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t. INTRODUCTION 

Weakly interacting neutral particles are difficult to observe, but Particle Physics cannot be understood 

without a detailed knowledge of their properties. Since electric charge is conserved, some symmetries of 

the particle spectrum can only be broken through neutral* (e.g. lepton number violation by Majorana 

neutrinos). Furthermore, neutral particles may have played a crucial role in the formation of our Uni

verse and even be gravitationally dominant. Whether they are produced at high energy accelerators, or 

detected as cosmic relics from the early Universe, the actual observation and identification of such par* 

ticles is a difficult goal requiring dedicated developments. 

An additional property of low energy phenomena involving neutral particles is that they can pos

sibly provide the only observable signature of basic particle physics occuring at energies much above 

the reach of any feasible accelerator. This is commonly believed to be the case if the neutrino has a 

very small Majorana mass. Also, photinos and higgsinos are now contemplated as the low energy sec

tor of superstring theories involving unification at the Planck scale. Even more significant would be the 

role of cosmic axions, where the Universe may be closed by a particle of mass m « 10" J eV generated 

by a Peccei-Quinn U(l) symmetry broken at a scale t^ w I 0 i a GcV. The study of such phenomena in 

low background experiments inquires high sensitivity (to low energy deposition) and high energy reso

lution (to identify events and reject background). This naturaly leads us to the study of cryogenic de

tectors, for the following reasons: 

a) Low temperature detectors are based on the excitation of phonons (E < flu (Debye) < 

10"1 eV), quasiparticles in superconductors ( I D - 6 eV < E < 10" 3 eV), rotons in superfluid *He 

(E « 10~ 3 eV), spin excitations in well suited magnetic systems (E < 10 "* eV) or even, in the future, 

quasiparticles in superfluid 3 He (E s* 10" 7 eV). Furthermore, the energy of high energy phonons will 

still degrade, either to thermal phonons in bolometers, or to quasiparticles m the case of supercon

ducting ballistic phonon readout. This is to be compared with the energy of a visible photon produced 

by scintillation (E » 3 eV) or with the semiconductor energy gap (E « l eV). 
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b) Working at low temperature opens the way to thermal detection» taking advantage of the fall 

of specific heats: 

cphonons ~ * O a ) 

Superconducting electrons ** c (">} 

Where A is the superconductor energy gap. Normal electrons are less favored (c "* T). Thermal detec

tion provides an intrinsic measurement of the total deposited energy, irrespectively of the way it was 

transferred to the detector (ionization, photoelectric effect, nucleus recoil,...) 

c) At low temperatures, thermal noise is lowered and low gap detectors (InSb or doped germa

nium, among semiconductors) can provide high sensitivity signais without having to compete with 

room temperature excitations (IcT - 0.03 eV). Furthermore, cold electronics can be incorporated at 

some intermediate point between the detector and room temperature (T = 120 K for Si FET, T =* 4 K 

for AsGa devices). 

d) Finally, low temperature phenomena may by themselves bring interesting specific «gnaU (e.g. 

change in magnetization) which make possible the use of specific materials as active targets. They can 

also provide amplification effects (metastable phase transition in superconductors, latent heat release, 

quasiparticle multiplication...) necessary for an efficient detection of low energy deposition. 

In this introductory talk, we review the physical phenomena that can possibly be studied with 

cryogenic devices and sketch the basic principles of the main proposed detectors. 

2. T H E N E U T R I N O 

No branch of particle physics has been able to develop without implying the neutrino, either as a 

basic ingredient or as an experimental probe for the study of other particles. Through H. Weyl's theory 

[1], the neutrino has even forced us to go deeper into the structure of Lorentz transformations and, to 

some extent, modify our basic description of space and time by the introduction of two-component 

SL(2,C) spinors [2]. Pauli [3] conjectured the existence of an invisible neutral lepton as an ultimate at

tempt to preserve energy conservation in neutron decay. Weak interactions, ir. turn, were later found to 

violate parity [4] and conserve instead a new quantum number called "chirality* (the r s of Dirac spi-

norial fonnatism), closely related to the SL(2,C) structure underlying the complexified Lie algebra of 
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the Lorentz group. In this way, the concept of left' and 'right' spinors became a basic milestone of 

modem particle physics (since chirality is a good quantum number, the antiparticle of a left-handed 

neutrino has to be a right-handed antineutrino). Later on, CF violations were discovered [5] breaking 

? 5 invariance. 

The discovery of neutral currents from v ,̂-nucléon scattering data [6, 7] confirmed the validity of 

the S U ( 2 ) L 0 U(l) model of electro-weak interactions developed by Glashow, Saiam and Weinberg 

(GSW) [8]. In this scheme, the left neutrino is the S U ( 2 ) L partner of the Utft chiral component of the 

relevant charged lepton. The gauge coupling Wcv e played the central role in the discovery of elec-

troweak gauge bosons at the CERN pp collider [9]. 

Neutrino oscillations [10] may reveal mixing phenomena that appear to be precluded in the 

charged lepton sector, where the decay ft -*• ey has never been observed. Also, no well established 

theoretical principle states that the neutrino must have zero mass. In the standard GSW model, 

charged leptons and quarks can acquire masses, whereas the neutrino stays masslcss due to the absence 

of a right handed component. Theories beyond the standard model have a general tendency to include 

a right handed neutrino, or to dynamically generate Majorana neutrino masses. 

Light massive neutrinos satisfying ^flavours ° V < ^ «V [ 11] may have played a central role in 

galaxy formation, especially if mattter was first concentrated in topological singularities (e.g. cosmic 

strings [ 12]). A stable neutrino with mass 5 eV < m^ < 30 eV would then be a favourite dark matter 

candidate ("hot' dark matter). Heavier unstable neutrinos (m w 1 kcV) may eventually form "warm' 

dark matter and should not be discarded prematurely. Data on 2 D , *He, 7Li abundances from cosmic 

nucleosynthesis seem to restrict the number of flavours to less than 5 [13], whereas measurements of 

W and Z widths [9] hint to at most 4 different generations of fermions. Direct measurements of neu

trino masses have brought [14, IS, 161: 

m, < 18 eV , nv < 260 keV, m, < 35 MeV 

Neutrinos are unique probes of the inner stellar structure (e.g. the sun [17] or supemovae [18]}p since 

they are the only known particles that can reach earth after having been produced at the center of the 

star. Furthermore, stellar neutrinos can oscillate at distance scales unaccesjibls to reactor and acceler

ator experiments [19,20). 

In the chiral representation of Dirac matrices, one has [21]: 
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and the left(right)-handed neutrino would be of the form: 

whereas the charge conjugation matrix can be chosen to be: 

c = ( o* i<$ ) 

with the rule ^ -«* * c * ? C (ppt S being an arbitrary unobservable phase and £ - »? y°. A Dirac 

mass operator ^ would obvio change cbirality, due to the non-diagonal form of ?°. A Majorana mass 

term of the form ($°)>P = f* t/»™ C ^ would also violate lepton number and turn a 1',-ft neutrino into a 

nght antineutrino, which is a priori compatible with the minimal spectrum. 

A simple mechanism to generate small neutrino masses îs the 'see-saw' [22], which can occur if a 

right neutrino N R is added to the minimal model. If the left-handed neutrino »L mixes with N R 

through a Dirac mass mr> but Majorana masses are equally present, we end up with a mass operator. 

where H. C. stands for hennitian conjugate. Diagonalizmg the mass matrix we get the eigenvalues: 

M - 1/2 [m L + m R + ((m L - m R ) i + 4m D

2 ) ' / ! l {2a} 

m - 1/2 [mL + m R - ((m L - m R ) i + 4mD') l / l ] {2b} 

Taldng m L « 0, m R ~. soc<e heavy mass scale related to new physics, and mjj ra charged lepton 

mass, we can write: 

M w m R , m a» mj}2/M « mp 

which naturally reproduce* the observed situation. The mass m would then be Majorana mass, since it 

appears in the diagonal part of the new man matrix. Many models can provide the required right neu-
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trino: SU(2) L © SU(2) R [23], SO(10) [24], flipped SU(5) ® U(l) [25],... For electron neutrinos, 

m < I eV would be obtained for M > 1 TeV. 

