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The Cs2HfCl6 (CHC) and Cs2ZrCl6 (CZC) crystal 
scintillators 

! High light yield  (up to 30000 photons/MeV for CHC and up to 35000 photons/MeV for CZC);

! Excellent linearity in the energy response;

! Excellent energy resolution (<3.5% at 662 keV in the best configuration);

! Excellent ability for pulse shape discrimination (PSD) between ! "#) and $ particles;

! Cs2ZrCl6 crystal contains 16% Zr by weight.

! Cs2HfCl6 crystal contains a high fraction of Hf (%27% in mass).
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Some general properties CHC CZC

E↵ective atomic number 58 46.6

Density (g/cm
3
) 3.9 3.4

Melting point (
�
C) 820 850

Crystal structure cubic cubic

Wavalenght of emission (nm) 400-430 440-479

Decay time (µs) 0.4; 5.1; 15.2[1] 0.4; 2.7; 12.5[1]

https://doi.org/10.1039/1477-9234/2003
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Search for 𝟐𝜷 and rare a decay in Hf isotopes using passive source 
approach
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keV), but also from events related to U/Th chains (see more details in Refs.
[25, 26].

Table 1: Half-life limits on 2" and "�+
decay processes in

174
Hf obtained in Refs.[25, 26].

Level of Experimental limit of
Channel Decay daughter nucleus T1/2 (90% C.L.)

of the decay Mode J⇡, energy (keV) (y)
[25] [26]

2K 2⌫ g.s. � 7.1⇥ 1016 � 1.4⇥ 1016

KL 2⌫ g.s. � 4.2⇥ 1016 � 1.4⇥ 1016

2K 2⌫ 2+, 76.5 � 5.9⇥ 1016 � 7.9⇥ 1016

KL 2⌫ 2+, 76.5 � 3.5⇥ 1016 � 7.9⇥ 1016

2L 2⌫ 2+, 76.5 � 3.9⇥ 1016 � 7.9⇥ 1016

2K 0⌫ g.s. � 5.8⇥ 1017 � 2.7⇥ 1018

KL 0⌫ g.s. � 1.9⇥ 1018 � 4.2⇥ 1017

2L 0⌫ g.s. � 7.8⇥ 1017 � 3.6⇥ 1017

2K 0⌫ 2+, 76.5 � 7.1⇥ 1017 � 2.4⇥ 1018

KL 0⌫ 2+, 76.5 � 6.2⇥ 1017 � 3.1⇥ 1017

2L 0⌫ 2+, 76.5 � 7.2⇥ 1017 � 9.4⇥ 1017

K�+ 2⌫ + 0⌫ g.s. � 1.4⇥ 1017 � 5.6⇥ 1016

L�+ 2⌫ + 0⌫ g.s. � 1.4⇥ 1017 � 5.6⇥ 1016

3. Search for ↵ decays in Hf isotopes using passive source approach

The passive source approach previously described has been adopted also to
investigate ↵ decays to the first excited levels of the daughter nuclei of nat-
urally occurring hafnium isotopes (Fig. 3) 174Hf, 176Hf, 177Hf, 178Hf, 179Hf,
180Hf. All of them are theoretically unstable concerning the ↵ decay with a
Q↵ value in the range of 1.3� 2.5 MeV. Table 2 shows the Hf isotopes with
natural abundance > 0 and with Q↵ > 0. In the decays of such Hf isotopes
to excited levels, � quanta are emitted: this is the reason why it is possible to
implement the low-background � spectrometry technique to search for these
processes. In addition, since the 175Yb is unstable via �� decay with half-life
T1/2 = 4.185(1) d [34], the 179Hf to the ground state of daughter 175Yb can
be studied using the mentioned passive method.
Two experiments has been performed to search for ↵ decays in Hf isotopes
using HP-Ge detectors: these are the ones of Refs.[28, 26] that made use of
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Table 3: Half-life limits on ↵ decays (given at 90% C.L.) to the first excited levels of

naturally occurring Hf isotopes set by the experiments of Refs.[28, 26]. Their theoretical

predictions are also reported in the latest columns.

