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Abstract The Deep Underground Neutrino Experiment
(DUNE) Far Detector (FD) Photon Detection System (PDS)
employs the X-Arapuca concept, a photon trapping system
relying on reflective surfaces and dichroic filters. In this paper
are reported measurements, performed at the University of
Milano-Bicocca, aimed at increasing the FD Horizontal Drift
(HD) PDS module efficiency. The baseline implementation
of the X-Arapuca concept for the FD-HD PDS module is
close to the DUNE requirements as demonstrated in the col-
laborations laboratory testing. However, an increased perfor-
mance would provide a safety margin for a detector planned
to be operated for 30 years, without possibility of perform-
ing maintenance. A higher detector performance would also
benefit the DUNE low energy physics program. The already
proven Milano-Bicocca setup has been utilized to test differ-
ent PDS module configurations comparing them to the orig-
inal baseline. Exploiting prior knowledge of the X-Arapuca
components and Geant4 based optical simulations it has been
possible to achieve up to an ~84% performance increase over
the baseline design. In the following it is presented the testing
procedure, the performed measurements and a brief discus-
sion on the obtained results.
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1 Introduction

The Deep Underground Neutrino Experiment (DUNE) is a
long baseline neutrino experiment with the goal of perform-
ing a precision measurement of the oscillation parameters in
order to determine the neutrino mass hierarchy and test the
CP symmetry violation in the weak sector [1,2]. The exper-
iment will be composed of a powerful neutrino beam and
a Near Detector, both located in Illinois, and a modular Far
Detector (FD), located 1.5 km underground in South Dakota,
1300km from the neutrino source. The first two modules of
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the FD will be 17 kton Liquid Argon Time Projection Cham-
bers (LArTPCs), reading both charge and light generated
by charged particles ionizing the argon atoms, in order to
reconstruct 3D particle tracks with millimeter precision. The
scintillation light is read by the Photon Detection System
(PDS) whose modules utilize the X-Arapuca concept to trap
and detect photons.

This paper presents the work done to improve the photon-
collecting efficiency of the DUNE FD-HD X-Arapuca base-
line module. The Photon Detection Efficiency (PDE) of the
baseline module, installed and under test in ProtoDUNE [3],
satisfies DUNE’s physics requirements; however, a further
improvement of its PDE would provide a safety margin over
the minimum required specifications (i.e. in case of degrada-
tion over the detector lifespan) and an enhanced sensitivity
of the PDS for low-energy physics.

The PDE enhancement work focused on identifying the
factors that limited the baseline module performance and on
finding possible solutions to improve it. The design has been
kept as close as possible to the baseline in order to minimize
changes to the mechanical frame. The mechanical constraints
were driven by the need for an easy-to-implement solution for
the measurement in the Milano-Bicocca setup; the mechan-
ical configuration described in this paper is therefore to be
considered as a proof of concept while the implementation
for the DUNE module might vary depending on the engi-
neering requirements. The physical variables relevant to the
photon-collecting efficiency will be discussed in the follow-
ing sections.

The Photon Detection System of the DUNE Far Detector
LArTPC is based on the X-Arapuca (XA) technology [4,5].
The XA allows to detect the Vacuum Ultra Violet (VUV) LAr
scintillation light (A ~ 128 nm) with commercially available
and cryo-reliable photosensors; this type of photosensor is
currently available with a detection efficiency centered in
the visible light range. The XA is a reflective box that fea-
tures an entrance window, two wavelength shifting stages, a
dichroic filter that allows light to enter but not to escape the
device and a light guide that collects and coveys the light onto
Silicon Photomultipliers (Fig. 1). The first downshift, from
128 to 350 nm, is performed by a wavelength shifting (WLS)
coating of paraterphenyl (pTP) deposited on a dichroic filter
that covers the entrance window of the device. The photons
are downshifted again by the wavelength shifter light guide
(WLS-LG), from 350 to 430 nm, and collected onto Silicon
Photomultipliers (SiPMs). The photons that escape the light
guide are kept inside the XA by the reflective surfaces (lined
with Vikuiti [6]) and the dichroic filter on the entrance win-
dow, which has a cut-off at 400 nm until they are detected
from the SiPMs or absorbed by the materials.

The FD-HD PDS is composed of 6000 equal units, labo-
ratorymeasurements are performed on a single unit, shown in
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Fig. 1 Diagram (not to scale) showing the vertical section of one of
the X-Arapuca sides. Represented: entrance window (top), reflective
backplate (bottom) and WLS light guide (middle) coupled with a SiPM
(right)

Table 1 HD and VD PDS module specifications comparison. Here:
SiPM coverage = (N. SiPM x SiPM size (6 x 6 mmz)) / WLS-LG size
and FOM = PDE / SiPM coverage

HD VD
WLS-LG size (mm?) 480 x 93 607 x 607
WLS-LG surface (m?) 0.04 0.36
N. SiPMs 48 160
SiPMS coverage 3.8% 1.7%
PDE 2.5-4.6% 3.7-4.5%
FOM 0.65-1.2 24-29

Fig. 4. Each device has dimensions of ~50cmx 10cmx 1 cm,
with 48 SiPMs distributed evenly along the long edges, 24
per side. The main features of the FDI1-HD and FD2-VD
X-Arapuca design are reported in Table 1.