3 . N E U T R I N O M A S S S T U D I E S A N D D O U B L E B E T A D E C A Y 

Direct evidence for a small neutrino mass can appear, either from a careful study or some 0 decay 

(e.g. tritium) or internal bremsstrahlung [26] spectra, or from the observation of neutrinoless double 0 

events [27]. 

The ITEP group reported in 1980 [28] positive evidence for a neutrino mass m,, « 3 5 eV, which 

has not been confirmed by other groups [ 14, 15, 16]. The basic idea of this land of experiments is to 

study the end of the tritium Kurie plot dn/dE (E = 0~ energy, n • number of counts) in the region 

E = E Q , where E Q is the maximum value of E for m,, = 0. A nonzero neutrino mass should manifest 

itself through a distribution [29]: 

dn/dE = F(E) p E ( E 0 - E) [(E Q - E )* - m ^ ] 1 ' 2 {3} 

where p is the electron momentum and F(E) a smooth calculable Coulomb correction. For tritium, 

E 0 =* 18.6 keV. The most stringent bound (m^ < 18 eV) obtained by this technique comes from the 

Zurich magnetic spectrometer [14], where 27 eV energy resolution was reached. An alternative ap

proach, based on internal bremsstrahlung following electron-capture 0 decay: 

( A , Z ) - ( A , Z - 1 ) + v e + y 

was proposed by De Rujula [26, 30], where the y energy spectrum should now be studied. The main 

problem is to End a suitable isotope, allowing to reach better performances than the tritium experi

ment. 1 A 3 H o seemed promising, since the experimentally obtained value Q = M (A, Z) — M (A, 

Z— 1) = 2.8 ± 0.2 keV [31] should in principle provide a high sensitivity to a neutrino mass. It was 

later found theoretically [32] that an interference minimum may occur near the end point of the y 

spectrum, which makes the use of " 'Ho less attractive. A 1 6 ' H o experiment using Li-drifted silicon 

[33] has brought m, < 225 eV (see, however, [30]). 

New detectors should exhiba better energy resolution than that of the Zurich spectrometer. This 

is the main reason for entering the field of cryogenic detecton, where superconducting tunneling junc

tions (STJ) [34] or bolometers [35] appear to be the obvious candidates. 

Double 0 experiments are based on the search for neutrinoless events of the form: 
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( A , Z ) - (A, Z + 2 ) + 2e~ 

which can occur [27] if: i) the electron neutrino is a massive Majorana particle. Fig. la ; or ii) right 

handed currents exist, Fig. lb. Actually, case ii) also leads to the existence of a ( f^L Majorana mass. 

A less conventional possibility is majoron emission [36]: 

( A , Z ) - (A, Z + 2) + 2e" + * 

where the Majoion <p is a neutral Nambu-Goldstone boson associated to spontaneous breaking of 

lepton number as a global symmetry. No confirmed evidence exists by now for any kind of neutrino-

leas double beta decay. 

Conventional neutrinoless double £ decay leads to a very narrow peak in E (total 20 kinetic ener

gy) = Q = M (A, Z) — M (A, Z + 2 ) . Obviously, energy resolution plays a crucial role in rejecting 

background. The two main parameters characterizing the quality of a given isotope as double J? ma

terial are: the lifetime T\n a n c * m e rnasa difference Q. In particular, a higher value of Q alows to op

erate in presence of a less harmful background from inside the detector. 

Germanium double fl detectors [37] are based on the reaction: 7 ' G e •» 7 6 Se + 2 c" , with a pre

dicted T" = Tjy2 m / * 2.6 10" years cV 2 [38]. Present data [39] set an approximate limit m < 1 cV 

on a Majorana neutrino mass. Particularly interesting for future expérimenta would be [38]: l D 0 M o (Q 

= 3.03 MeV, T* =< 3.3 1 0 " y eV 2) ; " Z r (Q = 3.35 MeV, T* =* 1.6 1 0 " y eV 2); 

1 3 0 T e (Q = 2.53 MeV, T" « 4.6 1 0 " y eV 2); 1 3 0 N d (Q = 3.37 MeV, T* =« 2.4 10" y cV 2); 

" S e (Q = 3.01 MeV, T" =* 9.5 lQ^eV 2 ) . 

Although the energy resolution reached by existing germanium experiments (AE/E « 0.1 %) is 

already rather impressive for such low energy particles, cryogenic detectors present the advantage of 

being able to reach a similar performance with a larger variety of materials. Any insulator, semicon

ductor or superconductor can potentially be used as a bolometer, if the temperature T is set low 

enough. Whether an energy resolution better than that of semiconductor germ^nhnn can be reached 

with large bolometers, remains to be seen in practice. Experimental studies are being undertaken by 

INFN (Milano) [40] and WMTF (Garchmg) [41] groups. Superconductive detectors (whh "*Cd or 

l o a M o ) based on superheated superconducting granules (SSG) [42] have equally been proposed [43], 

but the required energy resolution is far from having been demonstrated. 
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lines). 
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4. SOLAR NEUTRINOS 

The solar neutrino problem is a basic issue for both astrophysics and particle physics. The standard 

solar model [44] predicts precise production rates for low energy neutrinos, through the reactions of 

the proton-proton cycle: 

Process E, Flux (era" V 1 ) 

pp - d + e~ + v 420 keV 6 x 10 1 0 

7 Be + e - 7 U + F 861 keV 4 x 10» 

Id. 383 keV 4 x 10" 

1 3 N - l 3 C + e + + » <20MeV 6 x 101 

, 3 0 - 1 5 N + e + + v < 1.73 MeV 5 x 10" 

p + e + p - d + K 1.44 MeV 1.4 x 10* 

B B - BBe + e + +v < 14.06 MeV 6 x 106 

and the expected differential fluxes are shown in Fig. 2. It then follows that more than 99 % of the 

solar neutrino flux lies in the energy region E,, < 1 MeV. 

Unfortunately, the only available data concern essentially boron neutrinos. The Homestake ra

diochemical experiment [45] is based on the reaction: 

ve (E > 814 keV) + 3 7C1 - "Ar(") + e" 

whose event rate is dominated by transitions to 3 7 Ar with « 5 MeV excitation energy. The predicted 

rate is: 7.9 ± 2.6 SNU (1 SNU, solar neutrino unit, = 10~ 3 a captures/atom, s ) where the uncertainty 

refers to 3 standard deviations, whereas the Homestake experiment gives 2.1 ± 0.3 SNU (at 1 standard 

deviation). Such a deficit in solar neutrinos seems to be confirmed by Kamiokande data [46], which set 

an upper limit of 3.2 x 10* c m - 2 s" 1 on the 8 B solar neutrino flux at 90% confidence level. This is 

about half the predicted value in the SSM. Besides a failurc of such model, which astronomers consid

er unlikely [47] unless exotic phenomena (cosrmons? [48]) are at work, such data may provide a hint 

for new physics at the level of basic neutrino properties. Several explanations have been proposed, 

among which we would like to discuss two: 
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a) The electron neutrino has a Dine miss and an anomalous magnetic moment tty " (3-10) x 10"11 

in Bohr magneton units [49]. 

