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The beam dump experiments performed at CERN SPS
observed prompt Ve (or Vg) interactions at the rate
of ~1.3/ton/1018 protons (H. Wachsmuth, Proceedings
of the International Symposium on Lepton and Photon
Interactions at High Energies, Fermilab, 1979,

p. 541). We assume that these prompt neutrinos
come from DY and F* production is 10% of D mesons
due to the presence of a s-quark in F. Using a
theoretical estimate of B (F +1v) ~3%, we obtain
the v, event rate in our emulsion target ( 100 kg),

18 . 0.03

1.3(/ton/10%8) - 0.1 tons * 7x10 0.1 °

* 0.6 * 2 = 0,016 events

where 0.2 is the branching ratio of pt - evX, 0.6 is
the cross section ratio o(v_)/0(v_ ) and the last
factor 2 takes care of the ﬁresenSe of twovy's in
the chain decay F + tv,, T + vX. Thus, though this
estimate is crude, we are not able to expect any
significant prompt v events in this experiment.
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SOLAR NEUTRINOS AND NEUTRINO OSCILLATIONS

John N. Bahcall
Institute for Advanced Study, Princeton, NJ 085L0

The topics I will cover are, in order: an overview of the sub-
Ject of solar neutrinos, a brief summary of the theory of stellar
evolution, & description of the main sources of solar neutrinos,

a brief summary of the results of the Brookhaven 3¢y experiment,

an analysis of the principal new solar neutrino experiments that have
been proposed, and some new calculations related to averages that
must be done if oscillations are important in solar neutrino experi-
ments. Most of the information contained in this talk has been
summarized in recent reviewsl»2>3s4s5,

The most important fact about the subject I am reviewing is
that there is a serious -discrepancy between the standard theory and
observation.

One may well ask: Why devote so much effort in trying to under-
stand a backyard problem like the sun's thermonuclear furnace when
there are so many exciting and exotic discoveries occurring in astron-
omy? Most natural scientists believe that we understand the process
by which the sun's heat is produced - that is, in thermonuclear reac-
tions that fuse light elements into heavier ones, thus converting
mass into energy. However, no one has found an easy way to test the
extent of our understanding because the sun's thermonuclear furnace
is deep in the interior, where it is hidden by an enormous mass of
cooler material. Hence conventional astronomical instruments can
only record the photons emitted by the outermost layers of the sun
(and otber stars). The theory of solar energy generation is suf-
ficiently important to the general understanding of stellar evolu-
tion that one would like to find a more definitive test.

There is & way to directly and quantitatively test the theory
of nuclear energy generation in stars like the sun. Of the particles
released by the assumed thermconuclear reactions in the solar interior,
only one has the ability to penetrate from the center of the sun to
the surface and escape into space: the neutrino. Thus neutrinos
offer us & unique possibility of "looking" into the solar interior.
Moreover, the theory of stellar aging by thermonuclear burning is
widely used in interpreting many kinds of astronomical information
and is a necessary link in establishing such basic data as the ages
of the stars and the abundances of the elements. The parameters of
the sun (its age, mass, luminosity, and chemical composition) are
better known than those of any other star, and it is in the simplest
and best understood stage of stellar evolution, the quiescent main
sequence stage. Thus an experiment designed to capture neutrinos
produced by solar thermonuclear reactions is a crucial one for the
theory of stellar evolution. We also hoped originally that the
application of a new observing technique would provide added insight
and detailed information. It is for all of these reasons (a unique
opportunity to see inside a star, a well-posed prediction of a
widely used theory, and the hope for new insights)that so much effort
has been devoted to the solar neutrino problem.
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A number of exotic solutions to the solar neutrino problem, modifying
either the physics or the astronomy (and in some cases both), have
been proposed. Even if one grants that the source of the discrepancy
is astronomical, there is no general agreement as to what aspect of
the theory is most likely to be incorrect. As indicated above, many
of the proposed solutions of the solar neutrino problem have broad
implications for conventionsl astronomy and cosmology. Some of them
would change the theoretical ages of old stars or the inferred primor-
diel element abundances.

