’ inst PuBLISHED BY IOP PUBLISHING FOR SissA MEDIALAB

REecElveD: April 22, 2021
AccEepPTED: June 3, 2021
PuBLISHED: August 2, 2021

Reflectivity of VUV-sensitive silicon photomultipliers in
liquid Xenon

M. Wagenpfeil,-* T. Ziegler,' J. Schneider,! A. Fieguth,> M. Murra,” D. Schulte,’

L. Althueser,” C. Huhmann,?> C. Weinheimer,? T. Michel,! G. Anton,! G. Adhikari,’

S. Al Kharusi,* E. Angelico,’ I.J. Arnquist,’ I. Badhrees,’ J. Bane,? D. Beck,’ V. Belov,!?

T. Bhatta,'? A. Bolotnikov,!? P.A. Breur,'* J.P. Brodsky,’ E. Brown,'> T. Brunner,* E. Caden,'¢
G.F. Cao,!” C. Chambers,* B. Chana,’” S.A. Charlebois,'® D. Chernyak,'® M. Chiu,'?

B. Cleveland,'® A. Craycraft,2’ T. Daniels,?' L. Darroch,* A. Der Mesrobian-Kabakian,'¢

. de St. Croix,?>? K. Deslandes,!® R. DeVoe,!* M.L. Di Vacri,® M.J. Dolinski,2* J. Echevers,’
. Elbeltagi,’” L. Fabris,> D. Fairbank,”’ W. Fairbank,?® J. Farine,'¢ S. Ferrara,’
Feyzbakhsh,® G. Gallina,>>>*> P. Gautam,”* G. Giacomini,'? C. Gingras,* D. Goeldi,’

. Gorham,’® R. Gornea,”?* G. Gratta,’ E.V. Hansen,?* C.A. Hardy,’ K. Harouaka,®

. Heffner,!! E.W. Hoppe,® A. House,!' M. Hughes,'? A. Iverson,?’ A. Jamil,® M. Jewell,>

. Karelin,'Y L.J. Kaufman,'* R. Kriicken,??2* A. Kuchenkov,'? K.S. Kumar,? Y. Lan,*

. Larson,”’ K.G. Leach,”® D.S. Leonard,” G. Li,>!” S. Li,’ Z. Li,?¢ C. Licciardi,'®

. Lindsay,’° R. MacLellan,'? P. Martel-Dion,'® N. Massacret,>> T. McElroy,*

M. Medina Peregrina,* B. Mong,'* D.C. Moore,?° K. Murray,* J. Nattress,> C.R. Natzke,®
R.J. Newby,? F. Nolet,'® 0. Nusair,'® J.C. Nzobadila Ondze,*’ K. Odgers,> A. Odian,'*

J.L. Orrell,’ G.S. Ortega,® I. Ostrovskiy,'° C.T. Overman,’ S. Parent,'® A. Piepke,'® A. Pocar,?
J.-F. Pratte,'® E. Raguzin,'? G.J. Ramonnye,’” H. Rasiwala,* S. Rescia,'’ F. Retiére,>

C. Richard,'® M. Richman,?* J. Ringuette,”® A. Robinson,!® T. Rossignol,'? P.C. Rowson,'*
N. Roy,'® R. Saldanha,® S. Sangiorgio,'! A.K. Soma,?* F. Spadoni,’ V. Stekhanov, '’

T. Stiegler,!' M. Tarka,’ S. Thibado,’ A. Tidball,"> J. Todd,?° T. Totev,* S. Triambak,>"

R. Tsang,'? F. Vachon, 8 V. Veeraraghavan,'® S. Viel,” C. Vivo-Vilches,” M. Walent,'®

U. Wichoski,'® M. Worcester,'* S.X. Wu,> Q. Xia,?® W. Yan,!” L. Yang? and O. Zeldovich'’

=Er>P0n0=Er

0 > >

VErlangen Centre for Astroparticle Physics (ECAP),
Friedrich-Alexander University Erlangen-Niirnberg,
Erlangen 91058, Germany

2 Institut fiir Kernphysik, Westfiilische Wilhelms-Universitdit Miinster, 48149 Miinster, Germany
3Physics Department, University of California, San Diego, CA 92093, U.S.A.

4Physics Department, McGill University, Montréal, Québec H3A 2T8, Canada

3 Physics Department, Stanford University, Stanford, CA 94305, U.S.A.

2Now at Physics Department, Stanford University
*Corresponding author.

© 2021 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/16/08/P08002


https://doi.org/10.1088/1748-0221/16/08/P08002

6 Pacific Northwest National Laboratory, Richland, WA 99352 U.S.A.
7Department of Physics, Carleton University, Ottawa, Ontario K18 5B6, Canada

8 Amherst Center for Fundamental Interactions and Physics Department,
University of Massachusetts, Amherst, MA 01003, U.S.A.
9 Physics Department, University of Illinois, Urbana-Champaign, IL 61801, U.S.A.
0 nstitute for Theoretical and Experimental Physics
named by A.l. Alikhanov of National Research Center “Kurchatov Institute”,
Moscow 117218, Russia
U1 awrence Livermore National Laboratory, 7000 East Ave. Livermore, CA 94550
2Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, U.S.A.
13 Brookhaven National Laboratory, Upton, NY 11973-5000, U.S.A.
Y4SLAC National Accelerator Laboratory, Menlo Park, CA 94025-1003 U.S.A.

