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Abstract Rare-event search experiments located on-surface,
such as short-baseline reactor neutrino experiments, are often
limited by muon-induced background events. Highly effi-
cient muon vetos are essential to reduce the detector back-
ground and to reach the sensitivity goals. We demonstrate
the feasibility of deploying organic plastic scintillators at
sub-Kelvin temperatures. For the NUCLEUS experiment,
we developed a cryogenic muon veto equipped with wave-
length shifting fibers and a silicon photo multiplier operating
inside a dilution refrigerator. The achievable compactness of
cryostat-internal integration is a key factor in keeping the
muon rate to a minimum while maximizing coverage. The
thermal and light output properties of a plastic scintillation
detector were examined. We report first data on the thermal
conductivity and heat capacity of the polystyrene-based scin-
tillator UPS-923A over a wide range of temperatures extend-
ing below one Kelvin. The light output was measured down
to 0.8 K and observed to increase by a factor of 1.61 £0.05

4 e-mail: andreas.erhart@tum.de (corresponding author)

compared to 300K. The development of an organic plastic
scintillation muon veto operating in sub-Kelvin temperature
environments opens new perspectives for rare-event searches
with cryogenic detectors at sites lacking substantial overbur-
den.

1 Introduction

Experiments searching for rare events — such as coherent
elastic neutrino-nucleus scattering (CEvNS) [1-9] or direct
dark matter interactions [10—12] — are critically dependent
on attaining the lowest possible level of background radia-
tion in the target detectors. In particular, cosmic-ray muons
can constitute a significant background to the signal events,
either directly through energy deposition in the target detec-
tors or indirectly through e.g. muon-induced spallation neu-
trons [13]. To mitigate muon-induced background events,
rare-event search experiments are usually deployed in labo-
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ratory facilities deep underground. In the case of the search
for CEVNS, on the contrary, experiments are commonly
located in the immediate vicinity of intense artificial neu-
trino sources. For instance, the low energy (MeV) of reactor
antineutrinos together with their large flux make nuclear fis-
sion reactors favorable neutrino sources for a measurement
of elastic neutrino-nucleus scattering in the fully coherent
regime. Artificial neutrino sources are typically located near
the surface, where cosmic-ray muons are of particular con-
cern. Experiments conducted at sites with shallow overbur-
den (< 10m.w.e.) hence rely on the deployment of sophisti-
cated shielding as the primary method to reduce background
radiation. Highly efficient muon vetos are thus essential to
render rare-event searches in on-surface laboratories possi-
ble.

Many rare-event search experiments, such as RICOCHET
[4], MINER [7] or NUCLEUS [14], are based on cryogenic
detectors, since they exhibit excellent energy resolution. This
entails the need for low temperatures of O(10 mK) and hence
complex cryogenic facilities. State-of-the-art dilution refrig-
erators [15—17] consist of vertical cylindrical apparatuses
in which the multi-stage cryogenic infrastructure occupies
the space above the experimental volume. Such construction
makes hermetic 4 shielding of the cryogenic detectors a
technical challenge. Since atmospheric muons characteristi-
cally follow a cos?6 angular zenithal distribution, it is crucial
to minimize any coverage gap in the muon veto, especially
directly above the target detector. Besides, the typically slow
time response of cryogenic detectors (O(100 ps)) poses strin-
gent constraints on the tolerable anti-coincident muon rate. In
order to minimize the induced target detector dead time, it is
essential to keep the muon trigger rate to a minimum. This, in
turn, requires a compromise between a highly efficient, yet at
the same time compact muon veto and favors a solution that
is directly implemented in the interior of the cryostat, also
considering the large experimental volume offered by new
generation dilution refrigerators. The achievable compact-
ness of cryostat-internal muon veto solutions compared to
necessarily vast cryostat-external alternatives is a key advan-
tage. Deploying organic plastic scintillators at temperatures
of O(100mK) is not trivial since it requires thorough investi-
gation of the detectors’ thermal properties and, accordingly,
tailored solutions for thermalization. Moreover, operating
organic plastic scintillators inside a running dilution refrig-
erator necessitates a sophisticated concept for light read-out
within the cryogenic infrastructure.

In this paper, we demonstrate the feasibility of instru-
menting and operating organic plastic scintillators for par-
ticle detection in sub-Kelvin temperature environments.
In comparison to conventional cryogenic detectors, plas-
tic scintillator detectors exhibit much faster time response
(O(100ns)) and can be scaled up very cost-effectively to large
kilogram-scale volumes without compromising detector per-
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formance. We have developed a novel cryogenic muon veto
for the NUCLEUS experiment: a disk-shape plastic scintil-
lator operated inside a cryostat at temperatures of ~ 850 mK.
The muon veto disk is instrumented with wavelength shifting
(WLS) fibers and a silicon photo multiplier (SiPM) operated
at 300K to collect and detect the scintillation light. The paper
is organized as follows. Section?2 evaluates the feasibility
of deploying organic plastic scintillators at sub-Kelvin tem-
peratures: we describe (1) the thermal properties (i.e., ther-
mal conductivity and heat capacity) and (2) the temperature
dependence of the measured light signals of a polystyrene-
based scintillation detector. In Sect.3 we present the first
sub-Kelvin commissioning of a cryogenic muon veto inside
arunning dry dilution refrigerator. An evaluation of the detec-
tor performance of a cryogenic muon veto for the NUCLEUS
experiment is presented.

2 Organic plastic scintillators at sub-Kelvin
temperatures

To operate organic plastic scintillator within the experimental
volume of a 3He/*He dilution refrigerator, the detector’s ther-
mal material and light output properties down to sub-Kelvin
temperatures are of central interest.

The essential intrinsic properties of a material govern-
ing its thermalization behavior are the thermal conductiv-
ity and the heat capacity: the thermal conductivity deter-
mines the efficiency of heat transfer through conduction; the
heat capacity influences thermal energy storage and release.
Generally, achieving efficient thermalization of amorphous
polymers below 1K within a reasonable timeframe can be
challenging due to their inherently low thermal conductivity
and considerable heat capacity [18], impeding efficient heat
transfer and requiring substantial energy removal. Addition-
ally, the thermal conductivity and heat capacity of amorphous
polymers are known to differ by up to one order of magni-
tude between different polymers at similar temperatures [19].
Therefore, in order to develop tailored cool-down schemes,
precise knowledge of the values and temperature dependen-
cies of these parameters is crucial.

