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Abstract Liquid xenon time projection chambers are promis-
ing detectors to search for neutrinoless double beta decay
(0vfB ), due to their response uniformity, monolithic sensi-
tive volume, scalability to large target masses, and suitability
for extremely low background operations. The nEXO col-
laboration has designed a tonne-scale time projection cham-
ber that aims to search for OvBB of '3®Xe with projected
half-life sensitivity of 1.35 x 108 yr. To reach this sensitiv-
ity, the design goal for nEXO is <1% energy resolution at
the decay Q-value (2458.07 +0.31 ke V). Reaching this res-
olution requires the efficient collection of both the ioniza-
tion and scintillation produced in the detector. The nEXO
design employs Silicon Photo-Multipliers (SiPMs) to de-
tect the vacuum ultra-violet, 175 nm scintillation light of
liquid xenon. This paper reports on the characterization of
the newest vacuum ultra-violet sensitive Fondazione Bruno
Kessler VUVHD3 SiPMs specifically designed for nEXO,
as well as new measurements on new test samples of pre-
viously characterised Hamamatsu VUV4 Multi Pixel Pho-
ton Counters (MPPCs). Various SiPM and MPPC param-
eters, such as dark noise, gain, direct crosstalk, correlated
avalanches and photon detection efficiency were measured
as a function of the applied over voltage and wavelength
at liquid xenon temperature (163 K). The results from this
study are used to provide updated estimates of the achiev-
able energy resolution at the decay Q-value for the nEXO
design.

1 Introduction

Silicon Photo-Multiplier (SiPM) represents an excellent solid-
state photon detection technology, combining the low-light

detection capabilities of conventional vacuum photo-multiplier

tubes (PMTs) with the benefits of solid-state sensors. In con-
trast to PMTs or to large-area avalanche photodiodes, SiPMs

consist of an array of tightly packaged Single Photon Avalanche

Diodes (SPADs) with quenching resistors operated above
the breakdown voltage, V4, to generate self-sustaining charge
avalanches upon absorbing incident photons [1].

Generally, SiPMs are a compelling photosensor solution
when operated in liquid noble gases due to their very low
residual natural radioactivity, low-voltage operation, com-
pact and flat form factor [2]. For these reasons, SiPMs are

the baseline solution in the DUNE experiment [3], the DarkSide-

20k experiment [4, 5] and the MEGII experiment [6].

The nEXO detector is a planned double beta decay ex-
periment that aims to probe the boundaries of the standard
model of particle physics by searching for OV of *°Xe.
Its projected half-life sensitivity after 10 years of data taking
is expected to be 1.35 x 10?8 yr at 90% confidence level [7]

iNow at: Institute for Particle Physics and Astrophysics, ETH
Ziirich, Switzerland

with a final design goal of <1% energy resolution at the de-
cay Q-value (2458.07£0.31 keV [8,9]1). The nEXO detec-
tor follows the concept of the previous generation EXO-200
detector and uses five tonnes of Liquid Xenon (LXe) inside a
Time Projection Chamber (TPC) with both charge and scin-
tillation light readout. It is planned to be operated at SNO-
LAB, the Canadian underground science laboratory [10, 11].

The nEXO collaboration selected SiPMs as the photo-
sensor of choice to detect the Vacuum Ultra-Violet (VUV)
scintillation light of LXe (mean wavelength of 174.8 nm and
full width at half maximum (FWHM) of 10.2 nm [12]). As
a result of recent developments by a variety of photonics
companies and research institutions, SiPMs now have wave-
length sensitivity extending into the 175 nm region. In 2016,
Fondazione Bruno Kessler (FBK) produced several batches
of VUV-sensitive SiPMs for nEXO (FBK VUVHDI1) [13].
Hamamatsu Photonics Inc. (HPK) also developed new gen-
erations of VUV sensitive MPPCs (HPK VUV4) for appli-
cations in LXe [6,14,15].

The photon detection system of the nEXO experiment
must be consistent with nEXO’s challenging background
goals [7], and must meet the following requirements (in LXe,
whose boiling temperature is 165.02 K [16]): (i) Photon
Detection Efficiency (PDE) greater than 15% for 175 nm
photons, (ii) Dark count rate < 10 Hz/ mm?, (iii) Corre-
lated avalanche fluctuation per pulse in the 1ps window fol-
lowing the trigger pulse < 0.42, (iv) operational gain larger
than 1.5 x 10° electrons per Photo-electron. Moreover, the
electronic noise needs to be smaller than 0.1 Photo-electron
Equivalent (PE) r.m.s.>[7]. The above requirements differ
slightly from the ones previously described in Ref. [10] due
to an improved understanding of the detector energy resolu-
tion model that will be discussed in Sec. 4. The first gener-
ation of FBK SiPMs (FBK VUVHD1) comfortably met the
nEXO PDE requirement [13], while the HPK VUV4 MP-
PCs previously tested only marginally met it [18].

The aim of this work is to assess the performance of the
newest generation of FBK devices specifically designed for
the nEXO experiment (FBK VUVHD?3) and to present the
results from new measurements of two types of commer-
cially available VUV sensitive HPK VUV4 MPCCs: HPK
S13370-6050CN (HPK VUV4-50) and HPK S13371-6050CQ
(HPK VUV4-Q-50), as shown in Table 1 (abbreviations used
in plots are in parentheses). Compared to the previous gen-
eration of FBK devices, the primary change introduced in
the FBK VUVHD3 SiPMs is a novel triple-doping tech-
nology that suppresses SiPM afterpulses and therefore in-

'Weighted average of the values published in Refs. [8,9].

’In nEXO, the expected charge integration time after the trigger
pulse will be up to 1us long.

3The last requirement is a combination of power consumption con-
straint and the total area that one channel of the front-end electronics
can read out [17].



creases their operational over voltage while still satisfying
other nEXO requirements [19].

Several SiPM characteristics such as gain, dark count
rate and correlated avalanche fluctuation that can potentially
impact the nEXO energy resolution are studied at 163 K as
a function of the applied over voltage in dedicated test se-
tups and compared against the nEXO requirements. In addi-
tion, the PDE of all tested devices was also measured as a
function of the excess voltage above breakdown called over
voltage i.e. (V —Vp,) with V reverse bias voltage, both at
300 K and 163 K in the (165-200) nm wavelength range.
These results are then used to infer the performance of the
nEXO detector in terms of the achievable energy resolution.

2 Hardware Setups

Several cryogenic test setups were developed within the nEXO

collaboration to characterize the SiPMs at VUV wavelengths.
Table 2 summarizes the main hardware components and the
data acquisition (DAQ) systems of those used for this work.
Specifically, we present new results from seven test setups,
distributed as follows among nEXO institutions (abbrevia-
tions used in plots are in parentheses): two in Canada, at
TRIUMF (TR) and McGill University (MG); three in the
USA, at Yale University (YALE), the University of Mas-
sachusetts, Amherst (UMASS), and Brookhaven National
Laboratory (BNL); two in China, both at the Institute of
High Energy Physics (IHEP). Results previously obtained
with three more setups, two in the USA, at Stanford Univer-
sity (ST) and the University of Alabama (AL), and one in
Germany, at the Erlangen Center for Particle Astrophysics
(ER), and described elsewhere [13,21,22], are also included
in this work, for comparison.

In general, the measurements presented in this paper were
made in vacuum conditions using dry cryostats in which the
SiPM devices are mounted on supports coupled to cold fin-
gers that set and maintain their temperature down to 163 K,
with temperature stability better than 0.5 K for all setups.
For pulse counting measurements, the SiPM signal was ei-
ther amplified with fast wideband RF amplifiers (TRIUMF,
BNL, McGill), or with Cremat charge sensitive preampli-
fiers and Gaussian shapers (other groups). The two approaches
are mostly equivalent other than for a partial loss in the
resolution of overlapping pulses with the latter approach.
CAEN digitizers or fast oscilloscopes constitute the DAQ
systems of the nEXO testing setups. SiPM reverse bias I-V
curves and NIST calibrated diode photo-currents used for
PDE measurements to calibrate the absolute light flux at the
SiPM location in two of the involved setups (TRIUMF and
IHEP), were measured with low noise picoammeters. The
nEXO test setups at Yale, Umass, Alabama include a LXe

purification and liquefaction system, which allow SiPM test-
ing in LXe as well as in vacuum and Xe gas. These test
setups, together with larger scale ones operated at Stanford
University and McGill University, will be used for future
studies of the long-term stability of SiPMs in nEXO-like op-
erating conditions and to test large arrays of SiPMs.

