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“  The object of this note 1s to show that the experlmental
observation of an inverse process produced by neutrinos is
not out of the question with the modern experimental
facilities, and to suggest a method which might make an
experimental observation feasible. ’
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“  The neutrino flux from the sun is of the order of
e - 10'%cm~sec!. The neutrinos emitted by the sun, however,
[oe Hokwexopd—]| are not very energetic. The use of high intensity piles

permits two pos51ble strong neutrino sources.’
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Homestake ( lakota, USA)
1478 m deep 12 day!

steel tank, 6. . g (6x10° liters)
615 tons of t

((oX e 9, 2.16 tons)

energy thres
EC. =0.814
data taking:

R®P, =2.56 = 0.16 + 0.16 SNU = 2.56 + 0.23 SNU
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SuperK, SNO (6,5 MaB), " 1986-1995
Kamiokande Il (7,5 MaB) I >
CI (0,81 M3B)
Ga (0,23 M2B)

12

Bahcall-Pinsoneault

.....
-

-------
....

Neutrini Flux (cm2s™)

Kamiokande I1

Neutrino Energy (MeV) ® measured

= = +0.10
* 1 SNU =1 interaction/sec in a target that contains RK[I W = 0.54 + 0.08/ -0.07
10% atoms of the neutrino absorbing isotope. ()] predicted
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Ga+V — Ge+e™ Q=22keV
Ty =11,43d

Decay Scheme of Cr-51

oy (27,7 days)

EC

747 KeV v (81,6%) -
752KeV v (8,5%) vadim Kuzmin proposed a radio-

chemical gallium detector and
artificial 3!Cr neutrino source for
it’s calibration in 1965

427 KeV v (9,0%)
432KeV v (0,9%)

320 KeV y

51V
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The Laboratory research to develop a gallium
experiment began approximately in 197S. In the United
States this work took place at Brookhaven National
Laboratory under direction of Ray Davis with
participation of J.Bahcall, B.Cleveland, C.Evans,
G.Friedlander, K.Rowley, R.Stoener from Brookhaven,
and W.Frati, K.Lande from the University of
Pennsylvania, ILDostrovsky from the Weizmann
Institute.

Methods were tested to extract germanium from
liquid gallium metal and from gallium chloride
solution. This group within several years has achieved
great success in development both of these methods.



Collaborative Program for the Measurement of the
Solar Neutrino Flux with a 7'Ga Detector

List of Scientific Participants

1. Brookhaven National Laboratory:
Raymond Davis Jr., Senior Chemist

Bruce Cleveland, Senior Research Associate

Gerhart Friedlander, Senior Chemist

Seymour Katcoff, Senior Chemist
J. Keith Rowley, Chemist

Joseph Weneser, Senior Physicist

2. Max Planck Institut fur Kernphysik:

Till Kirsten, Professor of Physics
Wolfgang Hampel, Senior Scientist

Oliver Schaeffer, Professor of Geochemistry

Kurt Buchler, Diplomphysiker
Reinhold Schlotz, Diplomphysiker
Gerd Heusser, Senior Scientist

3. Institute for Advanced Study:

John N. Bahcall,
Professor of Theoretical Physics

4. University of Pennsylvania:

Kenneth Lande, Professor of Physics
William Frati, Research Specialist

Richard Steinberg,
Assistant Professor of Physics.

5. Weizmann Institute of Science:

Israel Dostrovsky,
Institute Professor of Physical Chemistry
Yehuda Eyal, Senior Scientist

Proposal submitted to the

Max Planck Gesellschaft zur Forderung der Wissenschaften, e.V.
by Brookhaven National Laboratory, Upton, NY, USA
and Max Planck Institut fur Kernphysik, Heidelberg,

Federal Republic of Germany

September 1978
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The full-scale 50-ton gallium
experiment with calibration
experiment was proposed to the
Department of Energy in 1981.
A high level review committee
convened by DOE recommended
_ strongly that the experiment be
T R T T e carried out.
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A final effort to obtain DOE funding
in 1985 by Brookhaven, Los Alamos, a
universities. It too was unsuccessful.

