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I. INTRODUCTION 

Developing new detectors is often a long and difficult task. The idea of using superheated super
conducting granules [1] for particle detection [2] is by now twenty years old and no realistic opera
tional device has yet been built. Until 1983, when the progress of Cosmology triggered a 
cross-discipltnary effort to look for new detection techniques in the 'Astro-Particle" domain, SSG were 
mainly proposed as a y-ray detector for (transition radiation) charged particle identification [3] or 
X-ray imaging [4]. In such fields, progress was rather slow and it was hard to compete with other ex
isting techniques. "Astro-Particle Physics" brought the requirement of searching for rare events, in 
conditions that often exclude the use of more conventional detectors. For example, low energy (solar) 
neutrino detection by the indium (Raghavan's) reaction [5] leads, with classical techniques, to a sev
eral thousand cubic meter detector. In the same way, the cross section for spin dependent interactions 
of galactic pholinos can be several hundred times larger with gallium (a type I superconductor at 
T < 1.09 K) than with the more conventional germanium. 

SSG devices can be best defined as a superconducting active target with a large mean density (a 
suspension of microspheres into some dielectric material). The suitable materials arc most type I su
perconductors (pure metals, such as: Sn, In, Hg, Cd, Ga, Mo,...), "he physical applications are 
closely related to the choice of the superconductive material. The em v threshold depends on the 
granules size, operating temperature and gap in magnetic field. By choo ig the appropriate material, 
and tuning these parameters, one expects to find solutions for specific detection purposes, when con
ventional devices fail. 

The list of proposed applications is no doubt very ambitious: low energy solar neutrinos [6,7], 
magnetic monopoles (with no threshold in p) [8,9], cold dark matter candidates [10,11,12], solar ax-
ions [13], double beta decays [I1*]— However, although this list is a powerful drive for SSG develop
ment, there is still a long way before any realistic implementation can be foreseen. Sensitivity, as well 
as energy, space and time resolution, should be studied in detail with granules r the required size and 
quality. 

SSG detectors can be considered to some extent as a "metallic, preformed t -ble chamber". As in 
the good old bubble chamber, one has to deal with a metastable phase disrupt;.- by particles which, 
instead of forming gas bubbles, destroy the superconductivity of some metal grauis. Except for mag
netic monopoles [8,9], the phase transilion is due to a thermal deposit of energy that heats one or 
several granules. Since superheating happens in the presence of an applied magnetic field, the read out 
technique is based on the disappearance of the Meissner effect, where current loops placed around the 
granules detect a local variation in magnetic flux. The electronic signal is in general rather small, and 
detecting it may become a major challenge in some cases. 

The aim of this talk is to give a general introduction to the subject, and discuss the present status 
of the art, as weU as the steps that appear reasonable to us to bridge the gap to a real detector. 

2. MET AST ABLE TYPE I S U P E R C O N D U C T O R S 

A classical reference on superconductivity is [IS], although a more recent review with many ap
plications can be found in [ 16]. A general introduction to solid state physics is [ 17], 

A superconductive material is characterized by the values of some fundamental parameters: I (the 
penetration length) gives the depth to which an applied magnetic field penetrates into a superconduct
ing specimen; f (the coherence length) describes the range of correlations between superconducting 
electrons in the superfluid condensate; £ Q = £(T = 0) is the Pippard coherence length and corresponds 
to the size of Cooper pairs; H c and T c are respectively the critical magnetic field and the critical temp
erature. The main parameter describing the behaviour of the superconducting material is the Ginz-
burg-Landau (GL) parameter [18]: K = À/£. For K > \/yj2, one has a type II superconductor which 
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is the case of most existing superconductive materials (in particular those used for superconducting 
magnets, where high values of H c are required). The case K < Xj^Jl (type I superconductors) corre
sponds essentially to pure metals, and is the one of interest here. 

The main difference between the two types of superconductors lies in the sign of the surface en
ergy. Assume, at T < T c , a superconductive specimen partially occupied by a magnetic field H = H c 

(Fig. la). The normal and superconducting region have the same free energy density. But, at the 
boundary between them, an additional contribution appears: the interface energy or surface energy. It 
can be shown [IS] that the surface energy is positive for K < 1/̂ /2 and negative otherwise. This is the 
starting point of many baste phenomena in superconductivity: in type II superconductors, a vortex 
with n flu* quanta will tend to split into n vortices carrying each a single flux quantum (which max
imizes the number of normal-superconducting interfaces); on the contrary, type I superconductors will 
be characterized by a first order phase transition, allowing for the formation of mctastable states. A 
table of well known type I superconductive materials is presented in Fig.lb. 