Decay isotope Level of the T1/2 (y)
daughter nucleus (keV)

Experimental Theoretical
[28] [26] [31] [32] [33]

174Hf 2+, 84.2 > 3.3 · 1015 > 2.8 · 1016 1.3 · 1018 3.0 ! 1018 6.6 ! 1017

176Hf 2+, 78.7 > 3.0 ! 1017 > 2.7 ! 1017 1.3 ! 1022 3.5 ! 1022 4.9 ! 1021

177Hf (7/2)�, 78.6 > 1.3 ! 1018 > 1.1 ! 1018 9.1 ! 1021 1.2 ! 1024 3.6 ! 1023

178Hf 2+, 76.5 > 2.0 ! 1017 > 1.3 ! 1018 2.4 ! 1025 8.1 ! 1025 7.1 ! 1024

179Hf (7/2)�, g.s. > 2.2 ! 1018 - 2.0 ! 1032 4 ! 1032 4.7 ! 1031

(9/2)+, 104.5 > 2.2 ! 1018 > 2.7 ! 1018 2.0 ! 1032 2.5 ! 1035 2.2 ! 1034

180Hf 2+, 82.1 > 1.0 ! 1018 > 4.6 ! 1017 4.0 ! 1049 4.1 ! 1050 2.1 ! 1048

gas. A schematic cross-sectional view of the experimental set-up is shown
in Fig. 4. An event-by-event system acquired the pulse profiles from the
PMT and HP-Ge. In this way, it was possible to implement a coincidence
logic between the events in the CHC and HP-Ge to study the ↵ decay of
Hf isotopes to the first excited levels, when a �-ray is emitted and can be
measured by the HP-Ge detector.

4.1. Low background measurements of the CHC crystal

The pulse-shape discrimination (PSD) between �/� and ↵ particles, the time-
amplitude analysis of fast correlated ↵ decays, and the so-called Bi-Po events
analysis were adopted to estimate the radioactive contamination of the CHC
crystal. In particular, to build the background model, the data of the ra-
dioactive contamination of the CHC crystal was considered. Table 4 shows
the level of impurities measured by ICP-MS. These results have been con-
sidered in order to identify the possible presence of isotopes interfering with
the goal of work of Ref. [24]. The radioactive contaminations in the CHC
crystal were also been measured using the ultra-low background HP-Ge �
spectrometer GeCris of the STELLA facility at LNGS in 841 h of data tak-
ing. The results are shown in Table 5. There is no evidence of radionuclides
from the natural decay chains of 235U, 238U and 232Th in the CHC crystal;
the corresponding limits have been set at level of a few mBq/kg. The limits
on activities of other commonly observed nuclides are also shown in Table
5. However, the CHC crystal is more significantly contaminated with man-
made 137Cs (0.74(8) Bq/kg) and 134Cs (79(8) mBq/kg). Among the isotopes
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Table 2: Principal possible ↵ decays of naturally present Hf isotopes. In particular,

nuclides with Q↵ > 0 for transitions between g.s. or between g.s. and lowest bounded

level are listed, together with their spin/parity J⇡
.

Nuclide Transition

J⇡ � Q↵

Parent ! (%) (keV)

Daughter Nuclei
[29] [30]

and its level (keV)

174
Hf ! 170

Yb
0
+ ! 0

+
, g.s.

0.156(6) [24] 2494.5(2.3)
0
+ ! 2

+
, 84.2

176
Hf ! 172

Yb
0
+ ! 0

+
, g.s.

5.26(70) 2254.2(1.5)
0
+ ! 2

+
, 78.7

177
Hf ! 173

Yb
7/2� ! 5/2�, g.s.

18.60(16) 2245.7(1.4)
7/2� ! 7/2�, 78.6

178
Hf ! 174

Yb
0
+ ! 0

+
, g.s.

27.28(28) 2084.4(1.4)
0
+ ! 2

+
, 76.5

179
Hf ! 175

Yb
9/2+ ! 7/2+, g.s.

13.62(11) 1807.7(1.4)
9/2+ ! 9/2+, 104.5

180
Hf ! 176

Yb
0
+ ! 0

+
, g.s.

