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An Account of the Development of the Solar
Neutrino Problem

John N. Bahcdl and Raymond Davis, J.
Introduction

This chapter isasummary of some of the ideas and events that have led to what has come to be known asthe
solar neutrino problem. The account given here is based upon recollections of many years past and therefore
probably contains many inadvertent errors. We hope, nevertheless, that our memories of pleasant and exciting
times may be of some interest to students of nuclear astrophysics and especidly to friends of Willy Fowler. At
every stage of the story described below, Willy provided encouragement, wise advice, and above dl, unequaled
enthusiasm and a sense of fun. He has stressed by example that the human aspects of science are at least as
important as the strictly technical aspects.

Theory and observation depend upon each other for their sgnificance in solar neutrino research. Without a
well-defined predicted counting rate the observed number of captures per day loses most of its meaning.
Similarly, the theoretical work derivesits motivation from the possibility of observationd tests. The calculations
required for this problem are detailed, precise, and specific; they are not necessary in making the genera
comparisons with observations that are gppropriate for most other work in stellar evolution research. This
synergism between theory and observation in solar neutrino work can be contrasted with the Situation in anumber
of other astronomical fields whose initid development occurred during the period described here. The discoveries
of quasars, infrared sources, radio pulsars, x-ray sources, and interstellar molecules dl had immediate and
obvious significance independent of previous theoretical work. The interdependence of solar neutrino theory and
observation has been clearly recognized by the funding agencies. Because of this interdependence, we have found
it natural to describe the combined history of the subject as we remember it.

We adopt an unconventiond formeat for this narrative. We ligt in chronologica order the highlights of each year as
we remember them. We make no attempt to be complete in reciting references or developments; thiswould be a
complicated task for usto undertake now and ingppropriate for the present volume. It would also deprive the
story of whatever interest it may possess. Naturaly enough, we concentrate on events in which we participated
since we know these best. For further discussions and many additiona references, the reader may wish to
consult: Tombrello (1967), Kavanagh (1972), Rolfs and Trautvetter (1978), Barnes (1980), and Chapters 8 and
9inthisvolume for adetailed account of the low-energy nuclear physcs experiments; Reines (1967) for a
description of some of the solar neutrino experiments that were not continued; and Bahcall and Sears (1972),
Kuchowicz (1976), and Rood (1978) for summaries of avariety of nonstandard solar moddls.

Prior to 1962



It isinteresting to note that the early literature on nuclear fuson as the basis of sellar energy production did not
mention the possibility of testing the ideas by observing neutrinos. In the greet papers by Bethe, neutrinos were
not included explicitly in the nuclear reactions (see, e.g., Bethe 1939; Bethe and Critchfied 1938). When these
works were written, the Fermi-Pauli theory of B decay was more than five years old. However, the principle of
lepton conservation was not clearly articulated and one was not required to baance leptons as well as baryons.
One of the earliest discussions of the Sun as a source of neutrinos was the stimulating review article by H. R.
Crane (1948), a graduate student colleague of Willy's a Cdtech in earlier days. Crane used geophysical
evidence concerning the rate of heet production in the Earth to exclude neutrino absorption cross sectionsin the

range 1032 to 10°%° cn?.

In the early 1950s, aradiochemical neutrino detector was devel oped at Brookhaven by R. Davis, based on the
reaction 3/Cl(,€)3’Ar. This method was suggested by B. Pontecorvo (1946) when he was working at Chalk
River, and was later studied independently by L. Alvarez (1949). Pontecorvo gave persuasive reasons why
chlorine (or bromine) would be a good detector of neutrinos and why a reactor experiment with either of these
detectors might be feasible (Pontecorvo presciently dismissed solar neutrinos as not sufficiently energetic).

The report by Alvarez is aremarkable combination of theoretical and experimenta insghts. It could eesily serve
asamodd of how to write proposals to do experiments in basic physics-in this case, testing the theory of beta
radioactivity with a chlorine detector near apile. Alvarez made specific suggestions on the chemical procedures,
expected neutrino capture cross sections, and estimated background effects. Alvarez stressed that . . .the most
important experimenta problemsliein the dimination of the various types of background” (Alvarez 1949), a
satement that applies equally well today. It isinteresting to note that at the Irvine Solar Neutrino Conference (see
Reines and Trimble 1972) Alvarez mentioned that even in 1949 he had considered using a chlorine detector for
observing solar neutrinos.

Note that the Pontecorvo and Alvarez proposals to use chlorine as a detector for reactor neutrinos explicitly
assumed that neutrinos and antineutrinos were equivaent. In 1948, the double-beta-decay experiment of Ed
Fireman on 1°Sn indicated that nettrinos and antineutrinos could be Mgorana particles. This experiment was
discussed in Alvarez's proposd. The origina experiment by Fireman was later shown to be invalid by amore
specific search for neutrinoless double-beta-decay by Fireman, among others.

In the course of developing the detector, a 3800 | tank of CCl, was buried 19 ft below the sandy soil at

Brookhaven in order to reduce the cosmic ray background. This experiment gave a crude upper limit to the solar
neutrino flux if the Sun operated on the CNO cydle [the limit being 101 neutrinos-cmi?-s (Davis 1955)]. In
more modern terms, this amounts to an upper limit of about 40,000 SNU. A reviewer of Daviss paper made the
following critical but amusing comment:

Any experiment such asthis, which does not have the requisite sengtivity, realy has no bearing on
the question of the existence of neutrinos. To illustrate my point, one would not write a scientific
paper describing an experiment in which an experimenter ood on amountain and reached for the
moon, and concluded that the moon was more than eight feet from the top of the mountain.

It was generdly believed by astrophysicigtsin the 1950s that the Sun operates predominantly on the p-p chain
and that the only sgnificant production of neutrinos was from the proton-proton reaction thet initiates this chain.
These neutrinos have amaximum energy of only 0.4 MeV. Since the chlorine detector has a threshold of 0.86
MeV, it isincgpable of detecting these p-p neutrinos. The only neutrinos expected to come from the Sun with

sufficient energy to be absorbed by chlorine were those from !N and 120 in the CNO cycle. Although observing



neutrinos appeared to be hopeless, the topic was discussed by Davis with Alastair Cameron, Clyde Cowan,
Willy Fowler, and Fred Reines, among others, at Gordon Conferencesin the 1950s.

A dramatic event occurred in early 1958 that atered the picture completdly. At the New Y ork meeting of the
American Physical Society, Holmgren and Johnston (1958) reported that the 3He(e:¥) 'Be cross section had been
measured at the Nava Research Laboratory and was a thousand times higher than expected! The consegquences
of this result were pointed out immediately in two letters received by Davis from Willy Fowler and Al Cameron.
They suggested, following Bethe's original discussion, that if “Be was produced, it could capture a proton yielding
8B, which Fowler and Cameron stressed would promptly decay emitting energetic neutrinos. (Both Willy and Al
remember that Willy first pointed out the importance of the Holmgren-Johnston experiment in an informda
conversation.) The important question was the lifetime of “Be in the Sun, which would be determined by the totdl
rate of electron capture and proton capture. Both Willy and Al were hopeful that the cross section for proton
capture would be large and that the energetic 8B neutrinos might be observed with a chlorine nevttrino detector. A
handwritten postscript a the bottom of Willy's letter expressed his usua optimism: It may be possible to use
your results to caculate how many neutrinos are emitted by the Sun and thus determine a lower limit on the cross
section for "Be(p,¥)®B astrophysically!" Cameron reported his viewsin a contributed paper to the American
Physicd Society at the New Y ork meeting (Cameron 19583), in asummary in the Annual Review of Nuclear
Science (Cameron 1958b), and in more detail in a supplement to his Chak River report on stellar evolution,
nuclear astrophysics, and nucleogenesis (Cameron 1958¢). Willy discussed the implications of alarge 3He
(ec¥) 'Be cross section in a paper that contained a detailed quantitative trestment of the reaction networks (see
Fowler 1958). Davis sent areply to both letters that contained a calculation of expected rates. The expected
capture rate for 8B neutrinos was calculated using an expression obtained from Ed Kelley, a postdoctoral
physicist a Brookhaven Nationa Laboratory afew years earlier. If the cycle gave the full yield of 8B (4.3 x
10'%cn?fs), there would be 7.7 captures per day per 1000 gal of C,Cl,, that is, 3900 SNU! The crest of this
wave of optimism was soon to pass, aswill be described later, but for atime the wave rolled on and set the
immediate course for the future.

At the time these letters were received, a 1000 gal C,Cl, experiment was essentialy completed at the reector site

of the Savannah River plant. These experiments were performed under 25 m water equivaent of cosmic ray
shidding, and the background of 26 3’Ar atoms per day could be explained by cosmic ray interactions. Clearly, it
was necessary to move the chlorine detector to a mineif one wished to observe the solar neutrino signd.
However, this could not be done immediately because the work at Savannah River consumed the entire
experimental effort. Don Harmer and Davis were building a new 3000 gd experiment that was designed to
distinguish between the four component neutrino theory (of Mayer, Telegdi and Preston) and the two component
theory. They had been urged to build the larger 3000 ga experiment by W. Pauli in aletter to Maria Mayer.

The 1000 gd tank used in the initid experiment at Savannah River was taken to Brookhaven at the end of 1959.
After some minor improvements were made, it was moved to the Barberton Limestone Mine (in Ohio) of the
Columbia-Southern Chemica Co. This mine was 2300 fit degp and had an enormous excavated volume, nearly a
sguare mile with 32 ft high cellings. John Calvin and Davis completed the ingdlation in July, 1960, and completed

the first experimentsin October. Immediately, they found that the solar neutrino capture rate was low, 3 + 5 3/Ar
atoms/day (< 4000 SNU), but by late 1960 we expected alow flux of 8B neutrinos!

