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Abstract The DARWIN observatory is a proposed next-
generation experiment with 40 tonnes of liquid xenon as
an active target in a time projection chamber. To study
challenges related to the construction and operation of a
multi-tonne scale detector, we have designed and constructed
a vertical, full-scale demonstrator for the DARWIN experi-
ment at the University of Zurich. Here, we present the first
results from a several-months run with 343 kg of xenon and
electron drift lifetime and transport measurements with a
53 cm tall purity monitor immersed in the cryogenic liquid.
After 88 days of continuous purification, the electron life-
time reached a value of (664 4 23) ws. We measured the
drift velocity of electrons for electric fields in the range (25—
75) V/cm, and found values consistent with previous mea-
surements. We also calculated the longitudinal diffusion con-
stant of the electron cloud in the same field range, and com-
pared with previous data, as well as with predictions from an
empirical model.

1 Introduction

The next-generation liquid xenon (LXe) detector DAR-
WIN [1,2] will operate a dual-phase time projection chamber
(TPC) filled with 40 tonnes of xenon, to probe the parame-
ter space for weakly interacting massive particle dark matter
down to the neutrino fog [2—4]. With the large target mass
and projected low background level, competitive searches for
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neutrinoless double-beta decay of 136Xe [5,6], solar axions,
bosonic dark matter and dark photons are viable. Solar 8B and
supernova neutrinos can be detected via coherent neutrino-
nucleus scattering [7,8], while solar pp-neutrinos can be
observed with high statistics at low energies via their scat-
tering off atomic electrons [9].

Atits core, DARWIN will operate a cylindrical dual-phase
TPC, almost entirely filled with LXe, with a thin gaseous
xenon (GXe) layer at the top. Energy depositions gener-
ate scintillation light and ionization electrons whose signals,
denoted as S1 and S2, respectively, are measured with light
sensors covering the top and bottom faces of the cylindri-
cal detector. The dual signal readout enables energy and
position reconstruction, as well as background discrimina-
tion. A O(100) V/cm electric drift field is applied through-
out the LXe volume between a cathode and a gate elec-
trode, suppressing electron recombination while moving
them towards the gate below the liquid—gas interface. A
stronger O(10) kV/cm extraction field between the gate and
the anode accelerates the electrons into the GXe, where they
produce an electroluminescence signal proportional to the
number of electrons reaching the liquid—gas interface.

Electron losses mostly occur due to attachment to impu-
rities during the drift. A depth-dependent widening of the S2
arises from electron cloud diffusion during the drift. Longi-
tudinal diffusion (parallel to the electron cloud propagation)
affects the ability to distinguish multiple S2s occurring at dif-
ferent depths (z) within a single event. Additionally, lateral
diffusion can impact position reconstruction in the x-y plane.
Since such signatures are expected in background events with
multiple interactions of neutrons or y-rays, diffusion impacts
the background rejection capability of a detector.
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With its 2.6 m in drift length and 2.6 m diameter, the cylin-
drical DARWIN TPC will be significantly larger than cur-
rently operative LZ[10], PandaX-4T [11] and XENONnT [12],
with dimensions up to 1.5 m drift and diameter. To study sev-
eral challenges related to the increased dimensions, such as
high-voltage delivery, electron loss, diffusion of the elec-
tron cloud and light attenuation over large distances, the
Xenoscope facility was designed and built as a vertical scale
technical demonstrator [13]. Section2 presents the Xeno-
scope facility during its first science phase. The facility
was equipped with a 53 cm tall purity monitor, described
in Sect. 3, which was targeted at measuring electron drift
and quantifying the xenon purification capabilities along with
the electron transport measurements. Section4 discusses the
results from the electron drift lifetime measurement for dif-
ferent purification regimes and presents the fit of an electron
drift lifetime model to the data. It also reports on measure-
ments of the electron drift velocity and of the longitudinal dif-
fusion coefficient of electron clouds at different drift fields.
Conclusions and an outlook are given in Sect. 5.

2 The xenoscope facility

Xenoscope can house up to 400 kg of LXe in a double-walled
stainless steel cryostat. The facility, its subsystems, and the
outcome from the first commissioning run are described in
Ref. [13]. Xenoscope was first equipped with a purity monitor
(Sect. 3) fully submerged in LXe, while the cryostat aspect
ratio was chosen to allow for the operation, in the next phase
of the project, of a 2.6 m two-phase TPC, with the primary
goal of demonstrating the drift of electrons in LXe over this
distance for the first time. A computer-aided design (CAD)
rendering of the cryostat with the purity monitor is shown in
Fig. 1.

The facility includes a gas purification system with a series
of filters and a commercial zirconium alloy getter. The LXe is
extracted at the top of the liquid column, where the impurity
concentration is higher. It is evaporated in the heat exchanger
system and circulated through the purification system at a
fixed flow. The purified xenon is recondensed in the heat
exchanger and reintroduced in the cooling tower, which com-
prises a pulse tube refrigerator (PTR) connected to a cold
head mounted atop the cooling chamber. The xenon is then
directed to the bottom of the cryostat. A slow control system
built from open-source software oversees and sends alarms
on relevant parameters.

Two system upgrades were performed prior to the instal-
lation of the purity monitor. First, a pre-cooler was manufac-
tured and installed at the top of the inner cryostat vessel to
provide additional peak cooling power, and thus reduce the
system cooldown and xenon liquefaction time during filling
by a factor of 4.25. The design of the pre-cooler and details
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Fig. 1 The purity monitor in the Xenoscope cryostat. Legend: (1) top
flange; (2) outer vessel; (3) inner vessel; (4) pre-cooler; (5) purity mon-
itor; (6) BoX recuperation line; (7) anode; (8) anode grid; (9) field-
shaping rings and resistor chain; (10) support pillars; (11) cathode grid;
(12) cathode disk; (13) photocathode and optical fibre

of its commissioning are presented in Appendix A. Further-
more, a gravity-assisted recuperation and storage system for
LXe, Ball of Xenon (BoX), was deployed to allow for the
storage of up to 450kg of xenon at room temperature, as
well as for recuperation in liquid phase. The latter enhances
the speed of the recuperation process by a factor ~ 8 com-
pared to gaseous recuperation to a bottle array via cryogenic
pumping. More details of its design and performance are
presented in Appendix B.

