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ABSTRACT: Excellent energy resolution is one of the primary advantages of electrolumines-
cent high-pressure xenon TPCs. These detectors are promising tools in searching for rare
physics events, such as neutrinoless double-beta decay (880v), which require precise en-
ergy measurements. Using the NEXT-White detector, developed by the NEXT (Neutrino
Experiment with a Xenon TPC) collaboration, we show for the first time that an energy
resolution of 1% FWHM can be achieved at 2.6 MeV, establishing the present technology
as the one with the best energy resolution of all xenon detectors for 580v searches.
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1 Introduction

Searches for neutrinoless double beta decay (S80v), the observation of which would imply
total lepton number violation and would show that neutrinos are Majorana particles [1-4],
require excellent energy resolution to eliminate background events that occur at energies
similar to the Q-value of the decay (Qgg). The NEXT (Neutrino Experiment with a
Xenon TPC) collaboration [5-8] intends to search for 350v using of order 100 kg of xenon
enriched to 90% in the candidate isotope 3°Xe (Qg3 = 2457.8keV). In recent years, NEXT
has developed and operated several gaseous xenon TPCs, including kg-scale detectors at
Lawrence Berkeley National Lab (LBNL) and Instituto de Fisica Corpuscular (IFIC) [9, 10]
and more recently the 5 kg-scale NEXT-White! at the Canfranc Underground Laboratory
(LSC) in the Spanish Pyrenees [11].

Previous analyses [12] of the NEXT-White energy resolution using gamma rays from
137Cs and 232Th sources showed an extrapolated 1% FWHM resolution at (Qps- The
relatively low pressure (7.2 bar) at which those data were taken meant that electron tracks
of events with energy near ()gg were not easily contained in the detector. Low statistics at
the photopeak limited the highest energy at which a detailed analysis of energy resolution
was performed to 1.6 MeV. More data has since been taken at a higher pressure (10.3 bar),
and the results are reported in the present study. The experimental setup, similar to that
of the previous study [12], is reviewed in section 2, and the analysis and obtained energy
resolution are presented in section 3.

2 Experimental setup

2.1 The NEXT-White electroluminescent TPC

The experimental setup is similar to that of the preceding study [12] and is summarized
here. The detector NEXT-White is an electroluminescent (EL) time projection chamber

!Named after our late mentor and friend Prof. James White.
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Figure 1. Experimental summary. (Left) Schematic of the main components of the NEXT-White
TPC and locations of the calibration sources (not drawn to scale). 137Cs and ??8Th sources were
placed in the lateral and top entrance ports of the pressure vessel, respectively, and a second 222Th
source (the leftmost of the two) was placed directly on top of the vessel. (Right) Operational
parameters used in the present study.

(TPC) filled with xenon gas and equipped with photosensors to detect the UV light emit-
ted in interactions occurring within the active volume. Charged particles deposit energy
within the drift region, producing a track of ionized and excited xenon atoms. The UV
light emitted in the relaxation of the excited xenon atoms, called primary scintillation or
S1, is detected immediately and the ionized electrons are drifted toward a readout plane
consisting of a narrow region of high electric field, the EL gap. In passing through the
EL gap, the electrons are accelerated to energies high enough to further excite, but not
ionize, the atoms of the xenon gas, leading to the production of an amount of secondary
scintillation photons (S2) proportional to the number of electrons traversing the gap. This
amplification process, electroluminescence, allows for gains on the order of 1000 photons
per electron with significantly lower fluctuations than avalanche gain. In addition, the time
elapsed between the observation of S1 and the arrival of S2 can be used to determine the
axial (z) coordinate at which the interaction took place.

