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Elastic neutrino scattering off electrons in crystalline silicon at 1—10 mK 1a — m resu ts in measurable
ra ure c anges m macroscopic amounts of material, even for low-energy ( ( 0.41MeV)

pp v's from the sun. We propose new detectors for bolometric measurement of low-

teractions includin co
n o ow-energy v in-

lation
ing coherent nuclear elastic scattering. A new and more sen t h fin co

' . sensi ive scarc or oscil-
a ions of reactor antineutrinos is practical ( —100 kg of S') d ld Ii, an wou ay the groundwork for a

more ambitious measurement of the spectrum of 78 d 88 1pp, e, an so ar v s, and supernovae an-
where in our galaxy ( —10 tons of Si).

p novae any-

PACS numbers: 13.10.+q, 14.60.Gh, 29.40.—n

could directly determine the solar-core temperature.
The electron events produced by sB v's have a higher
weighted average cross section with energies up to 13
MeV, but do not appear in Fig. 1 because of the sub-
stantially reduced flux.

However, coherent scattering off nuclei for these
highest energy v's produces energy transfers up to
about 10 keV with large rates, resulting in a peak
below the significant energy range for the pp electrons
(see Fig. 1). The coherent cross section for vector
neutral-current scattering off nuclei is given by

cr„,= GF2E2(Z[1 —4sin20„] —N) /47r

(independent of v type), where N is the number of
neutrons in nucleus, and Z is the nuclear charge.
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cross section [Eq. (1)] and the monochromatic nature
of the electron-capture 7Be v's, their recoil electron
spectrum has a sharp cutoff at its upper energy, mak-
ing signal detection easier. In fact, the width of the
Be v energy ( —1 keV) is determined by the solar-

core temperature ( —107 K). Measurement of the
resultant rounding of the recoil electron-energy cutoff
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FI~G. 1. Event rate vs recoil energy for solar-v spectra.
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The problems associated with the detection of low-ener neutrinos ar-energy neutnnos are both well known and numerous. For ex-
spi e o i s c ear scientific importance and after two decades of heroic effort

sun has still not been measured. Tradit' ll 1

s o eroic e orts, the v spectrum from the

duced nuclear transmutatio ' I th' L p

ra i iona y, ow-energy neutrino detection has invinvolved measurement of in-

new practical detector for makin
ns. n is etter we explore a new bolomep, olometric method. This method can provide a

ica e ec or or making more sensitive measurements of reactor v's, and can lead to a
measuring the spectrum of neutrinos emitted from the solar core.

v s, an can ea to a detector for

Th d'ffe differential cross section for a v or v with ener E to scatergy o scatter elastically off an electron with recoil energy T

do/dT= (GF2m/27r)((C„+ C )2+ (C„—C ) [1—T/E]2 (C C ) /g ~eT E)p (1)

where, for v, (v,), C„=2sin20+ —,
' and C, = —,

'
[ ——')

he difference between v, and v„scattering arises be-
cause charged and neutral currents contribute to the
former, but only neutral currents to the latter. The to-
tal cross section is then given by integration of Eq. (1)
from T = 0 to T~,„=2E2/(2E+ m).

In order to determine rates for solar-v interactions,
we calculate cross sections for production of electrons
in a given energy range weighted over solar-v spectr a t

ates are then calculated with use of the integrated
fluxes of Bahcall, s and with use of the fact that there
are fourteen electrons per Si atom (with
sin20„=0.25). Our results are presented in Table I
and Fig. 1.

As seen from Table I, a detector of recoil electrons
is most sensitive to the pp and Be solar v's. The pp
neutrinos produce recoil electrons with a frequency of

—1 —1

Total (&ee+ ~eN)

—1 ton d for silicon, about 500 times the total
rate currently achieved with the 37CI detector. ' As

2 7
shown in Fig. 1, they produce recoil energies bel ow 10

of
keV. The Be neutrinos interact about half as

o ten, and produce recoil electrons with energies up to
60 keV. As a result of the relativel flat differen

'
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TABLE I. %eighted total neutrino cross sections and
rates.