In such case, spin precession may be caused by solar magoetic fields and some left-handed neu

trinos would turn into right-handed neutrinos which do not interact with the detector. Since the mag

nitude of the average solar magnetic field is correlated to the 11 year sun spot cycle, it has been pro

posed to compare the rime evolution of the Homestake signal with that of sun spot activity. This 

hypothesis may be reinforced by the result of a recent 1 year Homestake run [50], which gives a higher 

value of the observed solar neutrino flux (5 ± 1 SNU). It is not clear theoretically how to produce an 

anomalous p,, but there have been attempts within the framework of supersymmmetric flipped SU(5) 

0 U(I) theories [SI], or in simpler models using right-handed currents £52]. 

The experimental discovery of an anomalous neutrino magnetic moment would be a major scien

tific event, with profound theoretical consequences opening a unique window to physics beyond the 

GSW Standard Model. 

b) Neutrino oscillations. 

For vc -* Vp in vacuum, the attenuation factor is [S3]: 

p ('e - r e) " 1 " «>n*28 sin J(l/4 Am* L/E,) {4) 

where L is the distance. 6 the mixing angle and Am 2 - m, * — m, 2 . Obviously, an ad hoc choice 

of Am 2 can provide the required suppresion in neutrino flux, buf. thea the effect should present a small 

seasonal variation which has not been found [54]. Furthermore, such a model requiiea a large value of 

sin2 20 which does not come out naturally in present neutrino theories. 

A more appealing explanation can be rc •* »y osculations in dense stellar matter [19], where the 

p e scatters on electrons through both neutral and charged currents, white the r„ interacts only via Z° 

exchange. Then, we can write: 
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where *>l and »aate the mass eigenstates in vacuum, with eigenvalues mt and m 2 , m 2 the average value 

of m! 1 and m2

z, Gp is the Fermi constant and iiç the electron density. Looking at the eigenvalues of 

E, a level crossing is found at rig > Am 2 / (2 yj2 GpEp). A *e initially produced at the center in the 

sun can then emerge as a i y Values of Am 2 in the range 1 0 ' 4 — 10~ 7 eV 2 «re usually invoked to 

reproduce the Horaestake data. 

In order to elucidate the fundamental questions raised by the Homestake result, the only sensible 

way seems to be to measure the differential flux of low energy solar neutrinos (oscillation phenomena 

are energy dependent). This requires real time detectors sensitive to pp neutrinos. Several detection 

principles have been proposed: 

d) f-e~ scattering. A sizeable part of the icutrino momentum is transferred to the electron, 

which releases its energy by ionization. This leads to acceptable energy deposition, but the extremely 

low cross-sections: 

a (»-e-) < H T 4 3 (Ey/10 MeV) cm 2 

require very large targets for an observable event rate. However, it is not the size of the detector that 

deserves criticism, but rather the lack of specific signature (at low energies directionality is difficult to 

preserve), which precludes background rejection. In spite of such difficulty» two kinds of cryogenic de

tectors have been proposed: bolometers [55] and superfluid 4 He [56]. 

b) v-nucleus coherent scattering has the advantage of large cross sections, but leads to very small 

energy deposition in the low energy sector, since the nucleus recoil energy follows the law: E R ~ 

E„2/M where M is the mass of the nucleus. This leads to E R W 1 eV for pp solar neutrinos. Again, it 

is not only the problem of detecting a very small energy deposition, but especially the lack of specific 

signature that makes such an experiment hopeless unless incredibly low background rates are reached. 

SSG [58] and bolometers [59} have been proposed for this purpose. 

c) Inverse £ reactions, such as [60]: 

> C (E> 128keV) + U 3 I n - I l 5 S n " + 0" (Ey - 128keV) 

where the 1 I S Sn** decays to the I l s S u ground state with T1I1 * 3.2 /**« emitting two y rays (496 keV 

and 116 keV). The idea is to identify solar neutrino events through a time ddayed coinridence between 

the 0~ and tht two T'S. For a detector with w 50% of 1 1 5 I n in weight, and IÛ*-10T elementary cells, it 
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is possible to reach the ideal scenario where the " • keV y deposits all its energy in the same cell as the 

0~, while the 496 keV y interacts only in the sorrounding cells. Otherwise, it becomes more difficult 

to reject the severe background due to the natural radioactivity of n s I n (0.2 eventj/g.sec, as compared 

to 1 solar y event/3.3 ton.day ). Apart from 0/3 and 000 coincidences, a solar v event can be faked by a 

coincidence between a 0 decay and an erratic y depositing » 600 keV. This is actually the most dan

gerous source of background, even assuming that purity levels similar to those of germanium double 0 

detectors can be reached. 

Experiments aiming to detect only 7 Be neutrinos would benefit of a better rejection of U 9 I n 0's 

(E < 500 keV, as compared to E = 740 keV for solar v electrons), but even so background remains 

important and the event rate becomes dangerously small. If the failure to identify pp neutrinos is due 

to a lack of energy resolution and to a poor content in indium (eg. liquid scintillators), it is likely that 

the TBe peak will also be concealed by background. 

Several solid state detectors have been proposed to detect E < 1 MeV solar neutrinos with a 

1 I 5 I n target: scintillators made of In compounds [61], semiconductor InP [62], SSG [63, 64, 65], and 

STJ [66]. 

2 D S T t can also be considered [17, 61, 65], with the reactions: 

ve (E > 62 MeV) + " S T 1 * « s p y n + 0~ 

ve (E > 320 keV) + 2 0 S T 1 - 2 0 S P b * + 0~ 

where the 2 0 5 P b m and 2 0 s P b * have excitation energies of 2.3 keV and 260 keV respectively. The cap

ture rate is expected to be slightly lower than for 1 1 3 I n , but the low threshold and the absence of 

radioactive background make the use of 2 0 S T 1 an attractive leature. However, cross section estimates 

arc rather uncertain and the lifetime of 2 0 9 P b excited states has never been studied carefully. 

5. O T H E R N E U T R I N O S 

5.1 Supernova Neutrinos (SN1987A) 

It was pointed out long ago by Zatsepin [67] that the observation of supernova neutrinos may bring 

information on the electron neutrino m*x». A type II supernova with Tgfj =* 3 MeV would produce 
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neutrinos with an average energy of * 10 MeV. In a 1000 ton water detector, a flux F y - 1.6 x 10 1 2 

c m - 2 (integrated in time) would lead to ~ 170 c c p — e + n events and *- 8 i» e~ scattering events. If 

the actual supernova burst is shorter than that observed on earth, a small neutrino mass can be raeas-

ured through the flying time: 

t * L / c ( l + 1/2 (nyE)*] {5} 

and the dispersion in E will lead to a dispersion in t depending on n v Two well established observa

tions of E > 5 MeV SN 1987A neutrinos exist [46, 68], whereas strong controversy still suirounds the 

Mont Blanc data [69, 70]. We shall not enter this discussion, but just briefly report on neutrino mass 

estimates from the observed bursts. Many papers have been written on the subject, claiming upper 

bounds down to S eV. Other authors, however, are much more conservative [71, 72] and infer that no 

significantly new bound can be obtained from the SN 1987A burst. A possible estimate is [73]: m / 

= 4 ( + 28, - 63 ) cV*. 

Apart from coherent scattering, presently envisioned cryogenic detectors would exhibit too low 

event rates to be sensitive to supernova bursts such as that of SN 1987A. A thermal nucleus recoil de

tector would be sensitive to the whole neutrino spectrum down to E^ ~ I MeV. 

The complementary observation with conventional detectors [74] and nucleus 

recoil devices may be a way to improve any future supernova burst study. 

5.2 Atmospheric neutrinos 

An intrinsic anomaly in the atmospheric solar neutrino flux has recently been reported by 

KAMIOKANDE [75] from the study of 277 fully contained events, where the rt momentum distribu

tion is well reproduced by Monte-Carlo annulations, whereas the r» distribution presents a deficit at E 

< 70P MeV. A possible interpretation may bea^„ oscillation [76], but further studies are required 

before setting a definite conclusion. For instance, it has been recently pointed out [77] that a precise 

handling of polarization may lead to a 10-20% increase in * e/»v ratio estimates. 
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5.3 Terrestrial neutrinos 

The detection of geophysical neutrinos is extremely difficult, due to the solar neutrmo background. 

