
SEARCH 6 DISCOVERY

GALLEX DATA CANT QUITE LAY THE
SOLAR NEUTRINO PRODLEM TO REST

The 16 July iasue of Physics Letteru
brings us the eagerly awaited report of
the first resulte from the Gallex solar
neutrino experiment.12 The Gallex
detector, with its 30 tons of gallium,
sito in a laboratory undemeath the
Gran Saseo d'Italia, a 2900-meter
peak in the Apennines northeast of
Rome. The suspense was heightened
last fall when the SAGE collaboration,
which operates the only other galliurn
detector, reportad that it had seen no
clear evidence of any solar neutrinos
in its first seven months of running.3

The ñame Soviet-American Gallium
Experiment may now seem out of
date, but the experiment, located
under a mountain in the Caucasus,
goea on. SAGE is now operating with
57 tons of gallium.

A nuil result from a gatlium detec-
tor is particularly worrying, though
some might cali it stimulating. Pio-
neer Ray Davis's chlorine detector,
which has been holding the fort deep
inside South Dakota's Homestake
gold mine for 20 years, can't detect
solar neutrinos with energies below
ito 814-keV threshold. (See PHYSICS
TODAY, October 1990, page 17.) Thus
it is blind to all the neutrinos pro-
duced in the proton-proton fusión
reaction

p + p - aH + e+ + v,

which ÍB confidently presumed to
domínate the Sun's energy produc-
tion. The standard solar model te lis
us that these "pp neutrinos" account
for more than 90% of the neutrino
flux emanating from the Sun. Unfor-
tunately the pp neutrino spectrum
cute off at 420 keV. (See the figure
above.) Ja pan's Kamiokande water
Cerenkov detector can't see the pp
neutrinoe either; its detection thresh-
old is 7.3 MeV.

Kamiokande and the Homestake
chlorine detector have indeed seen
solar neutrinos, but only the more
energetic ones produced in peripheral
branches of the solar energy mecha-
nísm. And they're seeing too few of
these high-energy neutrinos. That's
the essence of the "solar neutrino
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Solar neulrino speclra that contribute significantly lo the signáis
predicted for the extant detectors, as calculated from the standard
solar model. For the monoenergetic'Be and pep lines, the flux is
given in c m ~ ! sec~1. Shadings indícate detector thresholds:
Kamiokande sees only the aB decay spectrum. Chlorine detectors
can also see 'Be neutrinos. The gallium detectors, with a 233-keV
threshold, are the only ones that can see the pp spectrum.

problem," which has been with us for
a long time—ever since it became
clear that the chlorine detector was
eeeing less than a third of the neu-
trino signa! predicted for it by the
standard solar model.

What makes gallium detectors so
attractive, despite the enormous cost
of gallium by the ton, is their 233-keV
threshold. Gallex and SAGE should
see the bulk of the pp neutrinos. And
if they don't, the standard solar model
provides very little wiggle room. If
they discovered a severe dearth of
solar neutrinos, that would be teiling
something quite new about the Sun—
or about neutrinos.

First Gollex result
It turns out we needn't have worried
about a nuil signa!. But on the other
hand, Gallex has not yet yielded up
the unambiguous result one might

have hoped for. After 295 days of
exposure, the Gallex collaboration
reporto a neutrino capture rate
63 ± 16% of that predicted by the
standard solar model. The quoted
error, which is at present dominated
by statistics, should be cut in half by
the end of the four-year anticipated
life of the experiment.

The gallium and chlorine detectors
are radiochemical systems in which
one looks for a particular nuclear
transmutation induced by neutrino
capture. In the galiium detectors, for
example, one measures the incident
neutrino flux by monitoring the accu-
mulation of radioactive germanium
71 produced by the r
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solar core. For such radiochemical
experimentó it is traditional to give
predictions and results in solar neu-
trino units; 1 SNU equals one neu-
trino capture per second for every
1038 atoms of the relevant target
isotopic species in the detector.

