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A B S T R A C T

Lead halide perovskites are reportedly a very promising group of materials for scintillation due to their fast
sub-nanosecond exciton luminescence, small band-gaps, and high theoretical light yield. Unfortunately, they
only show emission at cryogenic temperatures. In this work single crystals of CsPbBr3 and CsPbCl3 are studied
at cryogenic temperatures. Upon comparing the 10 K emission spectra measured under X-ray and UV–vis
excitation, a new near-infrared emission was found for both CsPbBr3 and CsPbCl3 only present under X-ray
excitation. The integral light yields of CsPbBr3 and CsPbCl3 at 10 K are estimated to be 34,000 and 2,200
photons/MeV under 40 keV X-ray excitation, respectively. The main components of the light yield of CsPbBr3
at 10 K are the near band-gap free exciton emission that suffers from self-absorption and the broad near-infrared
emission that falls outside the typical detection range of a photo-multiplier tube. Due to the combination of
the two aforementioned effects it was not possible to measure a 𝛾-ray pulse height spectrum for CsPbBr3 at
10 K. Despite all the suitable properties, like the fast decay, a small band-gap, and the positive prospects of
3D perovskite based scintillators, we conclude that these materials perform poorly as scintillation crystals.
1. Introduction

Lead based halide perovskites are studied and used in many dif-
ferent optoelectronic applications [1–3]. Due to their fast excitonic
emission, perovskites [4,5] and perovskite related compounds [6–10]
gained interest in the field of scintillation. A clear distinction should be
made between true perovskites and perovskite related compounds, as
elaborately discussed by Akkerman and Manna [11]. The small band-
gap of these materials, around 3 eV, significantly increases their theo-
retical maximum light yield compared to traditional scintillators [4,12,
13]. Based on Eq. (1), the maximum possible light yield is estimated
around 130,000 photons/MeV.

𝑁𝑒ℎ = 1, 000, 000
𝛽𝐸𝑔

(𝑒 − ℎ 𝑝𝑎𝑖𝑟𝑠∕MeV) (1)

Here 𝑁𝑒ℎ represents the number of electron–hole pairs created in
the scintillator, 𝛽 is taken to be ≈ 2.5, and 𝐸𝑔 represents the band-
gap. Lead halide perovskites differ from traditional impurity activated
scintillators [12,14–17], by being intrinsic scintillators. Perovskites are
defined by an ABX3 stoichiometry, consisting of a three dimensional
corner sharing network of BX6 octahedra. Often they have been studied
in the form of thin films and nanocrystals [18–20].

∗ Corresponding author.
E-mail address: j.j.vanblaaderen@tudelft.nl (J.J. van Blaaderen).

Lead halide perovskites, both organic–inorganic and completely
inorganic compounds, have also been explored for their use in direct
radiation detection [21–26]. In this application, the energy deposited
by X-rays and 𝛾-photons is converted into a charge pulse. For indirect
detection, or scintillation, the energy deposited by X-rays and 𝛾-photons
is first converted into a pulse of light. This requires the use of single
crystalline materials.

Unfortunately, perovskites show no room temperature emission,
which is ascribed to thermal quenching of the exciton luminescence
and a small Stokes shift [27–29]. Williams et al. [27] and Wolszscak
et al. [28] have proposed several strategies to overcome these problems
at room temperature. Examples are using nano materials, doping bulk
crystals with activator ions, or utilising the formation of self trapped ex-
citons in lower dimensional compounds. The difference between lower
dimensional and nano-structured perovskites is discussed elaborately
by Zhou et al. [30].

Another approach to utilise the small band-gap and fast exciton
luminescence of perovskites for scintillation is to operate the detector
system at cryogenic temperatures. This approach has been explored
by Mykhaylyk et al. using CsPbBr3 and CsPbCl3 [5,31]. These inor-
ganic compounds have a higher X-ray absorption and better chemical
stability compared to their organic–inorganic counterparts used for
vailable online 30 April 2024
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Fig. 1. (a) X-ray excited emission (black line) and photoluminescence emission (red line, 𝜆𝑒𝑥 = 310 nm (4 eV)) of CsPbBr3 at 10 K. (b) X-ray excited emission (black line) and
hotoluminescence emission (red line, 𝜆𝑒𝑥 = 354 nm (3.5 eV)) of CsPbCl3 at 10 K. The inset shows a zoom in of both spectra.
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irect detection. Mykhaylyk et al. performed low temperature X-ray ex-
ited emission and decay measurements, focusing on the fast excitonic
mission [5,31].

