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1. Introduction

Modern astrophysics, as described by the Nobel lecture of Chandrasekhar in
1984, has made remarkable progress in understanding the interior of stars
and the mechanisms of energy production. From the early suggestion of
Russell. Eddington followed up the search for an internal energy source
(in addition to gravity) and speculated that the sun produces energy by
the burning of hydrogen atoms. In 1939 Bethe showed that hydrogen atoms
are fused to make helium atoms in two ways, the P-P chain and the C-N-0
cycle.

It is believed that the sun and its internal energy source are understood
well enough to make an accurate prediction of solar neutrino production.
A review by Bahcall et al (1982) gives a critical evaluation of
uncertainties in predicting capture rates in solar neutrino detectors,
using standard solar models (Bahcall 1978,1979). However, a careful
experiment has been done and the result is a neutrino flux that is
significantly lower than predicted. Because of this problem, the
calculations by Bahcall and assoc iates , as well as experimental
refinements by Davis and associates, have continued but have not resolved
the problem. The origin of the discrepancy is s t i l l unknown: i t may be
due to a flaw in the standard solar model, or i t could be due to a lack of
knowledge in neutrino physics.

The standard theory of main-sequence stars assumes local hydrostatic
equilibrium, energy transport by radiation and convection, and energy
production by hydrogen burning. These assumptions are expressed by
differential equations, but to solve them requires additional information.
An equation of state is used, together with the radiative opacity (which
depends on detailed composition of the sun) and cross sections for the
various nuclear reactions. Models based on this standard theory, with
reasonable assumptions of the init ia l composition, are referred to as
standard stellar models.
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2. Solar Neutrino Flux on Earth

Figure 1 shows a schematic representation of the standard solar model.
Examples of non-standard models involve unusual assumptions of in i t ia l
composition, black holes in the sun, fractional charges, etc.
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Fig. 1. Schematic representation of standard stellar model

The results of folding nuclear reaction cross sections, the solar
constant, elemental abundance, mean opacity, equation of state, and solar
age into the standard solar model are shown in Fig. 2. According to the
currently accepted solar model of Bahcall, the fraction of energy produced
by the P-P chain is 0.985 and only 0.015 for the C-N-0 cycle.

The only solar neutrino flux measurement to date was made in the landmark
experiment by Ray Davis. Jr. and his associates, using the reaction
3 'Cl(v,e~) 3 7Ar. For a very in teres t ing history of this c l a s s i c
experiment, see the account by Bahcall and Davis (1982). This difficult
experiment has been done, refined, and repeated over the last two decades;
for recent reviews, see Davis et al (1983) or Cleveland et al (1984). The
total rate of 37Ar production was found to be just 0.38 atoms per day.
After background correction, the measurement of 0.30 + 0.08 atoms per day
corresponds to 1.6 + 0.4 SNU. Thus, the solar neutrino problem the
measured flux is a factor of 3.6 smaller than the value calculated from
the standard model. These low values persisted in a series of experiments
from 1971 until 1983.

The large discrepancy between predictions of the standard model and
experimental results from the Cl experiment has set the stage for a number
of interesting speculations. In very general terms, the problem must be
in the standard model or in neutrino physics. In the standard model It is
possible that some astrophysics or nuclear physics facts are missing, or
that some uncertainties come into the transport calculations. In the area
of neutrino physics, perhaps al l types of neutrinos have rest mass. A
difference in mass amongst ue, v„, and v% could lead to osci l lations
between neutrino types. A new mechanism in which electron neutrinos, v_



are converted into 11 neutrinos, was suggested by Mikheyev and Smirnov
(1985). In this process, ve haying energies greater than some minimum can
be converted into »„ in material of unusually high density. Bethe (1986)
adopts the general Features of this mechanism and argues that all of the

GALLIUM
EXPERIMENT
(PROPOSED I

£„ - 0 TO 0.420 MeV

<? • B.I X 10'°/cm7 sec

P + e"
• 1.44 Mev

' l.5X108/cm2sec

(99.75%)

- SOLAR NEUTRINO FLUX
ON EARTH. BAHCALL 1985

(0.25%)

(86%)

3 He- 4 He + 2p

CHLORINE
EXPERIMENT

7Be + p - 8 B + T

1

aB-'BBe#+e* + >'
E,, - 0 TO 14.06 MeV

4? - 4.0 X 106/cm2 sec

E,, -- 0.862 MeV (90%)
0.383 MeV |10%)

4 -4.0X109/cm2sec

BROMINE
EXPERIMENT
(PROPOSED)

(0.02%) (14%)

8Be- - 24He

Fig. 2. Calculated flux of solar neutrinos on the earth,
according to the standard stellar model of Bahcall

high energy component of uQ starting at the core of the sun (where p is
about 150 g/cm"J, see Fig. 1) will pass through a density region in which
the conversion ve •* v^ is complete. From the flux measured with the
chlorine experiment, combined with the calculation of Bahcall et al
(1985), Bethe (1986) estimates the mass difference m ?

2 - m,2 = 6 x 10"5

eV* placing a limit of about 0.008 eV for the mass of v S h lleV Such smalll l
mass differences would be d i f f i cu l t to detect in earth-based neutrino
oscillation experiments.

