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a b s t r a c t

The CRESST experiment (Cryogenic Rare Event Search with Superconducting Thermometers) searches for
dark matter via the phonon and light signals of elastic scattering processes in scintillating crystals. The
discrimination between a possible dark matter signal and background is based on the light yield.

We present a new method for evaluating the two characteristics of a phonon/light detector module
that determine how much of the deposited energy is converted to scintillation light and how efficiently a
module detects the produced light. In contrast to former approaches with dedicated setups, we devel-
oped a method which allows us to use data taken with the cryogenic setup, during a dark matter search
phase. In this way, we accounted for the entire process that occurs in a detector module, and obtained
information on the light emission of the crystal as well as information on the performance of the module
(light transport and detection).

We found that with the detectors operated in CRESST-II phase 1, about 20% of the produced scin-
tillation light is detected. A part of the light is likely absorbed by creating meta-stable excitations in the
scintillating crystals. The light not detected is not absorbed entirely, as an additional light detector can
help to increase the fraction of detected light.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. General context

The CRESST (Cryogenic Rare Event Search with Super-
conducting Thermometers) dark matter experiment aims at
detecting WIMP-nucleus scattering [1] in inorganic scintillating
r B.V. This is an open access article
crystals operated as cryogenic detectors. Energy deposited in the
crystals creates phonons and scintillation light.

The phonon signal is measured by a transition-edge sensor
(TES) evaporated onto the scintillating crystal. The scintillation
light is detected by a separate light detector also read out by a TES
[2]. The TESs in CRESST consist of a tungsten thin-film structure
thermally stabilized at the transition between normal and super-
conducting state. In this regime, even the very small temperature
variations OðμKÞ caused by individual particles depositing energy
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.sciencedirect.com/science/journal/01689002
www.elsevier.com/locate/nima
http://dx.doi.org/10.1016/j.nima.2016.03.035
http://dx.doi.org/10.1016/j.nima.2016.03.035
http://dx.doi.org/10.1016/j.nima.2016.03.035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.03.035&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.03.035&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2016.03.035&domain=pdf
mailto:kiefer@mpp.mpg.de
http://dx.doi.org/10.1016/j.nima.2016.03.035


Fig. 1. Schematic drawing of the detector module designs considered in this work. In all modules, the interaction in the target crystal (TC) produces phonons and scintillation
light. The phonons are read out by the phonon TES (PS). The light is absorbed in the light detector (LD) and read out by the light TES (LS). Target crystal and light detector are
surrounded by a scintillating reflective foil (not shown here). The left sketch shows a detector of the standard design. The double light detector module (right) was equipped
with two light detectors, LD Q and LD Burkhard. This non-standard design serves to investigate how scintillation light propagates within a module.

1 With the fact taken into account that individual crystals differ in light pro-
duction efficiency.
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in the detector result in resistance changes that we can measure
with a SQUID amplifier.

The scintillating crystal and the light detector are surrounded
by a housing made of a scintillating and reflective foil, which
(apart from masking certain types of background events by
emitting light, cf. [3]) prevents light from escaping without con-
tributing to the signal. The ensemble of crystal, light detector, foil
and a surrounding copper structure is called a detector module.

The signal of the phonon channel is a measure of the deposited
energy. The fraction of deposited energy that is converted to
scintillation light depends on the nature of the interacting particle
(e.g. αs or γs). Hence, the ratio of scintillation light to deposited
energy is used to distinguish between different types of interact-
ing particles. Increasing the amount of detected scintillation light
per deposited energy is crucial for maximizing the background
suppression capabilities of the detector modules —and hence the
overall sensitivity of the experiment.

Only a fraction of the produced light is actually detected. This is
due to the limited transparency of the crystal (which only partially
emits the produced light), due to the geometry and the efficiency
of the reflector as well as due to the size and absorptivity of the
absorber of the light detector. Therefore, disentangling the factors
that affect production and detection of scintillation light helps to
identify the key factors for further improving the light signal and
hence signal-background discrimination of experiments using the
phonon-light technique to look for dark matter as well as for
neutrinoless double-beta decay [4,5] or [6].

1.2. Concept of the new evaluation method

The typical, established methods for characterizing the crystals
work by irradiating the crystal in a dedicated setup at room
temperature and by measuring the scintillation light, e.g. with a
photomultiplier tube. With the new method (for a detailed
description cf. Section 2.3), we use data acquired in situ, with the
cryogenic setup during dark matter data taking to determine the
efficiencies at which light is being produced and detected.

