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The development of highly radiopure CaF2(Eu) crystal scintillators has been performed aiming at
a substantial sensitivity enhancement of the 2β decay investigation and of the search for dark matter
particles with spin-dependent (SD) interaction. The results of CaF2(Eu) background measurements and
simulation are presented. New and highly improved T1/2 limits on the 2β decay of 46Ca and the double
electron capture of 40Ca are obtained.

Cµ¢¥·Ï¥´¸É¢µ¢ ´¨¥ ¸¢¥·ÌÎ¨¸ÉÒÌ ±·¨¸É ²²¨Î¥¸±¨Ì ¸Í¨´É¨²²ÖÉµ·µ¢ CaF2(Eu) ¢¥²µ¸Ó ¸ Í¥²ÓÕ
¶µ¢ÒÏ¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨ ·¥£¨¸É· Í¨¨ ¶·µÍ¥¸¸µ¢ 2β-· ¸¶ ¤  ¨ ¶µ¨¸±  Î ¸É¨Í É¥³´µ° ³ É¥-
·¨¨ ¸µ ¸¶¨´§ ¢¨¸¨³Ò³ ¢§a¨³µ¤¥°¸É¢¨¥³. �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö ¨ ¨§³¥·¥´¨Ö
Ëµ´  ¸Í¨´É¨²²ÖÉµ·µ¢ CaF2(Eu),   É ±¦¥ ´µ¢Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶·¥¤¥²Ò ¤²Ö 2β-· ¸¶ ¤  46Ca
¨ ¤¢µ°´µ£µ Ô²¥±É·µ´´µ£µ § Ì¢ É  40Ca.

INTRODUCTION

The investigations of the neutrinoless (0ν) double β decay (which violates the lepton num-
ber conservation) is a powerfull tool to search for information leading to possible new physics
beyond the standard model [1, 2]. Moreover, at present, the 0ν2β decay is also considered a
powerful test for different extensions of the standard model (including several SUSY models),
which could offer not only complementary but Å in some cases Å competitive and superior
results than other running or forthcoming accelerator and nonaccelerator experiments [2Ä4].

The most sensitive results in the search for the 2β decay have been obtained by the
so-called ®active source¯ technique; in this case, the detector, which contains the 2β-decay
candidate nuclei, serves itself as source [1]. This approach provides much higher detection
efˇciency and density of the candidate nuclei than the ®passive source¯ technique, where a
thin source is separated from the detector. For instance, we can compare the 100 % efˇciency
quoted for Ge semiconductor detectors in Ref. 5 with the 4 % efˇciency of the NEMO2
tracking detector searching for the 2ν2β decay of 100Mo [9] and of 116Cd [10].

As examples of the results achieved with the ®active source¯ technique, we recall the
highest half-life limit T1/2 > 1.6 · 1025 y (mν < 0.5 eV) established for 76Ge (enriched HP
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Ge detectors) [5] and the T1/2 limits in the range 3 ·1022−4 ·1023 y (mν < 2−4 eV) obtained
for 136Xe (high pressure Xe TPC) [6], for 130Te (low-temperature bolometers) [7] and for
116Cd (enriched 116CdWO4 scintillators) [8].

Simple considerations can easily demonstrate that progress in the 2β decay research is
directly connected with the development of ®active¯ detectors.

Suitable detectors for 2β decay studies are the well-known calcium �uoride scintilla-
tors [11, 12]. In fact, they have a relatively large light output (� 60 % of NaI(Tl)) and offer
excellent operational characteristics (nonhygroscopicity, inertness, insolubility, good mechan-
ical properties, etc.) when used as β particles or low-energy radiation detectors [12Ä14]. In
particular, they can be usefully utilized to search for the 2β decays of 46Ca (natural abun-
dance: δ = 0.004 %; Qββ = 990.4 keV) and of 48Ca (δ = 0.187 %; Qββ = 4272 keV)
besides the double electron capture of 40Ca (δ = 96.941 %; Q2EC = 193.8 keV). The ˇrst
experiment of this kind regarded the 2β decay of 48Ca [15]; let us also mention the latest ones
on the 2β decay of 48Ca [16], of 46Ca [17] and on the double electron capture of 40Ca [18].

Moreover, the CaF2(Eu) detectors have been considered as promising detectors for the
direct search of Dark Matter particles with SD coupling [18,19].

