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Detection of Solar Neutrinos in Superfluid Helium
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A new method for detecting solar neutrinos and other weakly interacting particles is proposed and de-
scribed. The detector consists of a large mass of superfluid helium at low temperatures (20 mK). When
a neutrino is scattered off an electron, the recoil energy of the electron (10 to 10 ' erg) is deposited
in the helium. This small amount of energy can be detected because of the unusual kinetics of rotons at
low temperatures. It should be possible to construct a detector of sufficiently low background and large
size to measure solar neutrino spectra.

PACS numbers: 96.60.Kx, 14.60.Gh, 29.40.—n, 67.40.Pm

The experiments of Davis and co-workers ' have
shown that neutrinos from the sun with energies greater
than 0.814 MeV are three times fewer than predicted by
the standard solar model (SSM). This discrepancy be-
tween theory and experiment is commonly referred to as
the solar neutrino problem (SNP). If both the experi-
ment of Davis et al. and the standard solar model are
correct, then what are the possible explanations of the
solar neutrino problem? One interesting mechanism has
been proposed by Mikheyev and Smirnov, based upon
earlier work by Wolfenstein (MSW eAect). They
showed that an electron neutrino v, generated in the in-
terior of the sun may be adiabatically converted into a
muon neutrino v„ through interaction with the electron
density of the sun via the charged weak current. The
MSW efTect can account for the observations of Davis et
al. over a wide range of neutrino masses and mixing pa-
rameters. Other possible explanations include neutrino
vacuum oscillations, decay of massive neutrinos, the
efrect of a neutrino magnetic moment, and modification
of the solar model due to the capture of weakly interact-
ing dark matter in the sun. '

Experiments using neutrinos produced on earth are at
present unable to measure the neutrino parameters
which enter into the diA'erent possible explanations of the
SNP. More detailed measurements of the solar neutrino
spectrum are needed to resolve the situation. Ideally,
one would like to measure the energy spectrum, both for
v, and v„, either with a very low background, or with
means to discriminate neutrino events from other pro-
cesses. It could be important to have a detector that
operates in real time. For example, if the MSW eA'ect

occurs, there may be a night-day variation'' in the neu-
trino fluxes.

No detector proposed so far has all of these desired
properties; rather, a number of diAerent complementary
detectors will be needed. Several detection methods have
been discussed' ' based on a wide variety of tech-
niques, and their utility is being actively pursued. Of
these, only one, the radiochemical GALLEX experi-
ment, ' is under full construction. While each of the
proposed detectors has unique and special features, most

possess the common difficulty of background from resid-
ual radioactivity in the detecting medium itself or in its
internal components.

The major part of the v, flux comes from the pp reac-
tion

P+P ~ d+e + ve.

These v, have a continuous spectrum up to 420 keV, and
an expected flux at the surface of the earth of 6.1X10'
cm sec '. The reaction by which we plan to detect
these neutrinos is the elastic-scattering process

v+e v+e

For reaction (1) the maximum recoil energy of the e is
260 keV. We propose to use a detector consisting of a
large mass of liquid helium-4. The neutrino events will
be detected by means of a measurement of the energy
deposited in the helium by the recoil electron. As far as
radioactive background is concerned, liquid helium is the
ideal detector material. At low temperatures (T & 1 K)
all impurities freeze out on the walls of the container.
However, a helium detector has the difficulty that the
specific heat per unit mass is very large at any reason-
able temperature, and so a conventional calorimetric
detection of the recoil energy of the electron is not possi-
ble. For example, below 0.5 K the specific heat of the
helium is —10 times larger than that of crystalline sil-
icon at the same temperature.

We have devised an approach which avoids the prob-
lem of the large specific heat. The experiment is shown
schematically in Fig. l. The large mass of superfluid
helium is held at a temperature of =20 mK. In neutrino
scattering oft an atomic electron in the helium, a fraction
f of the electron recoil energy E„, is converted within a
short time into low-energy elementary excitations of the
helium, i.e. , phonons and rotons. ' The dispersion curve
for phonons and rotons is shown in Fig. 2. The volume
element of phase space goes as p dp. Because of the
much larger phase space for rotons compared to phonons
(see Fig. 2), we will make the approximation that the en-

ergy appears exclusively as rotons. The number of ro-
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FIG. 1. Schematic design of the simplest version of the ex-
periment. A neutrino is elastically scattered in liquid helium,
and the recoil electron produces rotons and phonons. At the
f'ree surface of the liquid helium, the rotons induce evaporation
of helium atoms, which are then captured by the silicon wafer.
The rise in temperature of the silicon is measured by a bo-
lometer.