3. Proposed Experiments

It i s not surprising that a number of new experiments have been proposed
to try co resolve the solar neutrino mystery. Other radiochemicai
experiments, following the original chlorine experiment, are the gallium
and the bromine experiments. With gallium, low-energy neutrinos could be
measured since 71Ga(j/,e")71Ge has a threshold at 233 keV. The inverse
decay, by electron capture, occurs with a ha l f - l i f e of 11.4 days; thus,
detection of ^Ge decay is a measure of the neutrino flux provided cross
sections are well known. This experiment was f i r s t developed at
Brookhaven National Laboratory (see Davis et al 1983) with theoretical
support by Bahcall (see Bahcall 1978, Bahcall et al 1982). Currently, an
experiment is planned in West Germany (Kirsten 1984. Hampel 1985) and in
the USSR (Barabanov et al 1985).
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The bromine experiment would utilize the reaction Br(i>,e) Kr which has
a threshold at 470 keV and would measure the neutrinos of intermediate
energy, primarily the 7Be source in the sun. Since 81Kr has a half-l ife
of 2.1xlO5 yr, a solar neutrino experiment using this reaction cannot be
done by decay counting. It appears that RIS is the only feasible way to
count small numbers of 81Kr atoms. Scott (1976) first suggested the use
of bromine as a geophysical experiment--here we are discussing a Davis
type radiochemical solar neutrino detector. Approximately 65* of the
total signal is due to the 7Be neutrinos. Fortunately, the bromine
experiment is dominated by a single solar-neutrino-flux component even if
higher excited states contribute to the capture rate. The gallium
experiment, in contrast, is dominated by the P-P neutrinos if excited
states are neglected, hut becomes increasingly sensitive to the Be
neutrinos as the effect of excited states increases. Results from a
bromine experiment may thus be essential to interpret a gallium
experiment.

4. RIS Counting of 81Kr Atoms

With a detector size comparable to that of the present chlorine
experiment, the rate of production of 81Kr is about five atoms per day for
CH2Br2, according to the standard solar model (see Table 1). Each run of
six months will then contain about 900 atoms of 81Kr. Extraction of 81Kr
from a bromine-containing compound can be performed by using a helium
purge system like that used for extracting 37Ar from C2C14. The entire
krypton extraction process using the 380-m tank of C2Cl4 at Homestake has
been demonstrated by Davis and Cleveland (unpublished data).

Table 1. Summary of proposed bromine solar neutrino experiment

Reaction: 81Br{i>,e~)81Kr, primarily 7Be

Facilities: Davis radiochemical, like Cl except that atom
counting requires RIS method

Compound: 380 m3 (1000 tons) CH2Br2

A 1

Signal levels (atoms Kr per day): Consistent model 2
Standard solar model - 5

Noise/signal examples: Sudbury (6000 hg/cm2) 0.1*
Homestake
Gran

take (4000 hg/cm2) — 2%
Sasso (3800 hg/cm2) - 3%

Background effects have to be considered for any proposed solar neutrino
experiment (Rowley et al 1980). These arise from the penetrating cosmic-
ray muons, from a decay in the target itself, and from neutrons generated
by fission decay or (a,n) reactions in surrounding rock. Cosmic-ray muons
can create protons by the photonuclear process and the reaction
81Br(p,n)81Kr leads to a background. At the depth of the Homestake mine
(410 kg/cm2 o r 4 1 0° hg/cm2' w h e r e h& = hectogram), this background is



reduced to about 0.07 atom of 81Kr per day, with the assumption of a
volume of 380 m3 for the bromine-rich organic solution. Alpha particles
from the decay of uranium or thorium in the target would i n i t i a t e
81Br(a,p)81Rb followed by 81Br(p,n)81Kr. Furthermore, the alpha process
78Se(a.n)81Kr leads to background if 78Se is an impurity. The tota l
alpha-induced background is about 0.03 atom of Kr per day, assuming
impurity levels to be the same as in the chlorine solution. Similarly,
81Br(n,p)81Se followed by 81Br(p,n)81Kr is a neutron-induced background.
And 84Sr(n,a)81Kr leads to 81Kr if 84Sr is an impurity (unlikaly). These
neutron-induced reactions would produce about 0.1 atom of Kr per day in
the target; however, the neutron flux can be easily reduced by a water
shield around the tank. Thus, we are left with a total background rate of
about 0.1 atom per day, considerably less than the expected rate of about
5.0 per day due to solar neutrinos.

ft lAny krypton from ai r leaks will contain the atmospheric abundance of Kr,
v iz . , 1.6xio7 atoms of 81Kr per cubic centimeter of krypton (Loosli and
Oeschger 1969. The measurements made of krypton extraction from the 380-
m3 C2CI4 tank give an upper l i m i t of 10 cm3, and tha t wi l l not be a
serious source of background. Excessive Kr could interfere with the RIS
detec t ion of 81Kr; thus, one s tep of isotopic enrichment could be
necessary to reduce the number of Kr atoms due to a i r contamination
before doing the RIS counting.

As reported in detai l (Hurst et. al 1985), the Maxwell demon (based on RIS)
would be used to count 81Kr. In Session I I I , Thonnard reported on the
superb progress made at Atom Sciences, Inc. to improve on the RIS method
for counting noble ga? atoms, and Lehmann discussed important uses of the
method for dating poplar ice caps and groundwater.
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