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First Observation of Neutral Bremsstrahlung Electroluminescence in Liquid Argon
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A recent discovery of additional mechanism of electroluminescence (EL) in noble gases due to the
neutral bremsstrahlung (NBrS) effect led to a prediction that NBrS EL should be present in noble liquids as
well. A theoretical model of NBrS EL in noble liquids was developed accordingly in the frameworks of
Cohen-Lekner and Atrazhev. In this work, we confirm this prediction: For the first time, visible-range
EL has been observed in liquid argon at electric fields reaching 90 kV/cm, using gas electron
multiplier (GEM) and thick GEM structures. Absolute light yields of the EL were measured and
found to be in excellent agreement with the theory, provided that the momentum-transfer cross section
of electron scattering is used for calculation of the NBrS cross section (instead of the energy-

transfer one).
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Introduction.—Electroluminescence (EL) is an optical
and electrical phenomenon in which a material emits light
in response to electric current or electric field. Of para-
mount importance is EL in noble gases, as it is a key
physical process used in two-phase (liquid-gas) detectors
for dark matter searches and neutrino detection experi-
ments [1-4]. In two-phase detectors, both a prompt primary
scintillation signal (S1) and a delayed primary ionization
signal ($2) are measured, the latter being recorded in the
gas phase using the EL effect.

According to modern concepts [1,5], there are three
mechanisms responsible for EL in noble gases: that of
excimer emission in the vacuum ultraviolet (VUV), that of
neutral bremsstrahlung (NBrS) emission in the UV, visible,
and near-infrared (NIR) range, and that of emission due to
atomic transitions in the NIR. These three mechanisms are
referred to as excimer (ordinary) EL, NBrS EL, and atomic
EL, respectively. Let us briefly describe the first two using
the example of argon.

Excimer EL is due to noble gas excimers in a singlet
[Ar;('=,)] or triplet [Ar}(°Z,)] state emitting photons in
the VUV (around 128 nm). The excimers are produced
in three-body atomic collisions of the lowest excited
atomic states, of Ar*(3p>4s) configuration, which, in turn,
are produced by drifting electrons in electron-atom colli-
sions [1,5-8]. It has a threshold in reduced electric field
(E/N) of about 4 Td (1 Td = 10~'7 Vcm?) [9,10].

NBrS EL is due to bremsstrahlung of slow drifting
electrons scattered on neutral atoms [11-17]. NBrS EL has
no threshold in electric field, takes place in the visible and
NIR range suitable for direct readout by conventional
photodetectors such as photomultiplier tubes and silicon
photomultipliers (SiPMs), but has much lower photon yield
compared to that of excimer EL [12].
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While EL in noble gases is well understood
[5,8,9,11,12], little is known about EL in noble liquids.
First, until recently, there was no complete theory of EL
in noble liquids. Second, excimer EL was investigated
in detail in only three experiments conducted in liquid
xenon [18-20] and was observed above the electric field
threshold of 400 kV/cm. There were other observations of
EL in liquid xenon [21,22], but neither the EL threshold nor
the yield values were obtained there. In order to obtain such
high electric fields it is necessary to use thin wires, needles,
or holelike structures such as gas electron multipliers
(GEMs) or thick GEMs (THGEMs) [23,24].

In liquid argon, excimer EL has never been observed,
presumably due to its very high threshold expected from
theoretical estimations, exceeding 800 kV/cm [13,25]. Tt
should be remarked that proportional EL claimed to be
observed in liquid argon in [26], at much lower electric fields
(of about 60 kV/cm) and using THGEM, apparently was
not produced in liquid argon, but rather in gas bubbles
associated with THGEM holes, similarly to what happens in
liquid hole multipliers [27] (see the discussion in [13]).

As predicted in [11], by its universal nature NBrS EL
should be present in noble liquids at electric fields much
lower than those needed for excimer EL. A theoretical
model of NBrS EL in noble liquids has been recently
developed accordingly [13,15], the electron energy and
transport parameters being obtained in the framework of
Cohen-Lekner [28] and Atrazhev [29]. The observation of
NBrS EL in noble liquids, in addition to the obvious
interest in it as a new physical effect, would also prompt the
search for new readout schemes in single-phase noble
liquid detectors of improved performance.