In this work, single crystals of the inorganic perovskites CsPbBr3
4.57 g/cm3) and CsPbCl3 (4.21 g/cm3) are characterised as function of
emperature using a combination of X-ray excitation and UV–vis excita-
ion techniques. Both exhibit an orthorhombic GdFeO3-type perovskite
tructure with corner-sharing PbX6∕2 octahedra at room temperature
nd down to 4 K [32,33]. In contrast, CsPbI3 adopts an orthorhombic
NH4)CdCl3-type structure with edge-sharing octahedra at room tem-
erature [34]. Hence only the bromide and chloride based caesium
ead perovskites are studied. The goal of this work is to develop a
etter understanding of the low temperature scintillation and optical
roperties of CsPbBr3 and CsPbCl3 single crystals grown from the melt.

. Results

Fig. 1a shows the photoluminescence and X-ray excited emission
pectra of CsPbBr3 measured at 10 K. The photoluminescence spectrum
ontains three bands at 535, 544, and 568 nm. These bands were also
bserved by Nitsch et al. and Dendebera et al. for melt grown CsPbBr3
ingle crystals [35,36]. The 535 nm peak can be assigned to free exciton
mission [36–40]. The origin of the 544 nm shoulder peak and 568 nm
eak is still under debate. Explanations range from bound exciton
mission, indirect radiative transitions from a Rashba minimum, and
onor–acceptor emission to self trapped exciton emission [35,41–45].

The 10 K X-ray excited emission spectrum of CsPbBr3 contains four
eaks at 538, 555, 580, and 925 nm. The 538 nm peak is assigned
o free exciton emission [5,37–40]. The origin of the 555 and 580 nm
missions, similar to the 544 and 568 nm emissions in the photolu-
inescence spectrum, is still under debate [35,43–45]. The presence

nd intensity of these emission peaks strongly depend on the used
ynthesis method, like whether it is grown from solution or from the
elt [46,47]. The broad band 925 nm emission is only observed under
-ray excitation and has never been reported before.

Fig. 1b shows the photoluminescence and X-ray excited emission
pectra of CsPbCl3 measured at 10 K. The photoluminescence spectrum
ontains a sharp peak at 420 nm and a broad band around 625 nm.
eters et al., Sebastian et al., and Nikl et al. have suggested that the
20 nm peak is related to bound exciton emission [40,48,49]. On the
ong wavelength side of the 420 nm peak, a shoulder centred around
35 nm is observed. It is ascribed to trapped exciton emission [31,48].
he 625 nm emission peak is ascribed to defect related emission [50,
1]. Kobayashi et al. observed that the yellow colour of the crystals
orrelates with the intensity of the 625 nm band [50].
2

The 10 K X-ray excited emission spectrum of CsPbCl3 contains a
ingle sharp peak at 422 nm and a broad band at 710 nm. Similarly
o the 420 nm emission observed in the photoluminescence spectrum,
he 422 nm emission is attributed to bound exciton emission [40,48].
he shift of the 625 nm emission observed under UV–vis excitation to
10 nm under X-ray excitation has not been observed before.

To further study the new near infrared emissions observed under
-ray excitation, a series of photoluminescence emission spectra were
ecorded using excitation energies ranging from 3 eV to 10 eV at 10 K.
he respective spectra for CsPbBr3 and CsPbCl3 are shown in Fig. 2a
nd 2b. The reported band-gaps of CsPbBr3 and CsPbCl3 are 2.4 eV
nd 3 eV, respectively [52–54]. Hence the lowest excitation energy
xcites electrons just above the conduction band edge, while the highest
xcitation energy excites electrons far into the conduction band. The
road near infrared emission bands observed under X-ray excitation are
bsent within this excitation energy range.

The temperature dependent X-ray excited emission spectra and
he respective quenching curves of the integrated peak intensities of
sPbBr3 are shown in Fig. 3a and 3b. The 538, 555, and 580 nm emis-
ions undergo strong thermal quenching below 100 K. The intensity of
he 925 nm emission increases upon heating from 10 K, reaching its
aximum at 60 K. Above 60 K the emission starts to quench. Based

n the quenching curves, shown in Fig. 3b, the temperatures (T50) at
hich the intensity drops below 50% of the maximum intensity are
etermined. T50 values of 35, 25, 25, and 135 K were determined for
he 538, 555, 580, and 925 nm emissions, respectively. The relative
ontributions of the different emissions to the total intensity at 10 K
nder X-ray excitation are determined to be 1, 0.7, 1.7, and 7.6 for the
38, 555, 580, and 925 nm emissions, respectively.

