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INTRODUCTION

This report on solar neutrino experiments will Include a summary
of the results of the chlorine detector, and an account of our plans
to build a gallium solar neutrino experiment. In addition to
discussing the experimental side of the solar neutrino problem I
would like to relate our experiences during the last 15 years in
working in the Homestake Gold Mine. In the course of our work at
Homestake a number-of independent groups have asked to use our
facilities and, because of the cooperative and helpful attitude of
the Mine management, these expermentalists could be easily accomo-
dated. A brief account of these experiences may be useful for the
main business of this workshop, building large particle detectors for
observing nucleon decay, and the related question of the need for a
national underground physics facility.

The Chlorine Solar Neutrino Experiment

The chlorine neutrino detector was built in the Homestake Gold
Mine, Lead, SD in 1965-1967 to observe the neutrinos from the sun and
make a quantitative test of the solar energy production theory.
Neutrinos are observed by the neutrino capture process
37ci(v,e"*)37Ar which*produces the radioactive isotope ^Ax (half
life 35 days). The detector consists simply of 615 tons (380,000
liters) of perchloroethylene (C2&4) in a (horizontal tank, a pair of
pumps with associated eductors for circulating helium through the
liquid, and an argon collection system (see Figure 1). The argon
collected from the liquid is purified and placed in a small (0.5 cm3)
proportional counter for observing ^7Ar decay events. The observed
radiations from ^Ar decay are low energy Auger electrons with an
energy of 2.8 keV. These electrons have an extremely short range in
the argon-methane counting gas making it possible to characterize
37Ar decay events by pulse-rise-time and pulse-height measurements.
Each individual sample of argon collected is counted for 200 to 250
days allowing one to distinguish -^Ar decays from background counts
by the time of occurrence of the counts. A statistical treatment by
the maximum likelihood method has been developed by Bruce Cleveland
specifically for the counting data, chemical yields, and counting
efficiencies measured in this experiment.1 The various procedures,
and tests that have been performed are given in earlier reports.2

^Collaborators on experimental work reported: Chlorine Experiment,
B. T. Cleveland, J. C. Evans and J. K. Rowley; Gallium Experiment
(BNL) B. T. Cleveland, G. Friedlander, S. Katcoff, L. Remsberg,
J. K. Rowley, (MPI Heidelberg) J. Kilko, T. Kirsten, W. Hampel,
G. Heuser, M. Hubner, E. Pernicka, R. Schlotz; (Weizmann Institute)
I. Dostrovsky.
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Figure 1. The chlorine solar neutrino
experiment.



Figure 2. Argon-37 production rates
observed in the chlorine
solar neutrino experiment
1970-1981.
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The results are summarized in Figure 2. The bars on each point
indicate the period of exposure, and the statistical error of the
measurement. The position of the point plotted on the time axis
corresponds to the time for which half of the 3'Ar atoms collected
would have been produced assuming a uniform production rate. This
time is only of significance for long exposures, and is useful for
comparing 'the data to solar phenomena, or other prospective neutrino
events. The particular maximum likelihood treatment used does not
allow negative values for the 3'Ar production rate. The variations
observed are presently considered to be statistical, and combining
the individual experimental values gives an 37Ar production rate in
the 615 tons of perchloroethylene of 0.42 ± 0.05 37Ar atoms per day
as indicated in the figure.

The radiochemical experiment furnishes no direct way of
distinguishing neutrino produced 37Ar from that produced by various
..background processes. The background processes of significance here
are those arising from cosmic ray muons, fast neutrons from the rock
wall, and internal alpha emitters. These processes are summarized in
in Figure 3. All these processes produce small backgrounds except
those from cosmic ray muons. Earlier analysis of this background
effect depended upon measurements of the 37Ar production in small
tanks of perchloroethylene (total volume 7200 liters) at higher
levels in the Homestake Mine, and extrapolation of these values to
the full depth and size of the neutrino detector tank. The cosmic
ray muon backgroundfcfor the 615-ton detector evaluated in this way is

BACKGROUND EFFECTS
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Figure 3. Background effects for the
chlorine solar neutrino detector.



