

located at a depth of 4400 hg/cm2, and at that depth the cosmic ray

production of 37Ar is 0.09 + 0.03 atoms per day (9,10]. The recovered argon

sample was purified by getterlng and gas phase chromatography to ellninete

all other radioactive gases, especially 85gr, 22/gji, an^ tritium.

The counting measurements were performed In small gas proportional

counters using pulse height and pulse rise tiae to characterize 3?Ar decay

events. The counters were calibrated for both pulse height and rise tiae

with an 55Fe x-ray source that illuminated the active volume of the counter

through £ thin window in the quartz envelope of the counter 111). Every

counting event that occurred in anticoincidence with a guard ring of

proportional counters was recorded on a paper tape. The following informa-

tion was recorded for each count — the pulse height (energy), the pulse rise

time (amplitude of the differentiated pulse. ADP), two test pulses for energy

amplifier gain, two test pulses for rise-time differential amplifier gain,

and the time of the count. The test pulse Information allows adjustment of

the data points if drifts occur. Figures 1-3 are plots of the energy versus

ADP (rise-time) to illustrate the degree of discrimination achieved for
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decay events and events from various background processes. The region

bounded by the two nearly parallel diagonal lines in each figure is where

pulses should fall that arise from a stngle cluster of ion pairs (usually

produced by a low energy Auger electron or photo electron). The position of

this region Is determined with an 55Fe source, and the lines are drawn to

ladude 90 percent of the events produced by the X-ray source. The vertical

parallel lines dafin* the full-width at half'-aaxlaua (FHHM) for 37Ar Auger

electrons at 2.8 IceV. Argon-37 decay events are recorded within the fast

region bounded by the FVftfM lines with an efficiency of 40-45 percent,

depending upon the particular counter used. Events produced by Coapton

electrons and beta rays fall below the fast region. The rejection of pulses

produced by Coapton electrons can be Measured using °"co or other suitable

gamma-ray sources. When the counter is filled with a beta eaitter Ilka 3*Ar,

essentially all of the pulses are in the rejected region. However, trltiua

Is a low energy beta eaitter, and essentially all of its decay events appear

in the fas): region. Therefore trltiua In the sample or in the methane used

as a quench would contribute to the background.

Four runs are illustrated in the figures: a typical run (no. 24); the

single high run (no. 27); an experiment in which 37Ar was Introduced into the

tank (no. 25); and an experlaent in which a neutron source was placed In the

tank (no. 26). The individual plots show successive counts for periods of

about 35 days to observe the decay of 37Ar (half-life 35 days). Tbe events

with ths correct energy and AOP for 37Ar that were recorded during the first

two counting periods are accepted as the net signal froa which Is subtracted

the counter background determined In the came region for the later counting

periods. In the best experiments the counter background was determined In

this way. If there was a failure and the sample was not counted after the
37Ar had decayed, the counter background was determined froa the rejection

ratio and the number of counts with low rise tixae values in the 3?Ar energy

region. The background attained by the rejection ratio method agrees well

with that observed by continued counting, although the statistical errors are

large »ince only 1 or % background counts were observed during a 35 day

period.

The calculated number of 37Ar atoms In the 380,000 liter tank at the

time of the helium purge Is listed In Table 1 for each run, along with the



period that the tank was exported. From these data the average ^7Ar production

rate given in the last colt an was calculated. These data will be used later

in this report to derive a limit on the solar neutrino i'lux, and to search

for possible neutrino pulses from galactic sources.

Table 1 Summary of Results

Run Mo. Period of Exposure

21 June 17 - Oct. 2, 1971

22 Oct. 2 - Dec. 13, 1971

* 23 Dec. 13, 1971 - Kar,, 2, 1972

+ 24 Mac. 2 - May 18, 1972

27 July 7 - Nov. 5, 1972

* 28 Nov. 5, 1972 - Jan. 26, 1973

29 Jan. 26 - Apr. 14, 1973

30 Apr. 14 - Aug. 31, 1973

* 31 . Aug. 31 - Dec. 13, 1973 ~

32 Dec. 13, 1973 - Jan. 25, 1974 -1.4 £ 9.3

Some experimental probless were encountered on these runs.

A series of test experiments were run between Run 24 and 27.

Argon Recovery Studies

In view of the fact that the anticipated flux of solar neutrinos was

not observed In this experiment several additional argon recovery efficiency

tests were performed.