The temperature dependent X-ray excited emission spectra and
uenching curves of the integrated peak intensities of CsPbCl3 are
hown in Fig. 3c and 3d. The 422 nm emission shows strong thermal
uenching below 100 K. The intensity of the 710 nm emission shows
imilar behaviour as the 925 nm emission observed in CsPbBr3. Its
ntensity increases upon heating from 10 K, reaching its maximum at
5 K. Above this temperature the emission starts to quench. Based on
he quenching curves, shown in Fig. 3d, T50 values of 45 and 105 K
ere determined for the 422 and 710 nm emissions, respectively. The

elative contributions of the 422 and 710 nm emissions to the total
ntensity at 10 K under X-ray excitation were determined to be 1 and
.28, respectively.

The temperature dependent pulsed X-ray excited decay curves of
he 538 nm emission of CsPbBr3 are shown in Fig. 4a. Upon heating
rom 10 to 75 K, the decay time decreases from 440 to 330 ps. This
atches with the measurements presented by Mykhaylyk et al. [5]. The
ecay curves shown in Fig. 4b where recorded by placing a 550 nm
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Fig. 2. (a) Photoluminescence emission spectra of CsPbBr3 at 10 K recorded using excitation energies from 3 eV to 10 eV. (b) Photoluminescence emission spectra of CsPbCl3 at
0 K recorded using excitation energies from 3.5 eV to 10 eV.
c
e

t
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ong pass filter in front of the detector. Now the decay curve shows two
omponents. The fast component is an artefact from part of the 538 nm
mission leaking through the long pass filter. The slow component, with
life time of 36 ns, results from both the 555 and 580 nm emissions.
he life time of these emissions decreases to 22.5 ns at 25 K.

The temperature dependent pulsed X-ray excited decay curves of
he 422 nm emission of CsPbCl3 are shown in Fig. 4c. From 10 to 25 K
he decay time increases slightly from 440 ps to 460 ps. Upon heating
rom 25 to 75 K the decay time decreases to 260 ps. A similar trend
s observed in the quenching curves shown in Fig. 3d. This behaviour
atches the measurements presented by Mykhaylyk et al. [31].

. Discussion

Upon exciting CsPbBr3 and CsPbCl3 with X-rays, as shown in Fig. 1a
nd 1b, near infrared emissions are observed at 925 nm and 710 nm,
espectively. These emissions are not present under UV–vis excitation,
ven upon using excitation energies of 3 to 4 times the band-gap
nergy. Upon excitation with an X-ray photon all X-ray energy is
ransferred to an electron. This so called primary electron subsequently
xcites secondary electrons, via electron–electron interactions. This
reates spatially separated electrons and holes, originating from states
eep in the conduction and valence band, that need to meet each
ther to form electron–hole pairs. The free electrons, created under X-
ay excitation, have a larger mobility compared to holes and diffuse
urther away from the initial ionisation track [55–58]. Moreover, X-
ays create excitations in the bulk of the crystal. Upon excitation with
V–vis photons however, electron–hole pairs, or excitons, are formed
3

irectly. The resulting exciton formation happens on a shorter time
scale compared to the recombination of spatially separated electrons
and holes. The excitons, upon excitation with UV–vis photons, are
created close to the surface of the crystal.

Based on the different excitation mechanisms described above two
potential explanations can be formulated for the origin of the near
infrared emissions based on the transport of the spatially separated
electrons and holes. The free holes have sufficient lifetime to be trapped
on a F centre or to self-trap. F centres are colour centres were an
electron is trapped on a halide vacancy. After capturing a hole a F+
entre is created. Sequentially the F+ centre can trap a conduction band
lectron to form an excited F centre that emits a photon.