0.08 ± 0.03 37Ar atoms/day.3 This result Is In agreement with the
background calculated by Zatsepin, Kopylov and Shirakova.^ Further
work to evaluate the background by studying the photonuclear
production of 3?Ar ±n potassium as a function of the depth has been
carried out by Fireman.5 His method has sufficient sensitivity to
allow measurement of the 37Ar production In potassium to be made at
the full depth of the detector with reasonable volumes of a potassium
hydroxide solution. An experiment with this ultimate goal is in
progress.

Accepting the present evaluation of the cosmic ray muon
background,3»* the net ^Ac production rate in the detector that
could be ascribed to solar neutrinos is 0.34 ± 0.06 ^kr atoms/day.
This rate corresponds to 1.8 ± 0.3 SNO where SNU stands for solar
neutrino unit "defined as 10~36 captures per second per target
atom. It is of interest to examine the data for any variations of
the 37AT production rate with time. To see if there is a periodicity
corresponding to the solar activity cycle the yearly averages were
obtained (see Figure 4). There is an indication of a variation at
the la le^el. It is our plan to continue measurements in the future
at the rate of six experiments per year.

Several authors have claimed correlations cf the measurements we
have made over the last 10 years with the solar activity as measured
by sunspot occurrences, with solar flares** and with the earth-sun
distance.7 Since the ^Ax production rate in the present detector is
only 0.4 atoms per day, the number of countable atoms observed in
individual experimental runs is small—6 for an average run.
Consequently the statistical errors are la'tge. Even so, there is a
hint of a rhythm in the data. It is interesting to point out that it
would be entirely reasonable to build a chlorine detector with a
volume of perchloroethylene five times larger than the Homestake
detector, and the cost would be modest compared to many experimental
facilities discussed at this workshop. There is interest in the
Soviet Union to build a 3000 ton chlorine detector. To my knowledge,
the group under G. Zatsepin of the Institute for Nuclear Research is
the only one that has considered building a second chlorine solar
neutrino experiment.8

If, contrary to the standard theory of the solar interior, the
interior temperatures of the sun are varying, the flu* of % and 7se
decay neutrinos would be expected to vary much more than the flux of
p-p neutrinos. The 37(3. detector is very sensitive to the energetic
neutrinos from &B decay because these neutrinos have sufficient
energy to feed the analog state in ^Ac, a super-allowed process. It
follows therefore that the 37d detector is an ideal one to search
for variations in the sun's neutrino luminosity. A similar argument
can be made for the ^Ho and ^Mo geochemical detectors for searching
for variations in the solar neutrino fluxes a few million years
ago.12 These geochemical solar neutrino detectors will be described
by Geor.ge Cowan at this workshop.
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Comparison with Theory

The most recent theoretical calculations of the neutrino fluxes
expected from the sun are those of Bahcall, Huebner, Lubow, Parker
and Ulrich.9 These authors have carefully reviewed the input data
used in the standard solar model, selecting the best values and
estimating the errors. The data of major importance to the
forecasted neutrino fluxes are the nuclear reaction rates, the solar
constant, the primordial surface composition and the theoretically
calculated opacities. Numerous solar models were calculated to
determine the combined effect of the errors in the total neutrino
capture rate for various radiochemical and direct counting solar
neutrino detectors. The result of their analysis is that the
predicted rate for the chlorine experiment is 7.6 ± 3.3 SNU. The
error is expressed as a 3a error (0.997 confidence level)' However,
there are several important points to bear in mind in comparing this
theoretical forecast with the experimental results. First this
result is dependent upon the basic assumptions of the standard solar
model. In that model the sun is presumed to be initially homogeneous
with a composition identical to that observed in its photosphere,
with no internal dynamic or diffusive mixing, and with negligible
effects from internal rotations and magnetic fields. An important
critical set of parameters used in a solar model is made up of the
calculated values of the opacities. The calculated internal
temperatures of the sun are strongly dependent upon the correctness
of these calculated opacity values and the composition of solar
material throughout the interior. There is no experimental check on
the correctness of the calculated opacities for the conditions of
temperature, pressure and radiation density in the sun. The chlorine
experiment is particularly sensitive to the internal temperatures
because 80 percent of the predicted rate from the standard model
arises from the flux of neutrinos from &B decay (see Figure 5 and
Table 1) and the production of ^B is strongly temperature dependent.
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The above rate of 7.6 ± 3.3 SNU (3a) depends upon the accepted
value of the cross section for the %e(a,Y)^Be reaction. This
reaction has been neasured several times at Caltech with a new result
published this year.10 There is also a new measurement by a group
junder C. Rolfs at Munster11 that is in disagreement with the Caltech
result, about 40 percent lower in absolute value. Using the Minster
value, the predicted rate for the chlorine experiment would drop to
5.0 ± 2.1 SNU (3a).

