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A new approach to deep purification of natural and isotope-enriched cadmium and
natural zinc to grow high-quality radio-pure crystal scintillators has been developed.
Purification of Cd and Zn by distillation through getter filters has been investigated.
Application of the complex refinement method (heating with filtration in combination with
distillation through getter filter) provides the best efficiency of purification. The devel-
oped method allows to achieve high purification efficiency, high yield of product and low
losses of the initial metals.

ITpencraBieHBI Pe3yabTATHl Pa3pabOTKU HOBBIX IIPUEMOB INIYOOKOTO Pa)MHUPOBAHUSA IPU-
POIHBIX M MBOTOIHO OOOTAIIEHHBIX KAAMUA U IMPUPOJHOTO IIUHKA AJd BHIPAIIUBAHUA Kade-
CTBEHHBIX U PAJMOAKTUBHO UWCTHIX CIUHTUJIJIAIVOHHBIX KpPUCTaJI0B. McenemoBaH mpoliece
pucrniasanuu Cd u Zn uepes rerrepubie QuabTpbl. [IoKasaHo, YTO IpUMEHEHNE KOMILJIEKC-
HOTO MeToZa padmHUPOBaHUA (IPOTPeB ¢ (PUILTPAIlNEll B COUETAHUU C TUCTUIIAINEN uepes
reTTepHBIN (GUIBTP) 0oOecreunBaeT MOJyUeHNe BLICOKOUNCTHIX MaTepUAIOB C BHICOKOIT ahdek-
TUBHOCTBIO OUUCTKU, BBHICOKMM BBIXOZOM TOJHOTO IPOAYKTA U HUBKOU HOTepeil MCXOTHOTO

MeTaJljia.

1. Introduction

Crystal scintillators are promising detec-
tors for high sensitivity double beta decay
experiments [1, 2]. Several 2p active iso-
topes can be investigated using crystal scin-
tillators containing cadmium and zinec:
CdWO, (196Cd, 108Cd, 114Cd, 116Cq), ZnWO,

(64Zn 70zn 180W 186\/\/), ZnMoO (64Zn
707n, 92Mo, 98Mo 100Mo) ZnSe (64Zn 707n,

Search for dark matter can be realized
using crystal scintillators as cryogenic scin-
tillating bolometers. For instance, the
EURECA project aims to use different crys-
tal scintillators to verify nature of dark
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matter signal: ZnWO,, CaWO,, CaMoO,,
MgwQ,, CaF,, BGO, Al,O3, LiF, PbWO,,
PbWO,, PbMoO,, etc. The EURECA dark
matter project requires high light yield of
scintillators (>15.000 photons/MeV) which
can be achieved provided a high quality of
crystals. Suppression of detector back-
ground counting rate to the level less than
a few events per keV/100 kg/year in the
energy interval of a few keV is a critical
issue for success of the experiment. To
achieve such an extremely low background,
crystal scintillators with radiopurity on the
level of <0.01 mBq/kg are to be developed
[3]. Similarly, the radiopurity level of crys-
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tals for future 2B decay experiments should
not exceeds a few uBq/kg for 228Th and
226Rga. For instance, ZnWO, is a good exam-
ple of radiopure scintillator (total o activity
~0.2-1 mBq/kg level [4]). However, at least
20-fold improvement of ZnWO, radiopurity
is still needed for the EURECA experiment.

The main requirements to the content of
chemical impurities in initial metals and
raw materials for high-quality optical qual-
ity scintillators are as follows: Fe, Mg, Mn,
Cr, V, Co <1 ppm; Ni, Cu < 0.2 ppm. Obvi-
ously, contamination with radioactive ele-
ments: K, Rb, Lu, La, Sm, U, Th should be
as low as possible, too. To achieve such a
level of metals purity, new advanced refin-
ing techniques should be developed.