2 Entrance windows testing

The X-Arapuca entrance window is a high transmittance
BF33 glass slab from Schott, pTP is vacuum evaporated on
the external side with a target thickness of about 400 z1g/cm?;
depending on the deposition run and position in the evap-
orator, the achieved pTP thickness ranges from 280 to
600 pg/cm?. The choice of the pTP thickness has been
validated by a set of measurements, taken with the appa-
ratus described in Sect. 2.1, showing that for thicknesses
greater than 200 pg/cm? a plateau on the conversion effi-
ciency is reached. On the internal side, a dichroic multi-
layer thin film interferometer (DF) is coated. It is designed
to transmit the 350 nm light emitted by pTP, and to reflect
the 440 nm light emitted by the WLS-LG that escapes
itssurfaces when impinging above the critical angle 6, =



Eur. Phys. J. C (2026) 86:672 Page3of 15 672
100 B = 0% 152 30° 40°_] PMT
- B s ~ e, -
o BT £ W . _ Coated glass
it 5 - 45% 50% 60% 75° undertgst
B’ H T Second Collimator
— 80 A 1 N\
X l: ] q Collimation Optics —
o, '
'
[0] = . > g Rotating
e gok A \ I < P3N A Mod. 234/302 Mirror
S - A 2.0 00 S Monochromator
= y ) v Y
g B ‘o"o “:',' Yot i
T 40 5% RE N 4 K3 ‘I;a Vacuum
= 0 . f v o ] ump
S " a? &
- ¥ B “~ Vacuum Sensor
| AR M -
20 by 2t B . Second Slit Reference Photodyode
. . M
s . . 7 P
o . J . 1 First Slit
- ’ .
0b— *aad’ . o -

LTy
350 400 450 500
Wavelength [nm]

Fig. 2 ZAOT DF transmission curves measured in water (ng2o =
1.33) [8]. The two PL spectra of the pTP (red) and of the secondary
WLS chromophore (gray) embedded in the PMMA are also reported

56° = arcsin (n/n2), where n; = 1.24 and n, = 1.49 are
the LAr and PMMA refraction indices respectively. Dichroic
filters are designed for a precise cutoff wavelength A, and
for a narrow range of angles of incidence (AOI). Figure 2
shows the transmission curves (7¢) of the dichroic multilayer
thin film coating custom designed, under our guidance, for
Ae = 400nm and AOI45°in LAr (the green curve), coated on
Schott BF33 glass substrates, by the ZAOT Company (Italy)
[7] for the FD2 X-Arapuca [8]; the measurements are per-
formed with the Essentoptics Photon RT spectrophotometer
in a vial filled with ultrapure water (ng20 = 1.33), the best
proxy of LAr at room temperature. These DF were deployed
in ProtoDUNE Vertical Drift (NP02) at the CERN Neutrino
Platform. Figure 2 also shows the Photo Luminescence (PL)
curve of the primary pTP and secondary WLS chromophore
embedded in the PMMA, measured at 77 K with a TM-
C10083CA Hamamatsu Mini-Spectrometer; these measure-
ments have been performed at the Milano-Bicocca depart-
ment of Material Science.

The DFs exhibit good transparency (> 85%) for the pri-
mary radiation at 330-380 nm for AOI from 0 to 50°: for
larger AOI their transmittance is largely compromised. As
pTP radiation is emitted following a Lambertian distribution,
a large fraction is filtered out by the DF due to high angles of
incidence. In addition, Fig. 2 shows that the DF reflection dip,
which is designed to reflect back the 430 nm radiation escap-
ing the WLS-LG for 6 > 56°, adequately matches the PL
spectra of the secondary WLS for 30°< AOI < 50°. Outside
this range, only a (minor) fraction is efficiently reflected back
into the box by the DF, the rest being transmitted and leav-
ing the X-Arapuca with high probability. The overall impact
depends on the X-Arapuca device’s geometry and size, as
discussed in Sect. 5.4. In this work we tested the DF perfor-

" . Deuterium Lam
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Fig. 3 A schematic representation of the vacuum setup used to evalu-
ate, at room temperature, the conversion and transmission efficiency of
different window samples

mance in LAr once embedded in a FD1 X-Arapuca device
as described in Sects. 3 and 5.

2.1 Assessment of the entrance window transparency

Given the isotropic emission of the pTP, and the DF trans-
parency dependence on the incoming light angle of incidence
and wavelength, the overall DF transparency to incoming
pTP light is given by the equation:

Vore = /0 A Tpr©. 1) X yiip (0, 1) do di (1

The amount of photons being transmitted (y[’?’TaﬁS ) is given
by the integral of the distribution of incident photons com-
ing from pTP (yl’;"TCP (@, 1)) weighted by the DF transmit-
tance (Tpr (@, 1)) over all the incidence angles [0, 7/2) and
wavelength range of the pTP emission spectrum. A custom
Geant4 Montecarlo simulation, taking as input the DF trans-
mittance curves and the optical properties of the entrance
windows materials, has shown that the DF coating can sig-
nificantly lower the transparency for incoming VUV pho-
tons. To directly quantify the overall efficiency of both the
pTP wavelength conversion and DF transmission, a set of
measurements was performed in a vacuum setup, shown in
Fig. 3, described as follows.

A Hamamatsu L2D2 Deuterium Lamp provides the pri-
mary VUV light which, once focused, passes through a
McPherson monochromator with a 120 lines/mm grating to
select the 128 nm component. A collimator reduces the beam
diameter to approximately 8 mm. An intermediate chamber
contains a rotatable aluminum mirror that redirects the beam
either toward the sample chamber or the intensity monitor.
The latter is a calibrated photodiode that measures the flux
of primary photons and compensates for lamp instabilities
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and aging. This is achieved by measuring the primary light
both before and after interaction with the sample. The sam-
ple chamber houses the device under test (one X-Arapuca
entrance window), placed in front of a photomultiplier tube
(PMT) model R6091 MOD by Hamamatsu. The PMT, oper-
ated at low gain, is used to measure the intensity of the
down-shifted light. The entire system operates under vacuum
(around 10~* mbar) to reduce VUV absorption to a negligi-
ble level. The absolute value of the conversion efficiency is
obtained by comparing the PMT current measured with and
without the device under test, and correcting by the ratio of
the PMT quantum efficiencies (as declared by Hamamatsu)
at the primary 128 nm and the down-shifted light.