It is clear that our results do not agree with the standard
theoretical model of the sun. One can introduce into the theoretical
model various physical processes that would lead to lower internal
temperatures and ii> this way depress the temperatures sufficiently to
obtain agreement with the 3'C1 experiment. The means of reducing the
temperatures that lead to solar models in the range of 1.5-2.0 SNU
are: reduce the heavy element (heavier than helium) chemical
composition of the interior to l/5th of the accepted value of 1.7
percent, continually mix the sun during its entire evolution,
introduce a fast rotating core, and introduce high internal magnetic
fields. Though the basic concepts behind some of these models have
merit, they are not considered to be satisfactory solutions to the
low neutrino capture rate observed with the ^7C1 experiment.^
Recently models with turbulent diffusion have been developed by
Schatzman and Maeder1* that give capture rates in the range 1.4 to
2.4 SNU for 3?C1 depending on the extent of the turbulent diffusion.
These models could also account for the surface enrichment of % e
that is observed in the solar wind.

Another solution to the observed neutrino capture'rate in 3?C1
is that neutrinos oscillate. This question is open and has been
aired in recent years in many review articles.15 The domain of the
square of the neutrino mass differences, 6m2, that would affect a
solar neutrino experiment is below 10"1" (eV)2.16 The magnitude of
the mixing angle is not known, but at its maximum value 0 B » ir/4 the
neutrino capture rates could be reduced by as much as a factor of
1/n, where n is the number of neutrino types being mixed with ve.
The question of neutrino mixing is of major importance in
interpreting solar neutrino flux measurements. In view of the many
possible interpretations of the 3?C1 experimental results in terms of
the solar physics discussed above one cannot draw definite
conclusions on the question of neutrino mixing. A gallium solar
neutrino detector whose dominant signal arises from the low energy
neutrinos from the p-p reaction is not so dependent on the solar
model and would allow one to test for neutrino mixing over sun-earth
distances.

The Gallium Experiment

Nearly all solar models forecast that the flux of neutrinos from
the H-H reaction is 6.3 ± 0.2 x 10 1 0 cm"2 sec"1. It is generally
agreed that the most desirable next solar neutrino experiment would
be one capable of measuring the flux of low energy neutrinos from this



reaction. If the observed flux of these neutrinos agreed with that
forecasted by essentially all models, one would conclude the sun is
indeed producing energy by hydrogen fusion and that neutrinos do not
oscillate at distances comparable to the radius of the earth's
orbit. On the other hand, if the flux of these p-p neutrinos was
found to be low, one could infer that neutrinos oscillate. Thus a
search for p-p neutrinos could be an informative test that would
allow one to distinguish the neutrino physics explanations from solar
physics explanations for the results of the chlorine experiment.

Finding a detector capable of observing the low energy solar
neutrino spectrum is an almost impossible task. The only technique
proposed so far that is potentially capable of observing the
low-energy neutrino spectrum directly is the detector based upon the
115In(v,e~)115Sn* -* "-5Sn + 2y reaction suggested by Raghavan.17

One needs an indium detector with a low background, high efficiency,
end satisfactory resolution, to observe low energy eveutB resulting
from neutrinos from the p-p reaction. A detector based upon this
reaction is being studied at MIT and the Bell Laboratories.