On the other hand, modified theories of the weak interactions
bave been proposed in which neutrinos may disappear by mixings 2718
or decay9 in transit from the sun to the earth, but for which there
are no terrestrially measurable consequences. The organizers of this
conference have played a tremendously important role by their recent
articles on the sub,)ectm’11 in stimulating new experiments and ideas
in this area. These ideas have been discussed extensively by experts
at this conference and so I will say little about the subject except
to indicate where solar neutrinos fit into the problem and to stress
+he need for averaging over the spectrum12 when considering the impli-
cations of the results for the solar neutrino problem.

Boris Kayser told me that the main thing people want to know
from me at this conference is whether or not the solar neutrino prob-
lem should be considered as evidence for neutrino oscillations. I
will try to give you sufficient information to make up your own mind
zn this question.

STELLAR EVOLUTION

I have listed on Slide I (Table I) everything that I think you
need to know sbout stellar evolution. There are many more things in
stellar evolution theory, but I don't think you have to know them in
srder to understand sclar neutrino experiments, certainly not for the
purposes of this talk. Table I summarizes the principles that are
required for constructing solar models and that are tested by solar
neutrino experiments.

Table I Three Minute Course In Stellar Evolution Principle

Hydrostatic Equilibrium

Spherical Sun

Nuclear Energy Source

Energy Transport by Radiation & Convection

niform Primordial Couposition = Surface Composition
Evolution (age = 5 x 10% yrs.)

BOTTOM LINE: Only 37y Experiment Inconsistent with
Standard Theory

The first principle is hydrostatic equilibrium, which in practice
is used together with the special assumption of spherical symmetry.
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The second principle is that the energy source is postulated to de
nuclear; the rates of the nuclear reactions depend on the density
(p) and the temperature (T), and the composition (Xi). The practi-
cal part of this principle is that the rate at which the nuclear
reactions produce emergy when integrated over the whole sun is
equal to the observed solar luminosity today. The "today" is an
essential part of this principle.

The third principle is that the energy is transported from the
deep interior to the surface via radiation and convection. In prac-
tice, for most (but not quite all) of the models, the great bulk of
the energy is transported by radiation. The key quantities are the
gradient of the temperature (dT/dr) and the opacity of the solar
matter.

The assumption that the initial composition was uniform and is
equal to the presently observed surface composition is closely re-
lated to the question of which opacity should be used. It is plausi-
ble that the surface composition has not changed much because of
nuclear reactions since the sun was formed. It is not quite so ob-
vious that nothing has been added to the solar surface since the
sun was born. However, that is the assumption which is widely used
throughout astronomy and is the basis for meking the standard cal-
culations.

The final principle is that the sun evolves because it burns
its nuclear fuel. It has burned for something like 5 billion years
so far. One mocks up this evolution by computing several quasista-
tic models which march along in time.

The bottom line of this brief course in stellar evolution is:
within our store of observational information about stars, only the
Brookhaven Chlorine 37 experiment of Ray Davis and his colleagues
is inconsistent with the standard theory of stellar evolution. It
is the only place where we don't see a way out of observational
difficulties unless we modify something among the basic assumptions.

NUCLEAR FUSION IN THE SUN

I shall now outline briefly the conventional wisdoml3*1% regard-
ing nuclear fusion as the energy source for main sequence stars like
the sun. It is assumed that the sun shines because of fusion reac-
tions similar to those envisioned for terrestrial fusion reactors.
The basic solar process is the fusion of four protons to form an
alphs particle, two positrons (e¥), and two neutrinos (v), that is,
bp + a + 2e* + 2vg. The principal reactions are shown in Table 2
with a column indicating in what percentage of the solar terminations
of the proton-proton chain each reaction occurs. The rate for the
initiating proton~proton (PP) reaction, number 1 in Table 2, is
largely determined by the total luminosity of the sun. Unfortunately,
these neutrinos are below the threshold, which is 0.81 Mev, for the

37cy experiment. Several of the proposed new experiments, especially
the 71Ga and 115In experiments, will be primarily sensitive to neu-
trinos frum the p-p reaction: The PEP reaction {number 2), which

is the same as the familiar PP reaction except for having the elec-
tron in the initial state, is detectable in the Tc1 experiment.




