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Solar neutrino experiments: results and implications
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The neutrinos that are produced in the solar fusion reaction chains reflect the conditions in the stellar
interior. If the model predictions for the expected neutrino fluxes are firm, then the solar neutrino
experiments can also test neutrino properties during propagation along the 1.53108 kilometer
‘‘baseline’’ between ‘‘source’’ and detector. So far, results have been acquired with five solar neutrino
detectors: Homestake, Kamiokande, Superkamiokande, Gallex, and Sage. Taking all of the
experimental data together, it appears that the abundant pp neutrinos are present, the moderately
abundant 7Be neutrinos are strongly or totally suppressed, and the rare 8B neutrinos are partially
reduced, by a factor of about three. This outcome cannot be explained by modifications of the stellar
model but it is consistent with the hypothesis of neutrino flavor oscillations. Such oscillations could
occur on the way between the solar core and the detector. In such a scenario, a nonvanishing neutrino
rest mass would follow. The evidence is summarized here, and the outlook as regards anticipated
future experiments is briefly discussed.
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I. INTRODUCTION

Weak interactions are involved at various stages of
the fusion reaction network that operates in the solar
interior. As a result, neutrinos are produced in the solar
core when hydrogen is fused to form helium. The neu-
trinos leave the solar core virtually unhindered, distinct
from photons or any other radiation. After penetration
of '700 000 km of solar matter at decreasing density and
after subsequent travel through interplanetary space for
1.53108 kilometers (1 AU), the neutrinos can reach a
detector on Earth, either from the front or from the
back, within '8 minutes, or practically in real time. If
detected, the neutrinos can serve as messenger particles
about the present state of the solar interior and the re-
actions occurring therein. This allows experimental tests
of theoretical solar models. Such knowledge is funda-
mental for astrophysics and for models of stellar struc-
ture in general since the Sun is a standard main se-
quence star.

From the particle physics point of view, the Sun is a
very strong low-energy neutrino source at a great dis-
tance. It is well suited to test the properties of a neutrino
‘‘beam’’ while it propagates in a number of distinct en-
vironments. First, the very dense medium in which the
neutrinos are formed, second, the region of decreasing
electron densities that occur as the neutrinos travel to
the solar surface, third, the vacuum at space, and finally,
the interior of the Earth if the detector is at the night
side. These are ideal conditions for a ‘‘long-baseline ex-
periment’’ to search for neutrino flavor transmutations
and thus for manifestations of a nonvanishing neutrino
rest mass. For this application, the source strength (the
neutrino source function) must be reliably known, and
the detector must be flavor specific. Solar neutrinos are
generated as electron neutrinos. A detector tuned to ne
would register a flux-deficit relative to expectation if
12134)/1213(20)/$19.00 ©1999 The American Physical Society
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transformations into muon- or tau-neutrinos (nm ,nt)
would occur (i.e., a ‘‘disappearance experiment’’).

Experimentally, solar neutrino detection is difficult
due to the very low rates for the interaction of low en-
ergy neutrinos with matter. The penetrating power of
neutrinos, so beneficial for unhindered movement
through the Sun, is less appreciated once they cross a
detector. Huge target sizes, extreme (single event) de-
tection sensitivities and rigorous background reduction
are therefore characteristic for solar neutrino experi-
ments.

The plan of this article is as follows. In Sec. II.A, we
outline the reactions that produce neutrinos and the pre-
dictions for the fluxes that result from the standard solar
model (SSM). The general concept of neutrino oscilla-
tions as a potential reason for neutrino flux reductions is
introduced in Sec. II.B. Section III addresses the general
methods to detect solar neutrinos. Common features are
described in Sec. III.A, detector types in Sec. III.B. In
Sec. IV, we discuss the five operating (or completed)
experiments for which solar neutrino results are pub-
lished: Sec. IV.A, the Homestake Chlorine detector;
Sec. IV.B, the Kamiokande and Sec. IV.C, the Superka-
miokande Čerenkov detectors; Sec. IV.D, the Gallex
gallium chloride detector; and Sec. IV.E, the Sage gal-
lium metal detector. In Sec. V, we present the implica-
tions from an analysis of all available solar neutrino
data. The pattern that has emerged from the data is de-
scribed in terms of ‘‘solar neutrino problems’’ (Sec.
V.A). The probable solution of these problems is neu-
trino oscillations (Sec. V.B). In Sec. V.C, we outline the
neutrino masses that result from this interpretation. In
Sec. VI, we describe upcoming experiments; in Sec.
VI.A, we describe those that are already under construc-
tion and that are expected very soon to yield results and
answers to specific open questions; and in Sec. VI.B, we
enumerate those that are planned or projected to come
into operation in the future. An Appendix contains a
glossary of the less common symbols and abbreviations
that are used in this article.

II. EXPECTED SOLAR NEUTRINO FLUXES

A. Solar neutrino generation

The major ingredients for a quantitative description of
the state of the stellar interior are (1) hydrostatic equi-
librium (stationary), (2) equation of state (ideal gas), (3)
thermal equilibrium (radiation-dominated), and (4) en-
ergy production (by hydrogen fusion; also leading to
neutrino production).

The major input data are the solar mass, radius, lumi-
nosity, age, chemical composition, S-factors (nuclear re-
action cross sections), and radiative opacities. The foun-
dations for the solar models were set by Eddington,
Critchfield, Bethe, v. Weizsäcker, Gamov, Vogt, and
Fowler. During the last 30 years, modern quantitative
models have been continuously elaborated and im-
proved by J. N. Bahcall (Bahcall et al., 1969; Bahcall and
Ulrich, 1988; Bahcall, 1989; Bahcall and Pinsonneault,
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1992; Bahcall and Pinsonneault, 1995; Bahcall et al.,
1998a). For each such solar model, the expected neu-
trino fluxes have also been derived. Independent calcu-
lations confirm the respective results as long as the same
input parameters are used (Turck-Chieze and Lopes,
1993; Profitt, 1994; Castellani et al., 1997; Morel et al.,
1997), taking exception for the 8B-neutrino flux deduced
by Dar and Shaviv (1996).

Specific new models usually add more detail concern-
ing various physical aspects, such as screening effects,
diffusion, composition, or others. Such refinements may
or may not apply, but the models still stick to the basic
principles. Similarly, differences exist between the vari-
ous parameters that are used, especially as regards the
radiative opacities. In any case, the freedom to speculate
on ‘‘nonstandard’’ models in order to ‘‘tailor’’ the neu-
trino fluxes for better agreement with observation is
now severely restricted. This is because of the remark-
able agreement of the standard solar model with the
solar density profiles that are experimentally obtained
from helioseismological observations (Basu et al., 1997;
see also Bahcall et al., 1997; Paterno, 1997).

The net generation of fusion energy is reflected in the
sum equation

4H112e2
˜

4He1112ne126.73 MeV,

^E~2ne!&50.59 MeV. (1)

Along the way, arising from ‘‘cycles,’’ the following
kinds of neutrino emissions are expected:
‘‘PP I’’-cycle:
pp neutrinos from

p1p˜d1e11ne ~99.77% ! (2)

and pep-neutrinos from

p1p1e2
˜d1ne ~0.23% ! (3)

‘‘PP II’’-cycle:
7Be neutrinos from

7Be1e2
˜

7Li1ne , (4)

where 7Be stems from
3He14He˜7Be1g ~15% !. (5)

The production of 7Be is in competition with the reac-
tion

3He13He˜4He12 1H ~85% !, (6)

in which no neutrinos are produced.
‘‘PP III’’-cycle:
8B neutrinos from

8B˜

8Be1e11ne , (7)

where 8B is produced through
7Be1H˜

8B1g ~0.016% !. (8)

The pp neutrinos are, by far, dominant in intensity
while lowest in energy (<420 keV). The flux at the
Earth is '631010/cm2 s and it depends rather insensi-
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tively on the particulars of any solar model variations.
This flux, in fact, follows from the solar luminosity and
Eq. (1).

For the case of the 7Be neutrinos, the flux at the Earth
is predicted to be '53109/cm2 s and varies approxi-
mately with Tc

10 , where Tc is the central solar tempera-
ture (Bahcall and Ulmer, 1996). Their energy is interme-
diate, and they are mono-energetic (‘‘line sources’’ at
0.86 MeV and at 0.38 MeV).

The 8B neutrinos are rare ('53106/cm2 s), are model
dependent (}Tc

18), and have a continuous energy spec-
trum up to '14 MeV. Suppression of this channel for
energy production would have no impact on the solar
luminosity.

A further category of neutrinos is the ‘‘CNO’’ neutri-
nos, which stem from positron decay of 13N, 15O, and
17F, produced in the CNO cycle. The latter is of minor
importance for the Sun, and so are these ‘‘CNO neutri-
nos’’ in the context of the present article.

The neutrino spectrum that results from the SSM is
shown in Fig. 1, together with the energy thresholds of
the available experiments. For explicit flux tables from
the various model calculations see Table 3 in Castellani
et al. (1997) and Bahcall et al. (1998a). The uncertainties
of the flux predictions are estimated to be about 61%
for pp neutrinos, 610% for 7Be neutrinos, and 620%
for 8B neutrinos (see, e.g., Bahcall et al., 1998a). These
errors reflect primarily the different degrees of model
dependence for the different neutrino branches. The in-
fluence of the errors on cross section values and branch-
ing ratios is secondary. During the last few years, the
determinations of the cross sections (S factors) for the

FIG. 1. The solar neutrino spectrum expected according to the
standard solar model, SSM (Bahcall et al., 1998a). The energy
thresholds for the major solar neutrino detectors are indicated
by the vertical dashed lines.
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solar fusion reactions have become more accurate,
mainly because the laboratory measurements could be
extended to lower energies. Because of this, less reliance
is needed on extrapolations towards the Gamov-peak
energies that are relevant inside the Sun (Junker et al.,
1998; see also Castellani et al., 1997; Adelberger et al.,
1998).

Folding the neutrino spectrum with the respective de-
tector cross sections yields the expected production rates
due to the individual neutrino sources for the various
solar neutrino detectors. The resulting spectral sensitiv-
ity of the major solar neutrino detectors is shown for
comparison in Fig. 2. For each type of experiment, the
figure shows the expected relative contributions from
the different neutrino branches as a percentage of the
total rate. Note that pp neutrinos can be measured only
with gallium detectors (except that the expected chlo-
rine detector signal contains a tiny contribution from
1.44 MeV ‘‘pep’’ neutrinos).

B. Neutrino mass mediated propagation phenomena

If some or all neutrino masses are nonzero, flavor os-
cillations would be a natural consequence (Wolfenstein,
1978). This implies a departure from the standard model
of electroweak interactions. In this case, solar neutrinos
generated as electron neutrinos ne could be converted
into nm , nt or into ns [neutrinos that are ‘‘sterile’’ under
(V-A) interactions due to having the wrong helicity].