The critical reaction "Be(p,¥)®B was studied by Ralph Kavanagh (1960) and the low value (0.027 keV-b) that
he found was very disappointing. Kavanagh measured the cross section at two energies, 800 and 1400 keV, by



observing the energetic positrons from 8B decay. The whole attitude of Davis (and others) on the possibility of
observing solar neutrinos was greetly influenced by this measurement. It was abundantly clear that the detection
of solar neutrinos was indeed a difficult problem. The last sentence in the review by Reines (1960) reflected the
generd view: " The probability of a negative result even with detectors of thousands or possibly hundreds of
thousands of gdlons of C,Cl , tends to dissuade experimentalists from making the attempt.”

1962

Our collaboration began in 1962. Characterigticdly, it was initiated by Willy. He was the referee for the paper on
beta decay in stellar interiors by Bahcall (19624) where it was pointed out that electron capture ratesin stars
could be very different from the terrestria values that had been used previoudy in most nuclear astrophysics
caculations. Cdculations of capture rates from continuum orbits were made including Coulomb effects and the
excluson principle. Willy described these cal culations to Davis who then wrote to Bahcal (in February, 1962)

asking about the rate of dectron capture by ‘Bein the Sun. The results for the capture rate of ‘Be appeared in
Bahcall (1962b). We have been asking each other questions ever since.

1963

The firg cdculation of the neutrino fluxes obtained from a detailed modd of the Sun was presented by Bahcall,

Fowler, Iben, and Sears (1963), who evaluated the expected ‘Be and 8B neutrino fluxes with the aid of a
quantitative model for an evolved Sun. These fluxes corresponded to a capture rate of only 0.01 captures per
day in the 1000 gd tank experiment in the Barberton Mine (i.e,, 5 SNU with the presently known values for only
the ground-gtate trangitions). This caculation did not provide any encouragement to build alarger experiment,
because even 100,000 gal would only capture about one neutrino per day according to this estimate.

The collaboration on the calculation of the neutrino fluxes was typica of the strong interactions that characterized
science (and partying) a the Kellogg Radiation Laboratory. The mode was computed by Dick Searsusing an
energy-generation subroutine and opacity code originally developed by Icko Iben. The energy-generation routine
was improved by Bahcal and Fowler. The neutrino fluxes were computed by hand by Bahcdl from the detailed
modd results. Bahcall had come to Kellogg in the summer of 1962 with the idea of stimulating a collaboration

that would make use of the new and more accurate values for the “Be production and destruction rates
(Kavanagh 1960; Bahcal 1962b; and Parker and Kavanagh 1963). Willy was especidly important in seeing that
the work was actudly done. Bahcdll, Iben, and Sears were dl research felows in the Kedlogg Laboratory, run by
Charlie Lauritsen with the active assstance of Willy and Tommy Lauritsen. 1ben and Sears were, dong with most
other astronomers and astrophysicigts, more interested in studying evolved stars than in making models of the

Sun. High quality measurements by Parker and Kavanagh (1963) of the reaction 3He(e¥) 'Be gave a cross
section about a factor of two lower than was deduced from theinitia results of Holmgren and Johngton. In an
important companion paper, Tombrello and Parker (1963) developed atheoretical modd for this reaction which
underlies our current understanding of the process. These papers provided an important step in determining more
accuratdly the nuclear physics parametersin the p-p chain.

Davis had been studying for some time the idea.of carrying out alarge scale solar nevttrino experiment with 37Cl.
There was not much enthusiasm among astronomers for what was viewed as an expensve experiment and not
too much reason to hope that an observation could be performed that would actually detect solar neutrinos.

Even though the prospects for observing solar neutrinos looked dim, Davis was eager to build a 100,000 g4
experiment. He has often been asked why this particular sze was chosen and the reasons may be of some



interest. Firdt, the Sze was picked to be a hundred times larger than the Barberton experiment because expansior
by afactor of 100 gppeared feasible. Davis fdt that a tank this Sze could be processed in areasonable time and
trusted that it could be made sufficiently leskproof. The latter Specification was necessary in order to prevent the
inward leskage of amospheric argon. The total volume of argon had to be kept small to permit using a
proportional counter with asmall internal volume (say, 0.5 cnP). The cosmic ray background was an important
consderation requiring aroom large enough to contain a 100,000 gd tank at least 4000 ft below the surface.
Davis did not know if asuitable mine existed and if so, whether it could be used for a scientific experiment. In
early 1963, Blar Munhofen and Davis started looking for degp mines in the United States, even though the
theoretica and funding prospects were disma. James E. Hill of the Bureau of Mines recommended two: the
Homestake Gold Mine and the Anaconda Copper Mine. Vists to these mines convinced the Brookhaven
scientigs that the rock at Homestake at the 4850 ft level would permit the opening up of a cavity large enough to
hold the 100,000 gd tank, whereas the rock at the Anacondawould adlow only a 14 ft diameter hole at their
4200 ft level. The Anaconda Copper Company was eager for their mine to be used and quoted a very
reasonable cost for providing a concrete lined cylindrical hole. However, the Homestake Company estimated a
very high cost for a suitable excavation, so it was decided to look for other mines. The Sunshine Siver Mine
(Willy loved these names) in Kdlogg, 1daho, was consdered and their management expressed interest in the
project. The depth at the Sunshine Mine was 5400 ft, the rock strength was satisfactory, and their cost estimate
reasonable. It seemed that the Sunshine Mine was a suitable location. Thus, dthough there was no gpprovd for a

larger project, there was at least one place where a 10° ga experiment could be carried out.

The planning for a solar-neutrino experiment became a practical exercise after Bahcal showed that the expected
capture rate for 8B neutrinos was about twenty times larger than previoudly calculated due to transitions to
excited states of 3Ar (especialy the superallowed transition from the ground state of 3/Cl to the T = 3/2 state of

37Ar at about 5 MeV excitation in 3Ar). Theidea of considering transitions to excited states was stimulated by a
question by Ben Mottelson in a seminar Bahcall gave during the summer of 1963 at the Nids Bohr Indtitute in

Copenhagen.

Our combined results suggesting the feasibility of a 10° gdl 3/Cl experiment were first presented in November of
1963 a an internationd conference on stellar evolution organized by B. Stromgrem and A. G. W. Cameron a
the Indtitute for Space Studiesin New Y ork [the proceedings appeared much later, see Bahcal and Davis
(1966)]. It isindicative of the then (and perhaps Htill prevailing) preference by astronomers for sudies of more
exotic stages of gellar evolution that neither the possibility described by Bahcal and Davis of a solar neutrino
experiment nor the solar models of Sears (1966) were mentioned in the conference summary.

Shortly after this conference, Bahcall visited Brookhaven Nationd Laboratory to describe in a physics

department seminar his new resuilts on neutrino capture cross sections for 3/Cl, and to join Davisin a crucid
discussion with Maurice Goldhaber regarding the desirability of Brookhaven requesting funds to carry out afull
scale solar neutrino experiment. Accounts of this meeting have aready been published (see Goldhaber 1967,
Bahcall 1967). Bahcall and Davis both remember being very worried about the meeting because Goldhaber was
the director of Brookhaven and was known to be skeptical of the ability of astronomersto say anything correct
about anything interesting. We planned to discuss two points. First, we hoped that the nuclear aspects of the new
absorption cross sections might intrigue the director (both Goldhaber and his wife Trudy are digtinguished nuclear
physicists). Second, we tried to Stress that afailure of the theory to predict the correct capture rate in a solar
neutrino experiment would be the mogt scientificaly interesting result possible because it would confirm his
(Goldhaber's) conviction that astrophysicists did not reglly know what they were talking about. At the present
time, we do not remember what, if anything, Maurice agreed to in thisinitid meeting. However, in alater
published account, Goldhaber agreed publicly with the idea that we had not understood what we were talking



about (see Reines and Trimble 1972, pp. d-1 and d-2). Nevertheless, Charlie Lauritsen, who was both one of
Americas mog distinguished scientific statesmen and a good friend of Dick Dodson, then the chairman of the
Chemigtry Department a Brookhaven (and aresearch fdlow in Kellogg in 1940), was successful in mohilizing
important support.

The redlization that neutrino capture to the analog state in 3”Ar grestly increased the total capture rate made an
enormous difference in Daviss view of a 100,000 gd experiment. It seemed to him that the analog Sate was a
beautiful new concept in the present context that should appeal to nuclear physicists. Moreover, the tota
expected capture rate was increased to about 4 to 9 per day, making the experiment seem more reasonable.

Since only the neutrinos from 8B were sufficiently energetic to feed the anaog State, the experiment was very

sensitive to the magnitude of the flux of 8B neutrinos. The reactions producing 8B wereiin turn very sensitive to the
interior temperatures of the Sun and these temperatures depended (in the models) upon the solar composition
and caculated opacities. Thus, the chlorine experiment could be considered as away of measuring the centra
temperature of the Sun, which Davis felt should apped to astrophysicigs (Bahcal 1964a set an upper limit of 2 x

107 K for the central temperature of the Sun using the Barberton resuilts and claimed that a measurement of the
8B solar neuttrino flux accurate to 50% would determine the central temperature of the Sun to 10%). The

importance of the 8B flux for the chlorine experiment also made cleer that the "Be(p,¥)2B and *He(®He,2p)*He

cross sections had to be remeasured to obtain values of comparable accuracy to the 3He(e:¥) 'Be cross section
measured by Parker and Kavanagh.