One possible, but unlikely, problem in the recovery of argon is the

chemical trapping of argon in a molecule or molecule Ion. This topic was

discussed at the Irvine Solar Neutrino Conference, and several astrophysicists

urged that; additional tests be performed. Let us first outline the chemical

fate of an 37Ar atom produced by neutrino capture in 37d. This process

results in an argon Ion with a recoil energy varying from 0.7 eV for a

0.361 MeV iteutrino from a 7Be decay to 6 keV for a 14 MeV neuCrlno from a ®B
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decay. This ion loses energy and exchanges charge with a C2CI4 Molecule to

become a neutral argon atom. A study at Brooidiaven by Leventhal and

Friedman [12], using a high-pressure nass spectrometer with a sensitive

detector, provided no evidence for the existence of argon molecule ions of

the general type ArCnCln*. More significantly the study also showed that the

charge exchange process is over two orders of magnitude more probable than

argon-molecule-ion formation.

Additional information about argon losses was provided by measurements

of the distribution of carrier argon in the system. In each experiment a

measured quantity (around 0.1 cm^ STP) of carrier gas was added (alternately)
36Ar or 38Ar) to the 380,000 liters of C2CI4 at the beginning of the exposure

perio' The carrier gas was citlmsd into the liquid to Insure uniform

distribution by operating the puap-eductor system for at least 2 hours. In

three experiments the amount of 3*Ar present in the gas phase of the system

was measured by taking SO liter aliquot* and analysing them for 3<»Ar. These

measurements showed that 11, 6, and 3 percent, respectively, of the 3$Ar vas

in the gas phase. Hence, ever ?M) percent of the carrier dissolves In the

liquid. It may be concluded that the carrier argon does dissolve In the

liquid and that it is a suitable carrier for neutral 37Ar atoms produced by

neutrino capture In 3'ci, The icta presented in Table 1 have been corrected

for the carrier recovery yield for each individual experiment.

It was of interest: to introduce a measured amount Jf Ar Into the

tank and see if it could he recovered and counted using the standard

procedures. It would, of course, have been desirable to add only 63 atom* of
37Ar, the amount expected 'iron a solar neutrino production rate of 5.6 SHU

(1.24 captures/day) predicted by the standard model. However, since the

statistical error in tsaauring this small quantity after recovery would be

large, it was decided to add about tec *'-•* this amount. An experiment was

performed in which 612 + 20 atoms of 37Ar In helium along with 6.3 x 10"* en3

STP of air argon were introduced into the tank. Then after 0.081 em? STP 'if

argon carrier was Introduced and stirred in, the sample was removed from the

tank over a 3 day period. In this experiment the measured number of 37Ax

atoms recovered was 650 + 50 (io), corrected for a recovery of 36Ar carrier

of 87 percent.
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Although these argon recovery tests indicate that the carrier argon

does measure the true recovery of * Ar produced in the liquid by neutrino

capture, some additional tests are plarihed. One of these tests is to measure

the yield of 36Ar from the radioactive decay of Cl contained In the

perchloroethylene molecule, C2Cl33*Cl. This isotope decays by beta emission

with a maximum beta energy of 0.709 MeV and with a half-life of 3.01 x 10 s

years. The dynamics and chemical behavior of the 36Ar resulting from the

decay of 3&C1 are essentially identical to that of 3?Ar produced by neutrino

reaction with 37C1 in the perchloroethylene molecule. Using a method of

synthesising C2Cl33^Cl that has now been developed, this experiment should be

under way in a few months. Another experiment has been proposed to measure

the neutrino capture cross section of 3?C1 using the neutrinos resulting froa

H+ decay in the beam stop of the Los Alamos Meson Physics Facility [13].

Background studies are now being made at LAMPF using a 2800 liter C2CI4

detector and a 2000 liter calcium nitrate fast neutron detector. If back-

grounds from the accelerator and from cosmic rays are less than 200 27Ar

atoms per day at a distance of 6 meters from the beam stop, a full scale

experiment using 11,300 liters of C2CI4 will be performed.

Discussion

The procedure used in most of these experiments was to expose the tank

for a period of several months and then to extract and count the sample.