About 15 years later Gerry Garvey

following comment: “This was largely
that there really is no federal agency witl
for funding this kind of research (a genu
in the U.S. system)”.

A special subcommittee of the N
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In 1984 after results of 1»
Kamiokande, the interest to .
gallium experiments increased
more strong. In 1984 Max
Plank Institute group under
the leadership of Till Kirsten
presented their own proposal
and began to create the
Western European countries
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In the Soviet Union at the Institute for Nu
began a laboratory research to develop gall
about the same time in 1975 using gallium ¢

But when we understood that our industr
necessary purity in 50 tons of gallium chlor

taking into account that metallic gallium is ¢

sensitive to radioactive impurities, we chang



e i & s
3 v B

S e,
> Ly

“en
- i

The SAGE Collab¢

Measurement of the Solar Neutrino Captu

J.N.Abdurashitov, V.N.Gavrin*, S.V.Girin, V.V.Gorbache
A.V.Kalikhov, N.G.Khairnasov, T.V. Knodel, I.N.Mirmov, A.A.S
V.E.Yants, and G.T.Zatsepin

ces, 117312 Moscow, Russia

M.L.Cherry
ouisiana 70803

T.J.Bowles*, W.A.Teasdale and
Mexico 87545, USA

[\ o

National Institute of Standards and Technology, Stop 8461, Gaithersburg, Maryland 20899, USA

University of Washington, Seattle, Washington 98195, USA

Department of Physics and Astronomy, University of Pennsylvania
Philadelphia, PA, 19104, USA



GALLEX Collabc
idelberg, Germany

W. Hampel, J. Handt, G. Heusser, J. Kiko, T. Kirsten (Spoke
W. Rau, M. Wojcik, Y. Zak

e Chemie, Karlsruhe, Germany
R. v. Ammon, K.Ebert, T. Fritsch, D. Heidt, E. He

sso, L'Aquila, Italy
M. Balata, F.X. Hartma

e INFN, Milano, Italy
E. Bellotti, C. Cattadori, O. Cremonesi, N. Fer

uenchen, Muenchen, Germany

M. Altmann, F.v.Feilitzsch, S. Meier,

t Cassini, Nice, France

Department of Environmental and Energy Research, The Weizmann Institute of Science, Rehovot, Israel
Dipartimento di Fisica, II Universita di Roma "Tor Vergata' e INFN, Roma, Italy

CEA, DAPNIA/SPP, Saclay, France

Brookhaven National Laboratory, Upton, USA
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E. Bellotti (spokesperson), C. Cattadori, L. Zanotti
M.Balata, N. Ferrari, L. Ioannucci, M. Laubenstein, S. Nis

P. Belli, R. Bernabei, R.Cerulli, S. d'Angelo

E. Burkert, W. Hampel, F.X. Hartmann, G. Heusser, J. Ki

Max Plank Institut fur Kernphysik, Heidelberg, Germany

Technische Universitat Munchen, Munchen, Germany

Institut fur Technische Chemie, Karlsruhe, Germany

Universita' dell'Aquila, L'Aquila, Italy



SAGE: Soviet-American Gallium Experiment
Baksan Neutrino Observatory, northern Caucasus, 3.5 km frc
50 tons of metallic "'Ga, 2000 m deep, 4700 m.w.e. => ®p ~ 2.
data taking: Jan 1990-Dec 2005, 145 runs, running

RSAGEGa — 66.5+3'5_3.4 +3.5_3.2 SNU = 66.5 +4.9_4.7 SNU

GALLEX: GALLium EXperiment

Gran Sasso Underground Laboratory, Italy, overhead shieldi
30.3 tons of gallium in 101 tons of gallium chloride (GaCl,—H
data taking: May 1991-Jan 1997, 65 runs

ROALLEX . =775+6.2 3 ,. SNU=77.5*7¢ _ SNU

GNO: Gallium Neutrino Observatory
Successor of GALLEX, GNO30: 30.3 tons of gallium
data taking: May 1998 - Sep 2003, 58 runs

RENO = =62.9 *55/ ., £2.5SNU =62.9 "0 _  SNU
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517 kCi source of °'Cr

was produced by irradiation
512.7 g of 92,4%-enriched
S0Cr in high-flux fast
neutron reactor.




o " A=

. . .l ..r

AR e f 1

kﬁc‘g?_ﬂ;} June 13-19, 2006
b, i

Ga (n, y) experiment

To test the possibility that atomic
excitations might tie up "'Ge in a
chemical form from which it would
not be efficiently extracted, the
radioactive isotopes ’Ge and ">Ga,
which beta decay to "°Ge and 7>Ge,
were produced in liquid gallium by
neutron irradiation.

