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2Challenges for DARWIN
• Electrode manufacturing, quality and sagging 

• Long electron drift: 

• HV delivery 

• Electrons captured by impurities 

• Longitudinal and transverse diffusion 

• Stronger impact of optical properties for long light 

paths 

• Stringent background requirements: 

• Radiopurity 

• New photosensors needed? 

• Radon emanation 

• Active removal of radiogenic impurities 

• …

DARWIN: Size Matters

• Size increase over its 
predecessors brings new 
engineering challenges
• Electrode sagging
• Electric field homogeneity
• Electron survival in LXe
• Electron cloud diffusion
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• Electrode manufacturing, quality and sagging 

• Long electron drift: 

• HV delivery 

• Electrons captured by impurities 

• Longitudinal and transverse diffusion 

• Stronger impact of optical properties for long light 

paths 

• Stringent background requirements: 

• Radiopurity 

• New photosensors needed? 

• Radon emanation 

• Active removal of radiogenic impurities 

• …



3The DARWIN demonstrators

• Proof of principle: electron drift over 2.6 m LXe  

• Study of electron cloud diffusion  

• Purification, photosensor and HV R&D

Xenoscope @ UZH
• Test full size DARWIN electrodes in ~300 kg of 

liquid xenon 

• Test any flat detector component up to ø of 2.75 m

Pancake @ Uni Freiburg
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4The Xenoscope facility

Heat exchanger

Cooling tower

Mechanical 
levelling system

Xenon bottle 
storage for a 
400 kg inventory

BoX liquid 
recuperation

SAES Getter

Cryostat with time 
projection chamber

Diaphragm pump 
from KNF for 100 
SLPM gas circulation

Pre-cooler

HV feedthrough

Provisional cleanroom

JINST 16 P08052 (2021)



5Phased approach for Xenoscope

• Purity monitor with charge 

readout and ≈50 cm drift 

• Measure electron lifetime, drift 

velocity and longitudinal 

diffusion 

• Demonstrate stable operation 

for ≈ 3 months 

• Test new cryostat pre-cooler 

and liquid xenon recuperation 

with BoX

Phase 1: Purity monitor 
(2022)

Phase 2: Dual-phase time 
projection chamber (2023)

• 2.6 m drift length 

• Light readout with SiPM array 

• High voltage up to 50 kV 

• Liquid level measurement and 

active control 

• External calibration sources 

and cosmic muons in addition 

to xenon flash lamp



6Phase 1: Purity monitor

Anode plate
Anode mesh

Field shaping rings

Cathode mesh
Photocathode plate

arXiv:2303.13963

• Drift length of ≈50 cm 

• Gold-coated quartz substrate photocathode 

produced at UZH Physics Institute 

• Light from xenon flash lamp (190 – 2000 nm) 

injected via optical fiber 

• Hexagonally etched stainless steel meshes  

• Field-shaping rings for homogeneous drift 

fields of 25 – 75 V/cm 

• Measure induced currents from electron 

clouds, convert to voltage signals and 

integrate to obtain anode and cathode 

charges



7Purity monitor signals

500 V
0V

FSR

– 2650 V
– 2710 V

Collection

Drift

Extraction

Cathode

Anode

• Pulse delay: drift velocity 

• Relative pulse area: electron 

drift lifetime 

• Pulse shape: longitudinal 

electron cloud diffusion

3

Most purity monitors measure the charge deficit of
an initially known population of electrons after their drift
through the liquid. By comparing the number of electrons
before, N0, and after the drift, N(td), an indirect measure-
ment of the impurity concentration in LXe can be achieved.
The deficit can be modelled as a decaying exponential:

N(td) = N0 e�td/t , (1)

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

t =
1

Âi kini
, (2)

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

A schematic of the working principle of the purity mon-
itor is shown in figure 2, left. An optical fibre transmits the
light from a xenon flash lamp to the centre of a photocath-
ode. The incident photons produce electrons via the photo-
electric effect. The electrons are drifted via extraction, drift,
and collection electric fields, generated by four biased elec-
trodes. The first drift region (1) is located between the cath-
ode (with the photocathode in the centre) and the cathode
grid; the second 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 elec-
trons 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 elec-
tronic 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 µs for the anode and cath-
ode waveforms. Once digitised, the voltage signals are in-
tegrated 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:

QA

QC
=

t1
t3

e�(t1+t2+t3)/t (et3/t �1)
(e�t1/t �1)

. (3)