2.1 Collected Data and Trigger Configurations

The SiPM data were collected following the scheme pre-
sented in Ref. [18], and can be divided in two sub-categories:
dark data and continuous lamp data. Dark measurements
were made by the nEXO institutions at 163 K and at mul-
tiple over voltages with the photosensors operated in dark
conditions. For each setup, the DAQ triggered on individual
dark pulses with a DAQ threshold above the noise (Sec. 3.2,
Sec. 3.3). Lamp driven measurements, i.e., PDE data, were
collected as a function of the applied over voltage by TRI-
UMF and THEP at temperatures of 163 K and 300 K, re-
spectively. Due to the different temperatures, the two insti-
tutions used different techniques for measuring the photo-
sensors PDE. Overall, the two procedures involve the mea-
surement of the photosensors in pulse counting mode, as
well as the measurement of their photo-current under illu-
mination. The measurements taking place at TRIUMF had
the DAQ triggered by individual lamp driven pulses with
a DAQ threshold above noise, while the measurements at
IHEP were externally triggered from a waveform generator,
which also fired an LED for the evaluation of a correction
factor used for the PDE measurement technique. More de-
tails can be found in Sec. 3.4.

3 Experimental Results
3.1 Signal Pulse Analysis Procedure

The dark data were analyzed at the pulse level by each of
the involved nEXO institutions. Single PE pulses were either
fitted by TRIUMF and Yale using waveform analysis toolk-
its similar to the one presented in Refs. [13, 18] to decon-
volve overlapping pulses and extract the pulse time and area,
or integrated numerically by other institutions. The two ap-
proaches are equivalent for what concerns the measurement
of the SiPM gain (Sec. 3.2), and of the correlated avalanche
fluctuation (Sec. 3.3.1). The fitting scheme however is an
essential part of the technique used for measurements of
the dark count rate and of the SiPM nuisance characteris-
tic (afterpulse, crosstalk etc ..), as shown in Sec. 3.3.2 and
Sec. 3.3.3. Finally, it is also crucial for the TRIUMF mea-
surement of the SiPM PDE that will be presented in Sec. 3.4.3.
The TRIUMF and Yale identification and fitting follow
the same scheme presented in Ref. [18], and rely on a y?



FBK VUVHD1 FBK VUVHD3 HPK VUV4 MPPCs
S/N - - S13370-6050CN  S13371-6050CQ
PA [mm?] 5.96x5.56 5.96x5.56 6x6 4x(5.95%x5.85)
Abbreviation VUVHDI VUVHD3 VUV4-50 VUV4-Q-50
Pitch [um?] 35x35 35x35 50 x 50 50 x50

Window

Bare (unsealed)

Table 1 Summary of the physical properties of the FBK VUVHD3 SiPMs and HPK MPPCs characterised in this work and abbreviations used in
the text to identify them. All the FBK SiPMs tested in this work are extracted from the same wafer produced by FBK for nEXO. (PA) stands for
photosensitive area. Serial Number (S/N) of HPK MPPCs refer to the documentation published in Ref. [20]. The -Q- in the abbreviation of the HPK
VUV4 (S13371-6050CQ) highlights the fact that these MPPCs are quad (4) devices mounted on the same ceramic package. In the table, we also
report the characteristics of the previous generation of FBK SiPM (FBK VUVHDI) tested in Ref. [13] and of the HPK VUV4 (S13371-6050CN),
previously characterised in Ref. [18].

TRIUME McGill Yale University of Mas-  Brookhaven Natio-  Institute of High
University University sachusetts,Amherst nal Laboratory [23]  Energy Physics
Abbreviation TR MG YALE UMASS BNL IHEP
Temperature ) . custom custom CTE-SG12012
Stabilisation Instec MK2000 Lakeshore 350 LabVIEW LabVIEW CryoCon 24C 02w
Measurement 163 K 163 K 163 K 190 K/163 K 163 K 300 K/233 K
Temperature
SiPM MARG6-SM+ MARG6-SM+ CR-113-R2 CR-113-R2 MARG6-SM+ custom
Amplification OPA695 [24] OPA695 [24] SRS SR-560 CR-200-100ns OPAG695 [24] amplifier [17]
DAQ CAEN Rohde & Schwarz Rohde & Schwarz Teradyne MSO64 CAEN
pulse counting DT5730B RTO2024 RTB2004 ZTEC ZT4421 Tektronix DT5751
Keithley 6487 . . . .
DAQI-V Keysight B2985A Keysight B2987 Keithley 6487 Keithley 6482 - Keithley 6487
LXe/GXe No No Yes Yes No No
SiPM N(?lse Yes Yes Yes Yes Yes Yes
analysis
SiPM PDE Yes No No No No Yes

Table 2 Hardware components and Data Acquisition (DAQ) for pulse counting, reverse bias I-V curves and diode photocurrent measurements
(used to calibrate the absolute light flux, Sec. 3.4) of the cryogenic test setup developed within the nEXO collaboration and used for this work.
Specifically, in this work we present new results from seven test setups, distributed among nEXO institutions. Results previously obtained with
three more setups: at Stanford University (ST), University of Alabama (AL), and at the Erlangen Center for Particle Astrophysics (ER), and
described elsewhere [13,21,22], are also included in this work, for comparison. The nEXO test setups at Yale, UMass and Alabama include a

Liquid Xenon (LXe) purification and liquefaction system, which allow SiPM testing in LXe as well as in vacuum and gas Xe (GXe).

minimization to identify and fit SiPM pulses. First, a pulse-
finding algorithm based on a matched-filter scheme identi-
fies and fits single avalanche pulses to extrapolate the aver-
age SiPM pulse shape, parameterised as shown in Refs. [1,
18]. The SiPM pulse shape is then set by fixing these pa-
rameters to their estimated average values. Finally, a second
fit iteration is performed with fixed pulse shape to improve
the estimation of pulse time and area. For fits exceeding a
certain reduced y? threshold, multiple pulses are added iter-
atively to the fit. The new pulse combination is adopted if the
reduced x? of the new fit improves significantly. Otherwise,
the added pulses are discarded. The last step of the algorithm
improves the capability to identify overlapping pulses. More
details can be found in Ref. [25].

For reference, in Fig. 1 we show the charge distribution of
first pulses following single PE primary pulses (also referred

to as trigger or prompt pulses) obtained with the pulse fitting
scheme just presented as a function of their time separation
from their primary pulse. These measurements, performed
at TRIUMF, were recorded for a temperature of 163 K at
an over voltage of 5.64 +0.17 V and 5.37+0.16 V for
the FBK VUVHD3 SiPM and HPK VUV4-Q-50 MPPC, re-
spectively.

3.2 Single PE Gain and breakdown voltage Extrapolation

Single PE pulses were used to compute the average single
PE charge (Q, pg) either by fitting or by numerical integra-
tion. From the single PE charge, after calibration of the read-
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Fig. 1 FBK VUVHD3 (top) and HPK VUV4-Q-50 (bottom) charge
distribution of first pulses following single PE dark noise driven trigger
pulses as a function of the time difference with respect to (wrt) their
primary pulse for a temperature of 163 K and for an over voltage of
5.64+0.17 V and 5.3710.16 V, respectively. The grey scale represents
the normalised number of events in each bin. The solid red line shows
a fit of the afterpulsing events with Q; pg x (1 —¢” %) and is used to
measure the recovery time 75 of one SiPM cell measured to be 225+ 10
ns for the FBK VUVHD3 SiPM and 55 £ 5 ns for the HPK VUV4-Q-
50 MPPC. Q pg is defined in Sec. 3.2.

out electronics®, it is possible to extrapolate the single PE
gain, defined as:

Al

1PE
qdE

Gipe = (M
where gf is the electron charge. The average single PE charge
was then linearly fitted as a function of the applied bias volt-
age V as follows

Qi p=Cp x (V—Vpq) 2

This is done in order to extract the SiPM single microcell
capacitance (Cp), and the breakdown voltage (V,;), defined
as the bias voltage for which the average SiPM single PE

4The DAQ of each institution was separately calibrated by apply-
ing a step voltage to a precision capacitor to inject a known charge into
the SiPM amplifier input.

charge is zero. The breakdown voltage as a function of tem-
perature is shown in Fig. 2 for FBK VUVHD?3 SiPMs and
HPK VUV4 MPCCs. The average single PE gain for the
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The lines represent fits in order to extract the breakdown temperature
gradient. Only the fits of the TRIUMF data are shown for clarity.

same devices is shown in Fig. 3. Table 3 summarises the av-
erage breakdown voltage and breakdown temperature gra-
dient obtained performing respectively: (i) a weighted aver-
age of all the data of Fig. 2 with a temperature T such that
|T—165] <3 K, (ii) a weighted average of the slopes of the
fits of the data for which the breakdown temperature depen-
dence was actually measured (TRIUMF and IHEP data for
FBK VUVHD3 SiPMs; TRIUMF, McGill and IHEP data
for HPK MPPCs). In addition, Table 3 reports the average
SPAD capacitance measured at 163 K. This last quantity was
obtained by first fitting each dataset of Fig. 3 with Eq. 2, di-
vided by ¢, in order to extrapolate the corresponding slopes,
and then taken as the weighted average of all measurements.
Errors in Table 3 are computed by adding the standard error
and variance in quadrature.