35.08(33) 1287.1(1.4)
0
+ ! 2

+
, 82.1

the same experimental setups described previously in Section 2. They are
the first experiments performed to study the ! decay of 176Hf, 177Hf, 178Hf,
179Hf and 180Hf, but considering only the transitions emitting " quanta, so
the decays at the first excited levels of the daughter nuclei and the 179Hf to
the g.s. of the daughter 175Yb, thanks to its #! instability (see Fig. 3). The
half-life limits on these processes set by the over mentioned experiments are
reported in Table 3 together with their theoretical estimations.

4. Search for ! decays in Hf isotopes using active source approach

Recently, an interesting experiment (Ref. [24]), using the “source = detec-
tor” approach, has been performed to study some potentially ! decay of Hf
isotopes to g.s. or exited levels of daughter nuclei and in particular the !
decay of 174Hf to the g.s. of 170Yb. This has been carried out with the help
of a Cs2HfCl6 (CHC) crystal scintillator (mass 6.90(1) g) positioned in the
STELLA facility of the LNGS. This crystal represents one of the promising
new scintillating materials for " spectroscopy also in the field of low-level mea-
surements.In fact, it o! ers a light output of more than 50000 photons/MeV,

7
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Time-amplitude analysis of 228Th sub-chain and the derived Q.F.
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The energies of the peaks of 224Ra, 220Rn and 216Po, selected by 
the described time-amplitude analysis, are 2260(200) keV, 
2540(200) keV, 2780(240) keV (g scale), respectively.
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Figure 7: Using the PSD, the energy spectrum of↵ events from the acquired data with a
CHC scintillator over 2848 h is shown. For the energy scale, the authors have considered
the Q.F. of ↵ particles (see text or Ref. [24] for details). (left ) The Þt of the data, in the
energy region of interest, for the174Hf ↵ decay. The Þt model is built considering the↵
decays of147Sm, 174Hf (red line) and taking into account some degraded alpha particles
(online solid blue line). The yellow band is the background model. (right ) The Þt of the
data by a modiÞed model similar to the previous one but considering one peak (instead
of two) in the energy (2.2 Ð 2.6 ) MeV (taken from Ref. [24] with permission).

Table 6: Half-lives on the↵ decay of Hf isotopes measured in Ref. [24] in comparison with
the work of Ref. [28] (when possible) and with the theoretical predictions. All the limits
are given at 90% C.L.

Nuclide Transition Parent, T1/ 2

Daughter (y)

Nuclei Experimental Theoretical
and its [24] [28] [31] [32] [33]

Energy Level (keV)

174Hf ! 170Yb
0+ ! 0+ , g.s. 7.0 ± 1.2 " 1016 2.0 ± 0.4 " 1015[38] 3.5 á1016 7.4 " 1016 3.5 " 1016

0+ ! 2+ , 84.3 ! 1.1 " 1015 ! 3.3 " 1015 1.3 á1018 3.0 " 1018 6.6 " 1017

176Hf ! 172Yb
0+ ! 0+ , g.s. ! 9.3 " 1019 Ð 2.5 " 1020 6.6 " 1020 2.0 " 1020

0+ ! 2+ , 78.7 ! 1.8 " 1016 ! 3.0 " 1017 1.3 " 1022 3.5 " 1022 4.9 " 1021

177Hf ! 173Yb
7/ 2! ! 5/ 2! , g.s. ! 3.2 " 1020 Ð 4.5 " 1020 5.2 " 1022 4.4 " 1022

7/ 2! ! 7/ 2! , 78.6 ! 7.5 " 1016 ! 1.3 " 1018 9.1 " 1021 1.2 " 1024 3.6 " 1023

178Hf ! 174Yb
0+ ! 0+ , g.s. ! 5.8 " 1019 Ð 3.4 " 1023 1.1 " 1024 2.2 " 1023

0+ ! 2+ , 76.5 ! 6.9 " 1016 ! 2.0 " 1017 2.4 " 1025 8.1 " 1025 7.1 " 1024

179Hf ! 175Yb
9/ 2+ ! 7/ 2+ , g.s. ! 2.5 " 1020 ! 2.2 " 1018 4.5 " 1029 4.0 " 1032 4.7 " 1031

