N
N

N

HAL

open science

Differential pumping for kHz operation of a Laser
Wakefield accelerator based on a continuously flowing
Hydrogen gas jet

Joséphine Monzac, Slava Smartsev, Julius Huijts, Lucas Rovige, Igor

Andriyash, Aline Vernier, Vidmantas Tomkus, Valdas Girdauskas, Gediminas

Raciukaitis, Miglée Mackeviciute, et al.

» To cite this version:

Joséphine Monzac, Slava Smartsev, Julius Huijts, Lucas Rovige, Igor Andriyash, et al.. Differential
pumping for kHz operation of a Laser Wakefield accelerator based on a continuously flowing Hydrogen

gas jet. 2024. hal-04768122

HAL Id: hal-04768122
https://hal.science/hal-04768122v1

Preprint submitted on 5 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04768122v1
https://hal.archives-ouvertes.fr

arXiv:2410.21309v1 [physics.plasm-ph] 25 Oct 2024

Differential pumping for kHz operation of a Laser Wakefield accelerator based on a
continuously flowing Hydrogen gas jet

J. Monzac,"[] S. Smartsev," J. Huijts," L. Rovige,! LA. Andriyash,! A. Vernier,'
V. Tomkus,? V. Girdauskas,>3 G. Raciukaitis,> M. Mackevic¢itité,>2 V. Stankevic,?
A. Cavagna,! J. Kaur,! A. Kalouguine,! R. Lopez-Martens,' and J. Faure!
1LOA, CNRS, Ecole Polytechnique, ENSTA Paris,

Institut Polytechnique de Paris, Palaiseau, France

2 Center for Physical Sciences and Technology, Savanoriu Ave. 231, LT-02300, Vilnius, Lithuania
3 Vytautas Magnus University, K.Donelaicio St. 58. LT-44248, Kaunas, Lithuania

Laser-Wakefield Accelerators (LWFA) running at kHz repetition rates hold great potential for
applications. They typically operate with low-energy, highly compressed laser pulses focused in high-
pressure gas targets. Experiments have shown that the best-quality electron beams are achieved
using Hydrogen gas targets. However, continuous operation with Hydrogen requires a dedicated
pumping system. This work presents the design of a differential pumping system, enabling, for the
first time, continuous operation of our kHz LWFA using a high-pressure Hydrogen gas jet. The
system successfully maintained a pressure below 3 x 10~* mbar, even with a free-flowing gas jet
operating at 140 bar backing pressure. Numerical fluid dynamics and optical simulations were used

to guide and validate the system’s design.

I. INTRODUCTION

Laser wakefield acceleration (LWFA) is a process
that enables the generation and acceleration of electron
beams to relativistic energies over very short distances
[1]. An ultrashort laser pulse is focused into a plasma,
and drives a large density amplitude plasma wave in
which plasma electrons can be trapped and accelerated.
Since the plasma is already ionized, the electric field of
the plasma wave is not subject to the breakdown limit
that exists in conventional radiofrequency (RF) cavities.
Thus the accelerating field can reach amplitudes up
to 4 orders of magnitude higher than in conventional
RF cavities: acceleration can occur over much shorter
distances, paving the way for compact accelerators.