The larger SPAD capacitance and gain of the HPK VUV4
MPPCs is a result of its larger single cell pitch, as shown in
Table 1. Both FBK SiPMs and HPK MPPCs comfortably
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Fig. 3 Single PE gain (Eq. 1) measured, as a function of the over volt-
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tom). The dashed line represents the nEXO requirement.

satisfies the nEXO requirement from roughly 2.5 Vand 2 V
of over voltage, respectively. Even without any pre-selection
of the FBK or HPK devices to test in the various nEXO test
setups, we see a remarkably small spread in their breakdown
voltages (AVpy < 0.5 V) at 163 K. A relatively larger spread,
based on a smaller statistical basis, is seen in the correspond-
ing single PE gain, as shown in Fig. 3.

Device Cp [fF] Voa [V] AV /AT [mV/K]
HPK VUV4-50  101+£6 44.51+0.05 50+2
HPK VUV4-Q-50 11144 44.7340.09 52042
FBK VUVHD3 9045  27.09+0.17 29.14+0.9

Table 3 Summary of the measured: (i) 163 K single cell capacitance
(Cp), (ii) 163 K average breakdown voltage (V,,) and (iii) breakdown
temperature gradient (AV,y/AT) for all the devices tested in this work.
Errors are computed by adding the standard error and variance in
quadrature. See text for more details.

3.3 Noise Analyses

Dark and correlated avalanche noise are crucial SiPM pa-
rameters that can affect the overall nEXO energy resolu-
tion by artificially increasing the fluctuations in the num-
ber of photons detected by the SiPMs. Dark noise pulses are
spontaneous charge signals generated by electron-hole pairs
formed by thermal or field enhanced processes [26]. nEXO
requires a dark count rate < 10 Hz/ mm?, a value mainly
driven by the goal to identify low energy scintillation pulses
for background rejection.

Correlated Avalanche (CA) noise is due to at least two
processes: the production of secondary photons in the gain
amplification stage during primary avalanches and the trap-
ping and subsequent release of charge carriers produced in
avalanches (afterpulsing). Afterpulse events trigger the same
cell multiple times in which the original avalanche happened.
Secondary photons in SiPMs are responsible, instead, for
at least three processes: (i) internal crosstalk (ii) external
crosstalk and (iii) optically-induced afterpulsing.

Internal crosstalk refers to the secondary photons that
trigger avalanches in neighbouring SPADs of the same SiPM
without escaping from the SiPM itself. External crosstalk
refers to the secondary photons that escape from the sur-
face of one SPAD and either (i) reflect back into the SiPM at
the surface coating interface and trigger avalanches in neigh-
bouring SPADs [27], or (ii) transmit through the SiPM sur-
face coating and leave the SiPM hitting another SiPM [28].
Finally, optically-induced afterpulsing refers to the secondary
photons that trigger avalanches in the same SPAD where
secondary photon emission occurs during the SPAD recharg-
ing time. Avalanches inside the same SiPM triggered by sec-
ondary photons can be simultaneous with the primary one
(direct crosstalk) or delayed by several nanoseconds (de-
layed crosstalk) [29].

In general, the subset of the CAs consisting of after-
pulses, optically induced or not, and delayed crosstalk events
is referred to as Correlated Delayed Avalanches (CDAsS).
The number of CDAs, as well as the SiPMs dark count rate
are discussed in Sec. 3.3.2. Unlike dark noise events, CAs
(and therefore CDAs) are correlated with a primary signal
and are thus present only if an avalanche happens, i.e., a
SPAD is discharged with the subsequent production of a
pulse.

Regardless of the mechanism responsible for their gen-
eration, all CAs add an extra charge (measurable in PE-
equivalent units) in the nEXO acquisition window, expected
to extend up to 1us after the trigger pulse. This extra charge
artificially increases the total number of apparent photons
detected by the SiPMs and, more importantly, provides addi-
tional event-by-event fluctuations in the total collected charge.
In order to reach the nEXO design energy resolution, the
SiPM correlated avalanche fluctuation within a time win-



dow of 1us after the primary pulse needs to be < 0.4. This
specification only refers to CAs produced within the same
SiPM. The correlated avalanche fluctuation is discussed in
Sec. 3.3.1, for all the devices tested. The external crosstalk
contribution to the predicted nEXO energy resolution is sep-
arately discussed in Sec. 4.

3.3.1 Correlated Avalanche Fluctuation

The Correlated Avalanche Fluctuation (CAF) is defined as
the ratio between the root mean square error 64 and the av-
erage extra charge (A) produced by CAs per pulse, com-
puted in the 1us window following the trigger pulse. The
parameter relevant to reaching the required nEXO energy
resolution is therefore defined as follows:

OA
CAF = = (A) 3)
The average extra charge produced by CA per primary pulse,
(A), is measured by constructing a histogram of the baseline
subtracted waveforms integrated up to 1us after the trigger
pulse and normalized to the average charge of 1 PE pulses,
as discussed in Ref. [18]. Waveforms were collected in the
dark, with the SiPM shielded from any light source. The av-
erage extra charge produced by CAs per pulse is reported
in units of PE as a function of the over voltage at 163 K
in Fig. 4 for FBK VUVHD?3 SiPMs and in Fig. 5 for HPK
VUV4 MPPCs. For comparison, in the same figures we also
show previous values of (A) measured at 163 K for the ear-
lier generation FBK VUVHDI devices [13] and for HPK
VUV4 MPPCs reported in Ref. [18]. The new devices show
an overall reduction in the average extra charge produced
by CAs per pulse. This improvement is particularly signifi-
cant for HPK MPPCs. For instance, at 3 V of over voltage
and 163 K, we measure (A) = 0.23+0.06 PE for FBK VU-
VHD3 SiPMs and (A) = 0.06 +0.02 PE for HPK VUV4
MPPCs>-°. Fig. 6 and Fig. 7 show the Root Mean Square
(RMS) error of the extra charge produced by CAs per pri-
mary pulse, as a function of the applied over voltage, mea-
sured at 163 K and in units of PE (i.e. 6,), for FBK VU-
VHD3 SiPMs and HPK VUV4 MPPCs, respectively. In
general, the RMS has a sharper increase with over voltage

33 V of over voltage is the highest over voltage point for which: (i)
the energy resolution of HPK MPPCs and FBK SiPMs is close to its
minimum (Sec. 4), (ii) all the nEXO requirements (Sec. 1) are satisfied,
within errors.

