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ABSTRACT

A brief overview is given of some of the scientific work that
has been done in the Homestake mine. The problems and advantages
of working in active mines are discussed. Some details on the
construction of the chlorine solar neutrino experiment are
presented and the current results of this experiment are given.
The report concludes with a discussion of the importance and
feasibility of a much larger chlorine experiment.

INTRODUCTION

I gather from the organizers of this workshop that I am
expected to discuss our experiences in carrying out our work in
the Homestake mine. I will try to give an impression of how well
our arrangements with Homestake have worked over the past 18
years, and how we have accommodated other experimentalists that
wished to use our facilities. A number of other groups that
wanted to carry out experimental work underground have solved
their problem by working in active privately-owned mines. Fred
Reines' group has had a long experience with the Morton Salt
Company mine in Painesville, Ohio, and in the East Rand
Proprietary gold mine at Johannesburg, South Africa. S. Miyake
has used a mine in the Kolar gold field in India for many, years.
To my knowledge these groups have had very productive associations
with these private mining companies, and have carried out their
work with minimum difficulty and effort.

It is interesting that in Europe, experimenters have taken
advantage of the fact that the deepest underground sites are
automobile tunnels in the Alps. Some groups have .'""ranged to use
the tunnels apparently without much difficulty and at times space
has even been offered to outside experimental groups. The Soviet
group under G. Zatsepin has invested great effort in building an
underground site for neutrino astronomy and cosmic ray physics.
They chose to drive a horizontal tunnel and will have at least
four very large rooms that will house gallium and chlorine solar
neutrino detectors, and a 1000-ton liquid scintillator. The
greatest depth available in this facility will be 4000-4300 m.w.e.

After discussing our experiences and arrangements at
Homestake I will give a brief statement of the results of our
chlorine solar neutrino experiment. W. A. Fowler and others at
this workshop will give the theoretical and nuclear physics
background important to understanding these results. We will then
discuss the importance of building a much larger chlorine
experiment. In our view a project of this magnitude could be a
commendable goal for the underground science facility.
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EXPERIMENTS IN THE HOMESTAKE MINE

Building the chlorine detector.—When planning the Brookhaven
chlorine solar neutrino experiment in the early 1960's we needed
to locate a mine with a depth of at least 4Q00 m.w.e. This depth
was estimated to be sufficiently great to reduce the background
from cosmic ray muons to less than one percent of the expected
signal from solar neutrinos. Armed with the advice of the Bureau
of Mines we examined three mines: Homestake (4200 m.w.e), the
Sunshine silver mine, Wallace, Idaho (4500 m.w.e), and the
Anaconda copper mine at Butte, Montana (*»4000 m.w.e). After
considering the rock structure, depth, size of the hoist, and
contractual arrangements, we chose the Homestake mine as the most
suitable for our purpose. I might add that the Anaconda copper
mine was disappointed that we did not use their mine. The main
difficulty in the Butte mine was that the rock structure was not
sufficiently strong to allow opening a large cavity to contain our
tank.

Our experiment required a 390,000-liter tank that needed a
room 10 m. wide and 20 in. long with an 11 m. high ceiling. The
steel tank had to be built in place, and all of the parts were
sized to fit the Homestake hoist (1-5 m. x 3.5 m. x 2 m.).
The cavity was designed and built by the Homestake Mining Company
on a fixed cost contract. The walls of the cavity were covered
with chain-link fencing ' 'Id in place with many rock bolts.
This arrangement served to stabilize the rock wall. The
exca/ation included adjacent rooms to serve as a pump room
(5m. x 5 m. x 3 m.) and a space to erect a prefabricated metal
building for the processing equipment and instrument panel.
These areas had concrete floors, and a rail track so that heavy
equipment, tank parts, etc. could be brought in. Two steel
bulkhead doors were provided at the access drifts that could be
closed in the event of a liquid spill or vapor release to prevent
perchloroethylene from entering the mine air. The cavity as shown
in Figure 1 was built In three months in the spring of 1965 at a
cost of $125,000.

The tank was built by the Chicago Bridge and Iron (CBI)
Company on a separate contract. The Homestake company assisted
CBI in bringing the tank parts underground and provided electrical
services. In addition Homestake provided an engineer to oversee
the tank construction on a daily basis. The final operation was
to fill the tank with 380,000 liters of perchloroethylene
(10 railroad tank cars). We chose to accomplish this task by
using three 2500-liter tank cars that would fit the hoist and mine
rail system.