3 The purity monitor and measurements

Common impurities in commercially available xenon con-
sist of parts-per-million (ppm) levels of Oz, N2, H>O, CO,
as well as organic molecules [14]. Additionally, detector and
subsystem materials introduce impurities by outgassing. The
purification of xenon prevents electron losses via their attach-
ment to electronegative impurities and allows to achieve high
light and charge yields.

Most purity monitors measure the charge deficit of an ini-
tially known population of electrons after their drift through
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the liquid. By comparing the number of electrons before,
Ny, and after the drift, N (#4), an indirect measurement of the
impurity concentration in LXe can be achieved. The deficit
can be modelled as a decaying exponential:

N(ta) = Noe /", €]

where 7 is the electron drift lifetime. It relates to the concen-
tration of electronegative impurities as:

1
S ki

where k; is the attachment rate specific to the impurity type in
units of volume per mol per time, usually given in L/(mol s),
n; is the impurity concentration given in mol/L, and the sum
extends over the different electronegative species i in the
LXe. The attachment rate coefficient depends on the electric
field strength.

A schematic of the working principle of the purity monitor
is shown in Fig. 2, left. An optical fibre transmits the light
from a xenon flash lamp to the centre of a photocathode.
The incident photons produce electrons via the photoelectric
effect. The electrons are drifted via extraction, drift, and col-
lection electric fields, generated by four biased electrodes.
The first drift region (1) is located between the cathode (with
the photocathode in the centre) and the cathode grid; the sec-
ond region (2) extends up to the anode grid; the third region
(3) extends from the anode grid to the anode. The charges
induce a current signal in the cathode as they drift towards the
cathode grid. The screening grids prevent current induction in
the cathode and anode when the electrons are drifting along
the second region. Once the electrons reach the third drift
region, a second signal is generated at the anode, until the
electrons are fully collected. Two electronic circuits amplify
and convert the induced currents to voltage signals.

The data is acquired and digitised, triggered by the pulse
generator which also starts the discharge in the xenon flash
lamp, with a window of 100 ps for the anode and cath-
ode waveforms. Once digitised, the voltage signals are inte-
grated to obtain the charges, i.e. the number of extracted and
surviving electrons. With the induced charges and the time
between the two signals, which corresponds to the drift time
for the applied electric field, the electron drift lifetime can be
inferred by solving numerically the equation:

T

@

Qa = t_le,(,l+,2+,3)/, (et3/—t —D 3)
Qc 1 (em/T—1)°

Here, O 4 and Q¢ are the charges from the integrated signals
measured in the anode and cathode, respectively, #1 is the rise
time of the first signal, #, is the time between the minimum
of the signal in the cathode and the rise time of the signal

Lamp @ Oy
Fibre 0
C
[Xe
f ~+Ga
3} E""."";—-‘l ..... = ...>G2
k — =
14 i

Fig. 2 (Left): Schematic of the purity monitor. A pulse generator trig-
gers a flash from the xenon lamp and the light is transmitted through an
optical fibre to the photocathode, where photoelectrons are produced.
The electrons are extracted, transported and collected by three electric
fields, defined by the cathode (G¢) and cathode grid (Gy), the anode
grid (G2) and the anode (G, ). In the longest region (2), the field shaping
rings (FSR) maintain the uniformity of the drift field Eq in the vertical
direction. (Right): Assembled purity monitor in Xenoscope

in the anode, with #3 the time from #, up to the maximum of
the anode signal. Given the motion of the charges, the signal
in the cathode has negative polarity, while in the anode the
polarity is positive. Figure3 shows an example of signals
acquired in LXe from the cathode and anode at 40 slpm along
with the three drift times.

The design of the Xenoscope purity monitor is described
in detail in Refs. [13,15], and the assembled module is shown
in Fig. 2, right. It features a field cage built with high conduc-
tivity, oxygen-free copper rings, supported by six polyamide-
imide pillars. The rings are connected by a resistor chain of
5 G2 impedance each, and enclose a cylindrical drift region
of 15cm@ x 53.1cm. The cathode and anode grids con-
sist of hexagonally-patterned, etched stainless steel meshes
with high optical transparency (~ 93%), while the cathode
and anode are solid stainless steel disks.

3.1 Optical components and photocathode
The utilised lamp is a 60W xenon flash lamp with a

built-in reflective mirror (model number L7685) from Hama-
matsu [16]. The window is a single sapphire crystal allowing
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Fig. 3 Signals acquired at 40 slpm xenon recirculation speed. The rise
time of the cathode signal (blue) is taken as f;, and the time interval
between the minimum of the cathode signal and the start of the anode
signal (red) is taken as t,, with half of the charge cloud completely
collected at 3. These values are later used to calculate the electron drift
lifetime

short wavelength light (~ 190 nm) to reach the output of the
lamp, with a spectral emission from 190 to 2000 nm. The
lamp generates a discharge which excites the gas producing
scintillation, with reflective mirrors directing photons from
all directions towards the output. The xenon lamp can be
triggered internally, or externally via a pulse generator. The
intensity of the light emission is adjusted by setting the volt-
age for the discharge in the lamp between 600 V and 1kV.
The selection of the latter maximises the number of produced
electrons.

Measures were adopted to mitigate the electronic noise
produced in the signal waveforms by the external trigger: the
xenon flash lamp was rehoused in a stray electromagnetic
interference box, and galvanic insulation and ferrite filters
were added to the trigger line. The lamp was placed outside
the cryostat, with an optical fibre carrying the light from its
output to the surface of the photocathode. A UV grade sap-
phire lens produced by Hamamatsu was placed at the output
of the lamp to collimate the light to the optical fibre. The
selected fibre was 600 wm in diameter, ultra-high vacuum
rated with a polyimide buffer from LewVac [17], and solari-
sation resistant. One of the critical parts of a purity monitor
is the photocathode, as it directly impacts the size of the ini-
tial signal. It consists of a thin layer of a low work function
metal, deposited on a quartz substrate that has low absorp-
tion of UV photons [18]. The photocathode was produced
in-house using a turbomolecular pumped coater Q150T Plus
from Quorum [19]. The desired thickness of the layer was
monitored with a quartz crystal microbalance. The coater was
used to produce gold photocathodes of 50 nm thickness on a
2 mm thick quartz substrate, with a diameter of 30.00(5) mm.
The deposition of a 5 nm thick layer of titanium was required
for adhesion to the substrate. The choice of thickness was
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based on the effective probe depth of gold layers, and pre-
vious works [20]. Additional technical details can be found
in [15,21].

