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The Russian-American Gallium solar neutrino Experiment (SAGE) is described. Beginning in September
1992, SAGE II data were taken with 55 tons of Ga and with significantly reduoed backgrounds. The solar
neutrino flux measured by 31 extractions through October 1993 is presented. The result of 69 k 10 +5/-7 SNU
is to be compared with a Standard Solar Model prediction of 132 SNU.

1. INTRODUCTION
The discrepancy between the solar neutrino
capture rate predicted by Standard Solar Model
(SSM) calculations and the 37Ar rate measured by
the chlorine experiment of Davis et al. has persisted
for more than twenty years [l-31. The Kamiokande
water derenkov experiment [4] observes only 0.500.64 of the 8B flux precllcted by the SSMs. SAGE
and GALLEX have measured rates of about 60% of
the SSM predictions [5,6]. Thus, all four operating
solar neutrino experiments have reported significant
deficits of the flux of solarneutrinos.
The 37Cl and Kamiokande experiments are
primarily sensitive to the high-energy 8B solar
neutrinos, whose production rate depends critically
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(-T:’) on the core temperature of the Sun.

Numerous nonstandard solar models [7,8] that reduce
the core temperature have been suggested, but none
has been able to reproduce the observed 8B flux
without running into difficulties accounting for other
observed features of the Sun.
New particle physics [7,8], such as neutrino
matter oscillations, has been invoked to provide an
explanation of the “solar neutrino problem.”
Analyses [9,10] of the consistency of the chlorine
and Kamiokande data conclude that the results m
highly inconsistent with any astrophysical
explanations and are better described by MikheyevSmimov-Wolfenstein (MSW) neutrino oscillations.
However, given the uncertainties in the SSMs, it
does not seem possible to rule out an astrophysical
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origin of the “solar neutrino problem” [111.
e
1123 provides the
The 71Ga( ~ , e - ) ~ l Greaction
only feasible means at present to measure lowenergy solar neutrinos. The SSM calculations show
that the dominant contribution to the capture rate in
71Gaarises from the p- p neutrinos (71 f 4 SNU)
(1 Solar Neutrino Unit =
captures/target
atom/s), while the total predicted rate in the SSMs is
122.5-131.5 SNU. [l, 23

extrapolation from the 55Fepeak. The extrapolation
procedure was verified by filling a PC with 71GeH4
together with the standard counter gas.
For
SAGEII, a 10gCd-Se fluorescence source was
utilized that provides lines at 1.2,6.4, and 11.2 keV
using the side window as well as fluorescing the
entire Fe cathode to check uniformity of response.

2. THE BAKSAN GALLIUM
EXPERIMENT

The experiment began operation in May of 1988
when purification of the 30 tonnes of Ga
commenced. Solar neutrino flux extractions began
in January 1990. Data from all runs made through
October 1993 are reported here, except for months in
which either the extraction sample was physically
lost during the extraction process or runs in which
no usable information was available [5] due to
electronic or PC failures. Following completion of
a %r engineering test run in 1990, 30 tonnes of
new Ga were purified and added to the experiment.
Extractions from 57 tonnes began in September
1991. Between May 1992 and September 1992,
solar neutrino runs were halted to upgrade equipment
to the SAGE 11 configuration. With the upgrade of
the counting system, the signal to background in
SAGE I1 is substantially better than in SAGE I.
The data presented here contain 31 runs through
October 1993. Fourteen additional solar neutrino
runs have been made since October 1993, most of
which include l-GHz transient digitization of the
pulse waveform. In the SAGE 11data, we are able to
measure both the 71Ge K and L peaks.

The detector is situated in a specially built
underground laboratory at the Baksan Neutrino
Observatory in the Northern Caucasus Mountains.
It is located 3.5 km from the entrance of an adit in
Mount Andyrchi and has an overhead shielding of
4715 meters water equivalent. The chemical and
counting procedures have been described previously
and are only outlined here [5].
Each measurement of the solar neutrino flux
begins by adding about 700 pg of natural Ge carrier
equally divided among the 8 reactors holding the 55
tonnes of Ga. After a typical 1-month exposure
interval, the Ge carrier and any 71Geatoms that have
been produced by neutrino capture are chemically
extracted. The counting gas GeH4 (germane) is then
synthesized and purified by gas chromatography.
The overall extraction efficiency is typically 80%.
The GeH4 is then mixed with Xe and inserted
into a miniature low-background proportional
counter (PC). The PC is placed in the well of a NaI
veto detector inside a large passive shield and counted
for 2-5 months. 71Ge decays by electron capture to
71Gawith an 11.4 day half life. The low-energy K (10.4 kev) and L-shell (1.2 keV) Auger electrons
and X rays produced during electron shell relaxation
in the 71Ga daughter atom are detected by the PC.
pulse-shaped discrimination based on rise time
measurements is used to improve the separation of
the 71Gedecays from background.
The PC is typically calibrated at one- to twoweek intervals using an external 55Fe source. The
K -peak acceptance window is then determined by

3. EXTRACTION HISTORY

4. SOLAR NEUTRINO FLUX
MEASUREMENTS

4.1. Analysis
A standard analysis procedure for event selection
was developed with two primary goals in mind
minimizing the efficiency uncertainty over the
course of counting and keeping the background rate
constant.