The standard solar model predicts
that gallium detectors should see
solar neutrinos at the rate of 132 ± 7
SNU. For a detector with 30 tons of
gallium (about 40% of which is the
relevant isotope 7LGa) that translates
into only 1.2 atoms of germanium
produced per day in the whole detec-
tor. Of that predicted total, the stan-
dard solar model attributes 74 SNU, a
little more than half, to the pp
neutrino spectrum (plus the related
monoenergetic "pep" neutrínoa from
electrón-assisted pp fusión).

The total rate observed by Gallex is
83 ±21 SNU. Radiochemical detec-
tors can say nothing about the energy
of an individual captured neutrino,
exceptthatitwasabovethreshold. So
the experiment cannot distribute the
observed total capture rate among the
various processes in the solar core,
each of which produces a distinctive,
calculable neutrino energy spectrum.
Nonetheless the experimental paper1

concludes that "the Gallex experi-
ment can truly claim to have ob-
served, for the flrst time, the primary
pp neutrinos."

The higher energy neutrinos seen
by the Homestake deteector come
primarily from the decay of boron-8
and electrón capture by beryllium-7.
Both of these processes are quite rare
in the solar core. But the 8B decay
neutrinos, in particular, play a signif-
icant role in the solar neutrino detec-
tion business because the HB neutrino
spectrum goes all the way up to 15
MeV. Kamiokande, with the highest
threshold of all the detectors, can see
nothing but the NB decay neutrinos.

Rddiing with rhe model
The standard solar model's prediction
for the pp neutrinos is rather inflexi-
ble. By contrast, the BB prediction is
particularly sensitive to the tempera-
ture one takes for the solar core.
What is the mínimum signal the
gallium detectors must see if we are to
avoid radical departures from conven-
tional astrophysics or neutrino phys-
ics? Taking a cue from the observa-
tion that Kamiokande and especially
the chlorine detector found drastic
shortages of higher-energy neutrinos,
one might ask what Gallex would see
if all these rare high-energy channels,
which play very little role in generat-
ing the Sun's energy, were turned off.
John Bahcall (Instituto for Advanced
Study, Princeton) has done that exer-
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cise." Bahcall has been calculating
SNUs since the days when Home-
stake was only a gleam in Davis's eye.
Given the constraint of the observed
total luminosity of the Sun, he calcu-
lates, the gallium detectors would
have to see 80 SNU, even if pp (and
pep) fusión were the only source of
solar neutrinos. That represente an
absolute mínimum, Bahcall told us.
If Gallex had unambiguously seen
less, he argües, one would be forced to
jnvoke some "new physics" mecha-
nism that renders neutrinos invisible
on their way from the solar core to the
waiting detector.

But Gallex did not see less than 80
SNU. In fact this first Gallex result,
with its capacious statistical uncer-
tainty, is only two standard devia-
tions below the undoctored prediction
of the standard solar model. "By
itself, if you forget about Homestake
and Kamiokande for the moment, our
result poses no 'solar neutrino prob-
lem,' " says theorist Joseph Weneser,
a member of the Gallex collabora-
tion's Brookhaven contingent.

But of course one can't simply
forget about Homestake and Kamio-
kande. The long-term average cap-
ture rate observed by the chiorine
experiment is 2.1 ±0.3 SNU. The
standard solar solar model prediction
for chlorine is 7.9 ±0.9 SNU. Kamio-
kande, unlike the Homestake detec-
tor, measures neutrino flux by looking
for scattered electrons rather than

íuted n . I t e srdsa
rough spectrum of neutrino energies.
Kamiokande has kept the solar neu-
trino problem very much al i ve in
recent yeare by finding BB neutrinos
at only 46 ± 8% of the rate predicted
by the standard solar model.