The photocathodes were tested in a vacuum setup, where
the xenon lamp was flashed onto the photocathode material
and the induced current was measured. The photocathodes
showed high yields, with an increasing quantum efficiency
with time when exposed to light, which did not revert back in
subsequent tests. The increase in quantum efficiency of the
photocathode with UV-light exposure was also observed in
Ref. [20].

3.2 Current readout and signal processing

The readout electronics amplify the induced currents from
the cathode and anode and are placed inside the cryostat to
avoid signal losses along the 9 m signal cables. The circuits
were designed together with the Electronics Workshop at the
University of Zurich. The circuit consists of an AC-coupling
component, a transimpedance amplifier, and a final voltage
amplifier with a 50 2 impedance termination to match the
one from the data acquisition. The transimpedance and volt-
age amplifiers are implemented with two low-cost opera-
tional amplifiers, model AD8066 from Analog Devices [22].
An AC-coupling filter in the circuit board removes high-
frequency noise, which enhances the signal quality, and the
AC-coupling removes the DC component of the HV applied
to the electrodes. The usage of a transimpedance amplifier,
in contrast to a charge amplifier, allows for more precise
timing and signal spread analyses due to its small resistive-
capacitive constant (RC) and short rise time of 0.14 ms. How-
ever, due to its fast response, a low-pass filter for frequencies
below 800kHz was applied to the signals to decrease the
electronic noise induced by, e.g., the pulse generator that
triggers the lamp, two temperature sensors, and the uninter-
ruptible power supply. The preamplifier operates in current
mode, as the capacitance discharges rapidly, resulting in an
output voltage proportional to the instantaneous current. The
frequency response of the readout electronics was bench-
marked, with a negligible effect on the signal shape due to
the 100 MHz bandwidth.

The performance of the readout electronics was tested in
a climate chamber in steps of 10K from room temperature
down to 190 K. The calibration showed a charge amplifica-
tion of 0.18 f{C/(mV ws), with good thermal stability. Addi-
tionally, the RC decay constant of the circuit, which could
be a source of systematic error for time measurements, was
estimated at ~ 150 ns by feeding a 2 s wide square pulse to
the circuit.

An oscilloscope, Teledyne LeCroy model Waverunner
6104 A [23], and an analog-to-digital converter from CAEN,
model v1724 [24], acquired the waveforms produced by the
cathode and anode readout. Each acquisition consisted of



Eur. Phys. J. C (2023) 83:717

Page 50f 15 717

40 F ] ]
unfiltered signal
filtered signal

30 = signal fit

= baseline

>
E. 20 |
[}
o
©
=
[e) -
S 10

0

1 1 1 1 1 1 1

440 450 460 470 480 490 500 510 520
Time [us]

Fig. 4 Anode signal at 53 V/cm prior to (blue) and after (orange) the
low-pass filter. The calculated baseline (red) and a Gaussian fit of the sig-
nal (green) are also shown. The signal is an average over 1000 recorded
waveforms

Table 1 Electric fields, distances and times #; measured for the three
regions in the PM, with voltages —2710V, —2650V, 0V, and 500 V
for the cathode, cathode grid, anode grid and anode, respectively, for a
purification speed of 40 slpm

Drift region i Distance [mm] Field [V/cm] t; [s]
18+1 33+1 12.8 £0.8
503+5 5341 433.54+0.7
10£1 500+ 5 7.6+0.7

the average of 1000 waveforms acquired over 16.7 minutes
to minimise the baseline noise. The signals were then pro-
cessed by fitting the expected signal shape with a Gaussian
distribution. In some waveforms, a noise introduced by exter-
nal electronic devices could be discerned as part of the back-
ground noise, and the fit included a sine function to account
for this effect, with an inferred model uncertainty of 5% for
the ones where the sine fit to the noise did not converge. The
current-equivalent voltage signals in the cathode and anode
were integrated to obtain a charge-proportional value. The
residuals of the fits were used as weights for the charge val-
ues obtained in the averaged data shown in the next section.
The uncertainties in charges and times obtained in the fits
were propagated to obtain the uncertainty of the electron
drift lifetime value. An example of the raw anode signal at
53 V/cm drift field in region 2 is shown in Fig. 4, together
with the post-processing signal with a low-pass filter. The
calculated baseline and Gaussian fit of the signals are also
shown.

3.3 Measurements

Once installed in the cryostat, the purity monitor was first
operated in vacuum (~ 1 - 10~3 mbar). Data was acquired to
investigate the signal shape and response in this configuration

with negligible charge losses due to residual gas. The mea-
surement additionally provided the delay time of the elec-
tronics chain, from the pulse generator for the xenon lamp to
the signal amplification and readout of 18 s.

After the calibration of the purity monitor in vacuum,
gaseous xenon was flushed inside the detector and purified
through recirculation in the gas system. The LXe run started
with the filling of 343 kg of xenon. As the xenon recirculates
through the getter, electronegative impurities are removed,
and the electron drift lifetime is expected to increase in two
steps: an initial exponentially increasing phase where the
bulk impurities are rapidly removed, and a second phase
where the change is dominated by the outgassing of materi-
als and where the electron drift lifetime slowly increases over
time. At different recirculation speeds, the electron drift life-
time reaches increasingly higher values in the second phase.

The recirculation speed was set with flows of 30 standard
litres per minute (slpm), 35 slpm and 40 slpm, with the xenon
lamp illuminating the photocathode with a frequency of 1 Hz.
In the cryostat, the temperature and pressure were main-
tained around (177.6 £ 0.1) Kand (2.05 £ 0.01) bar, respec-
tively. Following the commissioning run, the displacement
of the GXe compressor was reduced to increase its lifespan.
This constrained the maximum purification speed to 40 slpm,
compared to the 80 slpm reported in Ref. [13]. The initial
impurity level in the xenon gas impacts the number of days
before a signal can be seen in the purity monitor, and the first
waveforms in the cathode and anode were observed after
~26.5 days.