Here, QA and QC are the charges from the integrated signals
measured in the anode and cathode, respectively, t1 is the

rise time of the first signal, t2 is the time between the min-
imum of the signal in the cathode and the rise time of the
signal in the anode, with t3 the time from t2 up to the max-
imum 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. Figure 3 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 figure 2, right. It features a field cage built with
high conductivity, oxygen-free copper rings, supported by
six polyamide-imide pillars. The rings are connected by a
resistor chain of 5GW impedance each, and enclose a cylin-
drical drift region of 15 cm�⇥ 53.1 cm. The cathode and
anode grids consist of hexagonally-patterned, etched stain-
less steel meshes with high optical transparency (⇠ 93%),
while the cathode and anode are solid stainless steel disks.

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 (GC) and cathode grid (G1), the anode
grid (G2) and the anode (GA). In the longest region (2), the field shap-
ing rings (FSR) maintain the uniformity of the drift field ~Ed in the
vertical direction. (Right): Assembled purity monitor in Xenoscope.

3.1 Optical components and photocathode

The utilised lamp is a 60 W xenon flash lamp with a
built-in reflective mirror (model number L7685) from
Hamamatsu [16]. The window is a single sapphire crystal

• 343 kg of xenon 

• Measurements at 

(2.05±0.01) bar and 

(177.6±0.1) K 

• Illumination at 1 Hz 

• First observable 

waveforms after 26.5 days 

of purification
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• Maximum flux limited to 40 slpm 

during purity monitor phase 

• 30 slpm: 46.6 d 

• 35 slpm: 20.0 d 

• 40 slpm: 21.2 d 

• Electron drift lifetime drops during 

flow changes due to liberation of 

trapped impurities at the LXe 

surface collar 

• Reached (664 ± 23) µs 

comparable to LUX and XENON1T 

• Expect to reach > 2 ms with gas 

phase purification and 80 slpm
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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 equations 4 and 5, while the black points show the residuals.
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The index j = {0,1, ...,7} indicates the regions between dis-
continuities, marked by the dashed lines in figure 6. Each
equation consists of five terms. The first accounts for the
purification rate, with F being the purification flow, r the
density of xenon at 1 bar, 0 °C, and I the concentration in im-
purities. The second term accounts for the time-dependent
average outgassing rate from detector materials, where L0
is the outgassing at time t = 0, T1/2 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 � T1/2.
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 second
terms of the differential equations is expected to revert back
to a high value, as impurities can be adsorbed in outgassed

materials [29]. This is accounted for with the time-offset pa-
rameters D t( j) = Â j

1 D t(i), which are cumulative since the
dataset is fitted as a whole, and D t(0) = 0. Finally, the third
and fourth terms describe the exchange of impurities be-
tween the gas and the liquid phases, and thus the signs are
inverted between the two equations. The e parameters are ef-
ficiencies 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 de-
ployed by the cryogenics, proportional to the condensation
rate, and h is the latent heat of xenon.

The electron drift lifetime is then calculated by solv-
ing the system of differential equations for equation 2 and
minimising with the iMinuit (Python) package [30] simul-
taneously in all j-regions, using a least-square method. The
best-fit model is displayed as a solid red curve in figure 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 figure 7.

As expected, an increased purification speed would yield
longer electron drift lifetimes, attained in a shorter purifica-
tion time. The addition of a purification flow of the gas phase
(Fg = 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 in-
spired by the gas purification system reported in Ref. [29]
was added to the gas handling system with a second flow
controller, allowing for the purification of both the liquid
and gas phases in the same purification loop.
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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 equations 4 and 5, while the black points show the residuals.
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The index j = {0,1, ...,7} indicates the regions between dis-
continuities, marked by the dashed lines in figure 6. Each
equation consists of five terms. The first accounts for the
purification rate, with F being the purification flow, r the
density of xenon at 1 bar, 0 °C, and I the concentration in im-
purities. The second term accounts for the time-dependent
average outgassing rate from detector materials, where L0
is the outgassing at time t = 0, T1/2 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 � T1/2.
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 second
terms of the differential equations is expected to revert back
to a high value, as impurities can be adsorbed in outgassed

materials [29]. This is accounted for with the time-offset pa-
rameters D t( j) = Â j

1 D t(i), which are cumulative since the
dataset is fitted as a whole, and D t(0) = 0. Finally, the third
and fourth terms describe the exchange of impurities be-
tween the gas and the liquid phases, and thus the signs are
inverted between the two equations. The e parameters are ef-
ficiencies 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 de-
ployed by the cryogenics, proportional to the condensation
rate, and h is the latent heat of xenon.