One of the main procedures to produce
high-purity cadmium and zinc is vacuum
distillation. There is a known method of
refinement by vacuum distillation with a
condensation under temperature gradient on
the condenser that is accompanied by the
condensing metal re-evaporation [5]. A dis-
advantage of this method is its low effi-
ciency because condensate of purified metal
is spread out on the condenser along the
temperature gradient, which requires me-
chanical separation of the most pure part of
the condensate.

A much more effective method is the
two-stage distillation by using the distilla-
tion device described in the patent [6]. The
first stage includes the distillation of vola-
tile impurities and removing oxide layer
from the surface of melted metal. The metal
heated up to the melting temperature flows
down into the crucible through a hole in a
plate. During this procedure, volatile (Se,
K, Rb, Cs, Fr, S, P) impurities and volatile
oxides of heavy metals are condensed in a
main condenser together with about 5 % of
the metal being refined. Heavy oxides of
impurity metals and slags remain on the
plate surface in the form of a thin film.
During the second stage, after changing the
main condenser for the additional one, the
metal can be purified from heavy volatile
impurities (Cu, Fe, Ni, Co, Ag, Pb, TI, Sb,
Bi, Li, Sn, Mn, Ra, Th, U etc.) by additional
distillation. During this stage, approxi-
mately 5-10 % of initial metal remains in
the crucible. The condensate obtained at
this stage is the final refined product.
Recently, a new purification method for Cd,
Zn and Te from interstitial impurities by
vacuum distillation using getter filters was
proposed [7, 8]. Effectiveness of getter fil-
ters made of the alloy Zr(51 wt.%)-
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Fe(49 wt.%) was demonstrated for purifica-
tion of zinc from gaseous impurities and
carbon: the content of these impurities in
the purified metal is one order of magni-
tude lower than that in the initial metal. At
the same time, the content of N, C, O in the
distillated metals without the getter have
been decreased only by 2—8 times. Analysis
of metal samples contamination has shown
that application of a Zr—Fe getter filter for
Zn distillation provides additional purifica-
tion by a factor of 2-5. This result was
used for further investigations to purify
natural and isotope-enriched cadmium and
natural zine.

The aim of this work is to research and
develop the deep purification methods for
cadmium and zinc by heating with filtration
and subsequent distillation through getter
filters. Selection of available and inexpen-
sive materials for the getter filters was an
important part of the present study.

2. Selection of getter materials

Getter filters are commonly used for
noble gases purification. Non-evaporable
getters based on Zr, Ti alloys and compounds
(known as NEG materials) are widely ap-
plied in modern technologies to obtain high
purity gases. The most investigated and ex-
tensively used are the Zr-Fe, Zr-Al, Zr-V,
Zr-Ni and Ti-V alloys; ternary alloys Zr—Mn—
Fe, Zr-V-Fe, Ti-V-Mn; multicomponent al-
loys Zr—-Ni—A-M or Zr—Co-A, where A are the
elements like yttrium, lanthanum, rare-
earth metals or their compositions; M can be
cobalt, copper, iron, aluminum, tin, silicon
or their compositions. Compositions of the
above-mentioned metals and alloys can be
used, too [9].

Getter properties of chemically active
metals, intermetallic compounds and alloys
on the base of zirconium and hafnium were
investigated in the NSC KIPT [10]. These
materials, operating in the temperature re-
gion of 200-500°C, can be reused after the
appropriate activation. According to [10],
alloys of zirconium and hafnium with iron
possess high sorption ability. One of such
alloys, Zr(561 wt.%)—-Fe(49 wt.%), has been
used to purify zinc and cadmium.

Getter materials for purification of met-
als should satisfy the following require-
ments:

— high chemical activity relatively to
gas impurities (H, N, O) and carbon contain-
ing gases;

— as low as possible reactivity with va-
pors of the purified metal;
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— low vapor tension values at the opera-
tion temperature;

— high sorption activity at the distilla-
tion process temperatures;

— activation temperature providing the
minimum duration of the activation proc-
ess.
Gases (N, CH,, CO, O,) are adsorbed on
chemically active getter surface at 300—
500°C with subsequent diffusion into the
getters at higher activation temperatures.
The processes of metal purification during
distillation through getter filter have been
shown to differ substantially from the
mechanism of gases purification. In our
opinion, when the vapor of the initial metal
passes though the filter, the impurity ele-
ments are adsorbed on the filter due to the
multiple re-evaporation of the initial metal
on the filter material.

