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Abstract The production of ultra-pure raw material is a
crucial step to ensure the required background level in rare
event searches. In this work, we establish an innovative tech-
nique developed to produce high-purity (99.999%) granular
zinc. We demonstrate the effectiveness of the refining proce-
dure by measuring the internal contaminations of the purified
zinc with a high-purity germanium detector at the Labora-
tori Nazionali del Gran Sasso. The total activity of cosmo-
genic activated nuclides is measured at the level of a few
mBq/kg, as well as limits on naturally occurring radionu-
clides are set to less than mBq/kg. The excellent radiopurity
of the zinc sample allows us to search for electron capture
with positron emission and neutrinoless double electron cap-
ture of %*Zn, setting the currently most stringent lower limits

on their half-lives, Tff; > 2.7 x 10%! year (90% CI), and
T10/”22‘9 > 2.6 x 102! year (90% CI), respectively.

1 Introduction

The search for rare events such as dark matter interactions [1]
or neutrinoless double-beta decay [2] has an important role
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in the investigation of physical processes not predicted by the
standard model. The common experimental effort for next-
generation experiments focuses on the reduction of detector
contamination, to reach an extremely low background index.
In this scenario, the purification of the initial materials used
for the detector construction acquires a pivotal relevance.

Zinc-containing crystals are widely used in rare event
physics as room-temperature scintillators (ZnWOy4 [3-5]),
low-temperature calorimeters (ZnSe in CUPID-0 [6], ZnMo0O4
in LUMINEU [7]) or semiconductor detectors (CdZnTe in
COBRA [8]).

To understand the importance of the purity of the initial
materials, we consider the specific case of ZnSe [9]. The most
common production method for these crystals is the growth
by melt crystallization under high inert gas pressure, known
as Bridgman—Stockbarger technique [10]. With this method
large volume crystals can be grown, reaching up to 60 mm in
diameter and 2 kg in mass. The downside of this technique
is the lack of perfection in the produced crystalline structure.
During crystallization, a fraction of the ZnSe compound in
the liquid phase dissociates, transferring part of the single
components (Zn and Se) to the cold zone. The transfer is
due either to diffusion through the semi-penetrable graphite
crucible walls, or to evaporation from the free surface of
the melt. Because of differences in diffusion coefficients, the
melt results enriched in one of the components, causing devi-
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ations from the stoichiometry that can be significantly larger
than 1%. Such a process leads to the formation of intrinsic
point defects (IPD) in the crystalline structure, affecting both
the scintillating and bolometric crystal properties, as well as
the detector radiopurity. Since this deviation from stoichiom-
etry increases together with the contamination of the raw ini-
tial materials, their chemical purity impacts directly on the
detector performance [6,7]. This is true in particular for bolo-
metric detectors, where defects of the crystalline structure
affect the phonon scattering in the crystal [11]. As a result
the thermal conductivity of the detector decreases, causing
a loss in energy resolution. It is therefore mandatory to use
initial materials with superior chemical and radio-purity to
obtain high-performance scintillating bolometers based on
zinc-containing crystals.

In this work, we introduce a novel method for zinc purifi-
cation (Sect. 2), validating the whole production through
mass spectrometry (Sect. 3) and y-spectroscopy (Sect. 4).
The excellent radiopurity achieved allows us to search for
double B-decay of ®*Zn, in particular neutrinoless and two-
neutrino modes of electron capture with positron emission
(eB7T), as well as neutrinoless double electron capture (0v2e¢),
setting the most stringent lower limits on their half-lives to
date (Sect. 5).

2 A new process for zinc purification

The raw zinc, chosen with purity level higher than 99.98%,
is prepared for the purification process trough the following
steps: (i) cutting of initial metal ingot in order to get pieces
of about 2 kg of mass, (ii) etching of Zn pieces in nitric acid
solution (0.1 M HNO3), (iii) washing of etched Zn pieces
in ultra-pure water, (iv) drying of washed Zn pieces, and
(v) sampling for tracing of contamination level by means of
mass-spectrometry.