Two types of measurements were performed: sampling
different portions of the same window (to assess unifor-
mity), and sampling different windows (to assess homogene-
ity across different samples). For the uniformity measure-
ment, five different spots on the same sample were investi-
gated. The resulting efficiencies ranged from 15 to 22%, with
a mean value of &inglepr = 20% and a 1-o0 spread among
the measurements of oginglepF = 4%. The homogeneity mea-
surement was performed by sampling the central region of
14 different windows (from the ZAOT batch), resulting in a
mean efficiency of €muiipleDF = 15% and a standard devia-
tion of omultiplepF = 2% (measurements spread).

In addition, to check for the impact of the pTP coat-
ing aging, a final set of measurements was performed on
are-coated window. One window from the ZAOT batch was
cleaned and re-coated with pTP at the INFN Pavia labora-
tory. Its efficiency was measured in five different spots. In
this case, the efficiency was slightly higher: € = 22% with a
standard deviation of 0 = 2%. This last result has been used
to obtain a rough estimation of the transmission efficiency of
the DF alone. Indeed the same 5-spots measuring procedure
has been done with samples coated with pTP and no DF: we
observed a conversion efficiency of e,opr = 30% =+ 2.4%.
So we can conclude that about (30% — 22%)/30% = 27%
(£12% given the uncertainties on the mean values used here)
of the shifted light is lost because of the presence of the DF.

3 The liquid Argon test bench

The setup used for the measurements in LAr has been
described in [3,9], with the addition of a LED light source to
improve the photo-detector calibration.

3.1 Setup

The device under test is positioned in a stainless steel ~101
cylindrical chamber of 150 mm diameter and 550 mm height

(Fig. 4). The chamber is vacuum-tight closed and placed in
an open 701 dewar, vacuum pumped down to O (10~*) mbar
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Fig. 4 Left: CAD model of the XA-HD module inside the Milano-
Bicocca LAr test bench. Right: picture of the module mounted on the
vessel flange

and then connected to a bottle of 6.0 grade gas Argon (GAr),
the dewar is then filled with LAr. The use of high purity argon
is needed because impurities quench the slow component of
the scintillation, lowering light yield. The GAr is allowed to
flow inside the chamber and is liquefied at the expense of
the external LAr bath. Once the LAr level inside the cham-
ber fully covers the front end readout circuit, above the XA,
the liquefaction process is stopped. An exposed 2*' Am a—
source (3.7 kBq) can slide in a vertical rail by means of a
magnetic actuator at the distance of (55 £ 1 mm) from the
device entrance window, so that the PDE can be measured
at any point along the z-axis. Data acquisition is performed
using a CAEN DT5725 digitizer configured in self—trigger
mode, with rates of approximately 1 kHz and 100 Hz for the
a—particles and the muons runs, respectively. This digitizer
features a 14-bit resolution and a 250 MHz sampling rate
(one sample, or tick, corresponds to 4 ns).

3.2 SiPMs and electronics

The detector has been equipped with the same SiPMs for
all the tested configurations and read out with the same
electronics as in [3]. The SiPMs are Hamamatsu Photonics
K.K. (HPK) S13360-9935 with 75 pm cell pitch and High
Quenching Resistance (HQR), the active surface area of each
SiPM is 6x6 mm?. This SiPM model is the one selected from
the DUNE Collaboration for instrumenting the Far Detector
modules.

The 48 SiPMs in the tested detector are connected in par-
allel, and to the input of a transimpedence amplifier called
cold-amplifier placed on top of the detector, inside the cylin-
drical chamber, submerged in liquid argon [10]. The ampli-
fier is based on a SiGe bipolar transistor (Infineon BFP640)
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Fig. 5 Pictures of the LAr test bench LED calibration system: optical
fiber feed through at the top of the chamber (left), and optical fiber end
fixed to the support, next to the alpha source rail (right)

followed by a fully differential operational amplifier (Texas
Instruments THS4531), and is designed for low noise at low
power, giving a voltage white noise density of 0.37 nV//Hz
at 2.4 mW per channel. At room temperature, the so—called
warm-—electronics converts the differential signal to single
ended and introduces a second amplification factor, to better
match the dynamic range of the analog to digital converters.

4 Data acquisition, analysis and simulation

The data acquisition and analysis performed for the measure-
ments reported in this paper are mostly unchanged from the
previous campaigns and are described in detail in [3]. We
used ROOT [11] as the analysis software. In the following,
we describe the testing procedure, focusing on the differ-
ences with respect to the previous work: a new LED calibra-
tion system and a new approach to estimate the argon purity
and correct for the light quenching due to impurities. This
new method for retrieving the LAr triplet lifetime is based
on the convolution of the electronics response with the LAr
scintillation time profile. In Sect. 4.2, we detail the benefits
of the convolution over the deconvolution approach adopted
in the previous work, in terms of a simpler implementation
and a reduced number of parameters in the analysis.

4.1 Calibration

To retrieve the number of detected photo electrons when irra-
diating the device with the alpha source, the alpha pulses are
calibrated by the charge of the average single photoelectron
pulse (Fig. 6 top panel). In our previous works [3,9], the
single photoelectron events were searched in the events pre-
trigger by using a peak-finder algorithm. For this work the
vacuum vessel has been equipped with a cryogenic optical
fiber, one vacuum tight optical feedthrough and an external
410 nm LED source shown in Fig. 5. The LED driver pro-
vides the trigger pulse for the acquisition, thus simplifying
the data analysis and reducing the calibration uncertainty.
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Fig. 6 Top: s.p.e. pulse. Middle: charge spectrum of a calibration run
triggered by the external LED. Bottom: gain as a function of the inte-
gration window and its stability in time for different runs and filling of
the experimental chamber

Calibrations are performed before and after each alpha
scanning to check for the stability of both the gain and the
Signal-to-Noise ratio (S/N).