Because gaseous contamination is not so
crucial for crystal scintillators production,
we have investigated, in addition to Zr-Fe
getters, more available and cheaper materi-
als for the getter filter: shavings of high-
purity zirconium and shards of high-purity
graphite.

3. Behavior of impurily elements
in cadmium and zinc during
distillation

Cadmium and zinc are the neighboring
elements in the II group of the Periodic
Table of elements and have similar physical-
chemical properties (crystal structure, melt-
ing temperatures, vapor tension, interaction
with materials in liquid condition, ete).

Distillation method of metal purification
is based on difference in the compositions of
melt and vapor. The difference can be ex-
pressed through relative volatility (separa-
tion factor o) of the components to be sepa-
rated. In a case of an ideal diluted solution
and conditions of molecular evaporation,
factors o; can be calculated according to

[11]. The calculated values of factors a; for
zinc and cadmium in the temperature range
from 600 to 900 K are given in [12, 13].
Analysis of the o; values for Cd and Zn
in the temperature range from the melting
point to the boiling point has shown that
the spectrum of impurity elements includes
volatile impurities Se, K, Rb, Cs, Fr, S, P
(o; <|1), heavy-volatile impurities Fe, Mg,
Mn, Cr, V, Co, Ni, Cu, Bi, Pb, Ra, Th, U
(o; > 1) and several elements: As, Te, Na,
with o; ~ 1. Separation of the latter ele-
ments is much difficult. At the same time,
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the transition and radioactive elements
most dangerous for scintillation crystals
can be removed effectively: calculated val-
ues of o; exceed 102.

The behavior of impurity elements in Cd
and Zn during distillation process was con-
sidered in [12, 13]. Investigations of the ef-
ficiency of Cd and Zn purification from
volatile elements depending on the degree of
distillation at a given temperature were car-
ried out. More than 10-fold purification of
the melt from volatile impurities (with o; <|1)
can be reached under condition of <10 %
evaporation of Cd and Zn. For the heavy
impurities (with o; > 1) more than 10-fold
refinement can occur if more than 95 % of
Cd and Zn become to condensate.

Therefore, deep purification of cadmium
and zinc can be reached in step-by-step pu-
rification by using getters with loss of the
main material at the level of 5-10 %. We
have proposed to use getter filter at the
stage of purification from heavy-volatile
impurities. Besides, the combination of pre-
filtration and distillation using the getter
filter with subsequent molding of distillates
into the ingots in the casting unit was cho-
sen to minimize losses of isotope-enriched
cadmium instead of a step-by-step purifica-
tion procedure.

To develop a distillation apparatus with
getter filter, as well as to choice the opti-
mal temperature and time regimes of distil-
lation, calculation of purification efficiency
were carried out.

4. Process of natural zinc and
isotope-enriched cadmium
refinement by vacuum distillation
through geiter filter

The initial materials to be refined were
granular Cd of analytically pure grade (spec
6-09-3095-78), Zn ingots of ZVO00 grade
(State Standard 3640-94), samples of cad-
mium enriched in '98Cd (68 %) and ''6Cd
(83 %).