The effect of temperature on the photoluminescence prop-
erties of organic plastic scintillators has been studied most
commonly in the 0°C to the +50°C temperature range [20—
22]. In particular, the time response of organic plastic scin-
tillators, which is one crucial parameter for efficient back-
ground suppression by a particle veto system, is known to be
affected by temperature. Notably, the scintillation decay time
of various organic scintillators has been observed to increase
towards lower temperatures [23].

For either property, there is scarcity of reported studies
conducted in the lower temperature range of O(mK-1K).
In the following, we present measurements of the thermal
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Fig. 1 Picture of the plastic scintillator sample installed in the dry
dilution refrigerator. The rectangular plastic scintillator (1) is thermally
coupled (here) to the still stage (at ~850mK) through a customized
copper mounting plate (2) thermalizing it via the contact pressure from
the bottom. Two thermometers are screwed in the sample and a heater
to its top

properties and the temperature dependence of the measured
light signals of a plastic scintillation detector down to sub-
Kelvin temperatures. The organic plastic scintillator under
study was the polystyrene-based scintillator UPS-923A [24],
which is doped with 2% PTP and 0.03% POPOP.

2.1 Thermal material properties of a polystyrene-based
scintillator

We instrumented a 100 mm x 40 mm x 20 mm rectangular
sample of the plastic scintillator UPS-923A, mounted inside
a dry dilution refrigerator, to measure its thermal conduc-
tivity and heat capacity. The experimental setup, depicted in
Fig. 1, consists of the sample with a heating element affixed
to the top and two thermometers positioned 65 mm apart on
the side. The sample is connected to a copper mounting plate,
which can be attached to any stage of the cryostat with excel-
lent thermal contact (refer to Fig. 8 for cryostat stage details),
thermalizing the sample via contact pressure. To ensure opti-
mal thermal contact between the cryostat stage and the sam-
ple’s bottom surface, a thin layer of Apiezon grease [25]
is applied. Additionally, the mounting plate holds a supple-
mentary heater and thermometer, enabling both two-probe
and four-probe measurements.

For the measurement of the thermal conductivity, the
“steady longitudinal flow” technique from Reference [18]
was used. By applying a constant power to the heater attached
to top of the sample, a stable temperature gradient arises
along the length of the sample. The relation between the
supplied power P and the thermal conductivity k is given
by:

A (7
p=_= f K(T)dT (1
L Jr

1

with A corresponding to the sample’s cross-sectional area
and L its length. The temperature at the top of the sample
(i.e., close to the heater) is denoted as 77 and the temper-
ature at the bottom of the sample as 75. Depending on the
temperature range, the sample’s bottom temperature 7, was
monitored either for a two-probe measurement with the sup-
plementary thermometer of the heat bath (i.e., the cryostat
stage) or for a four-probe measurement directly in the lower
end of the sample. For temperatures above ~ 1 K, the ther-
mal contact resistance between the polystyrene sample and
the copper mounting plate is assumed to be negligible [18].
Additionally, considering that the thermal conductivity of
the polystyrene sample is expected to be several orders of
magnitude lower than that of the copper mounting plate, the
contribution of the latter can be disregarded. Therefore, it
suffices to use the supplementary thermometer of the heat
bath to monitor 7 for a two-probe measurement. In this
case, the distance L corresponds to the length from the bot-
tom of the sample to the top thermometer. For temperatures
below ~ 1K, the thermal contact resistance becomes non-
negligible [18]. To mitigate the effects on the measurement,
the supplementary heater in the mounting plate is utilized
(instead of relying on the heat bath) to maintain a constant
temperature 75 at the lower sample thermometer. In the case
of this four-probe measurement, the distance L corresponds
to the spacing between the two thermometers. By keeping
T» constant and measuring 7 for different input powers P, a
P(T) curve (as given by Eq. 1) can be obtained. Its derivative
yields the thermal conductivity k(7):
(T LdP )
(T) = Aar 2

The thermal conductivity of the polystyrene-based scin-
tillator UPS-923 A was experimentally determined across the
temperature range of 100mK to room temperature by mea-
suring the P(T) curve over multiple runs at different cryo-
stat stages. Due to the technical characteristics of the cooling
mechanism, it is not possible to maintain arbitrary tempera-
tures in the full range. For this reason, there are no available
measuring points between 15-40K and 220-302 K. The cor-
responding results are presented in Fig.2a. The following
temperature regions are distinguished:

(1) In agreement with Klemens’ theory of the thermal con-
ductivity of amorphous solids [27], we observe a quadratic
temperature dependence of the thermal conductivity in the
sub-Kelvinregion: the best fitbetween 0.1 and 0.7 K (fitrange
a) is given by a function of the form k, =(0.0146 - Tl'%l).

(ii) In the “plateau” region at temperatures of O(1K), as
suggested in Reference [28], the values for thermal con-
ductivity change only marginally: between 2 and 15K (fit
range b), the measured values can be well described by a
linear function of the form k;=(0.00211-7 + 0.01501).
As a benchmark, at 4K, the thermal conductivity of UPS-
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Fig. 2 a shows the results of the thermal conductivity measurement
between sub-Kelvin and room temperature. The error bands correspond
to a 20 uncertainty (stat. & syst.). The increased uncertainty in the
region between 1 and 3K is due to the unknown thermal contact resis-
tance in the conducted two-probe measurement series. b shows the

