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Measurement of the scintillation resolution in liquid xenon and its impact
for future segmented calorimeters
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‘We report on a measurement of the energy resolution that can be attained in liquid xenon when recording only
the scintillation light. Our setup is optimized to maximize light collection and uses state-of-the-art, high-PDE
(photodetection efficiency), VUV-sensitive silicon photomultipliers. We find a value of 3.7% =4 0.4% at 511 keV,
once saturation effects are corrected for, a result close to the Poissonian resolution that we expect in our setup
(2.8% £ 0.4% at 511 keV). Our results in the intrinsic resolution (2.3% =+ 0.8%) are compatible, within errors,
at 511 keV, with those found by theoretical estimations that have been standing for the last 20 years, 1.8%. Our
work opens possibilities for apparatus based on liquid xenon and using scintillation only. In particular, it suggests
that modular scintillation detectors using liquid xenon can be very competitive as building blocks in segmented
calorimeters, with applications to Positron Emission Tomography technology.
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I. INTRODUCTION

A large number of experiments in nuclear and particle
physics require the measurement of energy, position, and
timing with high resolution. Good energy resolution can be
attained with the use of high light-yield materials (y), while
time resolution requires fast decay time of the scintillator (7).
In addition, calorimetry requires high density and good optical
quality, e.g., a material transparent to its own emission light.

A number of crystals made of inorganic scintillators of-
fer, to variable degrees, all of the above. Among these, the
most extensively used is Nal(Tl), a very bright (y = 38 000
photons/MeV) and fast scintillator (7 = 250 ns [1]). Other
popular inorganic scintillators are CsI(T1) (y = 17 100 pho-
tons/MeV, T = 900 ns [2]), Lutetium Yttrium Oxyorthosili-
cate (LYSO)(Ce) (y = 25000 photons/MeV, T = 40 ns [3]),
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and Bismuth Germanate (BGO) (y ~ 9000 photons/MeV, T =
300 ns [4]). The density of the above scintillators varies be-
tween 3.7 g/cm? (for Nal) and 7.2 g/cm? (for LYSO). Good
spatial resolution is also often a requirement of nuclear and
particle physics experiments. This can be achieved, for exam-
ple, by segmenting the scintillators (along the transverse plane
relative to the incident particles).

All of the above crystals have been either used in or
actively pursued for high energy and nuclear physics exper-
iments. Nal was used in Crystal Ball, CsI in CLEO, and BGO
in L3. LYSO is one of the best candidates for future collider
applications, due to its excellent properties (high light yield,
fast decay time, high density) and radiation hardness [5].
LYSO is also the preferred scintillation material in modern
Positron Emission Tomography (PET) scanners [6-8]. PET
scanners benefit from a good energy resolution, because en-
ergy resolution allows one to reject a larger Compton scatter
fraction, i.e., coincidences where one or both photons interact
in the body of the patient and lose part of their energy. Those
coincidences add noise to the image, since the direction of the
gamma changes after the scattering.

The common element in many nuclear and particle
calorimeters and in modern PET scanners is a Segmented
Scintillating Block (SSB; Fig. 1). An SSB is an array of
contiguous cells filled with scintillating material. The light

Published by the American Physical Society
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FIG. 1. A schematic illustrating the concept of SSB.

propagates inside each cell by reflection, until it reaches
the readout sensor, normally an Silicon PhotoMultiplier
(SiPM) in modern devices, although photomultiplier tubes
(PMTs) and avalanche photodiodes were used in the past.
The thickness of the cells depends on the application and
varies between one and a few attenuation lengths. The SSB
can be characterized by three parameters: energy resolution,
which depends on the scintillator’s light yield, as well as the
optical collection efficiency of the cell, the photodetection
efficiency (PDE) of the SiPM, electronic noise, etc; time
resolution, which is dominated by the scintillator’s decay
time; and (transverse) spatial resolution, which can be
tailored by choosing a suitable transverse size for the cell.
As an example, in the 2-m-long EXPLORER scanner [9,10],
the largest reported PET, the SSB material is LYSO, with
cell area 2.76 x 2.76 mm? and thickness of 1.6 attenuation
lengths, and the cells are read out by SiPMs. The number of
individual cells exceeds 500000. The energy resolution at
511 keV is 12% FWHM, the spatial resolution is ~3 mm,
and the time-of-flight (TOF) resolution is 500 ps.