SDepartment of Physics, Applied Physics and Astronomy, Rensselaer Polytechnic Institute,
Troy, NY 12180, U.S.A.

1Department of Physics, Laurentian University,
935 Ramsey Lake Rd, Sudbury ON, P3E 2C6 Canada

Y Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, 100049 China

18 Université de Sherbrooke, Sherbrooke, Québec JIK 2R1, Canada

Y Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35405, U.S.A.

2OPhysics Department, Colorado State University, Fort Collins, CO 80523, U.S.A.

21 Department of Physics and Physical Oceanography, University of North Carolina at Wilmington,
Wilmington, NC 28403, U.S.A.

22Department of Physics and Astronomy, University of British Columbia,
Vancouver, BC V6T 1Z1, Canada

BTRIUMF, Vancouver, British Columbia V6T 2A3, Canada

% Department of Physics, Drexel University, Philadelphia, PA 19104, U.S.A.

2 Qak Ridge National Laboratory, Oak Ridge, TN 37831 U.S.A.

2Wright Laboratory, Department of Physics, Yale University, New Haven, CT 06511 U.S.A.
2 Department of Physics, University of South Dakota, Vermillion, SD 57069, U.S.A.

2B Department of Physics, Colorado School of Mines, Golden, CO 80401, U.S.A.

IBS Center for Underground Physics, Daejeon, 34126 Korea

0 Department of Physics and Astronomy, University of the Western Cape,
P/B X17, Bellville 7535, South Africa

E-mail: michael .wagenpfeil@fau.de

ABsTrACT: Silicon photomultipliers are regarded as a very promising technology for next-
generation, cutting-edge detectors for low-background experiments in particle physics. This work
presents systematic reflectivity studies of Silicon Photomultipliers (SiPM) and other samples in
liquid xenon at vacuum ultraviolet (VUV) wavelengths. A dedicated setup at the University of
Miinster has been used that allows to acquire angle-resolved reflection measurements of various
samples immersed in liquid xenon with 0.45° angular resolution. Four samples are investigated in
this work: one Hamamatsu VUV4 SiPM, one FBK VUV-HD SiPM, one FBK wafer sample and
one Large-Area Avalanche Photodiode (LA-APD) from EXO-200. The reflectivity is determined
to be 25-36 % at an angle of incidence of 20° for the four samples and increases to up to 65 %
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at 70° for the LA-APD and the FBK samples. The Hamamatsu VUV4 SiPM shows a decline
with increasing angle of incidence. The reflectivity results will be incorporated in upcoming light
response simulations of the nEXO detector.

Keyworps: Photon detectors for UV, visible and IR photons (solid-state) (PIN diodes, APDs,
Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs, CMOS imagers, etc); Photon detectors for UV,
visible and IR photons (solid-state)
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1 Introduction

Neutrinoless double beta (0v{33) decay is a hypothetical, second-order weak transition of a nucleus
that involves the decay of two neutrons into two protons and two electrons without the emission of
antineutrinos. Observing 0v[{33-decay would require new physics beyond the Standard Model of
particle physics, e.g. lepton number violation [1, 2].

Experimental searches for Ovp[3-decay are complicated by a half-life longer than
o (1025 yr) [3-6]. nEXO is a planned, tonne-scale 0v3 3-decay search experiment with a cylindri-
cal, single-phase time projection chamber [7] and the next-generation successor of the successful
EXO-200 experiment [8, 9]. The target energy resolution is o/Qpgp = 1% at the Q-value of the
136Xe-0vp B-decay (2458.10+0.31keV [10, 11]) and the half-life sensitivity is 703 > 9x10%7 yr at
90 % C.L. after 10 years of data taking [12].

The detector will be equipped with a 4.5 m? array of silicon photomultipliers (SiPMs) for the
detection of the liquid xenon (L.Xe) scintillation light [13]. The SiPMs cover the entire inner wall
of the time projection chamber between the inner cryostat and the field cage [7, 14]. SiPMs are
semiconductor photosensors with single-photon resolution [15], offer a compact and robust geom-
etry, high gain, low bias voltage, easy scalability, and can be manufactured with high radiopurity
materials [16], which makes them particularly suitable for low-background experiments.