In LWFA, the laser first propagates through a vacuum
before being focused into a plasma, where the acceler-
ation process occurs. The plasma is generated as the
laser ionizes the gas supplied by the target system.
Various types of gas targets can be used in LWFA.
Each type is designed to balance the required plasma
density while minimizing gas leakage, which increases
the pressure in the vacuum chamber where the laser
propagates. Here are the most commonly used target
systems: (i) gas jets: a supersonic gas flow expands from
a nozzle into the vacuum chamber [2 [3], (i) gas cells:
provide an enclosed gas interaction volume where the
laser propagates between two apertures at the entrance
and exit of the cell [4]. These apertures must be small
enough to minimize gas leakage in the main chamber,
but large enough to avoid ablation from the laser which
would in turn negatively affect the laser performance.
In order to mitigate the leaks, the gas cells operate at
lower gas pressures, resulting in lower plasma densities
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compared to gas jets. Additionally, some gas cells
utilize differential pumping, where the gas is removed
from the cell simultaneously as it is introduced [5 [6].
A last commonly used target system is the capillary
discharge target, where the plasma is generated via
a high-voltage discharge. There, the laser propagates
through the guided mode of the plasma channel formed
during plasma expansion and interaction with the
capillary walls [7]. This approach is relevant when
long acceleration distances are needed (in the range of
1cm), but it remains sensitive as the entrance capillary
aperture can be damaged by high-intensity lasers. It is
worth noticing that similar target systems are also being
employed in the field of nuclear physics. Notably, some
of their experiments make use of gas jets combined with
differential pumping techniques, though these systems
generally operate at much lower densities than those
in the present study [8HII]. Early-stage designs and
implementations of such differential pumping systems
have been explored in the frame of LWFA [12].
Advances in laser technology, along with the develop-
ment of the target systems, have led to tremendous
progress in the laser-plasma accelerator performances.
Today, LWFA driven by 100 TW to PW scale laser
systems can produce electron beams with energies
ranging from 100 MeV to GeV over a few centimeters
[I3HI8]. To date, the highest energy ever reached is 8
GeV using plasma discharge technology [19].

While pushing the energy frontier is important for
high-energy physics, another line of research focuses on
the development of high repetition-rate (100 Hz - 1 kHz)
LWFAs, which holds significant potential for enhancing
stability and enabling the acquisition of large datasets,
essential for robust statistical analysis. Until recently,
kHz laser systems were restricted to a few millijoules
per pulse. To fulfill the conditions for laser-wakefield
acceleration using such energies, it is necessary to tightly
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focus and strongly compress the laser pulse, and to work
with very high electron densities in the plasma on the
order of n, ~ 10*°cm=3 [20H23]. The high electron
density imposes the use of free-flowing gas jets, which
can provide such densities and handle kHz operation to
refresh the target. The continuous operation of LWFA
at 1 kHz has been demonstrated using Nitrogen [21], [24].
However, recent experimental work shows that using
light gases such as Hydrogen is beneficial to LWFA and
that higher electron energy and better spatial beam
properties can be reached [25].

Regarding vacuum conditions, utilizing a nitrogen
plasma is convenient: each Ny molecule provides 10
electrons, enabling a backing pressure of only 20 to 30
bar in the gas jets to achieve the required plasma density.
Additionally, heavy gases like nitrogen are easier to
pump than light gases [20] 27]. However, ionization
effects can significantly distort the laser pulse in Ny as
different levels are ionizes at different positions within
the laser pulse, causing a decrease in accelerator per-
formance. To counter this, utilizing a light gas such as
hydrogen is necessary [28]. So far, kHz-scale experiments
using an Hs plasma have been limited to burst mode
operation as pumping Hy; poses significant challenges
[23, 25]. When a free-flowing gas jet of Hy is used at
high pressure, it results in considerable gas loading in
the vacuum chamber where the experiment is conducted.
This phenomenon was observed by Salehi et al. [25],
who reported a rapid pressure increase in the main
chamber, rising from 2.6 x 10~2 mbar to 2.0 x 10~ mbar
in just 1 second when using a free-flowing gas jet with
a ~ 150 pm FWHM aperture and a backing pressure of
~ 30bar. They operated in burst mode and avoided gas
loading in their experiments.

This paper describes the design, implementation, and
testing of a differential pumping scheme for a contin-
uously flowing gas nozzle used in a kHz laser-plasma
accelerator. It is structured as follows: Section II
introduces the physical principles underpinning the
design of the differential pumping system, as well as
a thorough analysis demonstrating its necessity and
effectiveness. In Section III, we conduct fluid simulations
and laser propagation simulations to verify the absence
of laser distortion caused by gas stagnation in the small
chamber. Section IV details the integration of this
apparatus into our experimental setup and presents
the results obtained through the implementation of the
differential pumping system. Finally, Section V pro-
vides a summary of the findings and concludes the paper.

