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Demonstration of the light collection stability of a
PEN-based wavelength shifting reflector in a tonne scale
liquid argon detector
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ABSTRACT: Liquid argon detectors rely on wavelength shifters for efficient detection of scintillation
light. The current standard is tetraphenyl butadiene (TPB), but it is challenging to instrument on a large
scale. Poly(ethylene 2,6-naphthalate) (PEN), a polyester easily manufactured as thin sheets, could
simplify the coverage of large surfaces with wavelength shifters. Previous measurements have shown
that commercial grades of PEN have approximately 50% light conversion efficiency relative to TPB.
Encouraged by these results, we conducted a large-scale measurement using 4 m?> combined PEN and
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specular reflector foils in a two-tonne liquid argon dewar to assess its stability over approximately
two weeks. This test is crucial for validating PEN as a viable substitute for TPB. The setup used for
the measurement of the stability of PEN as a wavelength shifter is described, together with the first
results, showing no evidence of performance deterioration over a period of 12 days.

Keyworbps: Noble liquid detectors (scintillation, ionization, double-phase); Dark Matter detectors
(WIMPs, axions, etc.); Neutrino detectors
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1 Introduction

Detectors using liquid argon (LAr) as active target material are common in dark matter and neutrino
physics experiments [1]. These detectors rely on wavelength-shifting (WLS) materials, in particular
tetraphenyl butadiene (TPB), to convert argon scintillation light produced at 128 nm to visible
wavelengths, enabling efficient detection [2—11]. To obtain a uniform and efficient WLS layer, TPB
must be applied on a substrate by vacuum deposition [12, 13], which makes it difficult to use in the
upcoming generation of multi-tonne-scale detectors with surface areas of many hundreds of m?, much
larger than a typical vacuum evaporator [10, 11]. Poly(ethylene 2,6-naphthalate) (PEN) is currently
considered a replacement for TPB [14—17] and for use as a self-vetoing structural material [18, 19].
PEN has been shown to have 30% to 75% of the efficiency of TPB for shifting LAr scintillation
photons to visible wavelengths [15-17, 20, 21], with the measured relative light yield (LY) depending
strongly not just on the intrinsic quantum efficiency of the WLS grade and batch but also on the
configuration of the setup, such as geometry and photosensor coverage, as well as the optical properties
of the structural carrier, reflector, and WLS layers.

So far, only small samples of less than 0.04 m?> of PEN have been studied in LAr test setups [16,
17, 20]: only one measurement was carried out for more than a few days [21], with no explicit stability
results reported. We report here on the uniformity and stability of a 4 m> PEN-based wavelength
shifting reflector (WLSR) setup in a LAr detector over a period of 12 days, by measuring the LY using
24 Am «’s and cosmic ray (CR) secondary w’s. This is an essential qualification step for using PEN
as the wavelength shifter in the next generation of LAr experiments.
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Figure 1. (left) Experimental setup as implemented in GEANT4. Scintillation light, produced when « particles
deposit energy in LAr, is wavelength-shifted to visible light at the PEN walls. Visible photons reflect on the
surfaces until they are either absorbed or detected by the PMT. The « source is moved radially and vertically to
different positions for characterizing foil uniformity. (right) Picture of the hexagonal cage partially lined with
PEN and reflector foils.

2 Experimental setup

2.1 PEN WLSR setup

A conceptual design of the experimental setup is shown in figure 1 (left). We use commercially
available 25 pm thick Teonex Q53 PEN based on measurements reported in refs. [16, 17] loosely
backed by a 3M DF2000MA specular reflector film.! The WLSR foils are assembled on the inner
surface of a hexagonal cage as shown in figure 1 (right) with an outer diameter of 99.5 cm and a
height of 101.5 cm, and installed inside a two-tonne LAr dewar located in the CERN Building 182.
An ' Am « source is placed on the tip of an L-shaped lever connected to a linear and rotary motion
feedthrough (also lined with the reflector) such that it can be moved vertically and laterally within
the cage. The o emission rate from the surface of the source was assayed to be 17.8(14) kHz. The
source emits « particles with a peak energy of 4.8 MeV,2 which have a range of approximately
43 pm in LAr. For measuring the LY uniformity, the o source is placed at a height of approximately
80cm (“top”), 40 cm (“middle”), and O cm (“bottom™) with respect to the bottom surface of the cage.
Additionally, the source is also rotated horizontally to 0° (“center’”), 50° (“right”), and —50° (“left”).
The photomultiplier tube (PMT) is located at an angle of —20° with respect to the “center” position.
A white LED is also placed on the « source holder.