Process

ee

viV
V~&

V~+
v&

(cm')

8.1x10 46'

5 3x10—45b

2.1 x 10-
i.O»0-4»
3.3 x 10-"'
5.3x10 4'd

—45d

2.5 x 10-45 d

~max
(MeV)

0.26
0.66
0.26
0.66
0.014
9.6
9.6
0.007

Rate
(ton ' d ')

1.2
0.75
0.3
0.13
0.16

4500
1600

161 000

'For pp neutrinos.
bFor 78e neutrinos.

'For 8 neutrinos.
For reactor neutrinos.

Because of the Xz factor for coherent scattering, but
mostly because of the E2 dependence of the cross sec-
tion (compared to cr —E for the v-e cross section), the
reaction rate for 88 neutrinos is about 15'/o of that for
pp v-e scattering. Detection of these events could be
compared directly with the Davis et al. Cl result.
Their result is sensitive to these same v s with the im-
portant distinction that the coherent process is unal-
tered by possible oscillations which would reduce the
37Cl rate. Neutrinos of energies less than about 3 MeV
produce coherent energy transfers which are probably
too small to be detectable amidst other noise, as we
discuss later. (The processes v n pe and
vp ne+ are not significant, because of both
suppressed nuclear matrix elements and high thresh-
olds for silicon. )

Since the pp neutrino flux is a direct consequence of
the primary reaction responsible for the luminosity of
the sun, any significant deviation from predicted rates
would be important, and might be ascribed to v oscilla-
tions. By exploiting this together with the mono-
chromatic nature of the 7Be v's, much information re-
garding v masses greater than 10 6 eV and their mix-
ing angles can be extracted. Oscillations could change
the overall rate and the energy dependence of the
recoil spectrum (see Fig. 1). A full analysis, treating
variations of the Earth-sun distance, thermal broaden-
ing, and finite core size, will be presented elsewhere.

Nuclear reactors are an excellent source of antineu-
trinos with energies in the range 0.25 —10 MeV and
fluxes of —2&& 10t3 cm ~ sec ' at distances of —10
m. Weighting over their spectrum we find coherent
scattering of v's in this range should result in energy
deposits of ~ 6 keV. Events with recoil energy ) 0.5
keV occur with a rate —40 kg ' d ' (see Table I and
Fig. 2), several orders of magnitude greater than rates
in present charged-current detectors. Detection of
coherent scattering is of considerable intrinsic interest
since it plays an important role in supernova dynam-
ics. Yet it has never been observed in the laborato-
ry. Scattering of these v's off electrons results in
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FIG. 2. Event rate vs recoil energy for reactor-v spec-
trum.

much greater energy deposits, up to —10 MeV, at a
rate of —4 kg ' d '. Detection of these recoil elec-
trons would permit a small movable detector to be
sensitive to v oscillations, by a reduction in the overall
signal and by a different energy dependence at the
upper end of the recoil spectrum (see Fig. 2), for
(mass) 2 differences ) 10 4 (eV/c2) 2. Particularly im-
portant in this regard, coherent scattering events
simultaneously provide an oscillation-independent
measurement of the incident v flux.

Finally, supernovae in the center of the galaxy are
estimated to occur at a rate of —10 ' y, and pro-
duce pulses on Earth lasting a few seconds which con-
tain —10' v's and v's per square centimeter of aver-
age energy —10 MeV. 8 Such a pulse would result in
about ten simultaneous events in a 10-ton detector.
Also, some dark-halo candidates (e.g. , photinos or
scalar neutrinos) could produce measurable event rates
even in kilogram-size detectors. 9

Detectors. —To observe these v interaction rates
through low-energy recoil electrons and nuclei, large
detector masses are required; however, at present no
effective detector exists. We propose here the use of
large quantities of silicon. This elemental material is
especially well suited for thermometric detection both
of recoil electrons and of lower-energy recoil nuclei
from v interactions. Moreover, because of its large-
scale use in the semiconductor industry, Si is readily
available with extremely high purity in large amounts.
Equally important are the nearly total absence of ra-
dioactive impurities and the simple radiochemistry of
its isotopes, which greatly limit the level of induced ra-
dioactivity.