All the considerations mentioned above motivated the R&D program for the development
of radiopure calcium �uoride detectors carried out by the DAMA collaboration with the Bicron
company [17, 18]; the aim was to enhance the sensitivity of searches for 2β decay and dark
matter particles with SD interaction. We present here the new step of development performed
in the framework of this R&D program and devoted mainly to the study of the CaF2(Eu)
background and to the understanding of its origins. New results on 2β decay processes are
presented. More details on the experiment can be found in [20].

1. MEASUREMENTS

Two CaF2(Eu) crystals grown by the Bicron company were used in the present work.
Each crystal has 3ª diameter by 1ª length (370 g mass). These crystals are labelled in the
following as Bicron-1 and Bicron-2.

The background measurements have been performed in the Gran Sasso underground
laboratory inside the R&D DAMA set-up described in Ref. 18 for the Bicron-1 test. Here we
only recall the main features of the apparatus for the measurements performed with Bicron-2.
The crystal was coupled to a low backgound PMT EMI9265B53/FL through a 10 cm long
TETRASIL-B light guide; it was wrapped by a te�on diffuser (� 100 µm thick) as also the
light guide. The detector and the PMT were inside about 10 cm of low radioactive copper
shaped in order to contain them tight. We note that in this measurement no NaI(Tl) anti-
Compton detector was used as instead done in the Bicron-1 data taking [18]. The detector
and the � 10 cm Cu envelop were closed inside a sealed low-radioactive Cu box, in one
turn surrounded by a shield made of 10 cm of low-radioactive copper and 15 cm of low
radioactive lead followed by 1.5 mm Cd foil and about 4/10 cm of polyethylene/parafˇn. To
avoid any contact with environmental air (which can contain Radon in trace), the Cu box was
continuously �ushed with high purity (HP) nitrogen gas (long stored deep underground) and
maintained at about 1 mbar overpressure. Finally, the whole shield was sealed in a plexiglass
box also maintained in HP nitrogen atmosphere.



20 Belli P. et al.

Fig. 1. Measured background spectrum of the Bicron-2 crystal for the energy region 300Ä4000 keV.

The three peaks at about 0.81, 1.01 and 1.15 MeV can be ascribed to α particles from 232Th and 238U

chains internal impurities of the crystal, the ˇtting of the α peaks is shown (b)

Fig. 2. Measured background spectra of the

Bicron-2 and Bicron-1 crystals for the energy

region 4Ä20 keV

The rejection of the residual noise just
above the software energy threshold (4 keV
here)1 proˇts by the different timing structure
between the noise (PMT fast signals with decay
times of the order of tens ns) and the CaF2(Eu)
®scintillation¯ (signals with decay times of the
order of 940 ns) pulses, whose shapes were
recorded over 3125 ns by a Lecroy Transient
digitizer. The residual noise can be rejected
from the production data by applying software
cuts; the corresponding software cut efˇciency
for each energy bin can be evaluated by apply-

ing the same cuts to the source data (collected in the same experimental conditions and energy
range).

The background spectrum of the Bicron-2 crystal was measured in this apparatus during
1906.3 h in the three energy regions: 4Ä20, 40Ä230 and 200Ä4000 keV. Data previously
collected with Bicron-1 were also available for analysis; the measuring time was 631.4 h for
the energy interval 4Ä24 keV and 260.9 h for the energy region 200Ä3300 keV [18].

During the measurement, the energy scale and resolution of the detector were calibrated
periodically with different sources: 109Cd (Eγ = 22 keV); 137Cs (Eγ = 32; 662 keV); 22Na

1We recall that in any kind of experiment requiring an energy threshold at keV level, software cuts or Å
sometimes Å hardware procedures near threshold have to be applied, although generally the corresponding procedures
are not explicitly quantiˇed by the authors.
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(Eγ = 511; 1275 keV) and 60Co (Eγ = 1173; 1332 keV). In addition, background peaks
(Eγ = 128 and 169 keV) from 152Eu contamination in the Bicron-2 crystal were used for
calibration in the energy region 40Ä230 keV.