5These values were obtained by using polynomial spline interpo-
lations (forced to go to zero at 0 V of over voltage) of all the data
of Fig. 4 for FBK SiPMs and Fig. 5 for HPK VUV4 MPPCs. Similar
spline interpolations were also used to compute the reference values of
other measured quantities (e.g. RMS (o, ), dark count rate, PDE etc ..),
always at 3 V of over voltage. Morover in consideration of the signifi-
cant improvement of HPK MPPCs as compared to the ones previously
tested in Ref. [18], we used only the new measurements to compute
(A), o4 and the corresponding CAF for HPK MPPCs.
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Fig. 4 Average extra charge produced by Correlated Avalanches
(CAs,(A)) per primary pulse within a time window of 1us after the
trigger pulse measured at 163 K and as a function of the applied over
voltage for FBK VUVHD3 SiPMs. ST VUVHDI is instead the aver-
age extra charge produced by CAs for the previous generation of FBK
devices (FBK VUVHD1) [13].
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Fig. 5 Average extra charge produced by Correlated Avalanches
(CAs,(A)) per primary pulse within a time window of 1us after the
trigger pulse measured at 163 K and as a function of the applied over
voltage for HPK VUV4 MPPCs. TR VUV4-50 and ST VUV4-50 are
instead the average extra charge produced by CAs of the previously
characterised HPK VUV4-50 MPPCs [18].

compared to the mean. This results in a significant fluctua-
tion of the extra charge produced by CAs on an avalanche by
avalanche basis. Moreover, the HPK MPPCs tested for this
work have a smaller RMS with respect to both FBK VU-
VHD3 SiPMs and the previously tested HPK MPPCs [18].
This behavior is in agreement with the corresponding trend
of (A) for these devices (Fig. 5). At 163 K and 3 V of over
voltage the RMS is 0.51 +0.06 PE and 0.25+0.01 PE for
FBK VUVHD3 SiPMs and HPK VUV4 MPCCs, respec-
tively. Fig. 8 shows the CAF obtained with Eq. 3 by using
a polynomial spline interpolation (forced to go to zero at
0 V of over voltage) of all the data of Figs. 4, 6 for FBK
SiPMs and Figs. 5, 7 for HPK MPPCs. The nEXO require-
ment is also shown in the same figure. The shaded regions
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Fig. 6 Root Mean Square Error (RMS, o, ) of the extra charge pro-
duced by Correlated Avalanches (CAs) per primary pulse measured at
163 K within a time window of 1us after the trigger pulse as a function
of the applied over voltage for FBK VUVHD?3 SiPMs.
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Fig. 7 Root Mean Square Error (RMS, 6,4 ) of the extra charge pro-
duced by Correlated Avalanches (CAs) per primary pulse measured at
163 K within a time window of 1us after the trigger pulse as a func-
tion of the applied over voltage for HPK VUV4s MPPCs. TR VUV4-
50 is instead the RMS of the previously characterised HPK VUV4-50
MPPC [18].

represent the spread between all the measurements and were
computed interpolating the upper and lower boundaries of
the measured data with the corresponding errors. Given that
these devices were not pre-selected before testing, they rep-
resent a conservative estimate of the uncertainty of the final
nEXO production. For reference, at 3 V over voltage and a
temperature of 163 K, the CAF is equal to 0.42 +0.07 for
FBK VUVHD?3 SiPMs and to 0.24 +0.02 for HPK VUV4
MPPCs. Overall the smaller extra charge produced by CAs
per pulse allows for an increase in the photosensors oper-
ational over voltage, as compared with the ones previously
tested. This allows higher single PE gain (Sec. 3.2) and, in
turn, better signal to noise ratio of the nEXO photon detec-
tion system.
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Fig. 8 Correlated Avalanche Fluctuation (CAF) measured in the 1ps
window after the trigger pulse as a function of the applied over volt-
age and at 163 K, as defined by Eq. 3. The shaded regions represent
the spread between all the measurements and were computed interpo-
lating the upper and lower boundaries of the measured data with the
corresponding errors. The dashed horizontal line represents the nEXO
requirement.

3.3.2 Dark Count Rate and Number of Correlated Delayed
avalanches

Dark noise pulses can be distinguished from CDA pulses by
studying their time distribution relative to the primary pulse,
as shown in Ref. [30]. The secondary pulse rate, R(z), is
computed as a function of the time difference, ¢, from the
primary pulse (¢ = 0) as:

R(7) = Rpcr (Z) +Repa(7) @

where Rpcgr is the Dark Count Rate (DCR) and Rcpj is the
rate of the CDAs per pulse. The measured R(¢) at 163 K and
for roughly 5 V over voltage is reported for FBK and HPK
devices in Fig. 9. The DCR can be obtained from Fig. 9
by performing a weighted mean of the asymptotic rates at
longer times. The DCR measured at 163 K as a function
of the over voltage, for all the SiPMs and MPPCs tested,
are shown in Fig. 10. In the same figure we also report the
DCR for the previous generation of FBK devices (FBK VU-
VHDI1) and HPK VUV4-50 MPPC measured in Ref. [13]
and Ref. [18], respectively.

All the SiPMs and MPPCs comfortably satisfy the nEXO
requirements (< 10 Hz/mmz, Sec. 1) with similar perfor-
mances. For instance, at 163 K and 3 V of over voltage we
measure an average DCR of 0.35 +0.01 Hz/mm? for the
HPK VUV4-Q-50 MPPC, close to that of the previously
characterised HPK VUV4-50 MPPC [18], and of 0.19 +
0.01 Hz/mm? for FBK VUVHD?3 SiPMs. Fig. 9 can also be
used to estimate the number of correlated delayed avalanches
per pulse within a fixed time window of length A¢. The num-
ber of CDAs per pulse can in fact be computed by applying
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Fig. 10 Dark Count Rate (DCR) normalized by the SiPM photon sen-
sitive area, as a function of the applied over voltage, measured at 163 K.
ER VUVHDI and TR VUV4-50 are the DCR, always normalized by
the the SiPM photon sensitive area, for the previously characterised
FBK VUVHDI1 and HPK VUV4-50 MPPC [13,18]. The nEXO re-
quirement is out of the range of plot.

Eq. 4 to the observed pulse rate as follows:

Nepa(Ar) = /0 . (R~ Roce (1)) dt 5)

where Rpcr is the DCR reported in Fig. 10. The measured
average number of CDAs per pulse in the 1us window af-
ter the trigger pulse is reported in Fig. 11, as a function of
the applied over voltage. HPK MPPCs present, on average, a
larger amount of correlated delayed avalanches as compared
to FBK VUVHD3 SiPMs, especially at short times after the
trigger pulse (< 100 ns, Fig. 9) where the time distribution
is dominated by afterpulse events. The high HPK VUV4
MPPC afterpulse rate has, in fact, already been reported in
Ref. [18] where we noted shoulder-like events in the HPK

MPPC charge distribution. This has been attributed to fast
CAs which do not get resolved from their parent primary
pulse by the DAQ (< 4 ns). However, the HPK MPPCs tested
in this work featured an almost two-fold reduction in the
number of CDAs compared to the MPPC (HPK VUV4-50)
tested in Ref. [18]. For 163 K and 3 V of over voltage the
average number of CDAs per pulse in 1us is found to be
0.060 +0.003.
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Fig. 11 Number of Correlated Delayed Avalanches (CDAs) per pri-
mary pulse within a time window of 1 ps after the trigger pulse, as
a function of the applied over voltage, measured at 163 K. ER VU-
VHDI and TR VUV4-50 are the number of CDAs for the previously
characterised FBK VUVHDI1 and HPK VUV4-50 MPPC [13,18].

We also record a significant reduction in the number of
CDAs for the new generation of FBK devices (FBK VU-
VHD3) that results in the lowest measured value for all the
devices tested. This is attributed to the triple doping technol-
ogy developed by FBK, briefly discussed in Sec. 1 [19]. For
our reference over voltage and temperature (163 K, 3 V) the
average number of CDAs per pulse in 1us is 0.017 £0.001.
Finally, it is worth noting that the number of CDAs extrap-
olated in this section cannot be compared directly with the
average extra charge per pulse produced by CAs reported
in Sec. 3.3.1. The number of CDAs is in fact derived ac-
cording to Ref. [30], which takes into account only the time
differences of delayed events with respect to their primary
pulse. The average extra charge produced by CAs, on the
other hand, takes into consideration their different charges
as well.

3.3.3 Number of Additional Prompt Avalanches

Direct CrossTalk (DiCT) is investigated with the same tech-
nique used in Ref. [18]. The pulse-charge distribution was
studied using dark data and prompt pulses’ with the pho-
tosensors set at different over voltages and 163 K. More

"We define a prompt pulse as the first SiPM pulse in each wave-
form recorded by the DAQ
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generally the charge distribution of prompt pulses can be
used to determine the mean number of Additional Prompt
Avalanches (APA)s, Napa, due to DiCT as follows:

& Q

Napa = —
Ni:ZinpE

-1 (6)

where Q; is the charge of the prompt pulse i, Q; pg is the
average charge of a single PE pulse and N is the number of
prompt avalanches analyzed. An example of prompt pulse
charge distribution for roughly 4 V of over voltage is shown
in Fig. 12. The Napa number, in units of PE, measured at a
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Fig. 12 Charge distribution for prompt pulses obtained using dark data
for FBK VUVHD?3 SiPMs and HPK VUV4-Q-50 MPPC measured for
roughly 4 V of over voltage and for a temperature of 163 K.

temperature of 163 K and as a function of the applied over
voltage is reported in Fig. 13 for all the devices tested. The
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Fig. 13 Number of Additional Prompt Avalanches (APAs) measured
at 163 K as a function of the over voltage for all the devices tested in
this work. ER VUVHDI and TR VUV4-50 are the Number of APAs
for the previously characterised FBK VUVHDI and HPK VUV4-50
MPPC [13,18].

number of APAs for FBK SiPMs is significantly larger than

for HPK MPPCs. Overall, neither FBK SiPM nor HPK MP-
PCs show significant improvement from previously tested
ones [13,18]. From this we can conclude that the reduced
extra charge produced by CAs of the HPK MPPCs and FBK
SiPMs tested for this work and shown Sec. 3.3.1, is mainly
due to a reduction in their afterpulses (Sec. 3.3.2), rather
than a suppression of their direct optical cross talk. For 163 K
and 3 V of over voltage we measure a mean number of APAs
from DiCT of 0.148 +0.003 PE for FBK VUVHD3 SiPMs
and 0.016 +0.002 PE for HPK VUV4-Q-50 MPPCs. The
small amount of Napa can also be understood looking at
Fig. 12 where 3 PE events are greatly suppressed for HPK
MPPCs.