Liquid xenon (LXe) is also an excellent calorimeter [11].
Charged particles interact with LXe via both ionization and
excitation. The excitation of xenon atoms results in strongly
bound excited molecules (excimers) that on deexcitation, emit
VUV photons with a wavelength of ~175 nm [12]. In addi-
tion, the xenon atoms are ionized. An external electric field
can be used to carry away the ionization electrons, in which
case two signals are available, one from scintillation and one
from ionization. In the absence of such electric field, most
ionization electrons eventually recombine with positive xenon
ions, and both channels (primary scintillation and recombina-
tion) contribute to the resulting scintillation yield of ~58 700
photons per MeV [13], which is a factor of 1.5 larger than
Nal and a factor of 1.7 larger than LYSO. Several mea-
surements have found yield fractions of primary scintillation
and recombination of roughly 0.26 and 0.74 for electrons of
around 1 MeV of energy [14]. The primary scintillation is

characterized by two decay constants (t; = 3 ns, 1, = 27 ns),
while the decay time associated with recombination is 73 ~
40 ns [15]. Thus, LXe is, a priori, a brighter and (slightly)
faster scintillator than LY SO, enabling improved energy reso-
lution and time-of-flight performance, which in turn enhance
the final image quality. However, its attenuation length is
almost three times longer than that of LYSO and the fraction
of photons that interact via the photoelectric effect (relevant
for PET application) a factor of 2 less.

LXe has been used extensively in particle and astropar-
ticle physics. In particular, the Muon to Electron Gamma
(MEG) experiment [16] deployed a large calorimeter—S800
liters volume filled with LXe—with a thickness of 17 attenua-
tion lengths and read out by 846 UV-sensitive photomultiplier
tubes of 2 inch diameter. Other important examples are ex-
periments searching for rare events, in particular, neutrinoless
double beta decay [17] and direct Dark Matter searches
[11,18]. Future experiments such as next Enriched Xenon
Observatory (nEXO) [19] and DARWIN [20] are also based
on LXe. All these detectors are Time Projection Chambers,
able to read the scintillation and ionization signals in LXe.
Since the energy deposited by ionizing particles is distributed
between both channels, the anticorrelation of the signals leads
to a good energy resolution. For example, the XENONIT
experiment measures 0.8% (all resolutions are expressed in
terms of rms through the paper, unless stated otherwise) at
2.46 MeV [18] and the LZ experiment measures 0.67% at
2.61 MeV [21].

The possibility of building a PET scanner based on LXe
was proposed more than four decades ago [22] and explored
by a number of subsequent works [23-26]. The advantages of
LXe compared to scintillating crystals are a large light yield,
a fast decay time, and the fact of being a liquid medium,
which reduces the complexity of the system and increases
its scalability. The disadvantage of having to add a cryogenic
system to keep xenon in its liquid phase (the liquefaction tem-
perature of xenon is ~—112°C at 1 bar) is not problematic,
since cryogenic systems reaching much lower temperatures
are already in use in hospitals, for instance, to cool down
magnets in magnetic resonance scanners. Two strategies were
considered: a PET scanner based on scintillation only, and one
that would combine both ionization and scintillation. Given
the very high rate of PET scans, the second strategy may be
unpractical, due to the long time (microseconds) needed to
drift the charge. The LXe micro-PET prototype obtained an
energy resolution of 4.3% [26] combining scintillation and
charge, while the XEMIS1 prototype measured 5% [27] with
charge only. On the other hand, several groups tried prototypes
based on pure scintillation (measured by PMTs), obtaining
an energy resolution of 6.4%-13.6% [25,26,28]. None of
these results were compelling enough to consider LXe as a
viable alternative to standard inorganic crystals, in particu-
lar, LYSO. Recently, the possibility of building an LXe-PET
using modern SiPM technology has been considered by our
group. SiPMs offer improved energy resolution and time-of-
flight performance, compactness enabling one-to-one crystal
coupling for enhanced interaction reconstruction, and insen-
sitivity to magnetic fields, allowing PET-MRI compatibility,
being a significant improvement over earlier PMT-based PET
scanners [29-35].
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FIG. 2. Intrinsic resolution in LXe. Reproduced from Ref. [36].
The original data were reported in % FWHM and have been con-
verted here to % o (FWHM = 2.355¢) for consistency with the rest
of this work.

