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The current experimental data on the solar-neutrino problem are reviewed. The possibilities
offered by the radiochemical lithium detector for solving this problem, in particular, for
determining the contribution of medium-energy and boron neutrinos in chlorine and

gallium detectors, are discussed. A brief description is given of the prototype of the lithium
detector containing a target of 300 kg of metallic lithium, which is presently under construction at

the Nuclear Research Institute of the Russian Academy of Sciences.

Institute of Physics. [S1063-7796(97)00101-0]

1. INTRODUCTION

Twenty-five years have passed since the first solar-
neutrino detector began operation. This was the chlorine—
argon detector of R. Davis, which was the first to record
solar neutrinos and the first to show that there is a significant
deficit of high-energy neutrinos (boron neutrinos) from the
Sun.! This result was later confirmed at the KAMIOKANDE
installation in Japan.? Currently, solar neutrinos are being
detected by four different setups, three of which are radio-
chemical ones (Homestake,® SAGE,* and GALLEX®) and
one of which is electronic—the KAMIOKANDE water
Cerenkov detector. The theoretical predictions of the stan-
dard solar model are given in Refs. 6—8. It has been pointed
out that the predictions of various authors are in good agree-
ment with each other when identical initial parameters are
used. Here we shall use the results of Ref. 6.

In summarizing the results obtained up to now, we men-
tion the following important features. First, it has been reli-
ably established that the flux of boron neutrinos is lower than
that predicted by theory. Second, the combined contribution
of low-energy (pp) and medium-energy (pep, "Be, CNO)
neutrinos is lower than that expected from the standard solar
model. A purely astrophysical solution of this problem en-
counters serious difficulties, as shown in, for example, Refs.
9 and 10. Attempts have been made to attribute the discrep-
ancy to neutrino oscillations in a vacuum''~' and to reso-
nance enhancement of neutrinos in matter (the Mikheev—
Smirnov—-Wolfenstein effect).l4~16 Recently, serious
arguments have been advanced'”'® in favor of a possible
correlation between the magnetic field of the Sun at low
latitudes and the observed effect in the chlorine—argon ex-
periment, which would imply spin—flavor neutrino oscilla-
tions in the solar magnetic field.'”?° However, we are still
not in a position to solve the solar-neutrino problem, because
there is a severe lack of data which would allow the contri-
bution from individual neutrino sources to be determined.

Let us list the basic questions which we need to answer
in order to obtain a unique interpretation of the existing data.

I. What is the contribution of boron neutrinos and "Be
neutrinos to the total flux measured by the chlorine—argon
detector, and what is the contribution of pp, pep, and "Be
neutrinos in the gallium detector?

2. If neutrinos from "Be are found to be suppressed, is
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the suppression factor the same for all medium-energy neu-
trinos?

3. Are there variations of the solar-neutrino flux associ-
ated with the 22-year solar cycle and/or with fluctuations of
the solar magnetic field?

4. What is the spectrum of boron neutrinos at Earth com-
pared to the generated spectrum?

S. Is there an admixture of neutrinos of other flavors, in
addition to electron neutrinos, in the solar-neutrino flux at
Earth?

The solution of the solar-neutrino problem requires an-
swers to these questions, and new solar-neutrino detectors
are being designed for this. The large water Cerenkov detec-
tor SUPERKAMIOKANDE in Japan started collectoing
data,?! and the SNO-Cerenkov detector containing 1000 tons
of heavy water in Canada will soon go into operation.?? If the
background problems are successfully overcome, the results
of the measurements at these installations will provide an-
swers to questions 3, 4 and 5. In addition, active work is
proceedings on the design of a scintillation solar-neutrino
dectector, BOREXINO.” We think that the background
problems for the scintillation detector are unusually compli-
cated. This detector doesn’t have a directionality, i.e., it can’t
distinguish the direction from which a neutrino arrives, like
the KAMIOKANDE installation, for example. And it cannot
perform a ‘‘blank run’’ which in some way mimics the case
when the Sun is turned off in radiochemical experiments
allowing determination of the background. It seems to us that
it will be particularly difficult to deal with the background
from radioactive impurities with a half-life of from several
year to several hundred years, espacially if these impurities
undergo purely beta decay with a spectrum mimicking the
signal from 7Be neutrinos (an example is the isotope
13mcd with half-life equal to 13.6 years). Even very low
concentration (about 10725 g/g) of this impurity in the scin-
tillator can simulate the effect from solar neutrinos, and there
is no technique to detect the concentration of this isotope at
such a low level. However, if the background problem is
solved, the BOREXINO detector will be able to answer
question 1 above. Now in this context let us describe the role
which can be played by the lithium detector and the possi-
bilities that it offers.
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TABLE 1. Solar-neutrino capture rates for chlorine and lithium detectors
according to the standard solar model.

