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Abstract We report on a measurement of elastic electron
scattering on argon performed with a novel cryogenic gas-jet
target at the Mainz Microtron accelerator MAMI. The lumi-
nosity is estimated with the thermodynamical parameters of
the target and by comparison to a calculation in distorted-
wave Born approximation. The cross section, measured at
new momentum transfers of 1.24 fm−1 and 1.55 fm−1 is in
agreement with previous experiments performed with a tra-
ditional high-pressure gas target, as well as with modern ab-
initio calculations employing state-of-the-art nuclear forces
from chiral effective field theory. The nearly background-
free measurement highlights the optimal properties of the
gas-jet target for elements heavier than hydrogen, enabling
new applications in hadron and nuclear physics.

1 Introduction

Argon is a noble gas that plays a pivotal role in modern parti-
cle physics experiments. Its unique combination of scintilla-
tion properties, abundance, and affordability makes it an ideal
detector material for a wide range of applications. In partic-
ular, liquid argon time projection chambers (LArTPCs) have
emerged as a cornerstone technology in neutrino physics and
rare-event searches, providing exceptional spatial and energy

a e-mail: doria@uni-mainz.de (corresponding author)

resolutions for tracking ionizing particles [1]. On the neutrino
physics side, detectors presently operating with this technol-
ogy, such as MicroBooNE [2], ICARUS [3], and SBND [4],
are paving the way to DUNE [5], a next-generation long-
baseline neutrino experiment based on kt-scale LArTPCs. On
the dark matter side, the success of DEAP [6] and DarkSide-
50 [7] is setting the stage for the future DarkSide-20k exper-
iment [8–10].

To understand the response of argon to external probes,
electron scattering experiments can be performed to gain
insights into its nuclear structure properties [11]. Collecting
this information is crucial for the above-mentioned experi-
ments, where precise modeling of particle-argon interactions
is necessary [12].

While electron scattering has a rich history of important
discoveries [13], achieving high precision is often limited by
the thickness of the target. Multiple scattering and energy
straggling represent serious obstacles towards percent-level
precision on cross section measurements. When possible,
the use of gas targets can mitigate these issues. However,
traditional gas targets introduce additional backgrounds due
to the presence of a containment vessel and removing their
effects can be difficult. Therefore, to achieve high precision
for argon, a windowless gas-jet target is the optimal choice.

The cross section measurement of elastic electron scatter-
ing offers a benchmark for state-of-the-art theoretical calcu-
lations. In particular,ab-initio theory aims to describe nuclear
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systems starting from fundamental interactions between
nucleons, rooted in quantum chromodynamics via frame-
works such as chiral effective field theory [14–16]. This
approach provides a rigorous and systematic method for cal-
culating nuclear properties and reaction dynamics, enabling
predictions of observables like cross sections for electron and
neutrino-nucleus scattering [17–25]. In the context of neu-
trino and dark matter physics, where the interaction of parti-
cles with atomic nuclei is a critical input for experiments like
DUNE [5] and Hyper-Kamiokande [26], ab-initio methods
are particularly interesting. They allow for the calculation of
both elastic and inelastic effects with quantified uncertain-
ties, which are essential to advance our understanding of the
complex nuclear responses.

Elastic electron-nucleus scattering serves as an ideal
benchmark for this purpose, as it provides a clean probe of
the nuclear electromagnetic response, which has a simpler
theoretical structure than the weak neutrino or dark matter
interactions [27].

Such comparisons may in principle enable the refinement
of nuclear models and improve the treatment of nuclear cor-
relations, which, in turn, reduce systematic uncertainties in
detector simulations. This is particularly important for next-
generation neutrino experiments, where precise modeling of
neutrino-nucleus interactions is critical for achieving their
physics goals [28,29]. Ultimately, by combining ab-initio
theory with experimental validation, the field can progress
toward a deeper and more accurate understanding of nuclear
dynamics in neutrino interactions.

In this work, we present a measurement of the elastic
electron-argon scattering cross section using a gas-jet target
previously tested with hydrogen [30] and the MAMI electron
accelerator [31,32].

This experiment serves as a proof of principle for the use
of the gas-jet target with elements heavier than hydrogen
and demonstrates its potential for studies with the MAGIX
experiment [33] at the future MESA facility [34,35], where
electron beam currents in the mA range will enable novel
experiments in nuclear and hadron physics.