A type I superconductive specimen can remain superconducting for values of H (the external 
magnetic field on the surface of the sample) larger than H c . Such a metastable state is called super
heating and exists for H c < H < H s r i (the superheated critical field). Conversely, it is also possible to 
observe supercooling, where the same specimen remains normal for H c > H 0 (the applied magnetic 
field) > H K (the supercooled critical field). Finally, in absence of mctastability, a superconductive 
sphere would reach the intermediate state (a fine grained mixing of superconducting and normal zones, 
where the overall magnetization grows linearly with H 0 [15]), for 2/3 H c < H 0

 < Uc-

A typical phase diagram, exhibiting the metastable states, is shown in Fig. 2a. Strictly speaking, 
this diagram would apply to a superconducting half space, with an applied field H 0 parallel to the sur
face, or to a superconducting cylinder with H 0 parallel to its axis. In a more general situation, de
magnetizing factors must be taken into account. Let us discuss, as an example, the case of a single su
perconducting sphere (Fig.2b). The magnetic field ïî on the surface is orthogonal to the radius it and 
equals in module: 

H = 3 / 2 H o s i n Ô ( O < ; 0 £ n) {!} 

where 9 is the angle between H and R. More precisely, outside the sphere one has: 

ÏÏ = fî0 + 5 {2a} 

D is the dipole field created by the supercurrent repelling the external magnetic field: 

ï5(r~) = 1/2 R V <it 0 - 3(rT0. f/r 2) r") (2b) 

and r is the position vector with respect to the center of the sphere. 

If the sample has a perfect sphericity and surface quality (defects « the coherence length), the 
superconducting to normal phase transition happens suddenly when the magnetic field is increased to 
H 0 = 2/3 Hs[j. In real samples, defects create local variations of the magnetic f»eld at the surface of 
Ihe sphere and the transition occurs at lower values of H Q . Therefore, each superconducting granule 
has its own effective superheated critical field H5^

e™ <, 2/3 H s n . FigJa shows a sample of tin spheres 
obtained by modern fabrication techniques. Dispersion in size is apparent in the photograph. Surface 
defects, easily noticed on the largest granules, are the main reason for the difficulty to observe super
heating with large specimens, except eventually close to T c (where £ tends to infinity and surface de
fects become less and less important). Progress made by granule producers [19.20] allows now to ob
tain collections of metastable spheres between 10 um and 400 /im in diameter (Fig.3b). Producing a 
large batch of small granules (0 < 10 pm) is less obvious, especially if good size homogeneity is re
quired. This problem is now being studied by EXTRAMET and other producers. 
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Metastable objects other than spheres can in principle be used (ex. wires [21,22] or films [23]), 
but basic tests need still to performed and therefore will not be discussed in this talk. 

3. S O M E RELEVANT FORMULAE 

Superheating is a surface phenomenon, in the sense that an energy barrier protects the supercon
ducting state on the surface of the specimen for H s n > H > H c . More precisely, for a sphere of ra
dius R » £, the calculation can be reduced to a one dimensional problem [24,25], witliin the GL ap
proximation for K « 1 and H large enough: 

F =; - HM/MO) + V 2 Hc

2A/8rtK [2/3 - f(0) + 1/3 f(0)a] {3} 

where F is the difference in free energy per unit surface between normal and superconducting state, f(0) 
the value of the real GL order parameter [15] on the surface of Ihe specimen and H the value of the 
external field on each point of the surface, fis obtained from the complex order paramctc •/' [15] by 
a suitable gauge transformation. At fixed 8 , one has f = f(z) where z is the depth from the surface 
towards the center of the sphere: 0 <, f(0)£ f(z) <, 1, and f(z) -* 1 far inside (up to finite size correc
tions that we neglect in what follows). F is the integral of the free energy density over the z direction, 
from the surface to the centre of the sphere. It can be easily checked that expression {3}, considered as 
a function of f(0), has: 

1. An absolute minimum at f(0) = 0 (F -* -oo) corresponding to the normal state. 

2. A local maximum at f(0) = f m a x = 1/̂ /2 (J — x) 1 ^ 2 

3. A local minimum (the superheated state) at f(0) = f j ^ = 1/̂ /2 (1 + x)*/ 2 

where 
I = (1 - H ' / H s h

2 ) " 2 (*•> 

and 

" s h ^ 2 " 1 ' 4 * ~ I / 2 H C {4b} 

With the same approximations, the superheated state is protected by an energy barrier per unit surface 
[9,25]: 

4 F = F(fm»i)- F( fmin) = 1/3 V 2 ( l - ( l - x ! ) I / 2 ) CO + l ) " 2 - ( l - r t " 2 ] H, hU/8n (5} 

At finite K, numerical calculations [26] give values of Hgf, somewhat larger than those predicted 
by the low K expression. In particular, one has H sjj/H c > 1 at K = 1/̂ /2 in agreement with experi
mental results [27]. Solving numerically the GL equations at K = 0.16, corrects the approximation 
{5} by only 20%, if the actual value of Hg^ at finite K is used. The question of the stability of such 
estimates for different approximations has to be addressed. Strictly speaking, the GL approximation 
holds only for A. £ » £ 0 . which does not correspond to our case. In particular, for a type I super
conductor, the condition A » <f0 is quite far from reality (except at T very close to T c ) . A better ap
proximation is the so called "extreme anomalous' (EA) limit [28], that holds for A « Ç0 « £. For 
K « 1, one gets: 

H*/H c

2 ^ e X/SK f(0) ( 1 - f(0)2) (6) 

where 6 is the effective penetration length. 
m the most naive description, one has [15,28]: £ =: 3^/2 and 5 ~ A e ff W F f(0) ~ W, where: 
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^ e f f W F - ( V 3 f o V / 2 - 6 ^ ) 1 / 3 (?) 