In order to assess the potential of LXe as calorimetric
medium, in particular, when using only scintillation light, it
is essential to understand its intrinsic resolution (R;). The
intrinsic resolution of a scintillator refers to the fundamental
limit at which Poisson statistics does not improve resolution
due to underlying physics. For example, the energy resolution
of Nal(Tl), which, as mentioned above, is the most popular
inorganic scintillator, is much worse than that expected from
Poisson statistics in the energy region of MeV, thus partially
spoiling its suitability for PET. The underlying physics expla-
nation is the nonproportionality of the scintillation yield in
Nal(TI) for secondary electrons.

In the case of LXe, the intrinsic resolution comes up due
to two components: the nonproportionality of the scintillation
light yield with energy and the fluctuations in electron-ion
recombination due to escape electrons. In 2002, Doke stud-
ied the nonproportionality of the scintillation light yield [36]
resulting in R; ~ 1.8% in the region between 100 keV and
~5 MeV (Fig. 2). His calculation is in good agreement with
the modern Monte Carlo (MC) code describing the physics
of LXe, nest [37]. Specifically, at 511 keV, nest predicts
R;~1.3%.

Several experimental groups have reported energy resolu-
tion measurements in LXe for different gamma rays, but none
of these obtained the intrinsic resolution component related
to the nonproportional light yield. For instance, a work from
Yamashita et al. obtained an energy resolution of ~12% at
122 keV and 7.1% at 662 keV [38], while Aprile and co-
workers reported 5% at 122 keV [39]. The only attempt to go
beyond simple energy resolution is that of Ni and collabora-
tors, who estimated the intrinsic resolution as the combination
of the nonproportionality of light yield and the electron-ion
recombination fluctuations, obtaining 6%-8% [40] for gamma

rays between 122 and 662 keV. Although this value is not
directly comparable to the result obtained by Doke, this result
is almost a factor of ~5 worse.

In this paper, we present a measurement of the energy
resolution in LXe, using scintillation only. A value of the
intrinsic resolution (nonproportionality 4+ recombination fluc-
tuations) is also shown. Our setup is conceptually identical
to the SSB described above and illustrated in Fig. 1, where
the scintillating material is now LXe. The advantage of the
SSB is its large light collection efficiency, as well as the
availability of VUV-SiPMs with large PDE. This results in a
large number of detected photoelectrons (pe), thus minimizing
Poisson fluctuations and leading to a measurement close to R;.

On the other hand, we have seen that SSBs based on a
variety of inorganic scintillators constitute the building blocks
of calorimeters that have been used or are planned for future
experiments in nuclear and particle physics, as well as the
basic building block for PETs. The obvious question, then,
is whether an SSB based on LXe could be a viable alternative
for some of the future applications, and in particular for LYSO
blocks in PET applications.

II. SETUP

Our setup, shown schematically in Fig. 3, consists, concep-
tually, of two LXe SSBs. A 22Na calibration source, located
between the two SSBs, provides pairs of almost back-to-back
gammas with an energy of 511 keV. Some of the gammas
interact in the xenon volume, producing VUV light, which
propagates inside the channel in which the interaction occurs.
A large fraction of this light reaches the SiPM that (almost)
closes the channel. Each SiPM, therefore, provides an inde-
pendent measurement of the >Na spectrum. Fitting the region
close to the photopeak provides a measurement of the energy
resolution, R,,.

The active region of the setup consists of two LXe SSBs
housed in a metal-sealed aluminum cube (F100-1ALU) from
Vacom. The xenon is continuously recirculated in gas phase
by a double diaphragm compressor and flows through a model
PS4 MT15 R2 hot getter from Sigma Technologies. This
process removes nitrogen, oxygen, and water from the xenon,
all of which quench xenon scintillation light [41]. The inter-
nal cube is housed within a large vacuum vessel so that the
structure is thermally isolated while cooled. Said cooling is
performed using a Sumitomo CH-110 cold head coupled to
the cube via custom-made copper thermal links. Heat dis-
sipation from the thermal links is minimized by wrapping
them in polyethylene terephthalate foil. The cube and cooling
machinery are visible in Fig. 4. The gas passes through a heat
exchanger when entering and exiting the inner cube, which
precools the gas before liquefaction for operation at 1.26 bar.