The ratio of PEP to PP neutrinos is approximately independent of
vhich model (see below) one uses for the solar properties. Two
sther eactions in Table 2 are of special interest. The capture of
electrons by ’Be (reaction 6) produces detectable neutrinos in the
1 experiment. The 88 beta decay, reaction 9, was expected to be
the main source of neutrinos for the 37C1 experiment because of their
relatively high energy (1h Mev), although it is a rare reaction in
the sup (see Table 2). There are also some less important neutrino-
producing reactions from the carbon-nitrogen-oxygenm (CNO) cycle,
but wve shall not discuss them in detail since the CNO cycle is be-
lieved to play a rather small role in the energy-production budget
of the sun.

Table II The proton-proton chain in the sun

Solar<®
Xumber Reaction terminationrs Maximum Neutrino Energy
(%) (Mev)
: prpP2Heet 4y (99.75) 0.420
or
z pre +pr2H+y (0.25) 1.44 (monoenergetic)
: 2q4p+3Hetv (100)
4 3He+3Her"Het+2p (87)
or
: Ige+"He+"Be+v (13)
4 7 -7
> Bete +'Litv 0.861 (90%), 0.383 (10%)
- 7L14pr2*He (Both monoenergetic)
or
3 TBe+p+8B+v (0:02)
*
’) 83.85e +e ' +v 14.06
10 3¢ +2%He

JEUTRINO ABSORPTION CROSS SECTIONS

The expected capture rate is the sum of products of: {solar
neutrino flux) times (capture cross section). The capture cross
sections must be known accurately in order to compare with expec-
tations based upon stellar evolution theory or weak interaction
phencmenclogy. This has been my job for many years.

I consider the capture cross sections well known, or equivalent-
ly a proposed detector well calibrated, if I can calculate the ab-
sorption cross sections to an accuracy of ten percent or better for
the expected solar neutrino spectrum. There have been many proposals
for using different targets over the years, some of the most inter-
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esting of which have not been pursued because I found that the cross
sections could not be calculated accurately. You might think that
once the machinery has been developed to calculate the average cross
sections for one target then it would be a completely straightforward
Job to calculate the cross section for .any other target. However,
this is not so. Every nucleus has its own peculiarities and indi-~
vidualities, particularly with regard to the contribution of excited
states.

The details of the calculations have been described elsewherel:!S
I will only mention that the basic ingredient is the theory of
(charge-changing) nuclear beta-decay, the Hamiltonian for which is
well-known from laboratory experiments. A number of special effects
must be evaluated accurately: including electron screening, averages
over broad nuclear states aBe', relativistic effects for the bound
electrons (used in interpreting the reverse electron capture reac-
tions), precise phase-space factors (f-values), etc.

The most complicated (and often the most important) question
concerns the contribution of transitions from the ground state of
the target nucleus to the various excited states of the daughter
nucleus. The relative contributions of the excited states must be
estimated quantitatively for each target using all the available
nuclear data and numerical calculations for different assumed solar
neutrino spectra.

In the best cases (e.g., 37C1 or 71Ga), the matrix elements for
the ground-state to ground-state transitions can be determined from
measurements of the inverse electron capture reactions. Of course,
in order to interpret the electron-capture rates accurate bound
electron wave functions must be used.