9/ 2+ ! 9/ 2+ , 104.5 ! 5.5 " 1017 ! 2.2 " 1018 2.0 " 1032 2.5 " 1035 2.2 " 1034

180Hf ! 176Yb
9/ 2+ ! 7/ 2+ , g.s. Ð Ð 6.4 " 1045 5.7 " 1046 9.2 " 1044

9/ 2+ ! 9/ 2+ , 82.1 Ð ! 1.0 " 1018 4.0 " 1049 4.1 " 1050 2.1 " 1048
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DAMA/CRYS setup at LNGS
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The mean-time pulse-shape discrimination (PSD) method [10] was used to discriminate ) "&* events from + events
caused by + radioactive contamination of the detectors by QRQTh and QR#U with their daughters.

The mean value of the mean time vs energy is represented together with
𝟑𝝈 intervals for the two CZC crystals.[10] L. Bardelli et al., Nucl. Instr. Meth. A 584, 129 (2008). 
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excited state and the ground state using a CHC crystal scintillator in coincidence with a HP-
Ge detector was completed after 2848 h of live time (see Ref. [24]). The analysis performed
ruled out the T 1/2 value of ! decay of 174Hf isotope given in Ref. [ 39]. Furthermore,
Ref. [24] stated that the ! decay of 174Hf isotope to the ground state was observed with a
T1/2 = 7.0(1.2) ! 1016 y. This value is in good agreement with the theoretical predictions
reported in Tab. 3.

Besides this result, no decay was detected for! and DBD of 174Hf, 176Hf, 177Hf, 178Hf,
179Hf, 180Hf isotopes either to the ground state or to the lower bounded levels considering
the data in Ref. [24,27,28]. The determined T1/2 lower limits for these decays are reported in
Tab. 3. In particular, the T 1/2 lower limits for the transitions of 176Hf " 172Yb ( 0+ " 0+ )
and 177Hf " 173Yb (7/2 # " 5/2 # ) are near to the theoretical predictions (see Tab.3); all
the other limits ( $ 1016 # 1020 y) are absolutely far from the theoretical expectations.

In Ref. [24], it has also been evaluated the average quenching factor for alpha particles
modelled according to the prescription of Ref. [ 38] and reported in Þgure 7 of Ref. [ 24]; it
varies in the range 0.3Ð0.4. In addition, the CHC crystal scintillator of Ref. [ 24] exhibits a
powerful PSD between " / # and ! events as proved in Þgure 5.

For the future, the development and the use of scintillation detectors, containing
the isotope of interest (as a Òsource= detectorÓ approach), are a very reasonable way to
improve the experimental sensitivity. One of the more promising scintillator is the men-
tioned Cs2HfCl 6. In particular, such detector meets high detection efÞciency, good particle
discrimination capability, large amount of the isotope of interest, dedicated protocol of
material selection and growing procedure, a low background, and a good energy resolution.
Indeed, nowadays there is signiÞcant interest in the development of scintillating crystals
from the metal hexachlorides Cs2MCl 6 (M = Hf or other nuclei) family thanks to their
outstanding scintillating properties - a high light yield (up to 50000 photons/MeV), perfect
linearity of the energy response, excellent energy resolution (< 3.5% at 662 keV in the best
conÞguration), a quenching factor for alpha particles around QF = 0.3-0.5, and excellent
statistical pulse shape discrimination ability. For example, in Fig. 8 we show the diagram

Figure 8. Diagram T1/2 vs the inverse of the square root of alpha energy in MeV. The black symbols
are the results in Ref. [24]. The ! decay of 174Hf has been observed [24], while only lower limits at 90%
C.L. are reported for the other three Hf isotopes naturally present. The blue band is the extrapolation
of the predictions for all the Hf isotopes using the Geiger-Nuttall scaling law and the observed data
point [ 24]. The red symbols represent the sensitivity that the measurement can reach using a CHC
crystal scintillator with 43.83 kg ! day of exposure. As evident, there is a good perspective to observe
the ! decay of 176Hf and 176Hf (see also Table3).