In this work, to resolve the issues described above, true
visible-range EL in liquid argon has been studied for the

© 2023 American Physical Society
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FIG. 1. Conceptual illustration of experimental setup used in
this work (not to scale).

first time, using both THGEM and GEM structures. We will
show that the absolute light yields of EL observed in
experiment are in excellent agreement with those predicted
by the NBrS EL theory appropriately modified compared
to [13].

Experimental setup.—The experimental setup used in
this work is described elsewhere [10,30], and, thus, we
recount essential points only. A few minor modifications
described below were made to allow for the study of visible
EL in liquid argon using the detector configuration sche-
matically depicted in Fig. 1.

The detector was a single-phase liquid time projection
chamber (TPC), composed of a drift region and a THGEM
(GEM) anode where EL took place. It was filled with
3 liters of purified liquid argon (< 4 ppb of O, and
< 1 ppm of N, impurity) and operated at a pressure of
1.00 atm, temperature of 87.3 K, and atomic density of the
liquid of 2.10 x 10?* cm™ [31,32].

A THGEM or GEM plate immersed in the liquid was
used to study EL produced in its holes by applying the
voltage across it, thus creating the region of high electric
field inside the holes. The light from primary scintillation
(prompt S1 signal) as well as the light from the holes
(delayed S2 signal) was directly recorded by a 5 x 5 matrix
of SiPMs of 13360-6050 PE type [33] facing the THGEM
(GEM) plate and sensitive in the visible and NIR range. The
THGEM had a dielectric thickness of 0.4 mm, hole pitch of
0.9 mm, rim of 0.1 mm, hole diameter of 0.5 mm, and
copper thickness of 0.03 mm. The GEM had the following
parameters: dielectric thickness of 50 pm, hole pitch of
140 pm, zero rim, copper thickness of 5 pm, outer hole
diameter of 70 pm, and inner hole diameter of 50 pm
(biconical hole design).

Pulsed x rays from an x-ray tube with molybdenum
anode [34], with the average energy deposited in liquid
argon of 25 keV, were used as an ionization source. The
x-ray tube also provided the external trigger. In order to

measure the absolute EL yield, it is necessary to know the
number of electrons in a pulse that reach the THGEM
(GEM) holes. To this end, the charge arriving to the
THGEM (GEM) was recorded directly in special calibra-
tion runs using a charge-sensitive preamplifier [30]. The
preamplifier was calibrated in a standard procedure [35]
using generated pulses sent to the input of the circuit via an
injection capacitor.

Theory.—In this work, we compare the measurements of
visible-range EL in liquid argon with the theoretical model
of NBrS EL developed in [13]. The theory is based on the
compact formula approximating the cross section of NBrS
photon emission via cross section of electron elastic
scattering on an atom [11,15,36—40]:

do 87, 1 <€—hl/>1/2

&

dv 3chy
x [(e = hv)oy(e) + eoe(e — hv)], (1)

where hv is the photon energy, r, = ¢?/mc? is the classical
electron radius, c is the speed of light, ¢ is the energy of an
incident electron, and o (¢) is the cross section of its elastic
scattering on the atom. Note that there are two elastic cross
sections that can be determined empirically: a total elastic
one and a transport (momentum-transfer) one, the latter
describing the transport parameters such as electron drift
velocity and diffusion coefficients. It was proposed in [13]
that within the Cohen-Lekner [28] and Atrazhev [29]
approach this formula, initially derived for gas, can also
be applied for liquid.

The absolute EL yield Yg; is defined as the number of
photons produced per unit drift path and per drifting
electron. To compare results at different medium densities
and temperatures, reduced EL yield Yg; /N is used instead,
where N is liquid atomic density. For NBrS EL, it can be
described by the following equation, using the electron
energy distribution function f (&) normalized to unity [11]:

(e)dedA, (2)

a_ [ [yl
N 2y I

vy dvdi

where v, is the electron drift velocity and A,-4, is the
wavelength region of interest. In this work as well as in our
previous ones, the latter is limited to the wavelength region
of 0-1000 nm.

