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Abstract

Energy resolution, o/f ratio and the pulse-shape discrimination ability of the CaWO, crystal scintillators were
studied. The radioactive contamination and background of the crystals were measured in the Solotvina Underground
Laboratory. Despite a rather high level of radioactive impurities, the background rate of the CaWO, detector in the
energy window of the **Ca neutrinoless 28 decay (3.6-5.4 MeV) was reduced to 0.07 counts/(yr keV kg). The indication
for o decay of "W (Phys. Rev. 67 (2003) 014310) was confirmed (the measured half-life is T = 1.0t3;§ x 10 Byr).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The energy resolution, pulse-shape discrimina-
tion ability, and radioactive purity of the detectors
are very important in experiments aiming to search
for the neutrinoless double beta (0v2f) decay of
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atomic nuclei (see reviews [1-4]), and to search for
weakly interacting massive particles (so-called
WIMPs)' as a possible component of the dark
matter in the Universe [5].

'Weakly interacting massive particles (WIMPs)—in particu-
lar the neutralino, predicted by the minimal supersymmetric
extension of the SM—are considered as possible component of
the dark matter in the Universe. It is assumed that WIMPs
interact with matter through scattering on nuclei, and hence,
produce low energy nuclear recoils. At present the most
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Because the theoretical 0v2f decay rate strongly
depends on the Qyg-value, roughly as Qgﬁ [6], the
development of new low-background detectors,
containing potentially 2 decaying nuclides with a
Qpp energy release as large as possible, is very
important. As *®Ca has the highest Qpp energy
among 35 double f~ decay candidates available in
nature, a detector containing Ca nuclei would be
of considerable interest for the future high
sensitivity 28 decay experiments. However, apart
from a reasonable content of candidate nuclei, a
detector for 2f study should satisfy certain
demands on its radiopurity, because the latter
governs the level of residual detector background.
In addition, the energy resolution of the detector is
extremely important. Most important, good en-
ergy resolution minimizes the irreducible back-
ground produced by 2v2f decay events. Likewise,
the role of the detector’s energy resolution is even
more crucial for the discovery of 0v2f decay.
Indeed, this process manifests itself through a peak
at the Qg energy, the width of which is determined
by the energy resolution of the detector. Hence,
the latter should be sufficient to discriminate this
peak from background and to recognize the effect
[7]. One possible detector for the 28 decay study of
“8Ca is the calcium tungstate (CaWO,) crystal
scintillator, the physical properties of which are
similar to those of the CdWOy, scintillator already
applied in a 2f experiment with ''°Cd [8].

Moreover, in Refs. [9,10] CaWO, crystals are
discussed as very promising detectors for dark matter
particle searches. However, because of an extremely
low counting rate expected from WIMP scattering by
nuclei, such measurements require detectors with
extremely low levels of background [5].

The aim of this work is the study of the
scintillation properties and radioactive contamina-
tions of CaWOQy, crystals and, on this basis to
discuss the possible development of detectors for
double beta decay and dark matter experiments.

(footnote continued)

sensitive experiments for WIMP searches use a range of
detectors: Ge semiconductor detectors, low temperature bol-
ometers, and scintillators [5].

2. Measurements and results
2.1. Scintillation properties of CaWO, crystals

CaWOy, single crystals were discovered as being
scintillators more than fifty years ago [11,12].
Beard and Kelly used a small CaWOQOy crystal in a
low background experiment to search for alpha
activity in natural tungsten [13]. The main proper-
ties of the CaWO, scintillators are presented in
Table 1, where the characteristics of cadmium
tungstate (CdAWQy,) crystals are given for compar-
ison. Both crystals are chemically resistant, while
CaWOy, possesses better mechanical properties.

For our studies, three clear colorless CaWOQOy,
crystals  (20mm x 20mm x 10mm, 40mm X
34mm x 23mm, and ©@40mm x 39 mm) were
grown by the Czochralski method. These crystals,
wrapped in PTFE reflector tape, were optically
coupled to 3in. Philips XP2412 photomultipliers
(PMTs). The event-by-event data acquisition
records information on the amplitude (energy),
arrival time and pulse shape of the signals. For the
latter a transient digitizer based on a fast 12 bit
ADC (AD9022) was used with a sampling
frequency of 20 MHz. Pulse shapes of events in
the chosen energy interval (usually, higher than
~180keV) were recorded in 2048 channels with
50 ns channel’s width.