Figure 6 (top), shows the persistence graph of the 3000
events: the average single photoelectron (s.p.e.) pulse is over-
lapped. The integral of the pulses’ positive lobe populates the
charge histogram of Fig. 6 (middle). Thanks to the low noise
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of both the front-end electronics and of the setup, several
peaks show up in the charge spectra each of them correspond-
ing to the detected number of photoelectrons. The charge
spectra s fitted with a series of equally spaced gaussian func-
tions, the distance between them determines the gain, while
the ratio of the standard deviation of the s.p.e. peak to its mean
value (o71/pu1) provides the S/N qualifier. Figure 6 (bottom)
shows that a 250 ticks (1000 ns) integration window max-
imizes the pulse positive lobe charge collection, hence we
adopt this value; additionally it shows the superior gain sta-
bility of our setup across different fillings and data taking
that allows to compare results with different configurations
of the X-Arapuca and to assess the impact of the individual
components and of their couplings.

4.2 Muon analysis
To correct for the liquid argon light-yield loss due to impu-

rities [12], we estimated the liquid argon triplet lifetime
for each filling. This was done by convolving the system
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impulse response (Template) with a double-exponential dis-
tribution I(¢) representing the liquid argon scintillation time
profile, and fitting the average muon-candidate waveform
(Wu)- We constructed the template by averaging the cal-
ibration waveforms in which one or more photoelectrons
where detected. Each waveform also had to satisfy specific
selection criteria (e.g., no events coincident with the LED
signal). Finally, we normalize the average to the single pho-
toelectron amplitude.

F,(t) = Template(t) x 1(t) 2)
where
fot ] — o=t
I(r) = A <_f fast ytjer 4 L= TSan ’e) 3)
Tfast Tslow

We acquired dedicated runs where the alpha source was
lifted above the liquid argon level to minimize the number
of triggers due to alpha events. The offline analysis starts
with an event selection to discard the waveforms containing
more than one pulse within the acquisition window and all
the alpha candidates based on the prompt fraction (Fp,omp: b,
See Fig. 7.

With these criteria we aim to obtain the best waveform
representing a signal due to scintillation light induced by a
crossing muon.

We abandoned the deconvolution technique (used in [3])
in favour of the convolution to get rid of a free parameter (o in
the previous article) and the additional low-pass filter that the
deconvolution required. This reduced the correlation among
the fit parameters (especially o and 74y ) and removed any
systematic error related to the post-filtering process. As a
result, the uncertainty on t,,, decreased from O(100ns) to
~50 ns.

Finally we perform the convolution fit (Eq. 2) with A,
Srasts Tfast>and Tyjoy as free parameters for 30 7o values. The
scan over f is done to take into account the time discretization
due to the sample rate. Among the 30 corresponding fits, we
take the one with the minimum yx? (Fig. 8).

The liquid argon purity was high (754, >1000 ns), with
values consistent among all fillings within 50 ns. Table 2
reports the frqs and Tgoy Tesults.

4.3 Alpha analysis

Thanks to the spectroscopic performance and the high LAr
purity achievable with our setup, we use >*! Am « particles to
determine the photon detection efficiency of the device under
test. A 3.7 kBq MlAm (E, = 5.48 MeV) spot is electro-
deposited on a 6 mm diameter surface: we mask the active

L'p prompe 18 defined as the ratio of the signal integrals evaluated on a
600 ns (prompt) and a 1000 ns window.
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Fig. 8 Example of convolution fit 2. The plot refers to the 20 March
2024 run. The legend shows only the fit uncertainties

Table 2 Liquid argon scintillation triplet time constant computed for
different measurements. We note that the results at each filling (consec-
utive days) are consistent considering a 1% and a 50 ns uncertainties
on the fast fraction and gy, respectively

Measurement Fast fraction (%) Tslow (NS)
27/02/2024 29 1249
28/02/2024 29 1108
04/03/2024 31 1163
05/03/2024 30 1196
07/03/2024 29 1263
08/03/2024 29 1295
12/03/2024 29 1278
13/03/2024 28 1314
14/03/2024 28 1360
15/03/2024 29 1313
19/03/2024 31 1168
20/03/2024 30 1198
09/04/2024 31 1140
10/04/2024 31 1137

surface to reduce the rate of triggering events to about 1
kBq. In liquid argon, alphas stop within few micrometers,
therefore the scintillation source can be considered point-
like and located at the source surface. o particles emitted
close to the mask center produce the maximum light-cone
and populate the peak structure of the energy spectrum, those
emitted in proximity of the mask edges produce shadowed
light cones and are responsible for the low energy tail, as
shown in Fig. 9. The « full energy peak position is retrieved
by fitting with a gaussian convolved with an exponential [9].

The geometrical acceptance of the system is computed
via a Montecarlo simulation considering only the maximum
light-cone: the reflectivity of the steel cylindrical walls and

#Detected Photoelectrons

Fig. 9 Alpha charge spectra for different module configurations with
the same source position (same geometrical acceptance)

other passive mechanical parts is not considered as it has
been measured to be negligible for 128 nm light.

4.4 Photon detection efficiency

The Photon Detection Efficiency (PDE) is given by the ratio
between the detected photons and the photons hitting the
device entrance windows:

Ou 4
Qsphefxtfintfpur QELLY Qf

PDE = (4)

The first term of Equation 4 gives the number of detected
photons: Qy and Qjppe are the mean charge of the alpha full
peak and of the single photoelectron peak respectively, while
fxr and fins— pur, are the correction factors related to cross
talk and charge losses respectively. The latter is related to
the limited integration window and to the actual quenching
impurities concentration in the LAr; being anti-correlated in
a way that their product remains almost constant (see [3] for
more details), these are combined in one factor. The second
term of Eq. 4 gives the number of scintillation photons reach-
ing the entrance window. It includes the o particle energy
E,, the liquid argon light yield LY, the « particle scintil-
lation quenching factor Q y and the geometrical acceptance
Q/4m. The values of the constant parameters (reported in
Table 3) are taken from literature [13—15], while the vari-
ables are retrieved as described in the previous sections. The
geometrical acceptance is computed for each source position
by Montecarlo simulation as described in Sect. 4.5.