To obtain the electron energy distribution function,
needed to calculate the EL yield in liquid argon, the
Cohen-Lekner [28] and Atrazhev [29] approach was used
here, similarly to that of [13], in which the electron
transport through the liquid is considered as a sequence
of single scatterings on an effective potential. In particular,
the electron scattering cross section can be used in the
liquid in a way similar to that of the gas. An important
concept for this approach is a distinction between the
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FIG. 2. Theoretical spectra of the reduced EL yield for NBrS
EL in liquid argon at different electric fields. The results are
shown for the energy-transfer and momentum-transfer cross
sections being used in Eq. (1), both taken from [29].

energy-transfer scattering, which changes the electron
energy, and that of momentum transfer, which changes
only the direction of the electron velocity. Both processes
are assigned separate cross sections [25,28,29] differing by
a structure factor which appears when the coherence of
scattering is taken into an account. Similarly to the total
elastic and transport cross sections in gases, the energy-
transfer and momentum-transfer cross sections in liquids
describe the same process of electron scattering and are
only different integrals of an effective differential cross
section. Also similarly to gases, both cross sections are
determined empirically and those given in [29] are used
here, since then the theory describes well the experimental
data on the electron drift velocity in liquid argon [13,29]. It
should be noted that these two cross sections are both
transport ones and, therefore, are both used for calculating
electron transport parameters.

The wavelength spectra of the reduced EL yield for NBrS
EL in liquid argon, obtained from Eq. (2) by taking
its derivative with respect to A, are shown in Fig. 2 at
different electric fields. One can see that they are rather flat
and do not differ much in shape from those of gaseous
argon [12].

It should be remarked that there is an ambiguity about
what cross section of elastic scattering, o.(e), should
appear in Eq. (1): Some theoretical derivations show that
it should be the total elastic cross section [36—-39,41], while
others show that it should be the transport one [16,38—40].
The former derivations use asymptotic electron wave
functions and [37], in particular, yields Eq. (1) if one
assumes that the electron scattering is dominated by a
single partial wave. The latter ones derive the NBrS cross
section in a limit of small photon energies hv — 0,
suggesting that it is the transport cross section that should
be used in Eq. (1). In gases, these two approaches do not

result in significantly different NBrS yields [11,15,42] and
are both in good agreement with experiment.

Similarly to gases, in liquids it is not clear which of the
two available cross sections of electron scattering on the
effective potential should be used in Eq. (1): the energy-
transfer one or the momentum-transfer one. In contrast to
the gases, the results on the NBrS emission using different
cross section can differ by more than an order of magni-
tude, depending on the electric field. One can see this in
Fig. 2, showing the NBrS EL spectra for when either of the
cross sections is used in Eq. (1). Experimental measure-
ments of the absolute EL yields should determine the best
approach and whether the approximate formula Eq. (1) for
the NBrS emission initially derived for gases works for
liquids as well.

In practice, one needs to know the absolute light yield of
EL for a given device, defined as the total number of EL
photons (with 4 < 1000 nm) produced in the THGEM or
GEM holes to a full solid angle (4x) per drifting electron, at
a given electric field: Ytygem or Ygem- This quantity was
calculated by Monte Carlo simulation of electron drift
through the THGEM (GEM) holes accompanied by the
NBrS photon emission, using Eq. (2) and its spectral
derivative.

As a first step, a precise electric field map in the
THGEM and GEM was calculated using Gmsh [43,44]
and ELMER [45] open-source programs in the same way as
in [46]. Then, using the field map and electron transport
parameters such as electron drift velocity and diffusion
coefficients (also obtained following the Atrazhev formal-
ism [13,29]), the electron drift through the THGEM (GEM)
was simulated using the TPC geometrical model built with
the GEANT4 library [47-49]. The drift of electrons was
implemented using algorithms from the GARFIELD++ library
[50]. The starting positions of the electrons were defined by
the geometry of x-ray source used in the experiment.
Finally, using electron drift tracks comprised of multiple
small steps, NBrS photons were generated along each step
at a given electric field, using known field dependence of
the NBrS spectra derived from Eq. (2).