WF stands for "weak field" and A^ is th>value of A for pure material. An approximate model for the 
dependence of A, 5 and K on T and £ (the mean free path of conduction electrons, that accounts for 
impurities and defects) is [15,28]: 

A= iA L ( l + { 0/1.33/)'/2 {8b} 

* „ = 2* 7 2 H c A { (8c) 

H c = HcfOXl-l , ' ) (8d) 

where (j = T7TC is the reduced temperature and ^ 0 the flux quantum, 0 O =; 2.06 x 1Q"7 Gauss.cm*. 
From {8}, one gets: 

i s f j l l t ^ W d - t , ' ) - " 2 ! ! + { 0 / l j y ) - " 2 (9a} 

K K K 0 ( l + t r

J ) - ' ( l + { 0/l-3^> W 

From {6}, we see that the value of H s n is obtained forf(0)z = 5/11. Then, {8} and (9} give: 

" s h - H c K o " " 3 ! ' + £ o / l - " T 1 / 4 ( 1 + t r 2 ) S " 2 a - t r I r " " 1 2 {10} 

According to the Gorkov-Goodman relation [30], the dependence of K on impurities and defects can 
also be expressed as: 

K^K(P=0){1 + ^ O / 1 . 3 V ) S K ( P = 0 ) + 7.5 x 10J y ~ 1 ' 2 p {11} 

where p is the normal state resistivity in fi.cm, and y the linear electronic specific heat coefficient in 
erg.cm~ J.K~2. Then, from (II), expressions (4b) and {10} can be easily cast in terms of p. An im
mediate consequence of the above formulae is that superheating can exist for a rather high impurity 
level. For t ^ 2ÇQt the ratio H s n / H c decreases, as compared to pure metal, by 14% according to {4b} 
and by 8% according to {10}. In both cases, large superheating is still present if the metal used is a 
good type I superconductor. Such a slow dependence of H s n / H c on the normal state resistivity has 
been checked experimentally by H. Parr [27] for In-Bi alloys. As we shall see later, normal state re
sistivity may be an important parameter for a realistic detector. 

Finally, the energy barrier AF in the EA limit can be computed [25] in a similar way to the GL 
approximation. For H close to H ^ (x « I), the result is: 

A F a 0.66 x 3 H s h

! A e f f

W F /&r {12a} 

to be compared with the expression: 

A F = i 0 . 9 5 x 3 H s h

2 X/Sn {12b} 

obtained from {5}. For an isolated sphere with H 0 =; 2/3 H ^ , x is approximately cos 9, so that {5} 
has a simple expression in terms of angular variables. 
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4. THE DETECTOR 

In order lo optimize sensitivity and energy resolution, granules must be as homogeneous in size as 
possible. They are usually embedded into paraffin, epoxy or other dielectric materials with filling factor 
of 5 to 30% in volume. The read out system is made of current loops coupled to low noise 
pre-amplifiers. The signal is given by the variation in magnetic flux through the surface of a current 
loop, due to the disappearance of the Meissner effect. For H 0 > H c: 

W = Jloop surface W > • àf (13a} 

and D is given by {2b}. For 2/3 H c < H 0 < H c , the phase transition occurs from superconducting 
to intermediate state and the signal in magnetic flux is given by: 

&<j>-mt = (3h-2)A0 {13b} 

where h = H Q /H C . The signal in voltage e =; d^/dt is expected at small t (time) to follow the law 
[31.32]: 

d ^ / d t - pi'1/2 (14} 

and the total flipping time (extrapolated from cylinders [31] to spheres) is of the order: 

t - p - * R 2 3 / 2 H 0 ( 3 / 2 H 0 - H c ) - 1 {15}-

Therefore, increasing p amounts lo lowering the flipping time and increasing the signal in voltage 
[9,25]. However, since {14} and (15} are extrapolated from cylinders with ÏT0 parallel to the axis, 
important corrections may appear for spheres at 2/3H c <. H 0 <, H c . 

Various read out systems can be implemented depending on the required spatial resolution and 
the number of channels that can be managed: from long hair-pin like loops forming a X-Y matrix and 
giving position infonnation by time coincidence (Fig.4), to circular pad-like coils. Different types of 
pre-amplifiers are also being developed ranging from room temperature low noise silicon pre-amplifiers 
to low temperature Ga-As devices, able to work even at detector temperature. RF SQUIDS [16] can 
also be used [33] for experiments that do not require very good time resolution. In this case, DC 
SQUIDS are expected to further improve the read out performance. 