The Ge isotopes were extracted
from the Ga using our standard
procedure. The number of Ge atoms
was determined by mass spectroscopic
measurements and was found to be
consistent with the number expected
based on the known neutron flux and
capture cross section, thus suggesting
that chemical traps are not present.

GALLEX

Any possible /of
chemzstry effect was ruled
out in GALLEX by the
extremely important "tAs
test, which proved the
chemical efficiency to be

(100.0 01.2)%



THE pp NEUTRINO

00 +
R = j o(E)®O(E)dE - total capture rate in rad
Ethreshold

@6(E) _ zd,?S?)(E) - total flux of electron neut

i refers to the pp, 'Be, pep, CNO, B and hep
®; - amplitude of flux component i at the Earth

- spectrum of the i-th neutrino component at the E
+ -
SO(E)E)AE =1 SP(E)=AiSP(E)P(E)— A; =1/

(e0]

SO(E)Pe(E)E - spectrum-weighted averag
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T 300 Bl GALLEX ] T GNO_—. . |.
A 775:|:62:l:4SSNU 5629*55 ,+25SNU
~ 250 [ : | :
¢ 200 H
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190 H
57 H
O ]
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1992 1994 1996 1558 EDEIEI EDDE 2C'C'4
69\3 4.1 £3.6 SNW"’r
400 L e B L
. SAGE| 6819 + 4.4+ 3.4 SNJJ
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Mean extraction time 66 5 + 3 5 + 3 4 SNU



) ) Full data set
Time period 05/14/91-01/23/97 | 05/20/98-04/09/03 | 05/14/91- 4/09/03
01/90-12/05
Number runs 65 58 123
GALLEX/GNO 77.5£6.2%43 62.9 3 .+ 2.5 69.3 + 4.1+ 3.6 -
775176 4 62.9 460 ., 69.3 £ 5.5
Number runs 45 49 94 145
SAGE 79.4 %3, ,£3.9 65.0 1 , £ 3.4 68.9 43, ;+£3.4 | 66.55 ;5
79.4 +9. 6_9.3 65.0 +6'1-6.0 68.9 +5. 6_5.5 66.5 +4.9_4. 5
Number runs (110) (107) (217) (268)
SAGE+GALLEX/GNO 78.3+5.9 63.9+4.2 69.1 +3.9 67.7+ 3.6
(Gallium Rate (SNU) 63.3 + 3.6 Hbe.1 +3.75 T7.8 5.0
Am3, (107° eV?) 3-21_3‘3 fﬁ‘ﬂ &ﬂﬁ:g ["_'E:E 8. 2—{: 3 féﬁg
2 0.05 ;40.19 05 19 0.05 21
tan® fho 0.39"50s (Fo11 0.397908 (1013 0.381002 (01
0.02 0.0 A2 A6 0.02 07
p—p 1-‘:'31Ln.n2 firﬂ n? 1-‘]1J—rg 02 fJ—rE 06 ﬂ'ggiﬂ.ﬂﬂ f+ﬂ
04 0.09 0.04 09
"B ﬂ'g?—l—_g.ﬂd f+ﬂ 11 0. E‘?—ﬂ 04 f+ﬂ 11 G-SEJ—F{JM [4_-3 12
T 85  +41.37 24 7T 0.26 74
Be 'D-EE*J—FE.EE f+ l-ﬂ:}ﬁ.ﬂa [:-I—_?.{JE 1-291Lﬂ.5? f+ﬂ

Analysis of solar and reactor data assuming different values of the event rate in gallium solar
neutrino experiments.
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The BNO-LNGS joint r

of the solar neutrino captu

arpxavenucl=ex0509518vA 23 Sep 2005
AStropartcle Physicsivolume 25, pages 349-554
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The BNO@LNGS

N e-iilinel, B, T. Clevelands, S. R. Elliotte,
N. Ferrari® ev?, P. P. Gurkina?, ]
F. Kaetherd G. Khairnasov?, T. V. Knodel?,
L. Pandola® H. Richter® V. V- W) 114711 R AW K1 £ (58
. E. Yants?, and G. T. Zatsepin?