The linearity, energy scale and resolution of the
detector were measured with y-ray sources of ®°Co,
137Cs, 27Bi, 2*Th and **'Am in the energy range

Table 1
Properties of CaWO, and CdWO, crystal scintillators

Properties CaWO, CdWO,

Density (g/cm?) 6.1 8.0
Melting point (°C) 1570-1650 1325

Structural type Sheelite Wolframite
Cleavage plane Weak (101) Marked (010)
Hardness (Mohs) 4.5-5 4-4.5
Wavelength of emission 420-425 480

maximum (nm)

Refractive index 1.94 2.2-23
Effective average decay time 8 13

(ps)*

Relative light output® 90% 100%

For 7 rays at 20°C.
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Fig. 1. Energy spectra of the '*’Cs and ®*Co gamma sources measured with the CaWO, scintillation crystal (©40 mm x 39 mm) in two
detector arrangements (with different conditions of the light collection): (a) standard, where the crystal, wrapped in PTFE reflector

tape, was optically coupled to the PMT; (b) the CaWOQ, crystal
as (b) but with the >*’Th gamma source.

of 60-2615keV. Fig. 1(a) shows the energy spectra
of the '¥Cs and *°Co y-rays measured with a
crystal of dimensions ©@40mm x 39mm. For
example, the energy resolution, FWHM = 7.8%
at 662keV, is comparable with that of Nal(TI)
scintillators.

Moreover, a further improvement of the energy
resolution was achieved by placing the CaWOy,
crystal (©40mm x 39mm) in a liquid (silicone
oil). The crystal was fixed in the center of a teflon
container with inner diameter 70 mm, which was
coupled on opposite sides with two PMTs Philips
XP2412. The container was filled up with pure and
transparent silicon oil (refractive index ~1.5). The
spectra measured with the ®°Co, '*’Cs and ***Th y
sources are shown in Fig. 1(b) and (c). By
comparing the spectra in Fig. 1(a) and (b), one

was located in a liquid and viewed by two distant PMTs. (c) The same

finds that an increase in light collection of ~20%
was reached with the CaWOy, crystal placed in the
liquid. It resulted in an improvement of the energy
resolution over the entire energy region: the
measured FWHM resolution is equal to 7.2%,
4.7% and 3.8% for 662, 1333 and 2615keV y-ray
lines, respectively (see Fig. 1(b) and (c)).

The detector response to o« particles in the
energy range of 0.5-5.3 MeV was measured with
the help of a collimated beam of o particles® from
an **' Am source and using various sets of the thin

>The CaWO, crystals were irradiated in the directions
perpendicular to main crystal planes with the aim to check a
possible dependence of the o signal on the direction of
irradiation. While earlier such a dependence has been found
for CAWO, [14], we did not observe it for the CaWO, crystals.
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Fig. 2. The energy dependence of the o/ff ratio measured with
the 40 mm x 34mm x 23mm CaWOy scintillator. The crystal
was irradiated by o particles (**'Am) through absorbers to
obtain energies in the 0.5-5.3 MeV range (circles). In addition,
the o peaks of 147Sm, as well as 23*Th, 2*%U, and >*°U daughters
(triangles) were selected from the background data with the
help of pulse-shape and time-amplitude analyses (see text).
Solid lines represent the best fit for the «/f ratio in two energy
intervals: 0.5-2MeV and 2-5.3 MeV.

mylar film absorbers. The energies of the o
particles after the absorbers were measured with
a surface-barrier detector (see for details [14]). In
addition, « peaks of the '*’Sm and nuclides from
the 2*Th, 2**U and ***U chains, present in trace
amounts in the CaWOQO, crystal (40 mmx
34mm x 23 mm), were used to extend the energy
interval up to >~ 8 MeV. These peaks were selected
with the help of pulse-shape and time-amplitude
analyses of the data obtained in the low back-
ground measurements with the CaWOQy crystal (see
section 2.3). The energy dependence of the a/f
ratio is presented in Fig. 2. Within the energy
interval 0.5-2MeV, the measured o/f ratio’de-
creases with increasing energy as o/ = 0.21(2) —
0.023(14)E,, while above 2MeV it increases as
o/f =0.129(12) + 0.021(3)E,, (E, is in MeV). The
quenching of the scintillation light caused by «
particles in comparison with electrons is due to the