Detectors tuned only to ne would register a deficit and
thus constitute a ‘‘disappearance’’ experiment. Future
detectors may eventually be capable of detecting other
flavors as well (‘‘appearance’’ experiment, e.g., SNO see
Sec. VI.A). The effective reduction factor, which ac-
counts for the disappearance of ne neutrinos along the
baseline between the Sun and the detector, depends on

FIG. 2. Relative proportions of the contributions from the
various neutrino sources towards the total expected signal
(set5100%) in the major types of solar neutrino experiments.
The solar model data input is as in Fig. 1. The small contribu-
tion from PPI in the chlorine experiment is due to 1.44 MeV
pep neutrinos, see Eq. (3). For errors (not shown), see Secs.
IV.A and IV.D.
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the neutrino mass parameters, the mixing angles, and
the neutrino energy. For the case of vacuum oscillations,
the oscillation length L is proportional to En /dm2. For
the case of ne↔nm , for example, we have

dm25umn1

2 2mn2

2 u where ne5n1 cos u121n2 sin u12 ,

nm52n1 sin u121n2 cos u12 . (9)

Here, the n i are the mass eigenstates with mass mi , and
u ij is the mixing angle parameter for mass states n1 and
n12 . Depending on the actual mass and mixing param-
eters, the respective depression factors can be calculated
for the different neutrino energies (or vice versa). Due
to the long baseline, mass differences as small as dm2

'10211 (eV/c2)2 are accessible for study using solar
neutrinos. Moreover, even if the vacuum mixing angle is
small, very effective flavor conversion can occur through
coherent neutrino-electron scattering at high electron-
densities re in the solar interior [Mikheyev-Smirnov-
Wolfenstein (MSW) effect, Mikheyev and Smirnov
(1986)]. Then, effective mixing, ueff , becomes maximal
at a resonance density re ,res , according to

tan ueff5
sin2 2uvac

cos 2uvac2cos~Lre!
for re ,res52uvac /L .

(10)

1. Time variations

MSW conversions are isolated flips rather than true
oscillations. Mostly only one flip occurs inside the Sun;
another flip may occur when the neutrino beam passes
through the Earth. This can cause a partial reconversion
into the initial neutrino flavor. The exact mixing param-
eters and therefore the reduction factors will then de-
pend on the exact density profile traversed within the
Earth. This can result in day-night and zenith-angle
variations (Maris, 1997).

The time scales of variations in MSW-mediated sce-
narios are distinct from those encountered for vacuum
oscillations. The oscillation length, L, for vacuum oscil-
lation solutions is generally fine-tuned. Small distance
changes can be sufficient to bring the conversion factors
in or out of resonance. Consequently, the distance varia-
tion due to the eccentricity of the Earth’s orbit can lead
to semiannual time variations for certain
(dm2,uvac)-parameter sets. This is on top of the trivial
flux change }r22 that causes up to 7% rate change dur-
ing the year. The latter effect might be used to serve as
unambiguous signature for the solar origin of a time se-
ries of observations. Until now, statistics have not been
sufficient for this proof in any of the operating solar
neutrino experiments, but the effect is considered in the
conceptions of future experiments like Borexino, and
others.

Finally we address the case of oscillation scenarios
that involve magnetic interactions of neutrinos with the
magnetic fields in the convection zone of the Sun. In this
case, time variations could be expected to follow time
scales of some years, related to the phase of the 22-year
solar cycles (see also Sec. IV.A).
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III. DETECTION PRINCIPLES

Two major types of solar neutrino detectors are dis-
tinguished: ‘‘radiochemical’’ experiments (based on in-
verse beta-decay) and ‘‘real-time’’ experiments (e.g.,
Čerenkov or scintillation detectors).

For the case of radiochemical detectors, one accumu-
lates the product nuclei having atomic mass number A
and proton number (Z11) that are produced in the
neutrino capture reaction:

AZ~ne ,e2!A~Z11 !. (11)

The product species decay with relatively short half-
lives. After exposure of the target to near saturation lev-
els of the product nuclei, the latter are removed from
the target by a radiochemical separation. The threshold
energy of radiochemical experiments is intrinsically de-
fined by the Q value of the detection reaction.

For the case of real time detectors, the events are re-
corded as a track or a flash of light that is subsequently
registered by photo-multiplier ‘‘fly’s eye’’ arrangements
that observe the fiducial volume of the detector medium.
The energy threshold of real-time detectors (mostly us-
ing neutrino-electron scattering) is essentially set by
electronic’s thresholds. This is governed predominantly
by the level of background. The background increases
exponentially towards lower energy. So far, this has re-
stricted the use of real-time detectors to the measure-
ment of 8B neutrinos above '6 MeV. Sub-MeV (pp and
7Be) neutrinos are still accessible only to radiochemical
experiments. Concerning 7Be neutrinos, this could
change in the year 2001, when Borexino is expected to
start operation (see Sec. VI.A).

A. Characteristic features of solar neutrino experiments

Characteristic features of all solar neutrino experi-
ments are as follows:

(i) Large target size (multi-tons).
The characteristic magnitude of solar neutrino signals

is mirrored in the unit appropriately defined for the ex-
periments: 1 solar neutrino unit (1 SNU) is a production
rate of 1 per 1036 target atoms and second. Typical event
rates are a few neutrino-induced reactions per day in
ten- to thousand-ton detectors.

(ii) Location in underground laboratories shielded
from cosmic rays.

In radiochemical experiments, (p,n) reactions on the
target nucleus AZ lead to the same product as a neu-
trino capture. In a typical surface laboratory, the sec-
ondary protons due to cosmic ray nucleons and muons
would dominate the creation of product nuclei over and
above the production rate caused by solar neutrinos. A
reduction of the cosmic ray muon flux by factors of
103 –105 is thus required. This reduction factor corre-
sponds to a necessary shielding overburden of at least a
few hundred, up to .1000 meters of rock, such as is
achievable either in a mine or in a mountain tunnel.
Likewise, in real time experiments, similar shielding re-
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quirements arise in order to reduce the muon-induced
‘‘trigger rate’’ to an acceptable level.

(iii) Radiochemical purity of the target to avoid side
reactions.

MeV protons that can cause (p,n) reactions are also
produced from natural radioactive target impurities
(uranium, thorium, and daughter products of their
a-decay series). These arise via (a,n) and subsequent
(n,p) sequences or from (n,p) reactions due to fast neu-
trons emitted from the rock walls of the underground
lab. Depending on the particular experiment, radio-
chemical purity of order 10210–10216 g U or Th per
gram of target may be required. This is to keep the pro-
duction due to side reactions (or the trigger rate in real
time experiments) at an acceptable level.

(iv) Sensitive detection devices for single event detec-
tion.

The products from inverse beta-decay are themselves
radioactive by electron capture. When they decay, the
detectable radiation in this process consists of x rays and
keV-Auger electrons. Such weakly ionizing low energy
radiation is normally detected in low-level gas propor-
tional counters that contain the radioactive species as an
admixture to the counting gas. Real time detectors are
intrinsically sensitive to individual events.

(v) Rigorous detector background reduction.
In radiochemical experiments, typical decay rates are

of order <1/day. Consequently, counter backgrounds
must be of order <1/week. This rate poses an ultimate
challenge for the art of low-level counting. The major
prerequisites for approaching this level are radiochemi-
cal purity and counter miniaturization (see Heusser,
1995). Further reduction is achieved by energy and pulse
shape analysis using fast electronics (transient digitizer).

Ideally, one would want to measure the full solar neu-
trino spectrum and separate the contributions from the
various neutrino branches (such as pp, 7Be, and 8B neu-
trinos). Direct differential spectral information can only
be obtained from real-time detectors, but their use is
still restricted to 8B neutrinos, as mentioned.

B. Detector types

1. Radiochemical detectors

The radiochemical detectors integrate all partial neu-
trino branches, i, having energies above the threshold.
This complicates the interpretation of the recorded pro-
duction rates, S, which measure the sum

S5S i^f is iNt&, (12)

where f i5neutrino flux, s i5cross section, Nt5number
of target nuclei. Consequently, the energy threshold,
E thr , is one of the most important criteria for selecting a
detector scheme. Required are E thr,420 keV for detec-
tion of pp neutrinos, E thr,862 keV for 7Be neutrinos,
and E thr,14.1 MeV for 8B-neutrinos. Further criteria
are as follows:

(i) Feasibility of the chemical separation of the few
product nuclei from the multi-ton quantities of target
element. The best practical approach is to arrange for a
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
scheme in which the reaction product is in a volatile
chemical form so that it can be flushed out with a gas
stream. The gas extraction yield in this process can be
controlled by adding a measurable quantity of inactive
or even isotopically labeled carrier to the target and
tracing its recovery. This technique is used in two major
experiments: (1) The Homestake chlorine experiment
(Davis et al., 1968; Davis et al., 1997):

37Cl~ne ,e2!37Ar, (13)

in which a helium stream is used to flush out 37Ar to-
gether with carrier argon from the perchlorethylene tar-
get (C2Cl4, an organic liquid: 1,1,2,2-tetra-chloro-
ethylene). (2) The Gallex gallium experiment (Kirsten,
1990; Gallex Collaboration, 1992a):

71Ga~ne ,e2!71Ge, (14)

in which volatile germanium tetrachloride (GeCl4) con-
taining the 71Ge is flushed with a nitrogen stream from
an aqueous gallium chloride solution. The natural isoto-
pic abundance of 71Ga is 39.9%.

(ii) Value and uncertainty of the expected production
rate. Required is the knowledge of the energy-
dependent neutrino-capture cross sections for the vari-
ous neutrino types. Such cross sections for inverse beta
decay can be deduced from the ft values resulting from
the beta decay characteristics of the product nucleus.
However, this applies only to ground state transitions.
Excited state contributions to the production rate could
cause larger uncertainties. Fortunately, the situation in
this respect is under control both for chlorine and for
gallium, as discussed in Secs. IV.A and IV.D.1, respec-
tively.

(iii) Availability and affordability of multi-ton quanti-
ties of the relevant target isotope at highest radiochemi-
cal purity.

2. Real-time detectors

Contrary to radiochemical detectors, which only mea-
sure a rate, real-time detectors yield event time, energy,
and eventually the direction of individual events. So far,
only neutrino-electron scattering,

e2~nx ,nx!e2 (15)

has been successfully applied to solar neutrino detec-
tion, namely in the Kamiokande and Superkamiokande
water Čerenkov experiments. Here, the recoil electrons
are observed in a forward direction relative to the posi-
tion of the Sun. This process has also some sensitivity for
muon neutrinos. Depending on the energy we have for
the ratio of electron-neutrino to muon-neutrino scatter-
ing, '4,s(ne)/s(nm),'7.