The transition from the ground-state of 37C1 to the isotopic
analogue state of 37pr determines most of the expected capture rate
for the Chlorine experiment. This rate can be calculated accurately
from theotyl'ls. Moreover, the other nuclear matrix elements from
the ground state of 37c1 to the various excited states of 37Ar can
be determined by studying the beta-decay of 3 Ca to 37k which
essentially allows us to determine via isotoplc éZin iaaaifance the
e;perimental values of the nuclear matrix elements for the 17Cl20 -
18A.r19 transitions.

THE BROOKHAVEN SOLAR NEUTRINO EXPERIMENT

The Brookhaven solar neutrino detector which Ra; has discussed
in detail is based on the neutrino capture reactionl’?18119120121,

v+ 301 7 + & . (1)

cagturg
trr———

decay

which is the inverse of the electron capture decay of 37ar. The
radioactive decay occurs with a half-life of 35 days. This reac-
tion was chosen for the Brookhaven solar meutrino experiment be-
cause of its unique combination of physical and chemical character-



istics, which were favorable for building a large-scale solar neu-
trino detector. Neutrino capture to form 37ar in the ground state
has a relatively low energy threshold (0.81 Mev) and a favorable
cross section, nuclear properties that are important for observing
neutrinos fram ’Be, 13N, and 150 decay and the PEP reaction.

A set of experimental runs carried out in the Brookhaven 37C1
experiment over the last 10 years show that the 37r production rate
in the tank is about 0.50 + 0.06 37Ar atoms per day (see the discus-
sion by Davis in this proceeding for details). Even though the tank
is nearly a mile underground, a small amount of 37ar is produced by
cosmic rays. An evaluation of data obtained by exposing 7500 liters
of C3Cl, at various depths underground suggests that the cosmic-ray
production rate in the detector may be 0.08 * 0.03 37ar atoms per
day. Fireman's?? measurements of the muon background using a x
detector suggest a background rate of (0.18 * 0.09) 37Ar atoms/day.
If this background rate is correct then there is no evidence for
any solar neutrino detection beyond the 3-0 level of significance.
Ray is continuing further measurements of the background, which are
extremely important. There are also important uncertainties in the
background rate calculated for neutrinos produced by the decays of
cosmic ray secondaries.

If the background rate determined from the C3Cl, measurements
is assumed, then a positive signal of (2.2 ¢+ 0.L) SNU is inferred
(1SNU = 1073® captures per target particle per second).

The predicted capture rates for the currently best standard
solar model23 are shown in Table 3. The results are expressed in
terms of SNU's = 10736 captures per target atom per second, the
characteristiccounting rate for solar neutrino experiments. We find
a predicted rate of about 7.8 SNU. The neutrino absorption cross
sections used to compute the rates given in Table 3 are from ref-
erence 1,

The best values to use for various parameters has recently been
investigated?3 and the estimated uncertainties were found to amount
to about 1.5 SNU.

Thus the best current theoretical estimate is 7.5 * 1.5 SNU,
appreciably lower than the 2.2 SNU production rate that is observed.
Uncertainties due to the solar composition are estimated to be about
*+ 1 SNU, errors in the opacity may contribute of order * 0.5 SNU,
and the known statistical errors in the nuclear reections correspond
to about ¢ 1 SNU.

OBSERVATIONAL IMPLICATIONS

The 37C1 experiment tests theoretical ideas at different levels
of meaning, depending on the counting rate being discussed. The
various counting rates and their significance are summarized in
Table 4. It is obvious from a comparison of Table 4 with the experi-
mental results given sbove that the value of 28 SNU's based on the
CNO cycle is ruled out. More surprisingly, the best current models
based on standard theory, which imply - 6 to 9 SNU's are also in-
consistent with the observations. This disagreement between stan-
dard theory and observation has led to many speculative suggestions
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Table IITI Predicted Capture Rates for a