High-purity accessory materials and
equipment were used to minimize possible
contamination of the materials in the course
of purification procedure. The crucible and
the condenser of distillation apparatus were
made of high-purity graphite of MPG-7
grade. Details of the heater and screens
were made of the spectrally pure graphite,
corresponding to specification 48-20-90-82.
The content of controlled impurities in such
graphite is <6.2:1074 wt.%. Argon gas of
99.995 % purity grade (the State Standard
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10157-88) was used as an inert atmosphere
for Cd and Zn filtration procedure.
Contamination of the initial and purified
cadmium samples was analyzed by ICP-MS-
Inductively coupled plasma mass-spectrome-
try (Laboratori Nazionali del Gran Sasso of
INFN, Italy), LMS-Laser mass-spectrometer
(NSC, KIPT, Kharkiv, Ukraine), AAS-
Atomic absorption spectroscopy (LNGS of
INFN, Italy). The AAS method was applied
to determine the iron concentration in cad-
mium (the sensitivity of ICP-MS was too
low due to interference of iron isotopes with
58Ni and doubly ionized '12Cd and 1'4Cd).
Quantitative analysis of zinc samples was
performed by SMS-Spark mass-spectrometry
(Giredmet, Moscow, Russia), LMS-Laser
mass-spectrometry (NSC, KIPT), Inversion
volt-amperometric method (STC “Institute
for Single Crystals”, Kharkiv, Ukraine).
The accuracy of the analytical methods
was estimated to be at the level of 15-30 %.

5. Experimental technique,
results and discussion

The efficiency of cadmium and zine puri-
fication can be improved by using getter
filters in distillation process. In this
method, the vapors of the metal to be re-
fined are passed through the filter made of
a getter material heated to the boiling tem-
perature of the refined metal. The scheme
of Cd and Zn refinement in vacuum using
the getter filter is presented in Fig. 1.

The filter material as shards or shavings
is placed on a mesh in a crucible closely
above the melted metal inside the quasi-
closed distillation apparatus. The following
materials were used as getters: shards of
Zr—Fe alloy, shavings of high-purity Zr, and
shards of high-purity graphite. The thick-
ness of the getter was about 1 cm.

The gaseous impurities released during
distillation are absorbed by the getter, thus
causing a decrease of content thereof in the
condensate. Some additional purification oc-
curs due to dissociation of volatile metal
oxides with subsequent absorption of the
elements at the getter surface due to the
increased activity of the getter to oxygen.
However, the main mechanism of the addi-
tional purification on the getter is the mul-
tiple repeated evaporation of the metal
being refined during its passing through
the getter material. Graphite, being avail-
able and inexpensive, is a good getter mate-
rial to purify Cd and Zn from the metal
impurities. At the same time, filter does
not absorb the material to be purified be-
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Fig. 1. Schematic view of cadmium and zinc
purification in vacuum using getter filter: 1,
crucible; 2, initial metal; 3, cellular plate; 4,
getter; 5, condenser; 6, purified metal.

cause it is heated to the evaporation tem-
perature of the purified metal.

We have revealed 10-to 100-fold purifi-
cation from metal impurities (Ni, Cu, Fe,
Mg, Mn, Cr, V, Co, Th, U, Ra, K, Rb, Bi, Pb,
Lu, Sm) in Cd and Zn without filter, and
20-to 500-fold purification when using fil-
ters. Reduction of interstitial impurities (N,
C, O) in Cd and Zn is by 3 times without
filter, while application of Zr-Fe provides
20-fold refinement.

The method described above resulted
from the modification of the distillation ap-
paratus described in [8, 14]. Summary of Cd
and Zn contamination before and after puri-
fication is given in Table 1.

As is seen from Table 1, the obtained Zn is
of higher purity than the Cd. This result can
be explained by higher purity of the initial
material and the application of a getter filter.

Table 2 presents the impurity content of
isotope-enriched Cd prior to and after puri-
fication. The purification efficiency using
the graphite filter is twice higher than that
after refining by only distillation. Accord-
ing to the LMS analysis, the purified 118Cd
has lower contamination in comparison to
106Cd. To confirm this results, the contami-
nation is to be measured by more sensitive
methods, for example, by ICP-MS.