3The “o/f ratio” is defined as the ratio of the o peak position
measured in the y energy scale to the energy of the « particles.
As y quanta interact with the detector via f§ particles we use the
more convenient term “‘o/f ratio”.
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Fig. 3. Shapes of scintillation pulses in the CaWO, crystals for
y rays and « particles (each was obtained as the average of 4000
pulses) and their fit by three exponential functions with decay
constants ~0.3 us, ~4 us and ~9 ps.

higher ionization density of a particles [15]. This
behavior of the o/f ratio can then be explained by
the energy dependence of the ionization density of
o particles.

2.2. Pulse-shape analysis

The time characteristics of CaWQy, scintillators
were studied as described in [14,16] with the help
of a transient digitizer based on a 12 bit ADC
operated at a sampling frequency of 20 MHz.
Shapes (time dependence) of the light pulses
produced by o particles and y rays in CaWO,
scintillator are depicted in Fig. 3 (shown is the
average of 4000 shapes). These shapes were fit with
the function: f(£)= > A;/(t;i — 10) x (e~ —
e~"/), where A; are intensities (in percentage of
the total intensity), 79 ~0.2us is the integration
constant of the electronics, and t; are decay
constants for different light emission components.
The best fit was achieved with three* decay
components (t; 0.3, ~4 and ~9ps) with
different intensities for y rays and a particles (see
Table 2).

“In principle, a reasonable fit has also been obtained by using
only two components: ~2 us and ~9 ps. However, in order to
reproduce the shape at the beginning of the pulses one more
component (~0.3 ps) must be added.
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Table 2

Decay time of CaWOy scintillators for y quanta and a particles
at 20°C. The decay constants and their intensities (in
percentage of the total intensity) are denoted as t; and A,
respectively

Type of irradiation Decay constants, ps

T (A1) 2 (A2) 73 (A3)
y rays 0.3 (3%) 4.4 (15%) 9.0 (82%)
o particles 0.3 (6%) 3.2 (18%) 8.8 (76%)

This difference allows one to discriminate y(f)
events from those of « particles. For this the
optimal filter method was used (for the first time
proposed in [17]), which previously was success-
fully applied to CdWO, scintillators [16]. To
obtain the numerical characteristics of CaWOQO,
signals, called the shape indicator (SI), each
experimental pulse, f(¢), was processed with
the following digital filter: SI= > f(f) x
P(tr)/ > f(tx), where the sum is over time
channels k, starting from the origin of pulse and
up to 75 us, and f(#;) is the digitized amplitude (at
the time #;) of a given signal. The weight function
P(1) is defined as: P(t) = {f,(1) — f,(D}/{f (1) +
f,(0)}, where f,(r) and f.(1) are the reference pulse
shapes for o particles and y quanta, respectively,
resulting from the average of a large number of
experimental pulse shapes.

As an example, the SI distributions measured
with the CaWO, scintillator with o particles
(E, ~53MeV) and y quanta (=1.2MeV) are
shown in Fig. 4(a), from which one can see that
by using this approach, a distinct discrimination
between o particles and y rays (f particles) was
achieved. As a measure of discrimination ability,

the following relation can be used: Mpsa =| SI, —

SI, | /\/0; + o}, where SI, and SI, are mean SI

values for a particles and y quanta distributions
(which are well described by Gaussian functions),
where o, and o, are the corresponding standard
deviations. For the distributions presented in Fig.
4(a), MPSA =5.9.