Their flux on earth is 6 10* cm" 2 a - 1 and extends to E < 3.26 McV (" 4 Bi decay). This is about 

four r.rders of magnitude lower than the low energy solar neutrino flux. Furthermore, power reactor 

antineutrinos dominate over geological ones (78] in the northern hemisphere, with integrated fluxes of 

a few 109 c m - 2 s" 1 in the region 5 MeV < Ej, < 10 MeV. Any solar neutrino or dark matter ex

periment should carefully study the background due to re environment. 

5.4 Cosmohgical neutrinos 

Light neutrinos of mass m,, < I MeV remained in thermal equilibrium until the decoupling tempera

ture far weak interactions: 

T d ~ M p j - 1 / ' Gp-Zl> ~ 1 MeV 

was reached (Mpj = Planck mass, Gp = Fermi constant). Each neutrino flavour should at present 

have a number density: 

n„. » 3/4 x 4/11 x i ^ - l l O cm" 3 {6a} 

where the factor 3/4 is due to Fermi statistics and the 4/11 reflects the increase of the photon number 

at low temperature due to e + e " annihilations. Requiring Ur = pvfpc < 1, where p„ is the total light 

neutrino density and p c the critical density (pc = 3H 2 /8JTG, H = Hubble constant, G = Newton's 

constant), we get: 

2j m,.. < 100 eV x h a 

where h = H in units of 100 Km/Mpc.sec (from observations, 0.4 < h < 1), and: 

(J, =* 0.01 2j n v (eV) h'1 {6b} 

so that, for 2j in,. > 5 eV, the neutrino contribution to the cosmological mass density exceeds that 

from baryons (Og < 0.04 h~ 2 [79]) and light neutrinos become a candidfu: for dark matter. In such a 

scenario, values of m,, in the range of 5-30 eV would be relevant to galactic structure and galaxy for

mation [80J. 

A CQsmological estimate of heavy neutrino abundance [81] brings: 

Q„ h 2 =* a (GeV/m,) 1 [1 + 3/25 In (nv/GeV)] {7} 
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where a » 5.4 for Dime neutrinos and 18.0 for Majorana neutrinos. Then, requiring for instance Q„ 

h2 < 0.25 , leads to m, (Dirac) > 3.3 GeV and m, (Majorai) > 6.8 GeV. 

6. G A L A C T I C D A R K M A T T E R 

If dark matter [82] is not baryonic, other particles are needed to fill the invisible mass that seems to be 

inferred from gravitational observations. Models of galaxy formation suggest three kinds of candidates: 

a. Hot dark matter (e.g. light neutrinos) refers to particles that were still in thermal equilibrium at 

the QCD confinement transition (T « 10* MeV), when baryon matter was formed. Such can

didates are preferred by models where density irregularities were initially lead by topological 

singularities (e.g., cosmic strings) of primeval matter. 

b. Warm dark matter (e.g. the gravitino or a right-handed neutrino) would interact rather weakly 

with matter and should have decoupled at T » T Q Ç Q .In such case, fire streaming is thought 

to erase fluctuations only below a certain size (large galactic hdos). 

c. Cold dark matter designates non-relativistic particles decoupled long before baryosynthesis. 

They constitute the favorite candidate for models where galaxy formation was initially driven 

by large density fluctuations. Such particles can be extremely light (e.g. axions) or rather heavy 

(more than 1 Gev for fashionable WIMP candidates), and would form the galactic halo. 

A particular form of cold dark matter would be cosmions [48] which have been proposed to modify 

heat exchanges inside the sun and solve the solar neutrino problem. They must have particular cross 

sections (« 10 3 <*weak) and masses (4 to 10 GeV), which makes them somewhat unconventional with 

respect to fashionable theories of elementary particles. 

A halo of non-baryonic dark matter would have an approximate density p ~ 0.3 GeV/cm3 [83], 

leading to a particle density n « 0.3/m x GeV/cm3, where m x is the dark matter particle mass. With a 

speed v ~ 10" 3 c, such particles would present appreciable fluxes and are expected to lead to detecta

ble effects. 
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7. NEUTRINOS AS DARK MATTER 

Light neutrinos with mass m, < 30 eV would have remained lelativistic until the universe temperature 

dropped to a value of the order of their mass. They were historically the first WIM? dark matter can* 

didate [84], but models of galaxy formation from density fluctuations do not favor a neutrino domi

nated universe [85], The main dynamical problem comes from free streaming, which washes out small 

scale fluctuations. This leads to dense clumps and large voids in the large scale structure of the uni

verse, which is not confirmed by data. However, if density irregularities originate from cosmic strings, 

gravitational accretion is driven by loops formed locally from the strings. Then, light neutrinos would 

be the most natural dark matter candidate. In the Majoron model of Gelmini and Roncadelli, the 

neutrino mean free path in the early universe is lowered due to majoron exchange [86], This new phe

nomenon suppresses free streaming and turns the light neutrino into a cold dark matter candidate. 

Detection of non-relativistic light neutrinos is an extremely hard task. If they were clustered in the 

galactic halo, they would have a kinetic energy < I0~* eV, which is close to the excitation energy of a 

single quasiparticle in ordinary superconductors. Furthermore, at such energies, neutrino cross sections 

are expected to be rather small. If light neutrinos are Dirac fermions, their long wavelength would lead 

to comparatively large cross sections for coherent scattering and interaction with phonons may be 

worth considering. In such case, rather than trying to detect neutrinos individually, the right strategy 

may be to look for some collective effect (e.g., heat leaks in future very low temperature devices [87]). 

Several laboratory experiments to detect cosmologies! light neutrinos have been proposed in the past 

[8?], but some of them have been refuted [90] and those which turned G»I to be correct Isad to too 

small effects. However, the subject is not yet closed and many ideas can be explored. As an example, 

high energy cosmic ray absorption by the neutrino background would lead to a depletion of the high 

energy cosnic neutrino Qui in the HPMO1* GeV range [91]. If the dark matter neutrino is not the 

lightest one, it may decay by emitting ultraviolet light [92] which, in turn, would ionize inlergalactû: 

neutral hydrogen [93]. Perhaps recent data on intergalactic photon flux [94] could be understood in 

this way. 
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Heavy neutrinos (n%, £ 3 GeV) arise from new famines of fermions, S U ( 2 ) L ® S U ( 2 ) R models or 

superstring theories. On general grounds, there is no obvious reason why they should be stable, but 

they may eventually carry a new conserved quantum number. In such case, they would be a significant 

cold dark matter candidate [951. 

The magnino [96] is a Dirac neutrino carrying a conserved number (to prevent unwanted annihi

lation rates) and an anomalous magnetic moment (to bring a sufficiently large scattering cross section. 

Then, with a mass in the range of 4 to 10 GeV and a magnetic moment » 10~ 2, the magnino can re

produce the requirements of the cosmion model. Such a particle would be basically a new sequential 

neutrino associated ta a heavy charged lepton. The new generation should increase by about 14% the 

Z° width, introduce a new threshold in R (<r(e+c~-* hadrons)/o(e+e" -* n* fO) , raise the cross sec

tion in the channel e + e~ -* y + neutrals (although somewhat difficult to investigate due to back

ground from radiative corrections). This new generation should also be observed in pp interactions. 

Heavy Dirac neutrinos, as well as magninos, are the most accessible dark matter candidate for 

present and forthcoming experiments, due to the comparatively large cross sections involved. The ba

sic detection principles will be discussed together with WIMP detection (sections 9,10). 