1 tic working temperature must be below the critical temperature of the material used, and there
fore a cryogenic set-up is required. Some materials like Sn (T c = 3.72 K) or In (T c = 3.4 K) can be 
used with conventional He* cryostats down to 1.2 K, although Ga (T c = 1.09 K), Cd (T c = 0.56 K) 
or Zn (T c = 0.875 K) require lower temperatures achievable only with He 3 or dilution refrigerators. 
But. in both cases, working at very low temperature (T « T c ) minimizes the heat capacity and im
proves the sensitivity of the detector. The specific heat of a superconductor is given b> f_ i ?!'• 

c 3 = cP h + c 3

e l {I6a} 

where the phonon term cP° varies as: 

c P h = a T 3 {16b} 

and the superconducting electron term c 3

e ' is often parameterized [34,36] by: 

c s = l * b y T c r a p ( - f t r - ' ) (l&) 

a, b and f are known experimentally for all relevant materials. From (16), we clearly see that the rapid 
fall of specific heats favours superconducting detectors working at tj. « 1. 
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However, the above mentioned dispersion in H ^ 6 " presented by existing collections of granules 
may set an intrinsic limit to their performance. This can be seen qualitatively as follows. The thermo-
dynamical superheated critical field is expected to follow, at low tp the law [37]: 

H s h*H S h<u>( 1 -at,1) {17} 

with 0.5 < oc ' 1, according to the approximations used. From both (5) and {10}, we get: a =s 0.5, 
but the condition X £ £ 0 is not realistic at T « T c . The crucial point, however, is the vanishing of 
dH s n /d t r at t r = 0. In what follows, we assume that, for a given material, the T dependence of H s f t

e f f 

is the same for all granules and is similar to {17} up to a T-independent demagnetizing coefficient. 

Let us consider a granule flipping at some H S Q

e "(T) . If the applied Field is smaller, 
H 0 = H s n

e f f { T ) - A H , the granule would flip only if it is heated to a temperature T+AT, where AT 
must be at least such that 

H s heff(T+AT) = H s h

e f f ( T ) - A H 

as shown in Fig.5. Then, relation f 17} gives: 

( t r +Al r ) z - V2 = a _ 1 AH/H s h

e f f (0) {I8a} 

which, for tj. « 1, simplifies to: 

t r ' = t r + A t , * A t , * [ a " 1 A H / H g h

e f f ( 0 ) ] ! / 2 {18b} 

In a global heating model, where we assume that the whole granule is thermatized before the phase 
transition starts, the amount of heat needed to ' ,'ip 'he grain will be: 

AQ = J T

T + A T C ( T ' ) d T ' 

where C(T) is the heat capacity of the granule. Writing C c* c 5 V , AQ becomes: 

AQ^VT c J t r

t r 'c s ( t r ' ) dV (18c} 

The factor T c shows an extra advantage of working with, low T c materials. 

From this analysis, and with the above hypothesis, we see the relevance of the parameter AH to 
estimate the sensitivity of each individual granule at a given value of H 0 . If t r ' » t r, the value of AQ 
will be dominated by the contribution from the region t r"=: l^' to the integral in {18c}. In other words, 
the physically meaningful quantity is c s(l r ') rather than c3(tj,). Since t r is bounded below by (18b) at 
fixed AH, the possibility of taking advantage of very low T specific heats is limited by the realistic val
ues of AH/Hgijeff(0). In a practical detector, we are confronted to the fact that AH cannot be arbitrar
ily small for all granules at the same time. This is determined by the width of the differential super
heating curve (Fig.6), where dN/dH 0 counts the number of flips observed per step in H 0 . 

Performing a gaussian fit to dN/dH 0, we can choose two values of H Q , H m a x and Hm^a, sym
metric with respect to the mean value of the distribution, and such that a flipping efficiency W% is 
imposed to the detector requiring that W% of the granules flip at H , ^ < H 0 < H m a x . Sitting at 
H Q

 = HWi, the highest threshold in magnetic field for such granules will be 
AHj) = Hjjjgj - Hpjiu, which corresponds to grains with H ^ " = H m a x . Then, AQ is obtained 
from {18} replacing AH/H 3h e"(0) by AHrjj/Hmaj. The value of AHiyHuja^ tends to a constant for 
tj. -* 0, and provides an intrinsic parameter that characterizes the quality of a given collection of gran
ules. The dispersion in H s n

e ^ is due to surface defects or cristallographie anisotropics [38], but will 
also be strengthened by diamagnetic interactions between granules at high filling factors, due to the di-
pole field coming from Meissner effect. The finite width (A Hrj =: 2 <ys 15 to 20%) observed in all ex
isting collections of granules is by now the strongest limitation to the performance of superheated 
granules detectors. 
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5. IRRADIATION RESULTS 