The measured background spectrum of Bicron-2 crystal in the energy region 300Ä4000 keV
is shown in Fig. 1, while the low energy part (4Ä20 keV) and the middle energy (40Ä400 keV)
are given in Figs. 2 and 3, respectively. Three peaks at the energies of about 0.81, 1.01
and 1.15 MeV are present; considering the typical α/β ratio for the light output of the
CaF2(Eu) crystals, these peaks can be attributed to α particles due to 232Th and 238U internal
impurities. Moreover, in the lower energy region, three clear peaks at energies � 47, � 129
and � 169 keV are also present; as was shown by simulation (see below), such peaks could
be explained by 152Eu (T1/2 = 13 y) activity created in the CaF2(Eu) crystal by the neutron
activation at Earth surface.

Fig. 3. Experimental spectrum of the Bicron-2 crystal up to the energy of 400 keV. The three peaks at
� 47, � 129 and � 169 keV can be ascribed to 152Eu (T1/2 = 13 y) activity created in the CaF2(Eu)

crystal by the neutron activation at Earth surface. The model distribution from 152Eu contamination is

also shown (see text for details)

2. BACKGROUND SIMULATION AND ESTIMATE
OF THE 2β DECAY HALF-LIFE LIMITS

The locations and amounts of the radioactive contaminations have been estimated by
simulating the background spectra of the CaF2(Eu) crystal by the GEANT3.21 package [22]
and the event generator DECAY4 [23], which describes the initial kinematics of the events.
The considered background model includes external (from the 40K, 232Th and 238U conta-
minations in the PMT) and internal (from 40K, 152Eu, 232Th and 238U intrinsic impurities
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in the CaF2(Eu) crystal) contributions; it was supposed that equilibrium in U and Th chains
may be broken. The ˇt of the experimental spectrum in the energy interval 40Ä2700 keV
following this model gives the activities of the possible impurities in PMT and in crystal;
these are shown in Table 1. As evident, the equilibrium in U and Th chains for the CaF2(Eu)
contaminations is broken, as often in detectors.

Table 1. Radioactive impurities of the PMT and CaF2(Eu) crystal (mBq/kg)

Source of 232Th-chain 238U-chain 152Eu 40K
background

232Th 228Ra 238U 230Th 226Ra 210Pb

PMT < 100 Å Å Å 400(200) Å Å 4(2) · 104

CaF2(Eu) 1.2(5) 11(5) 0.5(2) 4.5(8) 2.4(10) 0.5(2) 7.5(20) 5(2)
Bicron-2

The ˇt in the energy interval 300Ä1500 keV is shown together with the experimental data
in the insert of Fig. 1, where a reasonable agreement is achieved. Also the energy dependence
of the α/β ratio for the CaF2(Eu) crystal was obtained: α/β = 0.130 + 0.017 Eα, Eα being
the energy of α particle in MeV.

The experimental spectrum up to the energy of 400 keV is given in Fig. 3. There is also
shown the model distribution from 152Eu contamination, which consists of four peaks at the
energies: a) � 7 keV (L-shell binding energy of Sm); b) � 47 keV (K-shell binding energy
of Sm); c) � 128.8 keV (sum of L-shell binding energy with the most intensive � 121.8 keV
γ ray or conversion electron from 152Eu decay); d) � 168.8 keV (sum of K-shell binding
energy with the � 121.8 keV γ ray). The absence in the data of the � 7 keV peak (see
also Fig. 2) could be explained by the known cross sections uncertainties (±10 %) in the low
energy region 40Ä120 keV, which were used for simulation. The estimated activity of the
152Eu in the Bicron-2 crystal Å considering the higher energy peaks Å is 7.5(20) mBq · kg−1.
Such activity could be reached after approximately ˇve months of activation of the CaF2(Eu)
crystal (in our case the content of Eu is � 0.5 % [24]) at the Earth surface, where the thermal
neutron �ux is about 5 · 10−3 neutrons/cm2/s.

The background model described above was used to estimate half-life limits for the
double EC capture of 40Ca (Q2EC = 193.8 keV) and the neutrinoless double β decay of 46Ca
(Qββ = 990.4 keV). The number of candidate nuclei in each CaF2(Eu) crystal is equal to
2.766 · 1024 and 1.141 · 1020 for 40Ca and 46Ca, respectively. The double EC capture of 40Ca
has to be followed by the emission of two X rays with 3.2 keV energy each and it is expected
that an inner bremsstrahlung photon will carry off the energy released in the neutrinoless
process. Efˇciencies for the different double β decay processes were calculated by using the
GEANT3.21 package [22] and the event generator DECAY4 [23].

