JKYPHAJT ®I3UYHUX JOC/II?KEHD
. 14, Ne 4 (2010) 4201(6 c.)

JOURNAL OF PHYSICAL STUDIES
v. 14, No. 4 (2010) 4201(6 p.)

SCINTILLATORS FOR CRYOGENIC APPLICATIONS: STATE-OF-ART

V. B. Mikhailik, H. Kraus
Department of Physics, University of Oxford, Denys Wilkinson Building,
Keble Road, Ozford OX1 3RH, United Kingdom
(Received July 13, 2010; received in final form October 24, 2010)

The latest results on the low-temperature characterisation of scintillation materials selected for
rare event search are reviewed. The temperature dependences of the light output and decay time
are analysed on the basis of the current understanding of the underlying physical processes that
control the emission of light in solids. It is shown that scintillation properties of the materials
under study are adequate for the purpose of cryogenic experiments searching for rare events. From
the analysis of the performance characteristics it is concluded that currently ZnWOQOy, is the most

suitable scintillation target for dark matter search.
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I. INTRODUCTION

During the past decade a new generation of hybrid
cryogenic phonon-scintillation detectors (CPSD), com-
bining powerful background discrimination with remark-
able energy threshold and resolution, has been devel-
oped and introduced into experiments [1-3]. The demon-
stration of successful operation of CPSD opened excit-
ing possibilities for rare-event searches. It is now widely
agreed that CPSDs are ideal to for reaching the sen-
sitivity levels required by future experiments searching
for dark matter [4] and double-beta decay [5, 6]. This
in turn gave a strong impetus to the studies of scintil-
lation properties of materials at cryogenic temperatures.
There has been a swift increase in research activities and
the development of scintillator materials for cryogenic
rare event search experiments that resulted in a number
of publications [7—20] as well as designated workshops
(CryoScint [21] and RPScint [22]).

There is number of selection criteria for the cryogenic
scintillators to be satisfied in order to meet requirements
of cryogenic rare event search experiments. A high scin-
tillation yield in the milli Kelvin temperature range and
low intrinsic radioactivity are the most important pa-
rameters that define the ultimate sensitivity of the de-
tector. Other important physical properties are chemical
stability of surface and thermodynamic characteristics of
lattice (low specific heat and high Debye temperature).
Finally, given the prospects of future experiments hav-
ing a target mass of 100 kg and more, the cost of the
material can not be excessive.

In this paper we discuss the latest progress achieved
in research and development of scintillation materials for
these applications, both in the material preparation and
in the understanding of the scintillation mechanisms.
The results obtained through studying of temperature
dependences of scintillation characteristics of the mate-
rials selected so far for rare event searches will be pre-

sented. Systematic studies of these properties are shown
to be a highly-effective method for understanding the ori-
gins of the basic performance limits of known materials.
The advancing of this knowledge should lead to new or
improved compounds for a new generation of cryogenic
scintillation detectors.

II. EXPERIMENT

The measurements of scintillation characteristics of
materials over a wide range of temperature were carried
out using the multiphoton counting technique (MPC).
A detailed description of the method is given elsewhere
[23,24]. The measurements were carried out in a “He-
flow cryostat using an 2**Am a-source (5.5 MeV). For
compatibility of the experimental results we measured
samples of the same dimensions (5 x 5 x 1 mm?®) and
maintained a fixed geometry of the experiment. Provid-
ed these conditions are fulfilled, the accuracy of the mea-
surements is assessed to be within 10%. The error on the
relative measurements of the light output for different
materials is ca. 30%, as it includes additionally the er-
rors of the measurements of luminescence spectra and
the spectral sensitivity of PMT.

The experimental samples discussed in this study were
obtained from different sources. CaWQ,, CaMoQO4 and
ZnWOQO, are the off-cuts of Czochralski-grown crystals
used for the production of cryogenic scintillation detec-
tors. They where supplied by SRC Carat, Lviv, Ukraine
(CaWO, and CaMoOy) and the Institute for Scintilla-
tion Materials, Kharkiv, Ukraine (ZnWOQy). The Insti-
tute for Scintillation Materials also provided the samples
of ZnMoO,4 and MgWO, and supplied commercial sam-
ples of BisGesO12, ZnSe and Al203-Ti. The samples of
CdMoQO4 and CdWO, where received from Hilger Crys-
tals (Margate, UK).
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III. RESULTS AND DISCUSSION