The actual purification process presented here consists
then of two phases: (i) the refining of the initial zinc by fil-
tration and distillation under vacuum, and (ii) the formation
of granules of (3 - 5) mm in diameter by dripping of molten
metal in the coolant agent. This last step modifies the mate-
rial in a suitable form for the subsequent stages of crystal
production.

The innovative method used to implement the first step
has been developed at the National Science Center “Kharkov
Institute of Physics and Technology” (Kharkov, Ukraine).
The procedure involves the filtration of the molten metal and
its subsequent distillation by condensing the metal steam into
the solid phase [12]. The distillation process is carried out at a
temperature Tp = Ty +(40—50) °C, while the condensation
process at a temperature T¢c = Ty — (30 — 40) °C, being
Ty = 419 °C the melting temperature.
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Fig. 1 Scheme of the set-up for zinc purification: a stage of filtration
and refining against of the volatile impurities (left); b stage of purifi-
cation against of the non-volatile impurities (right). We melt the initial
zinc using a heater, obtaining the filtered zinc. We remove most of the
volatile impurities through the outlet hole, while a small amount of them
remains in the thin layer of condensed zinc, also removed. By further
heating the sample, all zinc evaporates, forming a layer of purified zinc,
while non-volatile impurities form a residue in the crucible

The distillation set-up is made from high-purity high-
density graphite, characterized by chemical inertness to zinc
and a minimal content of impurities. To further increase the
graphite purity, the setup was thermally treated under vac-
uum at (1000-1100) °C before use. The concentration of all
possible contaminants in the graphite was measured by spec-
tral analysis, resulting in less than 1.0 ppm. The distillation
set-up was assembled of two identical pieces, as shown in
Fig. 1: the bottom one serves as a crucible, while the upper
part is a collector for the condensed Zn metal. The small out-
let hole in the lateral wall of the condenser is intended for
evacuation in order to remove volatile impurities. The cru-
cible is heated by the heater, while the condenser is heated
indirectly by the thermal radiation of the crucible, as well as
by the heat transfer from the stream of the distillable metal.
The crucible volume was designed to hold 2.0 kg of loaded
initial zinc. The operating pressure during zinc refining was
about (1073-1072) Pa.

At the first stage, the purification process was carried out
against volatile impurities (like a Na, K etc.) by their conden-
sation on the inner surface of the condenser (see Fig. 1, left).
A part of them is also removed continuously pumping the
crucible volume through the outer hole. In order to remove
oxides and other slags, the molten metal was filtered, through
a plate with a small conicity and a hole in the middle. At the
end of this stage, about 100 g of zinc metal containing a high
concentration of the volatile impurities is removed from the
coldest part of the condenser.

The second stage is carried out in order to remove the
non-volatile impurities (like a Cu, Fe, Si, Ni, Co, V, Cr, Al,
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TI, Bi, Mn etc.) by distillation of the zinc metal, poured in
the crucible after filtration. After evaporation (up to 95% of
loaded material), the pure zinc is condensed on the inner part
of the condenser, while the non-volatile impurities remain
as residue on the bottom of the crucible (see Fig. 1, right).
Such combination of refining stages significantly improves
the efficiency of the whole purification process and product
yield, which is better than 95% from the initial loaded zinc.

At the end of this process, the purified zinc was sent for the
granulation in a dedicated device by dripping of the molten
metal into high-purity water used as a cooling agent.! The
final high-purity zinc was obtained in form of granules with
3—4 mm in diameter, achieving a 99% yield for the granula-
tion process. We obtained 15 kg of ultra-pure zinc after eight
purification cycles (2 kg of Zn each), with a final yield of
94%.

