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We consider the use of superheated superconducting colloids as detectors of weakly interacting

galactic-halo candidate particles (e.g., photinos, massive neutrinos, and scalar neutrinos). We dis-

cuss realistic models for the detector and for the galactic halo. We show that the expected count

rate ( =10' count/day for scalar and massive neutrinos) exceeds the expected background by several

orders of magnitude. For photinos, we expect =1 count/day, more than 100 times the predicted

background rate. We find that if the detector temperature is maintained at 50 mK and using

SQUID electronic read out with the system, noise is reduced below 5X 10 ~ flux quanta, particles

with mass as low as 2 GeV can be detected. Any particle capable of resolving the solar-neutrino

problem by altering energy transport in the Sun can be detected. We show that Earth's motion

around the Sun can produce a significant annual modulation in the signal.

I. INTRODUCTION

Drukier and Stodolsky' proposed low-temperature par-
ticle detectors, specifically superheated superconducting
colloid detectors (SSCD's), for the detection of MeV-range
neutrinos through elastic scattering on nuclei and identifi-
cation of the recoil energy. The SSCD consists of super-
conducting grains maintained just below the transition
temperature; the energy deposited in a grain by the elastic
scattering of a weakly interacting particle raises the tem-
perature in the grain sufficiently to cause it to go normal.
The penetration of magnetic flux into the grain then pro-
duces an observable signal on the read-out electronics
(SQUID's, superconducting quantum interference de-
vices). Goodman and Witten showed that the SSCD can
be used to detect several candidates for the dark matter in
the galactic hallo: particles in the GeV mass range with
coherent weak interactions (e.g., massive neutrinos and
scalar neutrinos), spin-dependent interactions of typical
weak strength (e.g., photinos), or strongly interacting par-
ticles. Similar calculations have been carried out by
Wasserman. In this paper we examine the capabihty of
the SSCD for detection of these candidate particles with
realistic models for the detector and for the velocity dis-
tribution in the galactic halo.

In Sec. II we discuss the various components of the
detection system and their effects on detection capabili-
ties. In particular, we find a strong dependence of detec-
tor response on the velocity of the incoming particle,
count rate ~U . Hence we are driven to a discussion in
Sec. III of a realistic model of the local distribution of ve-
locities for the galactic halo. In Sec. IV we evaluate cross
sections for elastic scattering on nuclei for several candi-
date particles: massive neutrinos and various possible

lightest supersymmetric particles, scalar neutrinos, pho-
tinos, and Higgs fermions.

In Sec. V we estimate the contributions to the signal
from various backgrounds. Because the signature for an
event is the flip of just one grain, the background from
most cosmic rays and radioactive decays can be recog-
nized as the flipping of multiple grains and can be im-
mediately rejected. A possible source of background, so-
lar neutrinos, is shown to be negligible. The motion of the
Earth around the Sun produces a modulation in the dark-
matter count rate. We discuss using this modulation to
enhance background subtraction and confirm a detection.

Using the results of the previous sections, we then cal-
culate in Sec. VI expected count rates in the detector. If
the dominant component of the halo consists of either
massive or scalar neutrinos of mass ~5 GeV, a 1-kg
detector would record 10 counts per day; if the halo con-
sists predominantly of photinos, we expect a few
counts/kgday. By reducing the SQUID noise and the
system temperature, the minimum detectable mass can be
pushed down to 2 GeV. Section VII sums up the paper.

II. THE DETECTOR

The identification of an elastic neutral-current scatter-
ing of a GeV-mass particle with a heavy nucleus requires
a detector with sensitivity to heavy nuclei recoils with en-
ergies &1 keV, and good background rejection. Unfor-
tunately, conventional particle detectors with the possible
exception of low-gap semiconductors do not satisfy these
conditions. However, low-temperature particle detectors,
specifically, superheated superconducting colloid detec-
tors' (SSCD's), satisfy these requirements for an effective
detector of weakly interacting particles of several GeV.
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In Secs. VI and VII we also discuss the crystal bolometers
and show that the most popular ones, Si and Ge, have
cross sections considerably smaller than the best supercon-
ducting detectors. Furthermore, the challenges of ra-
dioactive background suppression in diverse low-
temperature detectors are discussed.

The SSCD consists of superconducting grains, a few

pm in diameter, embedded in a dielectric material, and
placed in a magnetic field. The grains are maintained just
below their superconducting transition temperature. The
incident halo particle scatters off of a nucleus in the grain,
imparting a recoil energy of a few hundred eV. This
small energy deposition is sufficient to make a tiny super-
conducting grain go normal, permitting the magnetic flux
to penetrate into the grain and producing an electromag-
netic signal in the read-out electronics.

The detector is characterized by an energy threshold
Eth

E,i, - rs Cv(T)AT

where rs is the radius of the grain, Cv(T) is the specific
heat of the metal, and b, T is a function of the external
magnetic field. Any collision that imparts a recoil energy
above the energy threshold produces a detectable signal.
Because of variations that occur in grain preparation,
there will be a spread of approximately 20% in the grain
energy thresholds within a detector.

The recoil energy transferred in a collision between an
incident particle of mass m and velocity u and a grain
composed of nuclei of mass M depends upon the scatter-
ing angle 8:

Ep~ jO)
u ( 1 cos8)

mM
(m +M)

Thus, the maximum recoil energy is

2m M
(m +M)

Since a particle can be detected only if it deposits more
than E,i, in a scattering, there is a minimum detectable
velocity u;„:

(m +M) Eti,
Umin (3b)

2m M

Therefore, a particle is detectable only if its mass is large
enough so that there are incident particles with velocities
greater than u;„:

M
(2Muma. '/Ea )'"—1

u,„ is the maximum partic1e velocity which for halo par-
ticles is the local escape velocity from the galaxy. %e see
that particle detectability depends upon (1) particle mass
and velocity, (2) choice of grain material, (3) system tem-
perature and imposed magnetic field, and (4) the size of
the grains. We will see that the minimal size of the grains
is set by the sensitivity of the read-out electronics.

There are over 20 elements that are type-I superconduc-
tors. The grains in the detectors can be composed of any

one of these elements. Since these elements vary by 1—2
orders of magnitude in specific heat, atomic number, den-
sity, critical temperature, and critical magnetic fields, dif-
ferent materials are optimal for different detector tasks.
Furthermore, the level of contamination of naturally
occurring radioactive elements, potassium, uranium, and
thorium, vary from metal to metal, thus the expected level
of background counts varies from element to element.
Tin, because of its very low specific heat ( Ci ——34
eV/p, m K at 50 mK) and its relatively high critical field
(H, =303 G), makes an excellent detector of both scalar
and massive neutrinos. ' Other advantages of tin are its
low melting point which facilitates grain production and
extensive experience in using tin SCCS's. The high
aluminum-photino scattering cross section makes it an ex-
cellent candidate for use in the detection of photinos.