IThe adhesive backing layer was wetted with toluene and manually removed. The remaining film is similar to 3M
Enhanced Specular Reflector (ESR).

2The peak energy is less than the nominal 5.5 MeV due to a 1.8 pm palladium protective film covering the radioactive
material, in which the o particles lose some of their energy. The 60keV gamma emitted from 241 Am has a negligible
contribution to the overall energy deposited in LAr.
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Figure 2. Traces of x-events, triggering the DAQ (left) or in the post trigger window (right). The energy of the
« event is estimated by the area of pulses in the blue shaded time window. The green-shaded region indicates
the prompt time window.

CR p’s also deposit energy in the LAr volume. The p spectrum peaks in the energy range of
0.1-10 GeV where the p’s are minimum ionizing particles (MIP). With CR angles of incidence
peaking toward the vertical direction, most ’s travel the length of the detector, or approximately
1 m, depositing approximately 300 MeV along their path.

LAr is supplied from an external supply tank with a O(1 ppm) impurity level. The dewar is
operated at 40—100 mbarg with a gas ullage of 3—15 %. A purifier from ICARUS [22, 23] consisting
of a 2L molecular sieve (Hydrosorb) and a 4 L chromium oxide cartridge (Oxisorb®), for water and
oxygen adsorption, is located on the top flange and open to the gas ullage. Regular refills with the
filter in-line ensure a minimum LAr level is maintained, monitored with a capacitive level meter, such
that the PMT and its electronics base are fully submersed in the liquid.

2.2 Light detection and data acquisition

The wavelength-shifted light is detected by an 8’ VUV-blind Hamamatsu R5912-MOD PMT,
repurposed from the ICARUS experiment [24] and installed at the top of the cage, looking into the
cage volume through a circular hole of 4" diameter in the WLSR foil. At the PEN peak emission
wavelength of 430 nm [25], the PMT has a quantum efficiency of 16—18% [24, 26]. The PMT signals
are recorded with a 14-bit CAEN V1724 digitizer with a 100 MHz bandwidth, set to self-trigger. The
trigger threshold was set to pass the 2*! Am o events while rejecting the lower-energy background
events from 3°Ar 3-decays. When a trigger happens, the PMT voltage is converted to ADC units with
a sampling rate of 100 MS/s and saved to disk with a pre-trigger window of 2 pis and a post-trigger
window of 8 pus. An example trigger of an « event is shown in figure 2 (left). The detector was
filled with LAr on January 18, 2023, and data was taken between January 24, 2023 and February
10, 2023. We used a LeCroy WaveRunner 104MXi-A oscilloscope for the first four days of data
taking due to malfunction of the original data acquisition system, after which a new DAQ was
installed, and normal data taking resumed.
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Figure 3. SPE spectrum with model fit.

3 Data analysis and event discrimination

The peak-finding algorithm identifies signals with height exceeding 50% of a single photoelectron
(SPE) peak. The SPE spectrum is found by integrating low-amplitude peaks in the data, while the
pedestal is constructed by integrating over regions with no peaks. The mean SPE charge is estimated

by fitting a sum of Gaussian distributions to the SPE spectrum, as shown in figure 3. The mean
SPE charge drifted downwards by 1% per day.

Scintillation light in LAr has a double-exponential time structure due to the excimers in the singlet
and triplet states decaying with an approximately 6 ns and 1400 ns lifetime, respectively [27-30]. The
ratio of the number of singlet and triplet excimers created can be used for particle identification [1].
This ratio is estimated using the Fprompe parameter, defined as the ratio of light detected in a prompt
time window of [T-100ns, Tp+150 ns] and a total time window of [T-100 ns, Tp+5000 ns] (TotalPE),

where Tj is the trigger time. Figure 4 shows the events recorded in one hour in Fyrompe vs. TotalPE
space and several event populations.