Data on microhardness (H,) of natural
Cd and enriched '1®Cd after refinement by
distillation using different filters are pre-
sented in Table 3. The microhardness was
measuted using a PMT-3 instrument (load
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Table 1. Contamination of natural Cd and Zn prior to and after refining. The sign < indicates

“*Inverse volt amperometric method

Impurity Concentration in Cd (ppm) Concentration in Zn (ppm)
Element prior to after refining prior to after refining (with Zr—Fe getter)
Ni 30° 0.8%/20.2" 0.3" < 0.047/<0.03"/<0.03""
Cu 47 0.3%/<0.2% 10 <0.1%/<0.047/0.8"*
Fe 0.4 0.17"%/<0.5™* 30" 0.1%/<0.08"
Mg 30" <0.5"/<0.05" 0.7 <0.02%/<0.08"
Mn 0.2° 0.1%/<0.3"* <0.2% <0.04%/<0.02°
Cr 0.2" 0.1%/<1** <0.2" <0.05%/<0.02**
v <0.005 <0.005"/<0.08™ <0.2"* <0.04%/<0.02"*/<0.05***
Co 0.3 <0.003" /<1 <0.2* <0.05%/<0.02"*
K 8" <5%/0.7" 3™ <0.05%/0.05"*
Pb 1000° 3%/<1™ 30™ <0.6%/<0.8"%/<0.01***
Th <0.001" <0.001%/<0.2"* <0.2% <0.2%/<0.2"
U <0.001" <0.001*/<0.2** <0.2* <0.2%/<0.2*"

Table 2. Impurity content in enriched 196Cd and !18Cd prior to and after refining

Impurity | Concentration in '°°Cd (ppm) [15] Concentration in 1'6Cd (ppm)
clements prior to after refining prior to after refining
refining | 4 ¢01d distillation | TSH™MBE | 4 fold distillation | double distil. with
graphite filter

Ni 0.6" 0.6%/<0.2" 0.2 <0.2* 0.2

Cu 5 0.77/0.5™ 0.7 <0.1%* <0.1%

Fe 1.8 0.4 /<0.4** <5* o5 <5

Mg 12° <0.5%/<0.05"* <0.05% <0.05™ <0.05"*

Mn 0.1 0.1%/<5"" <5** - 5

cr o <0.5%/<0.1* <0.1** <0.1% <0.1*

v <0.005" <0.01%/<0.08** <0.08" <0.08" <0.08*

Co 0.02" <0.01%/<0.1"* 0.1 0.1 0.1

K 11 <10%/0.04" 5.4™ <0.04* <0.04

Pb 270 8%/<0.8** 80" <07 <0.7*

Th <0.001" <0.001%/<0.6** <0.6* <0.6"* <0.6™

U <0.001* <0.001%/<0.6™* <0.6™" <0.6™ <0.6"*

*ICP-MS, “"LMS, ““AAS — Atomic Absorption Spectroscopy.

20 g) by indentation of a diamond pyramid
in a metal sample. Values of Hu for Cd
samples after refinement are lower than the
reference value. This is an indirect evidence
of the higher purity of Cd after refinement.
Value Hp = 28.6 kg/mm?2 for isotopically en-
riched 18Cd was obtained for the first time.

The high-purity ingots of natural cad-
mium (463 g) and zinc (950 g), enriched
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106Cd (152 g) and '16Cd (252 g) have been
obtained by using the developed complex re-
finement method (heating with filtration in
combination with distillation through getter
filter). This method allows to achieve puri-
fied metal concentration exceeding
99.999 %, high yield (>96 %), and low irre-
coverable losses (<1 %) of the initial metals.
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Table 3. Microhardness of natural Cd and enriched '"8Cd after refining by distillation using

different filters (kg/mm?2)

Reference value # 1, Cd # 2, Cd Zr filter| # 3, Cd Zr-Fe # 4 Cd graphite
[16] without filter filter filter
30.0 28.2 28.9 27.3 27.2 28.6