The energy dependence of the SI was studied in
the energy region 1-5.3MeV for alpha particles
(see Fig. 4(b)) and 0.1-2.6 MeV for gamma
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Fig. 4. (a) The shape indicator (see text) distributions measured
with the CaWO, detectors with the o particles (E, = 5.3 MeV)
and y quanta (*1.2MeV). (b) The energy dependence of the
shape indicator measured with the CaWO, crystal scintillator
for o particles.

quanta. Like the «/f ratio, the energy dependence
of the shape indicator for « particles (see Fig. 4(b))
can be explained by the dependence of the
ionization density on the energy (note that the
higher SI value corresponds to the shorter decay
time of scintillation pulses). The shape indicator
measured with CaWOQy crystals for o particles does
not depend on the direction of o irradiation
relative to the crystal axes. Similarly, no depen-
dence of the SI on the y quanta energy (from 0.1 to
2.6 MeV) was observed.

2.3. Radioactive contamination

The radioactive contamination of the crystals
was measured in the low background set-up
installed in the Solotvina Underground Labora-
tory built in a salt mine 430m underground
(>~ 1000 m of water equivalent) [18]. In the set-up
a CaWO, crystal scintillator (40 mm x 34 mmx
23mm) was coupled to a special low-radioactive
Sin.-photomultiplier tube (EMI D724KFLB)
with a quartz light-guide @10cm x 33cm. The
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detector was surrounded by a passive shield made
of teflon (thickness of 3-5cm), plexiglass
(6-13 cm), high purity (HP) copper (3—6cm), lead
(15cm) and polyethylene (8cm). Two plastic
scintillators  (120cm x 130cm x 3cm) were in-
stalled above the passive shield and used as a
cosmic muon veto. For each event in the detector,
the amplitude of the signal and its arrival time
were recorded. In addition the CaWQ, scintilla-
tion pulses were digitized with a 20 MHz sampling
frequency over ~100 pus time interval. The energy
resolution of the detector was determined by
calibrations with ®°Co, '¥’Cs, 2’Bi and 2**Th y
sources. In the energy range 240-2615keV, it can
be fit by the function: FWHM,(keV)=
-3+ ,/6.9E,, where E, is the energy of y-ray in
keV. Routine calibrations were carried out weekly
with 2*’Bi and ***Th y sources.

The energy spectrum of the CaWQ, detector,
measured during 1734h in the low background
apparatus, is presented in Fig. 5, where the data
obtained with the CdAWOy, scintillator in the same
set-up are shown for comparison. Both spectra are
normalized by their measuring times and their
corresponding detector masses. It is clear from this
comparison, that the radioactive contamination of
the CaWOy, crystal is much higher than that of the
CdWO,. With the aim of recognizing the origins of

10° 4

102 4

214 214, 210,
Bi —“"Po—""Pb

Bi —2'2Po —?%pp

Counts/day/ kg/10 keV
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Fig. 5. Energy spectra of CaWO, (189g, 1734h, dots), and
CdWOy, (448 g, 37 h, histogram) scintillation crystals measured
in the same low background set-up. The CaWO, detector is
considerably contaminated by radionuclides from the U-Th
chains. Beta decay of ''*Cd (Q = 316keV, Ty, = 7.7 x 10 yr)
dominates in the low energy part of the CdWO, spectrum.
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Fig. 6. Background a spectrum of the CaWO, detector (189 g,
1734 h) selected with the help of the pulse-shape analysis. (Inset
a) The energy distribution of o particles is well reproduced by
the model which includes o decays of nuclides from ***Th and
238U families. (Inset b) Low energy part of the « spectrum. The
peculiarity on the right of the '*’Sm peak can be attributed to
the o decay of '*°W with Ty =10x 108 yr.

these contaminations, the data accumulated with
the CaWQ, crystal were separated into « and f8
spectra with the help of the pulse-shape discrimi-
nation technique.

The « spectrum, which is depicted in Fig. 6, was
analyzed. The total alpha activity in the calcium
tungstate crystal is ~0.4 Bq/kg. The intense clear
peak at the energy of 1.28 MeV is attributed to
intrinsic 2'°Po (daughter of *'°Pb from the **U
family) with an activity of 0.291(5) Bq/kg. Appar-
ently, the equilibrium of the uranium chain in the
crystal was broken during crystal production,
because the peak of **U (see inset (a) in Fig. 6)
corresponds to a much lower activity of
14.0(5) mBq/kg.