923 A was found to be k(4 K)=(0.02371 £ 0.00107) W/K/m,
whereas the thermal conductivity of copper is quoted in lit-
erature as k(4 K)=320.4 W/K/m at this temperature [19].
(iii) Above 100 K up to room temperature, the thermal con-
ductivity shows cubic temperature dependence: the extrapo-
lation up to room temperature, best described by a function
of the form k.=(1.65-10"7-T?3), is based on the measured
k-values between 130 and 220K (fit range ¢) and is found to
be in good agreement with the measured value at 302 K.
Statistical uncertainties on k(7") have been derived from
the P(T) fit parameters and vary for the different fit ranges
described above. To estimate the systematic uncertainty on
k(T), we take into account a temperature-dependent uncer-
tainty on the thermometer calibration (~ 2% below 15K, 2—
4% between 40 and 220K, <1% at 300K), as well as fixed
uncertainties on the description of the geometry of the setup
(3%) and the set heater power value (< 1%), leading to a total
systematic uncertainty of 3.5-5% on k(T"), depending on the
temperature. For the temperature range between 1 and 3K
— where despite residual thermal contact resistance no four-
probe measurement is available — an additional dominating
systematic uncertainty of 10% was applied. This has been
conservatively estimated by comparing the available two-
probe data with the four-probe data taken below 1 K. The
measured thermal conductivity values of the polystyrene-
based UPS-923A are consistent with the expected behavior
of an amorphous polymer at low temperatures, comparable
to other polymers such as Nylon or Kapton [19]. However,
as the temperature approaches room temperature, the ther-
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obtained values for the heat capacity of UPS-923A. The error bars cor-
respond to a 2 o uncertainty (stat. & syst.). Also shown are literature val-
ues of polystyrene samples of different densities, taken from Reference
[26]. The polystyrene-based UPS-923A has a density of 1060kg/m?

mal conductivity of UPS-923A is found to be significantly
higher.

From the measured values of the plastic scintillator’s ther-
mal conductivity k(T'), its heat capacity C(T") can be deter-
mined according to [18]:

C(T) = M 3)
m

with m denoting the sample mass and g its geometrical factor.
T represents the time constant of the exponential decline of
temperature back to base temperature, once the sample heater
is switched off. To get an estimate of the heat capacity of UPS-
923A, the time constant T was recorded at various tempera-
tures between 1 and 300 K. The resulting heat capacity values
are displayed in Fig.2b. The heat capacity values approxi-
mately follow a 73 dependency at temperatures below 10K
and become increasingly linear towards higher tempera-
tures. As a benchmark, at 3K, the specific heat capacity of
UPS-923A was found tobe C(3 K)=(2.173 £0.348) J/K/kg,
whereas the specific heat capacity of copper is quoted in lit-
erature as C(3 K) <0.1J/K/kg at this temperature [19]. The
uncertainty on the heat capacity C is mainly propagated from
the uncertainty on the thermal conductivity k(7") — this con-
tributes a 5-15% uncertainty depending on the different data
points. Smaller uncertainty contributions originate from the
uncertainties on the base temperature Ty (< 3%) and from the
fit of the time constant T (< 1.2%). The obtained results are
in agreement with the expected temperature dependence of
the specific heat capacity of amorphous solids, as reported in
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Reference [18]. Additionally, the observed linear behaviour
above 100K is consistent with the previously reported find-
ings on pure polystyrene with varying densities, as docu-
mented in Reference [26].

From the obtained thermal properties, the ideal cool-
ing time of a sample of the plastic scintillator UPS-923A
can be determined. In this study, one side of a cylindri-
cal plastic scintillator sample, measuring 297 mm in diam-
eter and 50mm in height (similar in dimension to the
NUCLEUS cryogenic muon veto developed and commis-
sioned in Sect. 3), is assumed to be perfectly coupled to the
still stage of a cryostat. The entire cooling power of the still
stage of O(1mW) [15] is hypothetically considered to be
available for thermalizing the plastic. Using actual cool-down
data for the still temperature as a boundary condition, we
estimated the temperature curve of the opposite side of the
plastic scintillator disk. The still stage cool-down curve and
the calculated cool-down curve of the plastic scintillator are
presented in Fig. 3. In this hypothetical case of ideal thermal
coupling to a given heat bath, cool-down time is only limited
by the intrinsic thermal conductivity and heat capacity: the
non-coupled end of the plastic scintillator closely follows the
still temperature with a delay of approximately 2 h. However,
achieving the idealized assumption of perfect coupling over
the entire side of the disk is difficult to realize in an actual
thermalization experiment. When thermalizing a kilogram-
scale piece of an amorphous plastic, practical challenges
regarding the realization of the thermal coupling turn out the
primary limitation of the achievable cool-down time. These
challenges include imperfect surface flatness, limited con-
tact pressure that can be exerted on an amorphous polymer
compared to a metal, increasing thermal contact resistance
at lower temperatures and considerable differences in ther-
mal contraction coefficients between polystyrene and cop-
per. These factors, all of which are ignored in the ideal case,
severely restrict the thermal coupling strength. A sophisti-
cated thermalization concept, taking into account the lim-
iting factors in the implementation of a realistic thermal
coupling, was developed and commissioned in Sect.3 for
a cryogenic muon veto for the NUCLEUS experiment. The
resulting cool-down curve measured for a prototype plastic
scintillator sample is likewise depicted in Fig.3 and is, as
expected, considerably slower than the ideal case.

2.2 Temperature dependence of the measured light signals

We instrumented a 42 mm (&) x 42 mm (h) cylindrical sam-
ple of the plastic scintillator UPS-923A, mounted on top of
the still stage of a dry dilution refrigerator, for light-read out.
Four BCF-91A wavelength shifting fibers [29] have been
glued into small grooves on the side to collect and guide
the scintillation light. The plastic scintillator was wrapped in
diffusive polyester foil (Lumirror E6SR from Toray [30])

103start pre-cooling mixture condensation

material sample: UPS-923A
diameter 297mm, height 50mm

temperature [K]

107}

10'

—— still stage (heat bath)
-~ - - calculated (perfect coupling)
1000 measured (realistic coupling)

0 1 2 3 4 5
time [days]

Fig. 3 Cool-down curves of the plastic scintillator in logarithmic tem-
perature scale. The orange curve represents the simulated cool-down
curve assuming perfect thermal coupling. The yellow curve represents
the measured cool-down curve with a tailored thermalization concept
described in detail in Sect. 3. The blue curve shows the reference cool-
down curve of the still stage. The start of pre-cooling and the conden-
sation of the 3He/*He mixture to reach base temperature are indicated