The most satisfactory radiochemical detector for observing p-p
neutrinos is one based upon the reaction '^Ga(v,e"*)'^Ge that
produces the 11.4-day 71Ge. It would, of course, observe the total
neutrino spectrum from the sun above the reaction threshold
(0.236 keV), but the spectral sensitivity would be entirely different
from that of the 37ci detector. Table 1 shows the -neutrino capture
rate expected from the standard solar model for both 3?C1 and 'lea.

Table 1. Comparison of the chlorine and gallium solar neutrino
detectors.

Solar Neutrino Capture Kate in SNU

Continually
Solar Neutrino Neutrino Energy Standard Model* Mixed Sun**

Source (MeV) 37C1 71Ga 37C1 71Ga

H + H-*D + e + + v spectrum 0-0.42 0 67.2 0 69.0
H + H + e ~ + D + v line 1.442 0.23 2.4 0.25 2.5
7Be decay line 0.862 1.02 28.5 0.34 9.2
% decay spectrum 0-14 6.05 1.7 0.86 0.24
1 3N decay spectrum 0-1.56 0.08 2.7 0.01 0.38
15o decay spectrum 0-1.76 0.26 3.8 0.05 0.66

7.6 106 1.5 82

Tons element for one capture/day 364 32 1800 41

•Reference 9.
**J. N. Bahcall, Space Sci. Rev. j24, 227 (1979).



For this model it can be noticed that for 71Ga, 70 SNU out of a total
of 106 SNU would result from the capture of neutrinos from the p-p
reaction. The other major contribution to the rate is from ?Be
decay: all other neutrino sources produce a negligibly small rate.
The 3*C1 detector is most sensitive to the neutrinos from &B decay in
the sun, as mentioned earlier, 6 SNU out of 7.6 SNU would be expected
from this source according to the standard model. However, we claim
the standard model calculations predict a rate for ^Cl that is too
high, and that the observed rate is probably in the range 1.5 to 2.1
SNU. A more realistic prediction for the total rate in ^Ga could be
made by taking a model that agrees with the chlorine experiment.
There are a number of models with various dynamic features or
differing chemical- compositions that agree with the 3?C1 results, and
all of these models calculate a total neutrino capture rate in 7^Ga
of 82 ± 3 SNU,- and the "same rate of 70 SNU for the p-p rectlon
neutrinos, see example in Table 1. The best prediction for 7*Ga that
can be made at the present time is 82 ± 3 SNU and 87 percent of the
signal would be attributed to the chain initiating p-p reaction
neutrinos. If a signal lower than this is observed, one could
conclude that neutrinos are either not penetrating the sun or are
changing their character in transit to the earth.

The gallium experiment is being developed as a joint effort of
the Max-Flanck-Institute for Nuclear Physics at Heidelberg and
Brookhaven. A very simple and reliable chemical procedure has been
developed and tested. The gallium target solution is in the chemical
form of a nearly saturated solution of gallium chloride in dilute
hydrochloric acid (7.1 M Ga&3, 3.4 M HC1). Germanium is removed
from this solution as the volatile GeCl^ bi(y a gas purge. The Ged.4
is removed from the gas stream by a simple'water scrubber column.
The GeCl4 in the water is then purified and converted to GeH/, gas
that serves as a suitable counting gas. The decay of '^Ge is
observed in a small proportional counter similar to the ones used in
the ^Cl experiment. Pulse height and pulse rise time are used to
characterize ^Ge decay events (11.4-day half life). This technique
for extracting ^Ge from large volumes of gallium chloride is easily
accomplished and is highly efficient (952). A pilot system using 1.3
tons of gallium in solution has been in operation at Brookhaven. The
volume of the gallium chloride tank is 2500 liters. This pilot
system has been used for the past two years to test procedures,
and to measure cosmic ray background effects.