8. AXIONS 

One of the main consequences of the role of instantons in QCD [97] is the appearance of CP-violating 

term in the lagrangian: 

X6 = 0/64*' V p o F »* FP° {8} 

where P 1 " is the strength tensor of the gtuon field. From Experimental bounds on the neutron electric 

dipole moment, one has: 8 < 10 - *, but no natural way exists to explain why 8 is so smalL Peccei 

and Quinn [98] proposed to extend the QCD lagrangian by incorporating a new complex scalar field 4>, 

and a new symmetry U( 1 ) P Q making physics independent of the value of 8. Spontaneous breaking of 

U(l)pn gives then masses to quarks and produces a new masskss Goldstone boson: the anon. 

Subsequently, the axkra acquires a small mass due to the color anomaly of U(l)pQ. Realistic models 

incorporating electroweak interaction involve two Higgs doublets rather than a single complex field. 
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Writing: fa * J<> > |, the anon parameters <f a- axion coupling, n i g - axion mass) can be re

lated from Dashen's theorem [99] to those of the pion field: 

fain» * taaw « 10» eV 2 {9} 

Axion emission would accelerate energy losses from helium burning stars, which leads to the bound 

[100]: m^< 10~ a eV. On the other hand, the cosmological bound fla < I brings [101]: m^ > 1 0 - 5 

eV. These numbers illustrate the difficulty to detect a non-relativistic cosmic axion. 

The key mechanism for axion detection lies in the coupling a - * n coming from axton-w0 mixing, 

with a strength ~ a/vfa. Defining the coupling constant g^-, from the lagrangian: 

i P a y r = - g ^ / 4 * ( Ê £ ) a {10} 

where E and B are the electromagnetic field and a the ajdon field, the Peccei-Quinn theory gives: 

g a n a 1.1 x 1 0 - » MeV 1 / 2 cm *l2 m^filO^ eV) 

Sikivie [102] proposed to detect cosmic axions by a -» y conversion in the presence of a strongly in-

homogeneous magnetic field. The energy of the produced y is then the total energy of the incoming 

axion. Therefore, the main signature for cosmic axions would be a very narrow signal in frequency, 

where the finite width would be due to the axion kinetic energy » 2x 10"* % Using a variable fre

quency cavity, tuned to a given value of the axion mass, one can attempt to progressively explore the 

relevant domain of proposed axion masses. This amounts to covering the frequency range 1-10' GHz 

by successive narrow band experiments. A search along these fines at BNL using a tow temperature 

copper cavity at - 1 GHz frequencies (covering the region % ~ 10" s eV) is reported by S. de Panfilis 

at this Workshop [103]. The BNL experiment provides an encouraging start point for more ambitious 

searches, which should involve larger detectors in order to reach cosmological limits. A second group, 

in Florida [ 104], is planning a similar experimental program. 

If axions are trapped in the solar system, and thermalized by its central core, they can. reach earth 

with an energy of the order of the sun central temperature (E ~1 keV). Then, if they interact with 

matter, they can be detected by cryogenic calorimetric techniques. It has indeed been shown [105] that 

axion-photon conversion in atoms yields acceptable cross sections (axioelectric effect) leading to a few 

events/Kg^lay. The feasibility of such an experiment is then mainly related to the development of re

cently proponed low température detectors. 
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In the meantime, double & germanium detectors [106, 1071 have been used to provide some in

teresting upper bounds on solar axions. The PNL/USC group [106] obtained bounds indicated by 

crosses in Fig.3. The range excluded by such data is fa < 0.5 x 10' GeV, whereas theory favors: 

109 GeV < fa < 10" GeV. New data fiom the UCSB-LBL Collaboration are being presented by 

D.O. Caldwell at this Workshop. 

In order to reach cosmological bounds and cover the full spectrum of solar axions, two obvious re

quirements appear: a) background should still be lowered in order to reach sensitivity to the expected 

solar axion flux; b) the energy threshold should be set tin order of magnitude lower, which justifies the 

development of cryogenic devices. 

9. WEAKLY INTERACTING MASSIVE PARTICLES (WIMP) 

Apart from neutrinos, supersymroetry brings several neutral particles that can be cold dark matter 

candidates [1081: neutralino (spin 1/2, lightest combination of photino-higgsino-Zino), s-neutrino 

(scalar partner of the neutrino), flatino (spin 1/2, supersymmetric partner of the Higgs boson breaking 

the GUT symmetry),... If gravity is included in the supersymmetric scheme, the gravitino (spin 3/2) 

can be a 'warm* dark matter candidate provided its mass can be set to ~ 1 keV. Other theories [109], 

developed more specifically for cosmions, can also bring interesting candidates, such as the magnino or 

the GHLcosmiontilO]. 

The lightest supersymrnetric particle (LSP) is 'ften considered to be stable by R-parity conserva

tion. But this is not a general rule, since R-parity can actually be broken. Gravitinos and scalar neu

trinos are not the LSP in most models [111]. Usual SUSY GUTS prefer the neutralino (x), which is 

often stable und photmo-dominated, while flipped SU(S) ® U(l) favours the flatino, which is not sta

ble [112] but has a very long lifetime (lQ^-lO 3 2 years). The neutralino mass is rather model depen

dent, and present studies concern mainly the range S GeV < m^ < 100 GeV, for which Q x w 1 ap

pears to come out quite naturally. The relevant mass range for the flatino is m < 10 GeV. 

Accelerator experiments can be used to provide bounds on the muses and cross sectiona of the 

some Tnr^^ymmrrtric jurH'-W UA1 [113] ghw constraint c*mq and m£: 

m^ > 45 GeV, nig > 53 GeV 
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whereas the absence of e+e~ •* é"+ e7~ from JADE [114] brings : m£ > 22 GeV. The tatio of tHy to 

those masses is model dependent [US], but can be an order of magnitude lower. We obviously expect 

more stringent bounds from forthcoming high energy experiments (FNAL, «JERN pp~, LEP, LHC,..). 

The flatino appears to be the 'perfectly invisible* dark matter. It couples so weakly to the low 

energy sector (which explains its long lifetime), that any possible interaction with matter leads to ex

tremely small event rates. Perhaps one should again explore the possibility of detecting the interaction 

of very high energy cosmic rays with the non-relathïstic flatino sea. 

Finally, a solar neutrino problem solving WIMP (cosmion) interacting through a coloured scalar 

field has been proposed by Gelmmi, Hall and Lynn [110]. The new particle is a Diiac fermion. Like 

the magnino, the GHL cosmion would have cross sections of « 10z " w e a k
 a n ^ a m a 3 5 m t n c ^-^ 

GeV range, 

Astrophysical detection of galactic WIMP was proposed by Goodman and Witten [ 116] using the 

recoil energy of scattered nuclei. For a WIMP of mass m and kinetic energy E (« 2x I0~6 m) scatter

ing a nucleus of mass M, the maximum recoil energy is: 

T n i a x = 4 m M E / ( M + m>* 01) 

If the reaction produces an excited nucleus of mass M'= M + AM, the maximum recoil energy is then: 

T rnax = U + M7m)-2[2EM7m-AM(l + M7m) + 2 ((EM7m)2-EAM(l + M7'm)M7ra)1/2] {12} 

and the channel is open for: 

m> 2AM/(02-2AM/M) fl3} 

where 0 is the WIMP speed in c units, p > ^2AM/M. The minimum possible recoil energy is: T^j^ 

= AM (I + M7m)"1. 