‘Institute for Nuclear Research of the Russian Academy of Sciences, Moscow 117312, Russia

“Los Alamos National Laboratory, Los Alamos, NM 87545 USA

“National Institute of Standards and Technology, Gaithersburg, MD 20899 USA
IDipartimento di Fisica, Universit'a di Milano ‘La Bicocca’ e INFN, Sezione di Milano, Via
Emanueli, I-20126 Milano, Italy

S8Department of Physics, University of Washington, Seattle, WA 98195 USA
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Extraction
name

7R1044=S001

3R1054=S002
3R1064=S003
3R1074=S004
3R1084=S005
7R1094=S006

Extraction
date (2004)

22 Apr

16 May

24 Jun
25 Jul

23 Aug
25 Sep

90.16

114.18
137.89
182.46
207.53
236.95

Exposure time

Begin End

113.76
137.58
176.39
207.36
236.83
269.85

Mass Ga
(tonnes) mass

48.287
22.028
22.001
21.953
21.929
42.420

NS

-"".—-',-1‘

All the steps (and the extraction procedure) were done rapidly so that the
total time from the end of solar neutrino exposure to the start of
counting, including transport from Baksan to Gran Sasso, averaged
hours for the six extractions. The extraction samples were measured in
GNO ultralow background counters which had previously been used to
measure 11 of the last 13 GNO solar neutrino extractions.
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Extraction schedule and re
n days of year 2004

Mass Ga Carrier Extraction efficiency
(tones) mass (mg) from Ga into GeH4

13.085 0.0 0.93 0.59

13.084 2.15 0.96 0.93

13.063 2.11 0.93 0.90

, 13.049 2.74 0.93 0.87

Ar 4 13 Jun 151.42 165.71 147.47 165.77 13.055 2.08 0.97 0.92
Ar S 28 Jun 166.40 180.71 162.47 180.77 13.018 2.10 0.98 0.97
Ar 6 13 Jul 181.42 195.71 173.57 195.77 13.025 2.19 0.98 0.97
Ar 7 28 Jul 196.42 210.71 193.49 210.79 12.974 2.15 0.98 0.97
Ar 8 12 Aug 211.42 225.71 208.48 225.78 12.997 2.09 0.98 0.96
Ar9 27 Aug 226.42 240.71 223.47 240.77 12.945 2.14 0.98 0.96
Arl0 11 Sep 241.42 255.71 238.38 255.78 12.969 2.11 0.98 0.96

The first irradiation of Ga began at 04:00 on 30 April 2004 (reference time)
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Results of analysis of L- and K-peak events.
the time of the start of the first exposure. Th
goodness of fit of the sequence of event times
Nw? by simulation.

Number of Number Number of events assigned to "'Ge production rate

Extraction candidate fit to FTAr source Solar v by 7 Ar source Probability
name events Ge production production (atoms/day) Nw? (percent)
Arl 28 20.1 19.4 g:1 10.31’3:2 0.065 60
Ar2 48 29.9 28.7 12 IO.Sj%:§ 0.048 i3
Ar3 69 52:9 7 1.6 14.5j%:3 0.110 35
Ar3-2 13 2.4 20 0.1 O.Sj%:b 0.273 7
Ar4 45 25.4 23.8 1.6 9.5’:% 0.142 13

Ar S 38 25.6 23.8 1.8 1 I.Sj%:8 0.108 29

Ar 6 34 11.6 9.7 1.9 6.513:g 0.042 81
Ar7 18 8.4 6.7 1.7 6. ljgzz 0.079 43
Ar8 29 12.8 112 1.6 14,5763 0.055 68
Ar9 20 9.0 7.3 1.7 1217 0.068 58
Arl0 34 6.7 5.1 1.6 12,071 0.293 3

Combined 363 203.4 188.0 15.4 11,6210 0.063 55
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Origin of uncertainty Uncertainty (%) Summary of the
Chemical extraction efficiency C C
Mass of added Ge carrier 2.1 COntrlbUTIOnS to th.e
Amount of Ge extracted 3 Systemat]c uncertalnty
Carrier carryover 0.5 .
Mass of gallium 03 in the measured
Chemical extraction subtotal 4.1 neutrino Capture rate.