The sensitivity of very small Hg granules (0 = 2/mi) to 0~rays was shown from the beginning 
[2], but the electronic read out was not in real time and granules could not be seen to flip individually. 
A similar situation occured in the Garching test [39], where Cd grains of diameter 
5 (im < 0 < 25 fiin were shown to be sensitive to low energy y-rays. Results on y irradiations using 
10 inn Sn granules read by RF SQUID have recently been reported [33], We present here results [40] 
obtained with a, y and fi~ sources, where Sn granules are read individually by conventional fast elec
tronics. Our results on ct irradiation of large granules have recently been confirmed by the Mùnchen 
group [38] with a set up involving single grain irradiation. Finally, other results on y irradiation ob
tained in Paris are reported elsewhere [41]. The irradiation tests were performed as follows. The ap
plied field H 0 was first increased to some value Hf^. Then, a sweep A H , ^ was performed creating 
a threshold AH 5 ^min *° r ^ granules that remained superconducting (Fig.6). As explained above, 
this amounts to setting a minimal threshold AT in temperature and, in a naive model, can be directly 
related to an energy threshold AQ. By changing the value of A H ^ , one can get information on the 
sensitivity of the irradiated granules. The threshold in magnetic field for each individual granule inside 
the collection is then: 

A H = H s h = T - H , e s , 

The experimental results will be described in terms of the rriinimum of AH/H = AH/(H t e s t + AH) i.e.: 

( A H / H W = AHnfcflHtet + AHnin). 

5.1 a irradiation 

We performed this test from February to July 1986 with the following collections of tin granules: 

(a^ EXTRAMET granules made in March 1985 with BilUton tin, p (measured at T = 4.2 K) 
= 6x 10~8 ficm. After sieving, a collection of grains with diameters 45 pm < 0 < 63 fim was 
obtained and used for our a irradiations. They are shown in Fig.7. 

(a2) From the same set of granules, a collection with 125 nm < <p < 200/jm was obtained by 
sieving and irradiated with cc particles. 

(b) EXTRAMET granules, made with Prolabo tin in inert atmosphere (helium). The measured 
value of p at 4.2 K was p ss 1.5 x 10" 7 ficm. By sieving, a collection with 
250 ftm < 0 < 300 (im was extracted and used for a irradiations. They can be seen in Fig.3b. 

(c) BfLLITON granules, 200 urn < 0 < 400 pm, made with an alloy Sn„Sb 1 ( 

p (estimated) at 10" 6 ficm. 

From these samples, small prototypes were prepared with filling factors of 5 to 20% in volume. 
The multi-turn reading coils were in the range of 3 mm to 1 era diameter. Because of the high values 
of p of the tin used, the flipping times were rather fast. Rise times faster than 1 pxc were always seen 
at the output of a 142B ORTEC pre-amplifier. The prototypes were put in contact with an open 
2*'Am source (5.5 MeV a's, An activity =: 5000 Bq) implanted on platinum. As a consequence, some 
2 4 1 Am atoms drifted into the detectors, that remained irradiated after the source was removed. The 
number of contaminated granules turned out to be small as compared to the total number of grains in 
each prototype. 

Individual granule flip counts were accumulated during finite time intervals (from a few minutes 
to several hours). A typica] irradiation curve is shown in Fig.8, where N(t) is the integrated number of 
counts after a time t. The nearly exponential decrease of dN/dt with time reflects the decrease of the 
number of remaining sensitive granules. We obtained such curves in all reported irradiation tests. A 
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striking characteristics of a irradiations were the large values of ( A H / H ) ^ for which flips were still 
seen. One had in all cases (AH/H) ,^ £ 0.2. The finite width of the superheating curve prevented us 
from neatly exploring larger values of A H m j n . The number of flips per unit time was found to decrease 
with AHJJUJJ, especially for very large granules. As an example, Fig.9 shows as a function of 
( A H / H J J J ^ the number of flips after 10 minutes observed for collection (a3) at T =; 3.28 K. The main 
result of our a irradiations is that large granules turned out to be sensitive to deposits of energy much 
smaller than those predicted by the expression: 

AQ = J T

T + A T C d T 

taking for C{T) the heat capacity of the whole granule. For a 50 um diameter grain, the observed flips 
for (AH/H) m j n = 0.2 at T =; 1.5 K would imply an energy threshold AQ a 130 MeV, which is obvi
ously much larger than the 5.5 MeV of 1 4 1 A m a's. We have then evidence for a local heating mecha
nism (nucleation of the normal state before thennalization), as opposed to global heating where one 
assumes that the whole granule is thermaiized before nucleation of the normal state occurs. In the case 
of local eating, only part of the granule has been reached by the heat wave when nucleation starts irre
versibly. This situation is possible due to the metastable nature of the superheated state, and implies 
lower energy thresholds for phase transition {_40,42]. 