The paper is organized as follows: Sect. 2 describes the
experimental apparatus and the jet target. Section 3 presents
the theoretical estimate of the target areal density, and in
Sect. 4 the elastic electron-argon cross section measurement
is presented. Data are then compared to a previous measure-
ment and to ab-initio theoretical calculations based on mod-
ern chiral potentials.

2 Experimental setup and the jet target

The jet target was operated at the A1 experimental setup [36]
which consists of three magnetic spectrometers (convention-
ally called A, B, and C) that can rotate around the target. The

spectrometers have solid angle acceptances of 28 msr (for
A and C) and 5.6 msr (for B), and momentum acceptances
of 20% (for A), 15% (for B), and 25% (for C). The relative
momentum resolution is δp/p ≈ 10−4 and the angular reso-
lution δθ ≈ 3 mrad. The detector system is similar in all the
three spectrometers and consists of vertical drift chambers
for tracking and momentum determination, a double-plane
of plastic scintillator paddles for triggering, and Cherenkov
detectors for particle identification. The MAMI accelerator
[31,32] provides a 100% duty cycle beam with an energy
of up to 1.6 GeV and a maximum current of 100 μA. The
MAMI beam is directed at the spectrometers’ geometric cen-
ter of rotation, where the gas-jet target is positioned.

To prepare the target gas, the process begins with a stan-
dard argon gas bottle with 99.999% purity at 150 bar pressure
which is then reduced to 2 bar by a flow controller and cooled
in a booster stage using liquid nitrogen. The gas purity is well
suited for this experiment; further purification can reduce
nozzle obstruction, though it would not noticeably affect the
cross-section measurements.

The nitrogen supply is automatically maintained via
readings from a level meter. From there, the gas passes
through copper windings surrounding two cryogenic cold-
head stages, each one controlled with heaters and tempera-
ture sensors for precise regulation. The second stage directly
determines the gas temperature at the nozzle (Fig. 1, bot-
tom left). The gas is accelerated through a Laval-type nozzle
(Fig. 1, top left), forming a supersonic jet beam. To limit ther-
mal losses, both the booster and cold-head stages are housed
in separate vacuum chambers, minimizing interaction with
the environment. Beneath the nozzle, a catcher, connected
to a dedicated vacuum system [30], collects the gas at about
7000 m3/s while maintaining a stable vacuum in the target
vessel. For further technical details and for the results of test-
ing with hydrogen, we refer the reader to Refs. [30,37].

In this experiment, the argon reached a final temperature
of 95 K exiting the nozzle with a flux of 300 ln/h (ln are
norm-liters, the amount of gas equivalent to 1 l at standard
conditions). These thermodynamic parameters were selected
to achieve the lowest possible temperature without freezing
the argon, while approaching the liquid phase to increase the
density. The flux was set to the maximum value allowed by
the vacuum system. To ensure compatibility with the accel-
erator vacuum and minimize backgrounds, it was essential
to reduce the residual argon gas in the scattering chamber.
Achieving this goal involved testing catchers of various diam-
eters and fine-tuning the distance between the nozzle and the
catcher using a remotely controlled step motor.

Figure 2 shows the pressure in the scattering chamber as
a function of the nozzle-to-catcher distance. Tests with two
catcher sizes showed a linear relationship between pressure
and distance, with the larger catcher achieving a lower pres-
sure in the chamber. The distance was not reduced beyond
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Fig. 1 (Top left) profile of the Laval nozzle. The cooled gas flows from the right to the left direction. (Bottom left) picture of the jet target in
operation with argon. The jet is visible between the nozzle and the catcher. (Right) schematic view of the jet target (reproduced from Ref. [30])

5 mm to avoid interference with the electron beam and its
halo. The larger catcher, with a 15 mm diameter, combined
with the smallest nozzle-to-catcher distance, yielded the best
results by achieving the lowest pressure in the scattering
chamber.

As shown in Fig. 1 (bottom left), the jet is considerably
smaller than the catcher’s opening. However, a notable differ-
ence is observed when using a catcher with a larger diameter.
This effect can be attributed to the jet comprising not only a
visible central liquid core but also an outer gaseous compo-
nent, which is optically undetectable and not fully captured
by the catcher.

3 Estimation of the target areal density

The interaction rate between the electron beam and the jet tar-
get is directly dependent on the target’s areal density, ρareal,
which must be accurately determined for precise cross sec-
tion measurements. To achieve this, we first approximate the
areal density based on the target’s thermodynamic condi-
tions. Analytical equations are utilized for this purpose, pro-
viding valuable insights into the influence of various factors
contributing to the determination of ρareal.