3 Results of refinement

We did a general comparative analysis of elemental impuri-
ties in the zinc metal before and after purification by combin-
ing the Laser (LMS) and Inductively Coupled Plasma (ICP)
Mass-Spectrometry methods. While the chemical purity of
the initial zinc metal was studied at NSC KIPT (Kharkov,
Ukraine) using a High-Resolution Double-Focusing Laser
Mass-Spectrometer EMAL-2 by Mattauch-Herzog, the resid-
ual contamination of the purified metal was examined
with the help of High-Resolution Inductively Coupled
Plasma-Mass Spectrometric analysis (HR-ICP-MS, Thermo
Fisher Scientific ELEMENT?) at the Gran Sasso Laboratory
(Assergi, Italy). To reduce cosmogenic activation, we have
shipped the zinc from Ukraine to Italy by land.

As can be seen from the comparison reported in Table 1,
the developed purification method is very effective for the
entire range of impurity elements. For most elements the
concentration was reduced by one to two orders of magni-
tude. For example, the iron concentration was reduced by
about 500 times, whereas potassium was reduced by a fac-
tor of 85. Not listed elements have concentrations which are
limited by the instrumental detection level. Cadmium is the
contaminant limiting the purity of material its concentration
was reduced only about 5 times with a final concentration
of 4 ppm. This can be explained by two reasons. First, zinc
and cadmium are similar from the chemical point of view.
Second, at the distillation temperature of zinc, about (460 -
470)°C, cadmium and zinc have very similar vapor pressures.
As a consequence, cadmium transits almost completely into
the condensate of zinc. The mass fraction of the final purified

! Patent on metal granulation N. 131214 Ukraine — Publ. 01/10/2019
— Bull. N. 1 - By A.P Shcherban, Yu.V. Gorbenko, G.P. Kovtun, D.A.
Solopikhin.

Table 1 Impurity concentration in the zinc before and after the purifi-
cation process in ppb (10~ g/g) with uncertainties of 25%

Element Initial zinc Purified zinc
Na 1000 30
Al 4000 35

Si 7000 40

K 3000 35
Ca 2000 70

\% < 200 <9
Cr < 200 <90
Mn <200 <90
Fe 30,000 56
Co <200 <10
Ni < 300 <90
Cu 10,000 110
Mo < 2000 4

Cd 20,000 4300
Sn 15,000 < 300
Tl < 2000 180
Pb < 3000 290
Bi < 1000 <2
Th < 2000 <0.2
U < 2000 <0.2

zinc was determined as the difference between 100% and the
total content of major impurities (Cd, Fe, Si, Al, Na, K and
Ca). The obtained value is higher than 99.999%, which meets
the requirement on the chemical purity of the materials used
for the production of high-quality crystals.

4 Low background measurement with HPGe detector

In order to measure the internal radioactive contaminations
of the purified granular zinc, we perform a y-spectrometry
measurement with an ultra-low background high purity ger-
manium detector (ULB-HPGe). We carried out this activity
in the STELLA (SubTerranean Low-Level Assay) facility at
Gran Sasso National Laboratories (Italy), characterized by
an average shielding of 3600 m.w.e., details can be found in
Refs. [13-16].

The ULB-HPGe detector is a coaxial p-type germanium
detector with an active volume of about 400 cm? and an opti-
mized design for high counting efficiency in a wide energy
range. The energy resolution of the spectrometer is 2.0 keV
at the 1332 keV line of %Co. To reduce external back-
ground, the detector is shielded with a 20 cm layer of low-
radioactivity lead, OFHC (Oxygen Free High Conductivity)
copper (~5 cm) and a 5 cm layer of Polyethylene. To prevent
radon contamination, the set-up is continuously flushed with

@ Springer
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Fig. 2 Energy spectrum acquired with the GeMPI-4 ULB-HPGe spec-
trometer with 10.08 kg of natural zinc over 827.66 h (top), and without
the Zn sample over 474.35 h (bottom)

high-purity boil-off nitrogen. More details on the experimen-
tal set-up and detector performance can be found in Ref. [17].

We placed a sample of the purified granular zinc with a
mass of 10,080 g in a polypropylene container of Marinelli
geometry (GA-MA Associates, type 441G) above the end-
cap of the ULB-HPGe detector. We measured the Zn sample
for 827.66 h, whilst background data was accumulated over
474.35 h. Figure 2 shows the energy spectra of the two mea-
surements.