Gain variations in the PCs were observed in
some of the runs with an average variation of 3.3%
(with the largest being 10%). We accounted for
these by linearly interpolating in time bemeen 55Fe
calibrations bracketing the event. The frequency of
calibrations was increased in later runs to minimize
any uncertainty due to gain variations. In the
SAGE II data, the gain shifts averaged 2.2%.
After correcting for any gain variations, several
cuts are made. First, a cut is made to eliminate
periods of noise bursts in the data, This results in
excluding e 1%of the counting time. Second, cuts
are made on energy and inverse rise time that accept
2 FWHM in, and 95% of the inverse rise time
distribution. Third, any event that has associated
NaI activity is eliminated.
Fourth, a cut was made to eliminate possible
backgrounds from Rn daughters on the external
surfaces of the PCs. Removing all data within 1.0
hour of a shield opening eliminates any observable
excess of Rn in the K -peak acceptance window.
A maximum likelihood analysis [14] is then
carried out by fitting the time distribution to a 71Ge
exponential decay plus a constant rate background.
The 71Ge half life is fixed at 11.43 days and
unphysical regions of parameter space are excluded.
The systematic uncertainties determined for the
full SAGE data set have been described in detail
elsewhere [5]and are only summarized in Table 1.
Table 1
Systematic uncertainties (1-0) for the combined
1990-93 data sets.
Chemical Extraction Efficiency
Counting Efficiency
K-peakAcCeptance
Backgrounds
Radon
TOTAL

If: 2.5 SNU
+2.9/-2.1 SNU
+3.5/-0.7 SNU
- 1.3 SNU
- 5.9 s
w
+ 5.2/- 6.9 SNU

Figure 1 shows the individual run results and the
combined result. The 31 solar neutrinos runs wede
compared with the predicted from lo00 Monte Carlo
simulations of each extraction using the combined
fit parameters and the constants of each data set. The
two distributions are quite similar and the data are
distributed according to Poisson statistics. The halflife for the decay measured from the combined data
sets is 12 f 3 days, in good agreement with the
known 71Ge half-life of 11.4 days.
4.2. Extraction efficiencies
In order to test the assumption that the extraction
efficiency for 71Ge atoms produced by solar
neutrinos is the same as for the carrier, several tests
have been carried out. First, Ge carrier doped with a
known number of 71Ge atoms was added to a reactor
Three successive
holding 7 tonnes of Ga.
extractions were carried out, and the number of 71Ge
atoms in each extraction was determined by
counting. The chemical extraction efficiency was
101 f 5%and the 71Ge extraction efficiency was 99
+6/-8%.
Second, measurements was made by
observing the beta decay of radioactive Ga isotopes
in liquid Ga. The extraction efficiencies were 98 f
10% (92 f 10%) for 70Ge (7%e) produced by the
beta decay of 70Ga (726a.
Finally, an experiment using a 51Cr neutrino
source to test the overall extraction efficiency in situ
is reported elsewhere in these proceedings.

4.3. Results
The best fit value for the capture rate and the
uncertainties for the combined 1990-93 solar
neutrino data are:

71Ga Rate = 69 & 10 (stat) + 5/- 7 (syst) SNU.
This assumes that the extraction efficiency for 71Ge
atoms produced by solar neutrinos is the same as
that measured using natural Ge carrier.
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Figure 1. Best fit values and 1-0 uncertainties for each of the runs, together with the best fit value and 1-0
uncertainty for the combined 1990-93 data.
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Figure 2. Results from SAGE (diamond) for measurements from 1990-1993. Also shown are the current
SAGE and GALLEX [6] results from all runs reported. The errors shown are derived by adding the quoted
statistical and systematic uncertainties in quadrature. The two values shown for the SAGE 1990 data are from
the original (light line) and new analyses (diamond).

5. CONCLUSIONS

The measurements made by SAGE from January
1990 through October 1993 have observed fewer
71Ge atoms than predicted by the SSMs. From the
1990-93 data, SAGE observes only 56% to 60% of
the predicted Bahcall-Pinsonneault and Turck-Chieze
rates, respectively. [1,2]
Taken alone, the SAGE result appears to favor a
non-astrophysical solution of the “solar neutrino
problem,” but cannot rule out an astrophysical
solution. Taken together with the other operating
solar neutrino experiments, it seems that
astrophysical solutions are improbable, as discussed
by a number of authors [9-10,15-161.
The solar neutrino experiments are consistent
with two possible MSW solutions. The “nonadiabatic” solution (with Am2 = 6 x lo4 eV2 and
sin228 = 7 x 10-3) is the favored solution and
represents a strong suppression of 7Be neutrinos, a
significant suppression of 8~ neutrinos, ancl
essentially no suppression for the p-p neutrinos.
Alternately, for the large-mixing angle solution
eV2 and sin228 = 0.8), it may be
(with Am2 = le5
that all solar neutrinos are suppressed approximately
the same, roughly independent of energy.
With the improved precision from the combined
1990-93 SAGE data, SAGE is seeing approximately
the rate predicted for the p-p neutrinos alone. With
the ability to count both the K and L peaks with 55
tonnes of gallium, SAGE expects to reach a
precision within the next two years that should
provide a strong test for astrophysical solutions to
the “solar neutrino problem.”
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