Can one simultaneously reconcile
the Gallex, Kamiokande and Home-
stake results with conventional solar
physics by modestly varying the ac-
cepted parameters of the solar core?
In the interpretational paper' that
accompanies its experimental report,
the Gallex group has tried to fit the
Sun's central temperature to all the
solar neutrino data in what it de-
scribes as a "phenomenological mock-
up" rather than a consistent calcula-
tion that takes full account of the
couplingbetween all the nuclear reac-
tions going on in the core. A small
decrease in temperature has little
effect on pp fusión, but it greatly
reduces the production rate of boron-8.

The best fit with this phenomeno-
logical mock-up reduces the central
temperature by about 5% from the
accepted standard-model valué
(15.6xl0fiK). But even this cooler
Sun puts out a neutrino flux two
standard deviations higher than what

the chlorine detector sees. The group
concludes that "the confídence levéis
associated with such a fit (less than
5%) make it a very poor bet." And
besides, a 5% core-temperature re-
duction is actually a lot for the
astrophysicists to swallow. A similar
calculation by Sidney Bludman and
colleagues at the University of Penn-
sylvania concludes that an even more
drastic 15% cooling of the solar core
would be required to explain the
Gallex data.K

Chonging neutrino flovors
The resolution of the solar neutrino
problem may well come from particle
physics rather than astrophysics. We
know of three kinds of neutrinos,
associated respectively with the elec-
trón, the muon and the much heavier
taulepton. In theabsence of convinc-
ing evidence to the contrary, standard
particle theory conveniently pre-
sumes all three neutrino species to be
massless. But the standard theory
can easily accommodate small neu-
trino masses, and indeed evidence of
such masses would be a welcome
beacon pointing the way toward a
"grand unification" of the disjoint
sectors of the theory.

If the three neutrinos have difler-
ent masses it is quite likely that the
three mass eigenstates do not coincide
precisely with the three "weak fla-
vor" eigenstates associated with the
three charged leptons. That would
permit metamorphosis of neutrinos
from one flavor to another. The
radiochemical solar-neutrino detec-
tors can see only electrón neutrinos,
and Kamiokande has reduced sensi-
tivity to the other neutrino flavors.
Nuclear reactions in the solar core
genérate only electrón neutrinos.
But if enough of them were to change
flavor on the way out, we might have
an explanation for our missing solar

In 1985 S. P. Mikheyev and A. Yu.
Smirnov at the Institute for Nuclear
Research in Moscow, exploiting the
formalism developed by Lincoln Wol-
fenstein of Carnegie-Mellon Univer-
sity, pointed out that neutrinos pro-
duced in the solar core can experience
resonant enhancement of flavor me-
tamorphosis as they traverse the out-
er precincts of the Sun, if the mass
differences and mixing angles be-
tween the dirTerent neutrino states
are big enough. This "MSW mecha-
nism" took what had been thought to
be a marginal phenomenon at best
and turned it into what many now
regard as the best hope for solving the
solar neutrino problem.

The Gallex interpretational paper
describes the group's fit of its data plus



those of Homestake and Kamiokande
io the MSW mechanism. This time
they leave the parameters of the
standard solar model unaltered, vary-
inc only the two parameters that
determine the MSW effect: the mixing
aniíle and A "i2, the difference be-
tween the squared masses of the
electrón neutrino and the other state
ipresumably, but not necessarily, the
muon neutrino) into which it does its
disappearing act. The paper reports
líüod fits in three nicely localized
regions of the MSW parameter space.
The most attractive of these three
solutions, from the viewpoint of parti-
cle physics, has a mixing angle of
about 3* and ¿m1 around 5 X 10"6 eV2.

The threshold energy for a neutrino
to experience a resonant MSW meta-
morphosis on its way out of the Sun is
proportional to the parameter ¿m2,
The Gallex group's fit puts this thresh-
old at about 500 keV, too high to have
much effect on the pp neutrinos that
make up the bulk of the gallium
signal. Last year, when the early
SAGE data were suggesting that the
pp neutrinos were the most severety
depleted. a ¿m* of a few times 10 "7

eV2 seemed more likely. That would
have put the MSW threshold below 50
keV, thus optimizing the disappear-
ance of pp neutrinos.