Upcoming and future real time experiments (see Sec.
VI) will also exploit more target-specific reaction modes,
such as the charged current reactions:

AZ~ne ,e2!A~Z11 !*˜A~Z11 !1g

~e2, g coincidence! (16)
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or, in particular for the heavy water ‘‘SNO detector’’
(see Sec. VI.A),

d~ne ,e2!p,p (17)

and the neutral-current reaction:
AZ~nx ,nx!AZ*˜AZ1g , (18)

or, with heavy water,

d~nx ,nx!p,n

(neutron detection, e.g., via 35Cl1n˜36Cl1g). (19)

Here the element Z is either part of the detector me-
dium (e.g., deuterium in the SNO experiment or argon
in the Icarus liquid argon chamber) or it can be added to
the water or to the scintillator in solution.

3. Cryogenic and bolometric detectors

A hope for the future is to benefit from the superior
energy resolution of cryogenic and bolometric detectors
at low temperature (Booth, 1998). One would measure
the energy of recoiling electrons or of recoiling nuclei
from coherent neutrino scattering. Small energy deposits
lead to phonon excitation of solid granules or crystals in
the superconducting state or to increasing temperature
in dielectric crystals at very low temperature. A major
obstacle on the way to accomplish solar neutrino detec-
tors of this type is the development of practical readout
devices for ton-size targets.

4. Geochemical solar neutrino detectors

‘‘Geochemical’’ experiments rely on the detection of
long-lived (or even stable) neutrino capture products
that are accumulated in natural minerals in the course of
geological time (Kirsten, 1991). This is appealing since it
makes it feasible to extract information about the mean
neutrino flux in the past millions of years. In practice,
however, attempts to exploit this option have been dis-
couraging. One depends on the existence of favorable
ore deposits that are deeply shielded and that are low in
uranium and thorium.

IV. RESULTS FROM SOLAR NEUTRINO EXPERIMENTS

A. Homestake chlorine detector, based on
37Cl(ne ,e2) 37Ar

This classic first solar neutrino detector was set up and
operated by Raymond Davis, Jr. in the Homestake gold
mine in Lead, South Dakota (Davis et al., 1968). It was
the only active solar neutrino experiment for more than
20 years, until 1987. The conception of experimental so-
lar neutrino detection by means of inverse beta-decay
reactions was first suggested by Pontecorvo (1946).
However, the realization appeared to be utopian: to de-
tect a few atoms out of hundreds of tons of target mate-
rial seemed impossible. Perhaps the greatest achieve-
ment of the Davis experiment is to have overcome the
prejudice of seeming impossibility by doing the experi-
ment.
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The energy threshold for neutrino capture on 37Cl is
814 keV. Consequently, the detector does not see the
most abundant (91%) pp neutrinos (maximum energy
420 keV), but it can detect 8B and 7Be neutrinos from
the PPIII and PPII branches, Eqs. (7) and (4), respec-
tively.

Neutrino flux predictions from solar models are con-
verted into expected production rates for the experi-
ment by application of the respective neutrino capture
cross sections. Since Davis started to construct his ex-
periment, the theoretical expectation value for the 37Ar
production rate has undergone drastic changes, but dur-
ing the following 30 years it has stabilized at least within
a range between 6 and 10 SNU, with a value near 8 SNU
being most widely favored (Table I). Most of the pro-
duction is due to 8B neutrinos, only a minor contribution
('15%) is expected to come from 7Be neutrinos (see
Fig. 2). The cross section for 8B-neutrino capture on
37Cl, 1.14310242 cm2 (Aufderheide et al., 1994), is quite
reliable since the capture rate is dominated by the tran-
sition to the isobaric analogue state near 5 MeV (Bah-
call, 1964). Hence, the strengths can be accurately
('10%) deduced from the 37Ca beta-decay properties.
The relatively large uncertainty of the overall produc-
tion rate is mainly due to the uncertainties of the 8B-flux
predictions of the solar models, which differ in the de-
tails of treatment and of the input parameters used.
Even moderate differences of the central solar tempera-
ture deduced from the various models lead to substan-
tial 8B-n flux changes, }Tc

18 . In addition, determinations
of the 7Be(p,g)8B cross section yield still variable results
(Bogaert et al., 1997).

The most recent standard solar model includes a
treatment that accounts for the diffusion of heavy ele-
ments (Bahcall et al., 1998a). The latest expected total
rate is (7.761.0

1.2) SNU(1s). Greater than 90% of the er-
ror associated with this number is due to the uncertainty
associated with the contribution from 8B neutrinos.

When Davis started his experiment in 1968, there was
no way to aim for pp-neutrino detection because of the
low threshold needed; gallium was unavailable in large
quantities at that time. Instead, 615 tons of perchloreth-
ylene could be acquired at reasonable cost. Low-level
counting of 37Ar (electron-capture, half-life 35 d) was
well developed from studies of cosmic ray interaction
products in freshly fallen meteorites. The 100 000 gallon
target contains 133 tons of 37Cl (the natural isotopic
abundance of 37Cl is 24.2%). It is exposed in a single
tank below 1480 m of rock. At a shielding depth of 4200
meter water equivalent (m.w.e.), the residual muon flux
is only '4 muons/m2 d. Every few months, the 37Ar is
flushed out from the target with helium, collected on a
charcoal trap, purified of noninert gases, and admixed to
the counting gas of small gas proportional counters (ac-
tive volume of order 1 cm3). The Auger peak from 37Ar
electron capture is identified at 2.82 keV energy. Since
only a few 37Ar atoms are seen to decay per Ar-
extraction run, the experiment required the ultimate in
refinement of the extraction and counting techniques
and in the reduction, recognition, or exclusion of back-
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TABLE I. Results from all five solar neutrino experiments compared against the theoretical signal, S th . Quoted errors are all 1s.
Experimental errors include systematic errors.

Experiment
HOME-
STAKE

KAMIO-
KANDE

SUPERKAM-
IOKANDE GALLEX SAGE

Energy 0.814 MeV 7.5 MeV 7 MeV (En) 0.233 MeV 0.233 MeV
threshold
Sample 108 runs 2079 days 708 days 1593 days 52 runs

for 65 runs
Period 1970–1994 1987–1995 1996–1998 1991–1997 1990–1997
Reference Cleveland et al.

(1997a)
Fukuda et al.

(1996)
Y. Suzuki,

(1999b)
Gallex Collaboration

(1999)
Sage Collaboration

(1999)
Prediction, S th 7.761.0

1.2 5.1560.72
0.98 5.1560.72

0.98 12966
8 12966

8

(Bahcall et al., 1998a) [SNU] @106 8B-n/cm2 s# @106 8B-n/cm2 s# [SNU] [SNU]
Experimental 2.5660.22 2.8260.38 2.4260.08 77.568 66.668
result, Sexp [SNU] @106 8B-n/cm2 s# @106 8B-n/cm2 s# [SNU] [SNU]
Observed ratio (3366)% (55611

13)% (4767
9)% (6067)% (5267)%

R5Sexp /Sth

Reduction
factor 3.0 1.8 2.1 1.7 1.9
R215S th /Sexp

Deficit 5.1461.02
1.22 2.3360.81

1.05 2.7360.73
0.99 51.569.8

11.2 62.4610.1
11.2 ,

(absolute)
D6dD5S th–Sexp [SNU] @106 8B-n/cm2 s# @106 8B-n/cm2 s# [SNU] [SNU]
Significance of
minimal deficit 5.0 [s] 2.9 [s] 3.7 [s] 5.3 [s] 6.2 [s]
uD/-dDu
grounds. Rise-time analysis is used to distinguish be-
tween slowly rising counter background from gamma
ray induced Compton-like extended events and fast,
37Ar decays. The background achieved is ,1 count per
month.

The Homestake detector has been operating since
1968 with only minor interruptions. Data are reported
for the combined 108 runs made between 1970 and 1994
(Cleveland et al., 1997a). In Fig. 3, we display the results
obtained since 1970. The result from a single run has
little meaning because of the very small number of
events observed per run. However, taken together, the
data from 20 years of solar neutrino recording have ac-
quired a remarkable significance. The 1s statistical error
is '6% of the measured signal.

There has been a long history of questioning various
aspects of the experiment, yet virtually all suspicions
could be disproved by Davis and collaborators in side
experiments. Although the ultimate test of exposing the
Cl detector to a low-energy neutrino calibration source
has not yet been done, consensus has developed that the
overall results of the chlorine experiment are reliable.

In judging whether there is a real-time variation
among the data (for some time an anticorrelation with
the 11-year solar activity cycle had been proposed) one
must recognize the statistics of small numbers (the 37Ar
production rate is 0.48460.042 37Ar atoms/d; see also
Sec. IV.B for the absence of such effects in Kamio-
kande). We should note however that a plausible sce-
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nario for a solar cycle correlation has been described
[VVO effect, see Voloshin, Vysotsky, and Okun (1986)].
It is related to magneto-coupled neutrino flavor flips
into a postulated state that is sterile under (V-A) inter-
actions (‘‘sterile’’ neutrino, ns). This possibility depends
on the changing polarity of the strong magnetic fields in
the convective zone of the Sun, if neutrinos have a non-

FIG. 3. Results from 108 individual solar neutrino observa-
tions made with the Homestake Chlorine detector. The indi-
vidual error bars are statistical only. The cumulative result
shown at the right includes systematic errors. No significant
time variation is inherent in the data. Figure from Cleveland
et al. (1997a).
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vanishing magnetic moment. This in turn would imply a
nonzero neutrino mass in the standard scenarios.

The overall distribution of the results from the indi-
vidual Homestake runs is consistent with the assumption
of a production rate constant in time and justifies the
deduction of a mean value. This result, after subtraction
of contributions from side reactions ('15%, mainly due
to residual muons) is (2.5660.16[stat]60.15[syst]) SNU
or, with errors combined in quadrature, (2.56
60.22) SNU(1s) (Cleveland et al., 1997a).

At a 95% confidence level, the observed rate is <3
SNU, and this has to be compared to the predicted rate,
(7.761.0

1.2) SNU (Bahcall et al., 1998a). The observation is
(3366)% of this expectation (Table I; see also Fig. 7 for
illustration and Sec. V.A for the implications of this re-
sult).