CaWOQy is currently actively used in a cryogenic exper-
iment searching for dark matter [3,25]. The first studies
of the temperature variation of scintillation properties of
CaWO, as well as many other materials were done over
the 350-9 K range using MPC [23]. Since the tempera-
ture dependant processes affecting the emission of solids
(energy transport and thermal quenching) appear not to
change significantly with temperature below ~10 K it is
expected that the results obtained at this temperature
can provide instructive information on the major scin-
tillation characteristics at millikelvin temperatures. Al-
though quite consistent with the fundamentals of solid
state physics, this intuitive notion needed experimental
proof that has been eventually delivered when scintil-
lation properties of CaWQO4 were investigated down to
0.020 K [11].
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Fig. 1. (a) The temperature dependence of the scintil-
lation light output of CaWO4 measured at excitation with
5.5 MeV a-particles from 24! Am. (b) The temperature depen-
dence of the long scintillation decay time constant of CaWOQOy.
The solid curve displays the result of the best fit to the exper-
imental data using the three-level model (Eq. 2). Parameters
of the fit are: k1 = 3.0-10% s71, ky = 1.1-10° s71, D=4.4 meV,
K =8.6-10° s7!, AE = 320 meV. The dotted lines indicate
the value of scintillation parameters at 1" = 295 K.

Figure la shows the variation of scintillation light out-
put of CaWOy over the 0.020-350 K temperature range.
At high temperatures (> 250 K) the light output is dom-
inated by thermal quenching: as the probability of non-
radiative decays increases strongly with temperature, the
emission intensity decreases. From 20 to 250 K only a
small reduction in the light output is observed. The en-
hancement observed at ~ 20 K can be assigned to a
contribution from the radiative recombination of carri-
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ers captured by shallow traps. In the region between 0.02
and 10 K the light output remains constant within the
error limits. This is the most important practical finding
of this study, as it provides an explicit demonstration of
the constancy of the light yield in the operating temper-
ature range of CPSDs.

The temperature dependence of the decay time con-
stant of CaWOQy is shown in figure 1b. The scintillation
decay curve is usually presented as a sum of two or three
exponential components as following:

f(t) =yo+ Z Ajexp (—t/7;) (1)

where yg is background, A; and 7; are amplitude and
decay time constant.

The decay kinetic of CaWQ, and its temperature de-
pendence was analysed within the framework of a sim-
ple three-level model of the emission centre with one
metastable level. Using the differential equations that de-
scribe the dynamics of population of the levels in the case
of thermal equilibrium we derived the following expres-
sion for the temperature dependence of the decay time
constant:

1 o kl +1€2 exp(fD/kT)
7 1t oxp (—DJKT) + Kexp(—AE/KT) (2)

where k1 and ko are the probabilities of radiative decay
from levels 1 and 2 separated by an energy gap D, K
is the probability for the non-radiative decay rate and
AF is the energy barrier of the non-radiative quenching
process. As can be seen from Fig. 1b, Eq. (2) gives an ad-
equate fit for the experimental results. Thus, the model
offers a sensible approximation, allowing to describe the
features of the decay kinetics and to obtain the param-
eters of the relaxed excited state of the emission centre
in CaWO4.
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Fig. 2. Temperature dependence of the scintillation light
output in CaWO4 (1), ZnWOy4 (2), CAWO4 (3), MgWO4 (4)
and CaMoOys (5), measured at excitation with 5.5 MeV
a-particles from 2*!Am.
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The variation of scintillation light yield of several
tungstate and molybdate crystals in the temperature
range 8-310 K is displayed in figure 2. The relative light
yield was derived from pulse height spectra by correct-
ing for the spectral sensitivity of the photodetector. Ta-
ble 1 summarises the results of our studies of the main
scintillation properties of these as well as other poten-
tially interesting materials. The measured dependences
show a very similar trend in all crystals under study. In
tungstates, at first, the light yield rapidly increases as
the temperature is lowered to T~ 250-280 K. Below this
temperature the light yield exhibits moderate changes
and at T' < 100 K it flattens.

£ 0\
o 1
E100F o 4]
> .‘\\\. \
8 .‘\F.\.
@ ° e 3
o 2\. 0.\.“. ®.o-000%
\'.\..000 oo,
\.\.\.’."on
b
<
10 b= e
10 100

Temperature, K

Fig. 3. Temperature dependence of the long scintillation
decay time constant of CAWO4 (1), ZnWOy4 (2), MgWOy4 (3)
and CaMoO4 (4) measured at excitation with 5.5 MeV
a-particles from 24! Am.

It should be noted that at low temperatures ZnWOy
and CdWO, exhibit superior scintillation efficiency in
comparison with calcium tungstate. The relative light
output of optimised samples is about 120 and 145%
with respect to CaWOy (see Table 1). The molybdates
exhibit qualitatively the same features but the temper-

ature of the thermal quenching is considerably lower.
CaMoQ, is the only compound exhibiting a practical-
ly useful light yield at room temperature, about 55 %
that of CaWOQ, [26].