We use two clearly identified lines originating from interacting
particles of different nature (i.e. one α-line and one γ-line). Then,
we know the energy deposited in the crystal (the Q-values of the
lines), and we can measure the absolute energy deposited in the
light detector. The energy of the phonon detectors is not on an
absolute scale as it depends (and thus contains information) on
how much of the deposited energy is converted into scintillation
light. The fraction of light that is lost is the same in both cases.
With these information, we derive production and detection
characteristics of the detectors by evaluating the Q-values and
phonon and light detector readings of the two lines.
2. Experimental setup, data and analysis

To verify the findings and in order to obtain more detailed
information on how to possibly optimize the detector modules, we
evaluated light production and light detection of two different
detector designs. This section describes the designs we investi-
gated and the method by which we analyzed the data.

2.1. Detector designs

All data analyzed here have been acquired in CRESST-II phase 1
[3]. The detector modules of the standard design (cf. Fig. 1, left)
consist of a target crystal (in which the energy is deposited)
equipped with a TES that detects the phonons. The crystals are
usually calcium tungstate cylinders of 40 mm height and diameter.
The crystal face opposite to the TES is roughened in order to
facilitate light propagation towards the light detector.

The double light detector module depicted on the right in Fig. 1
allows an additional insight in the light propagation within the
module. The light detector called Q is located adjacent to the
roughened surface of the scintillating crystal. The light detector
named Burkhard faces the crystal at the opposite side, near the
phonon TES.

If the two light detectors in sum detected more light than a
single detector,1 this would suggest that the situation could pos-
sibly be improved by changing the light detectors and/or the path
of the light within a module. If introducing the second light
detector did not significantly rise the total amount of detected
light (so that already a single light detector gathers all the avail-
able light), this would indicate that the reflectivity of the housing,
the absorptivity of the light detector and the transparency of the
crystal were nearly optimal.
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2.2. Calibration sources

Energy depositions in the phonon and the light detectors result
in voltage pulses delivered by the read-out system [7]. The height
of the pulses is a measure of the deposited energy, which is cali-
brated using radioactive sources:

� We calibrated the phonon detector against the α-decay of 147Sm
at 2310.5 keV2 [8]. Linearity of the energy scale to lower
energies was confirmed by using an external 232Th-source [9]
emitting γ-lines at 338, 583, 911, 1588, and 2614 keV.

� The light detectors are directly exposed to low-energy X-rays
from an external 55Fe-source, setting the absolute energy scale.
In this case, we used electrical pulses injected into heaters
connected to the TESs to confirm linearity of the detector
response. The calibration source emits single photons of
5.9 and 6.5 keV, while scintillation light of the same energy
consists of many photons in the eV-range. The signals of the
calibration source and of the scintillation events have a slightly
different pulse shape due to the long scintillation time Oð360
μsÞ [10] of the crystals in use. We took this difference into
account via the ratio between pulse height and integral of the
pulse for the different event classes.
2.3. Analysis method

We consider the energy flow in the detector module as illu-
strated in Fig. 2: The fraction of deposited energy that is converted
into scintillation light depends on the nature of the particle and
the quality of the crystal. The fraction of the produced light that is
finally detected depends on the transparency of the crystal, on the
geometry and efficiency of the reflector as well as on size and
absorptivity of the absorber of the light detector.

At the beginning of the process, a particle deposits an energy
Qdep in the scintillating crystal. Depending on the particle type
(indicated by ϕ), this energy divides up into a relatively small
fraction leaving the crystal as scintillation light QS ¼FϕQdep and

into a part remaining in the crystal as phonons QP ¼ 1�Fϕ

� �
Qdep.

The term Fϕ denotes the fraction of energy deposited by particle
ϕ converted to light. It depends on the particle type and on the
characteristics of the crystal and is defined as

Fϕ ¼Rϕϵs: ð1Þ

The term ϵs describes the scintillation efficiency of the crystal,
namely the fraction of energy that a crystal converts to scintillation
light when it is excited by a γ-quantum. The particle-dependent
part can be described [11] by a relative light yield3 Rϕ which is the
light yield of ϕ-particles relative to the light yield of γ-quanta. As
the light yield of any particle ξ is defined as the light energy over
the deposited energy EL;ξ=Qdep;ξ, the relative light yield is given by

Rϕ ¼ EL;ϕ=Qdep;ϕ

EL;γ=Qdep;γ
: ð2Þ

We neglect effects like e.g. energy dependences, scintillator
non-proportionality [13–15] or different behavior of electrons and
γ-events [16] as they are only relevant at energies up to 100 keV,
nearly one order of magnitude below the ones considered here.
2 Since Sm is an intrinsic contamination, the energy deposition in the crystal
corresponds to the Q-value of the decay.