During data taking, the cathode and cathode grid were
biased at —2710V and —2650V, respectively. The anode
grid was kept at ground while the anode was biased at 500 V.
The values were selected based on COMSOL [25] simula-
tions which yielded nearly 100% extraction efficiency of the
electrons produced in the centre of the photocathode. Table 1
shows the summary of the distances, times electric fields for
the extraction (1), drift (2) and collection (3) regions.

Figure 5 shows the anode and cathode signals with their
integral, where the integrated signals show a step-like feature
after the charges move entirely to the next drift region, or are
collected in the anode. The integration corresponds to the
total area of the Gaussian fit. The charge measured in the
cathode corresponds to N.- = 10° electrons extracted from
the photocathode at each pulse.

4 Results and discussion

The electron drift lifetime measurement campaign with the
purity monitor lasted a total of 88 days. The purification was
performed at 30 slpm for 46.6 days, at 35 slpm for 20.0 days,
and at 40 slpm for 21.2 days. After the electron drift life-
time measurements in LXe, signals for drift fields from 25
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Fig. 5 Signal readout (blue) at the cathode (top) and anode (bottom)
with their respective Gaussian fits (orange) and integrated charge signals
(red)

to 75 V/cm were acquired to study field-dependent electron
transport properties, such as the drift velocity and longitudi-
nal electron cloud diffusion.

4.1 Electron drift lifetime

Figure 6 shows the electron drift lifetime calculated with
the charge signals acquired at the cathode and anode over
the entire acquisition period. When the recirculation speed
changes, the electron drift lifetime drops, most likely due to a
change in the height of the liquid level, resulting in the release
of trapped impurities in the high-surface tension region at
the LXe “collar” (LXe/GXe/inner vessel interface). A drop
in electron drift lifetime was also observed at 59.8 days, as
expected when the GXe compressor was stopped for a period
of approximately 15 m due to a communication error with
the slow control software. Again, the change in liquid level
most likely resulted in the sudden release of impurities from
the collar. Shortly following these events, the electron drift
lifetime increased exponentially to return to the outgassing-
limited values.

A review of the slow control data allowed for the identifi-
cation of three irregularities in the pressure and flow condi-
tions, at 38.9 days, 52.6 days, and 80.7 days. After 88.0 days
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of almost continuous purification, the electron drift life-
time reached a value of (664 + 23) us. This is consistent
with the value reached in other LXe experiments, such as
XENONIT [26] and LUX [27], with 660 s and 750 s,
respectively.

While the purity level demonstrated in Xenoscope could
be sufficient to drift electrons over 2.6 m in LXe, it can be
further improved by increasing the purification speed. To
investigate this, a simple model of the electron drift lifetime,
assuming O»-like impurities, was adapted from Refs. [28,29]
and fitted to the electron drift lifetime data shown in Fig. 6.
Two coupled differential equations describe changes in impu-
rity levels M % after a time d¢, where M is the mass of xenon,
and / is the impurity concentration. The gas and liquid phases
(denoted by the subscripts g and [, respectively) are evalu-
ated separately to determine the impurity concentration at
time ¢ 4 d¢:

dlg(])

2,0
g? = —Fg,OIg + ) + Cg
1 + t—Al‘g
T
elPcli ePlg
+ h h
+MgA1g<f>/a(t — 1) dr )
dl, 9 1,0
1— =-—-Fph+ 7 TG
dt . t—Ay?
T2,
elPcli  ePlg
h h
) _+
+M AL S(t—t dr . @)
The index j = {0, 1, ..., 7} indicates the regions between

discontinuities, marked by the dashed lines in Fig. 6. Each
equation consists of five terms. The first accounts for the
purification rate, with F being the purification flow, p the
density of xenon at 1bar, 0 °C, and / the concentration in
impurities. The second term accounts for the time-dependent
average outgassing rate from detector materials, where A is
the outgassing at time ¢t = 0, 772 is the decay-time of the
outgassing rate and C is a constant outgassing term which
brings the system to an equilibrium point when ¢t > T ;.
After the sudden increase of impurity concentration in the
xenon during flow changes, described by the delta function
in the fifth term, the outgassing rate modelled by the sec-
ond terms of the differential equations is expected to revert
back to a high value, as impurities can be adsorbed in out-
gassed materials [29]. This is accounted for with the time-
offset parameters At = 3{ At®, which are cumulative
since the dataset is fitted as a whole, and Ar©® = 0. Finally,
the third and fourth terms describe the exchange of impuri-
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ties between the gas and the liquid phases, and thus the signs
are inverted between the two equations. The € parameters are
efficiencies of the exchange process, Pc is the cooling power
of the system in the absence of purification, proportional to
the evaporation rate of the xenon, P is the cooling power
deployed by the cryogenics, proportional to the condensa-
tion rate, and 4 is the latent heat of xenon.

The electron drift lifetime is then calculated by solving the
system of differential equations for Eq. (2) and minimising
simultaneously in all j-regions, using a least-square method.
The best-fit model is displayed as a solid red curve in Fig. 6.
Assuming the same initial conditions obtained from the fit
of the model to the electron drift lifetime data, we obtain
the purification flow-dependent electron drift lifetime pre-
dictions shown in Fig. 7.

Although the initial conditions are not likely to be repro-
ducible in future detector runs, a number of observations
can be extracted from this model. As expected, an increased
purification speed would yield longer electron drift lifetimes,
attained in a shorter purification time. The addition of a
purification flow of the gas phase (Fy = 2slpm) suggests
an expected increase in electron drift lifetime of up to 15%.
Therefore, prior to the start of the next phase of Xenoscope,
a parallel gas extraction line inspired by the gas purification
system reported in Ref. [29] was added to the gas handling
system with a second flow controller, allowing for the purifi-
cation of both the liquid and gas phases in the same purifica-
tion loop.