1964

A large fraction of the most important theoretical ideas and suggestions for experiments were first described in
this year. We published companion papersin the March issue of Physical Review Letters (Bahcall 1964a, Davis
1964). These two articles were originaly intended to be one paper but we could not squeeze dl we wanted to
say into one (letter-gzed) article, so we divided the subject into theoretical and experimental aspects of the
proposed solar neutrino experiment. Willy urged us to publish these papers to present our plans to the scientific
community; he felt this was an essentiad step toward funding the project. Bahcal's paper described both the
cdibration of the suggested detector (i.e., the neutrino absorption cross sections) and the neutrino fluxes (from
Bahcdl, Fowler, 1ben, and Sears 1963, and the very important discussion of uncertainties in the values of the
caculated fluxes by Sears 1964). This permitted him to make the first quantitative prediction of the rate expected

for the 37Cl experiment: (40 + 20) SNU, where we have used the acronym SNU for 10°3 capture per target
atom per second. Davis reported the results of a pilot experiment that used 1000 gal of perchloroethylene. The
measurements were carried out in the limestone mine of the Fittsburgh Plate Glass Company of Barberton, Ohio,
a adepth of 1800 m water equivaent. The limit reported from the 1000 ga experiment was 300 SNU. Davis
showed that atank containing 100,000 ga of perchloroethylene would permit detection of the predicted capture
rate and that the expected backgrounds would be small.

There was aflurry of activity and discussion in the United States following these andyses. In one of hislettersto
Bahcdl from this period, Davis mentioned the sometimes unappreciated sde benefits of publicity (an aticlein
Time had just gppeared) in finding a suitable mine for the experiment and procuring a satisfactory tank for the
liquid detector: ™. . . these tank people take us more serioudy after the articlein Time™

Pontecorvo told us many years later (at a conference in Leningrad) that he reported on our two papersat a
specid seminar in the Soviet Union about thistime. According to his account, he was the only person present
who expressed the opinion that it would be a successful experiment.



Reines and Kropp (1964) reported in April an upper limit on the flux of 8B neutrinos that was obtained from an
experiment designed for other purposes. Their limit referred to dastic scattering of electrons by 8B neutrinos. The
upper limit was equivaent to 1000 SNU. Bahcall (1964b) then showed that the e ectron-scattering experiment
proposed by Reines and Kropp could determine the direction of the incoming neutrinos to better than ten
degrees.

Fred Reines and his associates were engaged in building alarge scintillation counter system for observing
cosmic-ray produced neutrinos. They were working in the deepest mine in the world (10,000 ft), the famous East
Rand Proprietary Gold Mine near Johannesburg. Fred's team a o built 24000 gd scintillation counter in this

location in order to observe solar neutrinos from 8B decay (see Reines 1967), an impressive achievemen.

A more detailed description of the nuclear physics calculations for the 3/Cl experiment was published in Physical

Review (Bghcall 1964c). This paper contains also an extensive discussion of possible nuclear physics
measurements that could reduce the uncertainties in the caculation of the neutrino absorption cross sections.
Figure 1 of this paper is particularly interesting from a historical point of view because it shows that only afew
nuclear states were then known in the mass-37 quartet (3/Cl, 3’Ar, 3K, and 3/Ca); by now, hundreds of states

are known. Bahcall predicted the existence of a particle-stable 3’Caisotope that would decay by positron
emisson in the order of 130 ms.

Initidly, it was surprisngly difficult to interest any experimenta group, with the gppropriate facilities, in searching
for 3/Ca. Vigorous attempts by both of us and Willy were unsuccessful (and discouraging) until Charlie Barnes
proposed during a discussion in the coffee room at Kellogg Laboratory, that 3/Ca could be best studied
experimentally by searching for the delayed protons emitted by the highly excited states of 3K that would be
produced by 3/Ca positron decay. It was pointed out (Bahcall and Barnes 1964) that the matrix elements from
the ground state of 3/Cato the excited states of 37K that are proton emitters are essentially the same matrix

dements that are most important for caculating the capture cross section for 8B neutrinos. Barnes's suggestion of
searching for delayed protons provided the experimenta twigt that stimulated the experiments leading to the
present secure estimate of the cross section.

July 1964 was a crucid month for the funding of the 100,000 gd experiment and Willy played an important role
in obtaining approva for the project. On July 27, Dick Dodson wrote to Willy describing the budget
condderations that were then underway in Washington and requested an authoritative statement from him
regarding the importance of doing the experiment. Dick posed the problem in away that says alot about the
climate of opinion at thetime. He wrote, | suppose one can reduce, somewhat crudely, the question we need to
answer to: why spend asubgtantia sum trying to measure something which is caculated with great confidence by
nuclear asrophysicists - and who cares about confirming the central temperature of the sun anyway?* Willy
answered on July 31 with a department chairman's dream |etter. He wrote, ~ The Brookhaven solar neutrino
experiment has my enthusiastic support.... The observation of solar neutrinos and the detection of the flux at the
earth is crucid to further progressin nuclear astrophysics and to rdated efforts in thermonuclear research and the
space sciences." Willy went on to describe the relation of the solar neutrino experiment to ™. . . adiverse set of
terredtrid experiments and cal culations which are of consderable practical importance.” Thisformd |etter was
typed and addressed to “"Dr. Dodson." In an accompanying handwritten note addressed to his old friend
“Dick," Willy offered to supply further materid if it were required.

Two systematic studies of uncertaintiesin the prediction of solar neutrino fluxes were dso carried out during this
year. Sears (1964) published a study of the effects of various uncertainties on the solar-modd caculations. This



was avery sgnificant article that srongly influenced thinking regarding a new experiment. The first sentence of
Searss article contains an interesting gpologetic disclaimer to his astronomical colleagues. ~ Theoreticd models of
theinterna structure of the Sun are no longer at the frontier of the theory of stdlar structure and evolution.” He

condluded that the flux of 8B neutrinos could be estimated to within afactor of two, the primary uncertainty being

the initial homogeneous solar composition. Sears calculated a 8B flux of (3 + 1) x 107 cm? s'1. Pochoda and
Reeves (1964) dso published the results of a calculation of the neutrino fluxes from a solar model constructed by
Martin Schwarzschild and Pochoda. In a note added in proof, they pointed out that when Bahcall's neutrino
absorption cross sections were used, the capture rate corresponded to 38 SNU. In their excellent article,
Pochoda and Reeves dso noted that the cdculated increase in solar luminosity with time (from the initid main
sequence stage to the present) would have deep effects on the history of the solar system, atopic that was much
discussed some ten or o years later. A detailed study of the termination of the proton-proton chain was
performed by Parker, Bahcall, and Fowler (1964), who investigated a variety of deuterium and helium-burning
reactions. Several skeletonsin the nuclear closet were unearthed during the course of this later work, the most

important being the systematic uncertainties in the then available data.on the 3He(®He, 2p)*He cross section.

Various aspects of the subject of solar neutrino astronomy were reviewed at the Second Texas Symposium on
Reaivigtic Asrophysicsin the middle of December (see the talksin the proceedings by Bahcall 1969a; Davis et
a. 1969; and Reines 1969).

Pansto build the solar neutrino experiment in the Sunshine Silver Mine collgpsed about a month before the 1964
Texas Conference. Funds were apparently available, but suddenly there was no suitable mine. During the
conference, Blair Munhofen returned to the Homestake Mine and asked them to reconsider the project. They
quickly reviewed the costs and presented Brookhaven with a very favorable estimate for excavation, $125,000.
Homestake provided a detailed design of the rock cavity and was anxious to begin work in the spring of 1965.
We were of course very pleased with their plans and their cooperdtive attitude. As a consequence of the larger
facilities, it was necessary to have the tank fabricators, who were aso pleased with the larger facilities, rebid for
congtructing the tank.

Following the Second Texas Conference, G. T. Zatsepin and A. E. Chudakov of the Lebedev Ingtitute of
Moscow visited Brookhaven and learned of the detailed plans for the Homestake experiments. These Soviet
scientists were very interested in establishing a program of neutrino astronomy in the Soviet Union. They were
developing a chlorine experiment and dso large scintillation counters. During thelr vist, Zatsepin gave usacurve
showing the calculated cosmic ray muon background for the chlorine experiment as a function of depth
underground. It was both gratifying and useful to have an independent caculation of thisimportant parameter (see
O. Rygskayaand G. Zatsepin 1965). The vidt of Zatsepin and Chudakov was the first of a number of vaduable
discussions with these outstanding scientists about problems and devel opmentsin neutrino astronomy.

The discovery of 3’Cawas reported in companion Physical Review Letters in late December. Hardy and
Verrall (1964) and Reeder, Poskanzer, and Esterlund (1964) reported independent experiments detecting the
delayed protons following the positron decay of 3’Ca; the measured lifetime (170 ms) wasin satisfactory
agreement with the predicted (130 ms) value. Thus, in this one year the issue of the enhanced 8B cross section
was raised and settled. Bahcal remembers the phone cdl from Poskanzer (which appropriately enough came

during another Kellogg coffee hour) natifying him of the detection of 3’Ca decay with approximately the
predicted lifetime as the mogt exciting and satisfying sngle moment of his professond career.

In the enthusiasm of the moment, we discussed other possible experiments. Bahcall (1964d) proposed, near the
end of the year, a program of neutrino spectroscopy of the solar interior that was to be carried out with a variety



of targets. In aremarkable example of accidenta prophecy, he suggested, "~ If no neutrinos are observed in the
Davis-Harmer experiment, it will be even more desirable to try to observe the low-energy (p-p and ‘Be)
neutrinos.” The use of ’Li was also advocated here for the first time.

1965-1967

This period was rdlively quiet on the theoretical front. Mogt astrophysicists were concerned with quasars and
other problems that have come to be called high energy astrophysics. If they took notice of solar neutrinos at al,
theorists appeared to be waiting for the observations to confirm the predictions. A few independent solar models
were published by Ezer and Cameron (1965, 1966) and by Weymann and Sears (1965). It isindicative of the
mood of the time among astrophysicigts that Weymann and Sears did not caculate neutrino fluxes from their
improved solar model. The neutrino fluxes ca culated by Ezer and Cameron (1965) for a particular solar model
correspond to a capture rate of 15 SNU, using the then available estimates for neutrino absorption cross sections
(Bahcall 1964c).