4.5 Geant4 based optical simulation
A Montecarlo simulation developed with Geant4 [16] was

run to assess the impact on the PDE of the different X-
Arapuca components and to explore what modifications to
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Table 3 PDE computation constants

Parameter Value

E, 5.48 MeV
Light yield 50,000 ph/MeV
Or 0.70

fxr at 45% PDE 1.11

the baseline assembly resulted in a meaningful PDE improve-
ment, to be later tested with laboratory measurements.

The entire process is simulated: from alpha particles caus-
ing LAr scintillation to the photons being detected by the
SiPMs, with the two stages of downshifting and the various
reflective surfaces. The geometry is recreated in a simplified
way, but with all the relevant characteristics; the alpha source
is modeled with its holder in order to take into account shad-
owing effects. The materials optical properties are defined,
at the best of our knowledge, with values from internal mea-
surements (i.e. Sect. 2.1) and the literature.

The module efficiency is given by the ratio between the
detected photons and the scintillation photons hitting the opti-
cal windows. For each run, 100 alpha particles are generated
in order to have adequate and consistent statistical errors
(~ 10> detected photons). The alpha source can be moved
along the module length in order to test uniformity, replicat-
ing the laboratory measurement procedure.

The absolute efficiency obtained via the simulation is a
factor ~2.1 lower than the one measured in experimental
tests. This discrepancy is attributed to some material prop-
erties not being precisely determined (and thus not being
correctly simulated), such as PMMA mean absorption length
and pTP quantum efficiency (or light yield) at cryogenic tem-
perature. Nevertheless, relative differences obtained varying
single parameters were proven to be consistent with exper-
imental data, effectively guiding the optimization of the X-
Arapuca.

5 Measurements and results

The test setup demonstrated excellent reproducibility between
different runs, as shown in Fig. 10 (top). Statistical errors are
negligible, thanks to the high statistics of the alpha spectra.
Systematics dominate the overall measurement error on the
absolute PDE value but these are common to all the tested
configurations, unless otherwise stated, so that relative dif-
ferences are significant even if comparable with the reported
errors. The main contributor to systematic uncertainty is the
geometrical acceptance of the module for the incoming scin-
tillation light (~7%): the computation is done via the Geant4
simulation and strongly depends on the source mask dimen-
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sions and position in the chamber, which determines the light
cone illuminating the module. The second topmost contrib-
utor is the uncertainty on the SiPMs gain (~5%), followed
by the uncertainty on the liquid argon purity (~2%). The
resulting total systematic error is ~8.5%.

5.1 WLS-LG with dimpled edges

Reports from the collaboration [17] indicated that dimples in
the light guide, in front of the SiPMs, could help with light
focusing and extraction towards the SiPMs, increasing the
overall efficiency by 13% and 17% for square and cylindrical
dimples respectively.

Both cylindrical and square dimples have been tested in the
MiB setup. In the standard X Arapuca, the SiPMs are mounted
on rigid circuit boards fixed to the frame, making it difficult
to achieve a consistent alignment with the dimpled WLS-
LG. Therefore, for this measurement, in order to keep the
SiPMs in contact with the dimpled WLS-LG, an X-Arapuca
frame was modified in order to accept SiPMs mounted on
spring-loaded kapton flex circuit boards.

This modified X-Arapuca frame was first equipped and
tested with a flat light guide, reporting a PDE higher than the
baseline X-Arapuca equipped with the same light guide (see
Fig. 10). This difference is mostly attributed to the improved
optical contact at cold, as explained in Sect. 5.2.

The square and cylindrical dimples were then tested in a
single LAr filling by equipping the modified X-Arapuca with
two half-size light guides (~240 mm x 92 mm), one with the
long edges grooved with square dimples (8 mm wide, 1.2 mm
deep, placed on top of the module), the other with cylindrical
dimples (with aradius of 4 mm, on the bottom of the module),
as shown in Fig. 10 Bottom. The light guides were optically
separated by applying Vikuiti reflector on the adjacent short
edges at the center. The middle plot in Fig. 10 shows the
measured efficiency along the module length for the config-
urations with dimples (orange, cylindrical <25 cm, square>
25 cm) and without dimples (blue). No significant difference
is found between these three light guides. The drop in effi-
ciency close to the top of the module was caused by a dam-
aged pTP deposition on the uppermost dichroic filter and is
therefore excluded from the overall efficiency computation.

The discrepancy between the simulations and the mea-
surement was attributed to the fact that the dimple surface is
more diffusive than the flat edge, as it is not possible to polish
it after being laser cut. This, paired with the increased dis-
tance from the SiPMs in the cylindrical option, increases the
amount of light escaping the light guide without impinging
onto the SiPMs.
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Fig. 10 Top: The PDE of the baseline X-Arapuca [3]. Middle: the PDE
of the modified module embedding two half-size WLS-LG, with (light-
blue) and without (orange) edge dimples, as measured in this work.
Bottom: sketch of the two-piece light guide with dimpled long edges
(dashed sides). The two halves are optically isolated by Vikuiti reflector.
Zoomed corner sections show the dimples shape

5.2 WLS-LG optical sealing

In the baseline assembly of the X-Arapuca, photons can
escape the light guide in the space between one SiPM and
the next (as shown in Fig. 11), as the Vikuiti reflector is
placed at a distance from the light guide that is equal or
greater than the SiPM thickness. The escaped photons leave
the module through the entrance windows or are absorbed
by the X-Arapuca structural materials. Simulations indicate
that closing the gap between the WLS-LG and the SiPMs and
reflector, improves the PDE by ~40% in the most realistic
case (0.5 mm gap) and up to ~50% in the ideal case with no
gap at cold temperature (see Fig. 12 top).