II. DIFFERENTIAL PUMPING FOR GAS JETS
AND HIGH PRESSURE LIGHT GASES

The optimal plasma density and length for a laser-
plasma accelerator depend on the physical properties of
the laser pulse.In the case of a few mJ, few fs pulse, the

plasma density should typically be n. ~ 10 —=10%2° cm =3
and the plasma length L = 100 — 200 pm. To reach such
plasma parameters, we use supersonic cylindrical gas noz-
zles and backing pressures ranging from a few tens of
bar to about 150bar. A cross-section diagram of the
gas jet is shown in Figure [[p. In the following, we will
refer to the gas nozzle parameters as follows: the diam-
eter of the nozzle throat and nozzle opening are respec-
tively written D* and D and the corresponding throat
and opening surfaces are A* and A, where we simply
have A = 7D?/4. For example, a 60/180 gas nozzle has
D* = 60 pm, D = 180 pm, and provides the right plasma
length and molecular density ny, ~ 10 cm=2 when us-
ing Ny gas with pressure Py, = 30 bar backing pressure
(see Figure |[lp). The laser pulse is intense enough to
ionize Nitrogen atoms to N°t, so that each Ny molecule
releases 10 electrons, leading to the required plasma elec-
tron density of n, ~ 102° cm=3.
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Figure 1. a) Electronic density n. of the plasma as a function
of the backing pressure in the gas jet and the nature of the
gas. b) Cross section of the supersonic gas jet, D* and D
are respectively the diameter of the nozzle throat and nozzle
opening.

A. Differential pumping use in high repetition rate
LWFA

The pumping system is designed so that the residual equi-
librium pressure in the interaction chamber, Pe(;) stays
sufficiently low and does not affect laser propagation. We

set this limit empirically to Pe(,}) < 1072 mbar since above
this value, turbo-molecular pumps become inoperative,

overheat, and the system diverges. The residual pres-

sure at equilibrium Pe(; ) in the chamber can be estimated

knowing the pumping speed R.s;[l/s] and the gas leak
rate due to the gas jet Q[mbar -1/s] by simply writing
that:

P{}) [mbar] = Q[mbar -1/s] / Resy[l/s] (1)

This allows to easily estimate the gas leak rate in our
experiment. Typically, in Nitrogen, using a nozzle with



D* = 50 ym and a backing pressure of Pygcr = 20 bar,
we measure PYy) = 3 x 10~3mbar. Knowing that the
pumping speed of our turbo-molecular pump is Rerf =
40001/s for Nitrogen, we obtain that the gas leak is Q =
12 mbar.l/s.

Let us now calculate what happens if one uses Hs in-
stead of Nitrogen. We assume complete ionization: each
Hs molecule now releases 2 electrons instead of 10 in Ns.
In addition, we use a 1D isentropic expansion model for
compressible gas flows to extrapolate the molecular den-
sity in Hy. The molecular density in the flow, n,,,;, can
be expressed according to the Boltzmann constant kg,
the Mach number M., and the initial pressure and
temperature, Py, Tp in the reservoir [29].

—1
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The coefficient v = ¢,/¢, is the ratio of specific heat
at constant pressure c, over the specific heat at con-
stant volume ¢,. For perfect diatomic gases such as Ng
and Hy, v = 7/5, whereas for a perfect monoatomic
gas, such as He, v = 5/3. For our gas jet, where
Mpjaer, 2 3, with Py = 20bar and Ty = 300K, we ob-
tain the same molecular density at the exit of the nozzle
Mot = 4.3 x 10 cm™3 for Ny and Hy. The resulting
electronic density is n. = 4.3 x 10" cm™2 for Ny and
ne = 8.6 x 10'® cm ™3 for Hy. The final electronic density
as a function of the backing pressure for different gases
is shown in Figure [Th. Using Hs the backing pressure
should be increased by a factor of 5 to reach the same
electronic density as in Ny, i.e. Py = 100bar, which
means a 5-fold increase in the gas flow. In addition,
the leak rate depends on the mass of the molecule as
Q o VM which is another aggravating factor for the
case of Hy (see next section). Thus, for the same final
electron plasma density, the leak rates in Hy and Ny are
related as:

MN2)1/2

Qm, = 5Qn, (MH

2

so that instead of @@ = 12mbar.l/s for 20 bar of Ny, the
leak rate would be @ = 224 mbar.l/s for 100 bar of Hs.

To compensate for that increase and keep the background

pressure below PE(,}) = 3 x 102 mbar, as when using N»,

the pumping speed should be higher than R.r; = 7.4 x
10*1/s which is unrealistic as the largest turbo-molecular
pumps on the market have maximum pumping speeds of
4000 1/s. Alternatively, one can compute the equilibrium
pressure using the same pump but one should notice that
Hs is more difficult to pump than Ny. In fact, heavy gases
are easier to pump than light gases; the compression ratio
of the turbo-molecular pump goes as K o exp(v/M) with
M the molar mass of the gas, and the pumping speed
goes as S o« —In(K) [206] 27], so the lighter the gas, the
slower the pumping speed of the turbomolecular pump.
This has been the bottleneck for using continuous flows

of He or Hy in LWFA. For example, in our system, the
pumping speed of our turbo-molecular pump drops down
from 40001/s in Ny to 3001/s in Hy at P = 10~ mbar.
In practice, this means that for Py = 100 bar of Hs, the
equilibrium pressure would be around Pe(;) ~ (0.5 mbar,
which is likely too high for the turbo-molecular pump to
sustain. Similar conclusions could be reached for He.
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Figure 2. Without differential pumping: equilibrium pressure
in the interaction chamber versus backing pressure for a gas
nozzle with throat diameter D* = 100pm. The pumping
system is a turbo-molecular pump 40001/s.

This has been verified experimentally: we have measured
the pressure in the vacuum chamber in which a super-
sonic nozzle lets out a continuous flow of gas. The vac-
uum chamber is pumped by a Rcsy = 40001/s turbo-
molecular pump connected to a primary pump with
pumping speed 1301/s. In Figure [2| we show the vari-
ation of the equilibrium pressure versus backing pres-
sure for No, and He. The results show very clearly that
for He, the equilibrium pressure increases abruptly above
Pyacr = 20bar and the pumping system diverges above
that, not being able to dispose of the high He flow. This
clearly confirms that a specific solution should be imple-
mented for pumping high-pressure (P > 100bar) light
gases.

B. Design of the differential pumping system

An alternative solution is to use differential pumping:
the gas jet is enclosed in a small vacuum chamber,
the differential chamber, that is pumped by a powerful
primary pump able to work efficiently at the mbar level
with a pumping speed of 3601/s. The idea is to pump
out most of the gas from the small chamber while tol-
erating a higher equilibrium pressure at the mbar level,
Pe(q2 ) ~mbar within the differential chamber subsystem.
Thus, by restricting the leakage from the differential
chamber to the main chamber, the pressure can be kept
below Pe(;) < 1073 mbar in the main chamber. In this
case, the laser propagation is not affected by the residual
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Figure 3. a) Schematic of the differential chamber. b) Con-
ceptual design for differential pumping with a free-flowing
high-density gas jet.

gas, provided that the mbar region in the differential
chamber is sufficiently short, e.g. millimeter scale.
Figure [3] shows a conceptual schematic of the differential
scheme that is implemented in the experiment. The
laser enters and exits the chamber via two cones that
terminate with 1mm holes for restricting gas leakage.
In addition, the “high” density region is limited to 4mm
gap in between the two cones to limit its impact on laser
propagation.