The energy resolution for particle interactions in nEXO is a crucial parameter and depends
on the capability of the detector to efficiently collect the scintillation light produced by particle
interactions. The nEXO collaboration undertakes extended SiPM characterization efforts to find
the optimal SiPM candidate for their LXe scintillation photon detector [16—18]. Precise knowledge
of the optical behaviour of the SiPMs in LXe is crucial to properly simulate events in the detector.
These simulations have an impact on the event reconstruction efficiency and the predicted sensitivity
of nEXO. In particular, knowledge of the reflectivity of the SiPMs, regarded as the photosensors of
choice for nEXO, in LXe and at LXe scintillation light wavelengths (centred around 175 nm [19])
in the vacuum-ultraviolet (VUV) is required to accurately model the light transport in the detector
in optical simulations.

For some photosensor candidates, the VU V-reflectivity has been measured before by the nEXO
collaboration in vacuum and in LXe. In [20], samples from the manufacturer FBK (Fondazione
Bruno Kessler) are examined in vacuum, with their reflectivity measured as a function of the angle of
incidence and the wavelength. The optical parameters of the samples are determined via dedicated
models and their behaviour in LXe is extrapolated. The reflectivity of a wafer sample is measured
to vary between 35 % and 65 % for monochromatic light at 175 nm. It was also calculated to ~ 53 %o
for the LXe scintillation spectrum and angles of incidence below 60°. A second study by the LIXO
group [21], which focused on Hamamatsu SiPMs in LXe, measuring both SiPM reflectivity and
photon detection efficiency using a dedicated setup and L.Xe scintillation light. One SiPM is used
as reflector while a second SiPM measures the reflected photon flux. The response of both SiPMs
is read out directly. The reflectivity of a sample from the same wafer as above is in accordance
with [20] while for the Hamamatsu SiPM, it drops from 28 % to 20 % between 15° and 65°.

In this work, the reflectivity is measured with a different approach using angle-resolved reflec-
tion measurements. This allows for the measurement of the dependence of the angular reflectivity
on the angle of incidence in more detail than previous works. Additionally, the effect of the surface
micro-structure on the reflection of SiPMs can be observed and investigated for the first time. The
unusual shape of the Hamamatsu VUV4 SiPM reflectivity curve observed in [21] is verified. This
work also reports results from an FBK VUV-HD SiPM, which has not yet been examined in LXe. In
the following sections, we first describe the experimental setup (section 2) and sources of systematic
uncertainties (section 3). In section 4, we present the measured results, which will be used in the
upcoming optical simulations and sensitivity studies of nEXO [12, 22].

2 Hardware and measurement approach

2.1 Scope of the reflectivity studies

Reflection refers to the process by which electromagnetic flux, incident on a stationary surface or
medium, leaves that surface or medium from the incident side without change in frequency [23].
Reflectivity describes the fraction of photons reflected by a layer with a thickness well above the
wavelength of the reflected light. The reflectivity depends on the angle of incidence (AOI) 6; with
respect to the normal of the reflecting surface. The angular reflectivity R describes the fraction
of photons reflected into a certain solid angle dQ2 while the total reflectivity Ry, corresponds to
the total fraction of reflected photons. Reflection phenomena are typically a mixture of specular
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Figure 1. Schematic overview of the reflection setup at the University of Miinster [26, 27, 29]. A light
system produces a narrow VUV spectrum. The photons are guided into a quartz tube filled with LXe. The
light is reflected by a sample located along the rotation axis of the tube. Reflected photons are detected by a
photomultiplier tube (PMT). The angle of incidence 6; is set by rotating the quartz tube.

reflection, where incoming light is reflected at the same angle as the incident angle, and diffuse
reflection, where the light is scattered at a large angle range following Lambert’s cosine law [24].

SiPMs consist primarily of smooth surfaces without significant roughness. For this reason,
diffuse reflectivity is typically negligible for SiPMs. The total reflectivity is then equal or very close
to the specular reflectivity.

2.2 Measurement setup

The setup used in this work is located at the University of Miinster and was initially designed for
the XENON collaboration [25]. It allows us to measure the angular reflectivity for various samples
immersed in LXe at wavelengths in the VUV. The xenon used in this work had a natural abundance
of isotopes instead of the xenon enriched in 136Xe that will be used in nEXO [7]. The individual
setup components are described in [26-29] so only a brief overview is given here. The setup is
schematically shown in figure 1. Figures 2 and 3 show photographs of the setup.

A McPherson 632 deuterium lamp emits a continuous light spectrum above 170 nm. A narrow
wavelength band in the VUV is selected by a McPherson 218 plane grating vacuum scanning
monochromator. The monochromator output spectrum has been calibrated to provide light around
178 nm close to the peak LXe scintillation wavelength [19]. This calibration is described in [27]
and is crucial given the strong wavelength dependence of the refractive index of LXe [30]. No
polarization effect is mentioned by McPherson for the monochromator so the light output is assumed
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Figure 2. Side view of the reflection setup at the University of Miinster consisting of (1) the deuterium lamp,
(2) the monochromator, the light guide (behind PMT cryohead), (3) the main chamber, (4a) the cryoheads
for the xenon liquefaction and (4b) for PMT plus cold shield, (5a) the PMT stepping motor and (5b) the
PMT signal and high voltage feedthrough as well as (6) the electronic readout, controls and DAQ interfaces.
Compressors for the cryoheads are on the bottom (4c/d). Turbopumps for the monochromator (7a) and main
chamber (7b) are connected to a common scroll pump (7c¢). Digital pressure sensors monitor both vacuum
systems (8a/b). The quartz tube can be lifted via a pulley (9a) connected to a manual hoist (9b).