The other potential origin of the near-infrared emissions is self-
rapping. This is an intrinsic effect where a free hole first forms a
𝑘 centre. A conduction band electron can then recombine with the

V𝑘 centre to form a self-trapped exciton (STE) [59]. The 710 nm and
925 nm emissions observed under X-ray excitation of CsPbCl3 and
CsPbBr3 have a full width at half maximum of 0.42 eV and 0.21 eV,
respectively. Based on the respective band-gaps, 2.4 eV and 3 eV, the
Stokes shifts are determined to be 1.25 eV and 1.06 eV [52–54]. These
are typical values for both F-centre emission and STE emission [60,61].

We estimated the scintillation light yields of CsPbBr3 and CsPbCl3
at 10 K by comparing the intensity of their X-ray excited emission
spectra, measured using an average X-ray energy of 40 keV, to that
of CsCu2I3 [10]. The estimated integral scintillation light yields were
determined to be 34,000 and 2,200 photons/MeV for CsPbBr3 and
CsPbCl3, respectively. These numbers are much lower than the theoret-
ical maximum of 166,000 and 133,000 photons/MeV estimated based
on the band-gaps of CsPbBr3 and CsPbCl3 with Eq. (1), respectively.

The contributions from the different emission to the total estimated
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Fig. 3. (a) Temperature dependent X-ray excited emission spectra of CsPbBr3 measured from 10 K to 300 K. (b) Temperature dependent integrated emission intensities of the
538 nm, 555 nm 580 nm, and 925 nm emissions of CsPbBr3 (c) Temperature dependent X-ray excited emission spectra of CsPbCl3 measured from 10 K to 300 K. (d) Temperature
dependent integrated emission intensities of the 422 nm and 710 nm emissions of CsPbCl3.
Fig. 4. (a) Temperature dependent pulsed X-ray excited decay spectra of the 538 nm emission of CsPbBr3 between 10 K and 75 K. The inset shows the temperature dependent
hange of the life time. (b) Temperature dependent pulsed X-ray excited decay spectra of CsPbBr3 in which the 538 nm emission is filtered out by placing a 550 nm long pass
ilter in front of the detector. The inset shows the temperature dependent change of the life time. (c) Temperature dependent pulsed X-ray excited decay spectra of the 422 nm
mission of CsPbCl3 between 10 K and 75 K. The inset shows the temperature dependent change of the life time.
p
T
r
C
t
i
e
a
r
M
l
p

b

ight yields are calculated based on the relative intensities in Fig. 1,
s summarised in Table 1. The estimated light yield of CsPbCl3 at 10
is approximately 1.3% of its calculated maximum theoretical value.

he main contribution is from its 422 nm emission. For CsPbBr3 the
stimated light yield at 10 K is approximately 25.5% of its calculated
aximum theoretical value. The main contribution is from its 925 nm

mission. Both compounds have also been used to measure 662 keV
-photon excited pulse height spectra at 10 K; a 662 keV photopeak
ould not be distinguished from the background.

The estimated light yields summarised in Table 1 were determined
ased on the X-ray excited emission spectra using an average X-ray
nergy of 40 keV. The calculated attenuation length for 40 keV photons
n CsPbCl3 and CsPbBr3 are approximately 250 μm. The 662 keV 𝛾-
hoton used in the pulse height measurement on the other hand excite
he bulk of the crystal.
4

m

Mykhaylyk et al. reported light yields of 109.000 and 47.000
hotons/MeV for CsPbBr3 and CsPbCl3 at 7 K, respectively [5,31].
hese numbers were estimated by comparing a pulse height spectrum,
ecorded under alpha excitation of 241Am at 7 K, of CsPbBr3 and
sPbCl3 to that of LYSO. The later has a light yield of 34.000 pho-
ons/MeV under 𝛾-ray excitation. However, under 𝛼 excitation LYSO
s much less efficient. With an 𝛼∕𝛽 ratio of 0.14 from Wolszczak
t al. [62], an 𝛼-particle light yield of 4,760 photons/MeV occurs. This
spect was not taken into account by Mykhaylyk et al. [5,31]. The 𝛼∕𝛽
atio and proportionality of CsPbBr3 and CsPbCl3 is also not known.
ykhaylyk et al., in their publication on CsPbBr3, also estimated the

ight yield in a similar way as presented in this work, reporting 50.000
hotons/MeV [5].