Figure 5 shows the main components of the SSB before
mounting and filling with xenon. Figure 5 (top) shows an ar-
ray of Hamamatsu S15779(ES1), VU V-sensitive SiPMs. They
have 30% photodetection efficiency at the peak wavelength of
xenon scintillation and are protected by a quartz window with
>90% transmission at relevant wavelengths. Their active area
is 5.95 x 5.85 mm? and they are packed in arrays of 4 x 4
sensors. Each SiPM reads out a 6 x 6 mm?, 5-mm-deep hole
in a polytetrafluoroethylene (PTFE) piece (Fig. 5, bottom).
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FIG. 3. A diagram of our experimental setup (top), with an en-
larged view of the SiPM arrays (bottom). The dimensions of the
relevant parts of the system are specified.

The two SSBs are mounted inside the aluminum cube with
the sensitive faces of the SiPMs facing each other. The teflon
pieces are mounted to leave a 0.5 mm gap between the SiPM
face and the end of the empty cell. In this way, the LXe can
easily fill the gaps, completing the SSB cells. The result is
that each SiPM is exposed to the scintillation light of gamma
interactions occurring only in the hole in front of it. The high
reflectivity of the PTFE at VUV wavelengths (~98%) [38,42]
ensures a high geometric light collection efficiency.

Signals are digitized using two TOFPET2 ASICS [31,43],
one for each readout plane, mounted in vacuum on the out-
side walls of the cube corresponding to the relevant SiPM
array. They integrate the detected charge and provide a fast

Cold head

Aluminum cube

FIG. 4. The aluminum cube holding the two SSBs used for the
measurement. Notice the thermal links attached to the cold head.

FIG. 5. Top: instrumented plane of four arrays of 4 x 4 SiPMs.
Bottom: teflon piece defining the SSB.
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timestamp close to origin to reduce signal degradation before
digitization.

Welded to the bottom flange of the cube is a rectangular
aluminum calibration port, sealed at the top end and extending
above the center of the cube. This allows the insertion of
sources between the two SSBs for coincidence measurements
using back-to-back gammas. For the main measurement re-
ported here, a >*Na calibration source is placed in the center of
the cube inside the calibration port. The radioactive material
(with an activity of ~260 kBq) is a sphere of 0.25 mm diame-
ter, which can be considered pointlike, and is encapsulated in
a plastic support. Other two calibration sources are also used,
with similar encapsulation: a '33Ba source with ~700 kBq of
activity and a 3’ Co source of ~40 kBq of activity.

III. MONTE CARLO SIMULATION

A detailed simulation of our setup has been developed
using a Monte Carlo software application based on GEANT4
[44]. The physical and optical properties of the materials in
use are simulated thoroughly; in particular, the reflectivity of
PTFE has been modeled as a Lambertian reflectivity with a
value of 98% and the value of the refractive index as a function
of the wavelength has been extracted from Ref. [45]. The
other physical parameters relevant for optical photon propa-
gation are the Rayleigh scattering length (36 cm [46]) and the
transparency and refractive index of the quartz window placed
in front of the SiPMs to protect them (90% and 1.6, respec-
tively). The photodetection efficiency provided by the sensor
datasheet is also included as a function of the wavelength of
the optical photons. We turn off any intrinsic fluctuations of
the LXe response to gamma interactions, so that the amount of
scintillation photons produced is proportional to the deposited
energy (see more detailed information in the Appendix).