In previous experiments with hydrogen [30], the jet shape
was measured with a wire scan to be nearly Gaussian, with a
width of σ = 1 mm, measured 5 mm from the nozzle (corre-

Fig. 2 Pressure in the scattering chamber as function of the distance
between nozzle and catcher for two different catcher diameters and a gas
flow rate of 300 ln/h. Error bars reflect the ± 10% error of the pressure
sensor and the ± 0.25 mm error in the positioning of the catcher by the
step-motor

sponding to the interaction point with the electron beam). In
this case, as the jet is clearly visible (see the picture in Fig. 1,
bottom left), it must be predominantly in the liquid phase and
with minimal divergence. Since the exact phase composition
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of the jet is not known, we assume an uniform cylindrical
density profile and a diameter of d = 2 mm, corresponding
to that of the nozzle. For this configuration, the areal density
can be calculated using the following formula [30]

ρareal = 4Nmol
qV
πdv

pN NA

TN R
, (1)

where v is the jet velocity, qV the flow rate, NA is the Avo-
gadro number, Nmol is the number of atoms in the molecule
(Nmol = 1 for argon), R the universal gas constant, TN =
273.15 K the normal temperature, and pN = 1.01325 bar
the normal pressure.

To estimate the areal density, the velocity of the argon
atoms behind the nozzle must also be known and this depends
on the thermodynamic phase of the jet.

For the gaseous state, the velocity can be derived using
the ideal gas law [38]

vgas =
√

2κ

κ − 1

RT0

M
, (2)

where κ = 5/3 is the heat capacity ratio for monoatomic
gases and M the molecular weight.

In the liquid case, providing an analytical formula for the
velocity vliq is more difficult and a complex full simulation
would be needed. Therefore, we employ an estimate assum-
ing vgas > vliq. For a liquid with initial pressure p0 flowing
through an orifice into the vacuum we have the lower bound

vliq >

√
2p0

ρ(p0, T0)
. (3)

Using the operational conditions of the jet target with argon
(T0 = 95 K, p0 = 2 bar with a gas flow qN = 300 ln/h)
and ρ(p0, T0) = 1438.218 kg/m3 [39] in Eqs. (2) and (3),
we obtain vgas = 314.4 m/s and vliq > 16.7 m/s.

Using Eq. (1) with the obtained velocity estimates for the
gas and the liquid phases we obtain

ρareal(gas) = 0.46 · 1018 atoms/cm2, (4)

ρareal(liquid) < 8.62 · 1018 atoms/cm2. (5)

An additional contribution to the scattering rate is given
by the presence of residual argon in the scattering chamber
that was not fully removed by the catcher. We can estimate
the areal density of the residual argon ρres with the law of
ideal gases corrected by the spectrometer acceptance A =
50 mm/ sin θe where θe = 20◦ is the electron scattering angle

ρres = pc
kBTc

· A = 7.2 · 1014 atoms/cm2, (6)

where pc = 2 · 10−3 mbar and Tc = 293 K are the pressure
and temperature in the scattering chamber, respectively. In
comparison to the target density, the residual gas contribution
can be considered negligible.

4 Argon elastic cross section measurement

For the first application of the newly developed gas-jet tar-
get with argon, we measured the elastic electron scattering
cross section, which, in the plane-wave Born approximation
(PWBA), is given by the following theoretical expression:(

dσ

dΩ

)
th

=
(
dσ

dΩ

)
Mott

F2(q2)R , (7)

where(
dσ

dΩ

)
Mott

= Z2α2 cos2(θe/2)

4E2 sin4(θe/2)
, (8)

is the Mott cross section for the scattering of a spin-1/2 par-
ticle on a spin zero target [40]. E is the incoming electron
energy, Z the atomic number, α the fine structure constant,
and θe is the electron scattering angle. The nuclear form fac-
tor F(q2) depends on the four-momentum transfer squared,
q2 = −4E2 sin2(θe/2), and provides information on how
protons are distributed within the nucleus. The factor

R =
(

1 + 2E sin2(θe/2)

M

)−1

, (9)

in Eq. (7) takes into account the recoil of the target nucleus,
which in the present work corrects the cross section only by
∼ 0.1%.

To perform the experiment, we use the 100% duty cycle
electron beam provided by the MAMI accelerator with an
energy E = 705 MeV and a nominal current of 3 μA. For
the measurement itself, two magnetic spectrometers from the
A1 experimental setup were used. Spectrometer B measured
the scattered electrons while spectrometer A served as a rela-
tive luminosity monitor. Elastic electron scattering data were
recorded at two values of the spectrometer B angle, namely
20◦ and 25◦, which correspond to momentum transfers of
1.24 fm−1 and 1.55 fm−1, respectively.