B. Kamiokande Čerenkov detector, based on e2(nx ,nx)e2

Additional experimental data on solar 8B neutrinos
has become available since 1987 from the Kamiokande
water Čerenkov detector (Hirata et al., 1990; Fukuda
et al., 1996). This detector was originally installed at the
Kamioka mine in Japan to search for the decay of the
proton. In 1986, it was converted from a ‘‘GeV detec-
tor’’ into a ‘‘10 MeV detector.’’ This was accomplished
by lowering the intrinsic contamination of the water.
The long-lived natural radioactivity (U, Th decay series,
40K) was reduced to a level at which it became feasible
to observe the neutrino-induced recoil electrons having
energies as low as '7 MeV. In this way, at least the
upper part of the 8B solar neutrino spectrum became
accessible. The detector is installed below 2700 m.w.e. of
shielding. This is not quite as much as one would ideally
wish to have but sufficient to reduce the background
from muons and short lived spallation products in the
water to an acceptable level. The detector is able to
record data on the conic Čerenkov-light emission pro-
duced by recoil electrons in the 2142 tons of water. The
water pool is lined with a dense network of large photo
multiplier tubes (PMT’s) and surrounded by a 2-meter
wide anticoincidence network that functions on the
same principle. The innermost 680 tons were used as the
sensitive fiducial volume. The energy and the position of
an event are reconstructed by using the number and
geometric orientation of the PMT cells hit by the Čer-
enkov light cone together with the relative event arrival
times. The energy resolution in Kamiokande was 22% at
10 MeV; the vertex resolution 1.7 meter; the angular
resolution 628°; and the time resolution 5 ns.

The cross section for ne-e2 scattering of solar 8B neu-
trinos with E.10 MeV is '2310245 cm2. The spectrum
of the recoil electrons reflects the initial neutrino spec-
trum in a theoretically well-understood fashion. In the
energy range of interest here, the mean energy shift of
the recoil electron spectrum relative to the incident neu-
trino spectrum is about 0.5 MeV. Triggered events are
sorted according to the number Nh of PMT’s hit per
event. For instance, a 10 MeV neutrino yields an aver-
age Nh522 in Kamiokande.
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In spite of the provisions described above, the task to
recognize solar neutrino induced events is formidable
and requires extremely good criteria for track recogni-
tion and timing. Note that the total trigger rate for the
detector was a quite high 150 000/d, while the expected
signal surviving all necessary cuts is ,1 event/d. The ma-
jor cuts are based on selecting the energy acceptance
window (e.g., 22,Nh,36); rejecting muon-induced
events with the outer anticoincidence counter, and set-
ting the event separation time to .100 ms in order to
recognize decay electrons from stopped muons; requir-
ing the vertex to be inside the fiducial volume in order to
reject external g’s and neutrons; performing a time
analysis to reject 10–15 MeV beta particles from short-
lived, muon-induced spallation products on oxygen; and
finally, on requiring the event to be produced from the
direction of the Sun, to within a 37° cone at a 90% prob-
ability for acceptance. After all of these cuts a signal
from the Sun’s direction is clearly visible. However, it is
not nearly as high as predicted from the SSM (see Fig. 4,
even though this figure applies actually to Superkamio-
kande). The mean observed event rate for the solar sig-
nal was found to be '0.4/d during the 2079 days of Ka-
miokande observations between January 1987 and
February 1995. The 8B-neutrino flux measured by Ka-
miokande is (2.8260.19[stat]60.33[syst])106/cm2 s
(Fukuda et al., 1996). This is to be compared to the the-
oretical flux prediction of (5.1560.72

0.98)106/cm2 s (Bahcall
et al., 1998a). In summary, only 55% of the expected 8B
neutrinos are found. The deficit of 45% is significantly
larger than the errors of the flux measurement by Ka-
miokande (Table I).

FIG. 4. Distribution of the events remaining with energy .6.5
MeV after all cuts for the first 504 days of Superkamiokande
observations. The event rate per day per kiloton is plotted
versus cosfsun . Here, fsun is the angle between the trajectory
of the scattered electrons and the direction of the Sun. The
total sample contains 8705 events. The solid line compares the
data with 47.4% of the expectation value from the standard
solar model of Bahcall et al. (1998a). Evident is (i) that the
signal comes from the direction of the Sun, and (ii) the ob-
served flux from the Sun’s direction is only about half of the
SSM prediction. The figure refers only to a sub-sample of the
full data considered in the text (Y. Suzuki, 1999b; and Table I).
Figure after Y. Suzuki (1999a).



1221Till A. Kirsten: Solar neutrino experiments: results and implications
An analysis has been made to search for time varia-
tions of this flux: (i) over almost a full solar cycle, and
(ii) by separation of the day and night data records. The
latter is a test for flavor oscillations that are affected by
a late neutrino passage through the Earth (see Sec.
II.B.1). No statistically significant differences have been
found as to this respect in the Kamiokande data.

C. Superkamiokande detector, based on e2(nx ,nx)e2

After 9 years of successful solar neutrino recording,
Kamiokande was replaced by the larger and cleaner
‘‘Superkamiokande’’ imaging Čerenkov detector. A 50-
kiloton tank with ultrapure water is observed by
'13 000 PMT’s, including those for the outer veto water
shield (Suzuki, 1997). The fiducial volume of 22.5 kilo-
tons implies upscaling relative to Kamiokande by a fac-
tor of 33; hence, Superkamiokande is the first solar neu-
trino detector with an event rate of order 10 per day
rather than 1 per day. Data taking started in May 1996
with the electron energy threshold, Ee thr , set at 6.5
MeV (Y. Suzuki, 1999a). This corresponds to a neutrino
energy of En57 MeV. Meanwhile, Ee thr has been fur-
ther reduced to 5.5 MeV (En56 MeV), (Y. Suzuki,
1999b).

The threshold reduction relative to Kamiokande be-
came possible by the successful background reduction,
mostly due to cleaning the water. Energy calibration is
done with nickel g sources and by using an electron
beam from a tunable linear accelerator at the water
tank.

The results from Superkamiokande confirm and detail
the 8B-neutrino deficit observed in Kamiokande and
Homestake. At this time, 9530 solar events have already
been recorded during the first 708 days of measurements
(Y. Suzuki, 1999b). The nature of the signal is illustrated
in Fig. 4 for a sub-sample of 504 days. The measured
8B-neutrino flux for the full 708 day sample is
(2.4260.04[stat]60.07[syst])106/cm2 s. This corresponds
to (4761.6)% of the nominal (error-free) expected flux
according to Bahcall et al. (1998a) (Table I and also Fig.
7, discussed in Sec. V.A). The Superkamiokande result
is in reasonable agreement with the respective result
from Kamiokande, (5567)% (see Sec. IV.B, and Table
I).

The ‘‘high’’ event rate in Superkamiokande raises
hopes that in the future one can deduce interesting fine
structures, which were formerly hidden by poor statis-
tics. This concerns eventual deviations from the Fermi-
shape of the 8B-neutrino spectrum as well as time varia-
tions of the neutrino flux (day/night, zenith angle,
winter/summer, solar cycle, and stochastic events, see
Sec. II.B.1). Observations of this type would signal neu-
trino mass mediated flavor changes (see also Sec. V.B).

So far, no significant effects of this type have been
found within the experimental uncertainties (Y. Suzuki,
1999a; Y. Suzuki, 1999b). An eventual day/night asym-
metry is limited to ,6%. Also, the errors are not yet at
the level that would be necessary to reveal the expected
7% seasonal rate change that is caused by the eccentric-
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ity of the Earth orbit (see Sec. II.B.1). Similarly, no de-
viations from the Fermi shape of the neutrino spectrum
have been observed between 7 and 13 MeV. Some ex-
cess near the neutrino end-point energy of 14 MeV is
indicated, but this is statistically not yet significant. Evi-
dently, interesting insights can be expected in the future
from improved statistics. In particular, crucial informa-
tion could come from the observation of the shape of a
larger part of the 8B spectrum. This would require that
the acceptable energy threshold could be reduced fur-
ther.

D. Gallex gallium chloride detector, based on
71Ga(ne ,e2) 71Ge

The Gallex experiment was designed to measure in
particular pp neutrinos. At the time of the initial pro-
posal, no experiment other than a radiochemical gallium
detector was demonstrably able to achieve this goal, and
this is still true today. The reason is the low energy of pp
neutrinos, Emax5420 keV. The threshold of the
71Ga(ne ,e2)71Ge reaction is 233 keV. As already men-
tioned, the measurement of the pp-solar neutrinos is
particularly desirable because only this neutrino species
(the major one) is accurately predictable. It is almost
solar model independent and can therefore serve as a
‘‘known source’’ in the extreme long-baseline neutrino
oscillation experiment, where the source-detector dis-
tance is '1.53108 kilometers.

The Gallex detector integrates over all neutrino
branches above threshold. According to Eq. (12) the ex-
pected theoretical rate, S th , in the standard solar model
(Bahcall et al., 1998a) is

Sall5S th5Spp1S7Be1S8B1SCNO

5~73134112110! SNU

5129 SNU, (20)

whereby Spp is almost model independent (scaling with
'89% of the solar luminosity) and S7Be is only slightly
model dependent (scaling with '11% of the solar lumi-
nosity). To the contrary, S8B and SCNO are strongly
model dependent, the predictions for them are not very
accurate. The overall expected rate is 12966

8 SNU(1s)
(Table I).

The experiment was set up in the Gran Sasso Under-
ground Laboratory of the Istituto Nazionale di Fisica
Nucleare (INFN) during 1988–1991 (Kirsten, 1990; Hen-
rich and Ebert, 1992; Kirsten, 1992). It is shielded by
3200 m.w.e. of dolomite rock. The target is 100 tons of
8-molar gallium chloride solution containing 30.3 tons of
gallium in a 70-m3 target tank. The tank is equipped with
provisions for a nitrogen purge, and with a central re-
entrant tube for insertion of either a man-made neutrino
source or of a calcium-nitrate neutron monitor. The
chemical form of the gallium target was chosen to facili-
tate the extraction of the product, 71Ge, as volatile ger-
manium chloride (71GeCl4). It is removed by flushing
the target liquid with nitrogen. From there on, small-
scale lab bench chemistry takes over. 71GeCl4 is con-
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verted into germane, GeH4 (a homologue of CH4 ,
methane). The minute neutrino induced activity is regis-
tered in miniaturized low-level gas proportional
counters. The counting gas is a GeH4 /Xe mixture. A
low-level counting spectrometer inside a Faraday cage
holds the gas counters and serves as a veto shield for
them.

Extremely low counter backgrounds (around 1 count
per month) are demanded since typically one has only a
few 71Ge decays in a single run. The decays are observed
via Auger electron and x-ray emission. Energy and fast
pulse shape analysis serve to select the candidate events.
Then, the maximum likelihood method is used to parti-
tion them into a signal from 71Ge decay and a time con-
stant background.

Data taking started in May 1991. Since that date, runs
were performed monthly or so until January 1997. The
results were published about annually (Gallex Collabo-
ration, 1992a; Gallex Collaboration, 1993; Gallex Col-
laboration, 1994; Gallex Collaboration, 1995a; Gallex
Collaboration, 1996; Kirsten, 1998; Gallex Collabora-
tion, 1999). These cover a total of 65 runs comprising
1593 net days of exposure between May 1991 and Janu-
ary 1997: 324 days in Gallex I (15 runs), 648 days in
Gallex II (24 runs), 353 days in Gallex III (14 runs), and
268 days in Gallex IV (12 runs). The Gallex periods
were separated by a scheduled change of the target
tanks (after Gallex I) and by two Cr-source exposure
periods (between GX II/GX III and GX III/GX IV, re-
spectively; see Sec. IV.D.1).