The simulation of a 2*Na source placed in the calibra-
tion port provides a charge distribution with the photopeak
centered in 5240 pe. Since the number of microcells in our
SiPMs is 6162, our measurement is affected by saturation. In
order to confirm that, we ran a second simulation, where each
microcell of the SiPMs is simulated and the recovery time
of our sensors (158 ns at ~—110°C) taken into account, to
model the loss of photons due to saturation; we found that in
this case the photopeak is centered in 3752 pe, which implies a
significant charge loss. The same simulations, with and with-
out saturation effects, were carried out for two other available
calibration sources, with lower energy gammas, namely, '**Ba
(provides gamma lines at 30.8, 81, and 356 keV) and >’Co
(provides gamma line at 122 keV). In Fig. 6, the number of
fired microcells versus the number of photons that should
be detected in the case of negligible saturation is shown for
MC events at all energies. The saturation curve provided by
Hamamatsu [47] is superimposed on top of this distribution,
showing the excellent match with the simulation. The posi-
tions of the photopeaks of the three calibration sources lie
close to the Hamamatsu model.

Therefore, in the following we will use the Hamamatsu
saturation curve to correct data for saturation, in order to
provide a reliable measurement of the energy resolution of
the 22Na source and for the gamma of 356 keV of the '**Ba
source. The low-energy peaks do not need to be corrected with
this curve as they are not affected by the SiPM saturation.

70007 - Mmc

--- Hamamatsu function
— linearity
60001 @ nNaz

Cos7

Bal33

w B u
o o o
o o o
o o o

N fired microcells

N
o
o
o

1000

0 1000 2000 3000 4000 5000 6000 7000
N photons (after PDE)

FIG. 6. Number of fired microcells vs the actual number of pho-
tons that should be detected (after the photodetection efficiency) in
our simulation (blue points). The positions of the photoelectric peaks
of three calibration sources with and without saturation effects are
highlighted, as well as the saturation curve provided by Hamamatsu.
The perfect linearity case is drawn in red to guide the eye.

IV. MEASUREMENT

During a run, a timestamp is provided by the Application-
Specific Integrated Circuit (ASIC) whenever the recorded
charge in a channel exceeds a lower threshold. If the charge
exceeds a second, higher threshold, the ASIC starts integrat-
ing it until it goes below this threshold again. If the second
threshold is not reached, the integrated charge is not saved.

The data acquisition output is a list of channels with
integrated charge and corresponding timestamps. Once the
channels are divided event by event, a first filter is applied
to retain only coincidences, i.e., events where at least one
sensor from each detection plane is present. This condition
is applied only to data taken with the ’Na source. Given the
cell structure of the SSBs, most of the charge is read out by
the sensor coupled to the xenon volume where the interaction
occurred; therefore, for all sources, we single out the sensor
with the larger detected charge for each plane.

Once the energy spectrum was obtained for the three
sources, the ASIC nonperfectly linear response with energy
due to the integrator was corrected and the energy spectrum in
pe was obtained (see Fig. 7).

Figure 7 shows the photoelectric peak together with the
Compton shoulder for one channel, showing good agreement
between the experimental data and MC simulated saturated
data. Figure 8 shows the distribution of the peak positions for
the SiPMs in the reference SSB used in the measurement.
The reason for choosing only one SSB is that one SSB is
aligned better than the other and the response of the different
sensors is more uniform. The distribution shows a spread of
around 0.4%. Instead of equalizing the sensor responses, we
consider the resolution in each of them as an independent
measurement and compute a weighted mean using the fol-
lowing procedure. A normal distribution is fitted to a region
around the peak to extract the resolution. To choose the region,
we gradually extend the region on both sides of the peak until
the fit quality—quantified by the x? value—starts to deteri-
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FIG. 7. Charge distribution detected by one of the SiPMs without
saturation correction and the charge distribution obtained in the MC
saturated data for the 2*Na source.

orate, indicating that the data are no longer well described
by a Gaussian distribution. All resolution values [defined in
Eq. (1)] for accepted fit regions are kept, and their mean and
fit error are taken as the representative resolution:

o
R=—, ey
I
where o and p are the best values for the Gaussian param-
eters coming from the fit. This procedure is applied to all
the sensors in the SSB and their results are combined using
a weighted mean, where each value is weighted by the inverse
of its squared fit error (i.e., more precise measurements have
a larger influence on the final resolution), thus yielding a final
resolution of 2.5% £ 0.4% at 511 keV. The total uncertainty
is calculated as the combination of two contributions: the sta-
tistical uncertainty from the fits and the spread across sensor
resolutions.