The alpha peaks of the uranium daughters >*U,
230Th, 22°Ra are not resolved (their Q, values are
very close), however, the area of the total peak (at
~1.1 MeV) is in satisfactory agreement with the
activity of **U and ***Ra. Another member of the
family, **Rn, is not separated from *'°Po (the
expected energy of the o peak is ~1.34 MeV in y-
ray energy), while the >'®Po peak is well resolved.
The activity of **°Ra determined on the basis of
the 2'®Po peak area is 5.9(8) mBq/kg.

In the low energy part of the alpha spectrum
(inset (b) in Fig. 6) the peak at ~0.8 MeV can be
attributed to  ***Th with an activity of
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0.69(10) mBq/kg. A weak alpha peak with the y-
equivalent energy of 395(2)keV (corresponds to
the energy of o particles, 2243(9)keV) can be
explained by traces of 'Y'Sm (E, = 2247keV,
Ty, =1.06x 10! yr, the natural isotopic abun-
dance of which is 15.0% [19]) with an activity
0.49(4)mBq/kg.’

In addition, the raw background data (Fig. 5)
were analyzed using the time-amplitude method,
where the energy and arrival time of each event
were used for the selection of the decay chains of
the 2*2Th, 2*U and 2**U families.® For instance, the
following sequence of « decays from the ***Th
family was searched for and observed: **’Rn
(0, =641MeV, T, =556s) —>'Po (Q,=
6.91MeV, Ty, =0.1455) —212pp (which are in
equilibrium with 2*®Th). Since the energy of o
particles from the **°Rn decay corresponds to ~
1.6 MeV in y-ray energy in the CaWO, detector,
events in the energy region 1.4-2.2MeV were used
as triggers. Then all events (within 1.4-2.2 MeV)
following the triggers in the time interval 20600 ms
(containing 85.2% of *'°Po decays) were selected.
The obtained o peaks (see Fig. 7)—the o nature of
events was confirmed by the pulse-shape analysis
described above—as well as the distributions of the
time intervals between events are in a good
agreement with those expected for the a-decays of
the **’Rn— 2'®Po—2'>Pb chain [20]. On this basis,
the activity of ***Th in the CaWO, crystal was
calculated as 0.6(2)mBq/kg, which is in good
agreement  with  the activity of **’Th
(0.69(10) mBq/kg) determined from the o spectrum.
The « peak with energy E, ~7.3MeV, which is
present in the energy distribution of the second
event in Fig. 7, can be attributed to 2'°Po
(Q, =739MeV, T )5 = 1.78 ms) in the 235U chain.
The corresponding activity of 2*’Ac in the crystal is
1.6(3) mBg/kg. Again we have to conclude that the
equilibrium of the ***U chain in the crystal is also
broken. Indeed, because the uranium isotopes 28y,

>The presence of 'Y’Sm in a CaWOy, crystal (at a level of
~6mBq/kg) was also observed in Ref. [10], where this crystal
was used as a low temperature bolometer with very good energy
resolution for alpha particles.

SThe technique of time-amplitude analysis of background
data to recognize the presence of the short-living chains from
232Th, 235U and 2**U families is described in Refs. [21,22].
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Fig. 7. Alpha peaks of 2°Rn and 2!°Po selected by the time-
amplitude analysis from the data accumulated with the CaWO,4
detector. (Inset) The time distribution between the first and
second events together with an exponential fit. The obtained
half-life of *'Po (0.17 & 0.04s) agrees with the table value
(0.145 £ 0.002) s [20].

234U and **U cannot be chemically separated, their
activities have to be in the ratio 1:1:0.046, which
leads to expected activity of *°U and its daughters
of 0.64(2) mBq/kg.

Similarly for the analysis of the 2*Ra
chain (**®U chain) the following sequence
of p and « decays was used: Z"Bi
(Qp =3.27MeV) —2%Po (0, = 7.83MeV,
T, =164 us)—>210Pb. For the first event, the
lower energy threshold was set at 0.18 MeV, while
for the second decay the energy window
1.6-2.4MeV was chosen. A time interval of
90-500 ps (56% of 2"“Po decays) was used. The
obtained spectra (Fig. 8) lead to a **°Ra activity in
the CaWOy crystal of 5.6(5) mBq/kg, which agrees
with the value derived on the basis of the *'*Po
peak in the o spectrum.