Recently Computed Standard Solar Mode1l»23

Capture Rate

Neutrino Source (SNU's)
PP 0
;] 6.3
PEP 0.2
7Be 1.0
13y 0.08
15 0.25

Total = 7.8 SNU

Table IV Significance of counting rates in the 37c1 experiment.
One solar neutrino unit (SNU) = 10736 captures per target

per second

Counting Rate Significance of counting rate

(swu)

28 Expected if the CNO cycle produces the solar
luminosity

T.5¢1.5 Predictions of standard models

1.5 Expected as a lower limit consistent with standard
ideas of stellar evolution

0.3 Expected from the PEP reaction. Hence a test of

the basic ideas of nuclear fusion as the
energy source for main sequence stars
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of what might be wrong. One such suggestionz"‘, that in the solar
interior the heavy element abundance is at least a factor of 10 less
+han the observed surface abuniance, leads to an expected counting - -

rate of 1.5 SNU's (see Table L), which is about as low & prediction
as one can obtain from solar models without seriously changing i
current ideas about the ghysics of the solar interior. Present and j
#iture versions of the 3 Cl experiment are not likely to reach a 4
sensitivity as lov as 0.3 SNU, the minimum counting rate (trom 1
reaction 2 of Table 2) that can be expected if the basic idea of
auclear fusion as the energy source for main sequence stars is cor- T
rect. s
RETROSPECTIVE Published Capture Rates
as a Function of Time !
It is instructive to look back over the history of this subject
and to see how the observational and theoretical values have changed 40? ob ti (f— ) g
with time. This may be the best indicator of the uncertainties. x servation T 5.
Figure 1 shows all the published values since 196L in which 36 - Th :
“ay and I participated. This figure is taken from a paper Ray and ° éory
I have prepared for the Willy Fowler festschrift. 32 L i
A few remarks need to be made about the theoretical error bars
in Figure 1. These uncertainties are more "experimental” than {
"sheoretical” since the basic theory has not changed since 196k. 28 ? |
“hat have changed are the best-estimates for many different input é> ;
parameters (see the earlier discussion under 1968). The error bars .
snown in Figure 1 for the theoreticel points were taken in all cases D24
rom the original papers (see caption to Figure 1) and represent the =
range of capture rates that were calculated at the time from stan- (7p] 20+
iard solar models when the various nuclear and atomic parameters 18 -
vere allowed to vary over the range conventionally regarded as
acceptable when the calculations were made. A pumber of detailed 16 + 1
~heoretical studies and improvements have been introduced into the 14 r
stellar model calculations over the past fifteen years at great ex- 12 -
vense in personal effort and computing time, but these theoretical 10 F
refinements have had only relatively minor effects on the calculated i
capture rates compared to the rather large changes produced by new 8 r 1 Q %
measurements of experimental parameters. The various ups and downs 6 (=] o
in the best-estimate theoretical values since 1968 represent the 4 o
largely statistical variastions in the uncertainties in the many input ’ { 1 t
rarameters. The current theoretical estimate is (7.5 & 1.5) SNU, 2r N . L f 'R 3 i | ;
where the quoted uncertainty takes account of known uncertainties in
opacities, grimordial chemical composition, and nuclear reaction 1964 66 .68 70 72 74 T® 78 {980
parameters2?,
The procedures for analyzing the data have evolved with time;
the techniques are discussed fully in the report by Davis20, A1l of Fig. 1. Published Values of the Predicted and Observed
the published capture rates prior to 1977 were described in the Neutrino Capture Rates from 1964 to 1980. The detailed
criginal papers (see caption to figure 1) as one-standard-deviation references are contained in the paper by J. N. Bahcall
ipper limits. The sensitivity of the experiment has impraved greatliy and R. Davis, Jr. that will appear in the Willy Fowler
vith time as experience has been gained with the operating system festschrift.

and the extremely low count rates.
It appears from figure 1 that the published estimates for the
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capture rate vere at a minimum in 1972-19Th. This effect is due
almost entirely to the change in the method of analyzing the data
(see reference 20); all of the later points include the earlier data
as well. In order to check this interpretation, Bruce Cleveland

has reanalyzed the data using his maximum likelihood method. For
the data available in 1972, Cleveland finds1.3+1SNU (compared

to the earlier published value of less than 1 SNU) and for the

1974 data Cleveland finds 2.0%0.h SNU (compared to the earlier pub-
lished value of 1.3 SNU). The main difference between the present
analyses and the earlier calculations is due to the fact that the
statistical uncertainty for a very small number of events is now
properly taken into account.