The energy resolution is slightly better than the value
predicted by MC without SiPM saturation, which is 2.8% =+
0.4% at 511 keV (see Fig. 9). The MC error includes the
uncertainties in the optical modeling, such as the reflectivity

124 mean = 3723.6 pe
std desvitation = 15.8 pe

104

Entries/bin

3660 3680 3700 3720 3740 3760 3780 3800
Charge (pe)

FIG. 8. Distribution of the raw peak position in each cell in the
reference plane for the 2>Na source.

1400
M =5191 + 4 pe
} 0 =148 + 4 pe
1200 R-0(%)=28=%0.1
X?*/Ngor = 3.03
< 1000
3
» 800
0
b=
c 600
w
400
200
0

1000 2000 3000 4000 5000 6000
Charge (pe)

FIG. 9. Charge distribution obtained in the MC without SiPM
saturation with a gaussian fit in the **Na peak.

of the teflon and the reflection and refraction between LXe
and the quartz window that protects the SiPMs (see Fig. 3,
bottom).

The low value of the energy resolution compared to MC is
due to SiPM saturation, which has the effect of compressing
the data and brings on an artificial better energy resolution.
Therefore, correcting the data with the saturation curve pro-
vided by Hamamatsu, and fitting the peaks with the same
procedure as before, an energy resolution of 3.7% =+ 0.4% at
511 keV is obtained, showing compatibility with the MC re-
sult within 1.5¢. Figure 10 shows the overlaid energy spectra
of the experimental and MC data without saturation showing
a good agreement. Figure 11 presents the corrected energy
resolutions for all the SiPMs in the reference SSB.

V. RESULTS

Following the same procedure for the three sources used,
we obtain the energy resolution for five gamma peaks.

The energy resolution obtained in our work is shown in
Fig. 12, together with others’ measurements. It can be seen
that our results are two to three times better than previous

0.006
I Expt. data
s/ MC
0.0054
0.0044
0.0034

o
=}
S
o

Entries/bin normalized

100 200 300 400 500
Energy (keV)

FIG. 10. Energy distribution by one of the SiPMs after saturation
correction and the energy distribution obtained in the MC for the
22Na source.
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FIG. 11. Energy resolution after saturation correction for all
SiPMS in the reference SSB for the *Na source.

works using only scintillation. The only slightly better mea-
surement is the one from Ref. [39], which only measured one
peak.

Following Doke [36], the measured resolution, R,,, can
be seen as the quadratic sum of the resolution related to the
nonproportionality of scintillation light yield with energy, R;,
the resolution due to Poisson variation in photon detection, R),,
and the resolution coming from the fluctuations of electron-
ion recombination due to escape electrons, R,:

R, =R} + R +R;. 2)

R?7 comes from the variations of light collection due to the
detector geometry and the statistical fluctuation of number of
photoelectrons from the SiPMs (the reflections on PTFE and
on the quartz windows in front of the SiPMs, the geometric
acceptance, the sensor PDE, and the amplification stages of
the electronics).

Since our MC simulation does not include intrinsic fluctu-
ations, we extract the intrinsic resolution (nonproportionality
and fluctuations due to recombination), which we call R., by
subtracting the Poissonian width as determined by MC from
the measured resolution.
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FIG. 12. Energy resolution for different gamma rays in LXe.
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FIG. 13. Intrinsic resolution calculated following Eq. (2) for the
three calibration sources.

Using Eq. (2), we find R, =2.3% +0.8% at 511 keV,
compatible with Doke’s [36] ~2%, taking into account that
our value includes also the recombination fluctuation. In
Fig. 13, the values of the intrinsic resolution are shown for
the three calibration sources used in the setup. Opposed to
Ref. [36], our results seem to indicate that its value changes
significantly in the 100-1000 keV range.

VI. DISCUSSION

In this work, we have measured the energy resolution at-
tainable in a segmented scintillation block filled with LXe and
read out by VUV-SiPMs. The SSB was designed to maximize
light acceptance and the SiPMs employed have the largest
PDE currently available in the market. For 511 keV, an energy
resolution of 3.7% = 0.4% was obtained, a factor of 2 better
than the result reported in Ref. [38].

The intrinsic resolution R? that our procedure yields at
511 keV is compatible with that of Doke’s [36]. However, it
increases as the energy lowers. Previous measurements of this
intrinsic resolution yielded very high values ( 6%—8%) [40],
which are not compatible with our current measurement.