To implement the optical sealing on the baseline assembly
of the X-Arapuca, the option of applying Vikuiti on the long
edges of the WLS-LG between the SiPMs was considered
but discarded, as the different thermal contractions of the

Fig. 11 Pictures of the SiPM equipped sides of the module with Vikuiti
reflector placed between the SiPMs with (right) and without (left) WLS-
LG mounted. Brighter spots show where light is escaping

materials could potentially lead to a misalignment between
the light guide and the X-Arapuca frame, resulting in Vikuiti
partially obscuring the SiPMs. We then chose to place G10
rectangular pieces in the spaces between the SiPMs and to
cover those with Vikuiti. The G10 pieces available for this
test were 0.1 mm thicker than the SiPMs (Fig. 11).

Being the SiPMs fixed to the frame, the PDE improve-
ment in our tests is mainly driven by the light guide width,
which determines the distance WLS-LG to SiPMs (Fig. 12
bottom). We performed tests equipping the module with a
standard light guide (~93 mm wide, dimension used for all
the light guides in ProtoDUNE-HD) and the WLS-LG pro-
totype used for the previous paper measurement campaign
[3] which is narrower, with a width of ~92 mm. The 93 mm
WLS-LG fits the X-Arapuca mechanical assembly at room
temperature, leading to an estimated gap at LAr temperature
of 0.5 mm per side between the guide and the sides cov-
ered by SiPMs and reflective blocks. The old WLS-LG has a
~0.5 mm gap at room temperature and an estimated ~1 mm
gap at LAr per side. The measured configurations also differ
for the equipped entrance windows, OPTO and ZAOT. The
measurements are reported in Fig. 12 bottom.

The measured PDE of the device is 3.27% with ZAOT
DFs and 3.13% with OPTO DFs. The overall efficiencies
between the OPTO and ZAOT configurations are consistent;
minor differences at 10cm and 40cm can be related to the
pTP shifter degradation on the OPTO entrance window at the
corresponding positions. No degradation of the pTP deposit
on the ZAOT filter set was observed, hence the more uniform
performance. The efficiency at the topmost positions is arti-
ficially increased by the reflection of photons at the liquid
argon surface.

In the same plot, we report a baseline measurement per-
formed with the module mounting the protoDUNE WLS-LG,
achieving an efficiency of 2.74% and two measurements per-
formed with the module mounting the prototype WLS-LG:
the baseline from the previous paper (2.4% PDE) and one
with the module modified adding the Vikuiti reflector on G10
blocks (2.58% PDE). These results show a ~20% improve-
ment over the baseline when comparing modules mounting
the ProtoDUNE WLS-LG, lower than the value predicted
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Fig. 12 Top: Montecarlo simulation for the configurations with
(orange) and without (blue) Vikuiti applied closer to the light guide
edge, varying the gap between SiPMs and light guide edge. Bottom:
measurements of the module with Vikuiti reflector placed between
SiPMs, hollow markers show the measurements performed the previ-
ous day. Measurement labeled “Pt-LG” utilized a prototype light guide,
narrower than the other two measurements (PD-LG). The table shows
relative improvements comparing different configurations

by simulation. A lower improvement (~7.5%) is measured
with the prototype WLS-LG. While the lower improvement
is expected for the narrower WLS-LG, the baseline measure-
ment with the wider ProtoDUNE WLS-LG outperforms the
module equipped with the narrower prototype WLS-LG and
improved optical sealing, contradicting the simulation results
shown in Fig. 12 top, as the width difference is not enough
to cause a gap that would give such a result.

This discrepancy can be attributed to the non complete
sealing of the WLS-LG edges: while in the simulation geom-
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be the non uniform application of the Vikuiti reflector on the
G10 blocks causing thickness differences between them.

5.3 WLS-LG photon extraction

The problem that dimples would have solved is that of pho-
tons not being able to reach the SiPMs due to total internal
reflection. The same boundary interaction exploited to prop-
agate light towards the edges (in the vertical plane), also acts
in the horizontal plane, so that photons emitted towards the
module short edges cannot escape towards the SiPMs but
stay trapped until they are absorbed, as showed in Fig. 13.
The solution to this problem comes from a geometry that is
able to recover the trapped photons while maintaining the
polished light guide edge. This can be done cutting in half
the light guide with an angle and lining the angled edges with
Vikuiti. With this geometry, when the horizontally trapped
photons hit the angled edge, they are reflected with a change
of angle so that they can escape towards the SiPMs (Fig. 14).

Montecarlo simulations were performed by cutting the
light guide in two or more pieces and with different angles,
and the best compromise between PDE improvement, ease
of construction and cost effectiveness was reached by cutting
the light guide in two pieces; the angle of the cut in the middle
was varied from 0° (cut parallel to the short edges), to 70°
(Fig. 15), with 90° being parallel to the long edges, and the
best result was given by a 40° angle cut, with an overall
efficiency increase of ~17%. The presence of the cut causes
non-uniformity in the collection of photons along the length
of the module, and is due to photons emitted around the center
of the module, that would be immediately detected by close
SiPMs if the cut would not reflect them away. The larger
the angle, the higher this non-uniformity and, over a certain
threshold, the PDE is negatively impacted.



Eur. Phys. J. C (2026) 86:672

Page 11 of 15 672

Fig. 14 Picture of the module with 2 piece light guide on the right
without the entrance windows
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Fig. 15 Source position dependence simulated for different cut angles.
The average efficiency over all the positions is reported for each angle
configuration

Figure 16 top shows the simulation of three configurations:
the baseline (green), better light guide light sealing (blue),
with a ~40% PDE improvement over baseline, and the latter
with better light sealing and the 40° cut light guide (orange),
with a ~17% PDE improvement over the previous configura-
tion. All other parameters of the geometry, crucially the light
guide width, are the same for all the three configurations.