Figure 3 shows the scintillation decay time constant of
wolframite tungstates and CaMoO4 measured over the
8-310 K temperature range. The long scintillation decay
time constant changes by more than an order of magni-
tude with cooling to cryogenic temperatures. In the high
temperature range the kinetics of the radiative decay is
dominated by thermal quenching and the scintillation
decay constant rapidly increases with cooling. Below the
roll-off temperature the non-radiative processes are less
efficient and the increase of the decay time constant is
less pronounced. The character of the scintillation kinet-
ics changes abruptly below 20 K: it demonstrates con-
siderable slowing of the decay. As is demonstrated for
CaWOQy, this is due to the fine energy structure of the
emitting centre in tungstates and molybdates that con-
stitutes a metastable level a few meV below the emitting
one. The scintillation decay time constants of the crys-
tals studied at temperatures of 295 K and 9 K are listed
in Table 1.

Another classical example of an intrinsic scintillator is
BiyGe3O15 that has been extensively examined at room
temperatures. Recent studies of Moszynski et al [27] in-
dicated a significant (factor of three) increase of the
light yield at T" = 77 K. We measured the temperature
dependence of the light output and the decay time of
BiyGesO12 from room temperature down to 6 K [15].
The variation of the scintillation light output with tem-
perature demonstrates the features that are common to
intrinsic scintillators. As the temperature decreases to
100 K the scintillation light output of the crystal increas-
es steadily while at lower temperature, however, the scin-
tillation response remains virtually constant (see fig. 4a).
The total light output of the scintillator increases by a
factor of ~ 3.5 from 7" = 295 K to 6 K. The estimate
based on the absolute room temperature value of scin-
tillation efficiency [27] gives a light yield of BiyGe3O12
at 6 K equal to 2370042600 ph/MeV, which is 150% of
CaWOy (see table 1).

Crystal Density, Emission Decay time*, ps Light output, (relative
g/cm? peak, nm (a-particle excitation) |to CaWOy4 at 9 K)**

295 K 9K 295 K 9 K
CaWOyqy 6.06 420 9 360 55 100
MgWO4 5.66 480 36 90 30 40
ZnWO4 7.87 490 24 110 60 120
CdWO4 7.90 480 14 180 80 145
CaMoOg4 4.35 540 16 380 30 95
CdMoOg4 60.7 550 — 460 — 80
BisGeszO12 7.13 480 0.43 138 45 150
Al203-Ti 3.98 290; 430; 740 | 0.15; ...;3 15 30
ZnSe 5.42 640 — 8 — 120

* — the long decay time constant;
*

Table 1. Scintillation properties of crystals for cryogenic rare event searches.

* — light output in units proportional to the number of emitted photons
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Fig. 4. (a) Temperature dependence of the scintillation
light output of BisGe3O12. (b) Temperature dependence of
the long scintillation decay time constant of BisGe3O12. The
solid curve displays the result of the best fit to the experimen-
tal data using the three-level model (Eq.2). The parameters
of the fit are: k1 = 7.5-10% s7!, ke = 4.540.3 - 10° s,
D = 6.440.5 meV, K = 1.340.2-10% s7!, AE = 10544 meV.
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Fig. 5. Temperature dependence of the scintillation light
output in Al,O3—Ti (700 ppm). (b) Temperature dependence
of the scintillation light output in ZnSe-Te (1) and pure
ZnSe (2).

Figure 4b shows the variation of the long decay time
constant with temperature. The character of the temper-
ature dependence of the decay time constant observed
for Bi4Ge3O15 is typical for the three-level model of the

4201-4

emitting centre constituting a ground and two excited
levels of which the lower one is metastable. The lumines-
cence of BiyGe30Oq2 is attributed to the radiative transi-
tion within Bi®*, and given the electron configuration of
the excited state of Bi®*, it can be understood by refer-
ring to the model discussed for CaWQ,. The emission at
low temperatures originates from the 3Py metastable lev-
el, while at higher temperature transitions occurs main-
ly between the excited 3P; and the ground 'S, states.
The model predicts the existence of the low-temperature
plateau in the 7 = f(T) dependence and the gradual
decrease of the decay time constant with temperature,
caused by establishing a thermal equilibrium between
the two emitting levels. The shortening of the decay time
constant 7 with increasing temperature 7' can be under-
stood as the result of a thermally-activated re-population
of excited states and their non-radiative de-excitation.