In NEXT-White (see figure 1 and also [11]), the primary (S1) and secondary (S2)
scintillation are detected by an array of 12 Hamamatsu R11410-10 photomultiplier tubes
(PMTs), called the “energy plane” placed 130 mm from a transparent wire mesh cathode
held at negative high voltage. An electric field is established in the drift region defined
by the cathode and another transparent mesh (the gate) located about 53 cm away. The
EL region is defined by the mesh and a grounded quartz plate coated with indium tin
oxide (ITO), placed 6 mm behind it. A grid (10 mm pitch) of 1792 SensL series-C silicon
photomultipliers (SiPMs) is located behind the EL gap and measures the S2 scintillation,
providing precise information on where the EL light was produced in (z,y). The active
volume is shielded by an 60 mm thick ultra-pure inner copper shell, and the sensor planes
are mounted on pure copper plates of thickness 120mm. The sensor planes and active



Avg Triggers Triggers Avg

Run # Duration Rate (low-energy) (high-energy) Lifetime (ps)
6346 25.0h 42 Hz 3 485 555 313 761 3977
6347 23.6h 41 Hz 3 250 612 304 948 4190
6348 23.5h 41 Hz 3 210 597 307 397 4297
6349 23.8 h 41 Hz 3 248 563 311 204 4261
6351 239h 41 Hz 3 260 929 311 951 4008
6352 246 h 41 Hz 3 345 650 321 545 3908
6365 244h 41 Hz 3 300 055 318 662 3344
6482 26.7h 41 Hz 3 257 113 739 668 3527
6483 247h 41 Hz 3 006 991 684 718 3579
6484 244h 41 Hz 2 959 826 681 687 3586
6485 203h 41 Hz 2 453 528 566 984 3597

Table 1. Summary of data analyzed in this study.

volume are enclosed in a pressure vessel constructed from the titanium-stabilized stainless
steel alloy 316Ti. The vessel sits on top of a seismic table; and a lead shield that can be
mechanically opened and closed surrounds the vessel. The vessel is connected to a gas
system through which the xenon gas is continuously purified via the use of a hot getter.
The entire experimental area, including gas system, electronics, pressure vessel, and seismic
table, are stationed on an elevated tramex platform in the Laboratorio Subterraneo de
Canfranc (LSC) in the Spanish Pyrenees.

2.2 Run configuration

As the goal of the present analysis was a detailed study of energy resolution, calibration
sources were employed to yield energy peaks over a range of energies from several tens of
keV up to and including Qgg. 83mKr was injected into the xenon gas, providing a uni-
form distribution of 41.5keV point-like energy depositions used to map out the geometric
variations in the sensor responses and electron lifetime of the detector [13]. '37Cs and
2287 calibration sources were also placed as shown in figure 1. The 37Cs source provided
661.6 keV gamma rays, and 2?8Th decays to 2°*T1 which provides gamma rays of energy
2614.5keV. In this study we focus on the energy peaks produced by interactions of these
137Cs and 2°®T1 gamma rays, and also the double-escape peak resulting from eTe™ pair
production interactions of the 2°8T1 gamma ray in which the two 511keV gamma rays es-
cape. For the present analysis, the acquisition trigger was split into a lower-energy trigger
seeking the 83™Kr events and a high-energy trigger aimed at capturing events with energy
above approximately 150keV. A summary of the datasets analyzed is given in table 1.
For each run, the low-energy triggers were used to compute the lifetime and geometric
correction maps used to correct the events acquired with the high-energy trigger. The
average electron lifetime determined over the course of the analyzed runs is also shown in
figure 2. Variations in the average lifetime were observed across runs, most likely due to
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Figure 2. The average electron lifetime over the course of the analyzed runs determined using
83mKr events. The errors on the measurements are smaller than the size of the points. Though
consistently above 2 ms, the electron lifetime was unstable and therefore was monitored and the
corresponding corrections determined for each run.
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Figure 3. The acquired waveform, summed over all PMTs, for an event in the 2°%T1 photopeak.
Note that this particular event was identified to contain a single continuous track, as evident
partially in the existence of a single long S2 pulse.

outgassing of internal components, and for this reason corrections for each run needed to
be determined using data taken over the same period of time.