The electron drift lifetime is then calculated by solv-
ing the system of differential equations for equation 2 and
minimising with the iMinuit (Python) package [30] simul-
taneously in all j-regions, using a least-square method. The
best-fit model is displayed as a solid red curve in figure 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 figure 7.

As expected, an increased purification speed would yield
longer electron drift lifetimes, attained in a shorter purifica-
tion time. The addition of a purification flow of the gas phase
(Fg = 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 in-
spired by the gas purification system reported in Ref. [29]
was added to the gas handling system with a second flow
controller, allowing for the purification of both the liquid
and gas phases in the same purification loop.

Purification Outgassing Discontinuities
Gas-liquid  
impurity 

exchange



9Electron drift velocity
• Drift velocity measured from Ed = 25 – 75 V/cm  

• Measurement at the end of the purification 

campaign at constant electron lifetime 

• Electron mobility µ gives time between elastic 

collisions of electrons with xenon (and impurities, 

also inelastic) 

• Depends on temperature, density and electron 

energy 

• Impurities can offer more efficient energy loss than 

scattering on xenon leading to higher mobility

8
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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 pu-
rification time needed before the electron drift lifetime begins its ex-
ponential 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 vd of the cloud given a drift field Ed is:

vd = d2/t2. (6)

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:

vd = (d2 +d3)/(t2 + t3). (7)

This approach introduces an additional term, (d2t3 �
d3t2)/(t2(t2 + t3)), which induces a negligible 0.1% bias in
the final values given the ratios between t3/t2 and d3/d2. The
drift velocity can also be expressed in terms of the drift field
Ed:

vd = µEd , (8)

where µ 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 inelas-
tic collisions with impurities. Thus, the acquisition of wave-
forms used to derive the drift velocity was performed at a
constant electron drift lifetime to avoid systematic uncer-
tainties. Benchmark regimes can be used to visualise these
dependencies for electron mobility, such as “cold electrons”
and “hot electrons” [31]. In the cold electrons regime, the
energies of the electrons are mostly due to the thermal bath

in the xenon fluid (around 0.015 eV at 177 K [32]), and they
rapidly acquire energy with increasing electric fields, result-
ing in a linear gain in velocity. For cold electrons, the mo-
bility can be expressed as:

µ =
2
3

✓
2

p me kB T

◆ 1
2

e
l
v
, (9)

where kB is the Boltzmann constant, T is the temperature, e
is the charge of the electrons, me is their mass, v is the mag-
nitude of the velocity in all directions, and l is the mean
free path of the electrons in their collisions with atoms, in-
versely proportional to the number density and cross section.
In contrast 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:

µ =
4el

3vp1/2m⇤
e
, (10)

where m⇤
e is the effective mass of the electrons in the

medium. While these equations are not used in this work to
infer properties such as electron mobility, or electron cloud
diffusion, they are useful to scrutinise the results of our mea-
sured 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 min-
imise systematic effects. Drift fields of 25 V/cm 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 elec-
tron drift lifetime data, while the collection field was fixed
at 500 V/cm. Figure 8 shows the drift velocity at differ-
ent fields, calculated with equation 7, with good agreement
with previous measurements in LXe [33–38]. The prediction
from NEST (Noble Element Simulation Technique) [39],
based on data-driven empirical models, is also shown. The
curves for cold and hot electrons are derived by using equa-
tions 9 and 10, respectively, to fit the data from Ref. [33],
for it covers both regimes with a high density of points.

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, for there is no information on the
x� y charge distribution. The standard deviation (s ) 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

=
d
t



10Longitudinal diffusion

9

Fig. 8 Measured drift velocity with electric field values from 25 to
75 V/cm, in steps of 5 V/cm. The results are compared to literature
values from Gushchin (165 K) [33], EXO-200 (167 K) [34], Xurich II
(2018, 184 K) [35], Xurich II (2021, 177 K) [36], HeXe (174 K) [37]
and XeBRA (173 K) [38]. The prediction from NEST v2.3.8 [39] is
shown as a solid blue curve.

