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Recent discovery of neutral bremsstrahlung (NBrS) mechanism of electroluminescence (EL) in noble gases in
two-phase detectors for dark matter searches has led to a prediction that NBrS EL should be present in noble
liquids as well. A rigorous theory of NBrS EL in noble liquids was developed accordingly in the framework of
Cohen–Leckner and Atrazhev formalism. It has been recently followed by the first experimental observation
of NBrS EL in liquid argon, which however deviates significantly from the previous theory. Given these results,
we revise previous theoretical calculations of EL NBrS in noble liquids to be consistent with experiment. In
particular, NBrS EL yield and spectra were calculated in this work for argon, krypton, and xenon with momen-
tum-transfer cross section for electron scattering (instead of energy-transfer one) being used for calculation of
NBrS cross section. The results for light noble liquids, helium and neon, are also reexamined.
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1. INTRODUCTION
Electroluminescence (EL) is a physical phenome-

non in which medium produces light in response to
applied electric field or electric current. Electrolumi-
nescence in noble gases is a crucial effect used in two-
phase (liquid–gas) detectors for low-energy and low-
background experiments such as dark matter searches
and coherent neutrino–nucleus scattering [1–4]. In
these detectors, both prompt scintillation (S1) signal
and delayed primary ionization (S2) signal are mea-
sured, the latter being recorded using the EL effect in
the gas phase.

Recently, a new mechanism of EL, namely, neutral
bremsstrahlung (NBrS) emission in the ultraviolet
(UV), visible, and near infrared (NIR) ranges [5–11],
was discovered in gaseous Ar [5] and Xe [8]. This EL
is due to elastic scattering of electrons on neutral
atoms:

(1)
While NBrS EL yield is small compared to other EL
mechanisms [1, 6, 12], NBrS EL has no threshold in
the electric field and has an advantage of wide emis-
sion spectrum, from UV to NIR, suitable for direct
optical readout by conventional photodetectors such
as photomultiplier tubes and silicon photomultipliers.

Following the discovery of NBrS EL in noble gases,
its presence in liquids was also predicted theoretically
[7] and was later observed for the first time in Ar [13].
Besides obvious interest in NBrS as a new physical

phenomenon, interest to it both in gases and liquids is
also justified by new and more reliable readout
schemes of two-phase and single-phase noble liquid
detectors which may be developed based on this effect.

This work is reexamination of theoretical work [7],
where NBrS yields and spectra were calculated for all
noble liquids from He to Xe, in the light of latest exper-
imental results on EL in liquid Ar [13]. In particular,
there was an ambiguity as to whether energy-transfer or
momentum-transfer cross section for electron scatter-
ing on effective potential should be used to calculate
NBrS cross section (see Section 2). The energy-trans-
fer one was used in [7], whereas the experimental
results [13] unambiguously show that using momen-
tum-transfer cross section is the correct choice (see
Fig. 1). Thus, in this work we recalculate NBrS EL for
heavy gases (Ar, Kr, and Xe) according to Cohen–
Lekner [15] and Atrazhev [16] approach in the same
manner as was done in [7]. Results on light elements
(He and Ne) which were calculated in [7] using
approximation where liquid was taken as gas with
appropriate atomic density (“compressed gas” approx-
imation) are also discussed.

2. THEORY
The calculations of NBrS EL performed in [7] are

based on Cohen–Lekner [15] and Atrazhev [16] for-
malism. In this approach the electron transport
through the liquid is considered as a sequence of single
scatterings described by scattering cross sections with

− −+ → + + νAr Ar .e e h
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Fig. 1. Absolute light yield of NBrS EL in liquid Ar pro-
duced in Gas Electron Multiplier (GEM) structure [14]
and expressed in photons (at  1000 nm) per drifting
electron versus the electric field in GEM hole center. The
solid and dashed lines are theoretical predictions obtained
with NBrS cross section calculated by Eq. (2) with the
momentum- and energy-transfer cross sections, respec-
tively. The experimental data and theoretical predictions
were obtained in [13].

λ ≤
a distinction between the energy transfer scattering,
which changes only the electron energy, and that of
momentum transfer, which changes only the direction
of the electron velocity. Both processes are assigned,
separate cross sections [15–17]. Those given in [16]
are used in this work, since then the theory describes
well the experimental data on the electron drift veloc-
ities [7, 16]. For calculating NBrS EL, only distribu-
tion of drifting electrons by their energy  and their
drift velocity  is required.

Besides electron transport parameters, formula of
cross section for NBrS photon emission due to elec-
tron scattering is also required. Its compact form [5, 8,
18–22] is the following:

(2)

where  is the photon energy,  is the clas-
sical electron radius, c is the speed of light, ε is the
energy of incident electron, and σel(ε) is the cross sec-
tion for its elastic scattering on effective potential. It
was proposed in [7] that within the Cohen–Lekner
[15] and Atrazhev [16] approach this formula, initially
derived for gas, can also be applied for liquid.

The absolute EL yield, , is defined as the num-
ber of photons produced per unit drift path and per
drifting electron. To compare results at different
medium densities and temperatures, reduced EL
yield, , is used instead, where N is liquid atomic
density. It is as a function of reduced electric field

 expressed in Td units (1 Td = 10–17 V cm2).
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Given the electron energy distribution function 
normalized to unity, it can be described by the follow-
ing equation [5]:

(3)

where –  is the wavelength region of interest. In this
work as well as in our previous ones it is limited to the
wavelength region of 0–1000 nm. The wavelength spec-
tra of the NBrS EL can be obtained from this equation
by taking its derivative with respect to λ. Calculations
were made for liquids at boiling temperature at 1.0 atm
pressure, atomic densities being taken from [23].

