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Gamma ray spectroscopy with high-Z thermal detectors
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A massive thermal detector to be used to search for rare decays and to detect high-energy y-rays has been operated both at sea
level and underground. It consists of a 20.9 g monocrystal of TeO, whose temperature is measured by means of a necutron
transmutation doped thermistor. The detector was first operated in Milano at a base bolometer temperature of 22.5 mK and with a
FWHM resolution of 90 keV, rather independent of the y-ray energy. Much better rest 'ts have been obtained when the detector
was operated underground, under a suitable shielding against local radioactivity and inside a Faraday cage. The base bolometer
temperature could be as low as 14.5 mK which, together with the elimination of pile-up, allowed to achieve FWHM resolutions of
1% for y-rays above 2.0 MeV. The increase in the base temperature of the bolometer when exposed to a weak radioactive source is

discussed in view of possible applications in the search for dark matter.

1. Introduction

Development of +y-ray detectors made with materi-
als of high atomic number is of obvious interest in
nuclear and subnuclear physics. In fact, the contribu-
tions to the cross section of high energy photons by
photoelectric effect and pair production increase with
Z much more rapidly than the contribution by Comp-
ton effect. As a consequence the peak-to-Compton
ratio is strongly improved by large atomic number.
High-Z detectors are also very important in specific
searches in fundamental physics, like those on coher-
ent interactions of massive particles which could con-
stitute dark matter [1-3], or on double 8 decay [4,5].
Bolometers operated at very low temperatures have
been suggested since 1984 [5,6] as detectors of single
particles. When a particle delivers an energy AE in
form of heat to a bolometer of heat capacity C, the rise
in temperature is given by:

AE :
AT ol (1
For a pure crystal of diamagnetic and dielectric

material the heat capacity is given at low temperature
by:

m T\’
c= 1944(;)(;;) /K], )

where m, A and T are the mass (in grams), the atomic
number and the temperature of the crystal, and Ty, its

Debye temperature. At very low temperature the heat
capacity can be so small to allow a measurable increase
of temperature even for the tiny energy delivered by a
single particle. The energy resolution could in principle
be extremely good as shown [6] by the expression:

AEFWHM=§kaT2, (3)

which assumes complecte thermalization. The nondi-
mensional parameter ¢ can be of a few unities in
sensitive enough detectors.

Various bolometers, of different materials and sizes,
are presently operating [7-10] with performances which
are very good, even if still far from those predicted
theoretically. Small bolometers, of masses of the order
of a few tens of micrograms, to be used for detection of
X-rays or in searches on the neutrino mass, have
reached impressive resolutions [7-11]. Many massive
bolometers made of low-Z crystals have been con-
structed, taking advantage of the very favourable De-
bye temperatures of materials like silicon, sapphire or
lithium fluoride [7-10,12-14]. They are not suitable to
detect high energy +y-rays or massive dark matter parti-
cles.

High-Z detector materials only rarely present high
Debye temperature, which makes considerably difficult
to realize thermal high-energy +y-ray detectors. An
exception is represented by many superconductors.
where however the Cooper pair broken by the incom-
ing particle could not recombine in a time sufficiently
shorter than the thermal relaxation time {15]. In fact

0168-9002 /92 /$05.00 © 1992 — Elsevier Science Publishers B.V. All rights reserved



596 A. Alessandrello et al. / Gamma ray spectroscopy with high-Z thermal detectors

the Milano group has rccently found that a relatively
large (2.4 g) crystal of molybdenum was yiclding pulses
an order of magnitude lower than expected for full
cnergy thermalization [16]. The Genova group ob-
tained good thermalization and detection of °Co y-rays
with a rhenium crystal, whose mass was however of 20
mg only [17).

Large germanium bolometers have been con-
structed by the Center for Particles Astrophysics (60 g)
[18] and by the Milano group (190 g) [19], but their
cnergy rcsolutions are much poorer than for germa-
nium diodes. One has to note however that the former
of thesc bolometers could measure at the same time
ionization and heat, an cssential feature to reduce
background in cxperiments for thce search of rare
cvents.

We have constructed and operated bolometers of
tellurium, a high-Z element which is very promising for
the search of double 8 decay of '*"Te (33.87% isotopic
abundance). After the use of a crystal made with 2.1 g
of pure tellurium [20], which we found however very
brittle at low temperatures, we have successfully oper-
ated a 5.7 g TeO, crystal. We report here the construc-
tion and operation of a much larger detector made
with the same material and presently used in an under-
ground experiment on double B decay.