3 Energy resolution

The signals from the SiPMs and PMTs were digitized in samples of width 1 s and 25ns
respectively. Individual pulses in the energy plane waveform (summed over all PMTs, see
figure 3) were selected and classified as either S1 or S2. Events with a single identified S1
were selected, and the S2 peaks were divided into “slices” of width 2 ps.

The pattern of light detected by the SiPMs of the tracking plane during the 2 ps interval
of the slice was used to reconstruct the (z,y) location of the EL production, as done in [13],
except multiple reconstructed positions sharing the energy E of a single slice were possible
in order to allow for reconstruction of tracks that extend over greater distances (several cm
or more) in the (x,y) plane within a single slice. The time elapsed since the S1 pulse was
used to determine the z coordinate of each slice, and the energies E of the reconstructed
depositions (z,y, z, ') were then multiplied by two correction factors: one accounting for
the geometrical (x,y) dependence of the light collection over the EL plane, and another



200 0.000025
0.003
E 100 0.000020
= 0.000015 0.002
) 0
& 0.000010
0>J —100 0.0011
© 0.000005
—-200

0.000000 0.000-
0 200 200 400

average x (mm) average z (mm)

—200

Figure 4. Normalized distributions in z-y (left) and z (right) of observed energy depositions for
events in the 2615keV 2°8TI photopeak (data from run 6485). The solid red lines show the fiducial
cuts employed in this study which encompass nearly the entirety of the active volume. Note that
the fiducial cuts are placed on all reconstructed energy depositions, rejecting an event if one or
more depositions occurred outside the cut.

accounting for losses due to the finite electron lifetime caused by attachment to impurities.
This second factor depended on the drift length (z-coordinate) and the location in the EL
plane (z,y), as the electron lifetime also varied in (z,y). Once fully reconstructed, fiducial
cuts were made on each event as detailed in figure 4.

A final correction was applied for an empirically observed dependence on the track
orientation. The origin of this dependence, whereby the measured energy of an event
decreases with increasing axial (z) extent of the track, is still under study. However, we
find it can be effectively corrected, as follows. The z-extent Az is defined as the difference
between the maximum and minimum z-coordinates of all reconstructed slices in the event.
The effect is shown in figure 5 along with the resolution obtained for each of the three
peaks (662keV, 1592keV, and 2615keV) after correcting for the effect using the average
of the normalized slopes determined by a linear fit to each distribution,

E

Ecorrected = W ) (3 . 1)

where m and b are the slope and intercept of the linear fit for Az in mm. Note that the
linear fits were performed on the events between the dashed lines. Reasonable variations
on the positioning of these lines (repositioning them vertically by several thousand SPEs
without visibly cutting into the dense areas of the 2D distributions) gave an error of
approximately 0.2 x 10~* for each computed (m/b) in addition to the statistical errors
shown on the distributions in figure 5 (left). In determining (m/b) and in the subsequent
determination of energy resolution, all events were required to have z-lengths in the ranges
shown on the x-axes of the 2D distributions. Furthermore, in order to avoid complications
in the spectrum caused by interactions producing isolated secondary depositions such as
Compton scattering, bremsstrahlung, and the emission of characteristic X-rays, all events
were required to have been reconstructed as single continuous tracks. To demonstrate the
validity of the correction over time, data from runs 6346, 6347, 6348, 6349, and 6351 were
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Figure 5. Fits to the dependence of energy on track length in the axial dimension (left), and
the resulting energy spectra of three energy peaks (nominally at 662keV, 1592keV, and 2615 keV)
after application of all corrections, including a linear correction to the energy (equation (3.1))
corresponding to the average value of (m/b) = 2.76 x 10~* obtained from the 3 fits (right).
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Figure 6. The full energy spectrum for events with energies greater than approximately 150 keV.
Corrections for electron lifetime and geometrical effects were applied to all events, as well as a
correction for the described axial length effect corresponding to (m/b) = 2.76 x 10~%. In addition
to the three lines examined in detail in this study, lines are also present due to other gamma rays
from the 22®Th decay chain: at 238keV (from 2!2Pb — 212Bi decay), 511keV (e*e™ annihilation,
with some contribution from 28Tl — 29¥Pb decay), 583keV (2°8T1 — 298Pb decay), 727 keV (*12Bi
— 212Po decay), and 860keV (28Tl — 208Pb decay).