(green)

to increase light collection. A KETEK PE3325-WB TIA
TP SiPM module [31] attached to the bottom of the 300K
plate of the cryostat was used to detect the scintillation
light. SiPMs are solid-state single-photon-sensitive devices
composed of arrays of independent avalanche photo diodes.
When operated in Geiger mode, single-photons can trigger
a self-sustained process of avalanche ionization, which is
converted into a macroscopic current flow. The signals were
acquired with a self-triggering Struck SIS3316 analog-to-
digital converter (FADC) [32]. The experimental setup is
depicted in Fig.4. Data with the scintillation detector have
been taken in different phases of a cool-down cycle: (i) in
thermalized condition at 4K at the end of the pulse tube pre-
cooling; (ii) at the still stage base temperature of 800 mK; (iii)
after warm-up to room temperature at 300K, as reference.
The main observable is the integrated charge Q of the sig-
nal pulse, which is a measure for the collected scintillation
light and hence an estimate of the deposited energy by a
traversing particle in the plastic scintillator. Figure5 shows
the charge spectra of events measured at 0.8 and at 300 K.
The value of the pulse charge Q can be retrieved from inte-
gration of the signal pulses over an interval of 400ns (the
integration gate is indicated in magenta in the muon pulse
trace in Fig. 6). The spectrum features (1) a sharp rise towards
the threshold and (2) a less steep continuous muon spectrum
featuring a local maximum. As illustrated in Reference [33],
the large dark count rate of the SiPMs can be used to moni-
tor their stability and calibrate their gain (i.e., the amount of
charge created for each detected photon). Charge spectra of

@ Springer
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Fig. 4 Picture of the plastic scintillator sample installed in the dry
dilution refrigerator. The cylindrical plastic scintillator (1) is thermally
coupled to the still stage (at ~850mK) through a customized copper
mounting plate (2) thermalizing it via the contact pressure from the bot-
tom. The wavelength shifting fibers (3) are guided through the cryostat
to the SiPM, which is attached to the bottom of the 300 K plate

dark counts have been recorded for each respective measure-
ment, from which the gain of individual Geiger discharges
can be obtained. In analogy to PMTs, the term “number of
photoelectrons” (NPE) is used in the following. Since the
SiPM is thermally coupled to the 300K stage of the cryo-
stat, it is not expected to be subject to significant tempera-
ture fluctuations. However, even small ambient temperature
changes of a few Kelvin (e.g. due to heat radiation from
colder cryostat stages or the working pulse tube, conduc-
tion through the adjacent fibers or fluctuations in the ambient
temperature in the laboratory) can influence the gain of the
SiPM. The calibration of the measured spectra accounts for
such possible gain variations of the SiPM and hence allows
for a direct comparison of measurements with the plastic
scintillator thermalized at different temperatures. In the case
of the above measurements at 800 mK and 300K, the gain
was determined to be (83.46+0.37) FADC a.u./PE (300K)
and (72.84 £0.70) FADC a.u./PE (800 mK), respectively. To
quantify the light output of the scintillation detector, we fit a
horizontal scaling factor on the spectrum recorded at 800 mK
(blue) to bring it in agreement with the reference spectrum
recorded at room temperature (green). This approach, while
not depending on a specific shape model, yields a global light
output parameter to interpret the difference between the two
spectra. For the best-fit scaling factor of 0.63 +0.02, a very
good agreement is observed between the rescaled 800 mK
spectrum and the 300K spectrum, quantified by a x >/ndf of
19.89/21=0.94. The resulting rescaled 800 mK spectrum is
shown in Fig.5 (in purple) together with the residuals. In
order to not dominate the statistical weight of the fit by the
low energy background, the fit range been has been restricted
to the muon tail between 70 and 150PE. The retrieved best-
fit scaling factor corresponds to an increase of the detector’s
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Fig. 5 Gain-calibrated NPE spectra of events recorded with the scintil-
lation detector (42 mm &, 42mm /) thermalized at 800 mK (blue) and
at 300K (green). Both spectra feature (1) a region for low energetic
background events cut at a certain threshold (orange) and (2) a contin-
uous spectrum at higher energies corresponding to muon events. The
range between 80 and 120PE, taken to build an averaged muon pulse at
0.8 K (300K), is marked (magenta arrows) in the NPE spectrum. The
best-fit rescaled 800 mK spectrum (purple) is also shown, together with
the residuals of the spectra. Error bars are statistical only

light output by a factor of 1.61 £ 0.05 at 0.8 K compared to the
reference measurement at 300K. At 4K, the light output is
consistent with the measurement at 0.8 K. Since all measure-
ments at the various temperatures have the same calibrated
spectrum of atmospheric muons as their basis, the observed
increase in measured NPE implies that, for a given energy
deposition in the plastic scintillator, more light is ultimately
reaching the SiPM. In a separate run, during the 12h warm-
up from sub-Kelvin temperature to room temperature, it was
also observed that the change in light output continuously
follows the change in temperature over a wide range.

The observed increase of the integrated pulse charge QO
towards lower temperatures is consistent with what is gener-
ally reported at higher temperatures [20-23,34,35]: as tem-
perature decreases, photoluminescence quantum yields of
organic scintillators are expected to increase, since quench-
ing by non-radiative processes associated with the thermal
agitation of organic molecules is expected to decrease [36].
However, it is important to note here that the light output of
the scintillation detector is only an indirect measure of the
photoluminescence quantum yield of the organic scintilla-
tor due to the intermediate light collection and light guiding
processes (e.g. through wavelength shifting fibers and the
diffusive polyester foil). Hence, simultaneous temperature-
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Fig. 6 Averaged muon pulses captured with the scintillation detec-
tor thermalized at 800mK (blue) and at 300K (green), together with
the respectively applied multi-exponential fits (dashed lines). The inset
shows the averaged muon pulse at 800 mK plotted in logarithmic ampli-
tude scale and details individually the fits of the slow and fast decay
components of the overall pulse. For better comparability, the pulse
amplitude is normalized to 1. The integration gate to determine the
pulse charge Q is marked (magenta arrows)

dependent effects occurring after the generation of scintilla-
tion light may additionally affect the overall light output of
the detector. For instance, a shift of the mean wavelength in
the emission spectrum of the plastic scintillator, which has
been chosen to match the absorption spectrum of the WLS
fibers, might affect the light collection efficiency and thus the
measured light output [34].