2. Experimental details

The detector is shown in fig. 1. It consists of a TeO,
crystal of 20 X 16 X 12 mm® with a mass of 20.9 g. It is
fastened to the heat sink of the dilution refrigerator by
a frame made with oxygen free high conductivity
(OFHO) copper. In order to reduce microphonic noise
the crystal is suspended with 16 brass screws whose
extremities have small tips which exert a pressure ad-
justable with springs. Springs also compensate the dif-
ferent contraction of crystal and frame when the tem-

OFHC
COPPER
THERMISTOR FRAME
—
- HEATER
N TeO, CRYSTAL
TIP TIP HOLDER
/
SPRING BRASS SCREW

Fig. 1. Cross section of the frame used to hold the TeO,
detector. A detail of the tip mounting is shown.
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Fig. 2. Characteristic R-T curve of the thermistor obtained in
Milano.

perature decreases. A sample of the OFHC copper
used in the frame, screws and all materials surrounding
the bolometer has been previously measured with our
low radioactivity <y-spectrometer located in the Gran
Sasso Underground Laboratory in order to ensure
against detectable radioactive contaminations. The
temperature of the crystal is measured with a neutron
transmutation doped thermistor, provided to us by
Prof. E. Haller, kept in thermal contact by means of
Dow Corning high vacuum grease. The characteristic
curve of this thermistor (fig. 2) follows the dependence:

R(T) =R, exp[(T(,/T)y] ’ 4)

with Ry =225 Q, T, = 1.4 K and y = 0.57 (close to the
expected value of 0.5).

The detector was initially operated inside a stan-
dard dilution refrigerator with a cooling power of 200
rW at 100 mK, installed in our laboratory in Milano.
The temperature of the mixing chamber was below 10
mK, but the detector temperature at zero bias was of
225 mK due to extra heating whose origin will be
discussed below. The thermistor was biased to 2.6 mV
using a battery and two 6 MQ load resistors kept in
thermal contact with the mixing chamber. The bolome-

ter temperature was thus rised to 25.5 mK, where the
resistance of the thermistor is of about 430 kQ. In

order to reduce the parasitic capacitance, the pream-
plifier has to be kept near the detector. The signal
readout is realized using a differential configuration
implemented with two cryogenic GaAs MESFET volt-
age sensitive preamplifiers [22] mounted in thermal
contact with the helium bath of the dilution refrigera-
tor and connected to the thermistor with wires of 50
cm length. The balanced readout greatly reduces the
common-mode microphonic noise (a 100 dB rejection-
ratio was measured) and the short-length connecting
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wires keep the parasitic capacitance low (~ 30 pF).
Total noise contributed by both prcamplificrs is of
about 15 nV/vHz at 100 Hz with a l/ﬁ distribu-
tion. Mcasurcments of noise power spectra have shown
that total systcm noisc is dominated by microphonic
effects. The total power dissipated by both preampli-
fiers is about 100 mW. In order to test the stability of
the system, thermal pulses corresponding to 15 MceV
were generated cvery 30 s by injecting calibrated volt-
agc pulscs into a small nichrome resistor in thermal
contact with the crystal.

The dctector has becen exposed to radioactive
sources of ®Co and **Th placed immediatcly outside
the dilution refrigerator. A typical pulse produccd by
the *’Co source (fig. 3) has a risctime of about 15 ms,
much higher than expected from integration in para-
sitic capacitance (~ 30 ws). The risctime has thercfore
to be attributed to phonon thermalization and to ther-
mal resistance between absorber and thermistor and
possibly even between electron and lattice in the ther-
mistor itself [23]. The thermal pulses have a long tail of
about 2 s, but they are clipped by using ac coupling to
reduce the pile-up in the acquisition system. The “clec-
tric” decay time ranges therefore between 100 and 200
ms. A threshold of ~ 800 keV was set for calibration
purposes. Since the counting ratc with the source is
around 1.6 Hz and about 0.6 Hz without the source we
clcarly operate in undesirable pile-up condition. This
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Fig. 3. Typical pulse obtained in Milano with a *’Co source.

shows the nced to work underground and under a
suitablc shicld against cnvironmental radioactivity.

A sccond serics of measurements have been per-
formed after having installcd the same detector in a
dilution refrigerator with a cooling power of 1 mW at
100 mK operating in hall A of the Gran Sasso Under-
ground Laboratory. The overburden of rock (about
1400 m corresponding to about 3500 m of water equiv-
alent) suppress the background of charged cosmic rays