3.4 Photon Detection Efficiency

The PDE is the combined probability that a photon is ab-
sorbed in the active volume of the SiPM with a subsequently
triggered avalanche [31]. To meet the nEXO requirements,
the PDE must be > 15% for 175 nm. In two previously re-
ported nEXO studies [13,18] the PDE of the HPK VUV4
MPCCs and FBK SiPMs was measured in pulse counting
mode using a pulsed Xenon light source or a gaseous Xenon
scintillation light source. The light flux in both cases was
calibrated with a Hamamatsu PMT (HPK R9875P). For this
work, the PDE of all the SiPMs and MPPCs was measured
using continuous lamps, vacuum monochromators® and NIST
calibrated photodiodes (AXUV100G).

The PDE of the FBK VUVHD3 SiPMs and HPK MP-
PCs was measured by TRIUMF and IHEP in normal inci-
dence, in the wavelength range [160-200] nm at tempera-
tures of 163 K and 300 K, respectively”. The temperature
dependence of the SiPM PDE is however expected to be
weak, as shown from recently published results [32,33]. The
procedure involves measurement of the PDE of the devices
under test at a fixed wavelength (175 nm) and as a func-
tion of the applied over voltage. This measurement is car-
ried out using two techniques reported in Sec. 3.4.1 and
Sec. 3.4.2 that account for the different experimental condi-
tions of the two measurement setups (i.e. different temper-
ature and, therefore, different SiPM noise characteristics),
as shown in Sec. 3.4.3. The wavelength dependence of the
SiPM PDE was then extracted using the measured PDE val-
ues at 175 nm and by constructing a correlation between the
SiPM current under illumination and its PDE, as described
in Sec. 3.4.4.

8The vacuum monochromators used by TRIUMF and IHEP are:
a VM200 Resonance monochromator, and a Vacuum 302 McPherson,
respectively.

9The limitations of the IHEP setup prevent the measurement of the
photosensor PDE at cryogenic temperatures.
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3.4.1 TRIUMF Technique

At TRIUMF, the measurement of the PDE at 175 nm is

based on the estimation of the SiPMs photon induced avalanche

rate as a function of the applied over voltage, using the time

distribution between pulses, in analogy with what was done

in Sec. 3.3.2 to measure the SiPMs DCR. More precisely,

since photon induced avalanches are uncorrelated events (like
dark noise events), it is possible to distinguish them from

dark noise and correlated delayed avalanches by studying

the time distribution of all the events relative to the primary

pulse. The total observed pulse rate R(7) can then be com-

puted using Eq. 4 with an additional contribution due to pho-

ton induced avalanches, as follows:

R([) = Rpcr (t) + Repa (t) +Ry (l) @)

where: Ro(#) is the rate of photon induced avalanches de-
tected by the SiPM, Rpcgr(#) the SiPM DCR measured in
Sec. 3.3.2, and Rcpa(f) the correlated delayed avalanche
rate. In Fig. 14, we report the HPK VUV4-Q-50 pulse rate
R(#) measured at a temperature of 163 K under 175 nm illu-
mination as a function of the time difference with respect to
the primary pulse. In the same figure we also show the cor-
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Fig. 14 Observed pulse rate R(¢) measured at 163 K and for roughly
5V of over voltage with and without 175 nm illumination, as a function
of the time difference with respect to (wrt) the primary pulse for HPK
VUV4-Q-50 MPPC.

responding pulse rate measured without illumination (dark
condition) for roughly the same over voltage, as reported in
Fig. 9. It is clear that the pulse rate under illumination is
significantly higher due to the photon induced contribution.
The uncorrelated pulse rate, (Rpcr (2) +Ro(#)) can then be
measured, as a function of the over voltage, from Fig. 14, by
performing a weighted mean of the asymptotic rates at long
times, in analogy with what was done in Sec. 3.3.2 for the
DCR. The asymptotic pulse rate is ~4 orders of magnitude
lower without illumination, making the contribution of the

DCR at 163 K towards the total pulse rate completely neg-
ligible. The SiPM PDE can then be obtained dividing Ry(7)
by the photon flux @), measured with a calibrated diode,
defined as

(I —Ipcr)A

P =
0 Rhc

(®)
where I and Ipcr are the Photo-Diode currents with and
without illumination, respectively, R is the Photo-Diode re-
sponsivity at the wavelength A provided by NIST, h is Planck’s
constant and c is the speed of light. The PDE then follows
as:
Ro
PDE = — 9
& ©)
We emphasize that this technique is free from CAs since
its contribution to the total pulse rate can be discriminated
while constructing the rate plot, as shown in Fig. 14.

3.4.2 IHEP Technique

The THEP technique relies on the correlation between the
SiPM current under 175 nm light illumination and its PDE
as follows:

(Isipm(V, 175) — IS5 (V) = PDEj75(V) x &g (175) x (V)

(10)
where V is the SiPM reverse bias voltage, Isipy and IsDﬂgl\l}[
are the SiPM current with and without illumination, PDE75
and &y (175) are the SiPM PDE and the photon flux (Eq. 8)
measured at 175 nm with the SiPM and the calibrated diode,
respectively. All these quantities were measured by IHEP
at 300 K. f(V) is a correction factor that accounts for the
SiPM gain and for the CA noise contribution that artificially
increases the total current produced by the SiPM. This last
quantity is a function of the applied bias voltage V, but to
first approximation can be considered wavelength indepen-
dent. Moreover as shown in Ref. [18], gain and average ex-
tra charge produced by CAs per pulse are weakly temper-
ature dependent. In this work, the correction factor f(V)
is estimated at 233 K using its wavelength independence
by illuminating the SiPM with a pulsed visible light source
(404 nm) as follows:

(Isipm (V,404) — ISR (V)
HSiPM X f X qe

fv) = an

where Isipyp and IsDigﬁ are the SiPM current with and with-

out 404 nm illumination, uSiPM is the average number of
photons detected by the SiPM in each laser pulse of fre-
quency f, and g, is the electron charge. p5*™ was measured
by counting the number of laser flashes in which no pulses
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were detected (Ny). Using Poisson statistics, uSiPM can be
expressed as:
. No
u$™M = —1In () — HpcR (12)
Nror

where Ntor is the total number of laser pulses. This method
is independent of CAs and it requires a correction for the av-
erage number of dark noise pulses in the acquisition window

(UDCR)-

3.4.3 Photon Detection Efficiency at 175 nm

Fig. 15 and Fig. 16 show the PDE measured at 175 nm and
as a function of the applied over voltage for HPK VUV4
MPPCs and FBK VUVHD3 SiPMs, respectively. As already
noted the IHEP measurements were done at 300 K while the
TRIUMEF ones at 163 K. In Fig. 16 we also reported the PDE
measured in Ref. [13] of the previous generation of FBK de-
vices (FBK VUVHD1). Overall, the two generations of FBK
SiPMs have an efficiency that is compatible, within uncer-
tainties. However, it is worth noting that the new data have
significantly smaller systematic uncertainties thanks to the
NIST calibrated diodes used for these measurements. For
instance, at an over voltage of 3 V we measure an average
PDE of 20.5 4+ 1.1% for HPK MPPCs and of 24.3 +1.4%
for FBK VUVHD?3 SiPMs. Both are well above the nEXO
requirement.
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Fig. 15 Photon Detection Efficiency (PDE) measured at

roughly 175 nm as a function of the applied over voltage for
HPK VUV4 MPPCs. The IHEP measurements are done at 300 K
with a wavelength uncertainty of ~ 2 nm FWHM. The TRIUMF ones
instead at 163 K with a wavelength uncertainty of ~ 4 nm FWHM.
The error bars on each point account for the presence both of the
statistical and the systematic uncertainty. The dashed line represents
the nEXO requirement.