to be randomly polarized. A slit size of 2 mm is chosen and translates to a width of 5.3 nm for
the monochromator emission spectrum which is a relatively narrow wavelength band compared to
the half-height bandwidth of the xenon scintillation spectrum at 10.2nm [19]. The VUV photons
are then guided through a collection lens and a collimator with a 1.5 mm diameter aperture before
arriving in the main chamber.

The main chamber is shown in figure 3 and accommodates the quartz tube with the reflection
samples inside and a rotatable photomultiplier tube (PMT) to register the reflected photons. The
custom-made quartz tube is manufactured by VUV-transmissive quartz from Aachener Quarzglas-
Technologie Heinrich and can be filled with LXe. The tube has a height of 50 mm, an inner diameter
of 40 mm and a wall thickness of 3 mm. It is sealed by a bottom and top stainless steel flange and
two Viton O-rings. The flanges are pressed onto the tube by three threaded rods evenly spaced on
the outside of the flanges.

The xenon gas enters and exits the quartz tube via two stainless steel ports in the top flange
and is liquefied by a cold finger connected to an Iwatani PDC 08 pulse tube refrigerator. The LXe
is kept at a constant temperature of around 179 K and at a pressure of around 2.1 bar.

The collimator, through which the VUV photons enter the main chamber, is firmly attached to
the main chamber. The AOI 6; is changed by rotating the entire quartz tube including the sample



Figure 3. Top view into the main chamber of the reflection setup. The VUV light enters the chamber via a
tube and collimator (I) and is monitored by a PMT with a copper housing and an aluminium collimator (II)
which is rotated within the plane of this image. The quartz tube filled with the LXe will be located exactly
between the collimator and the PMT (III). Stoppers prevent the PMT from colliding with the beam entry
(IV). The PMT is cooled via a thermal link to a coldhead (V) and enclosed in a black shield (VI) to reduce
thermal irradiation. The entire main chamber is located in a vacuum vessel (VII) and evacuated.

at cold operation. The reflection samples are clamped on a sample holder fixed in the center of the
bottom flange, such that the rotation axis of the tube lies in the plane of the sample surface.

VUV photons reflected by the sample in the quartz tube generate an angular distribution of
reflected photons in the main chamber. These photons are detected by a UV-sensitive Hamamatsu
R8520-406 PMT in counting mode. The PMT is attached to a suspension system connected to a
rotational feedthrough at the bottom of the main chamber. A stepper motor rotates the suspension
and the PMT around the quartz tube with a step size of 0.45°. This way, a wide angular range can
be investigated for each AOI-setting of the sample in the quartz tube. A collimator with a 2 mm
diameter aperture is attached to the front of the PMT and allows a good angular resolution of the
angular reflectivity. The PMT is cooled to below —10 °C to reduce dark noise to a minimum, and
wrapped with a mu-metal shield to attenuate the Earth’s magnetic field. The PMT count rate is
registered via a fast amplifier and a leading edge discriminator.

The main chamber also accommodates a cold shield to reduce thermal radiation. The cold shield
is covered with a black coating to reduce photon scattering. A turbomolecular pump evacuates the
chamber to 3x 107> mbar and thus below the saturation vapour pressure of water at the temperatures
of the LXe. The quartz tube and all other components that come in contact with the LXe are cleaned
thoroughly and evacuated prior to each xenon fill process.



2.3 Reflection samples

The samples examined in the reflectivity setup are listed in table 1. VUV-sensitive SiPMs man-
ufactured by FBK and Hamamatsu are currently considered as photosensor candidates for use in
nEXO. The 4" generation VUV-sensitive Multi-Pixel Photon Counter from the S13370 series from
Hamamatsu (in the following denoted as VUV4) has been introduced in 2018. FBK provided
samples from their VUV-HD LF model fabricated in 2016 and a bare silicon wafer sample covered
with a 1.5 pm thick film of SiO,. The sample examined in [20] is from the same silicon wafer as
the one used in this work. The Large-Area Avalanche Photodiode (LA-APD) is a mechanically and
optically intact spare part from the EXO-200 detector [8].

Table 1. List of the reflection samples examined in this work including the sample size, pixel pitch and the
fill factor (FF) which is the ratio of the active surface area to the total area. References to information by the
manufacturers are given if available.