FIG. 2. Dispersion curve for elementary excitations in
superHuid helium, showing the phonon and roton parts of the
spectrum.

heat equal to the binding energy p of roughly 100 K.
Thus, the total energy BE deposited in the Si is

tons produced is thus approximately

N, fE„JA, (3)

Because p/6 is —12, SE may even be larger than E„„,in
which case the energy transfer via the rotons actually
provides some amplification. The heat capacity of the Si
wafer is

X,=fE„J3A— (4)

N, could be larger than this estimate because a roton
which does not cause an atom to be evaporated the first
time it reaches the surface may still be able to cause
evaporation if it returns to the surface. N, may be less
than (4) because some rotons will be absorbed at the
container ~alls ' and never reach the surface. The evap-
orated atoms can be detected by silicon wafers
suspended a few millimeters above the helium surface.
The helium atoms will be physisorbed onto the Si sur-
face, and each adsorbed atom generates an amount of

where d, is the energy at the roton minimum (8.6 K). As
an example, for a typical energy deposit of 200 keV, N„
is 3X 10 f. The detection of these rotons within the heli-
um appears to be an extremely difticult problem, since
the volume of the helium is large. However, rotons in
superfluid helium have two remarkable properties which
make the detection of their energy possible. At tempera-
tures below =0.1 K where the density of thermal excita-
tions is negligible, rotons are stable excitations. Thus,
the rotons which are produced will propagate ballistical-
ly through the liquid without decay. ' Second, rotons in-
duce evaporation of helium atoms when they reach the
free surface of the liquid. Measurements show that a ro-
ton incident on the liquid surface has a probability of

of inducing the evaporation of a helium atom.
Thus, the number of atoms evaporated is roughly

C =6.25AdT erg K (6)

where A is the area and d is the thickness. As an illus-
tration of the order of magnitude of the eflect, note that
if T =20 mK, A =200 cm, d =0 025 cm, E«, =200
keV, and f=0.5, the temperature rise of the Si wafer
would be 2.6 mK, which is easily measurable. We be-
lieve that by standard techniques, such as superconduct-
ing bolometers, it should be straightforward to make the
noise in a measurement of B'T at 20 mK at least as small
as 0.02 mK. This would give a determination of the
electron energy with an uncertainty of =1.5 keV, if we
assume a well-defined relation between energy received
by the bolometer and the recoil energy of the electron.
The time resolution r of the detection is determined by
the linear dimensions l' of the helium and the group ve-
locity of the generated rotons ( —10 cm sec '). Thus,
for l of 30 cm, for example, v=3 msec.

A full-scale detector of solar neutrinos based upon
these physical principles could consist of an underground
volume of 10 tons of liquid 4He (=70 m3), approxi-
mately —,

' being used as a fiducial volume, and the
remaining outer section used to establish background
(expected to be low-energy y rays and neutrons) entering
the helium from the outside. The helium would be divid-
ed into 10 —10 cells each with its own silicon wafer (or
wafers). To prevent rotons from passing from one cell to
the next, it is sufficient to use very thin plastic sheets as
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dividers; thus, apart from the silicon wafers no large
mass other than helium need be in the fiducial volume.
The cross sections for reaction (2) are now well mea-
sured, and are in agreement with the electroweak
unified model of Glashow, steinberg, and Salam. If
we assume a fiducial volume of 7 tons and the SSM for
the solar neutrino flux, the total event rate is 14 per
day. ' The rate from pp neutrinos alone is 8 per day. In
this method only the distribution of energy of the recoil-
ing electrons is measured; hence the distribution of F., is
not directly determined. Nevertheless, if one uses the
known cross sections, a comparison of the distribution of
recoil energies with that expected on the basis of the
SSM can be made. If other information is available,
such as independent measurement of the v, flux (from
GALLEX, for example), then additional tests of the ori-
gin of the SNP can be made.

Preliminary studies of acceptable levels of neutron and
y-ray backgrounds (which can in the experiment be
monitored by use of the outer helium volume to establish
rate, energy, and attenuation length) indicate that con-
struction materials with radioactive content control less
stringent than those already achieved for double-P-decay
experiments would be adequate at the expected neutri-
no rate. Surveys of background emanating from rock
surrounding existing underground laboratories also indi-
cate acceptable levels.

In summary, we have described a new method of low-
temperature calorimetry which uses the unique kinetics
of roton excitations in superfluid helium at low tempera-
tures. Because of the extremely high purity of helium-4,
this method is ideally suited for studies of the solar neu-
trino flux and spectrum. The method also has applica-
tions to dark-matter searches.
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