Counting of a run lasted typically for about 6 months
in order to fully characterize the very low background
after the decay of 71Ge. The individual results for all 65
Gallex solar runs are shown in Fig. 5. A single run result
has little meaning because the error is large (typically
only about five 71Ge counts are recorded per solar run).
However, the statistics assembled during more than 5
years of data taking allowed, under the assumption of a
production rate constant in time, to reduce the statistical
error to '6 SNU ('8% of the measured signal). Then,
the joint result for Gallex (I1II1III1IV) is
(77.566.2[stat]64.7

4.3[syst]) SNU(1s) or, in short, (7868)
SNU (Table I). This is '60% of the SSM expectation
value of 129 SNU (see Fig. 7 for illustration and Sec. V
for implications from this result).

As is evident in Fig. 5, the results for the four measur-
ing periods GALLEX I, II, III, and IV show appreciable
scatter. They are (83617) SNU, (76610) SNU, (54
611) SNU, and (118618) SNU, respectively. The rate
for GALLEX III is 2s below, that for GALLEX IV 2s
above the mean value of 77.5 SNU. Statistical tests were
performed to judge whether this might indicate any time
variability of the solar neutrino flux.

Altogether about 320 71Ge atoms produced by solar
neutrinos have actually been seen to decay. The analysis
for seasonal correlations revealed no statistically signifi-
cant effects. The distribution of the 65 single run results
fits very well the Monte-Carlo generated distribution of
20 000 single run results for a sample in which the mean
production rate and the actual conditions of GALLEX
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I, II, III, and IV are used as input in appropriate pro-
portions. Hence, it is the time sequence of high and low
results, not the results themselves, which display larger
statistical departures from the mean. The x2 test for the
results of the four data taking periods yields only a 2.6%
probability to be compatible with the mean rate, if the
production rate is constant in time. However, instead to
speculate on a time-variable neutrino flux, this pattern is
associated with statistical fluctuations for a particular
choice of binning (Gallex Collaboration, 1999). For ex-
ample, if the 65 solar runs are grouped into four equal
quarters (subsequent run numbers 1–17, 18–33, 34–49,
50–65), the respective probability is 48%. Other group-
ings tend also to give probabilities .10%, it is just the
GALLEX grouping of measuring periods (I–IV) that
has a low probability. No significant seasonality can be
deduced from the data.

1. Verification of performance and results

The proper function of the Gallex detector was
checked in four major ways.

(i) Each run is routinely monitored with '1 mg of
stable Ge-carrier isotope. The recovery of this carrier is
determined by atomic absorption spectroscopy (AAS).
Results are regularly .97%. Here the scale is O(1019)
Ge atoms in 1030 target atoms (Henrich et al., 1997).

(ii) In addition to the solar runs, frequent blank runs
were performed in order to verify the absence of any
target-related artifacts. These blanks are in every re-
spect identical to solar runs except that the exposure
time is reduced to one day, the minimum time required
to mimic a real run. The result from all 36 blank runs,

FIG. 5. Results from all 65 individual solar neutrino observa-
tions with the Gallex detector. The left-hand scale depicts the
measured 71Ge production rate. The right-hand scale indicates
the net solar neutrino production rate (SNU) after subtraction
of side reaction contributions. Small arabic numerals indicate
the sequential solar run number. Error bars (1s) for individual
run results are statistical only. The error bar of the combined
result shown at far right, (77.568) SNU, includes also the sys-
tematic error. Mean values for the four experiment segments,
Gallex I, II, III, IV, are also shown. Negative results for indi-
vidual runs can naturally occur as a result of the maximum
likelihood distinction between the signal (exponentially de-
creasing in time) and a background constant in time. (Imagine,
e.g., a situation in which, by chance, the first accepted count
occurs after 2–3 half-lives of 71Ge.) Figure from Gallex Col-
laboration (1999).
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after correction for side reactions and short solar expo-
sure, is (2565) SNU(1s), consistent with a null result
(Kirsten, 1998).

(iii) In a major experimental effort, sub-MeV neutrino
capture in gallium was directly measured by exposing
the Gallex detector to well calibrated strong
51Cr-neutrino sources. 51Cr is produced by neutron acti-
vation of 50Cr and emits mono-energetic neutrinos:

50Cr(n,g) 51Cr, e2151Cr˜51V1n ,

electron capture, T1/2527.7 d. (21)

The natural abundance of 50Cr is 4.35%. The principal
neutrino energy is 751 keV (mono-energetic). The
sources were produced in the Siloe reactor in Grenoble
by repeated neutron irradiation of 36 kg of chromium
that was isotopically enriched in 50Cr (38%) (Cribier
et al., 1996). Two times the Gallex target was exposed to
51Cr-neutrino sources. Their strength was (1.71
60.03) MCi and (1.8760.06

0.09) MCi, respectively. The Ge
production during these exposures was monitored in al-
together 18 71Ge-extraction runs. The scale of the Cr-
source experiments is O(102) 71Ge atoms in 1030 target
atoms, the precision is of the order of '10%. The ex-
periments gave an overall response of (9568) percent
(1s) of the result expected for a cross section of s71
5(58.161.6

2.1)10246 cm2, or (10068)% for s715(55.2
61.3)10246 cm2; see below, and Bahcall (1997). In any
case, the result is compatible with perfect detector re-
sponse within 1s (Gallex Collaboration, 1995b; Gallex
Collaboration, 1998a). This is particularly relevant be-
cause the 51Cr neutrinos are in every respect very similar
to 7Be neutrinos from the Sun and it is primarily this
branch that is suspected to be missing (see Sec. V.A).

(iv) In a series of 71As-spiking experiments, 71Ge was
produced in situ by beta decay of 71As (half-life 2.72 d).
Here the scale is O(104) 71Ge atoms in 1030 target atoms,
in order to achieve a precision of '1%. Therefore, be-
cause of the contamination risk, this experiment could
be done only after the last solar run was completed. The
71As experiments were performed under variable condi-
tions of extraction and carrier addition, including a
carrier-free run. The detector response was perfect in all
cases: (10061)% (Gallex Collaboration, 1998b; Kirsten,
1998).

Given the assurance of an experimental recovery of
(10061)% in Gallex from the As experiments, the re-
sult of the Cr-source experiment can be used to deter-
mine the effective cross section. This allows one to re-
strict the contribution of the 175 keV and 500 keV
excited states to the neutrino capture cross section on
71Ga. The experimentally determined total cross section
is (55.164.8)10246 cm2(1s). Using s715(55.2
61.3)10246 cm2 for the ground state transition, it follows
that the excited state contribution is ,10% of the total
at the 1s level, in very good agreement with the theo-
retical estimate, (563

4)% of the total (Bahcall, 1997).
In summary, the outcome of all Gallex performance

tests is positive. This justifies the conclusion that there
are no significant experimental artifacts or unknown er-
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rors in Gallex that are anywhere near the '40% deficit
of the observed solar neutrino signal.

E. Sage gallium metal detector, based on 71Ga(ne ,e2) 71Ge

Another gallium-germanium experiment was carried
out since 1990 by the Sage Collaboration in the INR
underground laboratory in the Baksan Valley, Caucasus,
at a shielding depth of '4700 m.w.e. (Sage Collabora-
tion, 1991a; Sage Collaboration, 1997a). Here the gal-
lium is used in metallic from (it is liquid above 30 centi-
grade). Germanium is separated by mixing the gallium
with an acidic (HCl) and oxidizing (H2O2) solution in
teflon-lined reaction vessels that are equipped for heavy
stirring. Success of the process depends on the formation
of a fine emulsion. Once a Ge atom gets in contact with
the acidic phase, it leaves the gallium droplet. The ex-
periments have been done with somewhat variable
amounts of gallium, up to 57 tons, contained in eight
vessels. After the Ge is in the acidic solution, the further
chemical and counting procedures are principally similar
to those described above for Gallex. An advantage
claimed for the Sage process is to have potentially less
side reactions within a target that contains fewer protons
(free hydrogen atoms) than the aqueous solution used in
Gallex. On the other hand, with some worry over poten-
tial withholding mechanisms, the processes that occur in
a heterogeneous two-phase emulsion are theoretically
much less understood than the classical ion chemistry of
aqueous solutions. Also, the logistic and technical re-
quirements for an extraction run with metallic gallium in
eight vessels are more elaborate. In addition, the need to
add in every run substantial quantities of new chemicals
aggravates the control of the radiopurity of the target.

Figure 6 depicts the individual run results obtained by
Sage between January 1990 and December 1997. About
60 solar runs were performed in this period, but not all
of them have been included in the determination of the
published results. The latter contain changing sub-sets of
runs for certain time periods (Sage Collaboration, 1991a;
Sage Collaboration, 1991b; Sage Collaboration, 1994a;
Sage Collaboration, 1994b; Sage Collaboration, 1997a).
The most recent compilation distinguishes Sage I (14

FIG. 6. Results of individual solar neutrino observations with
the Sage detector. Group results for Sage I, Sage II, and Sage
III are marked ‘‘1,’’ ‘‘2,’’ ‘‘3.’’ The grand total result is marked
‘‘4.’’ Figure from Sage Collaboration (1999).
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runs, 1/1990–5/1992, with a gap from 6/1990–6/1991),
Sage II (18 runs, 9/1992–12/1994, with a gap from 10/93–
7/1994), and Sage III (20 runs, 3/1995–12/1997, with
some short gaps in 1995 and 1996) (Sage Collaboration,
1999). The results are (81620) SNU, (78613) SNU,
and (5769) SNU, respectively. The overall result for 52
runs is (66.667.1

6.8[stat]64.0
3.8[syst]) SNU(1s) or, in short,

(6768) SNU, corresponding to 52% of expectation
(Table I). The analysis for seasonal correlation reveals
no statistically significant effects. The same is true for a
comparison of individual run results from Sage and
Gallex that are taken at the same time.

In view of the distinct chemical procedure applied, it
is important to note that Sage has also performed a suc-
cessful 51Cr neutrino source experiment (Sage Collabo-
ration, 1996; Sage Collaboration, 1997b). Due to the
higher density of gallium metal, less source strength or
target mass is required to produce the same number of
71Ge atoms as when gallium chloride solution is used.
The Sage source had a strength of (51766) kCi and was
used to irradiate 13.12 t of gallium in a single reaction
vessel. The experimental result expressed as a cross sec-
tion (see Sec. IV.D.1) is s5(55.266.6)10246 cm2(1s)
(Sage Collaboration, 1999). This is consistent with full
response of the Sage detector, demonstrating reliability.