Sample Model Manufacturer  Size Pixel Pitch FF Ref.
vVUV4 MPPC S13370 Hamamatsu (6 mm)? 50 um 60% [31]
FBK VUV-HD 1 (LF) FBK (10 mm)? 35um 80% [32]
Si Wafer FBK (20mm)?>  plain

LA-APD SD630-70-75-500 Adv. Photonix ¢ 25.6mm plain [33]

2.4 Measurement procedure and data processing

The diameter of the VUV beam is approximately 2.9 mm in vacuum at the position of the PMT. In
LXe, the beam is compressed in the plane of reflection due to the large refractive index of LXe. The
PMT is rotated around the quartz tube in counter-clockwise direction and monitors the reflected
photon rate per angular step. The angular position of the PMT is set to 0° at the location where the
VUV beam enters the quartz tube and 180° directly opposite of the collimator (see figure 4).

In the following, the notation campaign is used for a set of measurements with one specific
sample. Each campaign consists of two sets of runs: reflection runs and reference runs — which are
both depicted in figure 4. Reflection runs are angle-resolved measurements acquired in reflection
mode where the VUV beam is at level with the sample. The beam enters the chamber at an angle
of 0°, hits the sample under an AOI 6; and a specular peak occurs at 26;. Reference runs are also
angle-resolved measurements — but acquired by lowering the entire quartz tube until the VUV
beam passes the LXe above the sample holder and exits the quartz tube at 180°.

The specular reflectivity r at a specific 6; is calculated by dividing the specular peak integral
acquired in reflection mode by the reference peak integral acquired in reference mode:

r (6) = | Specular peak

[ Reference peak

Specular peak integrals are always smaller than reference peak integrals since a fraction of light is
absorbed by the sample. The PMT background noise is subtracted from all measurements prior to
integration. Reference peaks are acquired several times within a set of reflection runs to monitor
the reference peak stability.
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Figure 4. Schematic overview of the reflectivity measurement principle. The PMT scans the angular
distribution of reflected photons in counter-clockwise direction. In reflection mode (left), the VUV beam
reflects off the sample in the quartz tube and a specular peak is registered. In reference mode, the quartz tube
is lowered and the VUV beam crosses the LXe above the sample holder.

The metal lines connecting the SiPM microcells in parallel create a periodic micro-structure
on the sensor surface. If these micro-structures have different slopes than that of the microcells,
they will create secondary specular peaks, which will be taken into account separately.

The specular peaks are fitted with a dedicated beam shape model to determine the beam
position. This model is based on a linear integration of a Gaussian beam along its horizontal plane
with the PMT aperture defining the integration limits. The model contains the peak position as
fit variable, from which the AOI 6; is calculated. The PMT angle scale is calibrated based on the
position of the reference peaks which is set to 180°. Detailed descriptions of the measurement
proceudre and the beam shape model can be found in [28].

3 Systematic uncertainties

Several systematic uncertainties and their impact on the reflectivity measurement are investigated:

Setup alignment. The PMT used to detect the reflected photons is attached to a four degrees of
freedom mechanical feedthrough at the bottom of the main chamber allowing the PMT to rotate as
well as to move in all three dimensions. The plane in which the PMT orbits the quartz tube needs
to be aligned properly to maximize the light yield and to exclude systematic uncertainties — e.g. if
the rotation axis of the PMT is shifted relative to the cylinder axis of the quartz tube. In this case,
reflected light does not hit the PMT surface perpendicularly, and the monitored photon rate changes
with scanning angle. The alignment procedure involves a rough adjustment of the PMT orbit by eye
and several runs for fine-tuning. It is repeated after changing the reflection sample. The alignment
is confirmed to be successful for all studies presented here. The procedures are explained in depth
in [27, 28]. The remaining uncertainty is estimated to be below 1 %.

PMT background rate. The dark rate of the PMT is measured and subtracted from all mea-
surements. No fluctuations in the dark rate have been observed within timescales of several hours,
partly due to the low temperatures within the main chamber. Also, no angular dependency of the
dark rate has been observed. All vacuum windows are sealed and all vacuum gauges switched off
during data acquisition. A small noise peak was observed at 180° due to fluorescence relaxations



of a MgF, window at the monochromator exit. Atmospheric muons triggering scintillation light
emission in the LXe were calculated to contribute to the PMT background rate to less than 3 %. A
systematic error of 1 % has been set to account for any remaining background rate artifacts.

Light source. A warm-up time of 1 hour was set prior to data acquisition to properly warm up the
light source. The light source also exhibited slightly different photon fluxes after being switched off
and on again. This is taken into account by acquiring independent sets of reference runs for each
campaign.

The light source intensity was observed to vary with the laboratory temperature. Alternating
runs were acquired in the reference position to closely monitor the reference peak integral. The
integrals are interpolated over time and the interpolation is used to determine the reference at the
timestamp of each reflection run acquired in-between. The remaining systematic uncertainty for
the calculation of the angular reflectivity is estimated to be below 1 %. The same interpolation
is performed for the reference peak positions to obtain the reference angle at the reflection run
timestamps from which the AOI is determined.

