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Abstract—We present measurements of the solar neutrino capture rate on metallic gallium in the Soviet—
American gallium experiment (SAGE) over a period of slightly more than half the 22-year solar cycle. A com-
bined analysis of 92 runs over the twelve-year period from January 1990 until December 2001 yields a capture

rate of 70.823 (stat)ig_'; (sys) SNU for solar neutrinos with energies above 0.233 MeV. This value is slightly

morethan half the rate predicted by the standard solar model, 130 SNU. We present the results of new runssince
April 1998 and analyze al runs combined by years, months, and bimonthly periods beginning in 1990. A ssimple
analysis of the SAGE results together with the results of other solar neutrino experiments gives an estimate of
(4.6 + 1.2) x 10'° neutrinos cm™ s~ for the flux of the electron pp neutrinos that reach the Earth without chang-
ing their flavor. The flux of the pp neutrinos produced in thermonuclear reactions in the Sun is estimated to be

(7.6 = 2.0) x 10% neutrinos cm™ s, in agreement with the value of (5.95 + 0.06) x 10'° neutrinos cm™ s

predicted by the standard solar model. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The last several years in neutrino astrophysics are
characterized by outstanding achievements in solar
neutrino studies. This is primarily because the large
SuperKamiokande (SK) water Cherenkov detector [1]
and the Sudbury neutrino observatory (SNO) [2] were
put into operation. These telescopes record high-energy
solar neutrinos from 8B decay in rea time and have
high count rates.

The data obtained with these two giant new-genera-
tion neutrino telescopes make a crucialy important
complement to the available datafrom chlorineand gal -
lium radiochemical experiments [3-5] and from the
Kamiokande experiment [6]. Comparison of the SK
dataon elastic scattering of solar neutrinos by electrons
with SNO data on charged currents indicates that,
together with electron neutrinos, neutrinos of other fla-
vors arrive at the Earth from the Sun. A combined anal-
ysis of the results from all these experiments provides
compelling evidence that some of the electron neutri-
nos produced in thermonuclear reactions in the Sun
change their flavor on their way to the Earth.

Investigating the details of the change in the flavor
of solar neutrinos requires constructing neutrino tele-

scopes of the next generation. These telescopes will
record the low-energy part of the solar neutrino spectrum
below 2 MeV, which contains the continuous spectra of
pp neutrinos and neutrinos from the CNO cycle as well
as monoenergetic lines from ’‘Be and pep neutrinos.

Despite a number of promising ideas of detecting
low-energy neutrinos in real time widely discussed
today [7], only radiochemical gallium experiments are
currently capable of observing and providing informa-
tion on this part of the solar neutrino spectrum. The low
threshold (233 keV) of the neutrino capture reaction
1Ga(v,, €)"'Ge[8] alowsthe principa component of the
solar neutrino spectrum, pp neutrinos, to be measured. If
exotic hypotheses are excluded, the flux of these neutrinos
is determined by energy release in the Sun and does not
depend on solar-model parameters. These parameters Sig-
nificantly affect the rates of subsequent reactions in the
chain of thermonuclear fusion in the Sun.

The expected neutrino capture rate on "'Ga calcu-

lated using the standard solar model (SSM) is 1287
SNU? [9], with the contribution of pp neutrinos being

1SNU = 1 interaction per second in a target containing 10% atoms
of theisotope interacting with neutrinos.
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dominant, 69.7 SNU. As follows from the same calcu-
lations, the contributions of neutrinos from “Be and éB
decays are 34.2 and 12.1 SNU, respectively. The inde-
pendently cal culated value of 127.2 SNU [10] may sug-
gest that the neutrino capture rate on gallium isinsensi-
tive to solar-model parameters.

From the SNO and SK measurements, we know the
neutrino flux from 8B decay with a high accuracy and
what part of it is produced by the electron neutrinos
which reach the Earth. In the immediate future, the
KamLAND experiment [11] is expected to signifi-
cantly reduce the range of possible oscillation parame-
ters for electron neutrinos. This experiment and the
BOREXINO experiment [12] will givethe ‘Be neutrino
flux with ahigh accuracy. By subtracting the ’'Beand ¢B
components of the solar neutrino spectrum from the
result of the gallium experiment, we will obtain afun-
damental astrophysical parameter, the neutrino flux
from the pp reaction (with aminor contribution of neu-
trinos from the pep reaction and the CNO cycle). The
latter can be determined by comparing the SK results
with those of the chlorine experiment. At the end of this
paper, we give a preliminary estimate of the pp-neu-
trino flux by using the currently avail able experimental
data. Since only a gallium experiment can provide for
these measurements in the foreseeable future, it is cru-
cially important that both gallium experiments, SAGE
[4] and GNO [13] (the successor to GALLEX), con-
tinue their measurements so asto improve the accuracy
of their results.

Previoudly [4], we described the SAGE experiment
in detail, including germanium extraction from the gal-
lium target, the counting of single *Ge atoms, and anal-
ysisof thedataobtained. In[4], we presented the SAGE
results for the period from January 1990 until Decem-
ber 1997. In this paper, we briefly describe basic prin-
ciples of this experiment, perform a statistical analysis
of the 1998-2001 data, and present the results of new
analyses of some systematic uncertainties. In conclu-
sion, we discuss theimportance of the SAGE resultsfor
solar and neutrino physics.