Gaussian distribution, the width of the anode signal is re-
lated to the longitudinal diffusion [34, 40, 41] as:

DL =
d2s2

L
2t3 , (11)

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

s2
L = s2 �s2

0 , (12)

is the width at one s considering diffusion effects only,
which is the value to extract. The widths s0 and s belong to
the initial signal at the cathode and the final signal measured
in the anode, respectively, and d is the drift length (d2 +d3)
at drift time t (t2 + t3). By rewriting equation 12, we obtain
the width of the anode signal:

s2 =
DL2t3

d2 +s2
0 , (13)

The diffusion of the electron cloud is related to the previ-
ously introduced electron mobility. At low drift fields, it fol-
lows the Einstein-Smoluchowski relation [31, 42, 43]:

DL =
kBT

e
µ =

eT

e
µ , (14)

with thermal energy eT . 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, ek, is de-
fined as:

ek =
eDL

µ
, (15)

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

DL =
(eT + e)

e
µ , (16)

with e = ek � eT .
In previous studies, it was reported that impurities

diffused in the medium, from water vapour to organic
molecules, can provide a more effective energy loss mecha-
nism for electrons, with the consequence of higher mobility
and decreased diffusion [44, 45] (see equations 9 and 10).
This effect could explain the mechanism behind the higher
drift velocities in the early measurements of Guschin et. al.
at 164 K [33], where no information about xenon purifica-
tion methods was given.

Additional effects can play a role in the detected spread
of the charge distribution in our detector and must be cor-
rected to obtain a longitudinal diffusion coefficient that is
independent of energy, electron source or detector response.
From the original number of extracted photoelectrons to the
measured signal in the anode, the following effects can im-
pact the width:

– Duration of the pulse of the lamp, which introduces an
initial signal width at one sigma of (2.4±0.2)µs. 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.

– The detection response of the screening region [46].
The weighting potential between the solid electrodes and
the hexagonal meshes is taken into account in the mea-
sured signal to yield the original electron cloud spread
in the z-direction. The effect of the hexagonal screen-
ing meshes was simulated by modelling the 3D geome-
try of the meshes and detector and performing electro-
static simulations with COMSOL. The method to derive
the weighting potential is adopted from Ref. [47]. The
weighting potential is obtained by averaging the poten-
tial over different electron drift paths to smooth out local
effects.

– 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 empirical ap-
proach in Ref. [48], which considers the ellipsoid explo-
sion model from Ref. [49], where a set of differential
equations is solved to obtain the final width of the signal
after the drift. The repulsive forces are stronger imme-
diately 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 ad-
ditional width value of 5% compared to the no repulsion

Anode Gaussian 
peak width

Diffusion 
coefficient, drift 
length, drift time

Cathode 
Gaussian peak 

width
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Fig. 8 Measured drift velocity with electric field values from 25 to
75 V/cm, in steps of 5 V/cm. The results are compared to literature
values from Gushchin (165 K) [33], EXO-200 (167 K) [34], Xurich II
(2018, 184 K) [35], Xurich II (2021, 177 K) [36], HeXe (174 K) [37]
and XeBRA (173 K) [38]. The prediction from NEST v2.3.8 [39] is
shown as a solid blue curve.

Gaussian distribution, the width of the anode signal is re-
lated to the longitudinal diffusion [34, 40, 41] as:

DL =
d2s2

L
2t3 , (11)

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

s2
L = s2 �s2

0 , (12)

is the width at one s considering diffusion effects only,
which is the value to extract. The widths s0 and s belong to
the initial signal at the cathode and the final signal measured
in the anode, respectively, and d is the drift length (d2 +d3)
at drift time t (t2 + t3). By rewriting equation 12, we obtain
the width of the anode signal:

s2 =
DL2t3

d2 +s2
0 , (13)

The diffusion of the electron cloud is related to the previ-
ously introduced electron mobility. At low drift fields, it fol-
lows the Einstein-Smoluchowski relation [31, 42, 43]:

DL =
kBT

e
µ =

eT

e
µ , (14)

with thermal energy eT . 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, ek, is de-
fined as:

ek =
eDL

µ
, (15)

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

DL =
(eT + e)

e
µ , (16)

with e = ek � eT .
In previous studies, it was reported that impurities

diffused in the medium, from water vapour to organic
molecules, can provide a more effective energy loss mecha-
nism for electrons, with the consequence of higher mobility
and decreased diffusion [44, 45] (see equations 9 and 10).
This effect could explain the mechanism behind the higher
drift velocities in the early measurements of Guschin et. al.
at 164 K [33], where no information about xenon purifica-
tion methods was given.

