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ABSTRACT

The recent developments in underground low-counting experiments give

limits to rare decays, which are hard to improve since scaling the size and
the resolution of the combined source-detector is difficult with the existing
techniques. We explore here the possibility of low-temperature calorimetry to

improve the limits on processes such as neutrinoless double-bets decay and
electron decay.
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Detettidn of very low activities has become of considerable interest in
nuclear and subnuclear physics. Recent examples are searches carried out with

"passive" detectors, such as those on double-beta decay and electron stability.
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' poubie-beta décay involves [1-4] a triplet of isotopes (A,Z), (A,Z+1) and
: (R,Z42), whéré $ingle-beta decay to (A,Z+1) is either energetically forbidden
or 4t Jedst’strongly inhibited by a large change of the parity-spin states.

In principle, two decays could occur:
T (AL, Z) 4 (A, Z42) + 2+ 2v,

(ALZ) » (A,Z+2) + 2¢
yo e v :

"wheré in’thé ' latteér, the lepton non-conserving case, the two electrons would
'dhare the total®iransition ‘energy. This channel would be favoured, if

“allowed, with'réspect to the lepton conserving one by a large factor due to
' the mulh'larger! a¥vdailable phase space. Double-beta decay represents,

therefore, a very powerful tool to search for lepton number non-conservation.
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Theory and récent experimental results [5] indicate for neutrinoless
double-béta'décay'very large half 1lifetimes (of 1022 years or more). As a

ﬂ”céﬁsééﬁéﬁcéﬁ'%hé@éiekperiments have to be carried out in a low radicactivity
| eniironméntwith detectors bf good energy resolution. A much better
efFitienty '¢an P& tehched if the detector itself can be used also as a source
- of" doubld.béth §édhy [6]. This has restricted the choice so far to GeLi

detectors (two experiments have been carried out recently {7,8) and othersg are

planned [S5]), and to xenon time projection chambers (TPCs) [9-12], since
“ﬁﬂﬁaﬁwhnﬁﬂl§§i@ a4’ gooll doubléibeta decay candidates. Tt would be of
obvious interest to extend the *"passive" detector techniques to other double-
beta active materials, and also to increase the mass and possibly the

resolution of the asbove-mentioned detectors.

Similar considerations_pﬁpiy to the problem of electron stability, which
has also been investigated with passive detectors [13-16]). A method consists

in the search for the disappearance of a K-~shell electron of the detector
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atom. The corresponding vacancy would be filled by external electrons, and a
peak would appear at the binding energy of the K shell. A less general method
congists in the search for electron decays in the specific channel

e v+ Y.
e Y

The possibility of using low-temperature detectors im subnuclear physics
has already been suggested [17-19] and is by no means restricted to the above-
mentioned problems. We will only discuss them because of their intrinsic
physical interest and because it seems difficult to improve considerably their

present experimental status with existing techniques.

2. THE PRINCIPLE OF LOW-TEMPERATURE CALORIMETRY FOR PARTICLE DETECTION

In order to detect the energy lost by a particle, in the final form of
heat, one has to use detector materials of low specific heat. Most of the
energy deposited by ionizing radiation appears in the form of heat within a
delay only due to atomic transitions. A minor part (a few per cent at most)
je stored as lattice faults: dislocations, F-centres, interstitials, and

various types of stacking faults, or as chemical energy in compound crystals.

An event which is totally contained in a low-temperature calorimeter
should therefore deposit in less than 10" %s an amount of heat
corresponding to the energy of transition less a few per cent due to
chemically stored energy. The variation in the deposited heat would be equal
to the variation in this stored energy, which we (optimistically) believe to
depend on the statistical variation in the number of each kind of fault
produced. Channelling effects, in principle, could cause systematic variation

superimposed on the statistical one.