Counting efficiency
Calculated efficiency

Volume efficiency 0.5 The quadratic combination of all these
Peak efficiency 2.5 o T o
SR . . systematic uncertainties is +5.2/-5.4%.
Simulations to adjust for counter filling 1.7 . .
Calibration statistics The measured production rate in the K
Centroid 0.1 and L peaks, including both statistical
Resolution 0.3 . .
Rise ime cut 06 and systematic errors, is thus
Gain vanations +0.5
Counting efficiency subtotal +3.2,-3.1 _
Residual radon after time cuts ~1.7 Pmeasured ~
Solar neutrino background 0.4 =11.0 +1.0/-0.9 (stat) + (0.6 (syst)
"\Ge carryover 0.0

Total systematic uncertainty +5.2,-5.4
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PHYSICAL REVIEW C VOLUME 38, NUMBER 5 NOVEMBER 1988

8
120 15 nﬁev 37Ar as a calibration source for solar neutrino detectors
W.Haxton
i 7Be Institute for Nuclear Theory, Department of Physics,
375r 862 FM-15, University of Washington, Seattle Washington 98195
g14 keV e (Received 18 July 1988; revised manuscript received 12 September 1988)
keV 746 keV
ger (90%) 32 S00keV I discuss the possibility that a high-intensity 811-keV 3’Ar neutrino
8=0.010 (3,6%) source, produced by neutron capture on separated 3Ar , could be
used to calibrate the "Be solar neutrino capture cross sections of
08F 1Ga, 1271, and other detectors...
426 keV §/2-
(10%) 175 keV 37
o Ar (35.04 d)
war | 813 keV v (9,8%)
Qkc = 229 keV 811 keV Vv (90,2%)
oL M 0l o

""Gga 71Ge 370

The advantages of a 3’Ar source compared to a >'Cr source

1. Practically free of radioactive impurities.

2. Half-life longer (35 d compared to 27 d).

3. The neutrino energy is greater (811 keV compared to 747 keV).

4. The decay is purely to the ground state (100% compared to 90%).
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neutrons/(cm? - s), of which 1,7 - 10!4 neutrons/(cm? - s)
have energy above the 2 MeV threshold

production reaction 4°Ca (n, alpha) 37Ar.
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from the reactor and moved to a hot cell of BNPP where ampoules with irradiated
target were taken out from assemblies and moved to extraction facility of the Institute

of Nuclear Materials, where each ampoule was cut open in a vacuum system and the

reactor operating cycle. After a cooling period of a week, the assemblies were removed
CaO dissolved in nitric acid.

Irradiation began on 31 October 2003 and continued until 12 April 2004, the normal




37Ar was extracted from acid solution by a He purge
and then stored on charcoal at LN, temperature.
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When the extractions from all the assemblies had been completed, the 37Ar was purified by
flowing over zeolite at room temperature, followed by two Ti absorbers, operating at 400-
450°C and 900-950°C. The purified *’Ar, whose volume was ~ 2.5 1, was then adsorbed on
another charcoal trap and measurements of gas volume and isotopic composition were made.
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As the last steps of source fabrication, the purified
Ar was transferred to a pre-weighed source holder
which consisted of a stainless steel vessel with a
volume of ~180 ml. Inside this vessel was 40 g of
activated charcoal onto which the purified 3’Ar was
cryopumped. When essentially all the 3’Ar had been
adsorbed, the vessel was closed by compressing three
separate knife-edge seals, two onto copper gaskets
and one onto a lead gasket. The source holder was
then weighed to determine the amount of 37Ar
contained within. To complete the source, the source

140,0 mm




Measurement of so

Summary of source strengt

surements.
| known systematics.