In the beta spectrum of *'*Bi (Fig. 8) there is a
peak at ~1.8 MeV which can be attributed to the o
decay of *"Rn (**°U family, E, = 6.82MeV,
Ty, =396s). It was shown by pulse-shape
analysis that this peak consists of a events. The
alpha peak of ?"Po (E,=7.39MeV) is
not resolved from that of 2'*Po. The correspond-
ing activity of ?’Ac in the crystal is 1.6(3) mBq/kg;
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Fig. 8. The energy distributions for the fast sequence of the f8
(*'Bi) and o (*'*Po) decays selected from the background data
by the time-amplitude analysis. The peak in the continuous
spectrum corresponds to the o peak of '’Rn (E, ~6.82 MeV)
from the ***U chain. (Inset) The time distribution between the
first and second events together with an exponential fit (the
contribution from >'°Po was taken into account). The obtained
half-life of *'*Po (120*3) us) is in agreement with the table value
(164.3 £ 2) ps [20].

this value agrees with that determined by the time-
amplitude analysis (see Fig. 7).

Finally, we analyze the energy spectrum of S(y)
events selected with the help of the pulse-shape
technique and presented in Fig. 9. The background
in the very low energy part of the f spectrum (see
inset in Fig. 9) is mainly due to the f decay of
210py, (Qp = 64keV), whose measured activity is
consistent with that determined from the o peak of
21%po. The counting rate for the B(y) spectrum
above 0.2MeV is ~0.45counts/(skg). The con-
tribution of the external y rays to this background
rate was estimated to be as small as ~2%, by using
the results of measurements with a CdWO, crystal
(mass of 0.448kg) installed in the same low
background set-up (see Fig. 5).

Therefore, the remaining f(y) events are caused
by the intrinsic contaminations of the
CaWOy, crystal. The major part of this f activity
can be ascribed to: 2'°Bi, daughter of *'°Pb
(~0.3Bq/kg); 2*"Pa (~14mBq/kg); *'*Pb and

“Bi from *®U family (*9mBq/kg); *''Pb
from *°U chain (~2mBq/kg). The residual
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Fig. 9. Energy spectrum of the f(y) events selected by the pulse-
shape analysis technique from the background data measured
during 1734h with the CaWO, detector. The distribution is
described by the f spectra of 2!°Bi, 2'4Pb, 2!'Pb, 2**™Pa, and
214Bi. (Inset) In the low energy region, the background
(measured during 15.8 h) is caused mainly by § decay of 2'°Pb.

(~0.13 Bq/kg) can be explained by larger activity
of 2'°Bi (assuming broken equilibrium in the
210Bi_521%pg chain), and/or by the presence of
other f active impurities (*°K, *°Sr, '*’Cs) in the
crystal.

In the high energy region of the fS(y) spectrum
(3.6-5.4 MeV), which is the region of main interest
in the search for the 0v2 decay of **Ca, there are
only 5 background counts. At the same time, in the
same energy interval of initial spectrum (Fig. 5),
there exists a broad distribution. It can be
attributed to: (i) the § — « decays of 2"*Bi—>'*Po
—208pp (>*U chain). These events were tagged by
the time-amplitude and pulse-shape discrimination
techniques as described above; (ii) the fast f — o
sequence of *’Bi (Qy=2254keV) —>'°Po
(E, = 8784keV, T) =0299us)—>>*Pb (*’Th
family). As two decays in the last (and fast) chain
cannot be time-resolved in the CaWOQy, scintillator
(with decay time =~ 9 pus), they will result in one
event registered in the detector. However, because
the shape indicator of such an event is different
from that for pure o« and f pulses, this component
of the detector background was effectively rejected
by the pulse-shape analysis. The five counts,
remaining in the 3.6-5.4MeV interval, most
probably belong to the f decay of 2°°TI, the
contribution of which could be minimized by
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Table 3
Radioactive contaminations in CaWQO,4 and CdWO, [8,23-25]
crystal scintillators in the present work