Although building this experiment was at times a considerable
load on the Homestake company, there were no serious problems and
the entire operation was carried out as an additional work load to
their normal mining activities. The shaft used for this work is
the main one used for transportation of supplies and personnel in
and out of the mine. This shaft also contains the skip for



Figure 1. The chlorine solar neutrino experiaent.



bringing the ore out of the mine. I mention the magnitude of the
work load because it is actually a smaller and simpler task than
building a large proton decay experiment like the one built by the
Irvine-Michigan-Brookhaven collaboration, or the second generation
experiments now being proposed.

Safety Procedures.—When carrying out a scientific experiment
in an operating mine, one must accept the fact that there are
hundreds of men working underground and their safety could be
affected. In our case we had a very large volume of potentially
hazardous liquid and we had to insure that large quantities of the
vapors did not get into the mine air. Perchloroethylene was
chosen instead of carbon tetrachloride because its vapor pressure
was lower and it was eight times less toxic. A monitor for
halogenated hydrocarbons is continuously operated that
automatically turns off the ventilation fans if fumes are detected
and turns on a warning light at the hoist. As mentioned earlier,
steel doors were provided that were designed to completely isolate
the experiment. At a later time we built a set of liquid
scintillation counters, and we were careful to explain the
consequences of having approximately 5000 liters of this liquid
underground. Since our liquid has a high flash-point we were
certain it was perfectly safe.

In the early stages of developing our chlorine detector we
engaged the Bureau of Mines to examine our plans and insure that
we were following normal safety procedures. I believe the Bureau
of Mines or a qualified consultnt should make some check on
procedures and materials brought underground. This is a simple
and inexpensive precaution that should be taken by the individual
groups. At the present time all underground work is monitored by
the Mine Safety and Health Administration. They are very
observant in normal safety matters, but in general are not very
experienced in evaluating complex scientific apparatus. It would
be well to have the funding agencies set up a review panel to
approve the apparatus and procedures in the planning stage, and
periodically examine the facility while in operation. A number of
the experiments being planned in the U.S. have potentially
hazardous features, e.g., large volumes of liquid scintillator,
dewars of liquid argon, and electronic circuitry. These problems
can be solved if carefully considered and if emergency procedures
are worked out. Safety considerations are taken into account at
accelerator laboratories, but not in present underground
operations in an active mine where the hazards and the number of
people involved are much greater. More care should be exercised
in these matters.

These considerations alone will introduce a limitation on the
sort of experiments that can be carried out in a private mine,
because many workers are underground, and the scientist must
secure approval from the mine management. If, on the other hand,
a national facility dedicated to underground science is
established, then it would be possible to carry out experiments
that would be unacceptable to a mining company.



Other Experiments.— 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 our 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 and they have an independent and
growing program. 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 Ar by the photonuclear process
3 9K(M ±,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 Ken Lande 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.

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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RESULTS OF THE CHLORINE SOLAR NEUTRINO EXPERIMENT

The chlorine solar neutrino experiment is based upon the
neutrino capture reaction Cl(v,e") Ar. The experimental
procedure is simply to remove Ar from a 380,000-liter tank of
perchloroethylene by a helium purge. The argon is collected on a
charcoal adsorber, purified and placed in a'small low-level
proportional counter to observe the x-ray at 2.82 keV from the
electron-capture decay of Ar. The design, operation, tests of
efficiency and results have been given in earlier reports. The
neutrino detection sensitivity is based upon theoretically
calculated neutrino capture cross sections, and the expected
neutrino capture rate from the sun has been recently reviewed by
J. N. Bahcall and his associates. The experiment has been
operating since 1967. In 1970 the sensitivity for detecting Ar
was greatly improved by characterizing Ar decay events in the
proportional counter by measuring both the pulse rise-time and the
pulse height. In addition to this change in the counting
electronics, there have been gradual improvements in the counter
shielding and changes in the counter materials so as to reduce
the number of events due to radioactive impurities. At present
the total frequency of counts in the energy range from 1 to 5 keV
that are not in coincidence with a surrounding Nal detector is
less than one event every two days. The individual events from
the proportional counter are recorded to give the pulse height,
pulse rise-time, and the time of the event. The events having a
pulse rise-time and pulse height correct for Ar decay are
selected. The Ar-like events are treated by a maximum
likelihood statistical treatment and resolved into a decaying
component with a 35-day half life and a constant background
component. The statistical treatment has been specifically

' designed for treating the data from this experiment. The result-
ing Ar production rates for individual experimental runs are
given in Figure 2. The combined Ar production rate for 615
metric tons of perchloroethylene is 0.42 ± 0.05 Ar atoms/day.
There is a cosmic ray background production of 'Ar in the
detector that must be subtracted from this rate to obtain the Ar
production rate presumably from solar neutrinos. The background