The 10 K X-ray excited emission spectra of both compounds, com-
ined with the typical photo-detection efficiency curve of a photo-
ultiplier tube (PMT), are shown in Fig. 5. The detection efficiency
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Fig. 5. X-ray excited emission spectra of CsPbCl3 (blue) and CsPbBr3 (red) measured at
10 K compared to the detection efficiency of a Hamamatsu Super Bialkali R6231-100
(SN ZE4500) (black dashed line). The vertical black dashed lines at 413 nm (3 eV)
and 520 nm (2.4 eV) represent the band-gaps of CsPbCl3 and CsPbBr3, respectively.

of the PMT drops below 2% at wavelengths longer than 620 nm. This
means that the 925 nm emission of CsPbBr3 falls completely outside the
detection range, drastically decreasing the number of photons available
for detection. The 710 nm emission of CsPbCl3 only partially falls
within the low side of detection efficiency. The other emissions, for
both compounds, fall withing the detection range of the PMT. However,
as discussed by Williams et al. [27] and Wolszscak et al. [28], the
exciton emissions close to the band-gap suffer from self-absorption. The
band-gaps of both materials with respect to their emissions are repre-
sented in Fig. 5 by the vertical dashed lines. Only the 555 and 580 nm
emissions from CsPbBr3 have a potentially useful contribution to the
ight yield. However, as shown in Fig. 5, they emit in the spectral region
here the PDE drops below 10%. In total these emissions contribute
pproximately 7.000 photons/MeV, corresponding with less than 350
etected photons/MeV. This number is further reduced by the presence
f tail states, as shown in the room temperature absorbance spectra in
igure S1, and large penetration depth of 662 keV 𝛾-photons increasing

the chance of re-absorption. Due to the geometric restrictions needed
to perform the measurement at 10 K, the sample could not be mounted
directly on the entrance window of the PMT, reducing the light collec-
tion efficiency. The absence of a pulse height spectrum at 10 K is thus
ascribed to a combination of self-absorption related problems, emission
falling outside the PMT detection range, and sub-optimal experimental
conditions.

It has been suggested by Stoumpos et al. that the defect related
emissions on the long wavelength side of the free exciton emission
could be suppressed by growing these materials from solution instead
of the melt [46,47]. However, this will not solve any self-absorption
related problems of the free exciton emissions [63]. The near in-
frared emissions, if originating from F-centres might also be suppressed
when crystals are produced from solution. Self-trapping however, is
an intrinsic effect and will thus not be influenced. Similar problems
should be expected for the organic–inorganic methylammonium based
perovskites, CH3NH3PbX3 (X = Cl, Br, I) which show similar near
band-edge emission as the completely inorganic perovskites. Scintilla-
tion characterisations have been performed on CH3NH3PbBr3 [64,65].
Li et al. demonstrated that CH3NH3PbBr3 also shows self-absorption
related problems, thus preforming poorly as a scintillator crystal [65].

4. Conclusion

In this work, the inorganic perovskites CsPbBr3 and CsPbCl3 have
been studied under X-ray and UV–vis excitation at cryogenic tempera-
tures. Upon comparing the emission spectra measured at 10 K using
5

the different excitation methods, new broad near-infrared emissions
were discovered in both compounds. Based on the peak width, large
Stokes shift, and red shift of the emission when going from CsPbCl3 to
CsPbBr3 it is suggested that it originates from F-centres or self trapping.
Both compounds show fast exciton related emissions of approximately
450 ps at 10 K. For CsPbBr3 an additional 36 ns component was
measured related to the 555 nm and 580 nm emissions. The light
yields of CsPbBr3 and CsPbCl3 were estimated to be 34,000 and 2,200
photons/MeV. In CsPbBr3, the major part of the light yield is emitted
in the 925 nm emission band, which falls outside the detection range
of a typical photo-multiplier tube. The other emissions suffer from self-
absorption. Hence no pulse height spectrum was observed under 662
keV 𝛾-photon excitation at 10 K.