Faraday
Cage

qOuter Lead
N
W shield

Pumps and
control system

Q@

@ ©

Inner Lead

shield

Cryostat

5/

77 7777777777727

W

Experimental
volume

Fig. 4. The cryogenic setup in the Gran Sasso Underground Laboratory.
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by a factor of ~ 10°, while the flux both of thermal
and fast ncutrons is reduced by four orders of magni-
tude. This refrigerator, which can house a sample of up
to 100 kg mass and up to 20 | volume has been
specially constructed, in collaboration with Oxford In-
struments, in order to reduce the contribution from its
intrinsic radioactivity to thc background of the detec-
tor. Most of it is thereforc made with OFHC copper,
and the amount of stainless stee!l has been reduced to
minimum. All materials of the refrigerator have been
previously tested and chosen for their low radioactive
contamination. For all materials which were present
with masscs larger than 10 g, the intrinsic activity was
less than 1072 Bq/kg™ ', while for those with lower
mass an upper limit of 10~' Bq/kg was accepted.
Despite the constraints due to this choice of materials
the rcfrigerator could reach base temperatures as low
as 5.7 mK similar to those obtained in Milano.

The refrigerator (fig. 4) is shielded against environ-
mental radioactivity with a layer of low activity lead
with a minimum thickness of 10 cm. The content of
radon surrounding the refrigerator is reduced by en-
closing it in a plastic bag which is fluxed with nitrogen.
Electromagnetic interference of local origin is sup-
pressed by means of a Faraday cage surrounding the
refrigerator, while the radiofrequency interference
generated by radio broadcasts is completely attenuated
by the mountain. The detector biasing circuitry and a
differential to single ended postamplifier are located
inside the cage. All wiring traverses the cage walls
through LC low pass filters, with the exception of the
single pulse line which uses a BNC feed through.

The first and most impressive consequence of the
operation in the Gran Sasso was that the detector base
temperature was of 14.5 mK only. The thermistor was
biased to 5 mV with a battery and its temperature thus
raised to 16.5 mK, corresponding to a resistance of 6.5
M(Q. The stability was tested by injecting every 15 min
thermal pulses corresponding to 770 and 2800 keV,
separated by a time interval of 5 s. The detector was
exposed through a small window in the lead shield to
the same radioactive source as in Milano, with a
threshold of 430 keV. The time structure of the pulses
was similar to those in Milano, but the counting rate in
absence of radioactive sources was much lower and any
pile-up disappeared.

3. Results

We would like first to discuss the results obtained in
Milano, even if those obtzined underground are obvi-
ously quite superior. The voltage pulses and the in-
creases in temperature corresponding to a y-ray energy
of 1 MeV are reported in tabic 1. The FWHM resolu-

Table 1
Voltage and temperatures increases corresponding to 1 MeV
delivered to the bolometer and “apparent” heat capacitics

Operating AV AT Cupp
temperature Y| (kK] [nJ /K]
(mK]

25.5 179 32.0 5.2
16.8 150 97.0 1.6

tion is of about 90 keV, independently of the energy
and can be fully accounted by the signal-to-noise ratio,
which, as mentioned, is limited by microphonic effects.

In view of the comparison with the results obtained
underground we have placed a 180 kBq ®’Co radioac-
tive source in contact with the refrigerator, thus in-
creasing by a factor of three the counting rate due to
environmental radioactivity and cosmic rays. No mea-
surable increase of the operating temperature of the
detector was found (AT < 0.1 mK).

In the experiment carried out in the Gran Sasso
Underground Laboratory the lower temperature and
the consequent much better responsivity of the detec-
tor considerably increased the signal-to-noise ratio.
The changes of voltage and temperature corresponding
to a y-ray energy of 1 MeV are reported in table 1.
The spectra obtained with the various sources are
shown in figs. 5-7. The FWHM resolutions are around
20 keV, rather independent of energy, and can be
almost entirely accounted for by the signal-to-noise
ratio. We would like to point out that the resolution
for the thermal calibration pulses and for the y-rays at
the same energy are similar.

One could extract in principle “apparent” values for
the heat capacities from the voltage pulses and the
sensitivity of the thermistor. The values, reported in
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Fig. 5. Spectrum with a ®°Co source in the Gran Sasso
Laboratory.
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table 1, are larger by an order of magnitude than those
which can be obtained on the basis of the recent
measurements of the Debye temperature of TeO, [24].
This could be due to:

a) incomplete thermalization of the energy deliv-
ered by the particle;

b) incomplete transfer to the thermistor lattice of
the heat delivered to the crystal;

¢) incomplete transfer to the hopping electrons of
the heat delivered to the thermistor lattice [23];

Energy (keV)
Fig. 6. Spectrum with a 22Na source in the Gran Sasso Laboratory.

d) contribution to the heat capacity of the bolome-
ter by the thermistor.

Measurements are in progress to clarify these points.
We would like to point out however that heat capaci-
ties larger then expected by more than an order of
magnitude have already been found for large crystals
operating at low temperatures [12].