The energy threshold depends strongly on the system
temperature, E,i, ~ Ci ( T)b T ~ T for T & 1 K. Particles
with mass greater than 20 GeV can be detected' by a
detector cooled to 0.4 K. Detection of particles of masses
less than 5 GeV necessitates working in lower tempera-
tures. Throughout this paper, we will assume T=50 mK,
a system temperature easily obtained in commercially
available dilution refrigerators for mass samples smaller
than 10 kg. These cryostats have a temperature stability
of better than 1 mK. There are several sources of thermal
noise: the temperature instability of the helium bath, tem-
perature fluctuations, and external phonon absorption. If
we require that the grain must be heated by at least 12.5
mK to produce a change of state, these temperature noise
effects are negligible. '

The disappearance of the Meissner effect signals the
change of state of a grain due to an elastic collision. The
superconducting grain placed in the external magnetic
field H is equivalent to a magnetic dipole; the disappear-
ance of this dipole generates a detectable emf. Since the
grains are in a metastable superheated state, the change of
magnetic permeability is permanent, and thus can be con-
veniently detected by SQUID's. We can determine the
change in flux at the loop induced by the change in state
of a single grain of radius rs (and volume Vs) inside a cir-
cular loop of radius rr .

~Pi i=—Hvg E (k) E (k)+
2rL 1 —a 1+a (5)

where a, d, and k are defined in terms of A, the distance
from the grain to the loop axis and D, the distance from
the grain to loop plane: a =3 /rL, , d =D/rL, and
k =4a/[(1+a) +d ]. E(k) and K(k) are elliptical in-
tegrals. For a grain in the center of the loop, this simpli-
fies to

r&
~A~p= —~4g

rJ

where b.Ps -mrs H. .

If the "fiux sensitivity" of the SQUID is assumed to be
constant, then the optimum sensitivity will be obtained
when hgs&UiD is maximized. This can be done by either
varying the number of turns in the pickup coil or by vary-
ing Ls&UiD which requires rebuilding the SQUID, but is
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sometimes possible and useful. The change in fiux ob-
served by the SQUID will depend upon the number of
turns in the loop, the inductances of the SQUID
(LsQUtD), and the inductance of a single turn in the loop
Ll.
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&1. FsQUtD, the figure of merit of the
SQUID read-out system, will be assumed to be 0.3 for
loops of radius 10 cm and 0.215 for loops of radius 20 cm.

We will require that the signal produced in the SQUID
by a grain fiip b,psQUtD exceed the system noise by a fac-
tor 10. The intrinsic noise in a dc SQUID is very small:

b,P„„~=5 X 10 Qp/&Hz, (8)

where pp ——2.07X10 Gcm is a flux quantum. For
loops with a radius greater than 10 cm, other sources of
noise, mechanical vibrations, and the pickup of magneto-
spheric fiuctuations, dominate and contribute between
10 4 and 10 flux quanta per O'Hz. Thus the choice of
loop diameter and the observed read-out system noise de-
fines the minimal size of the grain and the energy thresh-
old. In Fig. 1, E,h is plotted as a function of read-out sys-
tem noise for a tin detector with loops of radius 10 and 20
cm. Figure 2 is the same plot for an aluminum detector.

The optimal read-out configuration may consist of
several small read-out loops in parallel. Magnetic gra-
diometers can be used to reject external magnetic noise.
These improvements would reduce the bP& p required for
a clean detection, and, hence, allow the use of smaller
grains and the detection of less massive particles.

Natural radioactivity is the major source of back-
ground. Radioactive decays produce particles with kinetic
energies of many MeV. These particles are likely to flip
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FIG. 1. Energy threshold (in eV) as a function of read-out
system noise for a tin detector with loops of radius 10 and 20
cm. Noise is taken to vary between (10 —10 }$0where a flux
quantum $0——2.07X10 ' Gcm.
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FIG. 2. Same as Fig. 1 for an aluminum detector.

where p is the density of the element used in the supercon-
ducting grain.

Because of the high cost of the SQUID's and the diffi-
culties of operating more than ten SQUID read-out sys-
tems, we wish to maximize the count rate per SQUID.
Since the count rate scales as the mass of the detector and
the incident particle velocity, ~e wash to maximize M~.
Equation (9) shows that M~ cc rL, . If a larger loop is used,
maintaining the same signal strength hpsQUtD requires
larger grains. Equations (6) and (7) yield ri cc rs if all the
other parameters of the detector are held constant. Since
it takes more energy to heat a larger grain, the price of a
large loop is a higher-energy threshold. Since E,h

msa, „~rs, Md ~E,h . For a dark-matter particle of
given mass, the energy threshold establishes a minimum
detectable particle velocity um;„; Eq. 3(b) yields
E,h~u;„. Hence, from Eqs. (1)—(9) we see that the

not one but many grains. For example, the requirement
that only one grain fiips diminishes the background due to
~K impurities by 4 orders of magnitude. By filling only a
fraction of the volume of the loop with the colloid, and by
requiring that both the multiple flippings of grains and
the fiipping of a single grain near the surface of the col-
loid (which produces a stronger signal) are rejected, the
contribution of natural radioactivity to the background
can be markedly reduced. ' Numerical analysis shows that
the optimal detector looks like the surface of revolution of
a filled pretzel and occupies 30% of the loop volume.

Only a small fraction of the colloid (=10%) is com-
posed of superconducting grains, the rest of the colloid is
composed of the dielectric, which prevents grains from
transferring heat to their neighbors. Thus only a small
fraction of the volume of the loop is allotted to grains.
The count rate per SQUID will scale with the mass of the
grains within the loop connected to the SQUID. The
mass of superconducting grains within each loop M~ de-

pends upon the filling factor of grains in the colloid a„u
and the fraction of the volume of the detector allocated to
the colloid al

4m 3~d ~L p+colPloop 0 ~~p~L
3
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mass of grains attached to each SQUID scales as U;„:
9m'

d 2 0~ o11 1250
2

'3
+sqUrDH m M

(m +~)' ~v(T')~T

This strong velocity dependence encourages the use of a
realistic model of the local distribution of velocities for
the galactic halo, the subject of the next section.

III. THE HALO MODEL

In discussing particle detectability„Goodman and Wit-
ten assumed that the halo is composed of particles with
velocities =200 km sec '. Because of the strong sensi-
tivity of the system to particle velocity, we are motivated
to use a more realistic model of the local distribution of
dark matter.

Our Galaxy is a spiral galaxy. Most of its luminosity is
produced in metal-rich stars distributed in a disk. Our
Sun is part of this disk, which consists mostly of stars and

gas clouds orbiting the galactic center in nearly circular
orbits. The luminosity of spiral disks is observed to fall
off exponentially with radius. While most of the luminos-
ity is produced in a thin disk, most of the mass in the
Galaxy is in a nonluminous, perhaps nonbaryonic halo.
Observations of the rotation curves of other spiral galax-
ies (circular velocity U, as a function of radius) determine
the distribution of mass in a galaxy as a function of radius
R through straightforward orbital dynamics:

Gm(R)

In a wide range of spiral galaxies, the rotation curve is
fiat: the circular speed is independent of radius. This
implies that M(R) ~ R; thus galaxies are observed to have
a halo of nonluminous matter, whose density falls off as
R out to the edge of the Galaxy. If photinos or scalar
neutrinos make a significant contribution to the density of
the Universe, we expect them to be the major component
of the halo.