2. AN OVERVIEW OF THE SAGE EXPERIMENT

2.1. The Laboratory of the Gallium-Germanium
Neutrino Telescope

SAGE measurements are carried out at the gallium—
germanium neutrino telescope (GGNT) placed inaspe-
cialy constructed deep underground laboratory at the
Baksan Neutrino Observatory (Institute for Nuclear
Research, Russian Academy of Sciences) in the North-
ern Caucasus, at the foot of Mount Elbrus [14]. The
underground complex of the GGNT laboratory is
located in a horizontal tunnel that runs into the Andyr-
chi Mountain, at adistance of 3.5 km from the entrance.
The main room of thelaboratory isan experimental hall
60 m long, 10 m wide, and 12 m high. The rocks above
the laboratory produce a shield from cosmic-ray muons

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95

ABDURASHITOV et al.

that is equivalent to 4700-m-thick water and attenuate
the muon flux by a factor of 107. The measured muon
flux is (3.03 £ 0.10) x 10° cm? s [15]. To reduce the
neutron and gamma-ray background from the sur-
rounding rocks, the hall is clad with 600-mm-thick |ow-
radioactivity concrete and with a 6-mm-thick steel
sheet. The flux of neutrons with energy 1.0-11.0 MeV
in the laboratory does not exceed 2.3 x 10~ cm™ st
[16]. There are also rooms for research on anaytical
chemistry, for a "*Ge decay detection system, and for a
low-background Ge semiconductor detector. Several
rooms for auxiliary measurements are in the laboratory
buildings located on the surface.

2.2. Procedures of the Experiment

The gallium target of the telescope currently con-
tains about 50 t of gallium in the form of aliquid metal
in seven chemical reactors. A measurement of the solar
neutrino capture rate (run) begins with the addition to
the gallium target of a stable germanium carrier in the
form of a Ga—Ge aloy with a known germanium con-
tent, in the amount of 350 ug, which is uniformly dis-
tributed between all reactors. The reactor contents are
well mixed to uniformly distribute germanium in the
bulk of gallium.

On completion of the exposure (four weeks), the
germanium carrier together with "*Ge atoms from the
solar neutrino capture reaction and from background
reactions is extracted from the gallium by using the
operationsdescribedin[4, 17]. Thefinal stage of chem-
ical extraction involves the synthesis of monogermane
(GeH,), which is placed in a proportional counter in a
mixture with 70-90% of Xe. The total extraction effi-
ciency, theratio of the Ge mass in the monogermane to
the initial mass of the Ge carrier, generally lies within
the range of 80-90%. The systematic uncertainty inthe
extraction efficiency is 3.4%, mainly due to an uncer-
tainty in the mass of the added and extracted carrier.
About 0.1% of the gallium is dissolved during each
extraction, passing into a muriatic solution in the form
of chloride. The gallium-containing solutions are repro-
cessed to recover and purify gallium; subsequently, gal-
lium must be returned to the target.

After itsfilling, the proportional counter isplaced in
the well of a Nal detector that is within a massive pas-
sive shield, where "*Ge decays are counted for about
five months. *Ge decays by electron capture with a
half-life of 11.43 days. The low-energy Auger electrons
from the K and L shells and the X-ray photons emitted
when the electron shells are deexcited produce nearly
point ionization in the counter gas. Therefore, the pulse
from "'Ge decay taken from the counter has a rapidly
rising leading edge. In contrast, the ionization tracks
from most of the background events have an apprecia-
ble length, and, accordingly, the fronts of the pulses
from such events rise more dowly. Thus, we select
event candidates for *Ge decay by the pulse energy in
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the proportional counter, which must correspond to the
energy of the K or L peak, and by the rise time of the
pulse front. In addition, an event should not have coin-
cidences with the pulse from the Nal detector, because

no y-ray photons are emitted during “*Ge decay.

Theéelectronicsfor dataacquisition wasimproved as
the experiment developed. During the first two years,
the amplitude-differentiated pulse (ADP) technique
was used. This technique provided the selection of
events in the K peak (10.4 keV) but could not be used
to select eventsin the L peak (1.2 keV), which ismore
sensitive to instability of the electronics and in which
the background is higher. In 1992, an eight-channel
counting system was constructed. It consists of a
1-GHz digital oscilloscope that was used to record the
pul se shape from the counters. The pulse amplitude and
front rise time (T,) can be determined by fitting the
recorded pulse shape[18]. All resultsfor the L peak and
most of the results for the K peak were obtained from
such an analysis of the pulse shape.

After their filling, the counters are regularly cali-
brated with a %5Fe source (5.9 keV) through a window
in the counter iron cathode. Additional calibrations
with a1®Cd source, whose emission produces the char-
acteristic radiation of the iron cathode (6.4 keV) along
the entire counter length, allow one to make a correc-
tion in the "*Ge peak positions due to the buildups of
polymers on the anode wire during prolonged operation
of the counter. In addition, the characteristic radiation
from a 1®Cd-Se source (1.4 and 11.2 keV) is used to
check the energy scale within the measurement range
for linearity.

The pulse energy can be determined by integrating
the pulse shape for 800 ns after the pulse begins. The
positions of the *Ge peaks corrected for counter poly-
merization and the widths of the energy windows cor-
responding to these peaks, which are taken to be twice
the peak width at half maximum, are calculated from
the 5°Fe cdlibration. Increasing the width of the energy
windows causes no appreciableincrease in the counting
efficiency of Ge decays but significantly degradesthe
signal-to-noiseratio.

If the peak position changes between two calibra-
tions, then the window for energy selection is lin-
early shifted in time between the two calibrations.
The change in amplification between calibrations
typically does not exceed afew percent, which gives
an uncertainty in the counting efficiency of no more
than 3.1%.

In order to determine the rise times of the pulse
fronts during "*Ge decay, we carried out measurements
in each counter channel using counters with "*GeH,
added to the gas mixture. The rise times Ty, for all the
events sel ected within the energy windows of the K and
L pesks were arranged in increasing order. Subse-
guently an upper limit was set in such a way as to
exclude 5% of events. The related small loss of count-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95

183

ing efficiency is offset by a significant reduction in the
number of background events. The derived ranges for
Ty inthe K and L peaks are, respectively, 0.0 to 18.4 ns
and 0.0 to 10.0 ns. The variations attributabl e to gasfill-
ing of the counters and to differences of the various
counter channels are 1.2 ns, which introduces an uncer-
tainty in the efficiency of about +1%.

Table 1 gives the parameters of the 35 runs from
19982001 that are used for the solar neutrino measure-
ments.