Additional effects can play a role in the detected spread
of the charge distribution in our detector and must be cor-
rected to obtain a longitudinal diffusion coefficient that is
independent of energy, electron source or detector response.
From the original number of extracted photoelectrons to the
measured signal in the anode, the following effects can im-
pact the width:

– Duration of the pulse of the lamp, which introduces an
initial signal width at one sigma of (2.4±0.2)µs. 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.

– The detection response of the screening region [46].
The weighting potential between the solid electrodes and
the hexagonal meshes is taken into account in the mea-
sured signal to yield the original electron cloud spread
in the z-direction. The effect of the hexagonal screen-
ing meshes was simulated by modelling the 3D geome-
try of the meshes and detector and performing electro-
static simulations with COMSOL. The method to derive
the weighting potential is adopted from Ref. [47]. The
weighting potential is obtained by averaging the poten-
tial over different electron drift paths to smooth out local
effects.

– 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 empirical ap-
proach in Ref. [48], which considers the ellipsoid explo-
sion model from Ref. [49], where a set of differential
equations is solved to obtain the final width of the signal
after the drift. The repulsive forces are stronger imme-
diately 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 ad-
ditional width value of 5% compared to the no repulsion
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forces case is inferred from the empirical approach, and
taken as an uncertainty in the charge distribution after
their extraction from the photocathode.

– 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. [40]. 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 ne-
glected according to DL

(vd·d)
⌧ 1, which is the case for this

study.
– Readout response times of the pre-amplifiers. The circuit

response was estimated when benchmarking the elec-
tronics 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. Ta-
ble 2 compiles the systematic effects treatment for the calcu-
lation of the longitudinal diffusion coefficient. The results of
this deconvolution, for each measurement at different drift
fields, are shown in figure 9, together with literature val-
ues [48,50]. The longitudinal diffusion coefficient was mea-
sured at relatively low drift fields (i.e. < 100V/cm). By us-
ing the values derived for the mobility for cold electrons
and hot electrons included in figure 8, of 0.29mm2/(µs ·V)
and 0.01mm2/(µs ·V), respectively, together with the ther-
mal energy of electrons, reference coefficients for the diffu-
sion can be obtained from equation 15. These are included
in figure 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 equation 16.

From the listed sources of uncertainty for the diffusion
coefficient DL, the largest impact originates (in percentages
of the total uncertainty from 25 to 75 V/cm) from the final
width measured at the anode (95% to 80%), the initial signal
width (20% to 50%), the Coulomb repulsion (1% to 5%), the
uncertainty in the drift distance (20 to 5%) and the drift time
(4 to 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 ⇠ 100V/cm),
and the model predicted a considerably lower longitudinal
diffusion coefficient with lower drift fields, in conflict with
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 [32], 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 figure 9, resulting from

Table 2 Systematic effects and impact on the uncertainty for the in-
ferred longitudinal diffusion coefficient DL.

Systematic effect Treatment and uncertainty

Measured
Anode signal width, s Gaussian plus sine fit, 2�3%.
Drift time, t2 + t3 Time interval between extrema of the

cathode and anode signal fits.
Initial signal width Introduced by the lamp pulse. Mea-

surements in vacuum and in LXe,
(2.4±0.2)µs.

Electronics RC time constant calculation from a
square pulse, 0.2µs.

Drift length, d2 +d3 Drift distance of the electron cloud,
taken as (513±7)mm when account-
ing for the potential contraction of the
components at 177 K with an assumed
1% thermal contraction, and the posi-
tion of the centre of the cloud distribu-
tion in drift regions with respect the ex-
trema of the signals.

Filtering and processing Maximum 4% of anode signal width.

Simulated
Detector response COMSOL 3D model of the detector to

derive the weighting potential, 10% un-
certainty in the response.

Assumed
Coulomb repulsion Calculated with empirical model

from [48], assumption of additional
5% uncertainty in the initial signal
spread.

Electron attachment Neglected, 4th-order correction:
DL

(vd ·d)
⌧ 1.

Fig. 9 Longitudinal diffusion coefficient calculated in this work, with
an electron drift lifetime of t = (649±23)µs compared to the results
from a purity monitor by Njoya et. al. (t ⇠ 1�35µs) [48], and a TPC
from Hogenbirk (t ⇠ 430µs) [50] and NEST [39]. 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.



11Phase 2: Dual-phase TPC

Xenon VUV light readout by 192 

6x6 mm2 SiPM cells read out in 16 

channels. 

SiPM array
Custom cryofitted air-to-vacuum 

feedthrough, commercial vacuum-

to-xenon feedthrough and in-house 

designed cathode connection. 