3 The concept is similar to the quenching factor [12] that considers two par-
ticles of the same Qdep.
Thus, the amount of energy converted into phonons4 can be
written as

QP ¼ 1�Rϕϵs
� �

� Qdep: ð3Þ

The energy in the light channel divides up further. The detec-
tion efficiency ϵd describes how much of the light escaping the
crystal is absorbed by the light detector.5 The fraction ð1�ϵdÞ is
lost, e.g. because the housing is not a perfect reflector.

The energy finally absorbed in the light detector can then be
written as

QL ¼Rϕϵsϵd � Qdep: ð4Þ

If the phonon energies QP were exactly known, Eq. (3) could be
used to directly determine the scintillation efficiency ϵs of the crys-
tals from a γ-measurement. However, we have to account for the fact
that we calibrate the detectors with particles that create scintillation
light. In general, a calibration is done by exposing the detector to
particles of a well-known energy and setting the detector reading to
that energy. In the phonon detector calibration, the energy that
escapes as scintillation light is neglected as the phonon detector
reading is set to indicate the entire amount of deposited energy. The
detector reading and the phonon energy QP are therefore off by a
factor depending on the particle used for calibration.

To reconstruct physical energy depositions in the detectors QP;L

from the calibrated energy readings EP;L, we model this calibration
effect with the factors CP;L, for the phonon and the light channel
respectively. The physical energy depositions QP;L in the crystal
thus result in energy readings EP, EL:

EP ¼ CPQP ¼ CP 1�Rϕϵs
� �

� Qdep ð5Þ

EL ¼ CLQL ¼ CLRϕϵsϵd � Qdep: ð6Þ

As the energy of the aforementioned 55Fe source is directly
absorbed in the light detector, we assume a calibration factor of
CL ¼ 1 for the light channel. In case of the phonon channel, we
have to consider the energy that escapes as scintillation light.
Since the phonon channel is calibrated using α-particles, the
calibration factor for the phonon detector must be such that it
compensates for the energy escaping as light in case of an α-
deposition. This means that

CP ¼ 1
1�Rαϵs

: ð7Þ

Resolving Eqs. (5) (with Rγ ¼ 1, per definition as in Eq. (2)) and
(7), the scintillation efficiency ϵs can be extracted from the phonon
detector reading of a γ-line that was calibrated with an α-source:

ϵs ¼

1
EP;γ

� 1
Qdep;γ

1
EP;γ

� 1
Qdep;α

EL;α
EL;γ

: ð8Þ

The detection efficiency ϵd can be then determined from the
light detector reading of the γ-event:

ϵd ¼
EL;γ

Qdep;γϵs
: ð9Þ

In summary, this method determines ϵs and ϵd by measuring
the light signals (EL;γ j α) of a γ- and an α-event of known Q-values,
4 We neglect energy lost in the phonon channel. If a process systematically
pulled off a fraction of energy from the phonon system, the phonon detector
calibration would cancel its effect.

5 It is also possible that the crystal re-absorbs part of the propagating light and
converts it back into phonons. As these are seen in the phonon channel, we con-
sider this fraction of energy never having been emitted as light.



Fig. 2. Partitioning of the deposited energy in the detector module (see text for details). The deposited energy Qdep is shared between phonons (QP) and scintillation light
(QL). The interpretation of the sensor readings EP;L depend on the calibration factors CP;L , taking into account the fraction Fϕ and the light detection efficiency ϵd.
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as well as the phonon signal of the γ-event (EP;γ). The Q-values of
the α- and γ-decays have to be known.

2.4. Data used for the analysis

To study the scintillation light signals of γ-events, we measured
the two γ-lines of 228Ac and 212Bi at 726 and 727 keV. They ori-
ginate from the 232Th source used for confirming the linearity of
the detector response.