5.2 y irradiation 

Our y irradiation tests started in October 1986, but the results reported here were obtained with a 
collection: 

(d) EXTRAMET granules, produced in December 1986 witii Metallum tin, p (estimated) w 
10"T ficm. The new granules had smaller sizes than the previous collections {$ < 80 pm). 
After sieving, collections of granules with 10 ftm < <f> < 25 /im were obtained and used for 
our y irradiation test. They are shown in Fig. 10. 

A medical source of " T c (140 keV y's, activity — 200 fiC) was deposited on an absorbing texture, 
isolated and put inside the cryostat very close to a 2.5 mm diameter detector with a granule filling fac
tor of about 15%. The superheating curve (T =* 1.5 K) and irradiation curve ( A H ^ c* 0) are shown 
respectively in Ftg.6 and 11. After 20 min, the integrated number of counts amounts to about 6% of 
the total number of granules read in the detector. Asymptotically (t-+co), one can estimate the fraction 
of sensitive granules to about 8%. Flips were observed for (AH/H)^^ larger than 2%. This is a 
rather good sensitivity as compared to other results on y irradiation. For this value, the energy 
threshold in a global heating model would be: AQ =; 60 keV for 0 = 1 0 nm and AQ =; I MeV for 
<$> = 25 fim. Again, one should seriously consider the possibility of a local heating mechanism. As ex
pected, the observed values of {AHIH)min are much smaller than in the case of the a irradiation. 

5.3 (i~ irradiation (preliminary results) 

Very recently, we irradiated granules of collection (d), at similar fuling factor, with two $ ~ sourc
es: 

3 6C1 emitting /ï~ rays of energy 0 < E < 714 keV (maximum probability at E = 252 keV). 

1 4 C emitingj?- rays of 0 < E < 158 keV (maximum probability at E = 49 keV). 

The sources (very low activity, in the 100 Bq range) were mixed directly with the detector. Flips 
were observed for (AH/H) m ; n <, [% and the number of sensitive granules can be estimated to 1.5%. 
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5.4 Tests with very tow energy sources 

We used several low energy sources: " F e (6 keV y's); 3 H {fi~, 0 < E < 18 keV, peaked at 
E = 5 keV); °'Zn (y of E = 8 ,9 keV). 

Results with 3 H are still too preliminary, whereas flips were clearly observed with " Z n but care is 
required because of possible contamination from 0 * and I MeV y's. 

We present, here, preliminary results with " F e (about 1 /xC). Fig. 12 shows the irradiation curve 
for ÛHflûn =J 0 at T =; 1.5 K. The number of sensitive granules is about 5 %a. In a global heating 
mode], we should have AQ a; 15 keV for 10 pm grains and AQ s 230 keV for <f> -• 25 pm. Again, 
some local heating mechanism may be at work but tests with better granularity are required. 

Fig. 13 shows, with arbitrary normalization, the variation of the number of counts after a given 
period of time, as a function of A H j ^ , in our irradiation tests with granules of collection (d). 

5.5 Local heating mechanism and normal state resistivity 

Working at high values of p shortens the nucleation time for superconducting to normal state 
phase transition and slowers heat propagation because of the short free path of conduction electrons. 
Therefore, increasing p tends to favour a local heating situation. A more complete discussion is pre
sented elsewhere [40,42], but from simple considerations one gets rough numbers consistent with our 
data from ot irradiation if local heating is taken into account. Instead of beating all the granule, one 
must then consider the heating of a half sphere of radius r(Tjj) around a point on the surface of the 
grain, r(r^) is the distance reached by the heat wave in the time T ^ required for the nucleation of the 
normal state to start irreversibly. For Sn granules with p = 10~6 S2cm, we expect local heating to oc
cur at the r(Tjsj) as I fan scale. 

6. VERY LOW TEMPERATURE STUDIES 

The behaviour of the detector at very low T is less trivial than expected for two reasons: a) the 
avalanche effect b) an additional contribution to the granule heat capacity, due to the presence of H 0 . 

6.1 The avalanche effect 

At very low T, the transition from superconducting to normal state releases heat, whose amount 
can be estimated [40,42] to: 

A Q L = H c

2V(87r)- ' (3/2h 2 - 1 - 4 t r

2 / ( I~ t r

2 ) ) {I9a} 

for H Q > H c (transition from superconducting to normal state), *nd to: 

A Q L = H c

2V(8fr)- ' [2 + 9/2h 2 - 6h - ( 1 2 h - 8 ) ^ / ( 1 - ^ ) ] (19b) 

for 2/3 H c < H 0 < H c (transition from superconducting to intermediate state). At l< 0 = M,. we get 
AQT> 0fort,. < 1/3. 