One new ideais worth noting, mainly because of its smplicity. Bahcal (1966) pointed out that the capture rate in
SNU could be calculated accuratdy without the aid of solar modesif the Sun were assumed to shine by the
CNO cycle. Each conversion of four protonsto an dpha particle results, in this case, in the production of one
13N and one 120 neutrino. At the time, Bahcall was concerned that the prediction (of order 30 SNU) from the
CNO hypothesis agreed, within the errors, with the prediction obtained from detailed solar models that showed
that the proton-proton chain was dominant. He reca culated neutrino fluxes from detailed printouts of solar
models generoudy made available by Ezer and Cameron; Iben, Weymann, and Sears, and Sears, using a
somewhat improved computer routine for calculating neutrino fluxes. His result was a capture rate that lay
between 15 and 60 SNU, with a best estimate of 30 SNU. It appeared therefore, at the time, that even neutrino

observations with a 3Cl detector might not be able to distinguish between the CNO cycle and the p-p chain.

There were anumber of important laboratory experiments that measured the low-energy behavior of nuclear
reaction processes occurring in the proton-proton chain (see the discussion in Kavanagh 1972). Willy played a
mgor rolein encouraging and supporting al of these experiments.

Parker (1966) remeasured, in aclassic experiment performed at Brookhaven, the crucid ‘Be(p,¥)®B production
cross section. Davis prepared the “Be source for this experiment by anew technique, and Parker employed in his
experiment amethod that was superior to the earlier procedure of Kavanagh; the new method involved flipping
the target, after exposure to the beam, in front of a silicon detector that observed aphas following the decay of
8B. Parker's method aso permitted the measurement of the number of “Li atoms on the target by a d-p reaction
on “Li, which also produced aphas. Both of us were in constant touch with Parker during the long series of tests

involved in this experiment since the predicted capture rate for the 3’Cl experiment depends almost linearly on the
rate of this reaction. Parker's vaue was about afactor of two greater than obtained previoudy in Kavanagh's
(1960) pioneering study, an encouraging result for the would-be solar neutrino experimentdist.

Much of the experimental and theoretical work during this period concentrated on the 3He(PHe,2p)*He reaction
(fallowing the redization by Parker et d. (1964) that it was highly uncertain). Thiswork eventudly led to

improved measurements of the low-energy cross section factor, which led to a predicted neutrino flux from B
decays that was reduced by afactor of two from the origina (1963 and 1964) results. Kavanagh (1972)
summarized the experiments by Bacher and Tombrello (unpublished), Dwarakanath, Winkler, and others that
ultimately yielded a cross section factor five times larger than the vaue recommended by Fowler (1954) on the



basis of less accurate experiments; the 1954 value was used in the early calculations of solar-neutrino fluxes.
Shaviv, Bahcdl, and Fowler (1967) stressed that the value of the low-energy cross section factor for this reaction
was the "mgor nuclear physics uncertainty” in the prediction of the neutrino capture rate. They computed solar
models with vaues of this parameter that differed by as much as afactor of 50!

Iben, Kalata, and Schwartz (1967) computed the decay rate of 'Be due to the capture of bound electrons, and
showed that the bound e ectron capture rate increases the total eectron capture rate in the Sun by about 20%,
reducing the predicted proton capture rate by about the same percentage.

Kuzmin (1965) raised again the question of the possible role in the proton-proton chain of the reaction
SHe(p,e")*He. This reaction is potentialy very important because it emits energetic neutrinos (maximum energy =
18.6 MeV) that have alarge cross section for absorption by 3/Cl (Bahcall 19643). Moreover, the rate of this

reaction is not as temperature sensitive as are the rates of the reactions that produce 8B neutrinos. The possibility
of an additiona source of high-energy neutrinos was stimulating to the experimentdids, but the careful analys's of

Werntz and Brennan (1967) showed that the cross section for proton capture by 3He in the Sun was so low that
the neutrinos produced would be too rare to be observed.

In ashort but important paper, Kuzmin (1966) pointed out the advantages of a radiochemical solar neutrino
experiment with "XGa as the detector (see aso, Kuzmin and Zatsepin 1966). He stressed the importance of the
low threshold which permits the detection of the fundamenta proton-proton neutrinos, the large ground-state
cross section, the experimentally convenient haf life (11.4 days), and the rdatively large K-capture energy (12
keV). He wisdly did not discuss the availability or expense of the required large amount of gdlium, the main
problem today in carrying out a solar neutrino experiment with this detector.

The experimenta solar neutrino effort was devoted during these two years to building the 100,000 gd chlorine
detector. Already by the end of 1964, the Homestake Mining Company had agreed to let Brookhaven build the
detector in their mine. Excavation of the rock cavity that they designed for the ingtalation was Started in May,
1965 and completed in about two months. It was an exciting day for Blair Munhofen and Davis when they were
first shown the 30 x 60 ft room with a 32 ft ceiling. They were brought into the room and immediately sarted
looking around with miner's lamps. Suddenly, the lights were turned on and they could see the enormous room
with itswalls covered with chain-link fencing, the concrete floor with pedestals for the tank supports, and the
monorail for the lifting hoist 32 fit above. The Homestake people were very pleased with the room and delighted
that it dso pleased the Brookhaven experimenters.

Building of the tank by the Chicago Bridge and Iron Company (CBI) was started in the summer of 1965. Don
Harmer, Blair Munhofen, and Ray Davis had visited their plant in Salt Lake City to check the sted plate for the
surface aphaemission rate. The alphayield of 3/Ar from perchloroethylene had been measured by dissolving
222Rn in the liquid as an apha source. Based on these measurements, limits were set on the total acceptable alpha
emission rate from the tank walls and in the liquid itsdlf. There was great concern about natura aphas producing
S7Ar in the detector by the sequential reactions Cl (e, p)38Ar and 3/Cl(p,n)37Ar. If sulfur were present in the
liquid, 3’Ar could also be produced by the 3*S(e:,n)3’Ar reaction. The sulfur reaction was studied with 222Rn
dissolved in carbon disulfide (see Davis 1969). After sdlecting the sted, CBI fabricated the tank parts and
shipped them to Homestake. All parts were designed to fit the shaft hoist and mine tunnels. CBI personnel said
later that they ordinarily would not have been interested in building a smdll, rather conventiond tank such aswas
required for the neutrino experiment but they were intrigued by the aims of the project and the unusud location.
Anather critical feature of the tank and pumping system is that it had to be absolutely leakproof to prevent the
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inward leskage of amospheric argon. CBI engineers were experienced in making vacuum lesk tests on large
vessels with helium, using a mass spectrometer as a detector. They had built many space chambers and large
Dewarsfor NASA. After the tank was complete, it was evacuated and lesk tested. The two 500 ga/min liquid
pumps were canned rotor pumps, designed and built especidly for the experiment by the Chempump Company.
Canned rotor pumps have the armature and impeller in asingle, sedled can containing the liquid being pumped.
This design avoids using a shaft sed, and can therefore be made permanently sedled and leakproof. The liquid is
circulated by these pumps through a set of eductors that are used to force helium through the liquid. A system of
40 eductors provides vigorous agitation and a thorough mixing of the heium purge gas with the liquid. The
eductor system was designed at Brookhaven and tested in the Brookhaven swimming pool.

During the period when the tank was being designed, Davis received a letter from B. Kuchowicz of the Universty

of Warsaw suggesting that a %*Cu neutrino source could be used to test the neutrino capture cross section
caculations. Thisisotope has a hdf life of 12.5 h and istoo short-lived to be suitable for apractica test.
However, hisletter prompted the Brookhaven group to modify the interna piping to alow areentrant well to be
ingdled in the center of the tank. This design festure may yet be very useful. In 1965, Bernard Manowitz of

Brookhaven suggested that '®2Eu be used as a cdlibration source. He pointed out that its long half life and the fact
that europium is used as areactor control rod made it an attractive and available source. The possibility of usng
an intense neutrino source to test the calculated neutrino capture cross sections and the chemicd extraction and
counting procedures has been discussed many times since.

The vessd was completed in the summer of 1966. The find step was to thoroughly clean the ingde of the tank by
shot blagting and scrubbing with solvent. In order to insure thet the apha emisson rate from the ingde wals of the
tank was below the acceptable levels, sdlected aress of the tank were checked with a windowless proportional
apha counter that could cover an area 60 x 180 cm. Next, the cover flange was ingtdled and the filling began.
Ten railroad tank cars of perchloroethylene were brought one by one to the head of the shaft. Dutch Stoenner of
Brookhaven had previoudy checked the apha content of the perchloroethylene in samples from each tank car
before it Ieft the Frontier Chemicad Company's plant in Wichita, Kansas. The liquid was trangported to the
100,000 gd tank nearly a mile underground by a set of three 650 gal tank cars designed to fit the hoist and mine
rall sysem. The work was completed in five weeks with the aid of the Homestake hoistman and five
Brookhavenites. Then, the processing system was ingaled and along series of preliminary purges were carried
out to remove dissolved air and reduce the amount of atmospheric argon present to less than afew tenths of a

cn. Once this was accomplished, it seemed clear that the detector would indeed work as planned and a
sengtive measurement of the solar neutrino flux could be made.