Activity (kCi >"Ar at
VA0 0o S0rAprIl 2004)

Volume of gas
Mass of gas

The six completed activity measurements are given in the
Table. These measurements are adopted in the weighted
average, kCi.



Predicted production rate
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Values and uncertainties of the terms that enter the calculation of the predicted
production rate. All uncertainties are symmetric except for the cross section.

Uncertainty

Term Value Magnitude Percentage
Atomic density D = pNyfi/M
Ga density p (g Gajem?) [16] 6.095 0.002 0.033
Avogadro’s number N, (10?* atoms Ga/mol) 6.0221 0.0 0.0
"'Ga isotopic abundance f; (atoms 7'Ga/100 atoms Ga)[17]  39.8921 0.0062 0.016
Ga molecular weight A (g Ga/mol) [17] 69.72307 0.00013 0.0002
Atomic density D (10%* atoms 7'Ga/cm?) 2.1001 0.0008 0.037
Source activity at reference time 4 (10'¢ 37 Ar decays/s) :513 0.011 0.7
Cross section o [107% cm?/("'Ga atom *7 Ar decay)] [6] 70.0 +4.9, -2.1 +7.0,-3.0
Path length in Ga (L) (cm) 126 02 .28
Predicted production rate ("' Ge atoms/d) 13.9 +1.0, -0.4 ST, =3

Assuming a source activity of 409 + 2 kCi, and combining the uncertainty
terms in quadrature, the predicted production rate is thus

Ppredicted = 13.9  +1.0/ -0.4 atoms of 'Ge produced per day.



Total production rate ( 7!Ge atoms/day)

Production rate by source ( 71Ge atoms/day)
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Measured rates adjusted for source decay
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Time since 04:00 on 30 April 2004 (d)

o

Upper panel: comparison of
measured total production rate
for each extraction with
predicted rate.

Lower panel: measured rates
from the 3’Ar source
extrapolated back to the start
of the first extraction. The
combined results for events in
the the L- and K- peaks and for
all events are shown separately
at the right and compared to
the predicted rate.

11.0+1-0 (stat)

pmeasured -0.9

+ ().6 (syst
LA

Ppredicted 13.9

+1.0
-0.4




Comparison of source

GALLEX Crl1J2.3

GA

5.6
8.6% 'Cr

0.512 330
92.4% 'Cr 96.94% 4Ca

868 +89/-57 516.6 £ 6.0 409 + 2

052

1.01 92.7

0.4 (GaCl,:HCl) 13.1 (Ga metal) 13.1 (Ga metal)

946 21.001 21.001
0.7 £1.2 £0.7 14.0 £1.5+0.8 11.0 +1.0/-0.9 +0.6
.81 +0.10 0.95 £0.12 0.79 +0.09/-0.10

GALLEX Crl
1,00 +/-0,12

SAGE Cr
0,95 +/-0,12

GALLEX Cr2 SAGE Ar
0,81 +/-0,12 0,79 +/-0,10



Conclusio

= Prototype 3’Ar neutrino source with stre
produced by irradiating 330 kg of CaO in
reactor BN-600 (Zarechny, Russia)

m It is shown that 3’Ar source with strengt
produced in BN-600 reactor.

m Several techniques for source intensity
developed

m Ten irradiations of 13 tonnes of gallium
R = P(measured) / P(predicted) = 0.79 +

Since otherourrexpernmentsthaye giventus great confidence in our
knowledge ofithe varous efficienciesiin thesSAGIE detector;, we
concludes the'source experiments with Gashould be considered to
be a determination off the neutrino capture cross section.
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INoxthern Caucasus. It was

the cheapest way: that best of
M.A. Mapkoe u 5.M. I[lonmekopeo na MexOyHapoOHotl KoHpepeHyuu no Gusuke HeLUIMPUHO .
u HetimpurHou acmpoguauke. bakcarnckoe yueave, Yeeem, 1977 . all ﬁt 10 bUIld the

laboratory.






71 71 =
Ga+VY —— Ge+e
Vadim Kouzmine, 1965

Sicr (27,7 days)

427 KeV v (9,0%)
432KeV v (0,9%)

747 KeV v (81,6%)
752 KeV V (8,5%)
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