It should be remarked that until recently there was
an ambiguity about what cross section for elastic scat-
tering, σel(ε), should appear in Eq. (2). It is not clear if
in liquids it should be energy-transfer cross section
(total elastic one in gases [18–21, 24]) or momentum-
transfer cross section (transport one in gases [10, 20–
22]. And while in gases these two approaches do not
result in significantly different NBrS yields [5, 8, 25],
in [13] and this work it is shown that in liquids the
results can differ by more than an order of magnitude,
depending on the electric field. Experimental mea-
surements of absolute EL yields in liquid Ar (see Fig. 1
and [13]) put this question to rest and showed that
using momentum-transfer cross section is the correct
choice. It should be noted that the measurements of
NBrS EL in gaseous Xe [8] also favored the use of
momentum-transfer cross section although it was dif-
ficult to draw a convincing conclusion given experi-
mental uncertainties there.

Therefore, recalculation of NBrS EL results from
[7] for Ar, Kr, and Xe was done using momentum-
transfer cross section and the results are shown in
Figs. 2–5. Figure 2 shows the wavelength spectra of
the NBrS EL at different electric fields. One can see
that they are rather f lat and do not differ much in
shape from those of noble gases [6]. Their shape also
does not depend strongly on whether momentum-
transfer or energy-transfer cross section is used in
Eq. (2) (compare Fig. 2 here to Fig. 3 in [7]).

Figures 3–5 show absolute EL yields as a function
of the electric field and compare their values obtained
with momentum- and energy-transfer cross sections.
As can be seen, two cross sections result in difference
of yields of about an order of magnitude at low electric
fields, below 100 kV/cm, most relevant to experiments
with GEMs and thick GEMs. As the field increases,
however, this difference decreases and almost disap-
pears at sufficiently high electric fields, exceeding sev-
eral hundreds of kilovolt per centimeter. Such strong
electric fields can be obtained in noble liquids with
thin wires [26] or needles [27]. This means that for
higher electric fields the results of [7] on NBrS EL in
heavy noble gases remain valid.
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Fig. 2. (Color online) Theoretical spectra of the reduced
EL yield for NBrS EL in liquid Ar, Kr and Xe at different
reduced electric fields. The results are obtained with the
momentum-transfer cross section (taken from [16]) used
in Eq. (2).

Fig. 3. Theoretical absolute EL yield for NBrS EL in liquid
Ar at 0–1000 nm versus the electric field. The results are
obtained for both the momentum-transfer and energy-
transfer cross section being used in Eq. (2). Both cross sec-
tions are taken from [16]. The arrow indicates the electric
field at which the results obtained with the momentum-
and energy-transfer cross section (the latter being equiva-
lent to the compressed gas approximation) differ by a fac-
tor of 2.

0–1000 nm range

Fig. 4. Same as in Fig. 3 but for Kr.

0–1000 nm range

Fig. 5. Same as in Fig. 3 but for Xe.

0–1000 nm range
It must be remarked that for light noble liquids, He
and Ne, the theory described above cannot be applied
because appropriate cross sections for electron trans-
port in liquid are not available in the literature. In [7]
this problem was avoided by using “compressed gas”
approximation. The basis of this approximation is that
in gases, electron distribution functions  and
reduced EL yields  are actually functions of not
electric field E but of reduced electric field . This
allows to scale calculations conducted at one density
to any other, strictly speaking until effective potential
of electron scattering sufficiently changes. In [7] it was
shown that, surprisingly, extending this scaling to liq-
uid densities resulted in the same, within factor of 2,

ε( )f
EL /Y N

/E N
NBrS yields for Ar, Kr, and Xe, as those calculated in
Cohen–Lekner and Atrazhev formalism using
energy-transfer cross section.

In [7], this justified the use of compressed gas
approximation for light elements, He and Ne, as well.
However, given that momentum-transfer cross section
must be used instead for the exact solution, com-
pressed gas approximation becomes invalid at low
fields (see Figs. 3–5). In particular, the electric fields
where difference between using momentum-transfer
cross section and energy-transfer one becomes less
than twofold are above 290 kV/cm (1.4 Td), 80 kV/cm
(0.5 Td) and 90 kV/cm (0.7 Td) for Ar, Kr and Xe,
respectively. Corresponding reduced electric fields are
JETP LETTERS  Vol. 118  No. 3  2023
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given in parentheses. It may be then expected from
extrapolation that for He and Ne the compressed gas
approximation would work only for fields higher than
1.4 Td, or 265 and 500 kV/cm correspondingly.

3. CONCLUSIONS

Given new experimental data on EL in liquid Ar
[13], recalculation of NBrS EL in noble liquids, car-
ried out for the first time in [7], was conducted in this
work. In particular, NBrS EL spectra and yields were
obtained for liquid Ar, Kr and Xe in a wide range of
electric fields using momentum-transfer cross section
for electron elastic scattering on effective potential for
calculating NBrS cross section instead of previously
used energy-transfer one. It was found that NBrS
yields can be significantly smaller, by an order of mag-
nitude, than previously thought for low electric fields,
below 100 kV/cm. On the other hand, this difference
decreases with field and almost disappears at suffi-
ciently high electric fields, exceeding 290, 80, and
90 kV/cm for Ar, Kr, and Xe, respectively.

Accordingly, the conclusion that NBrS EL may
find applications for alternative readout concepts for
single-phase noble liquid detectors remains valid.

Finally, it was also shown that NBrS EL yields for
He and Ne can be calculated using compressed gas
approximation within uncertainty of a factor of 2 for
electric fields exceeding 265 and 500 kV/cm, respec-
tively.
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