The simulated response functions of CaF2(Eu) crystals and the calculated values of ef-
ˇciencies for the different 2β decay processes were used together with the corresponding
background rates, the measuring times and the numbers of 40Ca and 46Ca nuclei in order to
estimate half-life limits for the effects under investigation. These limits are summarized in
Table 2 and were obtained in two different ways. Firstly, they have been obtained by using
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Table 2. Half-life limits for different 2β processes of 40Ca and 46Ca

T1/2 limit, y T1/2 limit, y T1/2 limit, y
2β process (one σ approach) (χ2 ˇt procedure) (χ2 ˇt procedure)

(Peak energy) 68 % C.L. 68 % (90 %) C.L. 68 % (90 %) C.L.
Bicron-2 Bicron-1 Bicron-2 Bicron-1 (Combined from

Bicron-1+Bicron-2)

0ν2EC of 40Ca 4.4 · 1021 2.7 · 1021 4.1(2.5) · 1021 2.4(1.4) · 1021 4.9(3.0) · 1021

(6.4 keV)
0ν2EC of 40Ca 5.5 · 1020 Å 3.4(1.8) · 1020 Å 3.4(1.8) · 1020

(193.8 keV)
2ν2EC of 40Ca 8.8 · 1021 5.3 · 1021 8.2(5.0) · 1021 4.8(2.8) · 1021 9.8(5.9) · 1021

(6.4 keV)
0ν2β of 46Ca 1.8 · 1017 9.1 · 1016 1.5(0.9) · 1017 8.3(4.9) · 1016 1.7(1.0) · 1017

(990 keV)

Fig. 4. The 4Ä20 keV experimental energy spec-

trum of the Bicron-2 crystal and the ˇtting curve,
where the excluded Å at 90 % C.L. Å peak from

0ν2EC of 40Ca with half-life 2.5 · 1021 y is also
shown

the so-called ®one σ approach¯, in which the
excluded number of signal events is deter-
mined simply as the square root of the number
of background counts in a given energy win-
dow ∆E. Notwithstanding its simplicity, this
method gives the right scale of the experi-
ment's sensitivity. Moreover, the T1/2 limits
were improved by using the standard proce-
dure of the least square ˇt of the experimen-
tal data by the sum of the background model
and of the simulated response function of the
detector for the 2β decay process under in-
vestigation. From such a ˇt, the number of
events in the expected signal peak (and the un-
certainty) were determined, usually giving no
statistical evidence for the effect. Then using
these values, the excluded Å at 68 % (90 %)
C.L. Å numbers of events for the different 2β
decay processes were calculated in accordance
with the Particle Data Group procedure [25].

As an example, part of the experimental
spectrum of the crystal Bicron-2 in the energy
interval 4Ä20 keV and the ˇtting curve are
shown in Fig. 4, where the excluded Å at 90 % C.L. Å peak from the 0ν2EC decay of 40Ca
with half-life 2.5 · 1021 y is also shown.

In the last column of Table 2 the half-life limits obtained by combining the results for
both crystals: Bicron-2 and Bicron-1 [18] are shown. In this case the procedure was as
following. The numbers of events in the expected peak Å determined for each crystal by
χ2 ˇt as described above Å were simply added: S = S1 + S2, while their error bars were
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added quadratically: σ(S) = [σ2(S1) + σ2(S2)]1/2. The values of S and σ(S) were used to
calculate the combined excluded numbers of events for different 2β decay processes.

The T1/2 limit obtained for 0ν2β decay of 46Ca is higher than the best result previously
available [17]. Restriction for the two neutrino 2EC of 40Ca is also improved from value
4.6 ·1021 y [18] to � 1022 y. It should be stressed that the last one is the highest half-life limit
obtained up-to-date for the 2β+ decay processes and, in particular, for the double electron
capture (see reviews [1] and the last work [26] for comparison). The same is true for the
neutrinoless 2EC of 40Ca, which T1/2 limit is established for the ˇrst time.

CONCLUSIONS

The new and highly improved T1/2 limits on the 2β decay processes of 46Ca and 40Ca
achieved here have surely demonstrated the feasibility and perspectives of developed CaF2(Eu)
scintillators for high sensitive investigations of the 2β decay. The use of these scintillators in
the search for dark matter particles with SD coupling is also another interesting possibility.
Further efforts are in progress.
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