To investigate a potential temperature-dependency of the
time response of the scintillation detector, a standard muon
pulse has been obtained at 0.8 K (4, 300 K) by averaging over
a total of 2239 (2540, 829) single pulses with an integrated
charge Q between 80 and 120PE (the respective charge range
is marked (magenta) in the charge spectrum in Fig.5). The
resulting standard signal pulse shape can be fitted by a sum
of exponential functions [23]:

Al t—ty t—1y
Fy = —21 exp( =20 ) —exp( -
Tfast —T0 Tfast 70
A t—1 r— 1
Tslow — T0 Tslow 70

“

with A; corresponding to the intensities, 7; the decay times
for the fast and slow light emission components and tq the
integration constant of the electronics. The fitted standard
muon pulses captured at 0.8 and at 300K are depicted in
Fig.6.

The values of the fast and slow decay time obtained from
the fits of the averaged muon pulses are summarized in Table

Table 1 Summary of the fast decay time 7y, and the slow decay
time T4,y of the averaged signal pulses, as well as the decay time
tsi py of single-photon SiPM signals acquired at 0.8, 4 and 300 K. The
decay times for the fast and slow light emission components have been
retrieved from the multi-exponential fit of the averaged muon pulse.
Only statistical uncertainties are given

Tfast [ns] Tslow [DS] Tsipm [ns]
0.8K 454+14 270.6 +68.4 19.0£2.1
4K 46.2+1.2 343441114 189£1.8
300K 354+£2.1 200.6+61.1 19.0£4.0

1 for the measurements with the plastic scintillator thermal-
ized at 0.8, 4 and 300 K.

The fast decay time, Tyq5, remains constant within
the uncertainty for the measurements at 0.8 and 4K and
decreases by a factor of 1.29 +0.09 for the measurement at
300K. The slow decay time, g0y, Was found not to change
within a large uncertainty of ~30%, which is entirely statis-
tical in origin.

In order to monitor the SiPM performance, we conducted
an independent cross-check: the averaged pulse shape of
single-photon SiPM signals (induced by dark counts) yields
information about the time response of the SiPM and has
been compared for the measurements at the respective tem-
peratures. The recovery time of the SiPM, tg;pys, is dom-
inated by the pre-amplifying electronics, which features a
bandwidth limit of 12.5MHz [31]. It was found to be con-
stant at (18.9+1.6)ns for all of the above measurements
(see Table 1). Hence, the observed temperature dependency
of the time response of the measured light signals cannot be
attributed to the performance of the SiPM during different
phases of the cool-down cycle.

The measured properties of the detector’s light output and
time response at temperatures below 1 K validate the perfor-
mance of a polystyrene-based scintillator inside a running dry
dilution refrigerator. In particular, the pulse decay time in the
sub-Kelvin temperature range is only modestly slowed down,
making it well-suited for deployment as a fast anti-coincident
muon veto. Based on that, the following Sect. 3 describes the
development and the first sub-Kelvin commissioning of a
cryogenic muon veto for the NUCLEUS experiment.

3 A cryogenic muon veto for the NUCLEUS experiment

The NUCLEUS experiment will use cryogenic calorimeters
inside a dry dilution refrigerator to measure reactor antineu-
trinos scattering coherently off the target nuclei. The target
detector is surrounded by a ~ 1 m3-sized passive shielding
positioned outside the cryostat consisting of polyethylene
and low-background lead. Operating at an overburden of
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3m.w.e., ahigh muon tagging efficiency especially in the area
above the target detectors is crucial to achieve the necessary
background reduction to a level of 100 counts/(keV-kg-day).
A state-of-the-art muon veto consisting of a compact cube
assembly of 28 single organic plastic scintillator panels her-
metically placed around the passive shielding has been devel-
oped in Reference [33]. The arrangement is shown schemat-
ically in Fig. 7.

The operation of an organic plastic scintillation muon
veto inside the cryostat of the NUCLEUS experiment at sub-
Kelvin temperatures allows to close the remaining hole where
the dry dilution refrigerator enters the shielding and hence to
increase the overall muon veto efficiency with a minimum of
additional active detector material. Extensive GEANT4 [37]
Monte Carlo simulations have been implemented in Refer-
ence [38] in order to estimate the residual background level
in the NUCLEUS target detector at sub-keV energies. The
simulations consider the full NUCLEUS apparatus geome-
try (including the cryogenic muon veto) and a muon veto
anti-coincidence cut at a threshold of 5MeV. Preliminary
results confirm that an efficiency for muon identification of
more than 99% and an associated muon rate of 325 Hz can
be achieved, meeting the requirements of the NUCLEUS
experiment. The cryogenic muon veto critically reduces the
background of muon-induced events in the target detector’s
region of interest between 10—100eV by an additional fac-
tor of approximately 2—3 and thus proved to be an essential
component for NUCLEUS towards achieving the required
benchmark background index of 100 counts/(keV-kg-day).

3.1 Cryogenic muon veto integration into the NUCLEUS
cryostat

We have built a cryogenic muon veto specifically for deploy-
ment in the NUCLEUS experiment. It consists of a plastic
scintillator disk instrumented with a fiber based light-guide
system together with a SiPM based read-out system and
was commissioned inside a commercial LD 400 3He/*He dry
dilution refrigerator provided by Bluefors [15]. The detec-
tor concept and the detector integration with the cryogenic
infrastructure is shown schematically in Fig.8. A disk of
the plastic scintillator UPS-923A with an outer diameter
of 297mm and a height of 75 mm is employed underneath
the mixing chamber plate of the NUCLEUS cryostat. At
minimum ionization energy loss, a muon deposits about 2
MeV/cm along its passage through a polymer-based plastic.
Gamma-rays from natural radioactivity, which extend up to
2.6 MeV in energy, can thus be efficiently discriminated from
muons by a simple energy cut. In order to maximize the cov-
erage above the target detector, the outer diameter of the disk
was chosen to tightly fit the innermost vessel of the cryostat,
leaving a required gap of 4 mm for the feed-through of the
detector wiring.