We used 180W (Q ¼ 2516 keV [17]) to determine the light sig-
nals of α-particles. The crystals in use are tungstate crystals, hence
this isotope is distributed uniformly through the volume,6 like the
calibration-α-source.
Fig. 3. Scintillation efficiencies obtained with the method introduced in this work
(black). The dashed line separates the modules with a single light detector (below)
from the module with a double light detector setup (above). Drawn in red are the
axis and the data points obtained with the cross-check method explained in Sec-
tion 4. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)
3. Results and discussion

We found that the light output of the modules is more strongly
influenced by how well the crystals transport the scintillation light
rather than how much of the energy they convert to light.

The values of ϵs indicate that, depending on the module,
between 7.4% and 9.2% of the deposited energy is emitted as
scintillation light (cf. Fig. 3). This agrees with the model featured
in [10]. In case of single light detectors, a fraction between ϵd ¼
18% and 28% of the produced light is detected (cf. Fig. 4).7

The values above the dashed lines are from the double light
detector module, with its individual light detectors treated sepa-
rately as well as in combination. When considering Q and Burkhard
individually, they are the two light detectors with the lowest
detection efficiencies. When one adds up their energies, the
module Q/Verena/Burkhard has the highest detection efficiency ϵd
of nearly 34%. The average for single light detector modules is
� 23%.

3.1. Consistency of the method

3.1.1. Self-consistency
The double light detector module provides a check for the self-

consistency of the method: the readings of Burkhard and Q are
6 By contrast, α-emitters associated with surface impurities would only probe a
thin skin region due to the short range of α-particles.

7 The systematic errors for the values are derived from uncertainties of the
phonon and light detector calibration, the statistical errors from a fit of Gaussians
to the peaks in the phonon and light energy spectrum, respectively. For the derived
values, the errors are estimated using Gauss' law of error propagation. As the
measured values within error are far away from the physical boundary of zero, we
consider the errors as symmetrical.
different (e.g. for the 727 keV-γ-line: EL ¼ 9:9 keV and
EL ¼ 8:4 keV, respectively), which can be attributed to one of the
light detectors facing the roughened and the other the polished
surface of the crystal. Nonetheless, the method yields the same
value for the scintillation efficiency ϵs for both light detectors
while the detection efficiency ϵd differs. This confirms that char-
acteristics related to the production of light can be distinguished
from other effects in the detector modules.

3.1.2. Comparison with PMT measurements of the crystal
scintillation

A simple approach to compare the relative amount of scintil-
lation light of different crystals consists in irradiating the crystals
at room temperature with a source of known energy and mea-
suring the scintillation with a photo-multiplier tube (PMT), having
a reference crystal to compare the results.

For all modules with a single light detector,8 the values of the PMT
measurements (red horizontal axis and data points in Fig. 5) and the
8 Inside the double light detector module, the light collection area is twice as
large as in a module with a single light detector. Therefore, one cannot expect the



Fig. 4. Detection efficiencies obtained with the method introduced in this work
(black). The dashed line separates the modules with a single light detector (below)
from the module with a double light detector setup (above). Drawn in red are the
axis and the data points obtained with the cross-check method explained in Sec-
tion 4. (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)

Fig. 5. The fraction (ϵs � ϵd) of the deposited energy seen by the light detectors,
obtained with the newly introduced method (black) and with the PMT method
(red). (For interpretation of the references to color in this figure caption, the reader
is referred to the web version of this paper.)
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products of scintillation and detection efficiency —the fraction of the
deposited energy that is detected as light—(black horizontal axis and
data points) are linearly correlated. Hence, temperature-dependent
effects on how efficiently a crystal scintillates must be similar for all
detectors, while the individual housings cannot introduce a large
variation in terms of how well light is transported inside a module.
From this, we conclude that (although being performed at room
temperature) a PMT measurement is a good indicator for the crystal
quality (i.e. the efficiencies at which light is produced and measured),
and that all module housings investigated are on a similar level in
terms of how they influence the light detection.
(footnote continued)
PMT-value and the product of scintillation and detection efficiency to have the
same proportionality as in case of a module with a single light detector.
3.2. The role of light transport for the light signal

In terms of light production (Fig. 3), there is no significant differ-
ence between the modules. However, the light detection efficiency
varies by nearly 50% (Fig. 4). The PMT measurements (which concern
only the crystals) already show the variation; this suggests that the
dominant part comes from the crystal itself absorbing the light.