Due to the large uncertainty in the argon jet density
of Eqs. (4) and (5), the luminosity was determined more
precisely by comparison with a numerical calculation that
accounts for the interaction of the electron with the protons
distributed in the argon nucleus.

Given that argon has Z = 18 protons, the PWBA, where
the electron is described by a plane wave, does not hold. The
distortions of the plane wave due to the nuclear Coulomb
field need to be accounted for. This is accomplished using the
ELSEPA code [41], which numerically solves the Dirac equa-
tion for an electron interacting with a spatially distributed
nuclear charge. This approach corresponds to the so called
distorted wave Born approximation (DWBA).

The ELSEPA code takes a parameterization of the charge
density as input. Here, we use the nuclear charge density
ρc(r) as a function of the distance from the nucleus center
r , as measured by Ottermann et al. [42] (from 0.59 fm−1 to
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Fig. 3 Missing mass peak of the elastic 40Ar(e,e′) reaction (FWHM =
0.24 MeV). Black points with statistical error bars indicates the data, the
shaded histogram the simulation. The dashed red vertical lines indicate
the selection cuts

1.31 fm−1 momentum transfers), where it is provided as coef-
ficients ai from a fit of a Fourier–Bessel linear combination
to the experimental data

ρc(r) =
N∑
i=1

ai j0(qir), r < R. (10)

Convergence in the expansion of the above equation is
reached with N = 15 and ρc(r) = 0 if r ≥ R. The cut-
off radius R = 9 fm was optimized for achieving stability of
the fit, qi = π i/R, and j0(x) = sin(x)/x is the zeroth-order
spherical Bessel function.

The experimental cross section for the 40Ar(e,e′) process
is defined as(

dσ

dΩ

)
exp

= Ns − Nb

L · ΔΩe′
1

ε
, (11)

where Ns and Nb are the number of signal and background
events in a scattering angle bin, respectively, and ε is the com-
bined efficiency of the detectors. L is the integrated luminos-
ity, and ΔΩe′ the angular acceptance, which was determined
with an accurate Monte Carlo simulation of the setup [43].
Background events associated with scattering from the target
support structures, nozzle, and catcher were estimated by per-
forming measurements with the gas-jet turned off, yielding
a result of Nb = 0.

Elastic events were selected with cuts on the missing mass
mmiss which distribution peaks at around mmiss = 0 for the
elastic 40Ar(e, e′) reaction (see Fig. 3). The chosen cuts were
−0.3 MeV< mmiss < 0.6 MeV around the missing mass
distribution. The right-hand cut was chosen to include most
of the low-energy tail arising from radiative effects, which are

well reproduced by the simulation. The cross-section results
remained unchanged when varying the cuts by ± 20%.

The efficiencies of the scintillation detector, Cherenkov
detector, and vertical drift chambers were determined to be
99%, 99.85%, and 99.85%, respectively, which are combined
multiplicatively into the factor ε.

The integrated luminosity is defined as

L = ρareal · Ne = ρareal · 1

e

∫
T
I (t)dt, (12)

where Ne is the number of incident electrons, I (t) the accel-
erator current as a function of the time t , T the total measuring
time corrected for the data acquisition dead-time, and e the
elementary charge. The accelerator current was continuously
measured non-invasively with a fluxgate magnetometer with
O(0.1%) precision.

The cross section calculated withELSEPA and the nuclear
charge distribution of [42] was fitted to the 20◦ dataset using
Eq. (11), leading to the luminosity

L = 55.1 ± 2.5 (μb s)−1. (13)

Using the known beam current, as well as Eq. (12) and
Eq. (13), the target areal density can be inferred, yielding

ρareal = (2.9 ± 0.1) · 1018 atoms/cm2.

The quoted error results from the χ2 fit of the ELSEPA
curve to the data points. As consistency check, fitting the 25◦
dataset results in an areal density that is compatible within
statistical error bars. The obtained areal density shows good
consistency with the estimates of Eqs. (4) and (5), which rein-
forces the reliability of these equations in guiding the target
design and optimization. The same luminosity was applied
to the 25◦ dataset, which was acquired under identical exper-
imental conditions.

Results obtained from this experiment with the gas-jet tar-
get are shown in Fig. 4 (black dots). Error bars are purely
statistical. We compare them to the earlier experimental
data by Ottermann et al. [42], where a high-pressure tar-
get (12 bar) was used. These data are indicated with the
gray band calculated using ELSEPA with the Fourier–Bessel
coefficients and the associated statistical errors provided in
[42].