Since in the experiment the number of photoelectrons on
the SiPM matrix per drifting electron is actually measured,
the theory should be able to convert it to Yrugem (YGEM)-
For this reason, a standard Geant4 code was used to
simulate propagation and detection of photons from the
THGEM (GEM) holes to the SiPM matrix according to
optical parameters of the detector materials. Then the
photon detection efficiency (PDE) of the SiPMs, derived
from [33,51,52], was used to convert the photon number to
a photoelectron number.

From the simulation, the light collection efficiency on
the SiPM matrix (LCE) from the THGEM (GEM) holes as
well as SiPM PDE averaged over the detected NBrS
photons were obtained. The former was found to be
independent of the voltage across the THGEM (GEM).
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A systematic uncertainty of the LCE is estimated to be 20%
and is mainly due to limited knowledge of optical proper-
ties of materials in the detector.

The SiPM PDE averaged over detected NBrS photons
depended on the electric field in the THGEM (GEM) holes:
It smoothly increased from 8.6% at 30 kV/cm to 13.4%
at 60 kV/em and 15.8% at 90 kV/cm. The relative
uncertainty of the average PDE is estimated as 5.2%
and is due to the uncertainty of absolute PDE measure-
ments [33,51,53,54] and the uncertainty of bias voltage at
room temperature [33,51,54], which is required to obtain
SiPM PDE at cryogenic temperature [52]. Both the LCE and
average PDE also almost do not depend on whether the
energy-transfer or momentum-transfer cross section is used
in NB1S calculation.

It was found during the simulations that, despite the field
nonuniformity in the holes, a parallel-plate approximation
of the THGEM (GEM) hole can be successfully applied,
since it provided the light yield close to that of exact
simulation (within 30%). In this approximation, the hole is
approximated as a parallel-plate counter with the uniform
electric field equal to that in the hole center and with the
thickness equal to the interelectrode distance (dielectric
thickness). Notably, such approximation worked well in the
past to calculate ionization coefficients in noble gases at
low temperatures using GEMs [55]. Because of this, the
following results are shown as a function of the electric
field at the THGEM (GEM) hole center (E},.). Note that,
according to calculations, the electric field at the hole center
is 57% and 68% of the “nominal” field, defined as the
applied voltage divided by the dielectric thickness, for the
THGEM and GEM, respectively.

Experimental results.—Using an intensive x-ray source,
which produces about 1.4 x 10° electrons in a pulse that
escape recombination, allows for detailed study of rela-
tively weak visible-range EL in liquid argon. The examples
of average signal pulse shape from the SiPM matrix in
liquid argon TPC obtained with a GEM anode are shown in
Fig. 3. At zero voltage across the GEM (blue line), only S1
signal is seen provided by primary scintillation in the
visible range [30].

As the voltage across the GEM or THGEM increases, the
S2 (electroluminescence) signal appears and increases with
the electric field, without any specific threshold in contrast
to that of excimer EL. It should be noted that S1 and S2
signals in Fig. 3 have double-peak structure due to
characteristic time structure of the x-ray tube itself,
which has two prominent peaks and a near-indistinguish-
able third one [56]. The front edge of S2 signal is consistent
with ionization distribution along the drift electric field
having 0.7-0.9 cm spread, given that the energy of x rays
arriving at the drift region varies from around 11 to
40 keV [56].

The absolute light yield of EL produced in the THGEM
or GEM (Ytugem or Ygewm) 1s obtained from the S2 pulse
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FIG. 3. Average signal pulse shape from the SiPM matrix in

liquid argon TPC with GEM anode at different voltages across it,
corresponding to 0, 50, and 85 kV/cm electric field at the GEM
hole center. S1 (primary scintillation) and S2 (electrolumines-
cence in the GEM holes) signals are seen. The pulse height is
expressed in the relative number of photoelectron counts. S1 and
S$2 signals have double-peak structure due to characteristic
double-pulse structure of the x-ray tube itself [56].

area and is expressed in photons (at 4 < 1000 nm) per
drifting electron, as defined in the previous section. It is
shown in Fig. 4 for both the THGEM and the GEM as a
function of the electric field in the hole center. It should be
remarked that the experimental yields shown in the figure
use theoretical values of the LCE and appropriately
averaged PDE to obtain the total number of photons from
the number of photoelectrons recorded.