In the course of removing atmospheric argon from the tank, a relatively small sample of argon of about 6 cm? was
finaly obtained and brought back to Brookhaven. There wasllittle interest in this sample because it was too large
to put in the small counters. However, Dick Dodson suggested that the sample should be measured somehow, as
it was the first sample from the tank. It was measured in ardatively large counter and surprisingly, the rate was 6

counts/min! The high level of activity was explained by the presence of &K in the sample from atmospheric
krypton dissolved in the huge volume of perchloroethylene. The krypton was easly removed by gas
chromatography. Dutch Stoenner showed Davis how to set up a simple gas chromatograph with a charcoa
column, and this became an essential step in the gas purification procedure, not only to remove &K but also
2222n. This part of the story would be grosdly incomplete without at least some mention of some of the other
people who helped to make it happen. During the design and building phase, Don Harmer spent ayear at
Brookhaven helping on the solar neutrino experiment while on leave from Georgia Tech. Kenneth Hoffman, a
young but very experienced engineer, provided guidance through a number of problems. The Homestake Mining
Company and the Chicago Bridge and Iron Company provided excellent cooperation throughout the building



phase; the Homestake company has continued to be an active partner in the operation of the detector they helped
build. The Homestake people that have been directly connected with the project are the mine supervisors Dondd
Délicate and Jod Waterland, the research and planning engineer Albert Gilles, and James Dunn of the public
relations office. During the congtruction phase, Jm Dunn and Don Howe devoted four issues of the company
magazine, Sharp Bits to the project. All of these men contributed in an important way to the solar neutrino
experiment by their enthusiastic support, valuable advice, and direct help.

Meanwhile, an active program was underway to develop direct counting detectors for observing the energetic
neutrinos from 8B decay in the Sun. One of these experiments, the 4000 | scintillation counter designed to detect

solar neuttrinos by elastic scattering, has already been mentioned. A second detector used “Li asaneutrino
absorber in the form of ahalf ton of lithium meta (see Reines and Woods 1965). A third detector was built by
Tom Jenkins and his associates at Case Western Reserve. This experiment contained 2000 | of D,O and was

designed to be operated as a Cerenkov detector for the electrons produced by neutrino capture by deuterium.
All of these detectors were built (see Reines 1967) but were eventudly abandoned after the chlorine experiment

showed that the 8B flux was low.
1968

The last systematic theoretical caculation of the solar neutrino fluxes to appear before the firgt experimenta
results were obtained was a detailed paper on the uncertaintiesin the predicted rate by Bahcdl and Shaviv
(1968). These authors varied dl of the parameters within the limits that were then believed to be a plausible range
of uncertainties and obtained a predicted capture rate (assuming the uncertainties combined as satistica errors)
that lay between 8 SNU and 29 SNU. The lower values cdculated in this paper were primarily the result of the

much increased estimate for the cross-section factor for the 3He-3He reaction, as discussed above. In a short

note, Bahcall, Bahcall, Fowler, and Shaviv (1968) pointed out that the cross-section factor for the SHe(ec¥) 'Be
reaction was dso highly uncertain and derived predicted capture rates that lay between 7 and 49 SNU. Ina
satement that could have been written today, these authors closed their paper with the following exhortation:

““We urge that additional low-energy cross section measurements be made for the reactions He(e¥) 'Be and

"Be(p,¥)8B in order to reduce the large uncertainty in the predictions for the neutrino experiments designed to test
the theory of nuclear energy generation in stars." The mgor results for both the observations and the revised
theoretical estimates were presented again in apair of papersin Physical Review Letters (Davis, Harmer, and
Hoffman 1968; Bahcdl, Bahcal, and Shaviv 1968). It is surprising to us, and perhaps more than alittle
disappoainting, to redize that there has been very little quantitative change in ether the observations or the
standard theory since these papers appeared, despite a dozen years of reexamination and continuous effort to
improve details (see Figs. 1-3).

The firgt results for the search for solar neutrinos by Davis, Harmer, and Hoffman (1968) yielded an upper limit of
3 SNU, based on the results of the initia two runs. The operating experimenta system was described in this
paper aswell as various tests and limits on the backgrounds, the recovery efficiency, and the counting efficiency.

The accompanying theoretical paper by Bahcdl, Bahcall, and Shaviv (1968) gave a most probable rate of (7.5 +
3) SNU, with specified assumptions regarding the uncertainties in various parameters. Despite the subsequent
careful examination of dozens of effects and parameters, documented in many highly detalled papers, the best
estimate for the capture rate predicted by the current standard solar model has never falen outside thisrange
(athough there have been many fluctuations up and down within the quoted range). When these papers
gppeared, Ed Salpeter wrote an incisive review of the experimentad and theoretica resultsin Comments on
Nuclear and Particle Physics (Sdpeter 1968). His review contained the wise and fdicitoudy worded summary



statement: " Thus, a the present time, we neither have a postive identification of solar neutrinos nor the morbid
satisfaction of predicting a scandd in stdllar evolution theory!”

It isingructive to compare the 1968 cdculation with the earlier results from 1963 and 1964 (see Bahcall et d.
1963, Sears 1964; and Bahcall 1964a). The 1968 calculation took account of the larger cross-section factor for

the 3He-3He reaction discussed above (areduction factor of about 0.6); amore detailed calculation of the
proton-proton reaction rate by Bahcall and May (1968) who also made use of a more accurate measurement of
the lifetime of the neutron by Christensen et d. (1967) (al of which resulted in areduction factor of about 0.7);
and an improved determination by Lambert and Warner (1968a,b) of the heavy eement to hydrogen ratio on the
surface of the Sun (areduction factor of 0.5 using their new value of Z/X = 0.02). These three changesweredl in
the same direction and resulted in a net reduction factor of 0.6 x 0.7 x 0.5 = 0.2, that is, areduction from about
40 SNU to an estimated 7 or 8 SNU.

Another discussion of the first experimenta results was given by Iben (1968), who congtructed a large number of
solar modelsin order to illugtrate the parameter dependence of the neutrino fluxes. Iben used the primordid
helium abundance by mass, Y. as a composition parameter to be varied in obtaining consistency with the results of
the solar neutrino experiment. He deduced an upper limit of Y = 0.16 for the primordid helium abundance by
demanding congistency of the neutrino results with stlandard solar models and the accepted vaues of the nuclear
parameters. His inferences differed from the pardld investigation of Bahcal and Shaviv (1968) who chose the
photospheric ratio of heavy dement to hydrogen abundance to be their composition parameter (determined by
observation) and found values of the helium abundance consgtent with other astronomica determinations (dbeit
in conflict with the solar neutrino observations for the best-guess model parameters).

Ezer and Cameron (1968) made the first serious proposa of a nonstandard solar mode that would be consistent
with the observed upper limit on the neutrino capture rate. They suggested that the Sun was thoroughly mixed,
fresh hydrogen being continually brought into the central regions. This process would permit the proton-proton
chain to proceed at alower centra temperature than in standard models and could reduce the predicted capture
rate in extreme cases to one-fourth the vaue cdculated for the standard modeds. Arguments were immediately
given againd the likdihood of mantaining such extreme mixing (see Bahcdl, Bahcdl, and Ulrich 1968; Shaviv and
Sapeter 1968), but the idea was an important one because it was the forerunner of many related suggestions.

G. Zatsepin, one of the earliest and mogt influentid enthusiasts for solar neutrino experiments, organized an
international conference on neutrino physics and astrophysics in Moscow in September, 1968. Bahcall (1966h),
Davis (1969), and Kuzmin and Zatsepin (1969) dl wrote summaries of various agpects of the solar neutrino
problem for this conference. The Moscow meeting was an occasion for discussing informally what to do next,
given the recently discovered discrepancy between theory and observation. Davis gave a detailed account of the
100,000 gd experiment including the design of the detector, the tests of the recovery efficiency, the counting
procedure, and the first observationa results (capture rate less than 3 SNU). During the conference, a number of
young Soviet physicists asked many questions about the details of the design. It was clear that Zatsepin's group
was actively engaged in building a chlorine detector in the Soviet Union. Bahcall was not able to attend because
hisfirg child was born only nine days after the conference concluded (Bahcdl's paper, including the jokes, was
reed to the conference somewhat uncomfortably by Davis). In lieu of being able to express an informa opinionin
person, Bahcal wrote in his manuscript:

It seems to me mogt likely that nature has been nasty to us and that some of the
experimentally-meesured parameters, S, §,, Z, and perhaps others.. . .are different than we

originadly believed. | fed especialy uncertain about the extrapolated vaue for §. I think, however,



Daviswill ultimately measure (provided alower sengtivity is possible) a capture rate between 1
SNU and 3 SNU; otherwise there will be a serious conflict with the theory of stdlar interiors.

Kuzmin and Zatsepin (1969) expressed very smilar attitudes, stressing the need to remove the uncertainties in the
experimenta valuesof S, and S;, before conclusions could be drawn regarding the possible astrophysical

importance of the discrepancy between the predicted capture rate and the observed limit. They drew specid
attention to the broad spread in vaues of Sy that resulted when this cross section factor was determined in

different ways (cf. Kavanagh 1960; Parker 1968; and Tombrello 1965).

The conference proceedings aso reflect some of the fun we have had with our subject and our colleagues. When
asked by A. Wolfendde the cogt of the experiment, Davisreplied: ~ Ten minutes time on commercid televison
($600,000)." Also, the text of a carefully drafted and detailed bet between the late Jon Mathews (Professor of
Theoretica Physics, Catech) and Bahcall was shown; Bahcall agreed to pay Mathews two dollars if an upper
limit of lessthan 1 SNU was established in the 37Cl experiment. It should be obvious from the above financia
datatha, at least in this subject, we have dways vaued experiments more highly than theory.

1969-1977

This period was devoted largdly, both theoreticaly and experimentdly, to the reexamination and vaidation of
inferences whose basic outline had been established in the previous five years. For example, in reponse to the
urgings of Bahcal, Bahcall, Fowler, and Shaviv (1968), Kavanagh and his collaborators at Kellogg remeasured

the "Be(p,¥)®B cross section in great detail and with improved precision down to a proton energy of 164 keV,
extending and confirming Parker's earlier results and thereby greetly increasing our confidence in the low energy
extrapolation of the rate of this crucid reaction. Shortly afterward, Dwarakanath (1974) returned to Kellogg and,

in ared tour de force, managed to push the He-3He cross section measurements down to 33 keV (0.1 nb),
showing that the earlier extrapolation continued smoothly to low energies and that there was no evidence for a
low lying threshold resonance.