3500

== 30 slpm

3000 —— 50 slpm
= 70 slpm

100 slpm
= Model
incl. 2 slpm gas phase

2500

2000

7 [bs]

1500 -

1000 -

500 -

20 40 60 80 100
Time since start of purification [days]

Fig. 7 Purification flow-dependent electron drift lifetime prediction.
Assuming the same operating conditions as in the measurement cam-
paign, an increased flow (solid lines) could significantly reduce the
purification time needed before the electron drift lifetime begins its
exponential rise. Furthermore, the addition of a 2 slpm gas phase extrac-
tion to the purification loop can also improve the electron drift lifetime
(dashed lines)

4.2 Electron transport
The purity monitor allows for a dedicated measurement of

the arrival time of the electron cloud at the anode. The drift
velocity vq of the cloud given a drift field Eq is:

vg =da/tr. (6)
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Fig. 6 Purification flow-dependent electron drift lifetime measured in
Xenoscope. The data was averaged in 6 h time bins. The dashed lines
indicate a change in flow, while the dash-dotted lines indicate short-term

irregularities in the pressure and flow conditions (see text). The red line
shows the best-fit model from Eqs. 4 and 5, while the black points show

the residuals
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Considering that the accuracy of the time measurement
between the extrema of the cathode and anode signals is
higher, and region 3 has a fast detection, it is convenient
to calculate instead:

v = (da +d3) /(2 + 13). (7N

This approach introduces an additional term, (d2t3 — d3t2)
/(t2(t2 + 13)), which induces a negligible 0.1% bias in the
final values given the ratios between #3/1, and d3/d;. The
drift velocity can also be expressed in terms of the drift field
Eq:

vg = uEq, (8)

where p is the electron mobility. The mobility is related to the
average time, for a given temperature, density, and energy of
the electrons, between elastic collisions with the xenon and
electronegative impurities, and potential inelastic collisions
with impurities. Thus, the acquisition of waveforms used to
derive the drift velocity was performed at a constant electron
drift lifetime to avoid systematic uncertainties. The acquired
measurements can be compared with simple transport mod-
els for electrons: benchmark regimes can be used to visualise
these dependencies for electron mobility, such as “cold elec-
trons” and “hot electrons” [30]. In the cold electrons regime,
the energies of the electrons are mostly due to the thermal
bath in the xenon fluid (around 0.015eV at 177k [31]), and
they rapidly acquire energy with increasing electric fields,
resulting in a linear gain in velocity. For cold electrons, the
mobility can be expressed as:

2 2 L )
= — _— e—,
" 3\mm.kgT v

where kp is the Boltzmann constant, 7' is the temperature, e
is the charge of the electron, m, is their mass, v is the mag-
nitude of the velocity in all directions, and A is the mean free
path of the electrons in their collisions with atoms, inversely
proportional to the number density and cross section. In con-
trast to cold electrons, hot electrons have gained most of their
energy through acceleration by the drift field, and experience
increased energy losses on their drift path due to collisions
with xenon atoms, which results in a slower rate of change
in their velocity. For this case, the electron mobility can be
expressed as:

del

=—), 10
v 2m3 (10)

7

where m? is the effective mass of the electrons in the medium.
While these equations are not used in this work to infer prop-
erties such as electron mobility, or electron cloud diffusion,
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Fig. 8 Measured drift velocity with electric field values from 25 to
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they are useful to scrutinise the results of our measured drift
velocity and discuss potential systematic effects, discussed
later in this section.

The data for this measurement was acquired at day 89,
after the electron drift lifetime entered a region of slow
change, and in a time interval of half an hour, to minimise
systematic effects. Drift fields of 25 to 75 V/cm were scanned
in steps of 5 V/cm, where the former was the threshold for
a discernible signal above noise level in the cathode. The
extraction field was changed to maintain the ratio between
the extraction and drift field used in the electron drift lifetime
data, while the collection field was fixed at 500 V/cm. Fig-
ure 8 shows the drift velocity at different fields, calculated
with Eq. (7), with good agreement with previous measure-
ments in LXe [32-37]. The prediction from NEST (Noble
Element Simulation Technique) [38], based on data-driven
empirical models, is also shown. The curves for cold and hot
electrons are derived by using Egs. (9) and (10), respectively,
to fit the data from Ref. [32], for it covers both regimes with
a high density of points.

The measured drift velocities in LXe with different setups
show inconsistencies. Two parameters to model the drift
velocity are the temperature and the density of the liquid, with
higher velocities predicted for lower temperatures. Nonethe-
less, not all measurements have reported density, pressure,
or purification methods. When accounting for temperature
effects, the disagreement is still present, and the data points
from our measurements with the purity monitor carried at
177.6K are above those acquired at lower temperatures.
Additional measurements under controlled detector condi-
tions are necessary to shed light on the subject. For example,
in previous studies it was reported that impurities diffused
in the medium, from water vapour to organic molecules, can
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provide a more effective energy loss mechanism for elec-
trons, with the consequence of higher mobility and decreased
diffusion [39,40] (see Egs. 9 and 10). This effect could
explain the mechanism behind the unreplicated higher drift
velocities in the early measurements of Guschin et. al. at
164K [32], where no information about xenon purification
methods was given. In the Xenoscope purity monitor, the long
drift length and the localised source provide a measurement
of the electron drift time less susceptible to non-uniformities
in the electric field.

The spread of the electron cloud in time was studied by
analysing the anode signal at the previously mentioned drift
fields. With this purity monitor, only the longitudinal dif-
fusion can be observed, as there is no information on the
x — y charge distribution. The standard deviation (o) of the
Gaussian fit of the signal in the anode is used to calculate
the longitudinal diffusion coefficient. For the case of the ini-
tial and final distributions of the electron cloud following a
Gaussian distribution, the width of the anode signal is related
to the longitudinal diffusion [33,41,42] as:

d*c?
Dy = L
2¢3

(11)

where Dy is the diffusion coefficient of the electron popula-
tion due to the random walk of the electrons in the longitu-
dinal direction, and:

o} =0%—of, (12)

is the width at one o considering diffusion effects only, which
is the value to extract. The widths op and o belong to the
initial signal at the cathode and the final signal measured in
the anode, respectively, and d is the drift length (d> + d3) at
drift time ¢ (, 4 3). By rewriting Eq. (12), we obtain the
width of the anode signal:

D2t 3
o’ = 2 + U(% ) (13)
The diffusion of the electron cloud is related to the previously
introduced electron mobility. At low drift fields, it follows the
Einstein—Smoluchowski relation [30,43,44]:

kgT €
pp="—p="Ty, (14)
e e

with thermal energy er. The diffusion is thus affected by
the cross section of elastic and inelastic interactions with the
medium species (xenon and impurities), analogously to the
drift velocity.