T1/2 vs the inverse of the square root of alpha energy in MeV. The black symbols are the
results in Ref. [24]. The blue band is the extrapolation of the predictions on T 1/2 for all
the Hf isotopes using the Geiger-Nuttall scaling law considering the data point observed
in Ref. [24]. The red symbols represent the sensitivity that the measurement can reach
using a CHC crystal scintillator with 43.83 kg ! day of exposure. As evident, there is a
good perspective to observe the ! decay of 176Hf and 176Hf (see also Table3). In addition,
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Figure 3: Simplified decay schemes of potential ↵ decay of Hf isotopes considering the first

two excited energy levels of the daughter nuclei. Energies of the excited levels and of the

emitted � quanta are shown. Relative probabilities of a single energy level are given in

parentheses. The
175

Yb isotope decays via ��
with T1/2 = 4.185(1) d [34], while all the

other Yb nuclei are stable.

high energy resolution and an excellent ability for pulse shape discrimina-
tion (PSD) between �(�) and ↵ particles. The CHC crystal scintillator was
coupled with a 3-inch low radioactivity photomultiplier (PMT, Hamamatsu
R6233MOD), and placed above the end-cap of the ultra-low background HP-
Ge � spectrometer GeCris (465 cm3). The crystal surface was wrapped by
di! usive Polytetrafluoroethylene (PTFE) tape to enhance the light collec-
tion. The CHC and HP-Ge detectors were installed inside a passive shield,
all in a plexiglas box continuously flushed by high purity nitrogen (HP-N2)
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Table 4: Concentrations of trace contaminants in the CHC crystal as measured by ICP-MS

analysis [24]. The limits are at 68% C.L.

Nuclide Concentration (ppb)
144Nd < 2.4
147Sm 0.6(1)
148Sm 0.4(1)
151Eu 19(7)
152Gd < 0.02
180W < 0.4
184Os < 0.003
186Os < 0.25
190Pt < 0.02
209Bi < 2

4.2. PSD between �/ � and ↵ particles

The di↵erence in scintillation time profile of each event was used in order to
determine its “mean time” (hti) according to:

hti =
X

f (tk)tk
.X

f (tk) (1)

where the sum is over the time channels, k, starting from the origin of the
pulse up to 8 µs. Moreover, f (t) is the digitized amplitude (at the time t) of
a given signal. Figure 5 shows the scatter plot of the hti versus the energy for
the acquired data. It confirms the good pulse-shape discrimination ability
of the CHC detector [36]. The distribution of the hti for the events with
energies (in � scale, see above) in the interval (0.4 - 3.0) MeV is reported
in the inset of figure 5. In figure 6, the spectrum of ↵ events according to
the PSD analysis is given. The quenching factor (Q.F.)1 values of the ↵
particles at the energies of 224Ra, 220Rn and 216Po ↵ decays has been found
to be 0.39(4),0.40(3), 0.40(3), respectively, and shown in Figure 7 of Ref. [24]

1
The Q.F. describes the response of a scintillator to heavy ionizing particles; in detail,

it is the ratio between the detected energy in the energy scale measured with � sources

and the actual energy of the heavy ionizing particle. The Q.F. is an experimental feature

of a detector and it is strongly dependent on its nature, mechanisms of detection and

impurities.
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The difference in scintillation time profile of each event was used in order to determine 
its “mean time” (⟨t⟩) according to: 

where the sum is over the time channels, k, starting from the origin of the pulse up 
to 8 μs. Moreover, f(t) is the digitized amplitude (at the time t) of a given signal. 
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Four separate detector’s modules, each consist of:
(1) CZC Æ 21×21 mmA

(2) Plastic scintillator block roughly 200×200×300 mmA

(3) Quartz light guide Æ 25×(100-150) mmA

(4) 2 low-background PMTs 
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(5) OFHC Cu, 10 cm
(6) Pb, 20 cm
(7) HDPE, 10 cm
(8) 4p muon veto
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