Oort was the first to infer the local density distribution
through a detailed study of stellar motions. Oort noted
that stars in the Galaxy should be in hydrostatic equilibri-
um. Any stellar population in equilibrium in our galactic
disk will satisfy

d [n (z) ( (zU) ) ] =n (z)
dz dz

where n(z) is the stellar density as a function of height
above the disc z, U, is the stellar velocity perpendicular to
the disk, and P is the galactic potential. Through
Poisson s equation, Oort inferred the local density distri-
bution. This technique has been refined by using better
samples and treating the problem self-consistently.

Several authors ' have made detailed models of the dis-
tribution of mass in our Galaxy. Caldwell and Ostriker
estimate a local halo density: p~@, of 0.007Mo/pc =0.4
GeV/cm . There is a factor 2 uncertainty in this esti-

mate. This is the largest uncertainty in our halo model.
Unlike the disk of the Galaxy, which is supported

against radial collapse by its angular momentum, the dark
halo is supported by random velocity which serves as a
collisionless pressure. %e will assume that the halo is iso-
tropic and spherically symmetric (see also Appendix). We
can again apply the equation of hydrostatic balance (this
time in the radial direction):

d[n(R)( Ua)]
dR dR

(13)

Applying Eq. (11), and recalling that the halo density is
observed to fall off as R 2 in other galaxies, we can
determine the radial velocity dispersion:

i d [ln(R)] z ~ z

[ ()] (14)

%'e have assumed that the radial velocity dispersion is in-
dependent of radius. The local circular speed is observed
to be 243+20 km/sec (Ref. 9).

When the matter that makes up the halo collapsed to
form our Galaxy, the velocities of its constituent particles
(photinos, axions, black holes' ?) were randomized in a pro-
cess called "violent relaxation. "' Since the particles of
interest to our detector, photinos, scalar neutrinos, and
massive neutrinos, have such small cross sections that
their time scale for collisions with interstellar baryons
exceeds the age of the Universe by many orders of magni-
tudes, they retain the velocity distribution function ob-
tained during the formation of our Galaxy.

While we do not know the details of the halo-
distribution function, we are able to infer its general struc-
ture. It must be a decreasing function of energy. " If we
assume that collapse has nearly isotropized the distribu-
tion function, we can infer that the total velocity disper-
sion is approximately three times the radial velocity
dispersion, thus =300 km sec '. We know that particles
whose velocities exceed the galactic escape velocity will
have escaped; therefore, the distribution function must be
truncated at the escape velocity.

If we assume that the halo-distribution function de-

pends only on cosmion energy, then we can invert the den-

sity profile to find the velocity distribution. An r halo
is produced by the standard isothermal sphere model for
the halo velocity distribution. Such a model self-
consistently generates a flat rotation curve.

Unlike the disk, the halo is not rotating. If the halo did
rotate, it would be flattened like the disk. This is incon-
sistent with several observations: The scale height of the
HI gas in our own Galaxy is observed to increase rapidly
outside a radius of 10 kpc where the spheroidal halo be-
gins to dominate the potential in the galactic plane. Ob-
servations of tracers of the halo population, globular clus-
ters, RR Lyrae stars, and high-velocity stars, suggest a
nonrotating spheroidal component. X-ray observations of
galaxies which measure the shape of their potentials also
demonstrate the presence of a nonluminous spheroidal
component.

For most of this paper, we will assume that the halo
distribution function is a truncated exponential
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f(u „v )=expI —[(up„—u, )'+v~~ ]/v, ')

&& du pard vperp (15)

that is cut off at the local escape velocity. up„ is the velo-

city component parallel to Earth's motion and v~~ is
the perpendicular component. U, includes both Earth' s
motion around the Sun and the Sun's Inotion through the
Galaxy.

%'e now turn to estimating the escape velocity. Since
this will set an upper limit on incident particle velocity,
and hence, establish an upper limit on the maximum ener-

gy transferred by a particle with a given mass, the escape
velocity along with the energy threshold of the detector
determines the minimum mass detectable particle.

We will estimate the escape velocity via two routes: (1)
we can obtain a lower limit from observation of high-
velocity stars; and (2) we can measure the rotation curves
of galaxies similar to our own and thus infer their escape
velocities.

Observations of high-velocity stars establish only a
lower limit on the escape velocity. Limitations of obser-
vational searches may make the exponential tail look like
the high-velocity cutoff. Recent observational work has
attempted to probe the tail of the stellar velocity distribu-
tion function. Currently the highest observed stellar velo-

city is 583 km/sec (Ref. 12). If our halo is composed of
weakly interacting particles, we expect that some of the
particles will impinge on terrestrial detectors with veloci-
ties higher than or on the order of this velocity.

If we assume that the rotation curve of our Galaxy is
flat and that our Galaxy extends out to about 100 kpc (as
observed in other galaxies), we can estimate the local es-

cape velocity:

(16)

We can now integrate over the dark-matter density distri-
bution to determine the predicted count rate per kg per
day:

where r,ds, is the radius of the Galaxy and r~, ~
is the

distance between our Sun and the galactic center. This
method yields u,~ =625 km sec ', consistent with the ob-
servational lower limit.

Now we turn to calculating the flux rate of detectable
particles. Simple kinematics establishes the amount of en-

ergy transferred by an incident particle with mass m and
velocity u to a detector composed of nuclei of mass M, see
Eq. (2). A fraction of the collision of particles with veloc-

'ities greater than u;„, g(u), will result in sufficient ener-

gy transferred to produce a detection,
COS8thf, o(8)d cos(8)

g(V)= (17)f cr(8)d cos(8)

where 8 is the scattering angle, o(8) is the scattering cross
section, and cos(8,h) = 1 —2u;„ /u . The cases of interest
are isotropic, thus,

6X 10
R = n„„, du~~ dup„f (v)o(v)

Umirl

. 2

x
U2

/v /, (19)

where A is the atomic weight of the material that makes
up the superconducting grain. u;„contains all of the in-
formation about particle mass m, and the capabilities of
the detector through E,h. The count rate per SQUID per
day is found by multiplying R by the mass of the detector
inside the SQUID in kg [see Eq. (10)].