The current difference between theory and observation using
the best available estimates for the parameters is about a factor
of three. Experiments to remeasure at low energies and with the
most modern techniques the cross-section factors for the 34e-3He,

He-“He, and 7Be-p reactions are needed urgently (experiments are
underway to remeasure the second of these reactions, which is being
studied by Claus Rolfs and his associates in Germany and also by
an impressive crew at Kellogg Laboratories). Of the total 7.8 SNU
gredicted by the current best-estimate model, 6.3 SNU is from the

Be(p,Y)®B reaction, last studied in detail in 1969 by Ralph
Kavanagh and his associates in an unpublished investigation. It is
vorth stressing again that the entire difference between the theo-
retical and observational values in Figure 1 is due to neutrinos
from B produced in the above-mentioned p-gamma reaction. The total
capture rate also depends sensitvely upon the He(u,y)7Be reaction,
approximately as: {(cross-section factor)®-°.

I have now done all I can to answer the question that Boris
Kayser raised. There is a solar neutrino problem, but you will have
to judge for yourselves whether or not it is related to neutrino
oscillations. My own feeling is that we will not know for sure the
ansver to this question until someone completes a new solar neutrino
experiment, one which focuses on the astronomically secure p-p neu-
trinos.

NEW EXPERIMENTS

Another experiment is required to settle the issue of whether
our astronomy or our physics is the cause of the solar neutrino prob-
lems. Fortunately one can make a testable distinction. The flux of
low energy neutrinos from the PP and PEP reactions (numbers 1 and 2
in Table II) is almost entirely independent of astromomical uncer-
tainties and can be calculated from the observed solar luminosity,
provided only that the basic physical ideas of nuclear fusion as the
energy source for the sun and of stable neutrinos are correct. If
these low energy solar neutrinos are detected in & future experi-
ment, we will know that the present crisis is caused by a lack of
astrnomical understanding. If the .lov energy neutrinos are absent,
we will know that the present discrepancy between theory and observa-
tion is due at least in part to simplifications in our physics, not
Just poorly understood astrophysics.

“
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I have recently analyzed in detail the theoretical aspects of
eleven experiments that have been studied by various experimental
groups as possible new solar neutrino experiments®. Those targets
were examined for the following information: (a). whether the total
cross-section solar neutrinos can be calculated to an accuracy of at
least ten percent; (b). whether something new will be learned about
the solar interior, or neutrino physics, by performing the proposed
experiment; and (c¢). whether (in my opinion) the experiment is
feasible with current technology.

The detectors for solar neutrinos can be classified according
to their relative sensitivity to different parts of the solar neu-
trino spectrum. Five of the experiments are primarily sensitive to
88 neutrinos; these are 2H, 37c1, Sly, , and neutrino-electron
scattering.

Four detectors, ’3Ga, 87Rb, 115In apd 29572, are primarily
sensitive to peutrinos from the proton-proton reactions. The
expected capture rates for these detectors are practically indepen-
dent of the astronomical assumptions that are made provided only
that the sun produces, in a steady-state fashion and via the proton-
proton chain, the energy that it radiates from its surface.