A cadmium tungstate crystal scintillator
enriched in '96Cd to 66 % (1°6CdWO4) was
developed for a high sensitivity experiment
to search for 2B processes in '98Cd. The
cadmium tungstate compounds (natural and
enriched) to grow the CdWO, crystal scintil-
lators were synthesized by the JSC Neo-
Chem (Moscow, Russia) from the addition-
ally purified solutions of cadmium nitrates
and ammonium para-tungstate. The con-
tamination of the compounds was measured
by ICP-MS and ASS. The purity level of the
powders satisfies the requirements to raw
materials for cadmium tungstate crystals
growth [17]. A single crystal of 281 g mass,
that is 87.2 % of the initial charge mass,
was grown from the enriched '0°Cd by the
low-thermal-gradient Czochralski technique
at the Nikolaev Institute of Inorganic
Chemistry (Novosibirsk, Russia). The boule
length was 60 mm, the cylindrical part di-
ameter 27 mm. The crystal has practically
neither coloration nor defects typical of
CdWO, crystals. High optical and scintilla-
tion properties of the 106CdWOAr crystal
were reached thanks to the improved qual-
ity of the material as a result of the deep
purification by the cadmium distillation
procedure described in this work, the ad-
vanced chemistry applied to the powder syn-
thesis, as well as thanks to the advantage of
the low-thermal-gradient Czochralski tech-
nique for crystal growth [17]. The results
demonstrate that 106CdWO4 crystal scintil-
lators have a good potential to search for
double beta processes in 106Cd. An experi-
ment to search for double p decay of 106Cd
with the help of the developed 106CdWOAr
crystal scintillator is in progress in the
DAMA R&D set-up at the Gran Sasso Na-
tional Laboratories of the INFN (Italy).

As a next step, we are going to develop a
large volume high-quality 116CdWO4 crystal
for a high sensitivity experiment to search
for double beta processes in 11Cd. The
radio-pure high-quality ZnWQ, crystal scintil-
lators are expected to be developed for the
EURECA cryogenic dark matter experiment.
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6. Conclusions

A new method to purify cadmium and
zine (heating with filtration in combination
with distillation through getter filter) has
been developed. The method provides high
purification efficiency, high yield of prod-
uct and low losses of initial metals. Samples
of Cd with the natural isotopic composition,
enriched 196Cd and ''8Cd, and Zn of high
purity grade (299.999 %) have been ob-
tained. The method can be used to purify
cadmium and zinc for development of ra-
diopure high-quality crystal scintillators for
experiments to search for double beta decay
and dark matter.
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Onep:xaHHA PagiOAKTHBHO YHCTHX NMPHPOTHUX
Ta i30TONMHO 30arayeHUX KaaMil0 i IIUHKY
IS HU3BKO(OHOBUX CIIMHTHISITOPIB

I'.l1.Koemyn, O.I1.I1lep6ansv, /].0.Cononixin, B./] .Bipuwu,
B.H.3enencovrkasn, P.C.Boiiko, ®.A./[anesuu,
B.M.Kyodoeb6enro, C.C.Hazopnui

IIpencraBieHo pesyabTaTU PO3POOKU HOBUX METOMAIB INIMOOKOTo padiHyBaHHS MPUPOTHUX
Ta is0TOmMHO 30arayeHMX KaaMil0 Ta MPUPOJHOTO IUHKY [AJs BUPOIIYBAHHA fAKICHUX Ta
PaZioaKTHBHO UMCTUX CIUHTHUAANIAHMX Kpucraais. Hocaimxeno mpormec auctuasanii Cd ra
Zn uepes rerepHi ginprpu. Ilokasamo, 1m0 3acTOCYyBaHHS KOMILIEKCHOI'O MeTony padiHyBaH-
Ha (mporpis 38 dinpTparlicio y MmoerHaHHi 38 TUCTUIAIIEIO yeped rerepHuil Ginbrp) sabesneuye
OTPUMAHHS BHCOKOUMCTHX MAaTepiasiB 3 BUCOKOIO e(eKTHUBHICTIO OUMIIEHHS, BUCOKUM BHXO-
IOM IIPUAATHOTO IPOAYKTY 1 HHMS3BKOIO BTPATOI BUXITHOTO METAJY.
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