HV delivery
Real time monitoring of liquid level 

with three small capacitive level 

meters. Active level control with 

weir on motion feedthrough. 

Liquid level control

8

Photocathode and HV connection

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023

• New photocathode gold coated on a quartz substrate 

• Xe flash lamp transmitted through optical fibre 

• Round edge HV terminal connected to the Ceramic FT 

delivers HV to cup&spring system 

• Cup&spring system for HV transmission to the cathode 

• HV enters the TPC from the bottom  

• Commercial Ceramseal (CeramaTec) FT, rated 100 kV.  In-house cryofitted  

air-to-vacuum FT 

• HV rating improved by conditioning, HMWPE insulation elongation, 

surface treatment 

• Entire assembly was tested at 120 K and ~4 bar overpressure 

• The HVFT was successfully operated at 50 kV for over 4 days without 

sparks  

7

High-voltage feedthrough

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023

Gas release  

from sparks



12Field cage assemblyField cage preparations and assembly

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023 6

• Ring cleaning and electropolishing: 173 rings, 16 cm ID 

• Two parallel chains of 1 G  resistors (nominally 200 nA at 20 kV) 

• 6 Torlon pillars with PTFE connectors 
• 5 modules assembled in clean room  

Ω
• Clean and electropolish 173 rings with 16 cm inner ø 

• Two parallel 1 GΩ resistor chains (200 nA at 20 kV) 

• 6 Torlon pillars with PTFE connectors 

• Assemble modules in clean room, bag and install in Xenoscope 

provisional cleanroom.



13Closing timeClosing the cryostat

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023 10

Inner vessel Mylar insulation Outer vessel, BoX 
connections, HV FT installed. The full 2.6 m TPC installed Full TPC installed. 

Close section by 
section (… and do not 

forget the gasket).

Inner cryostat fully 
closed.

Add mylar insulation, 
install vacuum to LXe 

feedthrough.

Close outer cryostat 
section by section, 

connect box, install HV 
feedthrough.

• HV enters the TPC from the bottom  
• Commercial Ceramseal (CeramaTec) FT, rated 100 kV.  In-house cryofitted  

air-to-vacuum FT 
• HV rating improved by conditioning, HMWPE insulation elongation, 

surface treatment 
• Entire assembly was tested at 120 K and ~4 bar overpressure 
• The HVFT was successfully operated at 50 kV for over 4 days without 

sparks  

7

High-voltage feedthrough

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023

Gas release  
from sparks

• HV enters the TPC from the bottom  
• Commercial Ceramseal (CeramaTec) FT, rated 100 kV.  In-house cryofitted  

air-to-vacuum FT 
• HV rating improved by conditioning, HMWPE insulation elongation, 

surface treatment 
• Entire assembly was tested at 120 K and ~4 bar overpressure 
• The HVFT was successfully operated at 50 kV for over 4 days without 

sparks  

7

High-voltage feedthrough

Paloma Cimental | DARWIN Collaboration Meeting | May 16th 2023

Gas release  
from sparks
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14SiPM array

6x6 mm2 cell

Quad = 4 cells

Tile = 4 
Hamamatsu 
VUV4 quads

• SiPMs characterized individually with LED in dark box 

before array assembly 

• 192 SiPM cells 

• 48 VUV4 MPPCs by Hamamatsu (quads)  

• The array has 12 tiles. Each tile consists of  

four 12×12mm2 VUV SiPMs from  

Hamamatsu (S13371-6050CQ-02 MPPC)  

• 20x amplification per tile 

• Parallel readout per tile => 12 channels 

• Two optical fibers for calibration
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14SiPM array

6x6 mm2 cell

Quad = 4 cells

Tile = 4 
Hamamatsu 
VUV4 quads

• SiPMs characterized individually with LED in dark box 

before array assembly 

• 192 SiPM cells 

• 48 VUV4 MPPCs by Hamamatsu (quads)  

• The array has 12 tiles. Each tile consists of  

four 12×12mm2 VUV SiPMs from  

Hamamatsu (S13371-6050CQ-02 MPPC)  

• 20x amplification per tile 

• Parallel readout per tile => 12 channels 

• Two optical fibers for calibration

First array tests

Marta Babicz26.06.2023 16

2 optical fibers installed for 
calibrations

LED pulse visible - all tiles alive!
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14SiPM array

6x6 mm2 cell

Quad = 4 cells

Tile = 4 
Hamamatsu 
VUV4 quads

• SiPMs characterized individually with LED in dark box 

before array assembly 

• 192 SiPM cells 

• 48 VUV4 MPPCs by Hamamatsu (quads)  

• The array has 12 tiles. Each tile consists of  

four 12×12mm2 VUV SiPMs from  

Hamamatsu (S13371-6050CQ-02 MPPC)  

• 20x amplification per tile 

• Parallel readout per tile => 12 channels 

• Two optical fibers for calibration

First array tests

Marta Babicz26.06.2023 16

2 optical fibers installed for 
calibrations

LED pulse visible - all tiles alive!