Rafhavan has described to you already the unique characteristies
of the !15In detection system. He has certainly developed the most
sophisticated and clever detection scheme of any of the experiments

The pep neutrinos (reaction 2, Table II) are expected to make
the largest single contribution to the capture rate of a ‘Li detector,
even for the standard solar model. The observational results from
the 371 experiment show, moreover, that the higher energy °B neu-
trinos should contribute, for a ’Li target, at most one-half the
capture rate due to pep neutrinos. Since the pep neutrinos are as
good a measure of the proton-proton reaction rate as are the p-p
neutrinos, one can also classify the 7Li detector as a p-p sensi-
tive target. The 7Li ana 1151p targets share the property of being
reasonably sensitive to more than one neutrino branch (the pep, 7Be,
88, and 150 branches for the 'Li detector; the p-p and ’Be branches
for the 1151n target). The Y—g and “Be capture rates could be de-
termined separately for the 10 experiment since the energies of
the individual electrons could be measured.

The #1Br detector is primarily sensitive to 7Be neutrinos.

The 115In and neutrino-electron scattering experiments could
in principle be used to measure the direction of the electrons that
are produced and thus to establish that the incident neutrinos come
from the sun.

In order for a solar neutrino experiment to be most useful, the
absorption cross sections must be accurately known. Of the new
targets discussed in this paper, only 2H, ’Li, 716&, 57Rb, 1151,
(with some reservations), and neutrino-electron scattering satisfy
this requirement. A new detector should also help discriminate be-
tween the possible explanations of the discrepancy between theory
and observation in the 37Cl experiment. Experiments with 2H or
neutrino-electron scattering are sensitive primarily to 8 neutrinos,
as is the 37C1 experiment. In order to provide new information of
astrophysical importance, these experiments must be sensitive to a
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88 flux that is significantly belov that already reached by the
Brookhaven 37C1 experiment. There has not been a recent and detailed
experimental feasibility study for the proposed 87my experiment, per-
haps because of the uncomfortably short lifetime (2.8MrS) of the
daughter nucleus, 875r. If we set aside 37Rb because of the absence
of a feasibility study, then the preferred targets are: Z_L_i_, ga,
1151n, and either 2H or electron scattering (it sufficiently sensi-
tive).

There are four major neutrino branches that must be measured
in order to carry out a program of neutrino spectroscopy of the solar
interior. These branches are the p-p, ‘Be, sB, and 13N + 1350 peu-
trinos. The future experimental solar neutrino grogram should in-
clude all of the preferred new detectors. The 7iga experiment is

rimarily sensitive_to p-p neutrinos and the °/Cl experiment to

gB peutrinos. The ’Li and 115In eriments provide additional in-
formation about the ’Be and 13§ + 150 fluxes. Taken to§e'cher, the
results of the four experiments (7Li, 37C1, 71Ga, and 1I5In) should
allow us to solve for the parameters of the solar interior (tempera-
-ure range, density and composition). An 2H or an electron-neutrino
experiment should also be performed at some future date in order to
check on the upper limit to the 8B flux determined by the 37C1 ex-
periment. If a feasible experiment is proposed in which a 85 flux
as low as twenty percent of the prediction from the standard model
could be measured then this would also be & preferred experiment
since it would grovide qualitatively new astrophysical information.

Either a 71Ga or an 115In experiment can distinguish between
explenations that are based on presumed inadequacies in, respective-
ly, the astronomical theory or the weak interaction theory provided
only that the sun produces in a steady-state fashion the energy it
radjates from its surface. A low counting rate in either of these
experiments could also arise, in principle, if the sun is now in an
abnormal phase in which its nuclear energy generation is much less
thean its surface luminosity. However, for most of the models of
this kind that have appeared in the literature, the reduction in the
counting rate of a 71Ga or an 115In experiment would not be nearly
as great as is expected on either the oscillation or the decay
hypothesis. Moreover, these latter two processes lead to specific
oredictions for the 7iGa and 11519 experiments when combined with
the results of the 37C1 experiment.

A large scale Gallium experiment could be carried cut with the
technology available todayzs; a 1.3 ton pilot experiment recently
was completed. We are hopeful that funding will be available for
an American-German collaboration (with the Heidelberg group of
T. Kirsten).