3.4.4 PDE wavelength dependence

The LXe scintillation emission spectrum is in the shape of a
Gaussian function, with the mean at 174.8 nm and a FWHM
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Fig. 16 Photon Detection Efficiency (PDE) measured at roughly
175 nm as a function of the applied over voltage for FBK VUVHD3
SiPMs. The IHEP measurements are done at 300 K with a wavelength
uncertainty of ~ 2 nm FWHM. The TRIUMF ones instead at 163 K
with a wavelength uncertainty of ~ 4 nm FWHM. The error bars on
each point account for the presence both of the statistical and the sys-
tematic uncertainty. ST VUVHDI1 #1 and ST VUVHD1 #2 are instead
the PDE of FBK VUVHDI1 SiPMs measured in Ref. [13]. The dashed
line represents the nEXO requirement.

of 10.2 nm [12]. For precise detector simulation it is there-
fore necessary to know not only the PDE at the maximum
of the emission spectrum, but also in a broader wavelength
range. In Sec. 3.4.3 we have shown the 175 nm PDE mea-
sured by TRIUMF and IHEP as a function of the applied
over voltage at 163 K and 300 K for all the devices under
test. The wavelength dependence of the SiPM PDE can be
extracted using the PDE measured at 175 nm and by uti-
lizing a correlation between the SiPM current under illu-
mination and its PDE, similar to the one used by IHEP in
Sec. 3.4.2. More precisely, if the SiPM PDE is known at a
specific wavelength (175 nm in this case) and for a specific
reverse bias voltage V, Eq. 10 can be used to estimate the
wavelength independent correction factor f(V') and to mea-
sure the SiPM PDE for the same bias voltage V, but for a
different wavelength A, as follows:

PDE, (V) = (siem(V,4) — g (V) (13)

Po(4) x f(V)

where @y(A) is defined in Eq. 8, Isipm and Iggﬁ are the
SiPM current with and without the A illumination.

As an example in Fig. 17 we report the PDE of the FBK
VUVHD3 SiPMs measured at roughly 3 and 4 V of over
voltage by TRIUMF and IHEP in the wavelength range 165-
200 nm at 163 K and 300 K, respectively. Similar figures
hold for other over voltages. The error bars on each point in-
clude statistical and systematic uncertainties. The FBK PDE
data show clear oscillations due to interference of the inci-
dent light in the ~ 1.5um thick SiO; cover layer deposited
on the surface of these SiPMs. A similar interference pattern
was also seen in a previously reported nEXO study where
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Fig. 17 Photon Detection Efficiency (PDE) measured as a function
of the wavelength for 3 V and 4 V over voltage for FBK VUVHD3
SiPMs. The IHEP measurements are done at 300 K with a wavelength
uncertainty of ~ 2 nm FWHM. The TRIUMF ones instead at 163 K
with a wavelength uncertainty of ~ 4 nm FWHM. The error bars on
each point account for the presence of the statistical and the systematic
uncertainty.

the specular reflectivity of FBK VUVHD1 SiPMs was mea-
sured as a function of incidence angle and wavelength [34].
The FBK VUVHDI and FBK VUVHD3 indeed share the
same surface coating configuration. Overall, the TRIUMF
and IHEP measurements give comparable results within er-
rors with well aligned maxima and minima of the interfer-
ence pattern. The IHEP data, however, show a slightly larger
peak to valley ratio as compared to the TRIUMF data, at-
tributed to better wavelength resolution.

Fig. 18 shows the PDE of HPK VUV4-Q-50 MPPCs
measured at roughly 4 and 5 V of over voltage by TRIUMF
and IHEP in the wavelength range 165-200 nm and at 163 K
and 300 K, respectively. Similar figures hold for other over
voltages. Again, error bars on each point include statistical
and systematic uncertainties. Unlike FBK SiPMs, the HPK
VUV4-Q-50 MPPCs do not exhibit an interference pattern
in their PDE, most likely because their surface coating is

thinner!?. The absence of an interference pattern is compat-
ible with the specular reflectivity measurements reported in
Ref. [34].
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Fig. 18 Photon Detection Efficiency (PDE) measured as a function
of the wavelength for roughly 4 V and 5 V of over voltage for HPK
VUV4-Q-50 MPPCs. The IHEP measurements are done at 300 K with
a wavelength uncertainty of ~ 2 nm FWHM. The TRIUMF ones in-
stead at 163 K with a wavelength uncertainty of ~ 4 nm FWHM. The
error bars on each point account for the presence of the statistical and
the systematic uncertainty.

Fig. 19 shows instead the PDE of HPK VUV4-50 MPPC
measured by IHEP at roughly 6 V of over voltage in the
wavelength range 165-200 nm at 300 K. In the same figure
we also reported the PDE measured in Ref. [18] at roughly
the same over voltage for nominally the same type of MPPC
(HPK VUV4-50 MPPC), but different test sample. The new
measurements confirm that this type of MPPC (HPK VUV4-
50) has a PDE that is below the almost flat 20-25% adver-
tised by HPK in the same wavelength range [35]. Moreover,
the HPK VUV4-50 has a lower PDE than the correspond-
ing quad device (HPK VUV4-Q-50), as shown in Fig. 18.

10HPK didn’t disclose the configuration and chemistry of the sur-
face coating structure. However accordingly to the HPK documenta-
tion, HPK VUV4-50 and HPK VUV4-Q-50 MPPCs should share the
same, unknown, surface coating topology.
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The new IHEP measurements show a slightly larger PDE
than previously reported, likely due to device to device non-
uniformity. Indeed, the previously reported results already
showed a large spread in the PDE, as shown in Fig. 19.
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Fig. 19 Photon Detection Efficiency (PDE) measured by IHEP as a
function of the wavelength for roughly 6 V of over voltage for HPK
VUV4-50 MPPCs. For reference in the same figure we also reported
the PDE measured in Ref. [18] for the nominally same type of MPPC,
but different test sample. Due to the different filtering scheme the wave-
length uncertainty of the previously published measurement was sig-
nificantly larger.

4 Estimation of the nEXO Energy Resolution

The nEXO experiment is designed with optimized scintilla-
tion light and charge collection to provide an excellent en-
ergy resolution, with a final design goal of 6/Q < 1% for the
0vB B decay of 136Xe (0 = 2458.07+0.31 keV [8,9]). Re-
cently, other LXe TPCs with high light collection efficiency,
such as Xenon1T and LZ have featured sub-percent detector
energy resolution over the relevant energy range [36,37].
Important differences between nEXO and these dual phase
TPCs include the use of aluminised surfaces instead of PTFE
as light reflectors, the direct detection of charge without am-
plification, and the positioning of light sensors on the detec-
tor barrel, behind an optically open field-shaping electrode
cage [10,38].

In Ref. [13] we have shown that the first generation of
FBK devices (FBK VUVHDI) satisfy the nEXO require-
ment with an optimal energy resolution achieved using an
over voltage between 2 V and 3 V. In this section we eval-
uate the energy resolution achievable by nEXO using the
better-performing VUV sensitive SiPMs tested in this work.

The production of scintillation light in xenon proceeds
via a few paths [39]. In general, when a particle deposits an
energy E in LXe, it produces heat, electron-ion pairs and
atomic excitations (forming excitons when in liquid). Ex-
citons promptly form excited dimers, i.e. a Xe3 molecule,

while ions form charged dimers [40]. Excited xenon dimers
decay to the ground state producing 175 nm scintillation
light. The charged dimers, instead, neutralize by capturing
a free electron. This recombination process is dissociative
and results in an excited xenon atom which again forms an
excited dimer similarly to the direct excitation channel men-
tioned above [41].

Other processes may occur, such as quenching and interme-
diate transitions, or atomic relaxation [42,43].