15SiPM array tests in vacuum

• Data-taking for constant LED light 

level and varying bias voltages. 

• Measured breakdown voltages agree 

with dark box characterization.



16Future plan

Soon: 

• Filling of the dual-phase TPC 

• Combined purification of gas 

and liquid phase 

• Detection of first S2s 

• Electron lifetime measurements 

• Position reconstruction 

• Test of external sources 

• Longitudinal and transverse 

diffusion measurements

Less soon: 

• Measurements of xenon’s optical 

properties 

• Gain matching of SiPM quads 

per tile 

• SiPM array readout with finer 

granularity for better transverse 

diffusion measurements 

• Make Xenoscope available as 

test platform to the entire 

collaboration



17Summary
• Xenoscope is one of the two demonstrators for R&D on 

technical challenges for DARWIN such as: 

• Electron transport 

• Purification 

• Photosensor R&D 

• First electron measurements were carried out with a purity 

monitor. 

• Second phase with dual-phase TPC and full 2.6 m drift will 

start soon.
Xenoscope facility: 
JINST 16 P08052 (2021) 
SiPM array: 
JINST 18 C03027 (2023) 
Electron transport measurements: 
arXiv:2303.13963

Thank you for listening!

Left to right: Yanina Biondi, Christian Wittweg, Laura Baudis, Jose Cuenca García, Michelle Galloway, 
Frédéric Girard, Alex Bismark, Mariana Rajado Silva, Diego Ramírez; not pictured: Marta Babicz, Paloma 
Cimental and Jonathan Franchi, Andrej Maraffio, Sana Ouahada
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19Data acquisition
DAQ

Marta Babicz26.06.2023 19

The array has 12 tiles = 12 
channels 

SiPM array

2 x

CAEN V1724 PC

Two boards are daisy 
chained, where each has:
• 8-chan.
• 14-bit resolution
• 100 MS/s sampling rate
• dynamic range of 0-

2.25 V
• Software, External, 

Channel Auto-Trigger 
modes

The boards are 
connected to 
the PC via 
A318 Optical 
Link

• DAQ is controlled through 
XML files for trigger and 
channel customization.

• Provides oscilloscope and 
MCA modes, with data 
reduction options.

• Outputs data in ROOT 
format.

DAQ

Marta Babicz26.06.2023 19

The array has 12 tiles = 12 
channels 

SiPM array

2 x

CAEN V1724 PC

Two boards are daisy 
chained, where each has:
• 8-chan.
• 14-bit resolution
• 100 MS/s sampling rate
• dynamic range of 0-

2.25 V
• Software, External, 

Channel Auto-Trigger 
modes

The boards are 
connected to 
the PC via 
A318 Optical 
Link

• DAQ is controlled through 
XML files for trigger and 
channel customization.

• Provides oscilloscope and 
MCA modes, with data 
reduction options.

• Outputs data in ROOT 
format.

• 12 signal channels 

read out  

• On-tile 20x 

amplification

• Two 8-channel boards 

daisy-chained 

• 14 bits 

• 100 MS/s 

• 0 – 2.25 V dynamic range 

• Software, external or 

channel auto-trigger modes

• A318 optical link 

connection to PC

• DAQ interface via XML files 

• Oscilloscope and multi-

channel analyzer modes 

• Output data in ROOT 

format



20SiPM characterization
• Array characterized with blue LED in 

dark box before integration into 

Xenoscope 

• Observation of single-, double- and 

triple-photoelectron pulses 

• Measurements between 170 and 200 K 

• Gain of 3 x 106 observed at 4.5 V 

overvoltage (above breakdown) 

• Cross-talk probability of ~15 % 

• SPE resolutions of 5 – 5.5 % mainly 

dependent on gain

JINST 18 C03027 (2023)



21Purity monitor measurements

• Read-out voltage proportional to 

instantaneous current 

• Low-pass filter (< 800 kHz) in order to 

remove electronic noise from lamp, 

temperature sensors and UPS 

• Data recorded with CAEN v1724 ADC and 

Teledyne LeCroy Waverunner 6104A 

oscilloscope 

• Averaging over 1000 recorded waveforms 

(~17 minutes) minimizes baseline noise

5

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 100MHz bandwidth.