IV. THE PARTICLES

Viable candidates for massive, weakly interacting parti-
cles which could make up a dark galactic halo are massive
neutrinos and the lightest (and therefore stable) supersym-
metric particle. In this section we present elastic scatter-
ing cross sections for these particles, describe their in-
teractions with the nuclei in the detector, and in each case
discuss the viability of detection. We will assume that the
candidate particle is present in sufficient abundance to
provide the dark halo matter (ph, ~,=0.007MO/pc ) and is
described by a Maxwellian velocity distribution as in Sec.
II. We note that particles trapped in our Galaxy move
with velocities less than 600 km/sec=2X10 c and hence
can be treated as nonrelativistic.

In the reinainder of this paper we set h =c= l. We will
consider momentum transfer in a collision of at most
0(10 MeV/c). The de Broglie wavelength corresponding
to this momentum is k '=2X10 ' cm, larger than the
radius of any nucleus, R =10 ' cm. Since kR ~~1, the
incoming particle interacts with a point nucleus, and one
can ignore the finite size of the nucleus and its quark sub-
structure. ' This assumption begins to break down for
particles of mass &30 GeV; a more detailed analysis
would then be required.

A. Massive neutrinos

Neutrinos with large masses occur naturally in a variety
of grand unified models' and have been invoked in at-
tempts to explain recent anomalous monojet events report-
ed by the UA1 Collaboration. ' Lee and Weinberg' cal-
culated the annihilation cross section for heavy Dirac lep-
tons due to V —A interactions, and derived a lower bound
of 4h&o

' GeV in order that the mass density of neutrinos
today does not exceed twice the critical density. h So is the
Hubble constant in units of 50 km sec 'Mpc '. Alterna-
tively, massive neutrinos may be Majorana fermions. In
this case there can be significant suppression of s-wave
annihilation and the bound on the neutrino mass becomes
about 12 GeV (Ref. 17).

Goodman and Witten have calculated the scattering
rate in the nonrelativistic limit for any particle that
scatters off of nuclei by Z exchange. Their results apply
both to massive Dirac neutrinos and to supersymmetric
scalar neutrinos. They find a cross section for scattering
of a neutrino of mass m off of a nucleus of mass M with
z protons and n neutrons:



33

m
o,„=

2 GF Yt[z(I —4sin ett )—n]2, (20a)
2tr(m„+M)

where GF is the Fermi constant and F is the weak hyper-
charge (= I). Note that in this regime of large de Broglie
wavelength, the scattering is coherent, and the cross sec-
tion is given by the scattering off of one nucleon times a
factor

n 2=[x(l—4sin e~ )—n]t .

e

rn 25—
O

o 2

r i &

I
t r

4 GeV

3 GeV

B. Supersymmetric candidates

Supersymmetric theories predict higher-mass partners
for the known particles. The conservation of a new quan-

4.5— LOOP RADIUS= 20 cm
T=SO m K
TIN DETECTOR
SCALAR NEUTRINOS

For the massive nuclei that we consider in this paper,
axial-vector contributions are at most a few percent. We
used this cross section in Eq. (19) to find the count
rate/kg day and the count rate/SQUID day. In Figs. 3
and 4 we have plotted the count rate/SQUIDday as a
function of SQUID noise for tin detectors with read-out
loops of radius 10 and 20 cm, and for a range of neutrino
masses. We see that if the halo is composed of massive
Dirac neutrinos, a single SQUID should observe several
thousand counts per day if the massive Dirac neutrino
mass lies above the detectable mass threshold. Nondegen-
erate Dirac neutrinos more massive than 9 GeV would
produce an observable signal in proton-decay detectors
and thus cannot be the dark matter of the halo. 's

Massive Majorana neutrinos scatter only through spin-
dependent interactions. Their cross section for scattering
off of nucleons

m 2M~
o,„= A, J(J+1)8' (m+M)

is much smaller than that of massive Dirac neutrinos, and
similar to photinos, which also have axial-vector cou-
plings. A, is a nucleus dependent factor and J is the mag-
nitude of the nuclear spin (see discussion below).
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FIG. 4. Same as Fig. 3 for scalar or massive neutrinos with a
10-cm loop radius.

turn number, E. parity, implies that the lowest-mass su-
persymmetric particle (LSP) should be stable against de-
cay. Depending on various parameters in the theory, the
LSP may be the scalar, supersymmetric neutrino v, the
photino y, the Higgs fermion Sc, or a mix of y and Sc
combined. '9

In many theories, the LSP is the photino. If the scale
of supersymmetry breaking is related to the weak scale the
photino mass is 0(aMa ). Cosmological constraints2c'2'
Mtabhsh a lower limit on its mass of 18 Gev for mq &40
GeV. Photinos couple through axial-vector couplings to
leptons via scalar-lepton (supersymmetric lepton) ex-
change, and to quarks via scalar-quark exchange. The
masses of the scalar leptons and scalar quarks that medi-
ate both annihilation and scattering are constrained by ex-
periment to exceed 40 GeV (UA I Collaboration).

Because of their purely axial-vector coupling to quarks
in the simplest models, the scattering of photinos off of
individual nuclei adds destructively; hence, the cross sec-
tion does not have the n factor due to coherence that
was found in the vector coupling case. (We already saw
that neutrinos have this factor because of their vector cou-
pling. ) Goodman and Witten show that for spin-
dependent photino-nucleus scattering cross section can be
written as

A

a
3.5—

O

4

O

3 GeV .4 GeV

m-„M 4qf
4

o,-„= I, J(J+1),
tr(m-+M} mf

(21)

where f ranges over u and d, J is the magnitude of the
nuclear spin, m& is the mass of the scalar quark ex-

changed in the scattering, qf is the charge of its quark
partner, and A, is a nucleus dependent factor.

In the nuclear shell model,

I
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FIG. 3. Expected count rate/day SQUID for scalar or mas-
sive neutrinos in a tin detector with 20-cm loop radius at an
operating temperature of 50 mK. Count rates for 2, 3, and 4
GeV particles are plotted as a function of read-out system noise
in units of flux quantum.

s (s + 1)—1 (I + I )

j(j+I)
(22}

where s, I, and j are the spin, orbital, and total angular
momentum of the extra proton, neutron, or holes. In
Table I we have listed the values of A, j(j+ I) for several
elements.
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TABLE I. Different elements as photino detector. Following Ref. 2, we tabulate A, 'J(J + 1) for vari-

ous superconducting elements. In parentheses we indicate whether scattering is from up or down

quarks and describe the assumed shell-model input. The last column lists the figure of merit as defined
in formula (24). %e also include data for two semiconductors Si and Ge which could be used as low-

temperature bolometers. Unfortunately, the low isotropic abundance of odd nuclei (see second column)
makes Si and Ge unattractive for photino detection. Furthermore, we include several light elements
that can be used as photino detectors. He, Li, Be, and "8 are commercially available as pure iso-
topes; enriched abundances are assumed. Abundances for other elements are natural.