For Cd granules (where superheating is rather high), the Garching group [39] observed an "ava
lanche effect* at T S 350 mK . The heat released by the flip of a single granule spread to the sur
rounding granules and produced new flips, that in turn released more heat so that the whole detector 
collapsed for T <, 350 mK. This may be a severe problem for materials that exhibit large superheating 
(low T c , law K, e.g. dark matter detectors), or for detectors of ionizing particles, where lags filling fac
tors are proposed (In solar neutrino detector, double £ experiment with Cd or Mo). 
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We performed tests at T £ 450 mK with several samples of Sn granules with about 10% dilution 
coefficient in volume, and using a He 3 cryostat where the sample was directly in contact with helium. 
No avalanche effect was seen and the detector could be normally operated in the whole range of T ac
cessible to our cryogenics (between 450 mK and 1 K). Fig,14 shows, in units of (H C

2/8TT).V a plot of 
AÇ/L as a function of h for several values of tp and exhibits explicitly the superheating region for tin as 
compared to the points where the avalanche effect was observed for Cd. It is hard to draw definite 
conclusions: the higher superheating and lower specific heat of Cd are likely to play a significant role, 
but the dynamics of heat exchanges in two different cryogenic set up may also be important to under
stand the difference between the two experiments. We are now preparing a new set of tests using Sn 
granules at several filling factors, and T 2: 300 mK, with a He 3 cryostat. Finally, let us emphasize that, 
according to chapter 3, it is possible to lower H s n by adding impurities to a given material. Looking at 
{19}, we see that this may be a safe way to avoid the avalanche effect for realistic detectors if no better 
way out is found for the required materials and filling factors. 

6.2 Heat capacity of a small granule in the presence of a magnetic field 

The naive expression C = V c s is only valid for a superconducting sample at H 0 = 0. Other
wise, the perturbation of the order parameter, f(0) < 1 near the surface, brings an extra contribution to 
C where the normal electron specific heat (that decreases only linearly with T) plays a significant role 
because of Cooper pair breaking. We expect such a term to be important at tj. « 1 for small spheres 
(radius R s= £)• The details of the calculation were first presented in [29] and are further developed in 
[42]. Th« heat capacity of the granule writes then: 

C = V c 3 + S c ' {20} 

where S is the grain surface and a simple expression for c' can be obtained, using standard thermody
namics, from {3} in the GL approximation with K « 1, R » £ and H 0 s; 2/3 H ^ : 

S c ' ~ 0 . 0 7 T c "
1 t V E p t f R 2 (21} 

where the approximations {8} have been made through the calculation. 

6.3 Numerical estimates 

We have performed numerical calculations for a 6 jxm diameter sphere at t r « I in two cases: a) 
Indium (solar neutrino detection through Raghavan's reaction [5,7]) b) Gallium (cold dark matter 
detection [10,11,12]). Shown in Fig.13 are the values of: 

A Q ^ T j o ^ Q O d t j ' 

as a function of tj.', taking a = 0.7 and using expressions {20}, {21}. The 'volume term* AQy given 
by {18c}, and the 'surface term* 

AQs - S T C Jo1*' *'(tr"> <V 

are exhibited separately. We see that the surface term is much more important for Ga than for In, for a 
given size of grains. Also, for a given value of t / (related to detector quality from (18bJ), Ga granules 
exhibit much better sensitivity (about two orders of magnitude) than In granules of the same size. 
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7. PROPOSED EXPERIMENTS: A CRITICAL REVIEW 

Solar neutrino detection through coherent scattering [6] is based on the recoil energy of the scat
tered nucleus. Cross sections re large, but recoil energies are small (I eV or leas for pp solar neutrinos 
using Ga or Zn granules, about 5 eV for 7Be neutrinos). Granules should then be very small if global 
healing mechanism applies (tf> < \fira), and one may even wonder whether such a situation is still 
compatible with superheating. It is difficult by now to imagine how such an experiment could be 
done, except if a local heating mechanism is at work. 

The alternative way to detect solar neutrinos [7] uses Raghavan's reaction [5]: 

o(E > 1 2 8 k e V ) + " ' [ n - l l 3 Sn** + /T(E s E 0 -12SkeV) 

and the excited tin decays into 2 y's (E cs 480 keV and E =; 120 keV) with a lifetime of about 3.2 ^3. 
The main problem there is the low rate of events (a solar neutrino event per day for 4 tous of In) and 
the severe background due to In natural radioactivity. With very good quality granules, ( A H p / H m a x 

= 0-05, i.e. 3 to 4 times better than existing samples if large flipping efficiency is required), diameters 
in the range 2/im < # < 4^m would be needed to reach full sensitivity to « 1 MeV electrons, as 
required for a good energy resolution. Energy resolution is also weakened by the read out system, 
since the signal produced by a granule flip depends on the position of the grain with respect to the 
current loops. As granules of the required size and quality are not yet available, it is hard by now to 
evaluate the feasibility of the In experiment. Work with =s lec prototypes is still necessary before a 
more ambitious program can be undertaken. A sensible step for the near future would be, in our 
opinion, to produce granules of 0 < 5 fan, optimize electronics for such granules and build a « 1cm 
x 1cm x Icra detector where the interactions of low energy electrons and photons could be studied in 
some detail. 