There were dso many suggestions of possible solutions to the solar neutrino problem, none of which has been
accepted generdly and nearly al of which were either ad hoc or were discredited by further analysis, or both. It
is possible that the correct solution is one of the suggestions that were made during this period, but if soit is il
very difficult for usto guess which one this might be. Hence, we will content ourselves here with smply recaling
some of the more interesting (or, in Some cases, more anusing) proposas [for discussions of many of these
nonstandard models, see Bahcall and Sears (1972) or Rood (1978)].

Proposals made during this period include: turbulent diffusion of 3He (Schatzman 1969); neutrino oscillations

(Gribov and Pontecorvo 1969; Wolfenstein 1978); an overabundance of 3He in the present Sun (Kocharov and
Starbunov 1970); the effect of amagnetic fidd (Abraham and 1ben 1971; Bahcal and Ulrich 1971; Bartenwerfer
1973; and Parker 1974); a secular ingtability such that the presently observed solar luminosity does not equd the
current energy-generation rate (Fowler 1968, 1972; Sheldon 1969); quark cataysis (Libby and Thomas 1969;
Sdpeter 1970); avery low heavy dement abundance in the solar interior (Bahcal and Ulrich 1971); an
gppreciable magnetic moment for the neutrino (Cisneros 1971); an ingtability of the Sun that makes now a specid
time (Fowler 1972; Dilke and Gough 1972); neutrino decay (Bahcall, Cabibbo and Y ahil 1972); alow-energy
resonance in the 3He-3He reaction (Fowler 1972; Fetisov and Kopysov 1972); rapid rotation of the solar interior
(Demarque, Mengd, and Sweigert 1973; Roxburgh 1974; and Rood and Ulrich 1974); rotation plus magnetic
fields (Snell, Wheder, and Wilson 1976); a burned-out Sun with a helium core (Prentice 1973); a hdf-solar mass
core of large heavy dement abundance that survived the big bang and subsequently accreted another half solar
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meass at the time of the formation of the solar system (Hoyle 1975); a departure from the Maxwe lian distributior
(Clayton et d. 1975); afractionation of the primordia hydrogen and hdium (Wheder and Cameron 1975);
accretion onto ablack hole in the center of the Sun (Clayton, Newman, and Talbot 1975); and multiplicative
meass crestion (Maeder 1977).

Thislist of published suggestionsis certainly incomplete; we have not attempted afull literature search. In any
event, it does show that during the period under congideration many astronomers and physcigts thought serioudy
about the solar neutrino problem, a Situation in marked contrast to what occurred in the first few active years of
the subject (1963-1966).

A vauable conference on the solar neutrino problem was organized by Fred Reines at the Irvine campus of the
University of Cdiforniain February, 1972 (Reines and Trimble 1972; Trimble and Reines 1973). The emphas's
of this conference was on the experimenta aspects of the problem and there was a thorough examination of the
details of the chlorine experiment. The prospects for future experiments were dso discussed. Thefirst day of the
meeting was held in the conference room of President Nixon's Western White House; this was an unusud touch
provided by Fred's dways active imagination and skill with arrangements. Shortly after this conference, two
interesting theoretical suggestions were published: Willy's speculation (Fowler 1972) that there might be a
resonance in the 3H-3He reaction; and Al Cameron's analysis of the effect of a sudden mixing of the solar interior

on the 8B neutrino flux (Cameron 1973). Another important idea that may have been stimulated by this
conference was the proposa by Luis Alvarez that the chlorine detection system could be tested by using an

intense radioactive source of %Zn (Alvarez 1973). He pointed out that a strong monoenergetic source of

neutrinos could be prepared by neutron activation of %4zn. (We are currently discussing a detailed plan to carry
out this experiment.)

We next review briefly afew events that occurred during this period in which we were persondly involved. We
will depart from a gtrictly chronologica order to more logicaly group some related devel opments.

The SNU was firgt introduced by Bahcdl (1969c¢) in a paper that argued that another solar neutrino experiment

(preferably Li) was needed to decide if the discrepancy between theory and observation was due to a deficiency
in our astrophysical understanding or to an unknown phenomenon affecting neutrinos in trangt from the Sun.

Gribov and Pontecorvo (1969) suggested that a factor of two discrepancy between theory and observation might
be due to oscillations between dectron- and muon-neutrino states. They presented the relevant equations for this
two-component system, expanding upon the earlier, less formal discussion of Pontecorvo (1968). Gribov and
Pontecorvo discussed two kinds of averages of the neutrino fluxes: an average over the emitting region of the Sun
and an average (suggested by |. Pomeranchuk) over the time of reception.

Bahcall and Frautschi (1969) pointed out that another average, over the broad spectrum of neutrino energies
produced by the Sun, was more important and that some of the variations discussed by Gribov and Pontecorvo
would not occur. Bahcall and Frautschi recommended new solar neutrino experiments that were designed to
detect p-p or p-e-p neutrinos for which the uncertainties in the predicted fluxes arising from astrophysica
consderations are minima. They argued that such experiments would be sengtive to neutrino masses of order

10 eV and hence, could discriminate between different dementary-particle explanations of neutrino mixing.

In amore contemporary context, Bilenky and Pontecorvo (1978) have argued that ™. . . neutrino mixing is much
more natura solution than any other that has been proposed either in terms of eementary particle physics or
adrophysics.” They dso state: " From the dementary particle physics point of view, lepton mixing is a reasonably



likely and quite atractive hypothesis." They go onto notethat: ™. . . neutrino oscillations were not invented ad
hoc, for the sake of explaining the result of the experiment of Daviset d."

We would love to test the oscillation hypothesis with a gallium experiment.

The sengtivity of the solar-neutrino fluxes to smal changes in opacity, the equation of state, and nuclear cross
sections, solar age, and heavy-eement abundance was the subject of a detailed study by Bahcdl, Bahcall, and
Ulrich (1969). The convenient formulae given in this paper for the dependences of the predicted capture rate on
various quantities have been used often by us and others to make quick estimates of the possible importance of
various uncertainties in parameters and/or of some proposed solutions to the solar neutrino problem. (This paper
wasthe firgt in along series of happy collaborations involving J. Bahcall and Roger Ulrich that is continuing even
today.) Somewhat smilar results were obtained by Torres-Peimbert, Simpson, and Ulrich (1969) using the
Berkdey stdlar-evolution program. These authors stressed that the primordia heavy €ement abundance of the
Sun, Z, must be lessthan 0.02 in order for there to be any hope of obtaining with standard models a neutrino
capture rate that was not in obvious disagreement with the observed upper limit.

Detailed studies of the effects of various changesin composition, as well as the importance of magnetic fields and
turbulent diffusion, were consdered adso by Abraham and Iben (1971) and Bahcal and Ulrich (1971). The
neutrino fluxes caculated by dl the active groups using different stellar evolution computer codes were shown by
Bahcal and Ulrich to give consstent answers when proper account was taken of the different choices of
parameters. New radiative opacities calculated by the Los Alamos group were used by Bahcall, Huebner,
Magee, Merts, and Ulrich (1973) to obtain a standard model that predicted arather low neutrino capture rate,
5.5 SNU. This paper was the first one on solar neutrinos where the calculators of opacities (here, Huebner,
Magee, and Merts), whose results had |ong been recognized as centrd to the whole subject, were coauthors of a
paper specificaly on the solar neutrino problem.

Various corrections to the stellar opacity were discussed by Watson (1969a, 1969b, 1969c¢), including an
increased iron abundance. These corrections, among others, were included in the models of Bahcall and Ulrich
(1970), who obtained a best estimate of 7.8 SNU.

In December, 1970, we both attended the Symposium on Relativigic Astrophysicsin Augtin, Texas. Themain
excitement at this symposum was related to the possibility that Joe Weber had detected pulses of gravitationa
radiation from distant sources. Searches for radio and microwave sgnas coincident with Weber pulses were

described in detail in a number of interesting talks. During one of these talks; it occurred to us that the 3/Cl solar
neutrino detector could provide auseful limit on the amount of neutrino energy reaching the Earth that might be
associated with Weber pulses. Afterwards, we retreated to atable at a nearby coffee shop and were able to
derive quickly astrong limit on theratio of neutrino energy flux to gravitationd energy flux (0.1% for 10 MeV

neutrinos, see Bahcall and Davis 1971). The signdl to noise ratio of the 3/Cl detector is so large (for energy fluxes
comparable to those claimed in Weber's gravity wave experiments) that one does not need to perform
coincidence experiments (which are necessary in the radio and microwave regions).

We dso collaborated with John Evansin asmilar study of areported possible detection of antineutrinos from a
sellar collapse by the Univerdty of Pennsylvania group (Lande et d. 1974). The absence of detectable neutrinos
associated with the January 4 antineutrino event was shown (Evans, Davis, and Bahcall 1974) to be difficult to
reconcile with the suggestion that a collapsed star had been detected. We continue to believe that solar neutrino
experiments are good detectors for collgpsing stars and that their use for this purpose complements the more
specific experiments that are being carried out with gravitationd wave detectors.
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The close connection that has existed between theory and observation (or, perhaps more correctly, betweer
cocktail-hour suggestions and observation) isillustrated by the genesis of the proposd (Bahcdl, Cabibbo, and

Y ahil 1972) that neutrinos may be ungtable (i.e., may decay to some other particles). Thisideawas consdered
because Davis told Bahcal in a telephone conversation (and in a subsequent memorandum) in November, 1971
of the latest run that he was counting where no counts (either background or sgnd) had been observed in the
counter for two months. This result suggested that the production rate in the tank might well be shown to be zero
when counters with sufficiently low background rates were generdly available. This posshility madeit naturd to
condder various Lagrangians for which neutrino decay was dlowed. The idea of neutrino decay as an explanation
for alow neutrino rate has somewhat falen out of favor in recent years because it gppears that afinite production
rate in the tank may have been observed (the November, 1971 result was a satistica fluctuation).