(Odd nuclei)
(%)

(Shell model)
(shell-model quality)

Figure
of merit

3He

'Li

'Be

11B

13C

15N

17O

19F

2 Al

"Si

51y

"Zn

69,716a

'36e

93Nb

'03Rh

111,113Cd

113,115In

1)5, 117S

203,205Tl

207Pb

0.36

0.04

99.8

4.11

7.76

16.5

22.6

0.91

0.50

0.50

0.50

0.10

0.10

0.42

0.91

0.42

0.91

0.40

0.22

0.50

0.37

0.37

0.10

0.36
0.91

0.37

0.36
0.91

0.18
0.91

0.10

S 1/2

3/2

3/2

3/2

1/2

d 5/2

S 1/2

S 1/2

f5/2

3/2

g
9/2

g
9/2

11/2

S 1/2

9/2

g 11/2

1/2

S 1/2

d 3/2

1/2

neutron hole
(good)
proton
(good)
neutron hole

(good)
proton hole

(good)
neutron

(good)
proton
(good)
neutron
(good)
proton
(good)
proton hole

(good)
neutron hole

(good)
proton
(good)
neutron hole

(good)
proton
(fair)
neutron
(good)
proton
(good)
proton
(fair)
neutron
neutron
(both models poor)
proton hole
(fair)
neutron
neutron
(both models poor)
proton
proton
(both models poor)
neutron hole
(good)

0.30

1.15

0.06

1.53

3.8g10-4

0.11

9.9x 10-'

0.77

0.25

0.001

0.13

0.001

0.11

0.0004

0.06

0.02

0.0008
0.002

0.05

0.0005
0.001

0.01
0.07

0.0001

There may be mixing between left- and right-handed
scalar quarks. This is not favored in most models. If
such mixing did exist, photinos ~ould couple coherently
to quarks with cross sections proportional to (2n +z} for
a d scalar quark and (2z+n) for a u scalar quark. This
couphng depends upon the mixing angle P, which is limit-

ed to be quite small; therefore, coherent scattering is not
significant.

Photinos are Majorana particles, and hke Majorana
neutrinos, their s-~ave annihilations are suppressed. The
photino annihilation rate has been calculated in the nonre-
lativistic limit ' ' to be
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FIG. 5. Same as Fig. 3 for photino count rate in Al detector
%Pith 20-cm loop radius.

(23)

The sum f ranges over the quarks (u, d, s, c, etc.} with f
the corresponding scalar quarks, and over the leptons (and
corresponding scalar leptons}. In the range we are in-
terested in (M =50 GeV), the scalar-quark masses must

generally be degenerate. 2 Otherwise their contribution to
the K 17:o-mixing is not canceled by the Glashow-
Iliopoulos-Maiani (GIM) mechanism, leading to a large
KL -Xs mass splitting, in conflict with observation.

Since today the density of photinos p„~ I/(av);„, for
different values of photino mass one can calculate the
scalar-quark mass required to achieve 0„=1 (see Fig. 6).
Again applying Eq. (19), one can obtain the count rate
kg day and rate/SQUID day, which are plotted in Figs. 5
and 6 as a function of SQUID noise for various values of
photino mass in an aluminum detector with read-out
loops of radius 10 and 20 cm.

The scalar neutrino, the supersymmetric partner of the
neutrino, can also be the LSP (Ref. 20). Since it has vec-
tor couplings to Z bosons and scatters from nuclei by Z
exchange, its cross sections are identical to the massive
neutrino. Hence, the neutrino scattering cross sections of
Goodman and Witten can be used with m„replaced by
m-„. The same count rate in the detector is obtained as
for massive neutrinos (see Fig. 4).

The scalar neutrino s cosmological annihilation, howev-
er, is very different from that of the massive neutrino.
For most parameter choices, annihilation via exchange of
neutral gauge/Higgs fermionsi4 dominates over other an-
nihilation channels. This annihilation rate, because of its
fermionic propagator, is very rapid: for most parameter

cl'
rrrr —4

M
f
K
D
cr

—6—D

—1
I

. 0002 0004
r I I I I I I I & r I r t a I I r r I I r r
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FIG, 6. Same as Fig. 3 for photino count rate in Al detector
with 10-cm loop radius.

choices, the scalar-neutrino cosmological density will be
much less than its closure density. With fine-tuning,
this annihilation mechanism can be suppressed and scalar
neutrinos can close the Universe. Limits from the decay
of scalar neutrinos captured by Earth establish that scalar
neutrinos more massive than 12 GeV cannot provide the
dark matter of the halo. '

V. THE BACKGROUND

In the previous section, we saw that a 1-kg detector sen-
sitive to 50-eV recoils should record 10 counts per day if
the galactic halo is composed of scalar or massive neutri-
nos of mass greater than 4 GeV and a few counts per day
if photinos are the dominant component of the missing
mass. In this section, we will discuss the various sources
of background: cosmic rays, natural radioactivity, and so-
lar neutrinos.

The pm granularity, reasonable energy resolution, and
p, sec time resolution of the detector permit excellent back-
ground rejection. The signature of a neutral scattering
event is the flipping of one and only one grain. In a solar
neutrino detector, natural radioactivity is the dominant
background source (=5X 10 counts/kgday). For our
dark-matter detector, the solar neutrinos are a background
component.

The cosmic-ray background ffux has been discussed in
previous studies of SSCD's (Ref. I). At the Earth's sur-
face, hundreds of muons will cross the grains every day.
A simple external veto detector, however, can suppress
this background by a factor of a thousand. Most of the
muons will flip multiple grains, and thus will be rejected
as background; only very few muons will flip only one
grain. At a depth of 1500 m. w.e. (metric water
equivalent), muons are expected to contribute 6.6X10
counts/kg day and at a depth of 4000 m. w.e., only
6.0X 10 counts/kg day.

Radioactive contamination by natural elements ( K, U,
and Th) can be reduced below one part per billion with
chemical purification techniques. U and Th contamina-
tion are the easiest to control; K will be the major con-
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taminant. In 1 kg of tin contaminated by one potassium
atom per 10, there are 1.5 X 10' K atoms and 1.8 X 10'
atoms of radioactive K atoms. K is a P emitter with
a lifetime of 4.73 X 10" day. Thus we expect 260
decays/day. Since E~,„( K)=1.4 MeV, most of the
emitted electrons will flip hundreds of grains. The energy
range corresponding to that of electrons that flip only one
grain is E& &10 keV. Only 10 of ail K decays will

produce a change of state in just one grain, thus the ex-
pected radioactive background for material of purity one
part in 10 is 2.6X 10 counts/kg day. Active experi-
mental programs at the University of South Carolina,
Columbia, and Max-Planck Institut, Munich are pursuing
the reduction of radioactive background.

State-of-the-art purification techniques can further
reduce the level of impurities in metals with low melting
points such as tin. Zonal refining techniques, similar to
those used for Si and Ge, may reduce the contamination
by several orders of magnitude below our assumed value
to purity levels comparable to commercially available Si
ingots ( =10 ' ). Chemical purity, however, is not
synonymous with radio purity. Careful analysis of the
detector materials for the existence of long-lived radioiso-
topes is essential for background reduction. Long-lived
isotopes, such as Si and Al, are a major source of back-
ground for silicon-based or sapphire-based bolometric
detectors. The experimental studies show that
commercially available Si crystals have 3—4 orders of
magnitude higher radioactive background than very pure
Sn or Pb. The present available material is Ge.