Excellent agreement between our new and the old data is
observed. This demonstrates the successful operation of the
gas-jet target and validates its capability to measure nuclear
cross sections.

In Fig. 4, we also show a comparison to ab-initio cal-
culations, which are at the forefront of theory in describ-
ing properties of light and medium-mass nuclei with quan-
tified uncertainties [44,45]. The presented ab-initio calcula-
tions are based on coupled-cluster theory [46]. This approach
offers a promising framework for modeling particle-nucleus
interactions in the context of neutrino searches [19,22]. To
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Fig. 4 Elastic cross section on argon as a function of the electron scat-
tering angle at a beam energy of 705 MeV. Black points: data from this
experiment with statistical error bars. Gray band: ELSEPA calculation
with nuclear charge distribution measured in Ref. [42]. Blue band: the-
oretical calculations. Dashed gray line: plane wave Born approximation

explore model uncertainties, we employ Hamiltonians from
different chiral effective field theories at different orders.
Following [19], we use two interactions at next-to-next-
to-leading order, namely the NNLOsat potential [47] in
the Δ-less theory and the ΔNNLOGO(450) potential [48]
in the Δ-full theory, as well as three different interac-
tions from Ref. [49]. They are based on SRG-evolved two-
body forces at next-to-next-to-next to leading order sup-
plemented by a three body force at next-to-next to lead-
ing order. Specifically, we chose the EM 2.0/2.0, the EM
2.2/2.0 and the PWA 2.0/2.0 forces as a representative set,
with details about them being specified in Ref. [49]. Dif-
ferent fitting procedures of the low-energy constants are
explored: in particular, in the first two Hamiltonians, infor-
mation on medium-mass nuclei and/or nuclear matter is
included, while in the last family of interactions only light
nuclei are used, up to 4He. For each Hamiltonian, the charge
density of the 40Ar nucleus is calculated using double-
charge exchange coupled-cluster theory [19], which are
then fed to the ELSEPA code to obtain a calculation in
DWBA.

The variation of the ab-initio results due to the differ-
ent implemented Hamiltonians is shown as an overall (blue)
band in Fig. 4, which can be seen as an uncertainty to
the modeling of the non-perturbative regime of the strong
nuclear force. In the figure, we also show a reference cal-
culation in plane-wave Born approximation (PWBA) as a
dashed (gray) line, which corresponds to the Fourier trans-
form of the experimental charge density obtained by Otter-
mann et al. [42]. Interestingly, the ab-initio calculations align

remarkably well with the shape of the measured cross sec-
tion at the observed scattering angles. This is not surpris-
ing, since in [19] a very good agreement with the Otter-
mann data was obtained. As already shown in [19], coupled-
cluster results for the point-proton data compare well to the
experimental values quoted in [42,50], with the best repro-
duction being obtained with the ΔNNLOGO(450) interac-
tion. The new, relevant information inferred from the results
shown in Fig. 4 is that the distortions accounted for by
the ELSEPA code reproduce the shape of the experimental
data very well, filling the dip clearly visible in the PWBA
curve, suggesting that the process is modeled very accu-
rately.

5 Summary and outlook

An argon gas-jet target was used in an electron scattering
experiment, enabling the measurement of the nuclear elas-
tic cross section in previously unexplored kinematic regions.
Operating under thermodynamic conditions close to the liq-
uid state, the target density was enhanced compared to the gas
phase. However, the ill-defined phase of the target made pre-
cise calculations of its areal density challenging. Estimates
of the areal density, assuming both gaseous and liquid states,
were consistent with values obtained by comparing elastic
scattering data with a DWBA calculation using a parameter-
ization of the charge density. The result confirms the validity
of the thermodynamical relations and their use in jet target
design and optimization.

Finally, we find that our data align closely with modern ab-
initio calculations, highlighting the potential for experiment-
theory comparisons to advance our understanding of the
physics of electroweak interactions.

For future operation at MAGIX, the gas-jet target will be
complemented with a dedicated detector for precise online
monitoring and absolute determination of the luminosity.
This experiment serves as a proof of concept for utilizing
the gas-jet target with elements heavier than hydrogen, lay-
ing the groundwork for future studies at the MESA facility
with the MAGIX experiment. By advancing our understand-
ing of electron scattering on argon, this work supports the
broader objective of enhancing the performance and reliabil-
ity of argon-based detectors in particle physics.
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