Figure 16 middle shows the track length of detected pho-
tons, from the emission point inside the light guide to the
SiPM, in the case the source is positioned over one of the
module ends (24 cm in the top plot). The first peak, around
~5 cm and common to all the configurations, represents pho-
tons that are detected upon the first reaching of a long edge
equipped with SiPMs. The second peak, around ~15 cm (and
smeared with the next ones placed at increments of ~10cm),
represents photons reflected upon the first reaching of an edge
and detected at the opposite side of the module (and so on);
this peak is enhanced for the last two configurations thanks to
the better sealing of the light guide that allows more photons
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Fig. 16 Top: plot showing the overall PDE as a function of the source
position along the module. Middle: histograms showing the track length
of the detected photons with the 2*! Am source at position 24 cm. Bot-
tom: Top view of the X-Arapuca showing examples of detected photon
tracks; the detection chances for photons hitting the SiPM equipped
sides correspond to the peaks of the histogram above

to be reflected to the opposite side rather than escape from the
gaps between SiPMs. The last peak, observable at ~30cm in
the cut light guide configuration, is given by photons emitted
towards the short edges that reach the cut placed in the middle
(~24 cm) and are reflected towards a long egde (~ 5cm). A
diagram showing examples of the possible detected photon
tracks can be seen in Fig. 16 bottom.

A first measurement has been performed on a module with
both the cut light guide and the improved light sealing as
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Fig. 17 Measurements of the module with improved optical extraction
versus the baseline, with (top) and without (bottom) improved optical
sealing. The measurements are superimposed to the simulation outputs
rescaled by a factor ~2.1 and custom light guide widths

described in the previous section. The light guide has been cut
with the 40° angle, polished and applied Vikuiti reflector on
both of the newly cut edges, as can be seen from Fig. 14. The
overall efficiency obtained from the measurement is much
higher than what was expected according to the simulation,
with a measured efficiency improvement of ~40% over base-
line. This can be explained by a greater width of the cut light
guide, ~93.5 mm, compared to the one utilized for the pre-
vious measurements, ~93 mm. The same effect that negated
the improvement of the increased optical sealing due to a nar-
rower WLS-LG (see Fig. 12), is here acting in the opposite
way, boosting the overall performance. In fact, the cut light
guide is slightly wider than the internal module cavity, so that
at room temperature the frame is flexing outwards; cooling
down during LAr filling, the frame likely relaxes compen-
sating the gap that would form due to the light guide thermal
contraction. Looking at the top plot in Fig. 12, it can be seen
that for gaps <0.5 mm, that would be usually inaccessible,
the efficiency dependence becomes stronger, meaning that
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for a gap approaching zero, this effect would provide a great
improvement.

This measure, shown in the top plot of Fig. 17, is therefore
affected by two different effects, difficult to disentangle. To
determine the efficiency improvement given by the cut light
guide only, the same module has been measured without the
Vikuiti reflector stands between SiPMs. As it can be seen
from the same top plot in Fig. 12, the configuration without
such stands is less affected by the difference in gap between
SiPMs and light guide, making the effect caused by the dif-
ference in light guide width subdominant compared to the
effect of interest for the measurement. In the bottom plot
of Fig. 17, it is shown the measurement without the Vikuiti
stands. It can be seen how the efficiency is lower than the
previous measurements, and the improvement over the base-
line of ~22%, more comparable with the one predicted via
simulation.

All the reported measurements can be recreated within
the Geant4 simulation, taking into account the 2.1 discrep-
ancy factor on the efficiency absolute value and estimating
the difference in width of the light guide for the different
configurations. The simulation output in Fig. 17 has been
obtained with a reduced gap between the light guide edge
and SiPMs/Vikuiti of 0.1mm for the cut light guide, repro-
ducing its greater width, while for the other configurations
we assumed the nominal 92 mm width.

5.4 X-Arapuca entrance windows

As discussed previously, and shown in Fig. 2, the dichroic
filter coating is not fully transparent to pTP photons nor
fully reflective to those escaping the WLS-LG. The dichroic
transmittance of pTP photons affects both the WLS-LG
and dichroic-coating trapping mechanisms, therefore, if the
WLS-LG trapping becomes dominant, the presence of the
dichroic filter causes a negative net effect.

The amount of photons coming from the first shifter,
downshifted in the light guide and collected onto a SiPM
can be approximately expressed by the formula:

Yeollected = T - (A + B) - YpTP (5)

where y,7p are the 350 nm photons coming from pTP, T is
the transparency of the entrance window to these incoming
photons, and A and B are the fraction of photons trapped
by the light guide and dichroic filters respectively, as can be
seen in blue and red in Fig. 18.

At first approximation, considering Fresnel reflections at
the surface, the transparency of the clear entrance window
can be considered as T = 0.96 while, with the dichroic depo-
sition it can be assumed to be T = 0.70 (from the mea-
surement reported in Sect. 2.1). The A and B components
in this equation depend, in the first place, on the geomet-
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rical capture efficiency, constant at any point of the light
guide. Given the critical angle 6,=56° over which total inter-
nal reflection (TIR) takes place, the fraction of downshifted
photons trapped into the light guide due to TIR is A = 0.56.
The dichroic filters are designed to reflect light impinging
with angles over 45° so, taking into account the refraction
taking place at the light guide - argon interface, a fraction
B = 0.25 of the photons emitted in the light guide can be
assumed to be trapped.