Statistical uncertainties are negligible due to the considerable VUV light flux emitted by the
light source which leads to a photon rate of up to 160 kHz in the reference peak maximum.

Bubble formation. Bubbles in the LXe have been observed to affect the path of the VUV photons
via scattering effects.

Streams of small bubbles occurred in the LXe — especially outside the thermodynamic equi-
librium e.g. after a change of the xenon temperature. The bubbles originate from microscopic
defects on the sample or sample holder and block or scatter a fraction of VUV photons crossing the
tube above the holder. For all data, the system was operated at temperatures and pressures to avoid
bubble formation.

An additional observed phenomenon was one single large bubble floating immediately beneath
the LXe surface and blocking the path of the VUV photons. Such bubbles typically grew slowly until
they touched the sample holder, burst and reformed. This phenomenon was avoided by extended
cleaning procedures of all internal components that are in contact with the xenon.

Reference angle stability. The reference angle facing the entry collimator is determined by the
position of the maximum of the reference peaks. It has been observed that the reference angle varies
slightly with the rotation of the quartz tube. This variation is caused by a small tilt of the quartz
tube of about 6°, leading to a small refraction effect. This translates into an uncertainty of the AOI
which is calculated based on the position of the reference peaks. The systematic uncertainty has
been determined to be 1.1° for all measurement campaigns.

Rayleigh scattering. Rayleigh scattering refers to the elastic scattering of photons by particles
smaller than the wavelength. The Rayleigh scattering length in LXe is about 40 cm [34, 35] but
depends strongly on the xenon purity. The xenon used here was cleaned after purchase with a heated
getter but not immediately prior to the measurement runs. A decline in xenon purity was avoided
by extended cleaning efforts of all parts that come in contact with LXe during operation.

The inner diameter of the quartz tube is 4.0 cm so about 91 % of photons pass through the
chamber without experiencing Rayleigh scattering. The quartz tube is cylindrical and the photon
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Figure 5. VUV beam profile acquired with the wafer sample at an AOI of 30° in LXe. The angular position
of the PMT is converted to circle segments on the lower x-axis. The y-axis shows the z-position of the PMT
orbit. The beam is compressed in the plane of incidence due to focusing effect caused by the change in
refractive index between vacuum, quartz and LXe.

path is the same for the reference and the reflection mode. Rayleigh scattering affects both modes
to the same degree so no systematic impact on the reflectivity is expected. The same holds for
possible impurities in the LXe that absorb VUV photons. Nevertheless, a systematic uncertainty
due to Rayleigh scattering is considered for the last 2.0 cm where the VUV photons take different
paths depending on the reference/reflection mode. According to above scattering length, 4.9 % has
been set as a systematic error attributed to Rayleigh scattering.

4 Results

All angle-resolved reflection measurements comprise a prominent specular peak in the PMT re-
sponse at 26;. No diffuse reflection component has been observed for any sample. Secondary peaks
are observed for samples with surface structure.

4.1 Wafer sample and beam profile

The bare silicon wafer sample provided by FBK is coated with 1.5 um SiO;. The wafer is the same
material from which FBK manufactures their VUV-sensitive SiPMs, but does not have any surface
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discussed in section 3. The simulation is adapted from [20] with the refractive index changed to ny x. = 1.57
according to the above result. Shaded points above 77° are affected by beam containment issues.

micro-structures. The sample shows a completely smooth surface and is suitable for use as a VUV
mirror. Samples from the same wafer material have already been examined in vacuum [20].

The VUV beam profile has been studied using the wafer sample in LXe at an AOI of 30°.
The profile is acquired by scanning the reflected beam at different z-positions of the PMT orbit and
stacking the individual angular measurements. The 2d-projection is shown in figure 5.

Due to the large refractive index of the LXe and the shape of the quartz tube, a strong focusing
effect acts on the VUV beam and leads to a compression in the plane of incidence. The focal point
is located roughly halfway between the tube and the PMT aperture. The beam is uncompressed
in the z-direction. The fit model introduced in section 2.4 is extended to 2d beam profiles and
used to extract the horizontal and axial beam width (see [28] for details). The vertical width
acquired from the fit agrees with previous measurements at the same setup [26]. The compression
is modelled with a scaling factor that only acts on the horizontal width and only depends on the
known geometry of the quartz tube as well as on the refractive index of LXe, nx.. The fit yields a
value of 1.567+0.008 for n; x., where only the fit uncertainty is quoted here. This value lies within
the range of experimental measurements of the refractive index of LXe reaching from 1.5655 to
1.69 [34-37].

The beam profile is slightly inclined due to the tilt of the quartz tube. The tilt angle has been
determined to be (6.02+0.03)°. The effect of this tilt is taken into account by the systematic error
on the final AOI as discussed in section 3.