NEUTRINO OSCILLATIONS

I want to make just one point about oscillations that was not
iiscussed carefully by Gribov and Pontecorvo2® (nor even Bilenky*

and Pontecorvo®) and which has been overlooked in many of the modern
rediscussions.
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. The proton-proton neutrinos (which are most important in the
gallium and indium experiments) and the 8B neutrinos (most important
in the 37C1 experiment) are really continuum fluxes. In order to
calculate the expected capture rates, due to these sources, one mst
average over these continuua. This continuum average eliminates
(see reference 12) the time-dependence due to the position of the
earth in its orbit (an effect first suggested by I. Pomeranchuk?6
and independently by the CERN27 group).

In order to calculate the average over the continuum neutrino
spectra, one must know the relevant fluxes and cross sections as a
function of energy. Numerical values are given in Figures 2 and 3
for the normalized 8B and the proton-proton fluxes and in Table V
for the 71Ga neutrino absorption cross section sas a function of
energy); the corresponding cross sections for 37c1 are given in
Table VII of reference 1.

Table V_Absorption Cross Sections for p-p Neutrinos on 71Ga

Neutrino Energy Cross Section

(MeV) (10"46cn?)
0.250 12.25
0.275 13.50
0.300 14.97
0.325 16.5h
0.350 18.20
0.375 19.93
0.400 21.72
0.410 22.45
0.415 22.82
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SOLAR NEUTRINO EXPERIMENTS AND A TEST FOR
NEUTRIND OSCILLATIONS WITH RADIOACTIVE SOURCES

Bruce T. Cleveland, Raymond Davis Jr., and J. K. Rowley
Brookhaven National Laboratory, Uptom, New York 11973

ABSTRACT

The results of the Brookhaven solar neutrino experiment are
given and compared to the most recent standard solar model calcula-
tions. The observations are about a factor of 4 below theoretical
expectations. In view of the uncertainties involved in the
theoretical models of the sun we do not comsider the discrepancy to
be evidence for neutrino oscillations. The status of the develop-
ment of a gallium solar neutrino detector is described.

Radiochemical neutrino detectors can be used to search for v,
oscillations by using megacurie sources of monoenergetic neutrinos
1ike 65zn. A quantitative evaluation of possible experiments using
the Brookhaven chlorine solar neutrino detector and a gallium
detector is given.

INTRODUCTION

In this report we will give the results of the Brookhaven
solar neutrino experiment that has been operating for 12 years.
This experiment has always observed a solar neutrino capture rate
1n 37¢1 below the rate expected from standard solar models. In
recent years the observed rate has been approximately a factor of
four below theoretical expectation. Among the various explanations
advanced for the low solar aneutrino (ve) flux is neutrino oscilla-
tion. We will discuss this question briefly and point out that the
dominant solar neutrino flux signal expected to be observed by the
31 experiment according to the standard solar model arises from
88 decays in the sun, and that the flux of these neutrinocs may not
be reliably calculated. Therefore one should exercise great
caution in using results of the 37a solar veutrine experiment as
evidence for v, oscillations. Since the flux of low energy
neutrinos from the chain initiating proton—proton reaction can be
reliably calculated, observing the flux of this couwponent of the
solar neutrioo spectrum could give more direct information on the
question of neutrino oscillations. A radiochemical solar neutrino
detector based upon the neutrino capture reaction Ga(v,,e')7 Ge
has s sufficiently low enerxy threshold to observe p-p neutrinos.
A gallium solar neutrino experiment can search for oscillations of
electron neutrinos with an average energy of 300 keV over distances
of one astronomical unit (1.5 x 10ll m). Progress on and the
status of the development of a gallium solar neutrino detector will
be desciibed.

Radiochemical solar neutrino detectors can also be uged to
search for v, oscillations by using a.source of neutrinos of well-
defined emergy such as 65za.” Plans for carrying out experiments