The energy resolution model derived in this section rep-
resents a progression of the EXO-200 semi-empirical one
presented in Ref. [44], and it is based on the assumption that
each recombining electron-ion pair always produces an ex-
citon which in turn produces a photon. Fits to the EXO-200
detector response in Ref. [44] are consistent with this as-
sumption, indicating that at most a few percent of electron-
ion pairs might not produce a scintillation photon upon re-
combination. If we denote with r the fraction of recombining
electrons, the maximum number of detectable electrons (7,)
and photons (n,,) for an initial population of n; electron-ion
pairs and nex excitons, are ny, = (1 —r)n; and n, = (nex +
rn;), respectively. Under these assumptions, it is possible
to define a recombination-independent value W = E/(ng +
n,) = E/(n; + ne), which corresponds to the energy re-
quired to create a single quantum of either type (light or
charge).

Because the light and the charge channels are anti-correlated,

the mean number of quanta (of both types) produced by a
single energy deposition can be written as [44]

(ny = % o< cos(0)(ng) +sin(0)(n,) (14)

where, for nEXO, (E) is the Q-value of the Ovf3f3 decay of
136Xe and W = 11.5+£0.5 (syst.) £0.1 (stat.) eV, as mea-
sured by EXO-200 [44]. This value of W is smaller than
what is currently used in the NEST code [45], but is con-
firmed by recently published results [46]. O is the rotation
angle in the charge-light 2-dimensional space and indicates
the optimal weighting of the two signals that minimizes the
energy resolution [10].

The relative standard deviation associated with the quanta
counting of Eq. 14 (also called the energy resolution for the
0vB B decay) is computed assuming that the optimal rota-
tion angle is 0 = /4 [44]:

o, \/Gg + 062 +2Cov,,, + 0F,
(n) {m)

where Gq2 and GI% are the variances of n, and n,, respec-
tively and Cov, ;, is their covariance. The additional term
in Eq. 15 is a variance parameterised by a Fano factor-like
term: 0%, = fxe (n) that accounts for intrinsic fluctuations
in the total number of quanta unrelated to recombination

5)
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(e.g., energy loss to heat) [44]. While never been measured
for LXe, fxe has been calculated to be 0.059 [47,48] and is
poorly constrained by data since it is a sub-dominant contri-
bution to the resolution of existing detectors. Compared to
the charge readout noise and photon collection fluctuations,
this additional term also represents a subdominant contribu-
tion for nEXO and will be neglected in the following sec-
tions.

4.1 Contribution of the scintillation detector

The contribution of the light subsystem performance to the
total nEXO energy resolution can be derived by considering
two assumptions. First, the number of photons detected (rn,)
follows a binomial distribution [44] with detection probabil-
ity equal to

PDE
1-R

€, =PTE x (16)
where PTE and PDE are the Photon Transport and Detection
Efficiency for Xe scintillation light!! (67 = €,(1 — &,)n,,
(ng) =np€p). Second, the number of Dark Count (DC) events
(npc) in the acquisition window follows a Poisson distribu-
tion.

The fluctuation in the number of measured photons (613)
can then be written as

1—¢€,)n n +(n, o2
61%:( p)p+<DC>2<d>X A 2+
2 g syt
<nDC> 2 .2 nr%oise 2
+ + 1500, + B 1o
€2 PRI (14 (A))2 T

where: (i) (A) is the average extra charge produced by CAs
per pulse, (ii) 04 is its standard deviation, (iii) 6,2 accounts
for the fluctuation in units of quanta, resulting from recom-
bination (iv) Gl%n accounts for some residual calibration un-
certainty, which systematically biases (n,) (e.g. due to spa-
tial variations that cannot be completely calibrated), and (v)
N2, accounts for an additional noise contribution due to
distortions by the electronic noise in the photon-readout chan-
nel. This quantity cannot be calibrated until the finalisation
of the nEXO photon-readout, but based on the requirement
reported in Sec. 1 (< 0.1 PE rm.s.), it is expected to be
a subdominant contribution to the energy resolution. The
mean number of dark noise events in Eq. 17 is also expected
to be a sub-dominant contribution, as shown by Fig. 10. For
these reasons both quantities will henceforth be neglected.
Eq. 17 can then be simplified as

2 (—g)np  (na) o}

02— TP T A 26k + 62 (18)
g & e (I+(A)2 prim T

"'"The SiPM PDE is divided by the SiPM transmission T = (1 —R)
to avoid to double count this term in the PTE contribution.

Eq. 18 shows how the SiPM CAs contribute to the light com-
ponent of the energy resolution with a term proportional to
o4 /(14 (A)), providing a physics-driven motivation for the
requirement introduced in Sec. 3.3.1.

Generally, the energy resolution worsens at high over volt-
ages since 0, increases faster than (A).

In addition to CAs and dark noise, SiPMs are also af-
fected by external crosstalk, introduced in Sec. 3.3 and not
explicitly included in Eq. 18. The number of external crosstalk
photons emitted per avalanche depends on the SiPM gain.
Moreover the infrared light is the main component of the
SiPM secondary photon emission, as shown in Ref. [28].
Preliminary studies show that SiPMs secondary photon emis-
sion could degrade the nEXO energy resolution at high over
voltages, while suggesting a subdominant contribution at
low over voltages (< 3 V) [49]. Its impact on the energy
resolution, however, depends on the nEXO TPC PTE for
infrared light that, in turn, depends on the reflectivity of
the TPC materials and the SiPM PDE at these wavelenghts.
Both quantities are so-far not well known for infrared wave-
lengths and await new measurements necessary to fully pre-
dict their impact on the nEXO energy resolution.

4.2 Contribution of the ionization detector

The contribution of the charge subsystem to the nEXO en-
ergy resolution is derived similarly to what is presented in
Sec. 4.1. The number of charges detected (ng,) can be writ-
ten as

Mg = 4Ny (19)
withe, =e™’ /7 the charge collection efficiency, a function of
the mean drift time ¢ in LXe and of the electron lifetime 7, a
finite quantity which depends on the concentration of elec-
tronegative contaminants. The drift time ¢ is derived from
the drift length / and velocity v as /(2v) where the factor
2 accounts for the averaging of signal over the entire fidu-
cial volume. The contribution of the charge subsystem to
the total nEXO energy resolution, G(?, can then be derived
assuming binomial statistics [44] for the number of detected
charges with probability of detection equal to &, as follows

Nt Oinoi
o, =L+ 1o} (20)
T €
q
where Gj_nom accounts for the electronic noise contribution

in the charge channel and o7 is the variation in units of
quanta in the charge channel due to recombination fluctu-
ations. Possible deviations from the binomial statistics may
be related to the change in charge loss versus drift length. A
drift time correction will be applied to remove the average
charge loss on an event-by-event basis. Moreover here we
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are ignoring any residual calibration uncertainty in the cor-
rection. However, statistical fluctuations in the charge loss
for a given event can still contribute to the resolution. For the
> 5 ms electron lifetime in nEXO, these fluctuations will not
contribute significantly to the charge resolution since elec-
tronics noise dominates Eq. 20.

4.3 Predicted Energy Resolution

The final predicted nEXO energy resolution is obtained by
substituting the contribution of the light (Eq. 18) and charge

(Eq. 20) channels in Eq. 15, and assuming perfect anti-correlation

between the two channels (Cov, , = —07), as follows:

(1—gp)np np 612& 22 ngt Gfi'wise'
G e g aar 0%m) T\ T
(m) {m)

ey

Fig. 20 shows the predicted energy resolution for the Ov3 3
decay Q-value of '*®Xe as a function of the photosensors
over voltage and Table 4 summarises the parameters used for
the calculation. The SiPM CAF is computed as in Sec. 3.3.1
(Fig. 8). The SiPMs and MPPCs PDE are computed by us-
ing a polynomial spline interpolation (forced to go to zero at
0V of over voltage) of all the data of Figs. 15,16. The SiPM
reflectivity in Eq. 16 is derived from the almost normal in-
cidence 175 nm vacuum data (~ 5°) published in Ref. [34],
under the assumption of unpolarised light'?. The LXe light
yield is instead derived from Ref. [44] for a drift field of
400 V/cm, the nominal one in the actual nEXO design. The
detector PTE, residual calibration uncertainty, noise in the
charge channel, electron drift velocity and lifetime are taken
from Ref. [7]. The dashed lines in Fig. 20 represent the con-
tribution of the light channel (c,/(n)) to the total energy
resolution, obtained using Eq. 18 and neglecting the recom-
bination fluctuation term (67). Additionally, Fig. 20 shows
also the nEXO design specification. Overall FBK VUVHD3
SiPMs and HPK VUV4 MPPCs are both excellent candi-
dates for the nEXO light detection subsystem, each not only
satisfying, but exceeding, the 1% energy resolution require-
ment. This is a remarkable improvement as compared to the
SiPMs tested in Refs. [13, 18], in particular for previous gen-
eration HPK MPPCs that only marginally met the SiPM
PDE requirement (Sec. 3.4). The FBK VUVHD3 SiPMs
have a slightly better energy resolution, especially at low

12Ref. [34] reports the specular reflectivity of FBK VUVHDI
SiPMs and HPK VUV4-50 MPPCs as a function of the incident wave-
length and angle. As noted in Sec. 3.4.4, the FBK VUVHDI1 and VU-
VHD3 SiPMs share the same surface coating structure. Although HPK
didn’t disclose the surface properties of its devices, its documentation
indicates that HPK VUV4-50 and HPK VUV4-Q-50 MPPCs have the
same surface coating.