The SSCD will also detect solar neutrinos. Solar neu-
trinos will scatter both coherently off of' nuclei and off of
electrons in the grain. For coherent scattering off of nu-
clei, the neutrino count rate depends strongly on the ener-

gy threshold. When searching for particles with masses
& 10 GeV, an energy threshold of 200 eV permits detec-
tion and allows only '8 neutrinos to contribute to the
background (~5X10 /kgday). However, detection of
particles of lower mass requires a lower energy threshold.
A 50-eV threshold, low enough to detect 2-GeV particles,
will allow both Be and Be to contribute to the back-
ground ( = 5 X 10 counts/kg day).

Neutrino scattering off of electrons in the grain will
also contribute to the background. The abundant p-p neu-
trinos will be the dominant source. The total contribution
of neutrons-electron scattering' to the background is less
than 2 X 10 counts/kg day).

If the galactic halo is composed of either scalar neutri-
nos or photinos of masses greater than 2 GeV, the dark-
matter count rate should dominate over the background
by several orders of magnitude. A conservative estimate
of background is (1—5)X10 counts/kgday. For low-

energy thresholds, the solar neutrinos are the dominant
component of the background. For higher-energy thresh-
olds, radioactive impurities are expected to be the major
background source.

Since the typical background particle deposits far xnore

energy than one of the dark-matter candidates, the back-
ground count rate should be insensitive to the energy
threshold. Cosmic-ray muons and electrons emitted froin
the P decay of K deposit 1.5 keV/pm of tin. Thus,

they would deposit =5 keV in a 2-p, m grain. The
coherent scattering of a solar neutrino off of the electrons
in the grain will deposit about 10 keV. On the other
hand, the typical dark-matter candidate with m ~20 GeV
will deposit less than 1 keV in a collision. Thus, a simple
way to reject background is to run the SSCD detector
with two different energy thresholds, say 0.5 and 2 keV.
This change of threshold will not significantly change the
background contribution to the count rate but should
practically eliminate all events due to dark-matter candi-
dates.

The motion of Earth around the Sun produces a modu-
lation in the dark-matter count rate (see Fig. 7). This
modulation will enhance our ability to subtract off back-
ground, and help confirm a detection. The modulation ef-
fect is greatest when the energy threshold lies just below
the maximum possible energy transferred in a collision.
In this regime, the effects of adding (or subtracting)
Earth's motion around the Sun is significant. When
Earth's velocity relative to the halo is highest, there are
more particles above the energy threshold. (Note that the
ecliptic is inclined by 62.5 deg from the galactic plane,
thus only a fraction of Earth's velocity is added to the
heliocentric velocity. )

This predicted modulation is not the result of our as-
sumed velocity distribution nor is it very sensitive to in-
strument imperfections. We expect this effect for any
velocity distribution that has a cutoff at high velocity'.
Since particles with velocities greater than the Galaxy's
escape velocity would have escaped long ago, a cutoff is
inevitable. Instrument imperfections will only slightly
reduce the amplitude of this modulation. For example,
variations in grain sizes or diamagnetic efflux:ts between
grains may produce a spread in the energy threshold of
&R,h/E, h &0.1—0.5. The Appendix discusses the depen-
dence of the modulation effect on the shape of the distri-
bution function and the width of the energy threshold.

%e also expect a modulation in the solar-neutrino con-
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FIG. 7. Modulation of dark-matter signal in the detector due
to the motion of the Earth around the Sun. Expected count
rate/{averaged count rate} is plotted for different months of the
year. This modulation effect can be used to enhance back-
ground subtraction.
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tribution to the background. As the Earth-Sun distance
undergoes its annual variation, the solar-neutrino count
rate varies as I/8 (t) . When Earth is closest to the Sun
in January, the solar-neutrino contribution to the back-
ground will be at its maximum. The halo dark-matter
count rate should be at a maximum in May when the
Earth's vdocity around the Sun is parallel to the Sun*s

motion around the galactic center.

RADIUS OF LOOF = 20 cm

SYSTEM NOISE = 5 X 10 FQ

-' PHOTINOS

VI. PARTICLE DETECTION
AND IDENTIFICATION

What we can detect will depend upon the energy
threshold of the detector and the noise level in the
SQUID. In Fig. 8 we have plotted the minimum detect-
able mass for various particles as a function of operating
temperature (here loop radius is assumed to be 20 cm and
SQUID noise 5X 10 Pu}. At an operating temperature
of 50 mK, neutrinos or scalar neutrinos with masses
above 2 GeV should be seen in a tin detector with a large
count rate of 50 counts/day. 7-GeV scalar neutrinos
would produce 10 counts/day. If massive or scalar neu-
trinos compose the "missing mass" of the halo, we antici-
pate signal-to-background ratios in excess of 10. Pho-
tinos more massive than 2 GeV could be seen with a lower
count rate of 0.5 counts/day, still 102 higher than the an-
ticipated background count rate. The annual modulation
in the signal due to the Earth's motion and the energy
dependence of the signal will capacitate significant
enhancement of the signal-to-background ratio.

The next question we wish to address is that of particle
identification. Once the detector responds to some type of
massive particle, how can we identify the particle? We
will show that one can determine the mass and the type of
coupling of the incoming particle by varying the energy
threshold and the material of the detector.

Changing the applied magnetic field or the operating
temperature varies the energy threshold. As the threshold
rises, fewer particles carry enough energy to change the
state of the detector grains, and hence the count rate de-
creases. Just before the threshold energy is so high that
the signal disappears altogether, only the very fastest par-
ticles can still fiip the grain ( u;„=u,~=600 km/sec), and
from Eq. (16) one can obtain an estimate of the mass of
the particle.

Recall that many different elements can be used for
grains in the detector (see Table I). By using detectors
composed of several different materials, we can determine
the mass and coupling of the particle. Photinos, because
they couple only through an axial-vector coupling, will
not scatter off of even-even nuclei. Since the photino-
nucleon scattering cross section scales as the fourth power
of quark charge, the predicted count rates are much
higher for elements which couple through an up scalar
quark (qf 3 ) than for those which couple through a
down scalar quark (qf ———,

' }. Table I lists a figure of merit
for several superconductors and for silicon and germani-
um semiconductors that have also been proposed for use
in particle detectors. In the limit m- ~~M, the predict-
ed photino count rate scales as the figure of merit F~..