The efficiencies for the full-energy absorption peaks used
for the quantitative analysis are obtained by Monte-Carlo
simulation (code MaGe), based on the GEANT4 software
package [18].

We reportin Table 2 the list of internal radioactive nuclides
found in the sample. These values are obtained using the pro-
cedure presented in Ref. [19]. We found no evidence of any
daughter nuclides from the natural decay chains of 233U,
238U and 232Th, so that we set upper limits on the level of
less than few mBq/kg. We also report the limits on the activ-
ity of other commonly observed nuclides, in particular for
40K, from natural radioactivity, ®°Co, produced by cosmo-
genic activation, and artificial 137Cs. However, we measure
significant activity of some specific isotopes such as >*Mn,
6Co, 37Co, *8Co and 6°Zn at mBq/kg level. Those isotopes
are produced by cosmogenic activation via neutron spalla-
tion on naturally occurring zinc isotopes. Among the listed
isotopes, >*Mn is the most long-lived nuclide that decays
via electron capture with a Q-value (Qgc) of 1377.1 keV
and a half-life of 312.12 d. However, the relatively small
released energy in this decay makes it not dangerous for
exploring of 28 decay of the most common isotopes. The

@ Springer

Table 2 Activity of internal radioactive contaminations in the purified
granular zinc measured with a ULB-HPGe detector. Activity values are
present in units of mBg/kg, and limits are at 90% CL

Chain Nuclide Activity (mBg/kg)
232Th 228Ra < 0.095
228Th <0.036
28y 24Th <62
234m py <47
226Ra < 0.066
B35y 35y <0.091
40K <0.38
60Co <0.036
137¢s <0.033
34Mn 0.11£0.02
3Co 0.0840.02
SCo 0.2040.09
3Co 0.2240.04
657n 5.240.6

same holds for ’Co (T12 = 271.79 d, Qgc = 836 keV),
8Co (Ti, = 70.85 d, Qec = 2307.4 keV) and $Zn
(T1)2 = 244.26d,Qgc =1351.9keV). 3°Co decays through
electron capture with a Q-value of 4566.0 keV, but the rela-
tively short half-life (77.27 d) makes it disappear quickly.

These results are confirmed by the CUPID-0 experiment
since its ZnSe crystals were made from the zinc measured
in this work and the selenium 95% enriched in 2Se [20].
Indeed the CUPID-0 background model [21] attributes to
ZnSe crystal contaminations much smaller values than the
limits reported in this analysis, suggesting that probably dur-
ing the crystals growth the contaminant segregation further
help the purification process. The excellent radiopurity level
reached by implementing this technique allowed CUPID-0 to
get the lowest background index among cryogenic calorime-
ters of 3.5 x 1073 counts/(keV-kg-year) [22], and several
scientific results [22-26].

5 Double beta processes in Zn-64

Natural zinc contains two potentially 2-decaying isotopes,
647n and 7°Zn, whose features are reported in Table 3. The
07n decay would not involve excited states of 70Ge [27] and
only two electrons sharing the Qgg energy would be emitted,
preventing the decay detection with a HPGe detector. On the
contrary, characteristic y-rays can be emitted in 8" and 2¢
decays of **Zn, thus providing distinctive signatures suitable
for HPGe spectroscopy.

The CUPID-0 experiment has recently set a new limit
Ovept of %4Zn [28], taking advantage of the ability, offered



Eur. Phys. J. C (2021) 81:106

Page 50of 7 106

Table 3 Potentially double beta decaying isotopes of zinc and their
features

Isotope  Isotopic abundance (%)  Decay mode  Q-value (keV)
647n 47.55 (0.18) eft/2e 1094.9 (0.8)
707n 0.68 (0.02) 28~ 997.1 (2.1)
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Fig. 3 Energy spectra focused on 511 keV peak. Data acquired by the
GeMPI-4 ULB-HPGe spectrometer with the zinc sample over 827.66 h.
The blue line marks the best fit result, while the red dashed lines report a
1 o statistical fluctuation of the number of counts of all the contributions

by the calorimetric approach, to measure the whole Qg+
energy. We report in this section a complementary analysis
which investigates the decay modes not covered by CUPID-
0.