3. STATISTICAL ANALYSIS
OF THE SOLAR DATA

After the counting of "*Ge decays in the propor-
tional counter isfinished, the selected (according to the
criteria) 'Ge events are called a data set. A maximum
of the likelihood function [19] is sought for the events
from each data set. In constructing this function, we
assume that an event is caused by an unknown constant
(in time) background and by "*Ge decays whose num-
ber exponentially decreases with time. To minimizethe
possible effect of radon and its daughter elements that
enter the passive shield during periodic counter calibra-
tions and whose decays can imitate "'Ge decays, we
excludefrom our analysis 2.6 h after each closure of the
passive shield. The radon that is brought into the gas
volume of the counter itself during its filling (several
atoms) isvery dangerousfor measurements of the num-
ber of "2Ge decays in the counters. Most of the radon
decays within a counter produce slow pulses with ener-
gies above the energy range of the "*Ge decay detection
system (called overflow pulses), but about 8% of the
decays of radon and its daughter elements produce fast
pulses that are indistinguishable from "‘Ge pulses. The
chain of radon decays leads to a long-lived isotope
(*%Pb) after about 50 min, on average; excluding
15 min before each overflow pulse and 3 h after, we
remove the overwhelming majority of events from the
radon that decays within the counter.

The "*Ge production rate is determined by the posi-
tion of the maximum of thelikelihood function for each
data set. We calculate the statistical error by integrating
this function over all possible background count rates.
In the derived likelihood function, which now depends
on the "'Ge production rate alone, we find the minimum
range of rate which contains 68% of thetotal areaunder
the curve. This procedure is carried out separately for
the events selected in the L and K peaks. The likelihood
function for analysis of severa runs (and for a com-
bined analysis of the events selected in the L and K
peaksinindividua runs) is obtained by multiplying the
likelihood functions for individual data sets with the
additional requirement that the "*Ge production rate per
unit gallium mass be constant and that the background
count rates be different for each data set. In our analy-
sis, we take into account the small change in the "*Ge
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Table 1. The parameters of all runs since April 1998 used in our analysis to determine the solar neutrino flux

. Polyme-

Exposure Mean Exposure| Ga Extrgf:— Counter Pres- % GeH Wcl)rkmg Ké?feak Lepr)feak rization
date EXPOSUTe ime, days| mass, t toner- | = ome sure, % GeHy| voltage, | effi- Sl 1 coeffi-
date ' |ficiency mm Hg Y ciency | ciency | "ot

Apr. 98 1998.225 | 44.9 48.05 | 0.85 | A13
May 98 1998.347 30.0 5117 | 091 | LY4
July 98 1998.477 | 45.6 51.06 | 090 | Al12
Aug. 98 | 1998.611 | 45.7 5093 | 0.89 | LA5S1
Oct. 98 1998.745 | 45.8 50.81 | 092 | A13
Nov.98 | 1998.883 | 45.8 50.68 | 092 | LY4
Jan. 99 19990.014 | 44.7 5054 | 092 | Al12
Feb. 99 1999.130 38.7 5043 | 0.89 | LA51
Apr. 99 1999.279 51.7 5029 | 0.89 | Al3
June 99 1999.417 | 46.7 50.17 | 0.87 | LY4
July 99 1999.551 | 45.7 50.06 | 090 | L116
Sept. 99 | 1999.685 | 45.7 4991 | 091 | LAS1
Oct. 99 1999.801 38.7 49.78 | 090 | A13
Jan. 00 2000.035 28.8 4959 | 091 | LASL
Feb. 00 2000.127 30.7 4948 | 083 | LY4
Mar.00 | 2000.207 28.8 4942 | 091 | Al13
May 00 | 2000.359 30.7 4924 | 092 | LA116
June 00 | 2000.451 337 4918 | 084 | LA5S1
July 00 2000.541 32.0 49.12 | 092 | LYS
Aug. 00 | 2000.626 313 49.06 | 0.73 | A13
Sept. 00 | 2000.701 217 49.00 | 089 | A12
Oct. 00 2000.796 30.7 4890 | 0.84 | LA116
Nov. 00 | 2000.876 28.7 48.84 | 093 | LAS1
Dec. 00 | 2000.958 30.7 48.78 | 093 | LY4
Feb. 01 2001.122 29.8 41.11 | 087 | LA116
Mar.01 | 2001.214 | 334 4853 | 092 | LASL
Apr. 01 2001.290 227 4843 | 090 | YCT1
May 01 | 2001.373 317 4837 | 088 | YCT2
June01 | 2001.469 317 4827 | 092 | YCT3
July 01 2001.547 237 4817 | 093 | LA116
Aug.01 | 2001.624 | 28.7 48.11 | 059 | A12
Sept. 01 | 2001.701 277 48.06 | 090 | YCT1
Oct. 01 2001.793 30.7 4796 | 088 | YCT2
Nov. 01 | 2001.887 34.8 4791 | 092 | YCT3
Dec. 01 | 2001.955 228 4786 | 086 | YCT4

695 37.0 1480 | 0.243 | 0.219 | 1.01
690 295 1366 | 0.238 | 0.245 | 1.00
680 32.0 1414 | 0235 | 0.237 | 1.00
660 27.0 1356 | 0.234 | 0.244 | 1.04
680 32.0 1404 | 0.244 | 0.212 | 1.00
680 26.5 1322 | 0.238 | 0.244 | 1.00
700 30.0 1398 | 0.239 | 0.241 | 1.00
705 11.0 1194 | 0.248 | 0.234 | 1.05
665 135 1206 | 0.253 | 0.231 | 1.05
670 11.0 1140 | 0.246 | 0.239 | 1.00
635 125 1164 | 0.243 | 0.244 | 1.03
660 115 1172 | 0.242 | 0.238 | 1.05
665 125 1186 | 0.254 | 0.202 | 1.01
700 135 1224 | 0.324 | 0.310 | 1.05
646 10.4 1130 | 0.320 | 0.316 | 1.01
665 145 1206 | 0332 | 0.329 | 1.10
705 14.0 1244 | 0329 | 0.315 | 1.03
652 12.0 1160 | 0317 | 0.314 | 1.03
670 13.8 1182 | 0321 | 0316 | 1.01
707 9.5 1176 | 0.343 | 0.321 | 1.08
690 14.7 1224 | 0324 | 0312 | 1.00
734 9.4 1188 | 0.337 | 0.303 | 1.03
680 119 1196 | 0.345 | 0.330 | 1.03
697 12.0 1174 | 0327 | 0312 | 1.02
287 9.2 1144 | 0330 | 0314 | 1.04
635 135 1180 | 0.314 | 0317 | 1.02
695 131 1210 | 0.344 | 0.333 | 1.00
625 14.9 1178 | 0332 | 0.342 | 1.00
678 12.2 1190 | 0.342 | 0.334 | 1.00
690 12.7 1196 | 0.328 | 0.315 | 1.03
768 7.2 1148 | 0.340 | 0.302 | 1.00
665 15.0 1204 | 0.338 | 0.337 | 1.00
758 12.2 1210 | 0.354 | 0.326 | 1.00
685 142 1210 | 0.342 | 0.335 | 1.00
685 114 1176 | 0.344 | 0.333 | 1.00