Table 4
2f unstable nuclides present in CaWOy, crystals

Transition Mass difference Isotopic abundance Decay
Chain Nuclide Activity (mBq/kg) (keV) [32] (%) [19] channel
CaWO, CdWO, 0Ca5%AT  193.78(0.29) 96.941(0.156) 2e
-~ - Ca—*Ti  990.4(2.4) 0.004(0.003) 28~
“Th ““Th 0.69(10) 0.053(5) BCasBTi 4272(4) 0.187(0.021) 28
**Th 0.6(2) <0.004-0.039(2)" 180y, 180HF  146(5) 0.12(0.01) 2
2y *TAc 1.6(3) 0.0014(9) 186y, 18605 488.0(1.7) 28.43(0.19) 26"
28y 28y 14.0(5) <0.6
20Th — <0.5
226Ra 5.6(5 <0.004
210py, - 4(33 <04 the background rate of the CaWOQ, detector (mass
210p 291(5) of 189 g) in the energy region 3.6-5.4 MeV, was
K <12 0.3(1) reduced to the level of 0.07 counts/(yr keV kg) and
90 . . .
o <70 <02 the half-life limit 7'y, >6 x 10" yr at 68% CL was
“3’5:&1 - f 8(3)8%0) set for the neutrinoless 28 decay of **Ca [26]. With
_ _ N . 48 :
13705 <08 <0.3-043(6) ~190 kg .of enriched "*CaWOQy crystals (agsuml.ng
147G 0.49(4) <0.04 their enrichment of about 90%, and radiopurity

“In different crystals.

further reducing the **’Th impurities in the
CaWOy crystals. This is certainly feasible.

The summary of the measured radioactive
contamination of the CaWOy crystal scintillator
(or limits on their activities) is given in Table 3,
again in comparison with the CdWOQO, detectors
[8,23-25]. From this comparison one can see that
radioactive impurities in the CaWOQO, crystals
(available at present) are much higher (by factor
of 10-10%) than those of the CdWO, scintillators.

3. Discussion
3.1. 20 decay of calcium and tungsten isotopes

CaWOy, crystals contain several potentially 2
decaying nuclides which are listed in Table 4. As
shown in Ref. [26], CaW Oy scintillators provide an
excellent opportunity to search for 0v2f decay of
“Ca due to adequate energy resolution and
promising background features. The energy reso-
lution FWHM ~2.9% at the Qg energy of BCa
was estimated by fitting the data measured with
various y-ray sources (see Subsection 2.1 and Fig.
1). Despite rather high radioactive contamination,

similar to that of the present CdAWO, crystals) the
sensitivity in terms of the half-life limit of the 0v2f
decay is estimated as T(l)‘/’2 ~10*"yr. The latter
translates to constraints on the Majorana neutrino
mass in the range (0.04-0.09) eV, depending on the
nuclear matrix elements calculations used. The
proposed technique with the **CaWO, crystal
scintillators is very simple and reliable, thus, such
an experiment can run stably for decades.

The double-beta processes in the tungsten
isotopes were previously searched for with cad-
mium tungstate crystals [8,27]. Using non-enriched
CaWOy, detectors, with lower levels of radioactive
contamination, the sensitivity to double-beta
processes in W and '8*W could be essentially
improved comparatively to the previous experi-
ment [8,27] due to the absence of the f active ''*Cd
and the 2v2f active ''°Cd which are present in
CdWO, detectors.’

3.2. CaWOy crystals as detectors for a dark matter
search

CaWOy is a promising material for dark matter
detection. The reason is that this crystal scintilla-
tor can also work as cryogenic detector, and hence,

"The contribution from the 2v2f decay of “*Ca with half-life
~4 x 10" yr [28,29] would be practically negligible taking into
account a small isotopic abundance of **Ca.
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allows one to detect phonon and scintillation light
signals simultaneously. The latter could provide a
powerful tool for discrimination of the effect
(signals of recoil nuclei) from the background
events caused by electrons, « particles, etc. [9,10].
Accordingly, there is an interesting possibility to
search for spin-dependent inelastic scattering of
WIMPs with excitation of low-energy nuclear
levels. CaWO, contains 183w nuclide
(6 = 14.3%) with a non-zero ground state spin
(1/27) and the first excited state (3/27) at 47keV
(M1 transition). Therefore, searches for spin-
dependent inelastic scattering of WIMPs, with
excitation of low-energy nuclear level at 47 keV of
the "W can be realized by using the cryogenic
technique. Identification of “mixed” (nuclear
recoil plus y quanta) events could be possible due
to the simultaneous registration of heat and light
signals. The heat/light ratio for such events would
differ from “pure” nuclear recoil or y(f) events
[9,10].