Cold dark matter detection [10,11,12] is again based on the nucleus recoil energy, but now recoil 
energies are much higher (typically in the 50 eV to I keV range). Materials with even-odd nuclei (odd 
number of protons) are required to optimize the figure of merit of the detector. According to our es
timates [29,40], Ga granules of 3 fim diameter at T ss 100 mK, with A H D / H r a a x st 0.05, would be 
required to detect 50 eV deposit of energy, whereas 10 um granules would be sensitive to 1 keV. A 
similar calculation applies to solar axion detection, where it is claimed [13] that axion conversion in 
atoms allows for a reasonable rate of events using comparatively small detectors. In both cases, the 
main problem seems to be the severe background inside the detector due to radioactive events below 1 
keV. As for the In experiment, the ideas are interesting but further work is required before a full scale 
proposal can be foreseen. 

Double 0 experiments [14] proposed with superconducting materials such as Cd (Q = 2.8 MeV) 
or Mo (Q = 3 MeV) have to face both the energy reaolution problem and radioactive background in
side the detector. The bonus here is space and time resolution that can play a significant role in low
ering the background. It remains also to be proven that small Mo granules can actually be manufac
tured. 

Finally, we proposed to detect magnetic monopoles [8,9] some time ago. The case for feasibility 
of such an experiment has been improved by our result on the rnetastability cf very large granules at 
high values of p, and therefore with short flipping times [9,25]. Here, the destruction of the super
heated state is not due to a thermal phenomenon, but to the flux tube injected by the monopole going 
through the granules. As this flux tube is created for any value of p (fi - v/c, v - speed of the mon
opole), slow monopoles can also be delected. We have in this way a real time, track detector for mon
opoles of all velocities working with conventional electronics. Improving the surface quality of large 
granules and making a conclusive check of the detection principle itself seem to be the accessary steps 
before proposing a large scale detector. 

file:///fira
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8. CONCLUSION 

SSG devices may be a promising technique for "Astro-Particle" experiments, but systematic stud
ies have to be performed before building any realistic detector. Work on the basic properties of SSG, 
progress in grain fabrication (small grains, size homogeneity, surface quality) and further irradiation 
tests with =s lec prototypes are required, before proposing a precise application with some guarantee of 
success. However, substantial steps forward have been taken in recent feasibility studies and the results 
are by now encouraging. The sensitivity of the detector is at least as good as expected from naive 
theoretical calculations, and in practice turns out to be better because of local heating phenomena. The 
wide choice of materials, including the possibility of varying the impurity contents, gives exceptional 
flexibility to SSG detectors. Producing <f> < 5 urn granules in reasonably targe quantities is not be
yond the reach of present day technology, ^though size homogeneity may not be a minor problem. 
Working with small, three dimensional prototypes with a small number of electronic channels seems to 
be a natural step to start getting some practical knowledge of sensitivity and energy resolution. Such a 
study is closely linked to the possibility of reading small granules in real time. Cold Ga-As electronics 
may be a promising technology at that stage. 

We are grateful to A.Vermande' (LTPCM, Grenoble) and M. Renard (CRTBT, Grenoble) who 
kindly prepared and performed the resistivity measurements reported here. 
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Fig. La: Variation of A, f, and f near: (a{), (a 2) a 
vacuum-superconductor interface: (a3), 
(a4) a normal-superconducting interface. 

Fig. 1 b: Table of some well known lypc I super
conductors. 

Fig.2a: Temperature dependence of H s n , ( l c , 
and H-. 

Fig.2b: Magnetic field Lines in the presence of a 
supcrconducling sphere of radius R. 
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Fig.3a: Tin granules produced by F.XTRAMET 
in December 1986. The dispersion in 
size is clearly exhibited (mark = 10 
fim). 

Fig.3b: A collection of 250 fim < $ < 300 ftm 
tin granules (EXTRAMET, January 
1986) obtained after sieving at <f> > 250 
[icn. 

Fig.4: Position information given by time coin
cidence of two electronic signals in a 
X-Y current loop system. 

Fig.5: From the T dependence of 11^, AT is 
obtained as a function of 
AH = H S h e f f cn - " 0 -
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Fig.14: Heat released by a single grain transition, in units of Hc

2V/8rt, as a function of h (reduced 
magnetic field) := H 0 /H c , for several values oft. The dot indicates the highest possible value of 
h for Sn, lo be compared with the values at which the Garching group observed the avalanche 
effect for Cd (cross points). 

Fig. 15: Amount of heat AQ needed to Hip a 6 um granule at tj. « 1, as a function of t ' r = i ~ '/^ 
(AH/H)*'2, for ; a ) j n i b) Ga. The volume term AQy and the surface term AQg are also shown 
separately. 