Note: TheK- and L -peak efficiencies are defined astheratio of the number of Ge decaysrecorded in the corresponding energy rangeto thetotal
number of 1Ge decays. Theefficienciesincludethe efficiencies of energy selection (0.98) and selection by the pulse-front risetime (0.95);
they take into account the fact that the data acquisition system in 1996-1999 contained an error in thetrigger logic (0.76). The polymeriza
tion coefficient isthe correction coefficient of the energy scale determined from the peak ratio in *>Fe and 1%°Cd calibrations.

production rate due to the orbital eccentricity of the
Earth which leads to a 3% annual change in distance
from the Sun. The position of the maximum of the com-
bined likelihood function sets the global "*Ge produc-

tion rate. The 68% confidenceinterval is determined by
the production rates at which the function decreases by
a factor of 0.606 from its maximum value, all other
variables being maximized. The results of our analysis

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95 No.2 2002



SOLAR NEUTRINO FLUX MEASUREMENTS 185
Table 2. Results of our analysis of the datafrom all runs since April 1998
Extraction time Ea%%}%gtg;gg #&nggs Result, SNU 6??:%(\:%'1?3&”66 Nw? Probability, %
Apr. 98 39 54 75 26-134 0.052 72
May 98 23 34 44 10-88 0.051 68
July 98 22 4.8 61 24-108 0.065 52
Aug. 98 33 3.6 46 597 0.039 84
Oct. 98 40 3.8 45 4-95 0.028 95
Nov. 98 32 59 67 28-116 0.101 30
Jan. 99 21 45 56 15107 0.036 84
Feb. 99 16 16 24 0-67 0.114 28
Apr. 99 10 18 38 583 0.105 36
June 99 14 12.9 172 123-232 0.048 80
July 99 17 55 103 49-172 0.118 20
Sept. 99 20 7.1 93 43-154 0.099 28
Oct. 99 16 10.0 138 80-206 0.066 56
Jan. 00 24 54 63 23111 0.060 59
Feb. 00 21 9.1 107 63-157 0.058 55
Mar. 00 19 10.1 117 78-165 0.046 79
May 00 15 0.0 0 0-32 0.143 40
June 00 17 14 23 0-75 0.179 17
July 00 29 6.4 69 33111 0.088 34
Aug. 00 14 5.2 74 39-117 0.086 33
Sept. 00 30 9.2 111 64-166 0.093 24
Oct. 00 14 3.0 37 8-75 0.020 99
Nov. 00 25 29 32 0-73 0.208 9
Dec. 00 27 7.6 81 43-127 0.062 68
Feb. 01 21 6.3 79 43-125 0.088 34
Mar. 01 18 3.8 44 14-80 0.120 24
Apr. 01 17 6.7 76 43-117 0.074 45
May 01 21 11.9 127 90171 0.088 31
June 01 20 94 93 57-135 0.025 96
July 01 9 21 24 0-58 0.033 92
Aug. 01 21 54 90 38-155 0.065 57
Sept. 01 10 21 22 0-53 0.139 18
Oct. 01 12 75 73 44-109 0.082 411
Nov. 01 15 2.6 23 0-54 0.084 38
Dec. 01 9 5.2 62 34-101 0.063 70
Combined result 711 191.8 67 60-74 0.080 42

Note: Thetest statlstlcs of Nw? is described and interpreted in [20]. The probability that the sequence of measured events arose from the
1Ge decay plus background events at a constant count rate was cal cul ated by the Monte Carlo method and is given
in the last column. The accuracy of the quoted probabilities is approximately 1.5% for individual runs and about 4% for the com-

combination of *

bined result.

of recent extractions are given in Table 2. The results of
all SAGE runsare shownin Fig. 1.

After the publication of our paper [4], which con-
tains the measurements made from January 1990 until

December 1997, we found that we used an erroneous

data acquisition program from June 1996 until Decem-
ber 1999. At the beginning of this period, afailed elec-
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tronics module in the data acquisition system was
replaced, which required modifying the system for
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Fig. 1. The capture rate from all SAGE extractions versus time: the triangles are for the L and K peaks and the circles are for the K
peak a one; the vertical bars near each point correspond to astatistical error of 68%. (1) Theresultsof analysisfor the L peak, (2) the
results of analysis for the K peak, and (3) the combined result for the entire data set.

determining the coincidences of the pulses from events
inthe Nal detector and eventsin the proportiona counters.
The new system entailed a change in the data acquisition
program and an error in the trigger logic was introduced.
Because of this error, 239 + 0.4 (dtat) + 0.5 (sys)% of
triggerswerelost. Thiserror artificially underestimated
the results of individual runs which were counting dur-

Table 3. Systematic effects and the related uncertainties in
the measured neutrino capture rate (SNU). The extraction
and counting efficiencies are based on a capture rate of
70.8 SNU

Extraction Ge-carrier mass 15

efficiency Extracted Ge mass +18
Ge-carrier residue in reactor +0.6
Gallium mass +0.2

Counting Volume efficiency +1.3

efficiency Gain shifts +2.3
Resolution -0.4,+05
Risetime limits +0.7
Exposuretimeandtimebefore| +0.6
counting begins

Backgrounds | Neutrons <-0.02
UandTh <-0.7
Cosmic-ray muons <-07
Internal radon <-0.2
External radon 0
Other Ge isotopes <-07

Total -3.2,+3.7
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ing this period, and affected the combined result. The
corrected results are given in [21].