5. Experimental

CsPbCl3 and CsPbBr3 crystals were grown from stoichiometric am-
ounts of the binary halides in sealed silica ampoules by the vertical
Bridgman technique. CsCl (Alfa, 5N) and CsBr (Fluka, >99.5%) were
dried in high vacuum at 200 ◦C. PbCl2 and PbBr2 (both Alpha, 5N) were
sublimed in a silica apparatus under high vacuum for purification at
480 ◦C and 375 ◦C, respectively. Typical batch size was 5 g. The powder
was molten up at 30 K above the congruent melting point of CsPbCl3 at
615 ◦C and CsPbBr3 at 570 ◦ C, respectively. The temperature was kept
for one day and then the crystal growth was started. The furnace was
moved upwards by ca. 15 mm/day; samples reached room temperature
in about 10 days. Transparent crystal pieces were cleaved from the
boule and sealed in silica ampoules under He gas for the

spectroscopic characterisations. All handling of starting materials
and products were done under dry conditions in glove boxes or sealed
sample containers. Powder X-ray diffraction patterns were measured
with Cu K𝛼1 radiation in reflection geometry at room temperature, see
Figure S2 and S3 of supporting information. CsPbCl3 and CsPbBr3 adopt
the GdFeO3-type perovskite structure at room temperature [32].

The X-ray excited emission spectra were measured using a tungsten
anode X-ray tube at an operation voltage of 79 kV. The average X-
ray energy from this tube is 40 keV. The low energy X-rays from
the spectrum produced by the tube are removed by placing a 3 mm
aluminium filter in front of the tube in order to prevent radiation
damage to the sample. The crystals were mounted on the cold finger
of a closed cycle helium cryostat operating below 10−4 bar. The crystal
is excited and the emitted light is detected from the same surface; the
measurement is performed in reflectivity mode.

The estimated light yields were calculated by comparing the total
spectral intensity of the 10 K X-ray excited emission spectra of CsPbBr3
and CsPbCl3 to that of a CsCu2I3 crystal. The experimental conditions,
sample alignment, X-ray fluence, and size of the samples were simi-
lar for all three measurements. The scintillation yield of CsCu2I3 has
been determined in a separate experiment under 662 keV 𝛾-photon
excitation on an APD as described in Ref. [10]. In Ref. [10] the non-
proportionality of CsCu2I3 was also measured, showing only a 4%
difference upon comparing the light yield determined at 60 keV and
662 keV. The spectral intensity is corrected for the detection efficiency.

The photoluminescence emission spectra were measured by exciting
the samples either with the light of a 450 W xenon lamp passing
through a Horiba Gemini 180 monochromator or by exciting with
a Hamamatsu L1835 deuterium lamp passing through an Action Re-
search Corporation VM 502 monochromator. The emission light passed
through a Princeton Instruments SpectraPro-SP2358 monochromator
and was detected using a Hamamatsu C9100-13 EM CCD. The crystals
were mounted on the cold finger of a closed cycle helium cryostat
operating below 10−4 bar.

The pulsed X-ray decay cures were measured by the time-correlated
single photon counting method. A PicoQuant LDH-P-C440M pulsed
laser, generating the start signal, directly excites a Hamamatsu N5084
light excited X-ray tube, creating a pulse of X-rays with an average
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Table 1
Summary and comparison of the relative intensity of the emissions observed under X-ray excitation and
their respective contributions to the total light yield at 10 K, and the attenuation length at 40 keV and 400
keV for CsPbBr3 and CsPbCl3.

Relative intensity Light yield
Photons/MeV

CsPbBr3 538 nm 1 3,100 Self-Absorption
555 nm 0.7 2,200 Useful yield
580 nm 1.7 5,200 Useful yield
925 nm 7.6 23,500 Outside PDE PMT
All 34,000
Theoretical 166,000

CsPbCl3 422 nm 1 1,700 Self-Absorption
710 nm 0.28 500 Outside PDE PMT
All 2,200
Theoretical 133,000
energy of 18.2 keV and temporal resolution of 200 ps. The scintilla-
tion photons are detected by an ID Quantique id100-50 single-photon
counter, which is used as the stop signal. An Ortec 567 time-to-
amplitude converter was used to process the start and stop signals. An
Ortec AD 144 16 K ADC was used to digitise the signal. The crystals
were mounted on the cold finger of a closed cycle helium cryostat
operating below 10−4 bar. The crystal is excited and the emitted light
is detected from the same surface; the measurement is performed in
reflectivity mode.

In order to record pulse height spectra at 10 K the samples were
mounted on a parabolic stainless steel reflector covered with alu-
minium foil to improve the light collection efficiency. The reflector was
mounted on the cold finger of a closed cycle helium cryostat operating
below 10−4 bar. A Hamamatsu Super Bialkali R6231-100 (SN ZE4500)
PMT was used to detect the scintillation photons. It was placed close
to the window on the outside of the sample chamber. The distance
between the sample and PMT was approximately 5 cm.
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