From a full scale solar neutrino experiment using approximately
40 tons of gallium we would expect one neutrino capture per day
corresponding to 82 SNU. At this neutrino capture rate we would need
approximately three years to perform a measurement of the rate with a
10 percent statistical error (la). An arrangement of the tanks of
gallium chloride solution is shown in Figure 6. There would be
thirty 3000-liter glass-lined storage tanks in a cavity or tray and a
germanium recovery and purification system. The space required
depends upon the exact arrangement chosen, and would be approximately
an area of 1200 ft2 with a ceiling height of 18 ft. To reduce cosmic
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ray backgrounds to less than 0.01 ^Ge atoms per day, a depth of
3500 m.w.e. would be needed. It is our plan to build the experiment
in the Homestake Gold Mine, and we would like a room near our present
location at a depth of 4400 m.w.e. If a national underground physics
facility were available, we would be pleased to use it.

The next stage of development of a gallium neutrino detector is
to carry out a neutrino source test. He had planned to prepare a
2-megacurie source of 51cr by neutron activation of metallic
chromium. This source would yield monoenergetic neutrinos with an
energy of 0.746 HeV. It was our plan to prepare this source in the
HFIR reactor at Oak Ridge and carry out the measurement in a nine
nearby. The gallium chloride target material would be contained in
seven tanks. The central tank would hold 2 tons of gallium as a
gallium chloride solution and would have a re-entrant tube at its
center containing the 51Cr source. Surrounding this tank would be
six additional tanks of gallium chloride solution holding a total of
10 tons of gallium. The expected neutrino capture rate in the
central and outer ring of tanks is shown in Figure 8 as a function of
the square of the neutrino mass difference assuming that the mixing
angle has its maximum value and that there is mixing between ve and
one other neutrino type.1" without neutrino oscillations we would
expect 4.5 /iGe atoms to be produced per day in both the central tank
and the combined six outer tanks for a 2-megacurie source of 51-Cr.
Presently we have two'tons of gallium available in solution to fill
the central tank and had planned to proceed with this experiment.
Recently Oak Ridge Has carried out a test irradiation to determine
the 51Cr source strength that can be prepared in their reactor. To
our disappoitment they found that they coujld only produce 1/3 to 1/2
of the amount anticipated from their calculations. It now seems
likely that a source test cannot be carried out without additional
quantities of gallium.

Finally, I would like to mention that there is a vigorous solar
neutrino program being carried out in the Soviet Union under the
leadership of 6. Zatsepin. They are also planning a gallium
experiment to be located in their underground laboratory next to the
Baksan valley. It is of interest to note that a Soviet scientist,
Kuzmin, originally recognized that 7̂ -Ga had a low threshold, a
favorable neutrino capture cross section, and that the product,
had a convenient half life and would be useful for observing the low
energy neutrinos from the sun.1^ The Soviet group plans to use'
gallium metal as a target material and will use an acid oxidation
method for removing 71Ge. We learned this spring that they hava a
6-ton pilot experiment in operation.



The Experiments in the Homestake Mine

There is interest at this workshop in the question of having a
national facility for carrying out experiments that need shielding
from cosmic radiation.20 jf such a facility were built, it would be
a center for these activities and would allow experimenters to build
very large.sophisticated equipment that may not be possible using
a privately owned mine. In the United States experimenters have in
general used private mines, and, so.far, have satisfied their needs
simply and inexpensively. Scientists in the Soviet Union have built
an underground laboratory in the Baksan valley^l because they do not
have deep mines available. It may be useful to discuss briefly the
way we have conducted oĵ r experiment over the last 15 years, and list
the other experimenters that have used our facilities in the
Homes take Mine.;