Neutrino source Chlorine, SNU Lithium, SNU
pep 0.22 9.2

"Be 1.24 10.2

8B 7.36 25.2

BN 0.11 2.1

50 0.37 5.1

B sum 93412 51.8%33

2. THE LITHIUM SOLAR-NEUTRINO DETECTOR

The study of Ref. 6 presents the calculated solar-
neutrino fluxes obtained from the standard solar model tak-
ing into account the diffusion of heavy elements and helium
for the improved data incorporated in the model. The solar-
neutrino capture rates for chlorine and lithium detectors
given in this study are presented in Table 1.

Since the detection thresholds for these detectors are
close, 0.8 MeV for chlorine and 0.86 MeV for lithium, the
solar neutrinos giving the dominant contribution in these de-
tectors can be split into two groups: high-energy (boron)
neutrinos and medium-energy neutrinos with the effective
energy corresponding to the main contribution for lithium
near | MeV. In our opinion, understanding the degree of
suppression of high- and low-energy neutrinos is very impor-
tant, especially for understanding the role of such perhaps
real effects as the Mikheev—Smirnov—Wolfenstein (MSW)
effect'® and also vacuum neutrino oscillations.'® Therefore,
we can sum the effects of medium-energy neutrinos for these
two detectors, which gives a system of two equations in two
unknowns (if the capture rate of solar neutrinos in lithium is
measured):

7.36-X+1.94-Y =2.55+0.25
252-X+264.-Y=P (1)

Here P is the rate of "Be production in lithium, X is the
suppression factor for boron neutrinos, and Y is the suppres-
sion factor for medium-energy neutrinos. The equations in-
volve only the measurement errors. The uncertainties in the
theoretical predictions are mostly canceled when the factors
X and Y are used. A small uncanceled term remains, owing
to the difference of the values from different medium-energy
sources. The first equation of this system, describing the re-
sult of the chlorine—argon measurements, gives bounds on
the values of X and Y: 1=Y=0 and 0.40=X=0.05.

It should also be noted that for the chlorine—argon de-
tector we have used the average value over the entire mea-
surement time. If the indications of an anticorrelation with
the solar magnetic field are subsequently confirmed, it will
be necessary to take average values over smaller time inter-
vals. However, since here the important thing is to describe
the general approach to the problem, we neglect the detailed
analysis.

The system of equations (1) has the trivial solution

X =0.46+0.045—0.013- P
Y =0.05- P—0.44+0.043 - (2)
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FIG. 1. Suppression factors for boron neutrinos and medium-energy neutri-
nos (X and Y are the ratios of the measured and calculated fluxes).

In Fig. 1 we show the regions corresponding to these
equations. We see that the expected result from the lithium
detector, which can be combined with that from the chlorine
detector in this scenario, lies in the range from 8 to 38 SNU.
It should also be noted that the maximum value of X ob-
tained here is 0.4, which coincides within 1o with the result
(0.45+0.08) obtained at the KAMIOKANDE setup; the
lithium detector should give 8—10 SNU of the solar neutri-
nos. This case is apparently of special interest, because it
implies strong suppression of medium-energy neutrinos with
the attendant possibility of fixing the parameters of neutrino
oscillations.

Estimates indicate that a lithium detector containing 10
tons of metallic lithium, which we are currently developing,
will measure the solar-neutrino flux with an accuracy of or-
der 12% in a single measurement, assuming that the solar-
neutrino capture rate is 20 SNU. Of course, this will be pos-
sible only if "Be detection is successfully accomplished
using a cryogenic detector. We think that this detection tech-
nique will be effective, owing to the rapid progress in this
area after the pioneering studies of Fiorini et al®* For ex-
ample, the Vitale group in Genoa has already demonstrated”
the reliable detection of the M peak of Mn from a >>Fe
source with an energy release of 82 eV. We plan to make
four measurements in one year using the lithium detector, so
that we should be able to obtain an accuracy of order 6%. As
seen from Fig. 1, this will single out a very narrow region in
Xand Y.