Since the electrons have energies above the thermal bath
and are not in equilibrium, a characteristic energy, €, is

defined as:
D

o=t (15)
n

representing the energy associated with the longitudinal dif-
fusion, where now Dy, has a contribution beyond the thermal
energy of electrons:

Dy,

— wﬂ, (16)

e

with € = ¢, — e7.

Additional effects can play a role in the detected spread of
the charge distribution in our detector and must be corrected
to obtain a longitudinal diffusion coefficient that is indepen-
dent of energy, electron source or detector response. From
the original number of extracted photoelectrons to the mea-
sured signal in the anode, the following effects can impact
the width:

e Duration of the pulse of the lamp, which introduces an
initial signal width at one sigma of (2.4 £+ 0.2) us. In
this work, the initial signal width was derived from the
data acquired in vacuum and in LXe, and the signal in the
cathode is deconvolved with the detector and electronics
responses.

e Initial asymmetry in the charge distribution given by the
lamp’s pulse. The effect in the width of the signal is
between 1 and 10%, with higher deviations in the cath-
ode. After the charges have drifted 50 cm, diffusion and
Coulomb force between electrons contribute to a Gaus-
sian distribution in the anode. The effect on the deter-
mination of the centre of the charge distribution for the
times 71 and 73 affects negligibly (O(0.1%)) the total drift
time.

e Detection response of the screening region [45]. The
weighting potential between the solid electrodes and the
hexagonal meshes is taken into account in the measured
signal to yield the original electron cloud spread in the z-
direction. The effect of the hexagonal screening meshes
was simulated by modelling the 3D geometry of the
meshes and detector and performing electrostatic simula-
tions with COMSOL. The method to derive the weighting
potential is adopted from Ref. [46]. The weighting poten-
tial is obtained by averaging the potential over different
electron drift paths to smooth out local effects.

e Coulomb repulsion between electrons, where each elec-
tron is affected by the electric field induced by other
electrons, can increase the size of the electron cloud.
The Coulomb repulsion calculation follows the empir-
ical approach in Ref. [47], which considers the ellipsoid
explosion model from Ref. [48], where a set of differen-
tial equations is solved to obtain the final width of the
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signal after the drift. The repulsive forces are stronger
immediately after the charge creation and become smaller
as the electron cloud spreads along the drift path. After
the electrons have drifted and reached the anode grid, an
additional width value of 5% compared to the no repul-
sion forces case is inferred from the empirical approach,
and taken as an uncertainty in the charge distribution after
their extraction from the photocathode.

e Electron attachment to electronegative impurities which
can potentially change the distribution of the electron
cloud. This could in principle affect the diffusion of elec-
trons in LXe, and the method to estimate this impact is
taken from Ref. [41]. The longitudinal diffusion coeffi-
cient and drift velocity formulae are expanded to include
higher-order terms containing the attachment rate. The
effects of electron attachment in the diffusion can be
neglected according to (Ul‘?—.Ld) <« 1, which is the case
for this study.

e Readout response times of the pre-amplifiers. The circuit
response was estimated when benchmarking the electron-
ics and has a negligible effect on the signal shape.

Combining all the effects introduced above, a response
function is obtained to deconvolve the observed signal.
Table 2 compiles the systematic effects treatment for the cal-
culation of the longitudinal diffusion coefficient. The results
of this deconvolution, for each measurement at different
drift fields, are shown in Fig. 9, together with literature val-
ues [47,49]. The longitudinal diffusion coefficient was mea-
sured at relatively low drift fields (i.e. < 100 V/cm). By
using the values derived for the mobility for cold electrons
and hot electrons included in Fig. 8, of 0.29 mm? /(s V)
and 0.01 mm?/(jus V), respectively, together with the ther-
mal energy of electrons, reference coefficients for the dif-
fusion can be obtained from Eq. (15). These are included
in Fig. 9. By comparing the experimental values with the
benchmark equations, the difference between these is con-
tained in terms of the characteristic energy of electrons and
their mobility, given Eq. (16).

From the discussed sources of uncertainty for the diffusion
coefficient Dy, the largest impact originates (in terms of the
variance of each parameter in the uncertainty propagation
over the total variance, from 25 to 75 V/cm, respectively)
from the final width measured at the anode (95-80%), the
initial signal width (20-50%), the Coulomb repulsion (1—
5%), the uncertainty in the drift distance (20-5%) and the
drift time (4-1%).

NEST version 2.3.7 implemented an empirical model
based on previous measurements for the longitudinal dif-
fusion coefficient prediction. At the time of this analysis,
NEST lacked data at low drift fields (below ~ 100 V/cm),
and the model predicted a considerably lower longitudinal
diffusion coefficient with lower drift fields, in conflict with
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Table 2 Systematic effects and impact on the uncertainty for the
inferred longitudinal diffusion coefficient Dy,

Systematic effect Treatment and uncertainty

Measured
Anode signal width, o
Drift time, 1, + 13

Gaussian plus sine fit, 2-3%

Time interval between extrema of the
cathode and anode signal fits

Initial signal width Introduced by the lamp pulse.
Measurements in vacuum and in LXe,

24 £ 0.2)pus

RC time constant calculation from a
square pulse, 0.2 pus

Electronics

Drift length, d> + d3 Drift distance of the electron cloud, taken
as (513 £ 7) mm when accounting for
the potential contraction of the
components at 177 K with an assumed
1% thermal contraction, and the position
of the centre of the cloud distribution in
drift regions with respect the extrema of
the signals

Filtering and processing  Maximum 4% of anode signal width

Signal asymmetry Asymmetry in the pulse from the lamp,
uncertainty in the range 1-10% in the
width of the signals for drift fields in the

range 75 — 25 V/em
Simulated

COMSOL 3D model of the detector to
derive the weighting potential, 10%
uncertainty in the response