These two constants are to be considered as upper limits;
the components non ideality, as well as the losses during
the photon propagation towards the light guide edges can be
modeled assigning an efficiency € 4 and € p to each one of the
constants A and B:

Yeollected = T - (0.56 €4 +0.25 €p) - VpTP (6)

These efficiencies depend on multiple variables such as mod-
ule dimensions, surface finishes, optical couplings, etc. These
variables affect the three main functions of the X-Arapuca:
photon trapping, transport towards the edges and extrac-
tion/detection by the sensors. Some module properties affect
the overall performance via the dependence on multiple vari-
ables. In example, if the module dimension increases, pho-
tons emitted further from the edges have to travel more to
reach a sensor; the fraction of photons reaching the edges
depends on the mean absorption length in the light guide
(and/or LAr) and the probability of escaping at each surface
reflection. The longer a photon has to travel and the more
reflections have to take place (the latter also dependent on
light guide thickness), the less photons will be collected at
the edges. Depending on the X-Arapuca device properties,
different effects can be dominant in determining the value of
€4 and €p.

The light guide photon collection efficiency €4 depends
mostly on the PMMA transparency and on the extraction
efficiency of photons towards the SiPMs, while transport via
TIR is very efficient with a probability of a photon escap-

Fig. 19 Overall Photon Collection Efficiency (PCE) as a function of
PCE of the light guide €4. The solid green line represents the mod-
ule without dichroic filters, the dashed lines represent the module with
dichroic filters with different collection efficiencies €p

ing due to surface imperfections <1%. The dichroic photon
collection efficiency €p depends mostly on the quality of
the dichroic filter and the dimensions of the module. Pro-
ducing a dichroic filter capable of reflecting photons with a
wide range of wavelenghts and incidence angles comes with
the cost of non perfect reflectivity in the region of interest.
Given the requirements of the X-Arapuca, it has been diffi-
cult obtaining reflectivities above 98%, this implies that the
mean number of possible reflections (thus distance traveled
by photons) before a photon escapes is lower for dichroic
filters trapping than for light guide trapping.

The effects of the optical window transparency and collec-
tion efficiencies €4 and €p are shown in Fig. 19; the overall
Photon Collection Efficiency (PCE) is plotted as a function
of the light guide collection efficiency €4 for different values
of T and €p.

PCE = (T -0.56)e4 + (T -0.25 - €p) )

The dashed lines represent the PCE of the XA utiliz-
ing dichroic filters with arbitrary collection efficiencies ep
between 10 and 40%, the presence of the filters also implies
an optical window transparency 7' = 0.70. The solid green
line represent the PCE of the XA not utilizing dichroic filters,
its € is therefore zero but there’s no penalty on the window
transparency, thatis 7 = 0.96 in this case. It can be seen that,
as €4 grows, the XA configuration without dichroic filters
gains advantage over the configuration with dichroic filters
so, for a given dichroic collection efficiency € p and window
transparency T, there is a light guide collection efficiency €4
over which the adoption of dichroic filters is counterproduc-
tive.

The XA module with increased light sealing and two piece
cut light guide, described in the previous section, allowed to
collect more photons from the light guide, increasing its € 4
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Fig. 20 Efficiency measurement of SC configurations with and with-
out dichroic filters for baseline and improved photon collection config-
urations

compared to the baseline configuration. We tested this con-
figuration replacing the dichroic filters with clear glass sub-
strates deposited with pTP: in Fig. 20 the results are shown
in comparison with the ones obtained previously.

The result obtained without utilizing the dichroic filters is
compatible with the one employing them, this suggests the
photons collected by the filter trapping mechanism compen-
sate the loss caused by the decreased optical window trans-
parency. In Fig. 19 this situation would correspond to a point
around the intersection of the lines representing the configu-
rations with and without dichroic filters.

We repeated the same test with a baseline module replac-
ing DF with clear substrates: in this case we obtained a lower
PDE value (~-10%), as it would be expected from the plot
in Fig. 19, lowering €4.

A measurement of the FD2-VD X-Arapuca PDE per-
formed at CIEMAT [18], has shown that the presence of the
DF-coated BF33 substrates caused the device to under per-
form of about 20% with respect to the uncoated ones. This
can be explained by the larger dimensions of the module
(60cm x 60cm): the trapped photons have to travel more to
reach the SiPMs, this severely penalizes the dicroic-coating
transport (hence low € p) while the WLS-LG transport is less
affected (ep < €4); the effect of the lowered transparency
to pTP photons is therefore enhanced in this configuration.

6 Conclusions

The tests performed at Milano-Bicocca on the FD-HD imple-
mentation of the X-Arapuca concept, give a better under-
standing of the X-Arapuca working principle. Dedicated
measurements for the single components of the module
allowed to disentangle the effect of each one on the overall

@ Springer

performance. Thanks to this measurement campaign, with
the help of the Geant4 based Montecarlo simulation, it has
been possible to optimize the FD-HD implementation of the
X-Arapuca, increasing its photon detection efficiency up to
a factor ~84%, from a PDE of ~2.5% to ~4.6%. The same
information can be exploited to improve the performance of
future implementations of the X-Arapuca such as the FD-VD
one.

The optical coupling at the edges of the light guide proved
to be a critical parameter, the overall PDE strongly depends
on the gap between the SiPMs (and Vikuiti reflector) and the
light guide (O(1%) per O(0.1mm)).

The presence of the dichroic filter deposition on the inside
of the entrance windows showed a ~10% improvement for
the baseline configuration while no improvement has been
observed in the improved configuration. This result clarifies
the effect of the dichroic filter and gives valuable information
on whether its employment is beneficial to the overall module
performance.

Results from our previous work in collaboration with
CIEMAT [3], showed that the baseline X-Arapuca did not
fully satisfy the requirements set in the DUNE FD TDR
[19]. Thanks to the improvements detailed in this work, the
requirement of 3% for the module PDE can be achieved
with a margin that safeguards the experiments physics reach.
An updated version of the X-Arapuca HD module has been
produced, implementing the labor-cost affordable yet highly
effective modifications proposed here. These modifications
include the WLS-LG cut in two parts and other minor
mechanical changes. The final module is currently under-
going testing at CIEMAT for evaluation.
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