used to determine (m/b), and the remaining data, runs 6352, 6365, 6482, 6483, 6484, and
6485, were used to evaluate the energy resolution (see table 1).

Each peak was fitted to the sum of a Gaussian and a 2nd-order polynomial to account
for the surrounding distribution of background events, and the resolution was computed
using the width of the Gaussian. The obtained resolutions are: 1.20 + 0.02% FWHM at
662keV; 0.98 + 0.03% FWHM at 1592keV; and 0.91 4+ 0.12% FWHM at 2615keV. The
total errors are estimated in each case based on the statistical errors of the fits (shown on
the histograms in figure 5) and systematic effects including variations in the range of events
included in the fit and (systematic) errors in the correction for the axial length effect. The
energy conversion from detected photoelectrons to keV was determined (after application
of all corrections) using a quadratic fit to the means of the three peaks of interest (662keV,
1592keV, 2615keV) and the 29.7 keV K-« xenon X-ray peak. The X-rays had energies too
low to be triggered on as individual events, but their energies were visible by examining the
spectrum of isolated energy depositions within all events, which included small depositions
due to xenon X-rays that traveled away from the main track before interacting.

The energy spectrum of high-energy triggers in the full active volume is shown in
figure 6 after applying all corrections described in the present section. Unlike in the pre-
vious study [12], the 2°°T1 photopeak at 2615keV (near Qgg) is clearly resolved. The
squared resolution is shown vs. the inverse energy in figure 7 for the three energy peaks
studied and fit to a line, R? = a/E + ¢, where a = 548.52 & 82.15 %FWHM? - keV and
c=0.6240.10%AFWHM?. The presence of a constant term in the resolution shows that
detector-specific systematic effects have not been completely eliminated in our analysis,
and there is still room for further improvement. Nevertheless, these results demonstrate
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that excellent energy resolution is obtainable throughout the entire fiducial volume once
correction for the axial length effect is made.

Unlike corrections for electron lifetime, the correction for the axial length effect was
relatively stable throughout the time (about 8 weeks) over which the data presented in
this study was taken. This effect is thought to be a result of some internal nonlinearity
in light production, possibly due to alterations of the EL field during track readout in a
“charging-up” effect as electrons cross the EL gap, or due to electron loss in the EL gap
from attachment to impurities produced by photoionizing the wavelength shifting material
deposited on the surface behind the EL region. Other potential explanations such as PMT
saturation, electron recombination with the ions of the original track, variations in electron
lifetime throughout the detector, and emission of light by the SiPMs, have already been
discredited. Further details are given in appendix A.

4 Summary

Energy resolution in the NEXT-White TPC has been further studied, and a resolution bet-
ter than 1% FWHM is shown to be obtainable at 2615keV, as predicted in the preceding
study [12]. This resolution was obtained over nearly the entire active volume, demonstrat-
ing the effectiveness of the continuous ®3Kr-based calibration procedure implemented to
correct for geometric and lifetime effects, and improved slightly with more restrictive fidu-
cial cuts. Further study is required to understand the observed “axial length effect” in
which the measured energy of extended tracks decreases with increasing track length in
the axial (drift) direction. However, as high-pressure xenon TPCs provide detailed energy
and topological information for each event, such effects can be remedied through care-
ful calibration, and the outstanding resolution obtained highlights the strong potential of
this detector technology to host a sensitive Ov33 search in which good energy resolution
is essential.
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A The axial length effect