Ar production rate is 0.08 ± 0.03 Ar atoms jper day, and^it
arises from photonuclear interactions of muons. The net Ar
rate that could be ascribed to solar neutrinos is then 0.34 ± 0.06
Ar atoms/day in the detector; the error expressed corresponds ip

la. The rate expressed in SNU (Solar Neutrino Units « SNU = 10
captures/second*atom) is:

Neutrino capture rate, SNU - 5.31 x (0.34 ± 0.06) - 1.8 ± 0.3 (la)



Figure 2. Argon-37 production rates observed in the
chlorine solar neutrino experiment 1970-1981.
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The current theoretical analysis of the expected solar
neutrino capture rate in Cl is 7.6 ± 3.3 SNU in which the error
expressed is an effective 3c?. The error is derived from errors
in the input physical measurements that are used in the solar
model (nuclear reaction rates, solar constant, surface element
abundances, and solar age), and estimated caJLculational errors for
parameters not amenable to physical measurements (opacities,
neutrino capture cross sections).

The error stated does not include the fact there is at the
present time a discrepancy in the measurements of the important
He(cc,Y) Be reaction. There are some basic assumptions in the
standard solar model that may well be incorrect and could account
for the disagreement with the chlorine experiment. For exauple,
the sun is assumed to be initially uniform in composition with a
known equation of state, to contain no significant magnetic fields
and to be rotating too slowly to affect the structure.

It is interesting to see how Figure 2 would appear if indeed
the sun were producing a neutrino spectrum as forecasted by the
standard solar model with the total neutrino capture rate of 7.6
SNU. A Monte Carlo calculation was performed using the exact
exposure times, counting periods, counting and extraction
efficiencies as were measured in the actual experimental runs.
The result is shown in Figure 3. One can note from this plot that
there is one run with a zero Ar production (run 28) and the
highest runs are 13 SNU (nos. 29 and 70). It is interesting to
note that if the solar neutrino capture rate in Cl were 7.6 SNU
then we would have measured the Ar production rate with a 5
percent statistical error (la).

The chlorine solar neutrino experiment has given us the only
direct measure of the internal processes that are furnishing the
sun's energy. We find after many years that the observed neutrino
capture rate is below expectation and there is no accepted
explanation for this low result. One can raise the question of
whether or not the Homestake chlorine experiment is indeed
observing solar neutrinos. The background from cosmic ray muons
is presently estimated to be 0.08 Ar atoms/day, a rate that is
approximately 20 percent of the total signal observed. We have
plans to redetermine the muon background using the technique of
E. L. Fireman by measuring the variation Kith depth of the
photonuclear cross section 6f the process K(u±

>y
tnp)3 Ar.

A possible way of testing whether or not the small signal observed
by the chlorine experiment is related to the sun is to observe a
correlation with either the earth-sun distance or with solar
activity. The signal observed in the Homestake experiment is too
small to demonstrate a variation with the earth-sun distance.
In fact Ehrlich has made a careful statistical analysis of our
data and found no evidence for such a variation. Several
investigators have examined our data for a correlation of the Ar
production rates with solar activity. Three investigators,
Subramanian, Sakurai andBasu, have concluded that a correlation
does exist between our Ar production rates and solar activity as
measured by sunspot occurrences and solar flares. However,



Figure 3. A Monte Carlo simulation assuming the solar neutrino rate
is 7.6 SNU according to the standard solar model. Combined
result is 7.2 + 0.4 SNU.
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Lanzerotti and Raghavan say that they do not find evidence for a
correlation. A problem in searching for such correlations is that
the rate observed in the individual experiments is very low and
therefore the statistical errors are large. This situation can be
improved in searching for long term changes associated with the
solar cycle by taking yearly averages. Figure 4 shows a plot of
the yearly averages, and one can see a change at the la level that
appears to be anticorrelated with solar activity'. The data,
especially in the early seventies, are less accurate because fewer
runs per year were recorded, and the 1972 value based on 3
measurements contains our highest run, no. 27 at 6.1 ± 2.2 GNU.
Searching for possible variations is important and we plan to
continue making observations at the rate of six per year. We
would like to point out that the standard viewpoint is that the
energy production process occurring in the solar core should only
increase slowly with time, 5 percent per billion years, and could
not possibly vary with periods less than 10 to 10 years.
Changes on this time scale can in principle be tested using a
geologically old sample. An experiment using this approach will
be discussed by George Cowan at this workshop.