Aly03-Ti and ZnSe are interesting materials to study
different scenarios of interaction with dark matter and
double beta decay. The temperature change of the light
output in AlyO3-Ti is shown in fig. 5a. The light out-
put increases gradually with cooling and remains con-
stant below the roll-off temperature which is 150 K. The
temperature changes are controlled by the processes of
thermal quenching. The total increase of the light out-
put of Ti-doped AlyO3 at cooling to 9 K is by a factor of
two [16,28]. The nominal concentration of titanium was
found to be between 50 and 100 ppm; for this concentra-
tion the low-temperature light output of the AloO3—Ti-
doped sapphire is assessed to be 30% of CaWOy.

We also measured the temperature dependences of the
light output in Te-doped and pure ZnSe. As can be seen
from fig. 5b there is a marked dissimilarity in the de-
pendences. This indicates differences in the mechanisms
that control the scintillation process in pure and doped
crystals at different temperatures. In doped crystals, the
scintillation efficiency is governed to a major extent by
the efficiency of the energy transfer from the host to
the emitting centres. Thus, the light output of ZnSe-
Te first increases with cooling (stage of thermal quench-
ing) then it decreases below T = 225 K and, finally,
below T' = 50 K it remains constant. The decrease of the
light output of ZnSe-Te below the critical temperature
of 225 K suggests that with cooling the probability of the
energy transfer reduces, illustrating hereby a characteris-
tic feature of doped scintillators. In contrast, pure ZnSe
exhibits a temperature dependence of the light output
which is typical for self-activated scintillators. According
to fig. 5b the light output of ZnSe at low temperature
is very close to what ZnSe-Te exhibits at room tempera-
ture. Based upon the room temperature value of the ab-
solute scintillation yield of ZnSe—Te, 28300 ph/MeV [29]
we estimated that the relative light yield of ZnSe at 9 K is
in excess of CaWOy (see Table 1). The results of our low-
temperature characterisation of zinc selenide evidenced
that this material has very good prospects for cryogenic
applications. This has been recently confirmed by suc-
cessful test result of CPSD with ZnSe scintillator [30,31].
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IV. CONCLUSION

In this work we summarised the low-temperature scin-
tillation properties for a number of scintillation materials
suitable for application in cryogenic rare event search.
Taking into account the high light output of ZnWO, at
cryogenic temperatures it is suggested that this materi-
al is most promising for dark matter searches [32]. Fur-
thermore, zinc tungstate, which has been produced as
a commercial scintillator for a while, has reached matu-
rity and the material composition favours low intrinsic
radioactivity. It is also expected that CaWO, as well as
CaMoOQy could be the constituent parts of a multi-target
absorber in a future experiments.

Low-temperature scintillation studies were carried out
for a selected group of other promising compounds. It
is demonstrated that BisGezO12, ZnSe and Ti-doped
Al;Oj5 are very appealing materials for cryogenic applica-
tions due to their high scintillation output at low temper-
atures. The feasibility to use these materials as CPSDs
opens a possibility to explore many interesting scenarios
of rare-event interactions.
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CYYACHUI CTAH CIIPAB ¥V OIJISHIII CIIMHTUJISITOPIB AJIs1 KPIOTEHHOI'O
3ACTOCYBAHHHA

B. B. Muxaimmk, X. Kpayc
Oxcpopdcoruti ynisepcumem, disuunut daxysvmem, Oxcgopo, Beaukobpumaris
e-mail: vmikhai@hotmail.com

Y crarTi y3arajbHEHO Pe3yJIbTATH OCTAHHIX JIOC//PKEHb HU3BKOTEMIIEPpATYPHUX BJIACTUBOCTEH CIMHTUJISTO-
piB, IPUIATHUX JJIsT 3aCTOCYBAHHS Yy KPIOTEHHUX €KCIIEPUMEHTAaX 3 MOIIyKY piakicuux momiit. Ha ocHoBi cyuacHmx
VSIBJIEHb IIPO MPUPO/LY (DI3UYHKUX MPOIIECIB, IO KOHTPOJIIOIOTH BUIIPOMIHIOBAHHSI CBITJIa y TBEPIAUX TilaX, MpOaHa-
JII30BAHO TEMIIEPATYPHI 3aJI€2KHOCTI CBITJIOBUXO/y Ta KOHCTAHTHU 3aracaHHs JIIOMIHECIEHII] Psy CIIUMHTUJIATOPIB.
ITokazamno, 10 CHUMHTHIAIINHI BJIACTUBOCTI JIOCIIIPKEHNX KPUCTAJIIB 33 0BOJIbHSIIOTH BUMOTY KPIOP€HHUX €KCIIePH-
MEHTIB 3 IOIIyKYy piakicamx momiit. 3 mopiBHAMBHOrO anasizy K/IIOYOBHX BJIACTHBOCTEH 3pOOJEHO BUCHOBOK, IO
ZnWO4 € HaAIPUAATHIIINM CIMHTHIIATOPOM JJIsI IOUIYKY TEMHOI Marepii.
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