In the common assumption, light absorbed in the crystal is
converted to phonons and thus contributes to the phonon signal.
Changing the energy balance in favor of the phonons would
decrease the scintillation efficiency ϵs instead of—as we observed
it—the detection efficiency ϵd.

If instead the crystal re-absorbs light by exciting meta-stable states
(whose relaxation time is longer than the phonon integration time of
the measurements), the energy will not enter the phonon system on
the time scale of a single event. Such a process only decreases the
transport efficiency —corresponding to what we observed.

The cause for the different absorptivities might be the different
treatments of the crystals. In case of Wibke and Verena, the TES
was directly evaporated onto the crystal, while for the other
detectors, a separate crystal carrying the TES was glued to the
absorber crystal. Temperatures as high as needed for the eva-
poration process are known to deplete the crystal of oxygen,
altering its optical properties [18].

3.3. The role of the light detectors for the light signal

With two light detectors combined, the double light detector
module has a higher detection efficiency ϵd than any module with
only a single light detector.

This indicates that the single light detectors are not capable of
completely detecting the light in the setup presented. Hence it is
possible to detect more light by e.g. increasing the size or
absorptivity of the light detectors, or by changing the geometry of
the module components, to favor propagation of light outside the
crystal. We further explored [19] this possibility in the data-taking
run following the one that provided data for this work.
4. Cross-check with a different method

4.1. Concept

In order to check the results for plausibility, we use the scin-
tillating reflective housing of the detector modules as a reference
light source. For all modules, the housing is made of the same
scintillating reflector foil. Therefore, we consider it to emit equal
amounts of light for a given energy deposited therein.

If individual modules detect different amounts of light from
this reference light source, that must be due to different light
detection efficiencies: the light can be not optimally reflected by
the foil, not optimally transmitted by the crystal and/or not opti-
mally absorbed by the light detector. Hence, we consider the
amount of light detected from the reference light source EL;ref to be
proportional to the detection efficiency ϵd of the module.

As stated above, the amount of light which is detected due to a
scintillation process in the crystal depends on the deposited
energy, the scintillation efficiency of the crystal and the detection
efficiency of the module. In order to fix all parameters but the
scintillation efficiency, we divide the light signal EL;γ associated
with a well-defined γ-line by the light signal of the reference light
source EL;ref :

ρ¼ EL;γ
EL;ref

ð10Þ
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The light detectors might measure the light from the crystal
with a different efficiency compared to light from the reference
light source. Assuming that for all detector modules, this effect
follows the same systematics, the fraction ρ is proportional to the
scintillation efficiency ϵs.

4.2. Data

As in case of the main method, the data for the crystal scin-
tillation were obtained from the 228Ac and 212Bi lines. A well-
defined set of events which make the foil scintillate is caused by α-
particles from the decay of 210Po on the surfaces of either the
crystal or the housing (cf. [3]).9

4.3. Results

For identically designed modules (single light detector), the
absolute values ρ and EL;ref from the cross-check method agree
with the scintillation and detection efficiencies ϵs and ϵd from the
main method. This behavior is visualized in Figs. 3 and 4, where
the values for ρ and EL;ref (both times in red) were scaled with a
constant factor determined by a least squares fit over all detector
modules investigated.
5. Conclusion and outlook

The present work introduces a method for determining the
energy distribution in a CRESST detector module. It uses in‐situ
data obtained at low temperatures, during a dark matter mea-
surement campaign. We could show that the method can suc-
cessfully distinguish between the efficiencies of light production
and detection in a module. The results are reasonably consistent
with a second method that provides a cross-check with different
systematics.

We found that for γ-events, the crystals convert slightly less
than 10% of the deposited energy into scintillation light. The var-
iation between the individual detector modules is in the range of
10%. These results confirm previously published values.

In the modules we tested, only 20–30% of the produced light is
detected, corresponding to a variation of nearly 50% among the
modules. Measurements with the same crystals but without the
module housings show the same variations. This suggests that
characteristics of the crystals —instead of the module housings—
dominate the detection efficiencies. A possible channel in which
light disappears (explaining the low detection efficiencies) could
be excitations of meta-stable states in the crystal.

The results obtained with the double light detector module
indicate that the single light detector of a standard module does
not absorb the entire amount of collectible light. Hence, apart from
producing crystals that absorb less light, detecting more of the
available light seems promising for further optimizing the detector
modules. Our current [19] optimizations aim at both directions:
via cuboid crystals (reducing the number of reflections within the
crystal) and with larger-area light detectors.
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