4. SYSTEMATIC EFFECTS

Table 3 presents the systematic effects that can
affect the measured capture rate of solar neutrinos.
These effects can be arbitrarily broken down into three
main categories: uncertainties related to the extraction
efficiency, the counting efficiency of "*Ge decays, and
backgrounds. Some of these effects were considered
above, and the remaining ones are briefly discussed in this
section. The counter efficiency was determined in aseries
of measurements with different gas fillings; these fillings
contained “1Ge, 3’Ar, and %Ge. The uncertainties in the
measured counter efficiency are attributable to uncertain-
tiesin the volume efficiency, edge effects, and gas-mixture
composition. A quadratic summation of these effects
yields an uncertainty of £1.8% in the counter efficiency.

The uncertainties also result from the systematic
effects attributable to the background production
sources of germanium isotopes in the gallium target
and radon decays inside and near the counters. Limits
on the "'Ge production rate by the (n, p) reaction on
"IGa were obtained from the measured fluxes of fast
neutrons [16, 22] and cosmic-ray muons in the under-
ground laboratory [15]. The limiting concentrations of
U and Thin gallium, which can also giveriseto germa-
nium isotopes, were measured with a germanium semi-
conductor detector [23] and a mass spectrometer [24].
The total *Ge production rate from all these processes
does not exceed 1 SNU.
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Radon is removed from the internal volume of the
passive shield where the counters are located by evapo-
rating liquid nitrogen. Specia antiradon gas mixture
purification procedures are used during the filling to
reduce the possibility of radon penetration into the
counter. The effect of the remaining radon on the mea-
sured "*Ge production rate was studied through specia
measurements with counters with the addition of some
amount of radon to their gas mixture and when investi-
gating the counter response to external y-ray radiation
[25, 26]. The upper limits on the systematic error dueto
radon decays inside and outside the counter obtained
from these studies are 0.2 and 0.03 SNU, respectively.

The decays of ®Ge and %°Ge produced in the gal-
lium target in background processes can imitate "*Ge
events. The amount of %Ge produced in cosmic-ray
muon interactions can be estimated from the expected
"1Ge production rate in muon interactions. It was found
to be 0.012 + 0.006 atom per day in 60 t of gallium [4,
27]. For the measured ratio of the ®Ge and "*Ge pro-
duction cross sections in the reactions with gallium of
muons with energy of 280 GeV equal to 2.1 + 0.05 [28]
in 50t of gallium per day, 0.022 + 0.013 ¥Ge atoms are
produced. For the %8Ge haf-life of 271 days, these
pulses are distributed almost uniformly in time during
the counting, increasing only the mean background
count rate. However, during the initial counting period,
these pulses can cause an increase in the *Ge count
rate. Monte Carlo calculations show that for typical
parameters of our measurements—an exposure time of
30 days, agallium mass of 50 t, an extraction efficiency
of 0.9, a counting efficiency (L peak + K peak) of 0.6,
and a background count rate (L peak + K peak) of
0.175event per day—a %Ge production rate of
0.022 event per day gives a contribution of 0.0085 event
per day to the *Ge production rate, which is equivalent
to 0.05 SNU.

The %Ge isotope is produced in the gallium target
through the interaction of a particles from internal
radioactivity of the target and the neutrons emitted by
the surrounding rocks and in the interactions of solar
neutrinos with cosmic-ray muons. The #Ge production
ratein 60t of gallium is 0.21 atoms per day [4] with an
uncertainty of about 50%. Since most of the %°Ge
decays are accompanied by y-ray radiation recorded by
the Nal detector with 90% efficiency and since the
counter begins to count about 1.5 days after extraction,
only 0.045 events from %°Ge are observed in one run;
this is a factor of 100 fewer than the mean number of
recorded *Ge decays. Thus, the background effect
from ®°Ge is no more than 0.7 SNU.

The capabilities of the 'Ge decay detection system
and the large number of measurements allowed us to
search for events related to %Ge and %°Ge decaysin the
solar runs[29]. The event selection techniques and effi-
ciency were determined with allowance made for pecu-
liarities of the decays of these isotopes. The inferred
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88Ge production rateis 0.18"315 atomin 60t of gallium

per day, which is approximately a factor of 7 higher
than the expected value, although these values are in
agreement within the error limits. Since the ®¥Ge pro-
duction rate was derived from muon experiments with
smaller errors, we use this value to determine the uncer-
tainty. The possibility of directly measuring the produc-
tion rate of germanium isotopesin cosmic-ray muon inter-
actionsfor the underground conditions of the Baksan Neu-
trino Observatory (Institute for Nuclear Research, Russian
Academy of Sciences) was exploredin[29].

A similar search for ®°Ge events shows that the %°Ge
production rate in 60 t of gallium does not exceed
0.49 atom per day. Thisisin good agreement with the
above value. The inferred constraint does not rule out
the possibility that the production rate of this isotope
during cosmic-ray muon interactions can be higher
than its predicted value, which may be indicated by
anaysis of %Ge events.