4.2 Wafer sample reflectivity

The wafer reflectivity was measured in LXe by acquiring several angular measurements in reflection
position as well as in reference position to monitor the beam stability. The reflection angles range
from 17° to 87°. Measurements at smaller AOIs are not possible in the setup since the VUV beam
collimator blocks the PMT housing.
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Figure 7. Angular distribution of reflected photons measured in the full angle FBK VUV-HD campaign in
LXe. The distinct specular peaks are accompanied by small secondary structures due to the micro-structure
on top of the SiPM surface. The curves are plotted with an equidistant offset of V10 for better visualization.

The reference peak integrals are stable to < 1 % throughout the acquisition time of both cam-
paigns. The reference peaks in LXe are significantly narrower than those of the vacuum campaign
due to the LXe focusing. Data is only acquired for a limited angle range around the specular peak
(in reflection mode) or around 180° (in reference mode). Additional measurements scanning the
full angle range in reflection mode showed no signature of a diffuse reflection component.

The specular reflectivity is calculated as the ratio of the specular peak integrals from the
reflection runs and the reference peak integrals obtained in reference mode. The results are plotted
in figure 6. The error band represents the cumulative systematic uncertainty. The individual
contributions are discussed above. The reflectivity increases with AOI up to about 77°. Shaded
points above this angle indicate that the projected surface of the sample becomes significantly
smaller than the width of the VUV beam which is no longer contained on the sample surface. A
beam containment correction is applied and demonstrates to be efficient except for the far end of
the AOI range examined in this campaign. The drop is a geometric artifact that prevents any valid
reflectivity measurements above roughly 77°.

The reflectivity reported here differ from the measurement from LIXO [21] — namely a
reflectivity of 50.8+2.3 % at an AOI of 15° determined for a sample from the same wafer. The
LIXO measurement is consistent with the prediction for LXe from [20]. Their simulation is plotted
in figure 6 with the refractive index n x. changed from 1.69 to 1.57. The simulation does not fully
agree with the data in this work. This can be due to difficulties with modelling samples in LXe based
on optical parameters obtained in studies in vacuum. Alternatively, this may point to systematic
uncertainties of this work — especially at AOIs below 53° — that could not be resolved. Further
investigations are warranted to resolve the discrepancy. In particular, a wafer measurement in the
same setup in vacuum may provide additional information without the ambiguity of the n; x. value.
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Figure 8. Reflectivity vs. AOI of the FBK VUV-HD sample compared to the LXe wafer campaign. Both
data sets are shown with and without beam containment correction. The black line shows the ratio between
both corrected reflectivity datasets.

4.3 FBK VUV-HD reflectivity

The VUV-HD SiPM from FBK is manufactured from the same wafer material examined above and
includes micro-structures on its surface.

Two reflectivity campaigns have been performed in LXe. For the first campaign, only a small
angle range around the specular peak was scanned to provide a large number of AOI settings. For
the second campaign, the full angular range of the PMT is used which allows to investigate possible
additional features in the photon distribution other than the specular peak.

Figure 7 shows the set of reflection runs from the second, full-angle campaign. The color
indicates the AOI setting of the quartz tube. Each run contains one prominent specular peak, while
additional secondary structures are observed due to the surface micro-structure.

The specular reflectivity is again calculated by dividing the integrals of the specular peaks by
the ones of the reference peaks. Both campaigns agree within their systematic uncertainties. At
larger AOIs — depending on the size of the sample — the effective sample surface in the beam
path becomes smaller than the beam diameter and a beam containment correction is applied. This
correction is based on the integration of a 2d Gaussian beam with rectangular integration limits
defined by the sample size, where the horizontal length decreases with AOI via a cosine [28].

Figure 8 shows the reflectivity of both the FBK VUV-HD and the wafer sample in LXe. The
general shape of both reflectivity curves is similar since the FBK VUV-HD is manufactured from the
same wafer samples. The FBK VUV-HD has an overall smaller reflectivity compared to the wafer
sample. This was expected since a certain fraction of incident photons are absorbed or reflected
elsewhere by the surface micro-structure which the wafer sample lacks. The ratio of both corrected
reflectivity curves is therefore constant with respect to the AOI as shown in figure 8 with a value of
about 69 %. The value differs from the fill factor reported in table 1 since it depends on the surface
geometry while the fill factor describes the ratio of photoactive to full surface.

Oscillations can be observed in the FBK VUV-HD reflection runs in figure 7 due to interference
caused by the periodicity of the micro-structure on the SiPM surface. The oscillation is investigated
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Figure 9. Left: Fourier coefficients of a spatial transformation of the FBK VUV-HD reflectivity measurement
at 49.3° from figure 7. Only the greyish underlaid data of the angular reflectivity is processed (see inlet).
Two peaks emerge: a slow component around 0.05 1/deg and a fast one around 0.12 1/deg and analysed with a
Gaussian fit. Right: lateral size of the scattering structure on the FBK VUV-HD surface reconstructed from
the slow (blue) and a fast (red) components (dots). Squares show the geometric size of the bias lines (red)
and bias sub-strips (blue) determined with AFM height profiles.