The performance of the readout electronics was tested in
a climate chamber in steps of 10 K from room temperature
down to 190 K. The calibration showed a charge amplifica-
tion of 0.18fC/(mV ·µs), 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 µs wide square pulse to
the circuit.

An oscilloscope, Teledyne LeCroy model Waverunner
6104A [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
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 ex-
ternal electronic devices could be discerned as part of the
background noise, and the fit included a sine function to ac-
count for this effect, with an inferred model uncertainty of
5% for the ones where the sine fit to the noise did not con-
verge. 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 values 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 figure 4,
together with the post-processing signal with a low-pass fil-
ter. 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�5 mbar). Data was acquired
to investigate the signal shape and response in this config-
uration with negligible charge losses due to residual gas.
The measurement additionally provided the delay time of
the electronics chain, from the pulse generator for the xenon
lamp to the signal amplification and readout of 18µs.

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 recircu-
lates through the getter, electronegative impurities are re-

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 signal (green) are also shown. The signal is an average over 1000
recorded waveforms.

moved, 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 materials outgassing,
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 maintained around (177.6±0.1)K and
(2.05±0.01) bar, respectively. Following the commission-
ing run, the displacement of the GXe compressor was re-
duced to increase its lifespan. This constrained the maxi-
mum 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: 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 �2710 V and �2650 V, 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 fea-
ture 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

Flat or sinusodial 
baseline

Gaussian 
signal



22Ball of Xenon (BoX)
13

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 trans-
ducer which allows for pressure monitoring via the slow control sys-
tem. The LN2 cooler system is attached to the underside of the sphere.
The vessel is thermally insulated with aluminised bubble wrap.

The maximum allowable pressure of 90 bar will however not
be exceeded below 40 °C. BoX is instrumented with both an
analogue pressure gauge and an electronic pressure trans-
ducer. 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. LN2 is there-
fore flushed for O(24h) through the copper cooler. With the
pressure 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 295.5 K after the recuperation
of the purity monitor run, we estimate that approximately
294 kg of LXe were recuperated into BoX in ⇠ 11.5 h, cor-
responding to an average recovery speed of 25.4kg/h. This
is an increase in recovery speed by factor 8 compared to gas
recuperation. The addition of a liquid-height measuring de-
vice for future runs will enable the live monitoring of the
liquid level during the gravity-assisted recuperation.
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– Ball of Xenon
• Stainless steel pressure vessel 

rated at 90 bar
• Passive insulation
• Gravity-assisted LXe

recuperation
• Can contain up to 450 kg of LXe

at room temperature
• LN2 pre-cooler at the bottom
• Recuperation speed (with 160 kg): 

Avg: 19 kg/h (up to 51 kg/h)

16

BoX installed on Xenoscope
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• Stainless steel pressure vessel 

rated at 90 bar for up to 450 

kg LXe at room temperature 

• Gravity-assisted LXe 

recuperation  

• LN2 pre-cooler at the bottom  

• Recuperation speed (with 160 

kg): Avg: 19 kg/h (up to 51 

kg/h) 



23Cooling tower and pre-cooler
• Iwatani PC-150 PTR (~ 200 W cooling) and 

heater (~180 W heating)  

• LN2 auxiliary cooling coil  

• Unpurified Xe extracted from the top of the 

inner vessel 

• LXe condensing on the cold head 

• Funnel carries purified Xe to the bottom of the 

inner vessel  

• Stress-free thermal contraction of the top flange 

thanks to swivel arms  

• LN2 pre-cooler on inner vessel for additional 

cooling power: 

• Without pre-cooler filling at ~4 kg/h 

• With pre-cooler fillig at ~17 kg/h 

Cryogenics:

Cooling Tower

• Iwatani PC-150 Pulse Tube Refrigerator 

(~ 200 W cooling) and heater (~180 W 

heating)

• LN
2

auxiliary cooling coil

• Unpurified Xe extracted from the top of 

the inner vessel

• Funnel carries purified Xe to the 

bottom of the inner vessel

• Stress-free thermal contraction of the 

top flange thanks to swivel arms

• LN
2

pre-cooler on inner vessel for 

additional cooling power

11

LXe condensing on the cold head

Pre-cooler

F. Girard - VCI 2022