5. RESULTS

In this section, we present the measurements of the
solar neutrino capture rate in gallium performed from
January 1990 until December 2001. The capture rate
determined by analyzing 92 runs and 158 individual

+5.3

data sets is 70.8.5, SNU. Here, only the statistical
uncertainties are given. We selected 1723 events within
the designated boundaries of the L and K peaks of "'Ge,
406.4 of which were attributed to "*Ge by atime analy-
sis (the total live counting time is 29.5 yr). The results
of our analysis of the events selected separately inthe L

and K peaks are 64.8°55 and 74.4°0% SNU, respec-
tively. Agreement between these two results servesas a
check on the quality of the event selection criteria. The

total systematic uncertainty is obtained by a quadratic
summation of all the systematic contributions pre-

sented in Table 3. Thus, the SAGE result is 70.8'33"37
SNU. For comparison, the latest GNO result (including
GALLEX data) is 74.1°%5" 5% SNU [13]. With the qua-
dratic summation of statistical and systematic uncer-
tainties, the SAGE result is 70.85> SNU.

5.1. Checking the "*Ge Extraction Efficiency

Thetechnologies used inthe experiment allow afew
IGe atoms produced by neutrino interactions to be
chemically extracted from the target containing 5 x
10% gallium atoms with a high, well-known efficiency.
To measure this efficiency, about 350 ug of a stable ger-
manium carrier is added to the gallium at the beginning
of each exposure. In this case, given the carrier, there
are 10 gallium atoms per one germanium atom. We
carried out anumber of auxiliary measurements, which
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Fig. 2. The distribution of eventsin energy and in pulse rise time for al the runs in which these quantities were determined from
the pulse shape. (a) The events recorded within the first 22.86 days of counting after extraction for al runs (except the May 1996
extraction). The total live counting time is 1169.9 days. The positions of the L and K peaks of "1Ge determined from calibrations
areindicated in dark gray. (b) The same histogram for all the events that were recorded during an equal live timeinterval beginning

100 days after extraction.

confirmed the efficiency of our technology for extract-
ing single "Ge atoms from metallic gallium.

A germanium carrier with a known amount of Ge
included in its composition was added to the reactor
containing 7 t of gallium. We made three extractions
and measured the number of atoms of extracted *Gein
each of them. Our results [17] showed that the extrac-
tion efficiencies of astable germanium carrier and "*Ge
are the same.

The objective of the second experiment was to
determine whether "*Ge, whose atoms can be produced
in the reverse B-decay reaction in an excited or ionized
state, forms chemical bonds that prevent its efficient
extraction. We prepared and carried out several mea-
surements to directly test this possibility, in which the
[3 decay of radioactive gallium isotopes was observedin
liguid metallic gallium. Our result [17] matches the
expected value with 10% accuracy.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95

We checked the entire experiment (i.e., completely
checked all experimental procedures, including the effi-
ciency of chemical extraction, the counter efficiency,
and the techniques of analysis) by using an artificial
source of 51Cr neutrinos with an intensity of 19.1 PBq
(517 kCi) [30, 31]. Theresult, expressed astheratio of the
measured "'Ge production rate to the expected rate, was
(0.95 £ 0.12). Thisis evidence that the experimental effi-
ciencies we use are correct and justifies the fundamental
assumption of radiochemica experiments that the extrac-
tion efficiency of atoms produced in neutrino interactions
does not differ from the carrier extraction efficiency.

5.2. Checking the Results of Analysis

Figure 2 provides clear evidence that we actually
observe "'Ge decay. This figure shows all events that
survive the time cuts and that had no coincidences
with pulses from the Nal detector. The expected posi-
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tions of the L and K peaks of "*Ge are highlighted in
dark gray. These peaks are clearly present in the upper
histogram, but they are absent in the lower panel,
because "'Ge has decayed by that time. Outside the
peak regions, the numbers of eventsin Figs. 2aand 2b
are approximately equal, because these events mostly
have a background origin.

5.21. The time sequence of events. A magjor
hypothesis of our andysis is that the time sequence of
observed events for each run is a superposition of events
from the decay of afixed number of "2Ge atomsand back-
ground eventsthat occur at aconstant rate. The quantity
Nw? [20] and the corresponding fitting probability gives
aquantitative measure of how well the counting data fit
this hypothesis. These quantities, which were calcul ated
for each data set, are presented in Table 2. There are
runs with a low fitting probability, but the number of
such runs is no more than that expected for normal sta-
tistical variations.

The Nw? method can also be used to estimate the fit-
ting quality of the combined time sequences for all
events of the L and K peaks for any combination of
runs. The test statistics for the combined data set from
al runsis Nw? = 0.053; the corresponding fitting prob-
ability is (72 £ 4.5)%. The fitting quality is seen from
Fig. 3, in which the mean count rate of eventsin the L
and K peaks from all runs is plotted against the time
elapsed after extraction. An additional quantitative con-
firmation that *Ge is counted in the experiment can be
obtained if the decay constant is allowed in the likeli-
hood function to be a free parameter, as are the Ge
production rate and all background count rates. The
half-life determined in this way for all the selected

events in the L and K peaks is 9.775 days, in agree-
ment with the measured value of 11.43 days[32].

5.2.2. The "*Ge production rate. Another hypothe-
sis of our analysis is that the "*Ge production rate is
constant with time. As we see from Fig. 1, there are no
appreciable deviations of the rate from its mean value
within large statistical uncertainties.

The constancy of the production rate can aso be
considered by using the distribution function of the pro-
duction rate, C(p), defined as the fractional number of
datasetsin which the production rateislessthan p. Fig-
ure 4 shows this distribution for all experimental data
sets. Also shown here for comparison isthe distribution
obtained by the Monte Carlo method by assuming that
the true production rate is 70.8 SNU. The two curves
are close to each other, and they can be compared by
calculating the test statistics Nw? [20]. This calculation
yields Nw? = 0.337, which corresponds to a probability
of 11%.