The detection scheme is based on observation of the
temperature rise caused by the recoil energyto
throughout a macroscopic silicon mass. After a v

scattering event, the recoil electrons at energies below
1 MeV will lose energy by ionization within a range of—10 ' cm, while recoil nuclei, with energies below
10 keV, will lose their energy in a much smaller dis-
tance by production of phonons. These energies cause
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a detectable thermal signal. Silicon has one of the
highest Debye temperatures, 0 —636 K, because of its
low atomic number (2 = 28) and high lattice stiffness.
As a result, at low temperatures its specific heat, given
by Cy. =1941(T/0) J mol ' K ', "'2 is extremely
small. Hence, small energy transfers result in measurable
temperature changes in macroscopic masses. For exam-
ple, an energy transfer of 100 keV will raise the tem-
perature of 1 kg of Si initially at 1 mK to about 4 mK.
This temperature change scales inversely as the fourth
root of the mass when the T~„;„,~ is small compared to
Tr«~. McCammon et al. ' have demonstrated this
technique for the recoil energy range of interest utiliz-
ing a small Si detector ( —10 s g) at 100 mK as a
photon calorimeter for x rays. Their data convincingly
demonstrate high efficiency ( ) 70%) for the conver-
sion of recoil energy into thermal heating.

Equally important for timing information and coin-
cidence detection is the fast thermal response of sil-
icon at millikelvin temperatures. Each recoil event
will generate a ballistic phonon pulse which travels at a
velocity of —5X IOs cm sec ' throughout the crystal
and scatters or is absorbed at the walls. For a —1-kg
silicon block (with characteristic dimensions —10 cm)
the energy deposited would approach a spatially uni-
form phonon distribution after several transit times
r T = 20 p, sec, although the phonon spectrum may not
be thermalized until longer times. '2 The uniform pho-
non energy can be measured with use of one or more
thermal sensors located on the crystal surface. With
the Si block submerged in the mixing chamber of a
continuously operating He- He dilution refrigerator,
the recovery-time constant 7' =R~C~M/3 is deter-
mined by the Kapitza boundary resistance R&
(between the He and the Si), where 2 is the boundary
area and M the molar mass. Estimation of
RtrT —500 cm2 K W ' (Rx.cr T below 100 mK)
by extrapolation of higher temperature data' gives a
~„—100 p, sec (independent of T). Thus, event
response times ( 100 p, sec and recovery times & 1

msec are expected for a —1-kg mass.
The only remaining component necessary for a

detector is a method for observation of the thermal
pulses associated with an event. Thermometers have
been made directly on the surface of single-crystal sil-
icon wafers by ion implantation. This technique has
been used by McCamrnon et al. ' to measure x rays
with an energy resolution better than 0.2 keV at 100
mK. However, at a few millikelvins, the heat capacity
of such a sensor would dominate over that of 1 kg of
Si (note that a sensor with heat capacity approaching
that of a metal must be ~ 10 8 G if it is not to dom-
inate over 1 kg of silicon at these temperatures). It
may be possible to extend the parameters of such a
thermometer to reduce its heat capacity within the
desired range; however, there are other techniques.
An attractive possibility is to use the transition tem-

perature T, of a superconducting thin film as the sen-
sor. Tungsten (T, =15 mK) or an alloy (T, —5—10
mK) would be deposited onto the Si block and could
be monitored by a four-terminal resistance measure-
ment (bandwidth —1 MHz). A broad transition is ex-
pected which would provide a linear T versus resis-
tance region and avoid supercooling and superheating
effects often seen at these temperatures. ' If heat
leaks through the leads prove prohibitive, one can in-
ductively measure the resistance of a thin-film ring
with a SQUID magnetometer at some loss of
bandwidth ( —1 kHz). By use of different modulation
frequencies for each sensor, many sensors could be
monitored by a single SQUID. For either technique,
we estimate that for —1-kg Si blocks an energy reso-
lution of —10 keV could be achieved within the range
10 keV to 2 MeV. As a result of the nonlinear
response of the system, the resolution at lower ener-
gies is better. For the reactor experiments, where
event rates are high, smaller blocks could be used to
optimize sensitivities for the low-energy signals from
coherent nuclear scattering versus high-energy signals
from electron scattering. Finally, no thermal process,
including activated relaxation of defects, should pro-
duce noise greater than 1 keV.