After preliminary analysis, it was found that the trigger threshold in many runs was set at a level
where part of the o« population (A) was cut off. To obtain an unbiased sample of the ! Am oc’s, the
events in population (E) were used as a random trigger sample. As can be seen in figure 2 (right),
these events have a short flash of light at the trigger time, and possibly another event later in the trace.
We discard the trigger time region and then apply a software trigger that sets the trigger time to the
largest peak in the rest of the trace. To minimize the effect of pile-up, we remove events that have
another peak whose size is more than 10% of the prompt peak. Figure 4 (right) shows the distribution
of events selected this way in Fpompe and TotalPE space.

We track the LY using 2TAm «’s (A/A’) and CR secondary w’s (C). Example fits of the «
spectrum with a Gaussian function and of the p spectrum with a Gaussian function on top of a linearly
falling background are shown in figure 5 (left, middle). We measured the LAr triplet lifetime, 7,
daily, by summing the traces of | events to create an average pulseshape. The triplet lifetime is
estimated by fitting an exponential distribution /() = %e‘t/ ™ + ¢ to the pulseshape in the time range
of 1-4 s after the trigger, as shown in figure 5 (right).
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Figure 5. Example energy spectra recorded for (left) >*! Am o’s and (middle) CR secondary w’s. (right) LAr
pulse shape from p events.

4 Expected light yield

The light yield is proportional to the fraction of VUV photons that are wavelength-shifted and eventually
reach the PMT surface, n4et, which is obtained from Monte Carlo simulations. We implemented
the geometry of the o source and its holder as well as of the cage layout in GEANT4. Due to the
geometry of the source and the short distance traveled by the o particles, only 38% of the scintillation
photons generated by the « particles leave the sample holder. All VUV photons reaching the foil are
wavelength shifted to visible photons in the simulation and the conversion efficiency of PEN is taken
into account later. The visible photons can scatter in the detector multiple times until they are either
absorbed at a surface or in the liquid, or are detected by the PMT. Literature values are used for the
wavelength-dependent reflectivity of the WLSR foil [16], for the PEN emission spectrum [31], and for
the Rayleigh scattering length of LAr [32]. We use a value of 60 cm for the VUV absorption length of



LAr, as it is most consistent with our data, and 60 m for the absorption length in the visible spectrum,
as verified using the white LED. For the o source located at the center of the detector, we obtain
Ndet_a = 1.5%. CR p’s passing vertically through the detector have nge ,, = 1.5% in the center and
1.8% near the wall, where the difference is mainly due to different path lengths of the VUV photons in
the LAr coupled with the relatively short absorption length. The expected light yield is:

LY =Y - nget - €pmT * €PEN, (4.1)

where Y = 40(8) ph/keVEr is the scintillation yield for electron recoil interactions in LAr [33-36],
epmt = 17(1)% is the quantum efficiency of the PMT [24], and epgy is the conversion efficiency of
PEN. From data, we calculate LY by dividing the peak positions m, obtained from the spectrum
fits and measured in PE, by the electron-equivalent visible energy:

My

LYy =77
Eq - qa * Nsource

. LY,=-X 4.2)

where E, / E,, is the energy of the o«/ p particle, g, = 0.72(7) is the quenching factor for o’s [37],
and 7source = 0.38(2) is the fraction of photons that leave the « source holder.

5 Results

5.1 Time-evolution of the light yield

The observed lifetime of the LAr triplet state, as well as the photon yield, are sensitive to impurities in
the LAr [38, 39]. The photon yield is reduced when the energy of a LAr triplet excimer is passed
to an impurity state, and when impurities absorb the VUV scintillation or the wavelength-shifted
light. The effect of variations in impurities directly taking the excimer energy is accounted for by
applying a triplet-lifetime-dependent correction factor to the PE yield for each day. The factor is
defined as 77; = (Fprompt + (1 = Fprompt) - 70/7;), Where 1y is the triplet lifetime of the first run, 7; is the
triplet lifetime of the i™ run, and we use Fprompt=0.78, which corresponds to the median of the first
run’s Fpromp distribution. The drift in the triplet lifetime is not large enough to significantly affect
the median Fyompe value of the o population, thus no further correction is necessary.