There were a number of experimental developmentsin this period that ultimately increased dramaticaly the
sengtivity of the experiment. Of course, the detector Size was dready fixed and the chemical recovery was nearly
quantitative. The only possibility of increasing the sensitivity of the Homestake detector was to somehow reduce
backgrounds. The background counting rate was 10 counts per month in the 3/Ar region (full wicth at half
maximum) and a nearly zero background rate was needed for aredly substantial improvement in sengtivity.

The crucid suggestion that led to a dramatic improvement was made by Gordon Garmire. After aseminar a
Cdtech, we went for aswim at the campus pool. Lounging around the side of the pool, we started talking to
Gordon. He pointed out that x-ray astronomers had developed pulse rise-time techniques for proportiona
counters that enabled them to observe and characterize x-ray eventsin the presence of ahigh flux of cosmic rays.
He suggested that this same technique could be used for characterizing 3“Ar decay eventsin the small
Brookhaven counters. When Davis first asked the Brookhaven dectronics engineersif this might be possible,
they pointed out thet their amplifiers were not fast enough to be used for this purpose with the small counters.
However, about a year |ater, they developed amplifiers and pulse stretchers with sufficient speed to be
gpplicable. Thefirst working system was developed a Brookhaven by Robert L. Chase, Ve jko Radeka, and
Lee C. Rogers, and was used in run number 18 (cf. Fig. 3) in late 1970. Thisimprovement reduced the

background counting rate for events smulating 37Ar to one event per month.

With this reduction in counter background, the background 37Ar produced in the tank became an important
consideration. The production of 37Ar by fast neutrons from the surrounding rock wall was very small,
approximately 0.04 37Ar atoms per day. This background effect was easily diminated by flooding the rock cavity
with water. The water was added for run number 21 (cf. Fig. 3) in the summer of 1971. The water shidd has
remained in place Snce that time, except for a six month period in 1975 when it was removed in order to ingpect
the tank for corroson and to give it anew coat of paint. (The water shield has been converted to an active water
Cerenkov particle detector by Ken Lande's group from the University of Pennsylvania. Their 250 ton detector is
being used currently to search for baryon decay, to observe cosmic rays, and to try to detect neutrinos from
collgpsing gars)

The cosmic ray background was known to be smal, but by now we had aso learned that the solar neutrino signd

was very low. Evauating the cosmic ray background was a difficult problem. It required measurements of the
S7Ar production rate by cosmic ray muons as a function of depth and a valid extrapolation of these messured

rates to the full depth of the chlorine detector. Measurements were performed at depths from 30 to 108 kg/cn?.
Armold Wolfendde and E. C. M. Y oung from Durham andyzed the resuilts to give the extrapolated 37Ar

production rate in the detector at 440 kg/cm? (Wolfendale et a. 1972). Later, an independent analysis was made
by George Cassdy of the University of Utah; he obtained smilar results (Cassidy 1973).
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In recent years, Ed Fireman has developed an independent technique for determining the muon background by

using %K asatarget and detecting eventsin which 3’Ar and a neutron and a proton are produced. These
important measurements are being carried out in the Homestake Mine.

Still another method of scaling the background effect with depth makes use of a radiochemical neutron detector
based upon the *°Ca((,n)3’Ar reaction. The Brookhaven group is currently using a 2000 | tank of calcium
nitrate solution exposed a various levels in the mine to measure the neutron production rate by fast muons. In
reporting the results of the chlorine solar neutrino detector, a cosmic-ray background of 0.08 3/Ar atoms/day is
used in dl of the recent andyses; thisis the vaue resulting from the origind studies by Wolfendae, Y oung, and
Cassdy, based on the measurements made with perchloroethylene.

The 3/Ar counting system was moved to the Homestake Mine in 1977. Moving the system underground did not
reduce counter background as much as was hoped. However, the underground muon flux is negligibly smdl in the
counters, and this permitted the measurement of the environmenta gamma-ray background effect on the

counters. These measurements of the gammarray background may eventually lead to further reduction of the
counter backgrounds.

There have been worries expressed by physicists and astronomers that there could be something wrong with the
radiochemical procedures used for extracting afew tens of atoms of 3’Ar from alarge volume of

perchloroethylene, atypica concentration of one atom in 10,000 |. Some indiividuals speculated that the 37Ar
produced by neutrino captures ends up in a chemica dtate that is nonvolatile and thus, is not removed by ahdium
purge. Some specific suggestions were advanced by Kenneth Jacobs; he proposed molecule-ions and radiation
induced polymerization traps (Jacobs 1973).

Although these suggestions were not based upon sound chemidry, we fdt that an experiment should be
performed to test these unlikely possibilities. To this end, an experiment was performed with 3Cl-labeled

perchloroethylene. This isotope decays by B-emission to produce 3Ar. The dynamics of the decay processis
essentidly identical to a neutrino capture and eectron emission. In an experiment performed by Herman

Vera-Ruiz, John Evans, and Ray Davis, it was found that the yield of 38Ar recovered from perchloroethylene by
ahdlium purge was quantitative. This experiment and the other argon efficiency tests made with the 100,000 ga

tank show that 3“Ar is recovered with high efficiency.

The Soviet solar neutrino project has developed into amgor program under the leadership of G. T. Zatsepin.
Wefirg learned of the magnitude of their effort a alunch table discussion during the Neutrino 1974 conference
a Balatonfured, Hungary. A group of interested Americans, Fred Reines, Ken Lande, John Bahcdll, and Ray
Davis, asked to hear about the Soviet plans. Answers were provided by Ya Chudakov, A. Pomanski, V. A.
Kuzmin, and B. Pontecorvo. They outlined their plansto dig a4 km long tunnel under amountain in the Caucasus
to contain anumber of neutrino detectors, including a chlorine detector about five timeslarger than the
Homestake experiment and a 1000 ton scintillation detector for observing collapsing ars. (This ambitious
program iswell advanced at the present time. The Neutrino 1977 conference was held on Ste and & thet time the
tunnel was about 1.7 km deep. At the Neutrino 1980 conference, the Soviet group indicated that a 50 ton galium
experiment would be operating in 1983!)

A summary of the solar neutrino problem, aswe saw it after 15 years of work in collaboration with many
colleagues, was published in Science (Bahcdl and Davis 1976). The origin of this paper is somewhat unusud: it



was origindly solicited by the editor of the British journd, The New Scientist, but the manuscript we produced
was regjected by the editor as unsuitable for his readership. We then submitted the manuscript to the editor of
Science who gracioudy accepted it.

1978 to present

Our efforts, dong with those of many colleagues, have concentrated in recent years on bringing about a new solar
neutrino experiment. The most promising targets at present appear to be ’Li, 3/Cl (enlarged experiment), "1Ga,
81y, 11591, and electron-neutrino scattering. The current status of the subject and discussions of each of these
targets are summarized in the remarks by the various speakers whose talks are recorded in the Proceedings of
the Informal Conference on the Satus and Future of Solar Neutrino Research (Friedlander 1978), which
took place a Brookhaven Nationd Laboratory in January, 1978. This meeting was an occasion for examining the
present status of the subject and for informaly discussing what ought to be done next. Davis (1978) opened the

conference by describing the technical details of the 37Cl experiment, including tests which showed that any argon
produced in the tank was extracted, as well as an explanation of the counting and data analysis techniques. The
experimentd rate reported was 2.2 + 0.3 SNU. There was much lively discussion following this and the other
talks. Thetheoretical cdibration of each of the possible new targets was discussed by Bahcall at the conference
(Bahcdl 19784), and more completely in adetailed paper (Bahcall 1978b) that gives the best estimates of the
neutrino absorption cross sections for the various targets, the estimated uncertainties in the cross sections, and an
andysis of what can be learned about astrophysics (or physics) by using each target. In some cases, experiments
that had been the subject of much previous work were dropped as aresult of Bahcdl's analysis, which showed
that for severa otherwise useful neutrino targets, the absorption cross sections were inherently uncertain. Willy
skillfully guided apand discusson on the find day among severd of the participants; the discusson showed
remarkable unanimity in supporting a new experiment that would be senstive primarily to neutrinos from the
proton-proton reaction.

The important story of the proposed 2°°TI experiment has been told in a complete and dramatic manner by Mél
Freedman (1978), who suggested and worked out the observational details of this clever detection schemein
collaboration with his colleagues at Argonne (see Freedman et d. 1976). The basic ideais to use 2Tl asa
measure of the average neutrino flux from p-p reactions (or dmost equivaently, the solar luminosty) for the past
ten million years. The 2%°T| must be obtained from geological deposits. A recent reinvestigation of this suggested
experiment by Rowley, Cleveand, Davis, Hampel, and Kirsten (1980) has confirmed Freedman's anadlyss that
background effects are expected to be small and that this detector could provide in principle otherwise

inaccess ble information regarding the average luminosity of the Sun over timescaes that some theorigts (including
Willy) have speculated may be relevant to the internd history of the Sun and to the solar neutrino problem. The
principa difficulty with the proposed experiment is that Bahcall (1978a,b) has shown that the neutrino absorption
cross sections cannot be calculated accuratdly for this target and are essentialy unknowable to the desired
precision (afactor of two or better).

The basic reason that a new experiment is required is to establish whether the origin of the present discrepancy
between theory and observation (with the 3/Cl detector) is due to errorsin our understanding of astrophysics
(stellar models) or physics (e.g., properties of neutrinos). Detectors such as “*Ga and 1%In (Raghavan 1976) that
are primarily sengtive to p-p neutrinos are preferable for this purpose. If the Sun is currently producing its
average luminogty by virtue of nuclear fuson reectionsin its interior, then the flux of p-p neutrinos can be
caculated essentidly from the observed optica luminosity of the Sun. One need only assume for this caculaion

that the branchesinvolving “Be are relatively rare (lessthan, or of order of 10%), an assumption that can be



justified on the basis of ither stellar models or the 3/Cl experimen.