5.3. Combining Data by Time

If vacuum oscillations are responsible for the low
measured capture rate of neutrinos by gallium com-
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Fig. 3. The mean count rate of the events selected in the
(a) Kand (b) L peaksin all the runs since January 1990. The

solid line represents the curve of "1Ge decay with a half-life
of 11.4 days plus a constant background count rate of
events. The errorsindicated by vertical bars near each point
are proportional to the square root of the number of events.
The horizontal bars represent the +5-day time intervals
within which the mean count rate of eventsis taken.
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Fig. 4. Cumulative distribution functions for the neutrino
capture rate measured in 158 SAGE data sets (histogram)
and calculated by the Monte Carlo method (solid ling). The
capture rate in Monte Carlo calculations was taken to be
70.8 SNU.

pared to that predicted by the SSM, then one might
expect seasonal variations in the capture rate [33, 34].
Other phenomena can also lead to temporal variations
(see, e.g., [35, 36]). Table 4 presents the results of our
analysis of the SAGE runs combined in different
ways—by months, by pairs of months, and by years. In
none of these combinationsisthereirrefutable evidence
of temporal variations. Theresults of our analysisof the
runs combined by years are shown in Fig. 5. We see
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Table 4. Results of our analysis of the data from SAGE runs combined by years, by months, and by pairs of months

Exposure period thg?;b%gf legt:zggrn&f_ thgtl)gref "t Result, SNU Gi?:)t/oer(i?arllfl gﬁnﬁe Nw? ROboa/E'“ty‘
e events
1990 5 43 4.9 43 2-78 0.260 9
1991 6 59 255 112 82-145 0.120 17
1992 13 145 39.8 76 59-95 0.047 68
1993 15 97 332 84 62-105 0.199 6
1994 10 155 24.1 73 51-98 0.027 95
1995 13 210 377 102 77-129 0.041 82
1996 10 121 194 56 34-79 0.064 51
1997 16 183 357 62 48-78 0.057 62
1998 12 189 26.7 56 39-75 0.064 60
1999 14 114 40.8 87 66-110 0.068 33
2000 22 235 62.2 67 55-80 0.102 29
2001 22 173 64.4 65 55-76 0.050 70
Jan. 11 129 24.8 58 3780 0.082 35
Feb. 12 101 255 60 4477 0.045 74
Mar. 9 129 345 102 79-127 0.043 78
Apr. 9 80 16.9 54 37-73 0.072 39
May 12 114 34.7 75 59-94 0.051 62
June 11 101 33.6 79 58-102 0.175 5
July 15 176 26.6 52 37-69 0.091 35
Aug. 15 161 38.7 78 60-96 0.058 51
Sept. 20 220 48.5 68 54-84 0.035 91
Oct. 17 169 40.3 73 56-91 0.080 45
Nov. 15 197 37.6 59 44-75 0.033 90
Dec. 12 147 46.4 105 84-127 0.040 89
Jan. + Feb. 23 230 50.5 59 46-73 0.095 34
Mar. + Apr. 18 209 49.2 75 61-91 0.026 >99
May + June 23 215 68.0 77 63-91 0.111 10
July +Aug. 30 337 65.4 65 53-78 0.075 50
Sept. + Oct. 37 389 88.7 71 6082 0.041 85
Nov. + Dec. 27 344 84.3 78 6691 0.040 85
Feb. + Mar. 21 230 58.8 77 63-91 0.037 84
Apr. + May 21 104 50.8 66 54-79 0.049 60
June + July 26 277 58.7 63 50-77 0.081 42
Aug. + Sept. 35 381 87.2 73 61-84 0.043 84
Oct. + Nov. 32 366 78.1 66 54-78 0.044 82
Dec. + Jan. 23 276 73.6 84 7099 0.059 65
Feb. + Nov. 27 298 63.1 59 48-71 0.017 99
Mar. + Oct. 26 298 75.1 84 71-99 0.062 66
Apr. + Sept. 29 300 64.3 63 52-75 0.042 86
May + Aug. 27 275 733 77 64-89 0.045 75

Note: Theruns are assigned to each time interval in accordance with the mean exposure time. The accuracy of estimating the probability
is approximately 4%.
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from this figure that the neutrino capture rate was con-
stant during the entire data acquisition period. The test
statistics under the assumption of a constant capture
rate, 70.8 SNU, is x? = 6.6; for 11 degrees of freedom,
this corresponds to a 83% probability.

6. THE pp-NEUTRINO FLUX

One of the prime objectives of the gallium experi-
ment isto obtain the information required to determine
the pp-neutrino flux that arrives at the Earth. In this sec-
tion, we assess the state of this problem by using the
currently available results of all solar neutrino experi-
ments.

As follows from the SAGE, GALLEX, and GNO
experiments, the mean capture rate of neutrinos in the
gallium experiment is 72 £ 5 SNU. Thisrate isthe sum
of the rates from all components of the solar neutrino
flux, which we designate as [pp + ‘Be + CNO + pep +
8B | Gal e, Where the subscript “exp” indicates that this
is an experimentally measured quantity. Here, we
ignore the hep neutrinos, because the contribution of
this component is negligible, 0.05% of the total capture
rate predicted by the SSM [9]. The only known compo-
nent of the solar eectron neutrino flux is B neutrinos,
whose flux was measured by SNO: [¥B|CNO]g, =
(1.75 = 0.15) x 106 electron neutrinos cm= s [2].
The measured SNO and SK spectra are similar in
shape to the spectrum predicted by the SSM. The mea-
sured SNO flux of electron neutrinos and the capture
cross section for 8B neutrinos from the SSM

(240705 x 107 cm?) can be used to determine the

contribution of neutrinos from 8B to the capture rate
measured in gallium experiments, because the cross
section for neutrino capture by gallium increases
sharply with energy. Thisyields

[°B|Gal op = 4.2°57 SNU.

Subtracting this value from the total capture rate mea-
sured in gallium yields the contribution in a gallium
experiment from pp neutrinos and intermediate-energy
neutrinos

[pp + ‘Be+ CNO + pep|Gal o = 67.8'2; SNU.

The measured neutrino capture rate in a chlorine exper-
imentis

['Be + °B + CNO + pep|Cl] o = 2.56+ 0.23 SNU

[3]. We again ignored the contribution of hep neutrinos,
because it accountsfor a mere 0.5% of thetotal capture
rate predicted by the SSM. Since neutrinos with ener-
gies above 5 MeV give a dominant contribution in a
chlorine experiment, we can again use the measured
SNO flux and the cross section calculated for the SSM,
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tively; the hatched region correspondsto the SAGE result of
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68%.