5.1 g™ decay mode

647n can decay via electron capture with positron emission:
%4Zn +e —Ni + Ede-exitation + et (+2 ve) (1)

where Ege-exitation 1S carried by the X-rays or Auger electrons
emitted after the capture. In both Ov and 2v cases, the emitted
positron generates two 511 keV ys, leading to an extra count-
ing rate in the annihilation peak on the total energy spectrum.
Since it is impossible to distinguish the two decay modes, we
can set a limit for the combination of these two processes.
Exploiting a Monte-Carlo simulation, we evaluate the detec-
tion efficiency in the experimental setup of a 511 keV y-ray,
obtaining n,g+ = 1.3%. Despite the low efficiency, the high
%47Zn isotopic abundance equal to (47.55 + 0.18)% guar-
antees a large number of emitting isotopes in the sample
(Neaz, = 4.41 x 10% nuclei), achieving a total exposure of
Nexp = (4.17£0.02) x 10** emitters x year.

The analysis strategy consists of a Binned Extended Like-
lihood fit that takes into account all the background sources
contributing to the 511 keV peak, selecting as region of inter-

est the energy range [490,530] keV (Fig. 3). The model func-
tion F g+ is composed of a Gaussian peak over a flat back-
ground,

Fep+ = Ns11-G(,0) + Ny 2)
where

i 65 58 56
Nsi1 = Ny + Nsj 7" + N  §° + Nsii° &)
Ngllgl = Igp+ - Nep+ - Nexp “4)

The total number of counts of the peak (Ns11) is given by the
sum of the expected background events, previously evaluated
with a MC simulation assuming the activities in Table 2,
and the possible signal one. The largest contribution into
the annihilation peak comes from the decay of ®Zn with
N;?%“ = (60 £ 6) counts, while 58Co and °Co produce

Nssf(fo = (22 + 4) and N;?(fo = (13 £ 4) counts, respec-
tively. For all these contributions, we assume a Gaussian
prior with the mean and width set to the best estimated values
and uncertainties, respectively. The events induced by other
isotopes listed in Table 2 are effectively included in the flat
background (Ny,). As a consistency check, we modelled the
background with an exponential function, whose coefficient
resulted to be statistically compatible with zero. Thus we
decided to reduce the number of free parameters exploiting
a flat background, which gave a more conservative limit.

The best fit result is g+ = (—0.06 £ 1.37) x
10722 year~! compatible with zero, thus no significant excess
of events was found. We perform a Bayesian analysis inte-
grating the likelihood with a uniform prior and marginalising
over the nuisance parameters to set a limit on the half-life of
(Ov +2v)&B™. This is done exploiting the RooStat Bayesian
Calculator tools. The resulting upper limit on the decay rate
at90% Clis I g+ < 2.56 x 10722 year™!, corresponding to
a lower-limit on the half-life,

Tif > 2.7 x 10° year at90%Cl (5)
This result is almost a factor three better than the previ-
ous limit on the half-life of 2veB™, equal to Ty/2 > 9.4 x
1020 year at 90% CL [29]. For the OveB™ a more stringent
limit was set by CUPID-0 equal to 1.2 x 1072 year at 90% CI
[28].

5.2 2& decay mode

The %*Zn can decay via double electron capture into the

ground state of *Ni with the same Q-value as of the ¢+
mode, (1094.9 4 0.8) ke V:

64211 +2¢ — 64Ni + Vde-exitation (+2 Ve) (6)

@ Springer
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Fig. 4 Energy spectrum focused on Ov2e ROI. The peak at 1115 keV
is given by the %Zn decay. The blue line marks the best fit result, while
the red dashed lines report a 1o statistical fluctuation of the number of
counts of all the contributions

The 2v2¢ capture is not considered here because in this
case only low energy X-rays are emitted (E = 0.9-8.3 keV),
which are effectively absorbed by the Zn sample itself. On
the other hand, when a Ov2¢ occurs, we can assume X-
rays are accompanied by a bremsstrahlung y-quantum with
E, = O — Ep1 — Epy [30-32], where Ep1 and Ep; are the
binding energy of two captured electrons on the correspond-
ing atomic shells of ®*Ni. For Ni atoms, the binding energies
on the K and L1 shells are equal to Ex = 8.3 keV and
Er1 = 1.01 keV, respectively.