1D model used to design the differential pumping
Interestingly, the experimental measurement of the gas
leak rate (Q can be compared to a theoretical estimation
using well-known fluid gas dynamics [29]. An estimation
of the mass flow rate can be obtained using a 1D isen-
tropic model of the gas flow in the nozzle. For a 1D sta-
tionary and turbulent flow, the mass flow rate m = prA
is constant throughout the flow; at the nozzle throat, it
reduces to:

74_1 7#4——11) Py
—) PR

o= ptyAT =o' ( ; VAT

Differential chamber

3r ——H, P = 150 bar|]
= —N, P =150 bar
® 2+ i
Q
S
%% 1k
0 . . . . )
100 150 200 250 300 350 400
1 %103 Main chamber
—H, P =150 bar
= —N, P = 150 bar|]
3 0.6} 1
S
0.2

100 150 200 250 300 350 400
R, (Vs)

Figure 4. Equilibrium pressure in the chambers as a function
of effective pumping speed of the differential chamber R
for a Hy gas leak of 320 mbar.l/s, corresponding to a backing
pressure of 150 bar and a nozzle with D* = 60 pm. The pump-
ing speed for the main chamber is assumed to be 40001/s and
the two holes for the differential pumping are 1 mm in diam-
eter.

where p*, v* and A* are respectively the mass density,
fluid velocity, and the surface at the nozzle throat, Py
and T} are the pressure and temperature in the reservoir.
Note that here, subscript 0 refers to the reservoir, i.e.
the stagnation volume where the fluid velocity is vy =
0. The leak rate in mbar.l/s can then be obtained from
Q = PdV/dt = kBT% which can eventually be written
as:

Q = mRT (4)

with R = Ro/M, Ry = 8.314J/mol/K is the perfect gas
constant and M is the molar mass of the fluid. Tak-
ing Ppuer = Py = 20bar and T = Ty = 300K for
a nozzle with D = 50um, we obtain @ = 8mbar-1/s,
which is close to the experimental value found earlier
(Qewp = 12mbar-1/s). The discrepancy might be due to
the fact that the actual throat diameter is not known
precisely and deviates from the generic requested value.
In any case, this analysis validates the fact that this sim-
ple model can be used for designing the pumping system
as it provides a pressure estimate that matches with the
experimental measurement within a factor of two.

Using this model, it is straightforward to determine Pe(; )

and Pe(g), respectively the equilibrium pressures in the
experimental and differential chambers, that are reached
as a function of the pumping speed R.s; used for pump-
ing the differential chamber. Figure [] shows the results
for a backing pressure of P = 150bar in a nozzle with
throat diameter D* = 60 pm. It is clear that the effective
pumping speed needs to be larger than R.¢y > 1001/s to



maintain the pressure in the differential chamber at the
mbar level. When this condition is fulfilled, these estima-
tions confirm that the equilibrium pressure in the main

chamber remains at the level Pe(; ) 10~° mbar, when the
turbo-molecular pump is running at 4000 1/s. Here, we
use the concept of effective pumping speed Rcfs, where
Ry is usually smaller than the nominal pumping speed
R,om due to the finite conductance of the various ele-
ments of the pumping system (tubes, bellows, etc...) and
also because the pumping speed varies with the operat-
ing pressure. This has to be carefully taken into account
when designing the pumping system.

Once the differential pumping system had been set up, we
measured the variation of the equilibrium pressure ver-
sus backing pressure for Ny and Hs. Figure [5| shows the
measurements: with the differential pumping apparatus,
the pressure in the main chamber Pe(ql) remains below
3 x 10~* mbar, even with a backing pressure of 140 bar
of Hs in the gas jet.
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Figure 5. With differential pumping: equilibrium pressure
in the interaction chamber versus backing pressure for a gas
nozzle with throat diameter D* = 60pm. The differential
chamber is now pumped by a primary pump of 3601/s.