Detector response

Assumed

Coulomb repulsion Calculated with empirical model
from [47], assumption of additional 5%

uncertainty in the initial signal spread

Electron attachment Neglected, 4th-order correction:

Dy

wen <1
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150 | ——- cold electrons &, =0.02 eV
— 125 \ —-- hot electrons g, =0.1eV
2 e NEST v2.3.7
€ 100 —— NESTv2.3.8
= [}
Q 75k 4l
0 KA/
[~f] -
25 = .h‘-w—._._
0 I 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
Drift field [V/cm]

Fig. 9 Longitudinal diffusion coefficient calculated in this work, with
an electron drift lifetime of 7 = (649 £ 23) s compared to the results
from a purity monitor by Njoya et al. (t ~ 1 — 35 ps) [47], and a TPC
from Hogenbirk (t ~ 430 js) [49] and NEST [38]. The model by NEST
version 2.3.7 (solid grey curve) predicted diffusion values approaching
zero for lower drift fields. In version 2.3.8, a fix for this behaviour was
introduced, as shown in the solid blue curve
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the measured values in this and other works. An alterna-
tive model is included in NEST, based on differential cross
sections derived from Dirac—Fock solutions, combined with
Maxwell-Boltzmann distributions [31], which do not pre-
dict the existing experimental values at all drift fields. The
subsequent NEST version 2.3.8 includes a correction on the
diffusion modelling, also shown in Fig. 9, resulting from an
exchange with the developers. Our analysis aimed to not only
infer the values of longitudinal diffusion coefficient at low
drift fields for liquid xenon, but also to understand their ori-
gin, related to the temperature and purity of the xenon.

5 Conclusions and outlook

The construction of a next-generation liquid xenon detector
at the 50-tonne scale and beyond will face several techno-
logical challenges. To address some of these, the Xenoscope
facility was designed and built to house a 2.6 m tall two-phase
TPC at the University of Zurich, with a total LXe mass of
~ 400 kg. After a commissioning run described in Ref. [13],
we presented here the first results from a run with a 53 cm
tall purity monitor.

The electron drift lifetime was monitored for 88 days with
varying xenon recirculation speeds. For a speed of 40 slpm,
the highest achieved lifetime was (664 + 23) us. A para-
metric model of the effect of the purification rate, the time-
dependent outgassing rate, the liquid—gas impurity diffusion,
and the injection of impurities due to operational changes,
was fitted to the data. The resulting model was used to predict
the electron drift lifetime evolution for different purification
conditions and, therefore, inform future design and operation
choices.

The electron drift velocity and the longitudinal diffusion
coefficient of the electron cloud in liquid xenon were calcu-
lated based on data acquired at drift fields between 25 and
75 V/cm. With the increasing size of LXe TPCs, diffusion
strongly affects the position reconstruction of events and the
ability to discriminate between single and multiple interac-
tions. Thus, accurate measurements of drift and diffusion
properties, combined with an improved understanding of the
systematic effect of impurity concentrations on these proper-
ties on large scales, are crucial. Our results are in agreement
with previous studies both for drift velocity [32—35] and lon-
gitudinal diffusion [47,49]. They also triggered an update of
NEST [38], a simulation package largely used in the com-
munity, regarding the modelling of longitudinal diffusion of
electron clouds in LXe.

For the next stage of the Xenoscope project, a two-phase
xenon TPC was recently built and installed, and will be oper-
ated to observe electron drift over distances up to 2.6 m. The
upgrade includes liquid-level control and monitoring, high-
voltage supply up to S0kV via a commercial feedthrough,

and an array of silicon photomultipliers for light-readout in
the gas phase located just above the gas/liquid interface [50].
The latter replaces the charge readout used at the anode of
the purity monitor, detecting instead the proportional scin-
tillation produced in the xenon gas region of the TPC. The
TPC equipped with the SiPM array will be used to study
electron cloud diffusion in both longitudinal and transverse
directions. Transverse diffusion is another critical parameter
for more accurate modelling of electron transport in xenon-
based detectors, for which measurements in the literature
are scarce [33,51]. Another goal of the upgrade is to study
optical properties of liquid xenon at large scales, as well as
new types of photosensors under the operating conditions of
DARWIN. In addition, the facility will be available to the col-
laboration for various R&D projects related to the realisation
of a large-scale xenon TPC.
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Appendix A: Cryostat pre-cooler

The inner vessel of the cryostat requires an initial cool-
ing period prior to the filling of LXe. A liquid-nitrogen
(LN3) based pre-cooling system made of four stainless steel
coolers was designed to reduce the initial cool-down time
and to speed up the filling process by increasing the cooling
power available to liquefy the xenon. The coolers are made
of two machined stainless steel layers each, welded at their
perimeter. Parallel channels are machined inside the plates
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Fig. 10 Pre-cooler installed at the top of the inner cryostat vessel.
LNy is flushed from the bottom of the outer vessel through a DN40CF
liquid feedthrough up to the four-quarter circle plates, connected in
series. The boil-off of the LN, inside the plates provides up to (0.57 £
0.03)kW of cooling power

to help distribute the LN, over the whole surface. Shown in
Fig. 10 are four segments connected in series and attached to
one another around the highest straight section of the inner
vessel, making direct contact with the outside wall of the
inner cryostat vessel. The assembly is compressed on the
outside of the inner vessel, applying a concentric force to the
cooler to ensure optimal thermal contact.

Apiezon® N Grease [52], a cryogenic thermal paste, was
uniformly applied between the pre-cooler plates and the inner
vessel of the cryostat to maximise the heat transfer, avoid-
ing the trapping of air pockets which could produce virtual
leaks [53]. Two 1/4” braided stainless steel hoses connect the
coolers toa DN40CF liquid feedthrough located at the bottom
of the outer vessel where they exit the vacuum. LN is flushed
into the coolers from a self-pressurising storage Dewar. The
LN is pushed upwards and boils off in the cooling plates,
exiting in gas form by the outlet line terminated by a brass
phase separator.