(1.14 £ 0.04) x 107*2 cm?. Thus, the contribution of 8B
neutrinosis

[°B|Cl]ep = 202 0.2 SNU.

Subtracting this component yields the contribution of
intermediate-energy neutrinos to the chlorine experi-
ment

['Be+ CNO + pep|Cl] o, = 0.56+ 0.29 SNU.

The effect of neutrino oscillationsis generally taken
into account by introducing the so-called survival fac-
tor, the probability that neutrinos will preservetheir fla-
vor on their way to the Earth. For intermediate-energy
neutrinos in the chlorine experiment, this factor can be
determined from the ratio of the measured capture rate
to that predicted by the SSM,

['Be+ CNO + pep|Cl] sgy = 1.79+ 0.23 SNU.

If we assume that the survival factor in the range of
intermediate energies changes only slightly, then we
may set it equal to
['Be + CNO + pep|Cl] o
['Be+ CNO + pep|Cl] ssu

= 0.31+0.17.

Since neutrinos from “Be in the range of intermediate
energies mainly contribute to the result of the chlorine
experiment and since their spectrum isamonoenergetic
line, the error in this factor can be estimated by assum-
ing that the relative contribution of the remaining com-
ponents to the error is the same as their predicted con-
tribution to the SSM, i.e., 36%. Thus, we increase the
uncertainty in the survival factor: 0.17 + 0.31 x 0.36 =
0.28.

The relative contributions of intermediate-energy
neutrinos in Ga to the capture rate are approximately
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the same as those in Cl (e.g., from "Be neutrinos, 75%
in Gaand 64% in Cl). This gives grounds to apply the
survival factor determined for Cl to a gallium experi-
ment, i.e.,

['Be + CNO + pep| Gal o,

= (0.13+0.28)['Be + CNO + pep|Ga] ssv
= 14.4+ 13.0 SNU.

Subtracting this contribution of intermediate-energy
neutrinos from the capture rate in gallium obtained
above yields the measured pp-neutrino capture ratein a
gallium experiment,

[pp|Géle, = [PP+ 'Be+CNO + pep|Gal o
—['Be+ CNO + pep|Gal e, = 53.4 + 14.0 SNU.

Since the capture cross section for pp neutrinos
interacting with Ga in the narrow energy range,
0.23-0.42 MeV, does not change appreciably, we divide
the measured capture rate by the caculated electron-neu-
trino capture cross section (11.7 + 0.3) x 10 cm? for the
SSM and obtain the measured pp-neutrino flux on
Earth: (4.6 + 1.2) x 10 electron neutrinos cm s2.

On the other hand, knowing the capture cross sec-
tion and the survival factor, we can determine the
pp-neutrino flux emitted in thermonuclear reactions in
the Sun from the derived capture rate of neutrinos on
galium. If the neutrino oscillation parameters lie
within the LMA range (the range of large mixing
angles), which is now considered to be the preferred
one, then the survival factor is 60% and the flux of the
emitted pp neutrinosis (7.6 £ 2.0) x 10 cm2 s, This
is in agreement with the value predicted by the SSM,
(5.95 £ 0.06) x 10 neutrinos cm s [37, 38]. A sig-
nificant part of the measurement error in the pp-neu-
trino flux stems from the fact that the energy depen-
dence of the survival factor isnot well known.

In calculating these pp-neutrino fluxes, we made
several assumptions; the errors that arise in this case
cannot be determined in a simple way. Therefore, the
errors given here may have been underestimated. As
was pointed out in the Introduction, we will be able to
significantly reduce this error when the range of possi-
ble mass and mixing angle parameters will be limited
by the KamL AND experiment and when the flux of "Be
neutrinos will be directly measured, as expected in the
BOREXINO experiment. In that case, the dominant
error will be uncertainty in the measurements of the
galium experiment itself. Therefore, our efforts are
now directed to reducing the statistical and systematic
uncertainties in the SAGE experiment.
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7. CONCLUSION

We have described the basic principles and tech-
niqgues of the SAGE experiment and analyzed
92 extractions made over the twelve-year period from
January 1990 until December 2001. The measured cap-

ture rate of solar neutrinos by gallium is 70.82’2 SNU.

Here, only the statistical uncertainties are given. Anal-
ysis of the well-known systematic effects showed that
the total systematic uncertainty is smaller than the sta-

tistical error, being “55 SNU. Finaly, we have exam-
ined the counting data and shown that thereis good evi-
dencethat "*Geis being counted, that the counting data

fit the hypotheses of our analysis, and that the counting
data are self-consistent.

The SAGE result of 70.8 SNU accounts for 55% of
the value predicted by the SSM [9, 10]. A check of sys-
tematic effects and our additional measurements, in
particular, the experiment with a 5Cr neutrino source
[30, 31], suggest that the difference between our solar
neutrino capture rate and the value predicted by the
SSM (6.00, where o isthe standard deviation) is strong
evidence that the flux of solar neutrinos with energies
below 2 MeV is much lower than the expected flux.
This was also shown for the 8B-neutrino flux by the
chlorine neutrino experiment and in the Kamiokande
and CHO experiments. The SAGE result is even
smaller than the minimum astrophysical capture rate of

79.5'2% SNU [39].

The combined result of all solar neutrino experi-
ments is discussed in several phenomenological papers
[4042]. Their main conclusion reduces to the follow-
ing: the eectron neutrinos produced in the Sun reach
the Earth in a different flavor state, and Mikheev—
Smirnov—Wolfenstein oscillations with the oscillation
parameters in the LMA range are best suited as the
mechanism of changein the flavor of solar neutrinos. A
more accurate determination of the oscillation parame-
tersrequires additional data, particularly those obtained
in experiments sensitive to low-energy neutrinos. To
this end, the SAGE collaboration regularly performs
solar neutrino extractions, every four weeks, from
about 50t of gallium, reducing the statistical error, and
explores further possibilities for reducing the system-
atic uncertainties.
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