Because of the real-time detection of events, back-
ground vetoing is possible. As mentioned above,
recoil electrons and nuclei produced via j scattering
lose their energy in less than 1 mm. Hence, for the
reactor experiments, consisting of —100 isolated cells
(each an —1-kg silicon block), neutrino-induced
events will only excite one ceil, and boundary losses
will be minimal. Cosmic-ray muons, however, will
deposit ionization energy throughout the detector, ex-
citing many cells. Such events can easily be vetoed,
provided their rate is not too large. For a 1—10-ton
detector consisting of —104 cells, it is possible to go
to a depth of 6000—8000 meters of water equivalent in
the Homestake mine. 's There, cosmic-ray muon
events should have a frequency of ~ 0.4 ton ' d
so that this background is not larger than the expected
solar-v event rate even before vetoing.

A more severe background is due to radioactive im-
purities in the Si itself, or in the surrounding Dewar,
resisitors, etc. , which may result in electrons or gam-
ma rays in the 1—700-keV range. To keep such events
for the solar experiment to less than about 1 ton
d ' requires a decay rate times abundance ( 10
sec ' atom. ' However, Si is available at impurity
levels of 1 part in 10'2 or better (via zone-refining
techniques' ) through its commercial use in the sem-
iconductor industry. Radioactive impurities such as
4OK and 8 Rb can be down by additional factors of
10 3—10 s. These isotopes have lifetimes of order
109—10'o yr. Thus we expect that impurities such as

K, R, Th, and U can be reduced belo~ the level re-
quired for the solar-v experiment. Even if this were
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not possible, energy-spectrum measurements requiring
E & 660 keV would rule out most such events.

Neutrons and photons from sources outside the ap-
paratus can cause problems if they scatter just once in
the fiducial volume of the detector, and in the process
deposit a small amount of energy. Such events must
be kept to a minimum through choice of construction
materials and adequate shielding. In particular, this
surface effect should be reduced for the large targets
we envision. An attractive possibility, which may re-
move this background, is to use large amounts of sil-
icon, perhaps more crudely monitored, surrounding
the actual fiducial volume. Such an active shield, the
size limited only by cost factors, could, in principle,
veto these events by sensing associated activity outside
the detector volume.

For the reactor experiments, the demands of ra-
dioactive purity and background rejection are less
severe because of the larger signal. Background levels
already achieved for pp experimentsts seem adequate
for use in a reactor environment, and it is likely that
these levels would themselves be reduced by going to
large detector volumes. In fact, existing pp experi-
ments could be converted for use in reactor v experi-
ments of the type proposed here, although the cost of
the high-purity germanium crystals required may
prove prohibitive and they would not be sensitive to
the nuclear recoil events.

In conclusion, using large amounts of Si at millikel-
vin temperatures to detect low-energy I 's seems prac-
tical with present technology and promises many im-
portant applications. However, some experience must
be gained before optimal designs are achieved, in par-
ticular with regard to the backgrounds at the very low
levels required for a solar-v experiment. Initially, we
envisage the design of a prototype single-Si-block
detector of mass —1 kg for use with known nonneu-
trino sources. Measurements of the thermodynamic
properties of Si in the millikelvin regime, made for the
first time, would be used to calibrate thermometry,
timing, thresholds, etc. Based on this, reactor-I ex-
periments would be built with 10—100-kg( —1QO cells)
active detectors, followed by a solar-v experiment re-
quiring 103—10 kg ( —10 cells) of active detector,
and better control of backgrounds.

We believe that major efforts to develop bolometric
neutrino detectors are justified on the basis of the
principles suggested here and the merit of the scientif-
ic goals that could be achieved —including possible
development of the first comprehensive solar-neutrino
observatory.