4A, J(J+ I)
FM foddqf

where f~d is the natural fractional abundance of nuclei
with odd atomic weights for a given element. Note that
Si and Ge do not couple efficiently to photinos. By using
pairs of elements with similar superconducting properties,
but drastically different isotopic composition, we can
determine if the particle couples through an axial-vector
(photino} or a vector (massive or scalar-neutrino) cou-
pling. There are several such promising elemental pairs:
Zn and Ga, In and Sn, as well as Tl and Pb. For example,
the count rate for a particle that couples with axial-vector
couplings in a gallium detector is 100 times higher than
its count rate in a similar zinc detector. While, on the
other hand, the count rate will be similar in both detectors
for particles with vector couplings.

The mass dependence of the cross section allows the
determination of particle mass through the use of several
different detectors. Recall that for vector coupling,

mM
0 tx;

2
l1

(m +M)
while for axial-vector coupling,

mM
O GC

(m +M)

(25)

(26)

Once the type of coupling has been identified, several
detectors with masses in the range M-m can then be
used to extract the particle mass.

VII. CONCLUSIONS

We have examined the viability of the use of superheat-
ed superconducting colloids as detectors of weakly in-
teracting massive particles. Our analysis can easily be ex-
tended to other candidate detectors (see Ref. 27) and to
other particles of comparable cross section. If the missing

50 80 70 SO 90 100 110 180
OPERATING TEMPERATURE (m K)

FIG. 8. Minimum detectable mass for both photinos and sca-
lar (or massive) neutrinos as a function of system temperature.
In this plat we assume a system noise of 5 X 10 Po and a 20-cm
detector loop. For masses greater than the minimum detectable
mass, we expect at least 0.5 counts/day SQUID if photinos
compose the halo and 100 counts/day SQUID If scalar (or mas-
sive) neutrinos compose the halo.
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FIG. 9. Detector capabilities. Scalar-quark mass (in GeV) is

plotted as a function of photino mass (in GeV). Cross-hatched
regions are excluded by present limits: the scalar-quark mass is
constrained by the UA1 Collaboration to exceed 40 GeV, and
the requirement that QHO ~1 demands a photino mass greater
than 1.8 GeV. The SSCD can then detect photinos or rule the
region in dashed lines.

mass of the Galaxy is composed of massive (several GeV)
particles that interact with nuclei through the exchange of
Z 's, scalar quarks, or other intermediate particles of like
masses and couplings, SSCD's can be used to detect these
particles. Let us review the candidate particles.

Scalar and massiue neutrinos. Because of their dom-
inantly vector coupling with quarks, these particles scatter
coherently off of nucleons. If these particles compose the
halo, a 1-kg tin detector should be able to record
thousands of events per day.

Photinos. These particles couple with quarks through
axial-vector couplings; therefore, little is gained by build-

ing a detector out of grains of one of the more massive
type-I superconducting elements. We find that if these
particles compose the halo and their mass is above the
minimum threshold, we can anticipate a 1-kg Al detector
recording approximately one count per day. Figure 9
shows the experimental and cosmological limits on pho-
tino and scalar-quark masses. The UA1 Collaboration
has established a lower limit on scalar-quark mass of 40
GeV. Cosmology sets a lower limit on photino mass as a
function of scalar-quark mass. If photinos are captured
during galaxy formation (it is difficult to avoid their ac-
cretion into collapsing proto-galaxy), they should be
detectable by an Al SSCD if system noise is reduced
below 5 X 10 flux quanta and the system is maintained
at 50 mK (see however discussion of Al below).

Alternatively, low-temperature bolometers can be used
to detect photinos. The need for materials with very low
specific heat suggests crystals with very high Debye tem-
perature 8D. Cubic lattices have the best thermal proper-
ties. Familiar crystals with cubic lattices are diamond,
8D ——2200 K, sapphire, 8n ——900 K, silicon, 8D ——645 K,
and germanium, 8D ——373 K. On the other hand„as long
as m ~ M, photino cross sections are higher for light ma-
terials than for heavier nuclei (see Table I).

Radioactive background is a major consideration in
designing semiconductor dark-matter detectors. Silicon,
unfortunately, has an isotope ( Si) that is a P emitter
with a 100 yr half-hfe and E,„=210keV. Its daughter

P is also a P emitter with ti&z
——14.3 d and E,„=1.71

MeV. For example, in very pure silicon extracted from
seawater, the radioactive background due to Si was ob-
served to be -30000 counts/kg day (Ref. 28). Sapphire
contains Al, a p+ emitter with ti~2 ——6.4X10 yr and
E,„=1.16 MeV. Fortunately, the positron annihilation
that follows the P+ decay produces a very specific signal
that can be used to reject most of the ~ Al contribution to
background.

Boron (8D ——1480 K) and boron compounds (e.g., boron
nitride, 8D ——780 K and boron phosphide, 8D ——780 K) are
attractive materials for bolometric photino detectors as is
LiF (8D ——750 K). Thermal neutrons may, unfortunately,
produce a significant background. We will discuss the
boron-, lithium-, and fluor-based detectors in a subsequent
paper.

"Technibaryons. " Nussinov has suggested that the
missing matter is in the form of technibaryons and that
these particles have scattering via Z exchange and have
masses in the TeV range. Since the technibaryon-nucleon
cross section is the same as the scalar-neutrino —nucleon
cross section, these particles can also be easily detected if
they compose the halo.

"Cosmions "Pre.ss and Spergel ' showed that if the
halo was composed of weakly interacting particles, the
Sun would capture these particles. In the Sun, these parti-
cles could transport energy and resolve the "solar-neutrino
problem. " These particles must have masses greater
than 4 GeV if they are to remain trapped in the Sun.
They must either have annihilation cross sections at low
energies suppressed by a factor of 10 relative to their
scattering cross section off of nucleons or have a net
asymmetry either between cosmion and anticosmion num-
ber or between cosmion-baryon and anticosmion-baryon
scattering. If these particles couple coherently to
matter, their scattering cross section with helium must be
-4X10 cm if they are to solve the solar-neutrino
problem. If the cosmions have axial-vector coupling to
matter, the ideal scattering cross section with hydrogen is
-2)(10 cm . For comparison, consider that the
scattering cross section of a 5-GeV scalar neutrino off of
helium is 1.2)&10 cm and the scattering cross section
of a 5-GeV photino off of hydrogen is -6X10 cm .
Thus if the cosmion couples through vector interactions,
its scattering cross section must be greater than or on or-
der of that of scalar neutrinos and if the particle couples
through spin interactions, its scattering cross section must
be greater than that predicted for a photino if the scalar
quark has mass of at least 30 GeV. In either case, we ex-
pect the detector to be capable of observing the particles.
If the halo is composed of weakly interacting particles that
alter the thermal structure of the Sun, their scattering cross
sections must be sufficiently large so as to be detectable by
Ion-temperature detectors.

"Shadow Matter:" Recently it was pointed out ' that
the dark matter in our Galaxy may be made of a variety
of shadow matter which interacts with ordinary matter.
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The simplest "shadow world" has a single stable particle
carrying shadow charge, together with massless shadow
photons. The shadow particles" can i.nteract with nor-
mal matter and cross sections can be as large as 10
cm . These particles would be detectable with SSCD's as
smail as a few grams. However, it seems possible that
also very-low-background semiconducting detectors can
place limits on these particles.