The following main contributions to the specific heat must be considered

in the choice of the detector material:
i) The lattice specific heat

¢, =B (r/ei})a , (L)
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where B = 1944 J/(mole K) and GD is the Debye temperature characteristic

of the crystalline substance, arises from the lattice vibrations called
phonons. The low-temperature phonons propagate at'the.speed of sound vs and
scatter from crystal faults (impurities, defects, boundaries), against each
other and against other types of excitations, such as conduction electrons,
magnons, and so on. This scattering causes the phonon system to come to an
internal thermsl equilibrium. 1In a pure faultless single crystal of a
dielectric diamagnetic substance the boundary scattering dominates at low
temperatures; the phonon thermalization time constant then depends on the

characteristic dimension L of the erystal and on the speed of sound:
T >2L v . (2)
ii) The conduction electron specific heat

¢ ~17 {(3)
e
dominates the lattice specific heat below ~10 K in metals. In a super-
conducting state the pair correlations of the electrons make this contribution

vanish exponentially:

» (4)

where A = ch is the binding energy of the pairs. This energy is of the

order of 10 “eV in common superconductors; the energetic phonons created

by ionizing radiation can thus break pairs in the superconducting state and
cause some additional delay in the establishment of the thermal equilibrium in
the phonon system.

Another problem in superconducting materials is that a perfect Meissner
state (perfect diamagnetism) is hard to achieve owing to field vortex
nucleation (flux-line trapping). These tiny flux-line filaments feature large

specific heat characteristic of normal metal.

iii) The electron magnetism gives rise to very large specific heat at low

temperatures. 1In dilute paramagnets the Curie law leads to the specific heat

c~T 2. (5)
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The related maghetization could be used for measuring the equilibrium phonon
temperature, if the'spin—latticé relaxation could be made fast enoﬁgh. Such &
detector for double-beta decay has been proposed by Mitsel 'makher, Neganov and

Trofimov [19].

The detailed analysis of the Curie-law paramagnetic thermoﬁeter, read by a
superconducting flux-transformer and amplified by the best available '
DC-SQUID [20], leads to s calorimetric sensitivity several orders of magnitude
below ﬁhat can be achieved with resistance thermometry. The main problem lies
in the coupling of the magnetic energy to the SQUID input while maintaining a

reasonable bandwidth and impedance match.

In compounds of paramagnetic ions the high electron spin concentration
leads to a very large specific heat due to spin-spin interactions, and
ultimately results in a magnetic phase transition. These materials are not

suitable for ultralow-temperature calorimetry.

iv) Nuclear magnetism and hyperfine interactions lead to large specific heats,
giving rise to Curie-law magnetization and specific heat, or featuring a
Schottky anomaly in the specific heat at low temperatures. Fortunately, the
nuclear spin-lattice relaxation times are slways so long that the fast
variation of the phonon system temperature is practically not at all
attenuated by nuclear magnetism. However, in the case of hyperfine anomalies,
the slow nuclear spin-lattice relaxation may cause & nearly permanent heat
leak, preventing the attainment of a low lattice temperature in a reasonable

time.

v) Nuclear quadrupole interactions in a non-cubic crystal result in a large
specific heat, but the quadrupole energy relaxes slowly allowing the phonon
system to respbnd fast to heat pulses, as in the above case of nuclear

magnetism.

vi) The specific heat due to the rotational and vibrational degrees of
freedom in glasses and solids with large molecules excludes their use in our

application.
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vii) Low-lying excitations of impurity levels, and molecular spin conversions

may make it impossible to reach a low specific heat in some solids.

In a pure and faultless single crystal of a diamagnetic, dielectric
material the specific heat becomes unmeasurably low already at a few tenths of

8 degree Kelvin, using conventional measurement techniques.

The equilibrium time constants of the various heat reservoirs and the
thermometer system, between one another, and towards the heat gink, determine
the chagactgristics of the pulse response of the calorimeter to an event. 1In
the foliowing.we éhall discﬁss a projected calorimeter consisting of a
semiconductor single crystal, a small area of which is doped with a suitable
impurity to make a resistance thermometer integrated with the calorimeter.

The heat sink would simply consist of a helium bath in which the crystal is
submerged. ‘This_tgpe of detector was first suggested for the detection of the
nonmioﬁizing eneréy loss of neutrinos by elﬁstic (neutral cﬁrrent)

scattering [17].