However, the radioactive contamination of the
crystals available now (e.g., studied in the present
work and in Refs. [9,10]) is rather high, and must
be substantially improved. A research and devel-
opment program has been started, aiming to
obtain CaWOQ, crystals less contaminated. As a
first step, we plan to grow CaWOQy, crystals from
raw materials of different producers, and to check
their radioactive contamination and background.
It should be stressed that the radiopurity level
required for CaWOQ,, has been already achieved
with CdWO, [8,23-25] and ZnWO, [30] crystal
scintillators. Apparently, the achievement of such
a radiopurity will make calcium tungstate detec-
tors (non-enriched isotopically) competitive for
dark matter searches.

3.3, o decay of "*°W

An indication of the alpha decay of "W (the
expected energy of alpha particles is 2460(5) keV,
isotopic abundance of "W is 6§ = 0.12%), with a
half-life 1.11”8:2 x 10'8 yr, was previously obtained
in measurements with low background CdWO,
scintillators [14].

A peculiarity in the measured alpha spectrum of
the CaWO, detector at the energy 447(8) keV (see

inset (b) in Fig. 6) corresponds to the o particle
energy of 2471(30) keV. These alpha events can be
attributed to the « decay of '"'W. The CaWO,
detector contains 4.7 x 10%° nuclei of "°W. The
area of the peak is (38 £ 16) counts, which gives,
taking into account 59% efficiency of the pulse-
shape selection technique, (64 4 27) alpha decays.
Thus, the half-life of '*®W obtained in the present
experiment is 7'y = 1.0707 x 10'® yr. This result
is in agreement with that published earlier [14] and
also with that reported very recently [31], where
the alpha decay of "W with T/, = 1.8703 x
10'® yr has been unambiguously observed with the
help of CaWO, cryogenic detector.

4. Conclusions

Scintillation properties of the CaWO, crystals
were studied. The FWHM energy resolution of
7.2% and 3.8% for the 662 and 2615keV y-ray
lines was obtained with a CaWQ, crystal scintil-
lator placed in a liquid and viewed by two PMTs.
Shapes of the scintillation signals were investi-
gated, and distinct pulse-shape discrimination for
() and o-decay events was achieved. Depen-
dences of the o/f ratio and scintillation pulse
shape on the energy of alpha particles were
measured.

Radioactive contaminations of the CaWO,
crystals were determined in the low background
set-up installed in the Solotvina Underground
Laboratory. CaWOQy, scintillators are considerably
contaminated with uranium and thorium (parti-
cularly by ?'°Po at the level of ~0.3Bq/kg).
However, by applying the developed methods of
pulse-shape discrimination and time-amplitude
analysis of data, the background rate of the
~0.19kg CaWO, detector in the energy region
3.6-54MeV has been reduced down to
0.07 counts/(keV kgyr). It is one of the lowest
background rates ever reached in double beta
decay experiments with scintillators or semicon-
ductor detectors. This fact demonstrates the
potential of CaWOQy crystals for 2 decay study
of several potentially 2/ active isotopes of calcium
and tungsten, in particular, **Ca with the highest
Qpp energy. The feasibility of a Ovff-decay
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experiment with **Ca awaits an efficient and
fgfordable technique of isotopic enrichment of

Ca.

The indication for the alpha decay of ''W was
confirmed in the measurements with the CaWO,
crystal. The half-life obtained in the present
experiment is T, = 1.0507 x 10" yr.

The CaWO, crystals can also be used for the
search of spin-dependent inelastic WIMP scatter-
ing on nuclei with nonzero spin (e.g., "**W), which
would provide a strong signature of the effect via
registration of the nuclear recoil and subsequent
low energy y quanta.
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