Furthermore, our work opens possibilities for apparatus
based on liquid xenon scintillators using scintillation only. In
particular, it suggests that SSBs using LXe as a scintillator can
be very competitive as building blocks in segmented calorime-
ters, with applications to nuclear and particle physics as well
as PET technology. While there is ample room for techno-
logical development eventually increasing the PDE of the
SiPMs), our measurement clearly suggests that an LXe-SSB
can compete and eventually outperform, in terms of energy
resolution, those using other scintillators.
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APPENDIX A: DETAILS OF THE MONTE CARLO
OPTICAL SIMULATION

A dedicated Monte Carlo simulation of the experimental
setup has been developed using the GEANT4 toolkit [44]. This
Appendix provides additional details on the optical modeling
assumptions and on the evaluation of the systematic uncer-
tainties associated with the optical transport of scintillation
photons in liquid xenon.

1. Optical surface model

The optical properties of the detector materials were im-
plemented using the GEANT4 unified model for optical photon
interactions at surfaces. In this framework, the reflection prop-
erties of the PTFE were modeled assuming a purely diffuse
(Lambertian) reflection component with a reflectivity of 98%.

The choice of a Lambertian reflection model is motivated
by several measurements reported in the literature. In particu-
lar, the study by Silva et al. [48] mentions more than 90% of
the reflection is due to diffuse lobe at 0° of incident angle, and
more than 80% at 65°.

Other studies have reported the presence of a specular
component that increases for large angles of incidence (above
~60°-70°) [49]. However, the authors of that work also note
a disagreement with previous results [50,51] and attribute
the discrepancy to a different sample surface preparation or
surface degradation.

In our detector, the PTFE surfaces are not optically pol-
ished or treated; therefore, we assume that surface is rougher
and the diffuse component may play a more important role.
Furthermore, the implementation of an angle-dependent mix-
ture of diffuse and specular reflection components is not
straightforward within the standard GEANT4 optical surface
model. Considering both the experimental indications and
the practical limitations of the implementation, we therefore
adopted a purely diffuse reflection model as a reasonable
approximation of the PTFE optical response.

2. Optical properties of the materials

The optical properties of liquid xenon relevant for photon
transport were included in the simulation. The wavelength-
dependent refractive index used in the simulation follows the
measurements reported in Ref. [45]. The Rayleigh scattering
length was set to 36 cm [46].

The absorption of scintillation photons in liquid xenon was
neglected in the simulation. This approximation is justified by
the very long attenuation length of liquid xenon at its own
scintillation wavelength, which exceeds 10 m [41]. Since this
value is much larger than the characteristic dimensions of our
detector, the effect is expected to be negligible.

The optical interface between liquid xenon and the quartz
window placed in front of the SiPMs was also modeled. The
quartz window transparency was set to 90%, and its refractive
index was taken as 1.6, according to the manufacturer specifi-
cations. Reflection and refraction at the LXe-quartz interface
were handled by the optical boundary processes implemented
in GEANT4. The wavelength-dependent photodetection effi-
ciency of the SiPMs was implemented according to the sensor
datasheet.

3. Evaluation of optical modeling uncertainties

Several optical parameters entering the simulation carry
non-negligible uncertainties. To evaluate the impact of
these uncertainties on the simulated detector response, we
performed dedicated simulations in which the relevant param-
eters were varied within reasonable ranges.

In particular, the refractive index of the quartz window pro-
tecting the SiPMs was varied between 1.55 and 1.65 around
the nominal value of 1.6. The reflectivity of the PTFE reflec-
tors was varied between 98%, as reported in the literature,
and 99.99% to account for the high reflectivity of PTFE in
the VUV range. In addition, simulations were performed both
including and excluding the liquid xenon layer located behind
the quartz window in order to evaluate the effect of this region
on photon transport.

For each variation of these parameters, the full simulation
chain was repeated and the resulting changes in the pre-
dicted detector response were evaluated. The spread of the
results obtained from these simulations is used to estimate
the systematic uncertainty associated with the optical trans-
port modeling and is included in the Monte Carlo results in
Sec. IV.
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