Two years ago Bahcall and Hans
Bethe (Cornell) made the point6 that
the discrepancy between Kamio-
kande and the chlorine data already
required MSW or some other new
particle physics to the same effect,
irrespective of how the gallium experi-
ments might turn out. The shape of
the boron-8 decay spectrum is known
from laboratory nuclear physics, they
argued, and the Kamiokande data
provide the normalizaron that lets
one extrapólate down to the chlorine
detector. Thus they concluded that a
chlorine detector would have to see at
least2.9SNUofHB neutrinos. Add to
that an irreducible mínimum of other
neutrinos that can't be fudged away
by tinkering with the solar model and

you i left with E
i of 4 SNU, unless something is

killing the neutrinos on their way to
the chlorine detector. "If you believe
Davis's 2.1 + 0.3 SNU and the Kamio-
kande data," Bahcall toid us, "you are
forced to invoke MSW or some other
new physics, quite apart from the
gallium results. I, for one, find the
Mikheyev-Smirnov-Wolfenstein the-
ory very beautiful."

At this juncture, Bahcall argües,
the solar neutrino problem is of
greater interest for the particle phys-
ics we can learn than for the astro-
physies. "The fact that we've been
able to predict the right order of
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Counting Ce 7 1 decays for months after
Ihe germanium is extracted from Callex
following a three-week exposure. The
curve is a fit to the fast " C e decay
(halflife 11.4 daysl plus constan!
background and the 288-day decay of
68Ge contaminant. The initial peak
represents only about five 71Ge counts
above background. The peak at 115
days is not significant. The data are an
average over 14 Gatlex exposures.

magnitude for such obscure branches
as boron-8 and beryllium-7, which
play almost no role in stellar evolu-
tion, shows that we understand quite
well what's going on in the cores of
main-sequence stars. As the gallium
error bars shrink over the next few
years, and especially when the new
generation of water Óerenkov detec-
tors [SuperKamiokande in Japan and
the Sudbury heavy-water detector in
Ontario] begin operation in mid-dec-
ade, we should be able to pin down the
details of the new physics."

The gallium experiments
The Gallex results were announced in
June at the Neutrino-92 conference in
Granada, Spain, by spokesman Till
Kirsten, from the Max Planck Insti-
tuto for Nuclear Physics in Heidel-
berg. Other groups in the collabora-
tion come from the Institute for Hot
Chemistry in Karlsruhe, the Techni-
cal University of Munich, Italy'sGran
Sasso National Laboratories, the Uni-
versities of Milán and Rome, the Nice
Observatory, Saclay, the Weizmann
Institute and Brookhaven. The Mu-
nich group is led by Rudolf Móssbauer.

Also at the Granada conference,
Thomas Bowles, leader of SAGE's Los
Alamos contingent, gave an update of
the SAGE experiment. Other Ameri-
cans in the collaboration come from
the University of Pennsylvania, Lou-
isiana State University and Prince-
ton. The (former) Soviet contingent,
headed by Vladimir Gavrin, is from
the Institute for Nuclear Kesearch in
Moscow. Bowles told his audience
that the group was not yet ready to
quote a new overall neutrino capture
rate. He did show data from recent
exposures indicating that SAGE now

has a distinctly nonzero solar neu-
trino signal; but it's still somewhat
lower than the published Gallex rate.

Gallex's 30 tons of gallium atoms
reside in 100 tons of an aqueous
solution of gallium chloride and hy-
drochloricacid. SAGE has chosen the
more compact option: puré liquid
gallium metal. (Gallium melts at
30 "C.) "We also figured that keeping
hydrogen out of the detector would
keep background reaction rates
down," Bowles told us. The designers
of Gallex opted for the bulkier and
more corrosive alternative because
they felt that the chemistry of ex-
tracting a dozen or so germanium
atoms from a massive detector posed
fewer headaches in ionic solution
than in liquid metal.