In a pure semiconductor single crystal the thermalization of the phonon
system will occur mainly by scattering from boundaries. The thermalization
time constant t is then given by eq. (2), ignoring all geometric and
impurity effects. The rise time of the thermometer temperature will be of the
samelqrder of magnitude, because there is no large thermal resistance between

a doped area of the semiconductor and the pure bulk material.

. The fall‘timg‘pf the phonon temperature is given by the escape probability
05 £99 phoﬁoqg througﬁ’the.crystal boundary to the surrounding helium bath.
This probability is small due to the acoustic mismatch of the two media; the
resultihg fhéfmal surface resistance, or'Kapitza resistance, resembles photon

heat transfer and can be described by

4

- 4
Q = aS (Tbody = Thelium

) (6)

where é is the rate of heat flow, 3 the surface area, and a« a constant.

For small temperature differences one obtains the expression:

Q = 4a ST AT , (7
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which in the literature is often written in the form

Q = AT/RK . (8)

Here the Kapitza resistance RK can be related to the constant o by

VRKSTS = constant = 1/4a (9)

using eq. (7).

The phonon cooling time constant t' is generally expressed by

4

T (aT)1°*. (10)

Tt = AT [

If the helium temperature remains constant one gets, for small AT,

Q dt = ¢ dT = C d(AT) , (11)

and from egs.{(8), (9), and (10)

AT c ’
= 3/¢ = “Bx = 45at?

T (12)
which is independent of T if C = T° (phonon heat capacity). For large

AT the initial recovery is faster than eq. (12).

The resistance of a thermometer in a pulse measurement would be obtained
by biasing it with constant current and measuring the voltage. This voltage U

also causes Joule heating, and ricse of the detector temperature by

U2

T = QR = 5 Ry - (13)

The energy resolution SE of the calorimeter is given by

dr 3U

SE=Cuyr u

R, (14)




where dT/dR is the sensitivity of the resistance thermometer. If the voltage
fluctuation §U is taken as equal to the noise voltage e, (bf)l,z
of an FET amplifier of bandwidth Af, one obtains:

R_Ri1/2
dT K 1/ 2
' dE = ¢C EE [fxi] en (Af) . (15)

One can simply approximate the bandwidth equal to 1_1, where t is
the time constant for reaching internal thermal equilibrium given
approximately by eq. (2), i.e. Af = vs/L. By substituting in eq. (15)
this and the expression of the phonon heat capacity given in eq. (1) one has:

1) 2) a) a)
~ . / ~ s —he. , ™ l""‘"""‘—\ C-Aﬂ
v 1/ 2 1/ 2
~ B| 8 dr|_ R v
8E = vmen[aa] X dR[A'r/I] 2 X vy X To (16)

where the four terms are grouped to reflect the effects: 1) of the material
properties, 2) of the thermometer sensitivity and noise, 3) of the detector

size and geometry and 4) of the temperature.

in order to evaluate the expected properties of various thermal detectors

we have made the following assumptions:
3 2 .4 =1
a) ,a value RKST = 1400 cm K W = as extrapolated for silicon [17];
b) -an operating temperature of T = 5 mK;
v ¢) @& regsistance of 1 MR and a thermal sensitivity dT/dR of 2 x 10_9 K/Q;

" d) a permissible heat-up of AT/T = 0.1;

e) en &~ 10-9 V/vHz.
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Wwe have taken the values of the Debye temperatureg from other papers
{21-271. For the veloc1ty of sound we have used when a measured value was

not available [27], e value extrapolated on the ba31s of 1ts dependence on the

Debye temperature and molar volume.

3., EFFECTS OF THE NATURAL BACKGROUND ACTIVITY IN THERMAL EXPERIMENTS

Low activity measurement always requires a strong reduction of the
spurious counting rate which is normally obtained by placing the detector
deep underground in order to suppress the contr:bution coming from cosm1c
rays, and by sh1e1d1ng it aga1nst local rad1oact1vity Thermal calorimeters
require a very low background for two addit1onal reasons i) the thermal
pulse is likely to be much w1der than for standard nuclear rad1ation -
detectors; ii) an excessive energy loss in the detector due to local

activity could prevent it from,reaching very low temperatures.