A modular experiment that uses "1Ga as a detector is currently underway. It involves a collaboration between
individuds a Brookhaven Nationd Laboratory, the Indtitute for Advanced Study, the University of Pennsylvania,
the Max Planck Indtitute for Nuclear Physcs a Heidelberg, and the Welzman Indtitute in Rehovot. The rationde
and procedures for this project were summarized in an articlein Physical Review Letters (Bahcdl et d. 1978)
and in the proposa submitted to the Max Planck Gesellschaft zur Forderung der Wissenschaften
(September, 1978). The extraction procedure has been tested successfully in the spring of 1980 ona 1.3 ton
sample of gdlium by Bruce Cleveland, Israel Dostrovsky, Gerhart Friedlander, and Davis, the procedures for
counting “1Ge efficiently have been developed by the group at the Max Planck Intitute for Nuclear Physicsin
Heddberg under the leadership of Til Kirsten and Wolfgang Hampd. This experiment could be completed in
three or four yearsif support were forthcoming from the U.S. Department of Energy to supply, together with the
Max Planck Indtitutes, the required amount of galium (about 50 tons totdl).

The next stage in the gallium experiment is to use a%°Zn source to calibrate the detector throughput and the

neutrino absorption cross sections, in amanner first proposed by Luis Alvarez (1973) for the 3/Cl detector.
About 10 tons of gdlium are required for this intermediate step. The recent suggestions that neutrinos may have
been observed to oscillate on scales observable in the laboratory (see, e.g., Barger et d. 1980; Reines et d.

1980) make this experiment of specia interest. Only the 1.343 MeV neuttrino line of 5°Zn (from dectron capture)
contributes significantly to the observable neutrino capture rate (Bahcall 1978b). If oscillations do occur at the
suggested leve (neutrino masses of order 1 €V), then the oscillation parameters could be determined by using the

effectively monoenergetic %°Zn neutrinos and varying the source-absorber distance.

Other experiments are also being actively investigated at present. Theseinclude the following targets: “Li (K.
Rowley, S. Hurst, S. D. Kramer, R. Davis, A. M. Bakich, L. S. Pesk); 1°In (R. S. Raghavan and M. Deutsch);
and 81Br (S. Hurgt, Bahcall and Davis, following the recent important experiment on the beta-decay rate of the
190 keV excited state of 81Kr by Benett et al. 1981).

Retrospective

It isingtructive to look back over the history of this subject to see how the observationd and theoretica vaues
have changed with time. Thisisshown in Figs. 1 and 2.

Figure 1 isan overdl pictorid higory of the subject asit looked in 1970 (when this drawing was originaly used
by Davisin apublic lecture). A few of the mgor events are indicated on the figure a the period corresponding to
the time they occurred. It isinteresting to note that the only change that would have to be made to bring it up to
date ten years later isto lower the experimental upper limit by about afactor of two.
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Figure 1. some of the principal eventsin the development of the solar neutrino problem. The experimental upper limit is
indicated by thethin black curve and therange of theor etical values (after 1964) by the cross-hatched region. Theunitsare

captures per target atom per second (1036 captur eltar get atom/s= 1 SNU).

Figure 2 shows dl the published vaues in which we have participated, with the exception of the observationd
limits obtained in 1955 and 1964 (These earliest upper limits of 4000 and 160 SNU would not fit conveniently in
Fig. 2, which unlike Fig. 1, has linear scales).

A few remarks need to be made about the theoretical error barsin Fig. 2. These uncertainties are more
“experimenta” than " theoretica™ since the basic theory has not changed since 1964. What have changed are the
best estimates for many different input parameters (see the earlier discussion under 1968). The error bars shown
inFig. 2 for the theoretical points were taken in dl cases from the origina papers (see caption to Fg. 2), and
represent the range of capture rates that were obtained from standard solar models when the various nuclear and
atomic parameters were dlowed to vary over the range conventionaly regarded as acceptable a the time the
cdculations were made. A number of detailed theoreticad studies and improvements have been introduced into
the gellar model caculations over the past fifteen years, a great expensein persond effort and computing time,
but these theoretica refinements have had only relatively minor effects on the caculated capture rates compared
to the rather large changes produced by new measurements of experimental parameters. The various ups and
downs in the best estimate theoretical vaues sSince 1968 represent the largely Statigticd variaionsin the
uncertaintiesin the many input parameters. The current theoreticd estimate is (7.5 + 1.5) SNU, where the quoted
uncertainty takes account of known uncertaintiesin opacities, primordid chemica composition, and nuclear
reaction parameters (Bahcall et a. 1980).
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Figure 2. Published values of the predicted and observed neutrino captureratesfrom 1964 to 1980. The observational results
arefrom Davis, Harmer, and Hoffman (1968); Davis (1970); Davis, Rogers, and Radeka (1971); Davis (1971); Davis, Evans,
Radeka, and Roger s (1972); Davisand Evans (1973); Davisand Evans (1974); Davisand Evans (1976); Rowley, Cleveland,
Davis, and Evans (1977); Davis (1978); and Rowley, Cleveland, Davis, Hampel, and Kirsten (1980). Thetheoretical valuesare
from Bahcall (19644a); Bahcall (1966); Bahcall and Shaviv (1968); Bahcall, Bahcall, Fowler, and Shaviv (1968); Bahcall,
Bahcall, and Shaviv (1968); Bahcall (1969b); Bahcall and Ulrich (1970); Bahcall and Ulrich (1971); Bahcall, Huebner,
Magee, Merts, and Ulrich (1973); Bahcall (1977); and Bahcall, Huebner, Lubow, Magee, Merts, Parker, Rozsnyai, Ulrich, and
Argo (1980). Similar resultsby other authorsarementioned in thetext.

The procedures for andlyzing the data have evolved with time; the techniques are discussed fully in the report by

Davis (1978). All of the published capture rates prior to 1977 were described in the origina papers (see caption
to Fg. 2) as one-standard-deviation upper limits. The sengtivity of the experiment has greatly improved with time
as experience has been gained with the operating system and the extremely low count rates. The measurement of
both the rise time (as first suggested by Gordon Garmire) and the pulse height of the proportiona-counter events
alows one to discriminate strongly againgt noise pulses. Measuring the rise time was introduced in run 18 (1970);



it greetly reduced the number of background events. Bruce Cleveland has developed a maximum likelihood
method of andyzing the data that utilizes the time of occurrence of dl the events detected in the counters; this
procedure is unbiased and gives a best estimate and uncertainty for both the background and the 3’Ar production
rate. Using this method, it has been possible to establish that the 37Ar production rate in the tank, athough small,
is actudly not zero. Another way of demondrating thisfact isto use dl of the events from the different runs and
show that they collectively decay with the lifetime of 37Ar; the resulting cumulative decay curveis adramatic and
convincing way of seeing that the experiment is actualy detecting 37Ar (see Davis 1978). The present best
estimate for the production rateis 2.2 £ 0.4 SNU (Rowley et a. 1980).

It gppears from Fig. 2 that the published estimates for the capture rate were a a minimum during 1972-4. This
effect is due dmogt entirely to the change in the method of andyzing the data (see Davis 1978); dl of the later
points include the earlier dataaswell. In order to check this interpretation, Bruce Cleveland has reandyzed the
data using his maximum likelihood method. For the data available in 1972, Cleveland finds 1.3 £ 1 SNU
(compared to the earlier published value of 0.2 SNU) and for the 1974 data Cleveland finds 2.0 + 0.4 SNU
(compared to the earlier published vaue of 1.3 SNU). The main difference between the present andyses and the
erlier caculationsis due to the fact that the datistical uncertainty for avery smal number of eventsis now
properly taken into account.

All of the high quality data presently available are shown in Fig. 3, which has been assembled by Clevdand and
Davis. The average production rate of 3’Ar in the tank from all these datais 2.2 + 0.4 SNU.

The current difference between theory and observation using the best available etimates for the parametersis
about afactor of three. Experiments to remeasure at low energies and with the most modern techniques [see
Rolfs and Trautvetter (1978) and Barnes (1981)] the cross section factors for the 3He-3He, 3He-*He, and 'Be-p
reactions are urgently needed. Experiments are underway to remeasure the second of these reactions, which is
being studied by Claus Rolfs and his associates in Germany and dso by an enthusagtic crew at the Kellogg
Laboratories. Of the total 7.8 SNU predicted by the current best estimate model, 6.3 SNU isfrom the
"Be(p;¥)®B reaction, last studied in detail in 1969 by Ralph Kavanagh and his associates in an unpublished
investigation (see Kavanagh 1972). It is worth stressing again that the entire difference between the theoreticdl
and observational valuesin Fig. 2 is due to neutrinos from 8B produced in the "Be(p,¥) reaction. The total
capture rate also depends sensitively upon the 3He(x:,¥) 'Be reaction, approximately as the (cross section

factor)08.
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Figure 3. Summary of 3’Ar production ratesfor individual experimental runs, 1970-9.

It would not be surprising if Willy once again used his exceptiona powers of persuasion to see that the above
experiments were repeated expeditioudy. After dl, he hasbeen tdling dl of usfor many years what we ought to
be doing; we have profited scientifically by his advice and have had fun in the process.

In conclusion, we bdlieve that, whatever the solution of the solar neutrino problem turns out to be, the combined
efforts of many people (chemigts, nuclear physicigts, asrophysicists, geophysicists, and e ementary particle
physicists) over the past two decades will ultimately result in a greater understanding of both the solar interior and
the limitations of our present knowledge. In the interim, many parameters have been determined more accurately
and many theoretica possibilities have been rendered implausible. Future solar neutrino experiments must
delineste more clearly whet is the missing eement in our present understanding and even whether it is primarily in

the realm of physics or astrophysics.

This research was supported in part by NSF Grant blot PHY 79-19884 and in part by the Energy Research and
Development Administration.
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