We thank many colleagues for discussions, notably
D. Caldwell, M. Witherill, R. Schrieffer, S. Glashow,
F. Goulding, R. Scace, G. Stevenson, D. Turnbull,
M. Tinkham, E. Fireman, J. Bahcall, S. Dimopolous,
and B. Neuhauser. One of us (B.C.) would like to

thank J. Martoff for many useful discussions related to
this work. Another (L.M.K.) also thanks the Aspen
Center for Physics, and the Institute for Theoretical
Physics at Santa Barbara. This work was supported in
part by NASA, the U. S. Department of Energy under
Contract No. DE-AMQ3-76SF00326, and National Sci-
ence Foundation Grants No. DMR 84-05384, No.
PHY 82-15249, and No. PHY 77-27084. L.M.K. ack-
nowledges receipt of a Junior Fellowship from the
Harvard Society of Fellows.

tR. Davis, in Proceedings of the Telemark Neutrino Mass
Miniconference, edited by V. Barger and D. Cline (Univ. of
Wisconsin Press, Madison, Wis. , 1980).

2F. Reines et al. , Phys. Rev. Lett. 45, 1307 (1980).
3F. Boehm et al. , Phys. Lett. 97B, 310 (1980).
4E. Commins and P. Bucksbaum, Weak Interactions of

Leptons and Quarks (Cambridge Univ. Press, New York,
1983), and references therein.

sJ. Bahcall, Rev. Mod. Phys. 50, 881 (1978).
D. Z, Freedman, D. L. Tubbs, and D. N. Schramm,

Annu. Rev. Nucl. Sci. 27, 167 (1977).
7L. M. Krauss and F. Wilczek, Phys. Rev. Lett. 55, 122

(1985) (this issue).
8H. A. Bethe, A. Yahil, and G. E. Brown, Astrophys. J.

262, L7 (1982).
9M. Goodman and E. Witten, to be published; L. M.

Krauss, M. Srednicki, and F. Wilczek, Harvard University
Report No. HUTP 85/A010 (to be published).

~OTo our knowledge, the first suggestion of using
bolometry with reference to v's, although for other pur-
poses, was T. O. Niinikoski and F. Udo, CERN Report No.
CERN 74-6, 1974 (unpublished). Also see A. Drukier and
L. Stodolsky, Phys. Rev. D 30, 2295 (1984), for a different
proposal on cryogenic detection of low-energy v's.

H. M. Rosenberg, Low Temperature Solid State Physics
(Oxford Univ. Press, London, 1963).
»S. H. Moseley, J. C. Mather, and D. McCammon, J.

Appl. Phys. 56, 1257 (1984); D. McCammon et al. , J. Appl.
Phys. 56, 1263 (1984); see also W. Knaak and M. Meissner,
in Proceedings of the Seventeenth International Conference on
Low-Temperature Physics, edited by V. Eckern, A. Schmid,
W. Weber, and H. Wuhl (North-Holland, Amsterdam,
1984).

30. V. Lounasmaa, Experimental Principles and Methods
Below I K (Academic, New York, 1974), p. 266.

R. J. Soulen and R. B. Dove, SMR 768: Temperature
Reference Standard for Use Below 0 5K, U. S.. National
Bureau of Standards Special Publication No. 260-62 (U. S.
GPO, Washington, D.C., 1984).

~5E. L. Fireman, private communication.
t6E. L. Fireman, in Proceedings of the Sixteenth International

Conference on Cosmic Rays, Kyoto, Japan, I979 (Univ. of
Tokyo Press, Tokyo, 1979), Vol. 13, p. 389.

7See, for example, Crystals, edited by J. Grabmaier
(Springer-Verlag, Berlin, 1982), Vols. 5 and 8. Note that
the abundance of all trace elements is not known. However,
extrapolations based on known abundances suggest that po-
tentially dangerous impurities are sufficiently rare.

tsD. Caldwell et al. , Phys. Rev. Lett. 54, 281 (1985).