The daily LYs are shown in figure 6 (left) after correcting for triplet lifetime variation. Data
taken with an oscilloscope during days 8 and 11 only allowed for the observation of the high-energy
feature in the p spectrum, and PMT gain calibration was not possible in this time period. On days
15 and 16, a sudden unexplained high rate of correlated noise caused an apparent increase in the
LY, and we exclude these two data points from analysis.

5.2 Variation of observed light yield with source position

For the data shown in figure 6 (left), the & source was placed at “top” (80 cm), centered horizontally.
The LY measured at different locations inside the PEN cage is shown in figure 6 (right). The expected
LY at each source position is shown as shaded bands, where we used eq. (4.1) with eppn = 0.58(11).
The width of the bands reflects systematic uncertainties.
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Figure 6. (left) Evolution of LY (after correcting for triplet lifetime variation) and the triplet lifetime. Data
points in brackets were taken during periods of high noise rates. (right) Measured LY and the MC model
expectation for different « source positions.

6 Discussion and conclusion

Our previous tabletop measurements have shown that PEN has a 47% + 6% WLS efliciency relative to
TPB [16]. Encouraged by these results, we set up 4 m? of combined PEN and specular reflector foils
in a two-tonne LAr dewar to assess the stability over two weeks of detector operation. During this time,
the PEN foil was exposed to 10'* VUV photons/day from o particles, another 10'* VUV photons/day
from cosmic w’s, and 3 x 10'> VUV photons/day from intrinsic °Ar B-decays. When used in a deep-
underground rare-event search detector, the foils would be exposed only to VUV photons from 3°Ar 3-
decays, thus a two-week exposure in our setup corresponds to an exposure of 1-3 years in such a detector.

The o and p LYs show excellent stability over eight days of measurement between days 12
and 19 and a linear fit estimates a slope consistent with zero (—0.0002 + 0.0012 % per day for «
and 0.0015 + 0.0052 % per day for u data). From the second dataset of |’s between days 8 and
11, some decline in LY is visible. It could be caused by the degradation of the PEN response or
impurity buildup due to a lack of active LAr circulation in the setup, particularly from impurities
that absorb VUV light. If we assume that the decline is entirely due to PEN degradation, a linear
fit estimates LY loss of 2.3 + 1.2 Y% per day.

The LY from 4.8 MeV o’s and 300 MeV cosmic p1’s shows agreement within the systematic errors
of eq. (4.2). In contrast to the « source, the |1’s produce scintillation photons in the complete volume
as they travel through the cage. Thus, the agreement in LY confirms the response of the PEN foils
is uniform in the entire cage volume. The agreement in LY between the left and right positions of
the o source further indicates a uniform response of the PEN foils.

There is a large uncertainty on the expected LY due to the uncertainties in the LAr scintillation
parameters and the various efficiencies. We observe a difference in LY between the center and the
edges of the detector that cannot fully be reproduced in simulation. Matching the simulation results



from eq. (4.1) to the center data points leads to a PEN efficiency of approximately 58%. If we instead
match to the edge data, the efficiency would be 70%. The PEN efficiency is highly degenerate with the
VUV absorption length, for which we took a rather low value in order to best match the data points
at all positions. The discrepancy between center and edge likely has to do with the simulation not
reproducing the angular distribution of the wavelength-shifted photons in a realistic manner. Either
way, these PEN efficiencies are consistent with past measurements [18, 20].

These results show PEN is a viable option for scintillation light detection in future large scale
LAr detectors, assuming VUV exposure is a main driver of light yield degradation, and the ease of
instrumentation with PEN would be a serious advantage in simplifying the photon detection system
of the next generation of LAr experiments.
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