He initially chose the Homestake Mine at Lead, South Dakota for
its great depth and stable rock structure. They were willing to
excavate a large room, 30 ft x 60 ft with a 32 ft high ceiling, to
contain the 100,000-gallon tank, a small pump room and space for a
12 ft x 20 ft laboratory building. For safety reasons we set the
floor of the tank room and pump room below the adit so that the
potentially dangerous liquid would be contained in the event of a
serious rock failure. The arrangement automatically provided a
needed fast neutron shield for the detector tank. Another important
safety feature is that steel doors designed to close off the tank and
pump room were installed to isolate our system from the rest of the
mine. If the vapors of perchloroethylene are detected on a
continuously operated monitor, the rooms can be sealed. All worries
about potential hazards are our responsibility. We asked the U.S.
Bureau of Mines to serve as consultants, particularly during the
construction phase of the facility, to make certain we and the mining
company were operating in a manner consistent with sound engineering
practice. We are at present operating liquid scintillation counters
using a high flash-point liquid. It was necessary to clear this with
the company to insure that they had no objection. In general we
discuss our plans with an engineer in charge of the Homestake's
research and planning office, Mr. Albert Gilles, so that he is
informed of our activities and obtains permission from the
management, if necessary. Another important advantage of the
Homestake Mine is that the shaft is only 150 yards from our
installation, and the active mining operation is about a mile away.
Higher levels are accessible from this shaft.

There have been a number of scientists interested in using our
facilities. They have contacted me to explore the possibilities, and
if they are interested, visit the Mine. In all cases we have been
able to accommodate them in our space. If they would like to use the
facilities, they explain their experiment to the Homestake engineer
and write a letter asking for permission. It is especially easy to
make arrangements if their work can be done in conjunction with our
periodic visits. Brookhaven pays a fee of $1000 a year for access



and hoist services. Guest scientists are included and no other fees
are necessary. If Homestake personnel are needed for assistance,
their services are charged to our account or the guest scientist's
account at an agreed upon rate.

The following experiments have been accommodated in our space in
the Mine. ' To my knowledge all proposals for new experiments have
been given permission by Homestake management.

University of Pennsylvania. —Ken Lande's group has built a
series of water Cerenkov detectors. Their present system, and their
latest proposal is described at this workshop. This is the largest
group using our space 4nd they have independent and growing
facilities. This work .started in 1972.

Smithsonian Center for Astrophysics.—Edward Fireman has a
.-tank containing 1.7 tons of potassium acetate powder designed to
measure muon production of 3'Ar by the photonuclear process
39x(u-,U"NP)3'Ar. Measurements have been performed at various
levels in the mine to study this process as a function of average
muon energy.^

University of Washington.—Jerry Lord and Peter Kotzer have
performed several photoplate measurements of muon interactions. The
emulsions were prepared underground and exposed for long periods.
This work is now completed.

Washington University, St. Louis.—George Flynn has made a
search for superheavy elements in chemical,fractions of the Allende
meteorite using plastic track detectors. This work is now completed.

Additional space in the Homestake mine is needed to build the
gallium solar neutrino experiment and the 1400-ton tracking
spectrometer described by Dick Steinberg at this workshop. We
believe it is most economical to have a single large room to contain
both experiments. With this in view we have asked the Homestake
engineering staff to estimate the cost of excavating a chamber 32 ft
wide by 160 ft long with 30 ft high ceiling near our present room,
and to consider how to carry out the work with minimum interference
with their gold mining operation. The mining engineering has been
sketched out, and the costs have been estimated. We are now ready to
explore the views of the management towards carrying out this work
for us.

I would like to remark that some of the experiments proposed at
this workshop are potentially very hazardous and should be very
carefully designed, e.g. liquid argon Dewars and large volumes of
scintillation oil. If an accident occurs, it may require all
personnel to evacuate the mine. This can be a serious and expensive
operation if a few hundred miners are underground. Various accidents
have occurred at Home.stake that required evacuation, but not from our
operation. Having a national facility could make these problems less



serious because only a United number of workers would be involved.
If experiments are funded that are potentilly hazardous, perhaps we
should fora a review group of knowledgeable engineers to examine the
safety aspects of the experiments.

Working in the Homestake Mine during these last 15 years has
been extremely pleasant. The management and the people that have
assisted us have been very skillful and have always been very
generous and cooperative. We have asked them to accomplish numerous
tasks that are far outside the interest of the company, and they have
always responded with a ready solution to our problem. We feel very
much at home there.
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