via a Fourier analysis. An example is shown in the left in figure 9 for a reflection run at an AOI of
49.3°. The Fourier transform yields a spatial frequency spectrum of the surface structure responsible
for the interference pattern and allow to calculate the lateral dimension of this structure — in this
case the bias lines. Two dominant periodicities emerge in the Fourier spectra for all runs in figure 7.
The fast component was found to agree very well with the dimension of the micro-structure bias
lines of roughly 1.6 um. The slow component fits to the width of the two sub-strips that form the
bias lines (see figure 9, right). The micro-structure dimensions were determined via atomic force
microscopy (AFM) height profiles of the SiPM surface and are plotted as squares in figure 9. The
corresponding uncertainty bands account for the inclination of the edges of the bias lines, i.e. the
bottom width of the bias lines gives an upper limit of the periodic structure while the top width
gives a lower limit.

The magnitude of the oscillations is very small and has no effect on the angular reflectivity and
the optical properties of nEXO. The findings concerning the influence of the micro-structure are
discussed in [28] in detail.

4.4 Hamamatsu VUV4

The VUV4 has been examined with one full angle and several specular angle campaigns in LXe.
In the specular angle campaigns, a range of only +10° around the position of the specular peak
is scanned and integrated. In the full angle campaign, the PMT is rotated all the way around the
sample but the same angle range as in the specular campaigns is used to integrate the specular peaks
and calculate the specular reflectivity plotted in figure 10.
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Figure 10. Reflectivity over AOI of the VUV4 sample in LXe. The reflectivity is shown for both VUV4
campaigns and compared to results with three VUV4 samples reported by the LIXO group in [21].

The specular reflectivity derived from all campaigns is consistent within the systematic un-
certainties over the entire AOI range. Unlike the other samples examined in this work, the VUV4
reflectivity is obsevered to decrease with AOL. This is consistent with the specular reflectivity mea-
surements in [21], where this behaviour was observed first. The reflectivity of SiPM 141 derived
in [21] is about 19 % (relative) smaller than what is reported here. If the uncertainties of [21] and
this work are combined with the measurement range accomplished at 8; = 15° with all three SiPMs
from [21], the inconsistency of both studies nearly vanishes. The difference in specular reflectivity
may be caused by device-by-device fluctuations, handling practices or humidity exposure.

As in the case of the FBK VUV-HD, the micro-structure of the VUV4 causes additional
features in the reflection runs. The surface structure is significantly more complex for the VUV4,
Additionally, the bias lines are inclined to the microcell surface with a predominant slope of +10°
according to AFM scans. This causes two distinct secondary peaks in the reflection runs roughly
20° left and right of the main specular peak. The additional peaks can be interpreted as additonal
specular peak caused by the inclined bias lines which contributed to the total reflectivity of the
SiPM. The integration of these additional peaks yields the additional number of photons reflected
under different angles compared to the specular angle from the microcell surface. As a result,
the total reflectivity of the VUV4 is up to 12.8 % (relative) larger compared to the pure specular
reflectivity. Details of these results can be found in [28].

4.5 EXO0-200 LA-APD

An optically intact spare part of the large-area avalanche photodiodes (LA-APD) used in the EXO-
200 detector [8] has been investigated in LXe. The data is included in the summary plot in figure 11.

5 Discussion

Figure 11 shows the reflectivity in LXe of all samples examined in this work. The reflectivity has
been measured to increase with AOI for all samples except the VUV4 SiPMs. The results presented
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Figure 11. Reflectivity in LXe over AOI for all four samples examined in this work. FBK VUV-HD and
Hamamatsu VUV4 refer to the corresponding VUV-sensitive SiPM samples and Wafer to the wafer sample
from FBK. A spare LA-APD from the EXO-200 experiment was also investigated. The uncertainty bands
are based on the discussion in section 3.

in this work are currently used in the light response simulation of the nEXO detector and the impact
of the SiPM reflectivity will be discussed in the upcoming sensitivity publication by the nEXO
collaboration.

This study presents the first measurements of the FBK VUV-HD and LA-APD reflectivities in
LXe. The VUV4 reflectivity follows the same decreasing behavior with AOI first observed in [21]
while remaining differences are consistent with device-by-device fluctuations and uncertainties
concerning the sample surface. This observation underlines the importance of documenting the
storage and exposure history of all samples as a possible cause of systematic offsets.

As for the wafer sample, the disagreement between the measurements and the simulation in [20]
suggest that the optical properties of a given SiPM — i.e. the refractive index »n and the extinction
coefficient k — cannot be measured in vacuum and applied for LXe scintillation wavelengths using
simple extrapolations. Such simulations are highly sensitive to the exact photon spectrum used in
reflectivity setups due to the strong wavelength-dependence of nyx. (see figure 8 in [20]). On the
other hand, the experimental reflectivity of the wafer sample determined in [21] is in contradiction
to the results presented here. Further systematic studies of the wafer reflectivity in vacuum and LXe
are therefore advisable.
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