WIMP weak cross sections with nuclei can be cast in three different categories: 

9.1 Coherent scattering. 

Coherent scattering appears when a non-relativistic particle of well defined weak hypercharge interacts 

with a nucleus through the isoscalar components of the Z° current. Then for elastic scattering, one has: 

o - nkWMm+M)* \M\2 (14} 

with: 

X - 4 V2G F J-wiMP ^TARGET < I s) 
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If the WIMP is a fermion, we get: 

J°WIMP = 1/4 ( V L + Y R ) {16} 

where Y L ( Y R \ is the weak hypercharges of the left (right) components of the WIMP. For a Majora-

na neutrino, J°wiMP = ^ a n ^ t ^ e r c " n o c o n C T e n t Z°-exchange. On the contrary, s-neutrinos and 

Dirac neutrinos interact coherently with nuclei. The case of the neutralîno is more complex. The 

higgsino and the Zino can scatter coherently off nuclei through chirality-changing scalar exchanges 

(Higgs or s-quark exchanges [117, 1 IS]). A pure photino is expected not to exhibit coherent scattering, 

since its q exchange with nuclei is chirality conserving in most cases. The relevant Feynmann diagrams 

are shown in Fig. 4. 

9.2 Spin-dependent interactions. 

This is the case for a pure photino, interacting with nuclei through the exchange of a scalar quark (Fig. 

4 ). This diagram leads to spin-spin coupling in the non-relativist limit. It was initially assumed that 

valence quarks carried most of the spin of the nucléon. Then, one could write the relevant matrix ele

ments at the nucléon vertex as [1161: 

< P | Û T Y 5 U | P > = (1 + g A ) < P l ^ ! P > 

< P | a T Y s d | p > = (1 - g A ) < P i ^ l P > 

< n | ô T r 5 u | n > = (1 - %/^<n | ? ! r > 

< n | d T r 5 d | n > = (1 + g A ) < n | î f j n > 

where experimentally g A =*1.2. Therefore, a u-quark in a proton or a d-quark in a neutron had a 

larger matrix element than the converse case. Furthermore, the diagram from Fig.4 carries twice the 

coupling qqï , which is proportional to the charge of the quark. It then followed [116, 119] that pho

tino searches should be made with even-odd nuclei carrying an odd number of protons. 

This conclusion has been recently reconsidered at the light of EMC data [ 120, 121] which suggest 

that a sizeable part of the nucléon spin is carried by sea quarks. If this is the case even for low values 

of Q (the momentum transfer), the above estimates should be seriously modified and a wide range of 

target elements could be used for dark matter detection, but with rather weak event rates [122]. Re

cent theoretical studies [123] based on the Skyrme model, as well as data on 7 (r) p elastic scattering 

data [ 124], seem to support the EMC claim. 
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93 Inelastic scattering. 

For particles that do not scatter coherently off nuclei, Goodman and Witten proposed the use of spe

cial target nuclei where the matrix elements for the transition to excited states may be as important as 

those of elastic scattering. Then, besides the recoil energy, it would be possible to detect a y ray coming 

from the decay of the excited state. The main drawback is our poor knowledge cf the actual nuclear 

wave functions and matrix elements. 

In spite of its not well known cross sections (a priori quite small), inelastic scattering may in some 

cases provide a specific signature (delayed time coincidence [125]) which appears potentially able to 

reject severe backgrounds. As will be seen later, this may turn out to be a crucial point even if very 

large detectors are likely to be required. A systematic investigation of all possible target nuclei for ine

lastic scattering is being presented by R. Flores at this Workshop. From these results, we are inclined 

to consider: i e 9 Tm, "Kr, "Fe, 1 M Eu, U 9 Sn, and 1 1 9 Os as the most interesting materials. Our 

choice is based on the necessary compromise between excited state lifetimes long enough to allow for a 

delayed time coincidence and the requirement of presenting the largest possible event rates. What 

makes an inelastic scattering experiment extremely difficult is the simultaneous necessity of: a) large 

size, b) fast time scale, c) low threshold, and d) high energy resolution. No obvious technique exists by 

now, and new developments should be undertaken. 

10. THE PROBLEM OF WIMP DETECTION 

In the case of coherent scattering through full strength Z° exchange, event rates of 10-103/Kg.day can 

reasonably be expected. For a WIMP mass of 1 GeV (100 GeV), dark matter detectors should be 

sensitive to < 1 keV (100 keV) deposit of energy if a target of mass M =* misused. Since the last re

quirement cannot be fulfilled a priori (the WIMP mass is unknown), a threshold two orders of magni

tude lower (10 to 100 eV) would be the ultimate goal for a universal WIMP detector. This naturally 

hints to the development of low temperature devices (bolometers {1261, SSG [119, 125] and possibly 

superfluid *He [56]). 
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However, more conventional detectors have already provided some interesting bounds £127, 128] 

and aie still being proposed for further experiments. Particularly fruitful has bees work based on the 

analysis of double $ germanium experiments with 4 keV energy threshold, where PNL-USC [ 1271 and 

UCSB-LBL [1281 collaborations have been able to rule out a WIMP with lull strength coherent Z° 

exchange (e.g., a heavy Dirac neutrino) of mass mZ 15 GeV. Recently proposed silicon diode detectors 

1129) would provide higher recoil energies and a lower electronic noise. They arc expected to lower the 

threshold to 0.6 keV and bring interesting results for cosmions and coherently interacting WIMP. In 

particular, the magnino hypothesis can possibly be checked is such a way. Besides energy threshold, 

the main limitation of such detectors is their sue, which does sot allow for the detection of particles 

that 4o not interact coherently with nuclei. Also, the use of germanium or silicium may be {inappro

priate if dark matter is made out of photinos and the naive quark model holds for tow Q scattering 

processes. Other possible techniques for WIMP detection may be: low pressure hydrogen time pro

jection chambers [130J and dedicated scintillating crystals (125]. 

For pure nucleus recoil events, the relevant physical quantity to be compared with background is 

the event rate per unit of deposited energy. A maxwellian velocity distribution with a root mean 

square 10~ * c is usually taken for WIMPs. Existing double £ decay germanium detectors show a rapid 

noise increase for E (deposit of energy) < 20 keV and would not allow to detect Dirac neutrinos of m 

< 10 GeY O07J. The best existing background is the relevant region {B > 4 keV) is of « 1 event/ 

keV interval. Kg. day. 

For Majorana fermions, such as the neutralino, event raxs for elastic scattering off nuclei can be 

two orders of magnitude lower than those of coherently interacting particles. This is a severe draw

back, since the relevant event rate clearly falls below expected backgrounds. In spite of obvious difS-

culties, the detection of WIMP through spin-spin interactions is indispensable for the completeness of 

dark matter searches, and will require an unprecedented effort in the development of high sensitivity, 

low background devices. The above mentioned inelastic scattering can potentially be a solution to 

search for particles heavier than 10-20 GeV. This may actually be acceptable if future accelerator ex

periments provide more stringent lower bounds aa, the masses of supersymmetrie particles. From a 

more general point of view, we team that a reliable search for galactic WIMP wul require detectors of 
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all sizes and involving several différent techniques, since signature* and event rates are strongly theo

ry-dependent. The fact that in some models the flatino can afford itself being the graviutionally domi

nant component of the universe, without exhibiting other kinds of observable interactions, clearly 

shows how difficult can become the search for weakly interacting dark matter. 

11. M O N O P O L E S 

In spite of its apparent exoticity, the monopole problem is a fundamental issue in modem physics, for 

the existence of magnetic charges ould naturally complete the dual symmetry of Maxwell's equations. 

Monopoles which are non-perturbativ, solutions of grand-unified Yang-Mills theories [131] may have 

been formed in the early universe. They are not genuine dark matter candidates if Parker's bound 

[132] is to be believed. Bounds on monopole flux from the persistence of neutron stars are even more 

stringent [133] if monopoles are assumed [134] to catalyze baryon decay. The cosmological implica

tions of a precise knowledge of the monopole flux (if any) would be extremely important. 