This procedure was followed because the original objective of the experiment

was to observe the constant flux of neutrinos from the sun. The long

exposure period makes it impossible to know the exact time of any sudden

event leading to an increased 37Ar production rate. This, in turn, makes

difficult correlation with any unusual events observed by other means during'

the same period. Such is the case with run no. 27. The unusually high ^7Ar

production rate for this run raises the possibility that an unusual event

occurred at some time during the 121-day exposure period. On the other hand,

if an unusual event is detected elsewhere, a special experiment may be

performed in order to determine if the 37Ar production rate was unusual during

the same time period. Thus, run 32 was carried out to test whether a neutrino

pulse had accompanied the pulse observed by the Fenn-Texas antlneutrlno

detector. These two experiments will be discussed later in this report.
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The Ar production rate given in Table 1 was derived from the counting

data, the exposure period and the counter efficiency. Since there was a small

drift in amplifier gains due to room temperature variations in experiments

28, 29, 30, 31 and 32, corrections for this drift were made using the test-

pulses recorded after each count. In experiments 21, 22, 24, 27, 29 and 30

the sample was counted for a period of at least five half-lives (175 daya) so

that the counter background could be evaluated directly. These experiments

are regarded as the best runs. In the other runs the sample was counted for

two half-lives and the background was calculated from the 60Co rejection

ratio and the recorded number of rejected counts. Because the 3?Ar production

rate in experiment no. 27 was higher than the others, we have avfcr'*»d the
37Ar production rate in Table 1 in several ways — all runs, all runs

exclusive of run 27, and the best rune. These averages are listed in

Table 2.

Table 2

Limit on the Solar Neutrino Flux

Average
Average
Average

Cosmic Ray Background

Muon Interactions
Cosmic ray vu

Total Cosmic Ray Bkd.

0.065
0.024

0.089 ± 0.03

Ar Production Rate
Total Solar Neutrinos

a l l runs 0.19*0.13
excluding Run 27 0.08+0.13

best runs O.13+.O.13

0.1010.16
-0.0l£0.16

0.04+0.16

0

- 0

0

SHU

.5 ±0

.0510

.2 ±0

. 8

.8

.8
nos. 21,22,24,29,30

l$o - 0.2 ± 0.8 < 1.0 SNU (lo limit)

• 0.2 ± 1.3 < 1.5 SHU (90* Conf.)

Argon-37 is produced in the detector by cosmic ray muon interactions

by cosmic ray produced neutrinos (via the reaction 37Cl(vM,ii>, and by various

internal contaminations. The background from internal contaminations is less

than 0.02 per day [14] based upon measured alpha contaminations in the liquid
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and on the vessel walls. The cosmic ray muon background was estimated from

measurements of the 37Ar production rate in three 2300 liter tanks of C2CI4

placed at different levels in the mine,(25, 275, 408, 620, and 1080 hg/cm2).

Analysis of these data was performed by A. U. Wolfendale, E. C. M. Young, and

C. L. Cassldsy [9, 10] who concluded that the 3?Ar production rate from muona

in the detector was 0.065 atoms per day. The 37Ar production rate from

cosmic ray neutrinos was estimated by Wolfendale and Young to be 0.024 37Ar

per day. These background processes were subtracted from the average " A r

production listed in Table 2 to give the 3?Ar production rate that can be

attributed to solar neutrinos. The net signal attributed to solar neutrinos

is Indeed small. Even zero is within the statistical uncertainty. Therefore

these experiments can only serve to set an upper limit on the solar neutrino

flux. We conclude that a lo upper limit to the solar neutrino flux la 1 SNU

and that a 90 percent confidence level upper limit is 1.5 SNU. The data and

average 37Ar production rate are shown -graphically In Fig. 4 and compared to

the standard solar model.

These limits may be compared to the standard solar model prediction of

5.6 + 1.8 SNU [5]. A standard so-lar model calculation by Bahcall and

Ulrlch [5, 15] using a low heavy element abundance in the interior (Z -

0.002] yields a solar neutrino capture rate of 1.4 + 0.4 SNU. Our result la

cot. in conflict with this low Z model. Joss has argued [16] that the solar

suiface could have accreted material after the formation of the sun and,

therefore, the photosphere could have an enhanced heavy element abundance.

The reduction of the solar neutrino flux by various mixing models and models

invoking a high initial rotation have been analyzed by Ulrich [6]. He

concludes that it is very difficult to account for a neutrino capture rate

below 1.5 SNU. Because of the current theoretical Interest in the results,

we plen to continue experiments, and to attempt to reduce counter backgrounds

by improving the unticoincidence shielding for gamma rays. In addition, it

is highly desirable to make additional studies of the cosmic ray background,

and thus to Improve our knowledge of this restrictive background effect.