Taking the 83-SNU result at face
valué one concludes that solar neu-
trinos are producing only five atoms
of germanium-71 per week in Gallex's
50 000 liters of gallium chloride solu-
tion. The trick is to extract this
meager harvest of germanium about
once every three weeks with high
efficiency, concéntrate it into a small
cupful of liquid and then look for 71Ge
decays in one of the miniaturized
proportional counters specially devel-
oped at Heidelberg for painfully low
counting rates. 7LGe decays by elec-
trón capture with a convenient half-
life of 11.4 days.

The germanium is extracted from
the Galiex detector by bubbling nitro-
gen through the liquid. The acidity
and high chloride concentration of
the solution ensure that the germani-
um will form the volatile compound
GeCl4. The efficiency of this extrac-
tion, monitored by adÜing a tnilligram
of a atable germanium isotope to the
tank at the beginning of each three-
week "exposure," is typically 99%.
After chemical purification and con-
centration in tritium-free water, the
GeCl4 is converted into germane
<GeH4), a methane-like gas which
then serves both as the radioactive
source and as part of the ionizing
médium in the tiny proportional
counting chamber.

The germanium from each three-
week exposure is monitored in one of
these ultralow-level proportional
counters for about six months. That's
more than 15 times the halflife of
71Ge, but the Gallex group feels it
needs to count that long to get a good
determinationof background. In fact
counting is still in progress for some of
the 14 three-week exposure samples
on which the Gallex paper is based.

The figure above shows how the
daily counting rate settles down to
background after the 71Ge atoms have
all decayed in the first month or two
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after extraction. These data are an
average over all 14 runa. The curve is
a fit to the decay of 71Ge plus two kinds
ofbackground: thedecay ofaBtubbom
S8Ge contaminant with a halflife of
288 days, and a time-independent
background counting rate.

The área under the initial peak,
after background subtraction, shows
that the entire solar-neutrino signal
gleaned from 100 tona of liquid after
three weeksof exposure comes toonly
about 5 observed Ge71decays. Be-
cause the efnciency of the proportion-
al counter is about 65%, this implica
something like 7 or 8 Ge71 atoros
actually make it to the counter after
each extraction. About 40% of the
Ge71 atoms generated during a three-
week exposure decay while waiting to
be extracted.

Fighring rhe background
Extracting so delicate a signal re-
quires heroic measures to reduce ob-
scuring background. Everything in-
volved in the extraction and counting
procedures must be made of ultrapure
nonradioactive materials. The count-
ing área is rigorously quarantined
from outeide air with its threat of
radon contamination. A whole moun-
tain is required to shield Gallex from
cosmic rays. The few honest 7LGe
decay counts must be distinguished
from the many impostora.

The electrón captured by the decay-
ing 7lGe nucleus comes from either
the atom's K shell or its L shell. In
either case the decay raleases some
combination of Auger electrons and x-
ray photons the sum of whose ener-
gies, as measured by the proportional
counter's ion iza t ion pulse, equals the
binding energy of trie captured elec-
trón. K capture ÍB easier to see
because the K electrón's binding ener-
gy (10.4 keV) is 9 times that of the L
electrón. SAGE has only recently
begun counting L captures. For fast
pulses the energy spectra recorded by
the Gallex countera (see figure above)
show clear 71Ge L- and K-capture
peaks. One can almost always distin-
guish a legitímate Ge71 decay from a
spurious ionization pulse by requiring
that the measured energy be appro-
príate for either K or L capture and
that the rise time and shape of the
pulse meet strict criteria.

In one important case, however,
that doesn't work. Germanium-68
also decays by electrón capture, pro-
ducing pulses that look just like 7lGe
decays. But 6aGe makes its presence
knownintwoways: Its halflife isnine
months and it has a daughter that
occasionally decays by p ' emission.
It turas out that '"Ge contamination
unexpectedly delayed the start of
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PULSE ENERGY (keV)
Energy spectrum of fasi pulses in a
proportional counler during the first 16
days after germanium extraction from
the Gallex lank. The peaks near 1 and
10 keV clearly signal " G e decav by L
and X capture, respectively.