The background counting rate.and‘energy loss in.common decectors is
roughly proportional to their mass. Their reduction in deep low-background
laboratories can be evaluated from the results of the Milan group who were
able to obtain recently one of the lowest counting rates in the literature.
The counting rate of their detector ih the laboratory at gea level, in a
normal radiocactive environment and without any shield, was found to be
0.54 counts g*lshl above 8 keV, corresponding to a total energy loss in

the detector of 0.173 MeV g_ls_l. These figures were reduced to -

7 x 107> counts gnls_l and 1.9 X 10> MeV gmls_l,

respectively, by installing. the deteccor in the Mont Blanc laboratory under a
massive shield against local radioactivity. Under these latter conditions the
counting rate of the largest thermal detector considered in the present report

(a 450 kg molybdenum cube, as discussed later) would be about 30 Hz, and the
corresponding energy loss would be 1.3 X 10_12 W. The corresponding time ¢
constant to reach thermal equilibrium would be quite tolerable

(t' = 16 ms). ' , ‘ .

4. CALORIMETRIC DETECTION OF DOUBLE-BETA DECAY

We have chosen, for the present analysis, only those elements which are
preferable as a source of double-beta decay for the isotopic abundance, the

transition energy and, when available, the nuclear matrix element of the
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corresponding active lsotope [{28]. The performances of various double-beta

Lfgeeﬁy “pass1ve" detectors operated at 5 mK and made of natural elements are
reported in table 1. The energy resolutlon is calculated for a detector of a
mass of 1 kg. We have also calculated the mass of a detector so as to achleve
an energy resolution of 1 keV, definitely superior to that in the present
- solid- state detectors. The corresponding sensitivity, obtained in a year of
7 effective runn1ng time, is compared with the most recent 11m1t obtained with
* “”“c}assical" detectors.

Ue should like to add that the sensitivity could be improved at a large

1 .
L

,cost,by using isotopically enriched materials, or by decreasing the temper-
atege of operation. Conversely for some of these elements, especially for

superconductors, the presence of impurities could prevent them from reaching a

!suff%ejently low temperature and/or heat capacity.

Fhe use of compounds, and particularly of oxides, of the elements listed
‘I N

Iin ;Pe table could substantially increase the Debye temperature and conse-
quently decrease the heat capacity. For instance, in the case of Geo2 and

SnO2 these temperatures are expected to be 760 K and 540 K, respect-

ively [26]. It would also allow adding to the list double-beta active
elements such as calcium, which we have not included since the thermal
properties of the pure element are expected to be rather poor. A quantitative
analysis of the thermal properties of all possible compounds of double-beta

elements is, however, beyond the aims of the present report.

5. CALORIMETRIC DETECTION OF THE DECAY OF THE ELECTRON

Thermal detection of these processes should in our opinion be limited, at
least at the beginning, to the decay of K-shell electronz. The search for the
specific decay e - v, + ¥ seems in fact to us much less appropriate,
since Doppler broadening of the expected peak at 255 keV prevents us from

taking advantage of the excellent energy resolution of the detector,

A considerable advantage in thermal detection of electron decay with
respect to double-beta decay is that one is no longer limited to a few
elements or compounds, but can choose materials practically only on the basis

of their thermal properties. A list of possible thermal detectors of electron
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decay is reported in table 2. A mass of 1 kg is taken for all these
detectors, which are operated at 5 mK. The considerable uncertainty on the
sensitivity of detectors with low K-energy is due to the fact that the
background of spurious counting at low energies is poorly known and hardly

reproducible,
6. CONCLUSIONS

The potential of thermal detectors is obviously only partially shown by
the examples reported here. Their application could extend to all processes,
possibly at low rate, where the deposited energy has to be measured precisely
(measurements of energy transitions, of the energy of excited nuclear levels,
of the neutrino mass, of very small radioactive isotope contamination, ete.).
However, we have limited our analysis here to double-beta decay without
" peutrino emission and to electron decay because the present experimental
sensitivity of these procesces is less limited by the intrinsic background
activity than by the difficulty of increasing the amount of active material
and/or the resolution of the detector. Thermal detectors could allow these
limitations to be overcome, with far-reaching consequences in nuclear and

subnuclear physies.
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