V. IMPLICATIONS

The major results from the experiments described in
Sec. IV are compiled in Table I and compared to the
expected values based on the SSM. The last line of the
table gives the magnitude of the absolute deficit,

D5S th–Sexp (22)

expressed in units of the 21s error, u2dDu, obtained by
quadratic addition of the errors 1dSexp and 2dS th . This
allows one to examine and to judge the significance of
the minimal absolute deficit.

Here, S th is the theoretical SSM-expectation value ac-
cording to Bahcall et al. (1998a), Sexp is the signal mea-
sured experimentally. The unit used for Sx is a produc-
tion rate in SNU for radiochemical experiments and an
absolute 8B-neutrino flux in 106/cm2 s for Kamiokande
and Superkamiokande.

We note from the table that (1) All solar neutrino
experiments observe a signal above zero, (2) all solar
neutrino experiments observe fewer neutrinos than pre-
dicted from stellar theory, and (3) the reduction factor
R215S th /Sexp is '3 for Homestake and '2 for the
other four experiments.

The reliability of the experimental results and their
quoted errors has been discussed in Sec. IV. To take the
uncertainties of the theoretical model predictions at face
value implies that all solar physics processes and input
data are considered to be well known and that the
quoted spread also covers the range of results obtained
for standard solar models by the various authors. While
this is generally the case and supported in particular by
the recent helioseismological observations (see, e.g., Pa-
terno, 1997), some of the input data (cross sections,
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opacities) still have appreciable errors. This is consid-
ered in the evaluation of dSSSM , whereby individual in-
put errors are added in quadrature [see Bahcall et al.
(1998a) for a recent discussion of the reliability of SSM
predictions].

To illustrate our discussion further, we show in Fig. 7
by proxy the results for Homestake, Superkamiokande,
and Gallex. In this graph, the expectation value S th is set
equal to 100%. The relative errors dSexp /Sexp and
dS th /S th are shown individually at the 62s level, such
that missing overlap assures a significant deficit with
.95% confidence.

Experimental 2s errors are '7% for Superkamio-
kande and of the order of 20% for the other four experi-
ments. The 2s error for the prediction is '12% for gal-
lium and of the order of 35% for the other experiments.
With error propagation in quadrature for the experi-
mental result and for the prediction, the 2s uncertainties
for the observed absolute deficit, D, range from 30% to
70% of that deficit. In other words, even in considering
the minimal case, deficits survive at @95% C.L. Ex-
pressed in units of the uncertainty, s52dD , the abso-
lute deficits are D>2.9s for Kamiokande and Superka-
miokande; D>5s for the chlorine experiment; and D
>5.3s for the gallium experiments (Table I).

A. Solar neutrino problems

Until 1987, Homestake was the only active solar neu-
trino detector. The lack of 2/3 of the expected rate in
this experiment is known as the ‘‘solar neutrino prob-

FIG. 7. Major results from the Homestake, Superkamiokande,
and Gallex solar neutrino experiments. The SSM expectation
values according to Bahcall et al. (1998a) are set5100%. Also
shown are the 62s uncertainties individually for experiments
and predictions (95% C.L.). Observed are (3366)% for
Homestake, (4763)% for Superkamiokande, and (60
612)% for Gallex (2s, experimental errors only). Sources of
data are as described in Sec. IV and summarized in Table I.
The spectral composition of the expected signal according to
the SSM (Fig. 2) is recalled for the individual experiments in
the columns displayed on the left of the major data bars. Sta-
tistically significant neutrino deficits (i.e., shortages of the mea-
sured neutrino capture rates relative to the predictions) are
evident in all cases.
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lem’’ since the early 1970’s. As much as 76% of the ex-
pected signal in the chlorine experiment is due to 8B
neutrinos, while 7Be neutrinos contribute 15% (see Fig.
2). Therefore, the deficit was naturally assigned to a
8B-flux reduction. Whether 7Be is also affected could
not be decided from the data. It became apparent that
the initial problem could in principle be fixed by non-
standard solar models if they were tailored to reduce the
central core temperature as needed (by about 5%, from
15.6 to 14.8 million K) or even in standard models by
changing the 7Be(p ,g) 8B cross section, s17 , and others
(s33 ,s34), as well as by changing coupled input param-
eters such as opacities or initial element abundances
(Bahcall, 1989). Fine tuning or (educated) departures
from the SSM such as, e.g., He diffusion, heavy element
diffusion, rotational mixing, plasma effects, and screen-
ing modifications, could in principle all contribute with-
out getting in conflict with the strong constraint pro-
vided by the luminosity of the Sun. Many of those
models could not be ruled out. Simply put, the predic-
tion from solar physics for the absolute neutrino flux
from the tenuous (1024) PPIII(8B) branch was (and still
is) not precise enough to provoke fundamental conclu-
sions from the initial solar neutrino problem alone (see,
e.g., the review by Castellani et al., 1997).

At last, in 1990, new evidence from Kamiokande was
added, stating that only '50% of the 8B neutrinos arrive
on Earth. If this is translated into an expectation value
for the 8B-induced rate in Homestake, the result is
'(360.5) SNU. The measured total rate, (2.56
60.22) SNU, is just compatible with this, but if one
takes into account that an additional 1.1 SNU are ex-
pected from 7Be neutrinos (and 0.7 SNU from CNO and
pep neutrinos), a conflict arose that was later coined the
‘‘second solar neutrino problem’’ (Bahcall and Bethe,
1990). Even if all neutrino branches would be subject to
the same (50%) reduction, the rate for the chlorine de-
tector should be '3.8 SNU, rather than '2.6 SNU, as
measured.

The second solar neutrino problem persists with mod-
ern Superkamiokande data, where the experimental er-
ror (63.3%, 1s) is already much smaller than for the
results from 9 years of Kamiokande recordings. Respec-
tively, the updated expectation value for the chlorine
detector, assuming equal suppression for all neutrino
branches, is 3.6260.15 SNU. The 1s error of the theo-
retical predictions is still of the order 620%, but it is not
included for the present argument since it affects the
Homestake and Kamiokande experiments largely in the
same way. To explain the situation after Kamiokande, it
was no longer sufficient just to lower the central tem-
perature of the Sun, by whatever means. Instead, a sup-
pression mechanism was indicated that is more effective
for 7Be neutrinos than for 8B neutrinos. More precisely,
suppression should be enhanced for neutrinos in the en-
ergy range 0.8–7.5 MeV, as defined by the condition E thr
(chlorine) ,En,E thr (Kamiokande). This was a strong
hint for neutrino oscillations to be involved. To check on
this possibility, it was absolutely necessary to get data
from an experiment in which the production rate is not
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
dominated by the tenuous 8B neutrinos but by pp and
7Be neutrinos, that is, a gallium experiment (see Fig. 2).

The expected rate for Gallex (or Sage) is dominated
by 73 SNU for pp (and pep) neutrinos; that is, they com-
prise 57% of the total, which is 12966

8 SNU (Bahcall
et al., 1998a). The second largest contribution (34 SNU)
is from 7Be neutrinos. 8B neutrinos are not distinct in
the Ga signal; their theoretically expected contribution
is only 9% [see Eq. (20)]. Contrary to PPIII (8B), the
PPII (7Be) branch is large and robust. Not many possi-
bilities exist to significally affect it by model or input
changes. Still, the Gallex result, (7868) SNU, is only
'60% of what is expected. The 8B neutrinos present
according to Superkamiokande account for 6 SNU. This
leaves 72 SNU for pp and 7Be neutrinos, about as much
as required for pp neutrinos alone. Hence, there is no
room for 7Be neutrinos in the signal, in spite of the fact
that 7Be must be present in the Sun in order to account
for the 8B flux that has actually been observed in Su-
perkamiokande. This is because 7Be is the precursor of
8B, Eq. (8), and the formation of 7Be has weaker tem-
perature dependence than the formation of 8B. This
contradiction constitutes the ‘‘third solar neutrino prob-
lem,’’ the case of the missing 7Be neutrinos (Gallex Col-
laboration, 1992b; Bahcall, 1994; Shi et al., 1994; Kirsten,
1995). It cannot be reconciled with solar physics because
'11% of the solar luminosity are contributed by the
PPII cycle. The 7Be-neutrino flux prediction is rather
robust also for this reason.

Sage was first in announcing gallium data in 1990. Ini-
tially they reported a zero-signal as the most probable
result and reflected that the absence of pp neutrinos im-
plied a nonzero neutrino mass (Sage, 1990). However,
the result was not statistically significant. Gallex an-
nounced its first result, (83619[stat]68[syst]) SNU(1s),
in May 1992, allowing the full presence of pp neutrinos
as expected from the solar luminosity (Gallex Collabo-
ration, 1992a). This was the first observation of solar pp
neutrinos, since the result required their presence, at
least in part. On the other hand, even the full predicted
value for the SSM was still within 2s of the measure-
ment. In the following years, the errors shrunk and the
7Be deficit became significant (Kirsten, 1995; Kirsten,
1996). The Sage and Gallex results approached the same
level and are now in good agreement (see Table I). At
present, with a 1s error of 68 SNU, it is practically
inescapable to conclude that there must be 7Be-neutrino
disappearance for reasons that are not related to solar
physics.

If pp rather than 7Be neutrinos were held responsible
for the deficit in the gallium experiments, this would be
even stronger evidence for a nonsolar cause because the
pp flux is practically fixed by the solar luminosity.

The third and second solar neutrino problems have
made the 7Be-neutrino flux the prime suspect for the
observed deficits. In this context, it is particularly rel-
evant that the 51Cr-source neutrinos resemble in every
respect 7Be neutrinos (energy, branching; Gallex Col-
laboration, 1998a). Hence, the source experiments have
demonstrated the full detection capability of the detec-
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tors, especially for the missing species. Then, with both
experimental faults and standard solar physics solutions
being excluded as possible explanations for the missing
neutrinos, neutrino flavor changes remain as the only
viable possibility for a consistent explanation of the evi-
dence.

B. Neutrino oscillations

Quantitative analyses for joint solutions of the solar
neutrino problems in the frame of neutrino oscillation
scenarios have been performed by many authors (e.g.,
Hata and Langacker, 1994; Hata et al., 1994; Kwong and
Rosen, 1994; Berezinsky et al., 1995; Krastev and Pet-
cov, 1996; Bahcall and Krastev, 1997; Hata and Lan-
gacker, 1997; Petcov, 1997), with and without including
the MSW effect, the VVO effect (Akhmedov et al.,
1997), and the option of conversion into right-handed,
noninteracting sterile neutrinos. Vacuum oscillations
give consistent solutions at very small mass differences,
see Eq. (9), and large mixing angles, centered at dm2

'8310211 (eV/c2)2 and sin2(2uvac)'0.75. However,
even better fits for all available data are obtained with
the MSW effect, for which two consistent solutions exist
in the (dm2,u) parameter space.