MACRO [ 135] provides a large area experiment able to detect fast monopoles, but it is unclear 

what lower bound on the monopole speed should be associated to data obtained with conventional 

techniques, ecent studies [136] suggest that the MACRO detector may be sensitive to monopoles with 

P > 6x 10"*. However, the interaction of slow monopoles with matter is not fully understood, and 

current estimates rely at some point on theoretical calculations or extrapolations not derived directly 

from first principles. 

Induction experiments are reviewed by J. Incandela at this Workshop [137]. They have by now 

reported two candidates, but none of them is firmly established. Superconducting detectors (induction 

loops [138] or SSG [139]) are the only proposed techniques for "all beta* monopole detection. Induc

tion experiments provide the only monopole search where the signal is a direct consequence of first 

principles (Faraday's law). In order to reach comparatively large areas, two kinds of problems must be 

overcome: a) the cost of SQUID technology; b) background increase with detector size. SSG may 

provide a natural way to escape such problems, since large signals and high background rejection are 

naturally expected. 
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12. LOW TEMPERATURE DETECTORS 

For both low enn^y neutrinos and dark matter candidates, cryogenic detectors are by now the pre

ferred 'next generation devices' since they should naturally provide the required low threshold and en

ergy resolution. Things may actually not be so simple, but recent results of feasibility studies are indeed 

encouraging. Among the proposed techniques are: 

12 J Crystal calorimeters [140], 

They are often called 'bolometers' by astronomers, who use small calorimeters to detect low energy 

Y'S. Strictly speaking, the expression 'bolometer' should designate the thennal sensor implanted on a 

crystal absorber, but it is often used to name the composite system. When an incident particle depos

its an energy E in the crystal, an increase in temperature AT =* E/C is expected, where C is the detec

tor heat capacity and AT is assumed to be « T (linear region). A small resistive thermometer (ther

mistor) is implanted on the crystal which allows to detect a small increase in temperature. Assuming 

that Johnson noise Erom the thermistor and the amplifier can be made small enough by a clever design 

of the read-out system, the intrinsic limit on the performance of a crystal bolometer is given by energy 

fluctuations. A commonly used expression [141? is: 

AE m a *«(kT»C) 1 / 2 {17} 

where C is the heat capacity of the bolometric system (crystal + sensor) and $ is often taken to be in 

the range 1.5 - 2. Taking C « a MT3 , where M is the mass of the crystal, the T 5 ' 2 M 1 ' 2 depen

dence of AE from {17} suggests that it may be possible to obtain high sensitivity for comparatively 

large detectors if size is compensated by a decrease in working temperature. This a obviously the most 

favourable situation, and in a small bolometer at very low temperature the heat capacity of the sensor 

may spoil the T 3 law. Other limitations in energy resolution may come from luminescence loses and 

Frenkel vacancy interstitial pair creation [ 142]. 

Actually, the produced phonons may not be in thermal equilibrium when they reach the sensor 

coupled to the crystal (ballistic phonons). Then the sensitivity of the sensor becomes the main pa-
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rameter. Cabrera [143] proposed to use tunnel junctions similar to those developed at SIN [144]. Since 

ballistic phonons tend to propagate along the main crystallographic axis, position information can be 

extracted from the phonon pattern on the surface of the crystal. 

The first bolometer prototypes for particle detection used to be rather small, and were mainly de

signed to study the feasibility of neutrino mass measurements, or to detetct low energy X rays. In 

1984, the Aarhus/CERN/Goteborg/New York/Sacla> /Verrières collaboration [35] achieved 36 keV 

energy resolution on 5.5 MeV a's with a 0.25mm3 diamond crystal at T = I K , and the rather high 

choice of temperature was onlj dictated by financial considerations. In 1985, the Madison-Goddard 

group [ 145] achieved 34 eV energy resolution on 6 keV Y'S using a 500 x 500 x 25 pm 3 silicium crys

tal. This performance has subsequently been imrpoved down to 17 eV FWHM [146]. 

Recent developments on large bolometers are an encouraging noveltry, especially since they may 

lead to full size detectors for rare decays (double 0, etc.). 1% energy resolution on a particles has al

ready been demonstrated by the Milano group [40] with a — 0.1 cm 3 ultrapure germanium crystal at T 

* 4 4 m K . 

Even more impressive from the point of view of performance (although less dedicated to double /? 

experiments) is the result claimed by a group from WMTF (Garching) [41], using a new kind of mag

netic bolometer at 3 He temperatures. A 150 g Y(Er)Al-garnet was thus used as a magnetic thermome

ter for a 7.35 g saphire crystal, reaching 30 keV energy resolution on 5.S MeV a's. The basic principle 

is as follows. Er3 + ions are spin Kramer doublets, where the ground state degeneracy can be removed 

by an applied magnetic field H. It can be easily shown that, in such a spin system (neglecting interac

tions between spins), the magnetization of the sample changes as: AM ^ E s/H, where E 5 is the portion 

of the deposited energy that is absorbed by the spin degrees of freedom: E s - E CrfC (C, heat capac

ity, — Cf + Cj where t stands for lattice and s for spins). The two components of C follow the law: 

C/ *= T 3 , C 9 <c T" z . At a given temperature, the maximum value of AM/E is reached for the value of 

H, HQ, at which E 3 * E/2 (C/ = C a). Obviously, HQ «= T 1 / 2 , which restaures the law: C (T, H 0 ) <= 

T \ A DC SQUID at *He temperature, coupled to gradiometxic pick-up coils was used to detect the 

change in magnetization, where the SQUID flux signal produced by the a particles was =* 5 x I0~ z $ 0 

(<p0 * flux quantum). If confirmed by more detailed studies, the WMTF result ****H* particularly ira* 
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portant, not only by the 7.5 g weight of the whole detector, but also by the comparatively high temp

erature (T =* 400 mK) at which the test was performed. 

12.2 Superconducting tunneling junctions (STJ). 

A superconducting tunnel junction is made of two superconducting samples linked by a thin insulating 

layer, across which quasiparticles and holes can tunnel in the presence of a polarizing bias voltage. 

STJ exhibit potentially an carrier excitation energy in the range 10~6-10 - 3 eV, which corresponds to 

the energy gap A of conventional superconductors. The intrinsic energy resolution is then given by: 

A E ^ ^ f E , ) 1 / * (18) 

Where f is the Fano anti-correlation factor and f the effective excitation energy (e > A, the supercon

ductor energy gap). Existing prototypes [144, 147, 1481 are made of Sn-SnO-Sn and Nb-NbO-Fb 

junctions. They have until now demonstrated effective excitation energies of 40 to 400 meV per qua-

siparticle, where the lowest value [144] corresponds to a Sn-SnO-Sn junction at 300 mK. In the last 

case, an energy resolution of 0.7% (FWHM) was obtained for 6 IceV y's. The value of e inferred from 

this experimental result or. AE was considerably higher than the superconductor energy gap (A •= 0.5 

eV), and obviously deserves deeper understanding from the basic properties of STI. A similar result 

was found at T.U. Garching [149], where 80 eV FWHM energy resolution was is estimated the energy 

difference between 5 SMn K a and KJJ rays. 

It must be realized, however, that the above performances come from small junctions (10~4 cm2). 

Large surface junctions have never been tested, but baseline noise may increase due to larger capacity, 

and tunneling time is expected to increase linearly with the junction thickness. The best sensitivity is 

obtained at comparatively low temperatures [144, 147], but the recombination time increases as exp 

(A/kT). Although tunneling junctions aie certainly very performant at the scale of small detectors, it 

remains to be shown that their size can be increased in a satisfactory way. Some possible solutions 

(ami/s of junctions [ISO], quasiparticle trapping [66]) are already being studied, and the growing tech

nological «Sort .<n such devices should lead to basic improvements in the years to come. 

STJ equally provide a promising read-out for ballistic phonon detectors [55, 126, 1S1J, where the 

low excitation energy of quasipaxticles would be used to produce an efiwient conversion, of phonon 
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energy into current. We may expect excellent achievements from this graceful combination of bolome 

trie and superconductor techniques. 