@ Springer

The disk (shown schematically in Fig.7) features four
bended grooves arranged in a grid pattern, each of which
guides a commercially available multi-clad BCF-91A wave-
length shifting fiber [29] through the interior of the plastic
scintillator, respecting the fibers’ minimum recommended
bending radius of 5cm. Perpendicular grooves are milled at
two different depths in order to avoid conflicts due to the
crossing of the fibers. The absorption and emission spectra
of the fibers match well the transmission spectrum of the
UPS-923A plastic scintillator and the range of high photo
detection efficiency of the chosen SiPMs. The fibers are glued
via the two component clear epoxy resin BC 600 [39] into the
grooves, assuring thorough fixation and maximization of the
contact surface. An inner hole with a diameter of 45 mm is
required for the feed-through of the support structure of the
target detector.

The scintillation light produced by the disk is absorbed by
the fibers, isotropically re-emitted at a longer wavelength and
transmitted through the fibers by total internal reflection. The
two ends of each fiber are exiting the grooves towards the top
and guided 100 cm up to the 300K plate of the cryostat to be
read out on both sides, hence maximizing scintillation light
collection. Halfway, the fibers are thermally coupled to the
intermediate 4K plate using a copper wire. The large pliabil-
ity offered by the WLS fibers allows to flexibly guide the light
through the cryostat vessels across its stages towards a pre-
amplified KETEK PE3325-WB TIA TP SiPM module [31],
operating at an overvoltage of Voy =5V. The total of eight
ends of the four fibers are bundled to a cross-sectional area
of 8 mm? by a custom-made PVC connector and attached to
the SiPM module, which has a 3x 3 mm? active area and a
pixel size of 25 wm. The connector design ensures precise
alignment of the fiber ends parallel to the active area of the
SiPM, leaving a safety gap of a few hundred microns between
the two surfaces. Thorough optical coupling is ensured with
optical grease. To enhance the light collection, the plastic
scintillator disk is hermetically covered with the diffusive
polyester foil Lumirror E6SR from Toray [30]. The SiPM
module is mounted inside a custom-made PVC casing to the
bottom of the 300K plate inside the cryostat and thus oper-
ating at room temperature. Since the time response of SiPMs
is significantly delayed with decreasing temperatures due to
the built-in quenching resistor [40] it was opted against cou-
pling the SiPM to a lower temperature stage of the cryostat.
The SiPM signals are fed out of the cryostat via vacuum-tight
LEMO feedthroughs into a 16-channel self-triggering Struck
SIS3316 FADC with a sampling rate of 125 MHz [32].

The positioning of a cryogenic muon veto inside the cryo-
stat of the NUCLEUS experiment, directly above the tar-
get detectors, requires sub-Kelvin operating temperatures in
order to keep the radiative heat load on the lower cryostat
sections within tolerable limits. Thermalization of the plas-
tic scintillator at approximately 850 mK (7y,;;;) takes advan-
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Dry Dilution Refrigerator---------.

Muon Veto------._

Fig. 7 Schematic cutaway drawing of the NUCLEUS experimental
setup. The NUCLEUS cryostat containing the target detector is shielded
by a ~ 1 m3-sized passive shielding consisting of polyethylene (yellow)
and lead (gray). The shielding is placed on rails in order to access the
target detectors. The outermost layer is an active muon veto (orange),
consisting of 28 single organic plastic scintillator panels each enclosed

tage of the increased cooling power of the still stage rel-
ative to the mixing chamber stage, without, however, sig-
nificantly increasing the thermal radiation on the detector
volume. Moreover, the suitability of the still stage as the
thermalization stage for the cryogenic muon veto and the
associated operating temperature of ~ 850 mK has been con-
firmed by the proof-of-principle measurements in Sect.2 —
encompassing thermal material and light output properties.
To achieve efficient cooling to still temperature within one
week, a tailored thermalization concept was developed and
evaluated in a prototype cool-down. The thermalization con-
cept is shown schematically in Fig. 9. The concept involves a
copper cold finger (cross-sectional area of 256 mm?) attached
beneath the still stage and extending below the mixing cham-
ber stage. Four individual copper thermalization spots are
thermally connected to the plastic scintillator, positioned on
top of it. By employing multiple individual copper thermal-
ization spots, rather than forcing a large contact area, the
disparate thermal contraction coefficients between copper
and polystyrene can be accounted for. Thin copper bands
(cross-sectional area of 2.5mm?) are connecting the ther-
malization spots to the cold finger. To mitigate the effects of
increasing thermal boundary resistance, the thermalization
spots are screwed onto the cryogenic muon veto, ensuring
high contact pressure. A thin layer of Apiezon grease [25] is
applied between the surfaces to maximize effective contact
area and enhance thermal coupling. The cryogenic muon veto
is sitting above the target detectors on a copper base plate,

Plastic Scintillator -

WLS Fiber-----wwwsromeee.

in a light-tight aluminium box and placed hermetically around the
NUCLEUS cryostat. The remaining hole is closed by a cryogenic muon
veto (zoom-in): an organic plastic scintillator disk mounted in the inside
of the cryostat, operating at sub-Kelvin temperatures and instrumented
with wavelength shifting fibers

mechanically connected via a designated bayonet mount to
a central rod passing through the cryostat.