The maximum cooling power of the pre-cooler was calcu-
lated from the maximum achievable xenon filling speed for
the purity monitor run. At all times during the fill, gaseous
xenon is recirculated to and from the cryostat with a gas com-
pressor between 25 and 40 slpm to ensure sufficient gas con-
vection inside the inner vessel, helping the uniform cooldown
of the pressure vessel. The filling speed is measured as the dif-
ference between the readings of the mass flow meter and the
mass flow controller, respectively downstream and upstream
of the gaseous xenon inlet [13]. The measured mass flow
difference solely using the full cooling power of the PTR
was measured to be Antfipr, = (17.2 £ 1.5) slpm, while
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the mass flow using both the PTR and the pre-cooler was
Anitfiliprg,pe = (70.9 £ 1.5) slpm. Therefore, the increase in
filling speed from the addition of the pre-cooler is Anigiipe. =
(53.7 £ 2.2) slpm, neglecting any difference in the cooling
rate of the inner vessel between the two filling methods as
the temperature of the inner vessel is assumed constant.
The cooling power of the pre-cooler can be defined as the
sum of the power required to cool the xenon down to the
liquefaction point and the power needed to liquefy it:

Ppc = Atitfitlpe * pGXe * (Cp + AT + AHyqp)
= (0.57 + 0.03) kW,

(A1)
(A.2)

where pgxe = 5.4885¢g L1 is the density of GXe at 1 bar,
Cp = 0.16067J g~ ! K~ is the heat capacity of GXe, AT =
119 K is the temperature difference between room tempera-
ture and LXe temperature and AHy,p, = 95.587] g lisits
latent heat of vaporisation [54].

With the addition of the pre-cooler, we completed the
filling of 343 kg of xenon in 20.5h, discontinuously over
a period of three days, for an average filling speed of
16.77 kg/h. With the average filling speed during the commis-
sioning run of Xenoscope, reported in Ref. [13], estimated at
3.95 kg/h, we estimate that the addition of pre-cooler reduces
the filling time by a factor 4.25.

Appendix B: Ball of xenon

The xenon recovery and storage system consists of two
separate units: a gas recuperation system exploiting cryo-
genic pumping comprised of a gas bottle array and a newly-
developed gravity-assisted liquid recuperation system. The
former consists of an array of up to ten 40 L aluminium gas
cylinders of which four hang inside interconnected Dewar
flasks that can be filled with LN,. The vacuum created inside
the cooled cylinders allows for the recovery of the xenon from
the cryostat in gaseous form. The array can store a maximum
of 470 kg of xenon.

The speed of the recovery process with the gas recupera-
tion system is limited by the evaporation rate of LXe inside
the cryostat. This motivated the installation of a second unit,
a liquid phase recuperation system, which allows for effi-
cient xenon recovery and shorter downtimes between runs of
Xenoscope [35]. Its main component is the spherical pres-
sure vessel Box of Xenon (BoX) which was designed and
manufactured by KASAG Swiss AG [55] compliant with the
European Pressure Equipment Directive PED 2014/68/EU.
The stainless steel sphere has a wall thickness of 15 mm and
an inner radius of 450 mm. With a maximum allowable pres-
sure of 90 bar, BoX can store up to 400 kg of xenon at room
temperature. LN can be flushed through a copper cooling
block located beneath the spherical vessel to cool it down
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Fig. 11 Liquid recuperation and storage system Ball of Xenon (BoX).
The inner vessel of Xenoscope is isolated from BoX by two high-
pressure valves, rated for cryogenic operation. During liquid recovery,
LXe flows through a vacuum-insulated transfer line, visible on the right
side, to the high-pressure vessel. At its top, BoX is connected to the
high-pressure side of the gas system, allowing the boil-off gas to return
to the cryostat. The pressure vessel is equipped with an over-pressure
safety relief valve, an analogue pressure gauge and a pressure transducer
which allows for pressure monitoring via the slow control system. The
LN cooler system is attached to the underside of the sphere. The vessel
is thermally insulated with aluminised bubble wrap

before liquid recuperation is performed. Good thermal con-
tact between the sphere and the copper cooler is ensured by a
layer of Apiezon® N grease [52] mixed with 0.5-1.0 um sil-
ver powder. BoX is thermally insulated with multiple layers
of double-sided aluminised bubble wrap.

BoX is connected between the bottom of the inner vessel
and the high-pressure side of the gas system. Unlike the gas
cylinder array, BoX can thus be used to drain xenon in liquid
form directly from the cryostat, assisted by gravity.

At room temperature, BoX would have a pressure of
63 bar if filled with 450kg of xenon. Past its critical point
(above 289.7 K and 58.4 bar [56]), xenon becomes supercrit-
ical and the pressure increases rapidly with temperature. The
maximum allowable pressure of 90 bar will however not be
exceeded below 40°C. BoX is instrumented with both an ana-
logue pressure gauge and an electronic pressure transducer.
Pressure values from the latter are sent to the slow control

system for monitoring. An overpressure-relief valve to air
with a set pressure of 89 bar relative to atmospheric pressure
is installed as an ultimate safety system.

Prior to liquid recuperation, BoX must be pre-cooled to
enhance the performance of the process. LN is therefore
flushed for O(24h) through the copper cooler. With the pres-
sure in BoX at vacuum level, the recuperation process is
started by opening the two valves connecting BoX to the
cryostat. A fraction of the LXe coming from the cryostat
evaporates after it first contacts the walls of the pressure ves-
sel. This gas is returned to the top of the inner vessel of the
cryostat to equalise the pressures of BoX and the cryostat,
the gas flow is measured with the mass flow meter. As the
process goes on, the evaporation rate stabilises, indicating the
halting of recuperation. Xenon remaining in the inner vessel
is finally cryo-pumped into the gas cylinder array.

BoX was used successfully to perform gravity-assisted
LXe recuperation at the end of three operational runs. With
62.3 bar of xenon in BoX at 295.5K after the recuperation
of the purity monitor run, we estimate that approximately
294 kg of LXe were recuperated into BoX in ~ 11.5h, cor-
responding to an average recovery speed of 25.4 kg/h. This
is an increase in recovery speed by factor 8 compared to
gas recuperation. The addition of a liquid-height measuring
device for future runs will enable the live monitoring of the
liquid level during the gravity-assisted recuperation.
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