(1) The so-called ‘‘nonadiabatic’’—or ‘‘small angle’’—
solution, centered at dm2'531026 (eV/c2)2 and
sin2(2usa)'631023 or, usa'2.2°. This solution yields
the best fit and is generally favored. For transformations
into sterile neutrinos, ñs , the fit is particularly good, at
dm2'431026 (eV/c2)2.

(2) The ‘‘large-angle solution’’ is centered at a dm2

that is only slightly higher, but it is near maximum mix-
ing: dm2'1831026 (eV/c2)2, sin2(2ula)'0.76, u la'30°.
It became disfavored with shrinking errors in Gallex and
with the inclusion of the Superkamiokande zenith-angle
dependence in the analysis. For ne-ns transformations,
the large-angle solution disappears altogether.

We have followed here the latest analysis of Bahcall
et al. (1998b). These authors have included, besides all
measured rates, also the day/night, zenith-angle, and
spectral data from Superkamiokande (see Secs. II.B.1
and IV.C). Their global fit using all these data is shown
in Fig. 8. It favors the small-angle MSW solution, quoted
above.

However, the solutions for vacuum oscillations are
not completely ruled out. They find some support in the
shape of the 8B-neutrino spectrum measured by Su-
perkamiokande. A certain excess of events near 14 MeV
(Sec. IV.C) and the nonobservation of a suppression ex-
pected for the MSW small-angle solution below 6.5 MeV
favor vacuum oscillations (Y. Suzuki, 1999b). However,
this leads to values for dm2 that are at least five times
larger then what is obtained from fitting the rates ob-
served in all available experiments for vacuum oscilla-
tions. A decision between the options of MSW oscilla-
tions and vacuum oscillations could be possible once
eventual time variations are established with sufficient
statistical significance (see Sec. II.B.1). The answer to
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this question is among the objectives of Borexino (par-
ticular sensitivity for day-night variation) and GNO
(semiannual variations).

C. Neutrino mass and new physics

If it is assured that neutrino oscillations occur, non-
standard neutrinos and ‘‘new physics’’ are a definitive
qualitative consequence. On the other hand, a quantita-
tive specification of neutrino masses is less straightfor-
ward. The most popular and probably most natural ap-
proach is to assume a seesaw neutrino mass mechanism
(see, e.g., Mohapatra, 1997) and to assign the dominant
mixing of solar neutrinos to ne↔nm within a regular
lepton-quark mass hierarchy, with m(ne)!m(nm). This
leads to a mass estimate for the muon neutrino of
m(nm)'2.2 meV. Intriguingly, if the observed mixing
angle usa52.2° is interpreted as uem, it agrees well with
an estimate based on lepton-quark symmetry consider-
ations according to uem}(mu /mc)20.5, where mu ,mc are
quark masses. In the same spirit, if lepton-quark family
mass scaling according to m(ne)/m(nm)'mu

2 /mc
2 holds,

one would obtain, from m(nm)'2.2 meV, the electron
neutrino mass, m(ne)'40 meV. An estimate for the
mass of nt in this pattern comes out at a few eV/c2,

FIG. 8. Neutrino mixing parameter plot. The shaded region is
the only allowed MSW solution that is consistent with all solar
neutrino data, including the energy spectrum and the zenith
angle distribution from Superkamiokande (Superkamiokande
Collaboration, 1998). This so-called ‘‘small-angle’’ solution is
centered at dm2'531026 (eV/c2)2 and sin2(2u)'631023.
Contours are drawn at 99% C.L. Other solutions exist for
vacuum oscillations. They are centered at dm2'8
310211 (eV/c2)2 and sin2(2u)'0.75 (not shown). Figure from
Bahcall et al. (1998b).
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much above what might be deduced from atmospheric
neutrinos (Superkamiokande Collaboration, 1998), see
below.

If applicable, the above-described seesaw scenario
would lead to some disappointing consequences. Neutri-
nos would not substantially contribute to hot dark mat-
ter. In addition, all attempts to measure the neutrino
mass of any flavor in direct experiments would be bound
to fail. However, the seesaw mass hierarchy is not the
only possibility; other schemes with more or less degen-
erate neutrino mass relations are also possible (Valle,
1996; Mohapatra, 1997).

1. How compelling is the evidence for new physics from
solar neutrinos?

The present situation can be summarized as follows.
The experimental results from five solar neutrino ex-

periments and their error estimates are basically reli-
able.

Helioseismological observations confirm that the stan-
dard solar model is a very good model.

The sizable flux of 8B neutrinos observed is logically
incompatible with the near absence of 7B in the Sun as
suggested by the paucity if llow energy solar neutrinos
(‘‘second and third solar neutrino problems’’). This con-
flict is not traceable to a solar model deficiency resolv-
able by fine-tuning or changes in the central tempera-
ture of the Sun.

Neutrino flavor conversion can consistently account
for all solar neutrino data.

No plausible alternatives have yet been suggested.
In conclusion, the evidence is between convincing and

overwhelming. However, there is no ‘‘smoking gun.’’
The evidence is indirect and based on disappearance. In
many respects, the situation is similar to the case of the
nm-ne anomaly observed for cosmic-ray produced atmo-
spheric neutrinos (Superkamiokande Collaboration,
1998): convincing, yet indirect. The mass difference de-
duced for these data in terms of MSW oscillations occur-
ring during the neutrino passage through the Earth is
dm2'531023 (eV/c2)2 (Kajita, 1999), much larger than
for the solar neutrino solution, dm2'531026 (eV/c2)2.
It is consistently explained as result of nm-nt oscillations
with nearly maximal mixing, leading to m(nt)
'50 meV. Both pieces of evidence indicate the same
phenomenon, neutrino oscillations. Consequently, the
‘‘solar’’ evidence and the ‘‘atmospheric’’ evidence tend
to support each other and increase the probability that
their interpretation reflects the truth. Continued efforts
are needed for the direct proof of neutrino mass. Solar
neutrino physics remains an active field.

VI. OUTLOOK

A. Near future

The years 1998–2002 will be a rather active period for
solar neutrino exploration. The presently running ex-
periments will continue to operate or even become up-
graded. In addition, about five new detectors will go into
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operation. Each of them has at least one new specific
quality (see, e.g., Kirsten, 1999a).

GNO (Gallium Neutrino Observatory) is the
follow-up project of Gallex at Gran Sasso (Bellotti,
1997).

A nonphysical ‘‘zero-cross section’’ solar model can
define an absolute minimum neutrino flux by setting ad
hoc and against better knowledge all cross sections for
PPII, PPIII, and for the CNO cycle to zero. The only
requirement is to sustain the solar luminosity. For this
one expects 73 SNU from PPI plus some extra 7 SNU in
order to compensate with PPI for the luminosity that is
lost in turning off the other branches. Hence, a mini-
mum requirement is '80 SNU (Bahcall, 1997). If the
CNO neutrinos were preserved, the respective minimum
for the rate in a gallium experiment would be '88 SNU.
Suppose the experimental error of Gallex could be fur-
ther reduced. Then it could become possible to exclude
standard (massless) neutrinos without any reference to
solar models. This is the major goal for the GNO experi-
ment.

Data taking started in April 1998 (Kirsten, 1999b).
Apart from the above motivation, GNO is intended to
provide a long time record of low-energy neutrino ob-
servations from 1998 onwards. Gallium detectors remain
the only way to register pp neutrinos during 1998–2002.
Upscaling to 100 tons of gallium is envisioned for a re-
duction of the total error to '4 SNU. This will also al-
low a close examination of the time constancy of the
pp-neutrino flux during a whole solar cycle.

Sage is planned to operate for a long time. The rather
unstable general situation in Russia has required heroic
efforts to keep the experiment running.

Chlorine at Homestake has by far the longest continu-
ous solar neutrino flux record and will continue to take
data after the present interruption. One envisioned
modification is to collect 37Ar produced at day and at
night separately. This is to look for the MSW flavor re-
conversion of neutrinos that penetrate the Earth before
they reach the detector.

Superkamiokande will continue to study daily, sea-
sonal, and overall variations of the 8B-neutrino flux. A
statistically significant Kurie plot of the 8B-neutrino
spectrum should be obtained. This could become a defi-
nite test even of the small-angle MSW solution of the
solar neutrino problem.

Iodine at Homestake @127I(ne ,e2)127Xe# started test
runs in 1997 with the first 100 tons of iodine (Cleveland
et al., 1997b). In many respects, this radiochemical ex-
periment resembles the Chlorine experiment. It has a
much higher, but not well-known production rate and
benefits from an EC-g coincidence in the 127Xe decay
(T536.4 d). From the beginning, the experiment has
been operating in the alternating day/night extraction
mode.

SNO (Sudbury Neutrino Observatory) is a 1-kiloton
heavy water (D2O) real-time Čerenkov detector for 8B
neutrinos. It is near completion at the Creighton mine in
Sudbury, Canada. Assuming that the crucial background
problems are in principle solved, data taking is planned
to start in 1999 (Meijer-Drees, 1997). The main goal of
SNO is to measure not only the spectral shape of 8B
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neutrinos above 6.5 MeV in the charged current reac-
tion, Eq. (17), but also the flux ratio f(ne)/f(nall) from
the neutral current reaction, Eq. (19). This searches for
neutrino oscillations not only through disappearance of
ne but, in effect, also through appearance of nm and nt .
It is possible since the disintegration of the deuteron
into neutron and proton is independent of neutrino fla-
vor. In this case, the event signature is a 6.25 MeV g
followed by the detection of the neutron, either by cap-
ture on 35Cl added or by means of 3He counters (Hime,
1997). In addition, elastic neutrino-electron scattering,
Eq. (15), can be observed as in any water Čerenkov de-
tector. With the present installation, the expected event
rates are '24 per day for the reaction of Eq. (17) and
'7 per day for the reaction of Eq. (19). The more im-
portant data from the neutral current reaction are ea-
gerly awaited for in the year 2000.

BOREXINO is a 100 ton liquid scintillation detector
devoted specifically to the detection of 7Be neutrinos
through neutrino-electron scattering, Eq. (15). This pro-
cess is dominated by ne since the cross section for the
charged current reaction is about 6 times that for neutral
current scattering of nx . Scintillation detectors have su-
perior light output and better energy resolution com-
pared to Čerenkov detectors. They can operate at much
lower energy provided the internal background can be
reduced to acceptable levels. This requires the prepara-
tion of ultrapure scintillator mixtures in Borexino in or-
der to achieve the extreme radiopurity, especially for
14C and for nuclides from the U, Th-decay series (Hart-
mann, 1997). Record levels of ,10216 g/g uranium and
thorium have been achieved in a pilot experiment
(CTF5counting test facility). It was shown that back-
grounds can be kept at the required level down to a
neutrino energy threshold of '0.5 MeV, sufficient to de-
tect the flux of the 862 keV 7Be neutrinos (Feilitzsch,
1998; Borexino Collaboration, 1998). This flux would
give a strong signal in Borexino if the SSM applies. On
the other hand, if the signal were found to be substan-
tially reduced or absent, it would confirm the assignment
of the deficits encountered in the gallium experiments to
7Be. The detector is now under construction and
planned to go in operation in the year 2001.