12.3 Superheated superconducting granules (SSG). 

The initial idea originates from members of the Orsay Group on Superconductivity [152], who pro

posed to use as particle detectors colloids of metastabte type I superconducting granules (into some 

dielectric material, paraffin, epoxy or varnish) previously developed by J. Feder [153]. The first irradi

ation results with a low energy electron beam were subsequently obtained in Rennes [154]. The 

read-out for a SSG detector is based on the dissapearencc of the Meissner effect, where a current is in

duced in a loop surrounding the granules, as some of them undergo a superconducting to normal 

phase transition. 

The potential sensitivity of SSG devices is excellent (« 300 eV for 1 /im diameter In grains at T =* 

300 mK, « 4 eV for Ga grains of the same size at T » 100 mK). SSG can be used with conventional 

fast electronics, which allows to incorporate a large number of electronic channels. Furthermore, a 

X-Y read-out scheme with the X-Y plane normal to the applied magnetic field should allow to opti

mize the ratio between the number of electronic channels and that of elementary cells. It follows from 

thesu considerations that, in case of success, the SSG development is Hkely to provide the best suited 

cryogenic detector for large volume experiments (ss 10 s electronic channels for a 4 ton In solar v de

tector segmented into w 107 elementary cells). 

Although recent irradiation experiments with 0 > 10 />m granules have confirmed the expected 

sensitivity [42, 57], it remains that several crucial problems must be solved before SSG devices may 

become operating detectors. First, very small granules of good quality should be produced in reason

ably large amounts. To date, it is possible to produce 5 Kg/hour of <p (diameter) » 25 /un good qual

ity microspheres [155]. Further developments are required to reach a similar production performance 

down to <f> =* l/*m grains. Secondly, the response of the detector to low energy particles should be 

improved: in the conventional scenario, the signal produced by a 116 keV r (from L 1 3 I a inverse P in

duced by a low energy neutrino) could not be read by the best FET amplifiers if =* 5mm wide and =* 

lm long current loops have to be used. Further more, the recoil energy of a nucleus would at best flip 

a single £-iin, which spoils energy resolution of SSG for dark matter searches. 
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A possible cure to these diseases has recently been proposed [65, 125], based on the principle of 

'amplification by thermal microavalanche', where, with a suitable choice of dielectric material and op

erating temperature, a positive latent heat is released by flipping granules and produces new transitions 

in the detector [ 156], It can then be shown by simple dimensional arguments [65, 125] that the signal 

in magnetic flux should be proportional to the energy deposition and will be amplified by one or two 

orders of magnitude with respect to the conventional scenario. Furthermore, the dielectric material 

also becomes an active target thermally read by the grains (hydrogen target for dark matter searches). 

As appealing as it may be, this idea still needs experimental confirmation. If the new scenario works, 

an inelastic scattering dark matter experiment could possibly be performed, based on 1 1 9 S n (Ey » 24 

keV , Tjy2 =* 18 ns , 0.1 event / ton.day). 

12.4 Other devices 

Some of them are presented at this Workshop. We focus here on those which are absent, and profit to 

put forward some possible new ideas: 

a) The proposal to use superfluid 4 He was discussed at the previous Workshop [57]. The energy 

deposited in 4 He at T =* 100 mK would produce rotons (A/k = 8.65 K) which propagate ballistically 

in all directions. When reaching the liquid surface, they will evaporate helium atoms which release 

(binding) energy when being captured (adsorption) by the surface of a silicium wafer. Attached to the 

wafer, a thermistor would read the change in temperature. Then, a « 200 keV recoil energy from elec

trons scattered by neutrinos is estimated to lead to a temperature increase AT « 10~ 3 K, which can be 

measured with » 1% accuracy. The main component in energy resolution Î3 likely to be given by 

fluctuations of the total energy released in the wafer. 

2) Superconducting films can reach the superheated state [1ST], And have been shown to be sen

sitive to a particles [158]. Wires or strips in both superheated [139] or equilibrium superconducting 

state [159] have equally been considered, where a local inset of resistivity would be detected in the 

form of a voltage pulse. Also, the study of powders and ceramics appears unavoidable with the tech

nological effort devoted to high T c superconductors. 
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A possible way to use non-metastable parades may be to detect, in the presence of an applied 

magnetic field, the change in magnetization produced by a local increase in temperature. As heat is de

posited in superconducting grains (assumed to be in the miud or intermediate state), the volume of 

the normal region will increase and the local Meissner diamagnetum will be lowered. Such a technique 

may in principle bring a proportional response: AM (local change in magnetization) oc AT (change in 

temperature) x V ] 1 0 t (volume of the hot region) « E (deposited energy). But it is not obvious how 

homogeneous would the response be, or if it would yield a detectable signal for a small energy deposi

tion. 

c) Conventional devices (luminescent crystals, low gap semiconductors) may also be used at 

cryogenic temperatures. As an example, undoped Nal and Csl at 70 K yield 2 times more visible light 

than Nal(Tl) at room temperature, and BGO has been shown to provide a good light yield down to T 

= 4 K [160], Low gap photoconductors [161] work better at cryogenic temperatures: 4.2 K for GaAs, 

Ge:Ga, Ge:Cu, Ge:Zn,... whereas InSb can work as low as T =* 1.5 K . Semiconductors at low temp

erature are also commonly used as sensors: GaAs:Zn and GaAs:Gd have been considered as resistive 

bolometers between 1 and 4 K [162], whereas germanium resistive thermometers have proved useful 

for years below 1 K . 

The wide variety of superconducting materials that can now be found in the 4 K - 70 K tempera

ture range opens the way to superconductor-semiconductor hybrid devices in all fields of modem 

technology [163]. An obvious application would be the use of a high T c superconducting transmission 

line between two semiconductor chips. Conversely, in iosephson devices, semiconductors can be used 

to couple between superconductive electrodes (super-Schottky diodes). A technical difficulty may be 

the need to anneal perovskites at T > 850°C. 

d) A major problem for some potential applications of thermal bolometers may be the slow signal 

rise time inherent to phcaon and heat propagation. Luminescence can, on the contrary, be a fast phe

nomenon and even with a comparatively slow fluorescence h would benefit of fast light propagation. 

There is, to our knowledge, no basic objection to the development of luminescent bolometers. As an 

example, sapphire (A1 2 0 3 ) is an excellent crystal bolometer absorber due to its high Debye tempera

ture (1200 K), and exhibits perfect transparency in the visible range. Furthermore, loses due to light 
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absorption in such composite devices would be less harmful since the corresponding energy would be 

recovered in the form of phonons. If a transparent crystal canibiting enough luminescence at T < I K 

could be found, it would be possible to simultaneously detect the increase in temperature with a ther

mistor, and collect light with some cryogenic photosensitive device {low gap semiconductor, STJ, thin 

bolometer...) implanted on one of the faces, the other faces being painted to prevent light from escap

ing the crystal. Although many difficulties are likely to appear, this seems to us one of the most prom

ising ways in the field of low temperature detectors. 

13. CONCLUSION 

Neutrino physics and dark matter searches provide manifold motivations for the development of low 

temperature detectors. It such developments succeed, a new window to the study of the Universe will 

be open. The field of cryogenic detectors appears to be vaste enough to provide large and small, fast 

and slow devices, capable to produce dedicated experiments (neutrino mass measurements, rare decay 

studies, solar neutrino flux measurements, as well as searches for monopoles, cosmic or solar axions, 

galactic WIMP,...). This fascinating perspective explains the rapid growth of the field, and no doubt 

will trigger important achievements in the near future. The present Workshop will hopefully provide a 

fruitful exchange of views on how to take steps in thfc direction, and allow to evaluate the progress 

made since the Ringberg Castle Workshop [57]. 
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