This result will shed light on the correctness of combin-
ing the results from the chlorine detector and the KAMIO-
KANDE setup. It will make it possible to interpret the results
of the gallium experiment unambiguously, and, if the BOR-
EXINO setup is operating by this time, it will be possible to
find out if the suppression factor for medium-energy neutri-
nos is the same as that for "Be neutrinos by comparing the
results obtained from the BOREXINO and lithium detectors.
Therefore, if all the above detectors operate successfully, we
will obtain answers to all the questions listed above, thereby
significantly advancing the knowledge in this area. This
shows yet again that in the study of solar neutrinos different
measurements supplement each other, and only the success-
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FIG. 2. Schematic diagram of the lithium detector. (1) Outer covering; (2)
heaters; (3) valves for liquid lithium; (4) collectors; (5) lithium—air heat-
exchange coils; (6) temperature-sensitive elements; (7) heaters; (8) thermal
insulation; (9) pipes for air intake and exhaust; (10) lithium sections; (11)
level indicator; (12) temperature-sensitive elements; (13) heaters; (14)
melted lithium; (15) neutrino source; (16) heater; (17) channels for heat-
sensitive elements.

ful operation of all the detectors will allow the solar-neutrino
problem to be solved.

3. THE EXPERIMENTAL TECHNIQUE

In our development of the lithium-detector technique, we
have reached the stage of constructing a prototype detector
containing 300 kg of metallic lithium. The basic design is
shown in Fig. 2. In addition to solving problems of a purely
methodological nature, we plan to use this setup to perform
the following measurements.

1. We will measure the "Be yield from cosmic-ray had-
rons at sea level. This will provide proof of the feasibility of
extracting beryllium atoms, produced in the target material
by an external source, from metallic lithium, and will also
allow us to determine the optimal depth at which the detector
should be located for subsequent measurements. The idea is
that the detector must be located at a depth large enough that
the effect of cosmic rays will not suppress the effect of an
artificial neutrino source, but also small enough to be able to
obtain a calibration point with good statistics for the muon
background curve as a function of depth.

2. We will measure the "Be yield from cosmic-ray
muons at this depth.
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TABLE II. Basic calibration characteristics of the lithium detector.

Target mass 300 kg metallic lithium

Geometrical factor 422 cm

Source activity 37 kCi

(v,e”) cross section 2.25-10 % cm?
Detection efficiency T1%

Exposure time 240(4-60) days
Total number of pulses 400

Statistical error 5%

3. We will calibrate the lithium target using an artificial
neutrino source based on ®*Zn. Here we should note that an
advantage of the lithium detector over other solar-neutrino
detectors is the small target mass of only ten tons. This also
makes the lithium detector very attractive for performing
calibrations using an artificial neutrino source. Such an ex-
periment will be possible even with the prototype containing
only 300 kg of lithium. The accuracy of the measurement
will be 5% for a source with an activity of only 37 kCi,
which can be obtained by bombarding 3.5 kg of naturally
occurring zinc with a thermal-neutron flux of 3.2Xx 10'5 n/
cm? sec for 30 days. In Table II we give the calculated char-
acteristics for the calibration of a lithium target using a de-
tector consisting of six sections, five of which are filled with
lithium, and one of which is empty. This allows extraction
by means of the pressure-transfer of lithium from a filled
section to an empty one via a beryllium collector.

The geometrical factor given in Table I is
G= (1/4m) [dV/r’. We obtain the production rate
N=0nSG, where o is the cross section of the (v,e™) reac-
tion, n is the number of target atoms per cubic centimeter,
and S is the source strength. The successful performance of
an experiment using an artificial neutrino source with "Be
detection by means of a cryogenic detector will be decisive
proof of the feasibility of the technique for performing a
full-scale experiment to detect solar neutrinos.

Currently, we are at the stage of assembling the proto-
type lithium detector. We have designed and are building a
version of the sectional detector as a single body, which will
significantly speed up the beryllium extraction process and
which also possesses a number of purely technical advan-
tages. As mentioned above, an important component of this
work is progress in 'Be detection using a cryogenic detector.
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