To verify the thermalization concept developed for the
NUCLEUS cryogenic muon veto, we have tested it by cool-
ing a cylindrical ~ 3 kg sample of the UPS-923A plastic scin-
tillator inside the cryostat. The measured cool-down curve of
the plastic scintillator is depicted in Fig. 3 in Sect.2.1. In the
prototype run, the plastic scintillator reached still temperature
within 5.4days of cool-down time. Besides the increasing
thermal contact resistance towards lower temperatures and
the limited contact pressure that can be exerted on an amor-
phous polymer compared to a metal, it is primarily the dras-
tically reduced cross-sectional thermal coupling area com-
pared to the hypothetical ideal case that is expected to signif-
icantly limit the thermal coupling strength. This explains the
prolonged thermalization time of several days, as compared
to the ~2h delay estimated in Sect.2.1 for the case of ideal
coupling. By increasing the number of thermalization spots
or the cross-sectional area of the linking copper bands, the
thermal coupling strength could be further increased, thereby
reducing the cool-down time. Nevertheless, the achieved
cool-down time of 5.4 days with the given realisation of the
thermal coupling is yet fully compatible with the anticipated
overall cool-down time for the entire NUCLEUS experiment.
Due to the presence of a cryostat-internal passive shielding
consisting of about 13.5kg of polyethylene and 39 kg of lead
(see Fig.8), a cool-down time of 10days or more is antic-
ipated for the NUCLEUS setup. This timeframe is compa-
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Cryogenic Muon Veto

i

Target
Detector

Fig. 8 Schematic drawing of the NUCLEUS cryogenic muon veto
(CMYV) detector concept with views of the various detector sub-systems,
namely the plastic scintillator disk installed underneath the mixing
chamber (MC) plate of the NUCLEUS dry dilution refrigerator (bot-
tom right), the coupling of the bundled WLS fibers via the custom-made
PVC connector to the active area of the SiPM (middle right) and the
SiPM attachment to the 300 K plate (fop right). In addition, the cryostat-
internal passive shielding, consisting of a low-background lead disk (Pb)
and a cylindrical polyethylene block (PE), as well as the target detector
are indicated

Still

--Cold Finger
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B t - Th lizati
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Mount f : Spots
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Fig. 9 2D-schematic of the NUCLEUS cryogenic muon veto thermal-
ization concept. The plastic scintillator disk is positioned on a copper
base plate, mechanically mounted to the cryostat’s central rod using
an easy-to-fasten bayonet mount. Several copper thermalization spots,
screwed to the plastic, are thermally coupled to a copper cold finger
extending below the still stage via flexible copper bands
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rable to that of other cryogenic experiments with significant
passive shielding at low temperatures [10,41].

3.2 Results of the cryogenic muon veto characterization

We have installed and commissioned the cryogenic muon
veto conceived for the NUCLEUS experiment inside the
running pulse-tube pre-cooled dry dilution refrigerator at
sub-Kelvin temperatures. Thereby, the fiber-equipped plastic
scintillator disk (297 mm in diameter, 75 mm in height) has
been fully characterized in terms of its capability to separate
the ambient gamma background from muons and, accord-
ingly, its muon identification power. This is of central interest
for the performance of the muon veto. For the measurements
discussed in the following, the assembled cryogenic muon
veto was mechanically mounted on a copper plate suspended
below the mixing chamber stage of the NUCLEUS cryostat
(as shown in the image in Fig. 8). The guidance of the fibers
through the dry dilution refrigerator, the mounting of the
SiPM to the 300K stage and the signal processing have been
implemented as described in Sect. 3.1. The plastic scintillator
disk reached a final operating temperature of 860 mK, which
lies within the nominal base temperature range of the still
stage of a Bluefors LD 400 3He/*He dry dilution refrigerator.
The temperature of the plastic was monitored using a cali-
brated ruthenium oxide temperature sensor directly screwed
into the plastic.

Figure 10a shows the measured charge spectrum of events
in the cryogenic muon veto thermalized at 860 mK, triggering
at a low threshold of a few mV. The full spectrum features (1)
a sharp rise towards the threshold, (2) Landau-like distributed
muon events, and (3) a well-defined “plateau” separating the
two contributions. The low energy events are dominated by
environmental gamma-rays from the natural radioisotopes
40K, 226Ra, 238U and 232Th, with the highest natural gamma-
line at 2.6 MeV originating from 2%T1 in the 23 Th natural
decay chain. The plateau originates from muons traversing
only a fraction of the plastic scintillator near an edge. Hence,
the appearance and the shape of the plateau depend on the
geometry and orientation of the plastic scintillator. Owing to
their reduced track length, these “clipping muons” deposit
less energy in the plastic and thus also contribute to the
low energy part of the spectrum. The muon distribution can
be described by a Landau fit with most probable value at
(158 £24) PE, corresponding to an energy deposition in the
plastic scintillator of 15MeV. The latter value has been veri-
fied in a dedicated GEANT4 Monte Carlo simulation of the
energy deposited by atmospheric muons traversing the plastic
scintillator disk. Assuming linear energy response, a conser-
vative 5MeV energy cut well above the 2.6 MeV gamma-
line of 2%8T1 can be applied as benchmark, see Fig. 10. The
pedestal (plotted below the threshold) has been obtained from
integrating the empty baseline of each captured trace before
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Fig. 10 a shows the gain-calibrated NPE spectrum of events (gray)
recorded with the cryogenic muon veto disk (297 mm &, 75 mm /) oper-
ating at 860mK, and a restriction to exclusively muon events via the
coincidence criterion (blue). The full spectrum features (1) a region for
low energetic background events cut at a certain threshold (orange), (2)
a muon distribution and (3) a well defined “plateau”. The most proba-
ble value of the muon distribution can be determined with a Landau fit

the onset of the triggered signal pulse and is used to monitor
the SiPM stability.

Muon events are identified by means of a twofold coinci-
dence with an external scintillator panel installed right under-
neath the outermost vessel outside of the cryostat. The coinci-
dence criterion constrains the angular acceptance of imping-
ing muons and hence their total rate. As expected, restricting
the angular acceptance also decreases the mean path trav-
eled by muons through the plastic scintillator. This, in turn,
shifts the most probable value of the coincidence-restricted
muon distribution towards lower energies, as can be seen in
Fig. 10a. Moreover, the twofold coincidence condition sup-
presses the ambient gamma background. Given the restric-
tion of the angular acceptance, many of the clipping muons
contributing to the low energy part of the spectrum are not
selected by the coincidence criterion.