A LARGER CHLORINE SOLAR NEUTRINO EXPERIMENT
AND THE UNDERGROUND SCIENCE FACILITY

In the spirit of this workshop we would like to propose
building another chlorine experiment that is 5 or 10 times larger
than the Homestake experiment. We believe a project of this
magnitude would be a worthy goal for an underground science
facility. Building an experiment of this magnitude would indeed
be on a scale befitting a national facility. It would be operated
for a long period of time monitoring the solar neutrino flux and
sporadic neutrino sources in our galaxy.

Scientific Goals

The first goal of a larger chlorine experiment at a new and
deeper location would be to check the results of the Homestake
detector. A result in agreement with the Homestake detector would
strongly indicate that the signal observed is from neutrinos. An
accurate and verified rate for the chlorine detector is crucial to
understanding the solar interior and would serve as a basic
measurement for comparison with other solar neutrino experiments
directed at understanding the solar neutrino spectrum. Secondly,
such a chlorine experiment would be large enough to search for
variations in the neutrino luminosity of the sun. We will argue
later that the chlorine neutrino capture reaction is unique, and
superior to all other reactions for this purpose. It is important
to search for these variations. If it is clearly shown that the
sun's neutrino luminosity is constant, an accurate base line would
be established for comparison of sporadic sources in our galaxy.
Finally, monitoring the galaxy for neutrino sources is extremely
important and must be continued for many years by a reliable



Figure 4. Yearly averages of the Ar production rate obtained
from the chlorine solar neutrino experiment-
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detector with an accurately known sensitivity. Although this
detector would be incapable of giving information on the neutrino
pulse shape and on the energy spectrum of the neutrinos from
collapsing stars, it would give the integrated flux-cross section
product for these neutrinos.

Advantages of the Chlorine Detector

q 7

The chemical extraction of Ar from large volumes of
perchloroethylene is a very simple, reliable chemical procedure
that has been thoroughly tested. This chemical procedure could be
easily engineered for a detector ten times larger. The cost of
building a chlorine detector would be far less than that of any
other radiochemical neutrino detector of comparable sensitivity.
A radiochemical system has a lower inherent background than a
direct counting system because it is insensitive to gamma
radiation. Therefore, building a very large detector with a low
neutrino energy threshold is possible following the radiochemical
approach. Building a direct counting detector with high
sensitivity and low energy threshold is very difficult.

The neutrino capture cross section of Cl to produce Ar in
the ground state and in excited nuclear states is well known, a
situation nearly unique in nuclear physics. With neutrinos of
energy greater than 6 MeV, the isobaric analog state in Ar is
formed by a superallowed transition. Because of this fact, the
chlorine neutrino detector is primarily sensitive to the 3 decay
neutrino component of the solar neutrino spectrum, even though the
branch in the proton-proton chain that produces B is a very minor
one. Because the production of B in the sun increases dramati-
cally with central temperature, B is produced only in the solar
core. Observing the B neutrino flux is the most sensitive
indicator of variations in the core temperature of the sun. We
point out that in the presently conceived proton-proton chain
there is competition between the p-p I chain terminating reaction
He + 3He + He + 2H and the reaction He + ̂ He * Be + Y, and it
is the latter reaction that leads ultimately to B. Even if the
signal we are observing arises from nuclear processes on the
surface of the sun associated with solar flare phenomena, the
chlorine detector would also be best suited for searching for any
fluctuations.

The depth requirement for a larger chlorine detector is a
very important consideration. From our analysis of the muon
background for the Homestake experiment 20 percent of the signal
observed is from energetic muons. It would be important to build
a larger chlorine experiment at a greater depth than the present
Homestake detector. If we use as a guide the detailed
calculations of Zatsepin, Kopylov and Shirokova, the background
could be reduced by a factor of 2, 5 or 10 by increasing the depth
by 500, 1100 or 1600 m.w.e. We conclude from this information
that a depth of 5000 m.w.e. would be suitable and consistent with
depths that could be achieved from an engineering viewpoint.
Needless to say, the deeper the better 1
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The engineering requirements other than the depth are
relatively easy to achieve. First the size of the room needed
could be similar to the present Homes take room, only longer:
10 m. by 10 m. and 75 m. long, for example, for a five times
larger detector. The tank, pumps, and piping could be built
underground using the construction procedures and a hoist size
identical to those used at Homes take. The liquid could be
transported underground by small tank cars, or by a pipe down the
shaft. It would be best to have a rail line near the site of the
shaft since 50 railroad tank cars would be needed to carry the
liquid. The entire operation is consistent with normal industrial
practices, and could be carried out without great difficulty.
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