Gallex data-taking by about half a
year: During the weeks that the
gallium chloride solution sat unpro-
tect«d on the surface before being
admitted to the shielded precincts of
the Gran Sasso tunnel, cosmic rays
generated some 10 million atoms of
""Ge in the liquid. But this was not
thought to be a problem. The plan
was to purge the liquid of ""Ge before
starting the experiment by precisely
the same chemical extraction proce-
dures to be used for harvesting the
7lGe. And indeed this scheme worked
well, but not well enough. Repeated
purging removed 99.9% of the "''Ge, as
determined from the residual 0'
activity. But 0.1% of 10 million wGe
atoms is still an intolerable contamin-
ation when one is trying to count a
dozen atoms of the all too similar 71Ge.

Something unforeseen was obvious-
ly trapping a tiny fraction of the
germanium in the detector lining or
in some contaminant- The problem
was that the trapped ''"Ge was then
leaking into the detector liquid at a
slow rate that would nonetheless
mask the production of T'Ge by solar
neutrinos. Finally it was decided to
heat the liquid ¡n the detector in
hopes of speeding up the reléase of the
trapped contaminant. That did the
trick. When the background ^Ge
activity was finally down to about 0.1
counts per day at the beginning oflast
year, Gallex could finally start look-

One important calibration test re-
mains to be done next year. The
detector will be exposed to a mega-
curie chromium-51 source of monoen-
ergetic 746-keV neutrinos, in effect an
artificial Sun. "It's an essential over-
all test of the whole experiment,"
Kirsten told us. "We have painstak-
ingly tested all the steps individually.

Such a complicated experiment, how-
ever, requires an overall performance
test." There's always the outside
possibility, for example, that the un-
usually energetic germanium atoms
born in radioactive decays might get
bound up in aberrant "hot chemistry."

Irradiating and enriching natural
chromium to get a megacurie of MCr
is, however, a demanding and expen-
sive business. The test was to have
been done before data-taking began.
But unforeseen funding problems,
which have since been resolved,
caused thedelay. The chromium test
would, ofcourse, have been even more
pressing if Gallex were seeing a nuil
result.

SAGE also is planning to do a
chromium calibration. Before SAGE
started seeing a aignificant solar neu-
trino rate, there was some talk that
its liquid metal was the problem.
Much of SAGE's chemistry is quite
similar to Gallex's. But in extracting
the germanium from puré liquid gal-
lium, SAGE confronts issues of sur-
face chemistry at boundaries between
liquid metal and aqueous phases.

It may just be that last year's result
was simply a statistical fluke. The
report3 was based on the first five
SAGE exposures, three of which gave
nuil readings. The average Gallex
exposure, after all, produces only five
counts above background, and three
of Gallex's 14 reported exposures also
gave nuil resulta. At their 90% confi-
dence limits the two reports are not in
conflict: At that level SAGE quoted
an upper limit of 79 SNU and the
Gallex paper gives a lower limit of 49
SNU. The SAGE group plans to
report its new results in the fall.

—BEBTRAM SCHWARZSCHILD

References
1. P. Anselmann et al. (Gallen collabora-

tion), Phys. Lett. B 285, 376 (1992).

2. P. Anselmann ei ai. (Gallex collabora-
tion), Phys. Lett. B 286, 390 (19921.

3. A. l.Abazovefoí (SAGEcollaborationl,
Phys. Rev. Lett. 67, 3332 (1991).

4. J. Bahcall, Neutrino Astmphysics, Cam-
bridge U. P., New York (1989) p. 356.

5. S. Bludman. N. Hata, D. Kennedy, P.
Langacker, submitted to Phys. Rev. D
(1992).

6. J. Bahcall, H. Bethe, Phys. Rev. Lett.
65, 2233 (1990). •

I

Sroiking Solor Neurrinos
In caverns deep under the ground
They hunt SNUs like hungry

bloodhounds.
But maybe ihe prey
Can change 'long ihe way
And sneak by without being found.

— B A R B A R A GOSS LEV