Thus, the expected energy of the y's for the Ov2e capture
647n to ground state of ®*Ni is equal to: (i) E; = 1079.0 keV
for 2KO0v; (ii) E, = 1086.4 keV for KLOv; and (iii) E3 =
1093.7 keV for 2LOv processes.

As in the previous case, a Monte Carlo simulation pro-
vides the detection efficiency for gammas of these energies,
corresponding to 12, = 1.1%, while the exposure remains
the same with respect to the previous analysis. Since the
atomic mass difference %*Zn%Ni is currently known with an
uncertainty of 0.8 keV, the positions of the expected Ov2e
peaks will have the same uncertainty. Figure 4 shows the
energy spectrum acquired with the zinc sample in the range
[1040,1140] keV. Also in this case, we perform a Binned
Extended Likelihood fit on the data. The model function
Fovae 1s composed of a flat background and four Gaussian
distributions, three of which represent the expected signal
and are centered in u; = E; (i = 1,2,3), while the fourth
reproduces the ©°Zn peak at 1115 keV,

3
Fovze = Y Ni G (i, 0) + Neszy - G, 0) + Ny (7)

i=1

@ Springer

where
N; = F(;UZS cM2e Nexp ®)
3
Tovze = ) o ©)
i=1

We fix the means of the three signal peaks and successively
include their uncertainty in the nuisance parameters with a
normal prior. We assume all the peaks have the same energy
resolution, which is accurately determined on the ®3Zn peak.
Since the relative probability of double electron capture from
the K and L shells is not available in literature [33], we do not
apply any constrain on Nj, considering the three signatures
as independent contributions to the decay rate 17,2;.

We observe an excess of events at the KLOv peak, but
the statistical significance (1.6 o) is not such as to suggest
the observation of the decay. Following the same procedure
as the previous analysis, we set a limit on the decay rate of
Toe < 2.69 x 10722 year—! at 90% CI, corresponding to
a limit on the half-life of

T > 2.6 x 10*! year at 90% CI (10

This result surpasses by almost one order of magnitude the
previous limit, Tf./"zzs > 3.2 x 10?0 year at 90% CL [29].

6 Conclusions

In this work, we established an innovative technique for high-
purity zinc production, based on the combination of filtration
and distillation to remove volatile and non-volatile contami-
nants.

We produced 15 kg of granular zinc with purity grade more
than 99.999%, which was delivered by land transportation to
LNGS, where it was characterized with ICP-MS and HPGe
spectroscopy. The achieved chemical purity, with a total con-
centration of entire contaminants less than 10 ppm, com-
pletely meets the requirements for the growth of high-quality
large-volume crystals. The presence of naturally occurring
radio nuclides is excluded, with measured upper limits of
few mBg/kg. The only significant radioactive contamination
is on the level of few mBq/kg and is due to cosmogenic iso-
topes.

The excellent radiopurity of the zinc sample allowed us to
set the most stringent limits to date on the Zn 2vep™ and

>
Ov2e decay modes, resulting in Tf/g > 2.7 x 10*! year ,

and Tf'/”zzs > 2.6 x 10%! year , respectively. Exploiting the
advantages of spectroscopy with an external source, we over-
come the technical difficulty of the CUPID-0 experiment in
studying these decays [28] by carrying out a complementary
measurement. The limits obtained both in this work and from
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CUPID-0 are still several orders of magnitude lower than the-
oretical predictions [34,35], so new experimental efforts are
needed to investigate these processes.
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