Kamland is a project to make use of the old Kamio-
kande site for a Borexino-like liquid scintillator (A. Su-
zuki, 1999). The detector will be primarily designed for
detection of antineutrinos from a power reactor at '150
km distance, operation in this mode might start in 2001.
At a later time, low-energy solar neutrino detection is
also envisioned, but this would require an additional im-
provement of radiopurity beyond the present design
specification.

Icarus is a fine-grained multipurpose liquid argon drift
chamber. It can also be used to detect solar 8B neutrinos
above '6 MeV. It is sensitive to charged current and
neutral current reactions as well as to elastic electron-
neutrino scattering. A first 600-ton module is in prepa-
ration at Gran Sasso (Rubbia, 1996). The final goal is a
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6-kiloton detector. It should register the 8B-neutrino
spectrum with high resolution in a relatively short run-
ning time.

B. Far future

In the following we describe interesting conceptions
and ideas of more or less promising new solar neutrino
experiments (see, e.g., Kirsten, 1999a). Intense work of
many years has already been invested in some projects;
others are at present just good ideas. All of them have in
common that at this time one cannot judge whether or
when they will eventually become real solar data-taking
experiments. Either the physics (mostly background),
the technology (large scales), the funding, or all three
present unsolved problems. Notwithstanding, some of
these proposals may sometime later play an important
role. The development of at least one real time pp-
neutrino detector is an absolute necessity for the future
of solar neutrino spectroscopy.

Radiochemical Lithium experiment (Kopylov, 1997):
Early feasibility studies of the system 7Li(ne ,e2)7Be by
Davis were aimed at the organic solvent extraction of Be
from liquid lithium metal but the unsolved problem was
the detection of 7Be. The only detectable radiation
emitted from 7Be (half-life 53.3 d) is 43 eV Auger elec-
trons. Now, the Genova group has made remarkable
progress with a low temperature microcalorimeter
(Galeazzi et al., 1997) and joined with the INR Moscow
group to rejuvenate the project. A target as small as 10
tons of lithium metal could be sufficient. With respect to
neutrino energy, the expected signal would be rather
nonspecific. None of the n sources above the threshold
of 0.86 MeV is clearly dominating the expected SSM
production rate of '60 SNU.

Radiochemical liquid xenon experiment (Georgadze
et al., 1997). The idea is to extract by ion collection tech-
niques 131Cs from 131Xe(ne ,e2)131Cs out of 1 kiloton of
liquid xenon and to detect it with semiconductors (half-
life 9.7 d). 7Be and 8B neutrinos would contribute in
about similar quantities. We may remark here that for
8B-neutrino detection, the radiochemical method has
been overtaken by present state-of-the-art, real-time de-
tector technology. The counterargument that data from
radiochemical detectors (sensitive only to charged cur-
rent reactions) can serve to distinguish from signals ob-
tained with real-time detectors (which are sensitive to
both charge current and neutral current reactions) is
specious in view of the size of the experimental errors.

For completeness, we mention here also the status for
geochemical experiments in which one attempts to de-
tect long-lived neutrino capture product isotopes in
natural minerals by mass spectrometry. Serious but un-
successful experimental attempts have been reported for
81Br(ne ,e2)81Kr* , half-life 2.33105 yrs, use of carnallite
containing bromine (Kirsten, 1978), 98Mo(ne ,e2)98Tc,
half-life, 4.23106 yrs, use of molybdenite ore (Cowan
and Haxton, 1982), 205Tl(ne ,e2)205Pb, half-life 1.5
3107 yrs, use of lorandite (TlAs2S2), Pavicevic (1988).
The only still active project of this type is Lorex. Crucial
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for this experiment is the question whether better-
shielded lorandite ore can be found. The presently avail-
able thallium ores are not suitable.

The Hellaz project aims for real time pp-neutrino de-
tection by n-e scattering in a high pressure, low tem-
perature He-time projection chamber (Tao, 1997). Ex-
treme radiopurity is required for an effective threshold
energy as low as 200 keV, and helium is favorable in this
respect. Some lab-scale testing has been performed, but
the envisioned 10-ton detector (for a rate of '10
events/d expected from the SSM) is not yet funded.

An approach quite similar to Hellaz but using some
advantages of gaseous tetrafluorocarbon instead of he-
lium is investigated in the Super-MuNu project (Brog-
gini, 1998). Such a TPC is primarily developed to deter-
mine the magnetic moment of the neutrino but it has
also the potential for solar pp-neutrino detection. As in
all these ambitious low-threshold experiments, success
depends on the practical solution of the background
problems in the full-scale detector. Upscaling from small
models by more than a factor of five in one step is highly
questionable.

The Heron ballistic roton detector aims for pp-
neutrino detection in 10 tons of super-fluid helium (Ban-
dler et al., 1995). Excitons from n-e scattering have long
ranges at very low temperature. Their action is transmit-
ted to the surface of the extended liquid helium target.
At the surface, rotons evaporate He atoms, which are
detected by means of a calorimeter (silicon wafer plus
thermistor).

Borexino and Kamland are the only actively pursued
liquid scintillation detectors, but quite a few more po-
tential liquid scintillator experiments are considered.
Their attraction is the possibility to simultaneously de-
tect (i) charged current reactions, Eq. (16), often with
convenient coincidences, (ii) neutral current reactions,
Eq. (18), and (iii) neutrino-electron scattering, Eq. (15).
The target isotope can be part of the scintillator, like,
e.g., hexafluorobenzene in the fluorine experiment
(Barabanov et al., 1994):

19F~ne ,e2!19Ne followed by 19Ne˜19F1e11ne ,

half-life 17 s. (23)

The signal would be a delayed coincidence between
the electron and the deposition of the decay energy, in-
cluding the annihilation of the positron.

Another possibility is to dissolve the desired target
material in the scintillator. In this way, with some knowl-
edge of chemistry, almost any desired nuclide becomes
feasible for investigation. The first such attempt was the
indium scintillator experiment [115In(ne ,e2)115Sn* ,
Raghavan (1976)]. The initial hope to benefit from the
low threshold of 128 keV to detect pp neutrinos failed
because of the natural radioactivity of 115In. However,
with the electronic threshold raised to about 600 keV,
indium could still make a very good detector for 7Be
neutrinos. Notwithstanding, such a project is not pres-
ently pursued since Borexino appears to be more ad-
vanced for 7Be-neutrino detection.
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An attractive experimental scheme with low energy
thresholds has the potential to detect even pp neutrinos
in real time: LENS (low energy neutrino spectroscopy
experiment) proposes to use an ytterbium- or
gadolinium-loaded scintillator (Raghavan, 1997) to de-
tect charged current reactions, Eq. (16). Very character-
istic beta-gamma coincidence signatures could help to
achieve the required background reduction at very low
energies. The minimum neutrino energy thresholds are
244 keV for 176Yb(ne ,e2)176Lu* and 301 keV for
160Gd(ne ,e2)160Tb* for population of the lowest useful
excited states of the product nuclides. Additional levels
are available for higher neutrino energies. A Lens Col-
laboration to study the feasibility of the experiment has
not yet been formalized but is soon expected to as-
semble (Lens Collaboration, 1999).

Even solid scintillator crystals such as LiI(Eu) (Chang
et al., 1994) or ionization semiconductors such as gallium
arsenide crystals (Bowles and Gavrin, 1996) have been
considered as remote possibilities for solar neutrino de-
tection.

For the distant future, real technological break-
throughs can also be expected from the development of
cryogenic particle and quasiparticle detectors, bolom-
eters, and superconductors. There is a long way to go
before such a solar neutrino detector becomes a reality.
We refrain here from elaborating on this topic but quote
Alessandrello et al. (1995) for bolometric detectors us-
ing NaBr or CsBr crystals for 7Be-neutrino detection;
and Swift et al. (1994) for pp neutrino detection using
superconducting indium antimonide (InSb) crystals.

In summary, at least some of the experiments dis-
cussed in Sec. VI.B seem to be feasible in principle.
Whether any one of them will be carried out is an open
question. All solar neutrino experiments are expensive
and time-consuming projects. Even if all financial and
logistical problems can be solved, only after full-scale
installation will one know for sure whether the back-
grounds in a particular experiment are manageable.
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LIST OF SYMBOLS

AU astronomical unit5149 600 000 km
C.L. confidence level
CTF counting test facility in Borexino
d day
dm2 umn1

2 2mn2

2 u for neutrino mass-
eigenstates n1 ,n2

EC electron capture, associated with
emission of x rays and Auger elec-
trons

E thr threshold energy
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f i neutrino flux of species i
ft value Fermi function3T1/2 in beta-decay

(log)
Gallex Gallium experiment at LNGS
GNO Gallium neutrino observatory
GX I, II, III, IV Measuring periods in Gallex: Gallex

I, Gallex II, Gallex III, Gallex IV
Homestake Chlorine detector at the Homestake

mine in Lead, South Dakota
INFN Istituto Nazionale di Fisica Nucleare,

Italy
INR Academy Institute for Nuclear Re-

search, Moscow
kCi Kilo-Curie
L oscillation length
LENS Project for ‘‘Low energy neutrino

spectroscopy’’
LNGS Laboratori Nazionali del Gran Sasso,

Italy
m(ne) electron neutrino rest mass
m.w.e. meters of water equivalent of shield-

ing
MCi Mega-Curie
MSW effect Mikheyev-Smirnov-Wolfenstein

effect
ne ,nm ,nt electron, muon, tau neutrino
Nh number of PMT’s hit in a Čerenkov

detector
n i neutrino state or type i
ns nanosecond
pep n solar neutrino type, see Eq. (3)
PMT photo multiplier tube
pp-n solar neutrino type, see Eq. (2)
PPI, PPII, PPIII solar fusion reaction chains
re electron density inside the Sun
Sage Soviet-American gallium experiment
S factor nuclear reaction cross section

stripped of energy dependent part
s ij stellar reaction cross-section; i,j are

mass numbers of reacting species
SNO Sudbury neutrino observatory at

Sudbury, Canada
SNU solar neutrino unit, 1 neutrino-

induced reaction per 1036 atoms and
second

SSM standard solar model
Sx6dSx signal due to neutrino-source ‘‘x,’’

with error dSx
t metric ton
T1/2 half-life
Tc central temperature of the Sun
u ij mixing angle for mass- or flavor-

neutrino eigenstates i,j
u la mixing angle for MSW large-angle

solution
usa mixing angle for MSW small-angle

solution
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uvac mixing angle for neutrino states in
vacuo

VVO effect Voloshin-Vysotsky-Okun effect
yrs years
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