The capability of a plastic scintillation muon veto to sepa-
rate ambient gamma background from muons is essential in
order to minimize false veto signals induced by gammas and
at the same time maximize the muon identification power,
which is defined as the fraction of selected muon events
above a certain threshold. For this reason, the choice of the
energy cut above which triggered events are considered for
the anti-coincidence with the target detector is of particular
relevance for the operational performance of the cryogenic
muon veto. Ideally, this cut maximizes the muon identifi-
cation power, while keeping the total trigger rate (and thus
the induced target detector dead time) as low as possible.
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to be (158 £24)PE, corresponding to 15MeV. A conservative 5 MeV
energy cut is indicated in the plots as a reference (yellow). b shows the
total rate (green) and the muon identification power (purple) as function
of the threshold position, retrieved from the corresponding spectra. The
inspected region between 30 PE and 130 PE is marked (magenta arrows)
in the charge spectrum

Figure 10b plots the total rate (green) and the muon identi-
fication power (purple) as function of the threshold position
between 30 and 130PE in the NPE spectrum - corresponding
to deposited energies between ~2.8 MeV and ~ 12.2MeV.
The information on the total rate has been extracted from
the full charge spectrum of events (Fig. 10a, gray), whereas
the information on the muon identification power relies on
the coincidence-restricted muon spectrum (Fig. 10a, blue).
Below around 40PE (corresponding to ~ 3.8 MeV), the total
rate is increasingly dominated by the high rate of ambient
gammas and hence increases steeply with decreasing thresh-
old position. Nevertheless, due to the compactness of the
cryogenic muon veto, a muon identification power of > 95%
can be achieved at moderate total rate of <10Hz, given
the underlying coincidence-restricted sample of muons. This
will allow us to apply an energy cut even below 5 MeV with-
out significantly increasing the expected overall muon iden-
tification rate of ~ 325 Hz for the full assembly [33]. Clip-
ping muons that escape detection in the cryogenic muon veto
may eventually be detected in a neighboring panel, compare
Fig.7.

The optimal choice of the energy cut for the cryogenic
muon veto, and from that the overall efficiency of muon iden-
tification, will be conclusively determined during the com-
missioning of the full NUCLEUS muon veto in 2023 under
real operating conditions (i.e., for an unconstrained sample
of muons and in the interplay of the complete NUCLEUS
muon veto).
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4 Conclusion and outlook

Muon-induced events are anticipated to be among the limit-
ing background sources for experiments searching for rare-
events at experimental sites located on-surface. To achieve
the sensitivity goals, highly efficient and hermetic muon
vetos are indispensable. By deploying cryogenic detectors,
which typically exhibit slow time response (O(100ws)),
many rare-event search experiments face stringent con-
straints on the tolerable anti-coincident muon rate. Consid-
ering the large experimental volume offered by state-of-the-
art cryogenic facilities, crucial for achieving temperatures of
O(10mK), compact muon veto solutions integrated within
the cryostat’s interior are an appealing option. In this con-
text, we have developed a novel cryogenic muon veto: an
instrumented plastic scintillator operating inside a running
dry dilution refrigeration.

For the NUCLEUS CEvNS experiment, we construct-
ed and commissioned a cryogenic muon veto operating at
860mK, which achieves a muon identification power of
> 95% at moderate total rate of < 10 Hz. As simulations have
shown, the cryogenic muon veto is an essential component
for NUCLEUS to tackle the dominant muon-induced back-
grounds and, accordingly, towards achieving the required
benchmark background index.

As a foundation for this application, we demonstrate the
feasibility of instrumenting and operating organic plastic
scintillators for particle detection in sub-Kelvin temperature
environments by examining the thermal material and light
output characteristics of a plastic scintillation detector. The
polystyrene-based UPS-923 A exhibits a low thermal conduc-
tivity of k=(0.008165 %= 0.000133) W/(K-m) at 0.8 K, along
with a considerable heat capacity of C=(0.148£0.023)
J/(K-kg) at 1 K. In comparison, at similar temperatures cop-
per has a four orders of magnitude higher thermal conduc-
tivity and a twenty times lower heat capacity. These num-
bers imply that much more energy needs to be dissipated for
the thermalization of amorphous polymers than for the same
amount of copper, but with drastically inferior heat trans-
fer. However, due to the amorphous nature and significant
thermal contraction of plastic scintillators, it is not primarily
the intrinsic material properties but the challenges in imple-
menting an efficient thermal coupling that limit the thermal-
ization time of kg-scale amorphous polymers. Nevertheless,
owing to a sophisticated thermalisation concept, we demon-
strate the capability of cooling O(kg) of amorphous poly-
mers down to an operating temperature of ~ 850 mK within
a few days. This cooling timeframe aligns with the typical
cool-down times for many experiments utilizing cryogenic
facilities, thereby enabling the integration of plastic scintilla-
tors into the immediate environment of cryogenic detectors.
The measured light output properties of the detector, which
was found to increase by a factor of 1.61 £ 0.05 towards low
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temperatures, reveal enhanced photon statistics facilitating
efficient light read-out. The time response in the sub-Kelvin
temperature range is only modestly slowed down by a factor
of 1.29+ 0.09, making it significantly faster than cryogenic
detectors even at such low temperatures.

We have developed and deployed a novel and versatile
detector concept: it is distinguished by the operation of a
SiPM at constant room temperature inside a running dry dilu-
tion refrigerator; by the flexible guiding of the WLS fibers
through the vessels of a cryostat; and by the plastic scintilla-
tor operating at sub-Kelvin temperatures. The read-out tech-
nique using WLS fibers and a SiPM to guide and detect the
scintillation light provides flexibility, vacuum compatibility,
and allows for integration into various cryogenic environ-
ments. This technology, with its fast (O(100ns)) light read-
out, may also be an interesting alternative to the conventional
bolometric light read-out of scintillating materials using aux-
iliary ultra-low temperature sensors, particularly when fast
timing rather than high energy resolution is of interest. Fur-
thermore, by operating the active detector material in the
interior of a dry dilution refrigerator in close proximity of
the cryogenic target detector, it becomes possible to achieve
compactness and high efficiency alike. The fast time response
and easy scalability to large detector masses in the kilogram
range even at low temperatures make plastic scintillators par-
ticularly well suited for use as anti-coincidence muon veto
at sub-Kelvin temperatures. This opens up new perspectives
for the search for rare-events with cryogenic detectors at sites
lacking substantial overburden.
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