"Axions, I'amiions Majorons:" There are arguments in
theoretical elementary particle physics for the prolifera-
tion of types of neutral weakly interacting particles with
very small mass, e.g., axions, Majorons, s and fami-
lons. 3 They would be good candidates for "hot dark
matter. " Furthermore, they would be produced in the
Sun. Because these new particles tend to interact so weak-

ly, some enhancement mechanism must be relied on to
detect them. Axions, Majorons, and familons interact
with electrons; it was shown that the atomic bound-state
effects lead to great enhancements (10 —10 ) in the detec-
tion rate. The required detectors should be able to mea-
sure energy depositions as small as atomic energies and
should have very low background, Obviously, SSCD
could detect solar axions, familons, or Majorons but there
is no advantage in using low-temperature detectors. The
semiconducting detectors would work as well as SSCD
providing the same energy sensitivity and radioactive
background. '

The level of system noise and the system temperature
sets a minimum energy threshold. For a scattering event
to be recorded, the recoil energy of the nucleus must
exceed this minimum energy threshold. Since there is a
cutoff in the velocity of particles that compose the halo,
the energy threshold implies a minimum detectable parti-
cle mass. If the system is maintained at 50 mK and the
system noise is reduced below 5)&10 flux quanta, the
detector is capable of recording collisions of any halo can-
didate particle whose mass exceeds 2 GeV. Note that the
scalar-quark mass is known to exceed 40 GeV, the
minimum photino mass is 1.8 GeV.

Natural radioactivity is expected to be the major source
of background. Because the detector is sensitive to the
number of grains flipped, excellent background subtrac-
tion is possible. A weakly interacting halo particle will

flip only one grain; most background sources will fiip
multiple grains. The background count rate is expected to
be less than 5X 10 events/day, several orders of magni-
tude less than the predicted count rate for the candidate
particles.

The Earth's motion around the Sun will produce a dis-
tinctive modulation in the signal detected from halo parti-
cle candidates. This modulation effect will be important
in any dark-matter detector with reasonable energy resolu-
tion. Adjusting the minimum threshold will increase the
amplitude of this annual oscillation. Background rates
due to natural radioactivity should be time independent.
This modulation in the signal is out of phase with the
modulation in the solar-neutrino contribution to the back-
ground due to the variation in the distance between the
Sun and the Earth and any modulation in the background
due to the changes in the tilt of the Earth's axis relative to
the ecliptic. This signal modulation will allow additional

confirmation of detection.
We see that superheated superconducting colloids are

capable of detecting several dark-matter candidate parti-
cles. SSCD's have the possibility of making visible the
"invisible" dark matter that may compose 90% of the
Universe.

Finally, we should like to point out that some limits on
cold dark-matter candidates have been already obtained
using very-low-background germanium spectrometer,
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APPENDIX

Since the modulation effect is very useful in eliminating
background and confirming a detection, it is useful to
show its universality for a distribution function that
reproduces the observed r halo and its insensitivity to
the details of the detector response near its energy thresh-
old.

The count rate per kilogram per day R depends upon
the cosmion distribution function f(v) and h (E), the
detection efficiency at energy E.

6X 1026
R(t)= halo

x f~'U f f(v, t)h(E(u, g))o(E)dg . (Al)

(A2)

A is the atomic number of the nuclei that compose the
detector and g is the scattering angle. h (E) equals 1 when
all scatters of energy E produce detectable signals in the
electronics. Equation (Al) reduces to Eq. (19) when
h (E —E,q) is a Heaviside function.

%e wi11 model the detector as having an energy thresh-
old E,z of width bE,q. All scatters that deposit more
than E,h+ hF-' produce a signal and all scatters that depo-
sit less than E,h —~F- go undetected. Near the threshold,
the response is assumed to be 1inear:

1, E &E,h+~F-,
h (E)= (E Eg, +&&)/2&~, E,g AE—(E(Eg, +dE—,

0, E &Eth —hE .
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We can use Eq. (2) to integrate h (E) over scattering an-
gles.

The halo model used in the text can be extended to a
generalization of a Michie model. The Michie model is a
function of both the particle's energy F. and its angular
momentum J; thus it allows the velocity distribution
function to range from radial through isotropic to circu-
lar. Note that in these models the velocity dispersion per-
pendicular to the disk equals the velocity dispersion paral-
lel to the disk's sense of rotation. The halo's distribution
function, locally, in the halo frame f1„~, is cut off at the
escape velocity u, and has two other independent param-
eter A, and o'

i i i
I
» i r

ISOTROPIC

g = O. l

Vr +Vy +Vz
fz,i,(v) =N exp —

z0'

Vp +Vz
2 2

)& exp —A,

0 2

2
Vesc—exp

gy 2

(A3)

u~ is the particle's motion parallel to the disk's rotation,
v, is the particle s motion perpendicular to the disk, and
v, is the particles radial velocity. N normalizes the dis-
tribution function.

To transform from the halo frame to the frame of
Earth, we must include the Earth's motion relative to the
halo v, (t). This motion has two components, the Sun' s
circular motion around the galactic center and the Earth' s
velocity relative the Sun. It is the latter, the Earth's annu-
al revolution, that is the source of the modulation in count
rate. The distribution function in the Earth's frame can
be cast in terms of the familiar u, v, and w local standard
of rest variables:

u2+[u —v, (t)] +w
f(u, u, w)=N exp

02

[v —u, (t}]'+w'
)& exp

0'

2
Vesc—exp

gy 2

(A4)

Equations (Al}, (A2), and (A4) yield the time-dependent
count rate.

I i I i I I i i i I i I I I I I i I I I i I i i I I I i i I i » i I i I I I

-4 -3 -2 —1 0 1 2 3

FIG. 10. Dependence of the dark-matter modulation on the
velocity distribution function. The difference between the max-
imum and minimum count rate normalized to the average count
rate is plotted for a range of velocity distribution with the frac-
tion of incident detected g held constant. A reasonable model
for the halo might have —I g k ~0.

The amplitude of the signal modulation depends upon
the location of the energy threshold. We can adjust the
detector energy threshold by changing the magnetic field.
A higher-energy threshold reduces the count rate but in-
creases the amplitude of the modulation. Figure 10
demonstrates the dependence of the modulation on the
shape of the distribution function with the fraction of the
incident flux detected g held constant. Since it was gen-
erated by galaxy collapse, the halo velocity distribution
function is most likely isotropic to radial. A sharper ener-

gy threshold would produce a slightly stronger modula-
tion. The uncertainties in the halo's velocity dispersion
and escape velocity do not significantly alter the ampli-
tude of the modulation. This effect is also not strongly
sensitive to the width of the energy threshold.
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