The resolutions in the energy measurements carried
out in the Gran Sasso are the best obtained for high-
energy -y-rays (> 1 MeV) with thermal detectors of this
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Fig. 7. Spectrum with a 2*2Th source in the Gran Sasso Laboratory.
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mass, despite the poor thermal properties of tellurium
oxide. In comparison with the mcasurcments carried
out with soft y-rays and with a-particles we would like
to note that:

a) the sourcce is placed outside the dilution refriger-
ator and is thercfore separated from the detector by
layers of aluminum and copper totalling ~3 g cm -2
producing Compton background. This background is
not present when the “cvent™ occurs ncar the crystal
or inside it, as for cxperiments on double f decay or on
interactions of neutrinos or WIMPS;

b) unlike in experiments with low-Z bolometers,
where the detector is calibrated with a-particles inci-
dent in a well defined region, in the present experi-
ment the intcractions of the y-rays are spread over the
entire crystal. The response of the detector does not
depend thercfore on the position of interaction, within
the resolutions obtained so far;

¢) the detector has been operated for continuous
runs of a few days with a small change in the overall
gain which slightly affects the resolution. Good stability
is essential in the experiments where rare events are to
be searched.

The effect due to the high atomic number of the
detector is shown by the counting rates in the full
energy, single escape and double escape peaks of the
2614.6 keV line of Tl (4.4, 1.5 and 6.4 counts h™!,
respectively). Their ratios are similar to those that can
be achieved with a Ge diode of a mass larger by an
order of magnitude.

We have experimentally investigated the heating of
the detector due to cosmic rays and environmental
radioactivity. We have first evaluated from the spectra
obtained in Milano the heat delivered to the detector
in absence of radioactive sources for calibration. The
heat delivered by pulses above the threshold (800 ke V)
was found to be 0.7 X 10~'* W g~!. When extrapo-
lated to the entire energy interval using the well known
spectra at sea level we found a value of 1.2 X 1074 W
g~ ! in very good agreement with the value obtained
with Ge diodes [2]. As mentioned before a ®*Co source
corresponding to a counting rate three times larger
than for environmental radioactivity did not produce
any measurable increase of the temperature. In the
Gran Sasso Laboratory we have evaluated that the
heat delivered by the environmental activity (external
radioactivity and cosmic rays) was from three to four
orders of magnitude lower than in Milano. When plac-
ing the same ®’Co source in contact with the refrigera-
tor we could measure an increase of temperature of
0.5+ 0.1 mK, as shown by fig. 8. From the energy
distribution in the spectrum and from its extrapolation
below the threshold we have evaluated that the power
delivered by the source to the crystal was 2.5 X 1014
W g~ !, larger by a factor of 2 with respect to the heat
delivered by radioactivity and cosmic rays in Milano. It
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Fig. 8. Curves of power dissipated by bias current through the
thermistor vs thermistor temperature, obtained in the Gran
Sasso Laboratory. The upper and lower curves correspond to
measurements without and with radioactive source, respec-
tively. From extrapolation to zero bias power it is possible to
obtain the crystal temperature in the two cases.

is thercfore clear that the decrcase in the operating
temperature in the Gran Sasso Laboratory cannot be
attributed to the lower environmental activity. We are
presently investigating if this decrease is due to the
improved suppression of the electromagnetic field by

the Faraday cage and by the rock and /or by a different
vibrational heating.

4. Conclusions

The main result of the present experiment is the
excellent performance of a large TeO, thermal detec-
tor that can be very useful not only for the search of
double B decay of 'Tc, but also for +y-ray spec-
troscopy. When operated underground the lower de-
tector temperature, and the better pile-up conditions,
allowed us to reach a FWHM resolution around 1% in
the high energy v-lines. The ratio of the counting rates
in the full energy and double escape peaks is similar to
the one that can be obtained with standard Ge diodes
of mass greater by at least an order of magnitude.

We would like to note that the pulse heights are
still an order of magnitude lower than expected theo-
retically. This could be due io unavoidablie thermai
difficulties, like violation of the Debye law at low
temperatures, or thermal decoupling between lattice
and electrons in the thermistor at low temperature.
Some improvements in the performance of the detec-
tor can however still be achieved with a better thermis-
tor and by increasing the fraction of heat transferred to
it from the crystal.

We consider it quite important that underground,
under strong reduction of clectromagnetic interfer-
ences and better thermal operating conditions, we were
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able to detect a sizcable increase of the base tempera-
ture of the bolometer when it was exposed to a weak
radioactive sourcc. As we are sensitive to base temper-
ature variations down to 0.1 mK, we can in principle
monitor variations as low as 10°** W in the back-
ground power delivered to the crystal. This indicates
that searches on dark matter based on its intcgral
thermal cffect [2] on massive targets are indeed feasi-
ble.
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