Symbol Meaning Value Ref.
0 [keV] Q-value 2458.07 [8,9]
W [eV] Energy for 1 quantum 11.5 [44,46]
n=Q/W [#] Number of quanta 213745 -
Yy Ly/eV] Light yield 0.037 [44]
n, =Q X%, [#] Number of photons 90949 -
PTE [#] Photon Transport Eff. 33.3% [7]
Oy [#] Res. calib. uncertainty 0.5% [7]
PDE [#] Photon Detection Eff. Sec. 3.4 -
.. FBK 27.7+1.6%
R [#] Reflectivity HPK 20+ 1% [34]
g, [#] Total Photon Det. Eff. Eq. 16 -
(A) [PE] Mean of CA Sec. 3.3.1 -
o, [PE] RMS of CA Sec. 3.3.1 -
ng=n—np,[e"] Number of electrons 122797 -
Oy noise €7 ] Noise charge ch. 1132 [7]
[ [m] Drift length 1.187 [7]
v [mm/ps] Drift velocity 1.73 [71
T [ms] Electron lifetime 10 [7]
g=e T [#) Charge coll. eff. 96.6% -

Table 4 Summary of the parameters of Eq. 21. The SiPM Corre-
lated Avalanches (CAs), RMS and Photon Detection Efficiency (PDE)
are derived by interpolating all the data reported in Sec. 3.3.1 and
Sec. 3.4. The SiPM reflectivity is derived from the almost normal in-
cidence 175 nm vacuum data previously published in Ref. [34], un-
der the assumption of unpolarised light. The detector Photon Transport
Efficiency (PTE), residual calibration uncertainty, noise in the charge
channel, electron drift velocity, lifetime and light yield are extrapolated
from Refs. [7,44] under the assumption of a drift field of 400 V/cm, the
nominal one in the actual nEXO design.

over voltage (<3 V), due to their higher PDE. HPK MP-
PCs, on the other hand, show a remarkably small degrada-
tion of the energy resolution with increased over voltage due
to lower average extra charge produced by CAs per pulse, as
shown in Sec. 3.3.1.

For instance, at 3 V of over voltage, we predict an en-
ergy resolution at the '3°Xe decay Q-value of 0.73 4-0.02%
for the FBK VUVHD3 SiPMs and of 0.76 £ 0.01% for the
HPK VUV4 MPPCs. These values are close to the ~ 0.8%
extrapolated with the full nEXO Monte Carlo (MC) simula-
tion [7]. The small discrepancy is mainly due to the conser-
vative SiPMs PDE value, derived from earlier measurements
of HPK devices [18, 13], coded in the MC compared to the
one, 5 — 10% higher, presented in this work. It should be
stressed that the uncertainty on the energy resolution pre-
sented here only includes systematic uncertainties defined
by the measurement reported in this paper. Other systematic
effects related, e.g., to noise on the charge channel would
also impact the energy resolution.

5 Conclusions

This paper describes measurements performed by the nEXO
collaboration to characterize the properties of new VUV sen-
sitive SiPMs at 163 K. In particular, this work focused on
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Fig. 20 Estimated energy resolution (o, /(n), Eq. 21) as a function of
the applied over voltage for the OvB B decay of *°Xe (Q = 2458.07 +
0.31 keV) achievable by the nEXO detector with the VUV-sensitive
SiPMs tested in this work (FBK VUVHD3 SiPMs and HPK VUV4
MPPCs). Dashed lines represent the contribution of the light channel
(0,/(n)) to the total energy resolution, neglecting recombination fluc-
tuations (Grz). The LXe light yield is derived from Ref. [44] for a drift
field of 400 V/cm, the nominal one in the actual nEXO design. Un-
certainty bands on the light channel-only resolution are not shown for
clarity.

Quantity FBK VUVHD3 HPK MPPCs

DCR [Hz/mm?] 0.19+0.01 0.35+0.01
(A) [PE] 0.23+£0.06 0.06+0.02

o, [PE] 0.51+0.06 0.25+0.01

CAF (Eq. 3) [#] 0.42+0.07 0.24+£0.02
PDE 75 nm [#] 243+1.4% 20.5+£1.1%
Energy Resolution [#] 0.73+0.02% 0.76+0.01%

Table 5 Summary of the results derived for the characterization of
the FBK VUVHD3 SiPMs and HPK VUV4 MPCCs and useful for
nEXO operations. The dark count rate (DCR), the average extra charge
produced by correlated avalanches per pulse in the Ius following
the trigger pulse (A), its RMS 64, and the corresponding Correlated
Avalanche Fluctuation (CAF), as defined in Eq. 3, are reported for a
temperature of 163 K and at an over voltage of 3 V. The Photon De-
tection Efficiency (PDE) is also reported for an over voltage of 3 V, at
163 K, and for a mean wavelength of 175 nm.

FBK VUVHD3 SiPMs and HPK VUV4 MPPCs, identified
as possible options for the nEXO experiment. The results
of the characterization that are relevant for the nEXO detec-
tor are summarized in Table 5. For a device temperature of
163 K and at an over voltage of 3 V, the dark noise rates of
FBK VUVHD3 SiPMs and HPK VUV4 MPPCs are mea-
sured to be 0.19 +0.01 Hz/mm? and 0.35 £+ 0.01 Hz/mm?,

respectively. Both values are comfortably lower than the nEXO

requirement (< 10 Hz/mm?). At the same over voltage set-
ting and temperature, we measure a mean charge produced
by CAs per pulse equal to 0.23 +0.06 PE and to 0.06 £
0.02 PE, and an RMS of 0.51 +0.06 PE and 0.25+0.01 PE,
for FBK VUVHD?3 SiPMs and HPK VUV4 MPPCs respec-
tively. These quantities give a corresponding CAF, defined
in Eq. 3, of 0.424+0.07 and 0.24 £ 0.02. The PDE of FBK

VUVHD3 SiPMs and HPK VUV4 MPPCs were also char-
acterised in the wavelength range [160-200] nm at 163 K
and 300 K. For a mean wavelength of 175 nm and 3 V of
over voltage we measured an average PDE of 24.3 +1.4%
for FBK VUVHD3 SiPMs and of 20.5 + 1.1% for HPK
VUV4 MPPCs. Both values are well above the >15% re-
quired by nEXO.

Finally, we estimated the energy resolution that could
potentially be achieved at the Ov38 decay Q-value of '*°Xe
by the nEXO detector with the VUV sensitive SiPMs tested
in this work. At an over voltage of 3 V, we estimate an en-
ergy resolution of 0.73 £0.02% for FBK VUVHD3 SiPMs
and of 0.76 = 0.01% for HPK VUV4 MPPCs. Overall, the
devices tested in this work feature remarkable improvement
compared to previously tested FBK SiPMs and HPK MP-
PCs and meet the nEXO requirements, making them suit-
able choices for the nEXO detector.

The next steps towards the conceptual design of the nEXO
light detection module involve the development with HPK
and FBK of photosensors with 1 cm? photosensitive area.
Moreover R&D with FBK is ongoing to develop SiPMs with
Through Silicon Vias (TSV) technology [50]. This option
is already available for HPK MPPCs. TSVs would remove
the need for wire-bonds on the photosensors front side, sim-
plifying assembly and avoiding wire-bonds in high electric
field regions of the detector. While initial radioassays have
been performed for all candidate materials in the light de-
tection system, measurements of the radiopurity of the final
assembled modules must still be performed. Finally, addi-
tional measurements are planned to determine: (i) the pho-
tosensors infrared PDE and reflectivity, which are useful to
constrain the impact of the secondary photon emission in
the nEXO energy resolution; (ii) the long term stability of
nEXO light detection modules in nEXO-like operating con-
ditions (i.e., operation in LXe under illumination from y cal-
ibration sources).
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