The lines in the figure show theoretical predictions
obtained using Atrazhev cross sections of electron scatter-
ing [29] according to the procedure described in the
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FIG. 4. Absolute light yield of NBrS EL in liquid argon
produced in the THGEM and GEM and expressed in photons
(at A < 1000 nm) per drifting electron as a function of the electric
field in the hole center. Theoretical predictions for both the
THGEM and the GEM when the momentum-transfer cross
section is used in Eq. (1) are shown by solid lines. For
comparison, the prediction for the THGEM when using the
energy-transfer cross section is also shown by a dashed line.
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previous section. The solid lines show theoretical results
when the momentum-transfer cross section is used in
Eq. (1), while the dashed line shows those for the
energy-transfer cross section.

As can be seen, the experimental data for both the
THGEM and the GEM are in excellent agreement with the
theory when the momentum-transfer cross section is used,
despite an order of magnitude difference between them,
while using the energy-transfer cross section gives a
strongly overestimated (by an order of magnitude) yield.
In other words, using the energy-transfer cross section in
Eq. (1) is strongly rejected by our data.

The maximum electric fields reached in the experiment
were limited by discharges. This resulted in that the
maximum absolute light yield of NBrS EL in liquid argon
produced in the 0.4-mm-thick THGEM was about
Yrhcem = 3 x 1072 photons per drifting electron, at the
maximum electric field of 70 kV/cm at the THGEM hole
center corresponding to about 4.9 kV across it. For the
GEM, the light yield is an order of magnitude lower due to
an order of magnitude smaller thickness.

It should be noted here that expected decrease of the light
yield when replacing THGEM with GEM indicates that
observed EL is not produced in gas bubbles under the
plates, in contrast to the previous contaminated experi-
ments [26,27]. Because of the EL signal being very weak, it
is also very unlikely that there were bubbles in THGEM
(GEM) holes. Another confirmation was obtained by
comparing the EL yield at 1.0 and 1.5 atm pressure in
the detector, since it was demonstrated in [57,58] that
formation of bubbles is a pressure-dependent process. We
observed no significant difference in light yield at these
pressures, meaning that the presence of bubbles in our
system is very unlikely.

There are two main sources of experimental errors
shown in Fig. 4. The first one is the systematic uncertainty
of light collection efficiency and average PDE discussed in
the previous section. The second one is the systematic
uncertainty of measuring charge reaching the THGEM
(GEM), which amounted to 13%. This results in a total
25% systematic uncertainty. In comparison, a relative
statistical error varies from about 6% at low fields to about
2% at high ones.

Regarding the theoretical model shown by lines in Fig. 4,
its main uncertainty is due to uncertainty of transport cross
sections which are used both in Eq. (1) and to obtain
electron energy distributions for Eq. (2). This uncertainty is
driven by experimental uncertainties of liquid argon trans-
port parameters. It is estimated that resulting light yield has
an uncertainty of a factor of about 3.

Conclusions.—In this work, visible-range EL in liquid
argon has been observed for the first time using both
THGEM and GEM structures with SiPM-matrix optical
readout and pulsed x-ray source. Its absolute yield was
measured for electric fields varying from 30 to 90 kV/cm.

The observed EL can be fully explained and quantita-
tively described by the effect of bremsstrahlung of slow
drifting electrons scattered on neutral atoms (NBrS) in
noble liquids [13], provided that the momentum-transfer
cross section is used in calculation of the NBrS cross
section (instead of the energy-transfer one). Apart from the
obvious achievement in discovering a new physical effect,
the last statement puts an end to the long dispute about
which cross section should be used in the NBrS formula. In
particular, our results favor NBrS cross section approxi-
mation derived in [16,40].

Despite the relatively low light yield, the effect of NBrS
EL in noble liquids may pave the way for new readout
schemes in single-phase noble liquid detectors for dark
matter searches and low-energy neutrino detection.

This work was supported in part by Russian Science
Foundation (Project No. 20-12-00008 [59]).
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