The origin of the axial length effect is still under detailed study. However, a number of
possible origins have already been discarded:

o PMT saturation/baseline shift: due to the AC-coupled PMT readout scheme used in
NEXT-White [11], all PMT waveforms must be passed through a deconvolution algo-
rithm to remove distortions introduced by high-pass filtering before physics analysis.
It was found that if the response of a PMT saturates, the deconvolution may lead
to a shifted baseline which could lead to an error in the signal integration (energy)
dependent on the length of integration in time (z). However, the effect was found to
persist even after lowering PMT gains, ensuring no saturation, and it was confirmed
that any shift in baseline present after the deconvolution was not significant enough
to account for the observed effect.

e Recombination: as the electrons are drifted in the z-dimension towards the EL plane,
it was proposed that tracks extended in this dimension present a greater opportunity
for drifting electrons to encounter neighboring ions and recombine. Since these elec-
trons would not arrive at the EL plane and produce light, this would lead to a lower
energy measurement. However, basic simulations concluded that the recombination
capture radius would need to be on the order of several tens of pm to explain the
effect, an unphysically large sphere of influence for a single ion. In addition, electron-
ion recombination would lead to scintillation light that should be observable during a
time interval beginning after primary scintillation and ending after an amount of time



required to drift the electrons over the entire track length in z. For 2°8T1 photopeak
events (see figure 5, bottom), this would be about 120 s, and integrating over this
interval after the arrival of S1 for many such events, no evidence of the expected light
was observed.

o Variations in electron lifetime: as the measured electron lifetime in NEXT-White
is known to vary with location in the detector, there has been concern that small
errors in the computation of the lifetime were giving rise to the observed effect when
applied over long tracks. However, even after correcting Cs-photopeak events using a
single average position (assuming pointlike tracks), the effect could still be observed
by making a tight cut on average radius (effectively eliminating the error due to
response variations in the xy-plane by considering only events that did not require
significant xy correction).

o Light emitted from the SiPMs: the effect is also seen in the integrated charge of the
SiPMs, and in fact is more dramatic (the normalized slopes m/b analogous to those
shown in figure 5 are greater in magnitude). Therefore it was proposed that the
SiPMs may be emitting additional light in a nonlinear manner during the production
of EL. However, even after turning off the SiPM plane and using only information
from the PMT plane for a less-precise xy reconstruction, the effect was still observed.

Several explanations for the effect have not yet been investigated in detail:

o “Charge-up” effect at the EL plane: an electron crossing the EL gap may, at least lo-
cally, alter the electric field seen by the next electron crossing the gap for some amount
of time. If this were to make the average gain somewhat dependent on track orien-
tation — whether the electrons cross the gap more in “series” (more extended in z)
or in “parallel” (more extended in xy) — this could give rise to the observed effect.

o Attachment to ionized impurities in the EL gap: the wavelength shifter tetraphenyl
butadiene (TPB) is deposited on several components in NEXT-White including the
quartz plate just behind the EL region, to shift the VUV scintillation produced by
xenon to visible light that can be detected by the photosensors (the SiPMs are not
VUYV sensitive, and the PMTs are placed inside enclosures behind sapphire windows,
which do not transmit VUV light, to shield them from the high pressure environment
inside the detector). If the photons produced in electroluminescence are capable of
photoionizing the TPB, the resulting ions would be drifted across the EL region,
possibly capturing some of the electrons that arrived at later times before completely
traversing the EL gap and thereby reducing the observed energy of the event.

The observed effect could also be a result of a nonlinearity in the light production
process caused by some other internal component. Further investigation in future runs
with NEXT-White, possibly involving alterations of the internal hardware and/or running
systematically at different EL gains, will be necessary to understand this effect. Neverthe-
less, excellent resolution has been obtained due to the properties of high-pressure xenon
TPCs, such as simultaneous energy and 3D position measurements, which allow for detailed
calibration.
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