The 37Ar production rate was higher in experimental run 27 than in all

other runs. Eleven counts were observed in the 3?Ar energy-rise time region

in the first 31 days of counting. Continued counting of this sample showed

that the background for a 31 day period was 2-3 counts (see Fig. 3). The
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number of decays observed in this experiment was markedly higher than the few

counts observed in the other runs. After considering the possibilities that

this sample was contaminated by (1) atmospheric 3^Ar resulting from under-

ground nuclear bomb testing, (2) 37Ar In the laboratory argon introduced to

increase the counter pressure, or (3) 37Ar remaining in the counter and filling

line from previous measurements, we have concluded that the sample was not

contaminated, and that the observed 37Ar did come from the tank. Pallister

and Wolfendale [10] considered the possibility that this 37Ar resulted fro* a

non-Poissonian increase in the cosmic ray ouon background and concluded that

background fluctuations should be strictly Poissonlan. Several unusual events

occurred during the exposure period of run 27 — the largest solar flare ever

observed (Aug. 4), a large radioburst from Cygnus X-3 (Sept. 2-11), and a

small but sharp gamma ray pulse on a Vela satellite (Nov. 1). However, it

appears unlikely that any of these events would produce a measurable neutrino

pulse. Since a comparison of Vela gamma ray pulse occurrences with our 37Ar

production rates fails to show any correlation [2], it is very unlikely that

the Nov. 1 Vela pulse was accompanied by neutrinos. For Instance, 3 larga

gamma pulses were observed by Vela satellites during run 24, an average run.

However, it should be noted that the Nov. 1 pulse had a different pulse

character than the other pulses [17].

Of course, the possibility remains that the high result is simply due

to normal statistical fluctuations in the production of 37Ar by solar

neutrinos. It would be desirable to establish clearly by statistical methods

whether or not run 27 represents a true anomalous excess. The problem is

complicated by the very small number of counts in each measurement which makes

the assignment of errors very uncertain. Various statistical tests have bean

performed by the authors and by Pallister and Wolfendale [10]. In general tfr*

probability that run 27 is a normal member of the data set is low (US 15 pet-

cent) but still above the usual 5 percent cutoff.

Though we are not seriously proposing that the activity observed in

run 27 was produced by a collapsing star, it is Instructive to see if this

explanation is reasonable. If a star collapsed at a distance of 10 Kpc, one

solar mass equivalent of neutrino radiation with an average energy of 10 MeV

would give a pulse of 3 x 10 1 2 neutrinos of the electron type (l/3rd of the

total neutrino flux). The average cross section for neutrinos with a
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Maxwll-Boltzraann energy distribution with an effective temperature of 10 HeV

(kT) is 3 x lO"*0 cm2. It would then follow that 0.03 solar mass equivalent

of neutrino radiation at 10 Kpc would hp required to produce 55 atoms of 3?Ar

in the tank (calculated for Nov. 5, 1972). This is not on unreasonable result.

Run 32 wae performed to test whether a pulse of neutrinos accompanied

the Jan. 4, 1974 event observed with the Penn-Texas water Cerenkov detector.

In run 32, only two counts were observed in the 3?Ar energy-rise time region

during the first 56 days of counting and two additional counts were observed

during the second counting period of 49 days. After correction for counter

efficiency*for recovery efficiency, for cosmic ray background and for decay,

the number of ^Ax atoms in the tank on Jan. 4th was -6 + 15 atoms, which we

take to be less than 25 37Ar atoms. The Penn-Texas detector observed a total

of 24 counts before their available sealers were filled [8]. The total number

of 37& atoms in the Brookhaven detector is 2.6 tines the number of H atoms in

the water Cerenkov detector. The neutrino capture cross section of 37gi is

1.6 times the proton antineutrino capture cross section if the neutrino energy

is over 50 MeV [3]. Conr ".quently, if the Jan. 4 pulse consisted of an equal

number of neutrinos and 35*Hsautrinos, we would expect to find 100 3?Ar atoms

in the neutrino detector. Since less than 25 37^r atoms were present, we

conclude that the ratio, v:v, was £ 4:1.

It is conceivable that a close-by pulsar could also emit neutrinos or

antineutrinos at the time that it suddenly changes its period of rotation.

The structural adjustment could result in the production of neutrinos or sati-

neutrinos by the reactions P + e " + H + v o t H + P + e" + v. The time scale

for such an event may be in the microsecond range.
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