III. NUMERICAL SIMULATIONS
A. Fluid dynamics simulations

In order to obtain more accurate estimates of the gas flow
in the nozzle and the differential chamber, we have per-
formed numerical simulations using the computational
fluid dynamics software ANSYS Fluent. Simulations
are performed using molecular hydrogen modeled by the
Aungier-Redlich-Kwong real gas equation. 3D geome-
try is used. The results are shown in figure [6] for a H,
backing pressure of Py,.r = 100bar and a nozzle throat
of D* = 60 pm. In the simulations, the boundary condi-
tions at the entrance of the cones and the pumping outlet
are taken to be P = (. The simulation results shown in
Figure [6p confirm that the pressure remains at the mbar
level in the differential chamber, away from the region
where the high-density jet is present. Figure [6b shows a
dramatic decrease of the density by three orders of mag-

-100 bar

1 bar

Pressure

-1 mbar

-10"2mbar

-10 -5 0 5 10
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Figure 6. a) Results of CFD simulations showing the pressure
in the volume of the differential chamber. b) Lineout of the
molecular density along the laser axis.

nitude in the gap region between the two cones. The den-
sity then steadily decreases along the cone which is favor-
able for coupling the intense laser into the high-density
gas jet without prior interaction. Thus, the gas remains
well-confined within the differential chamber, but there
is still some stagnation observed about 1 cm before the
gas jet, potentially impacting laser performance.

B. Propagation of the laser pulse up to the gas jet

To evaluate whether the stagnating gas affects laser prop-
agation, we performed simulations of the propagation of
the laser pulse from the parabola (at z = —10cm) to the
jet (at z = —200 pm) using an optical propagation code.
The simulations were conducted using three gases : H,
He and N in order to assess the potential impact of dif-
ferent gases on the laser pulse. The propagation of the
laser through an initially neutral gas was modeled using
the open-source library “Axiprop” [30]. This library uses
various optical propagators, depending on the specific
conditions (gas or vacuum for instance) and concatenate
them to handle more complex scenarios. For our study,
the paraxial propagator was used for vacuum propaga-
tion from the parabola (z = —10cm) to the point where
the gas density becomes non-negligible (z = —10mm),
as it handles drastic changes in beam size [3I]. For the
region with gas (z = —10mm to z = —200 pm), a non-
paraxial propagator was applied, following the method
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Figure 7. Evolution of the laser parameters as it propagates
through the gas profile from z = —10 mm to z = —200 pm.
a) Evolution of the laser intensity I in N, He and H. b)
Evolution of the waist of the pulse wo in the three gases.
c¢) Electron density along the propagation in the three gases
and the target electron density (corresponding to fully ionized
He or H gas, and up to the 5" in N gas).

in [32]. Both propagators were implemented using Han-
kel transforms to account for cylindrical symmetry, as
described in [32]. In the gas region, grid sizes were set
to Az = 5.0pm for He and N, Az = 4pm for H, and
Ar = 0.64 pm.

Tonization of the gas is simulated using the ADK model
[33, B4]. Special care was taken to accurately model ion-
ization, as it is crucial for explaining our experimental
results. To model the propagation of the laser in the
gas/plasma, the solver that propagates the field within
the plasma is similar to the one described by Couairon
et al. in [35].

We used the gas density profile obtained with Fluent for
N, renormalized so that the peak electron density reaches
ne = 2 x 1020 cm™3 after ionization in all three gases.
This adjustment considers that N contributes 5 electrons,
He contributes 2, and H contributes 1, allowing us to sim-
ulate laser propagation at the same electron density for
different gases. The laser parameters were kept constant
for each case: a duration of 4.2fs (FWHM), energy of
2.7mJ, and a focal spot size of 4.5 pm (FWHM), match-
ing our experimental parameters.

Figure [7| illustrates the evolution of the waist (wp) and
laser intensity (I) along the propagation through the den-
sity profiles of N, He, and H gases, with vacuum included
for reference. The first observation is that the intensity
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Figure 8. Spectral evolution of the laser pulse after propaga-
tion in vacuum, and initially neutral N, He and H gases.

and beam size remain almost identical in both vacuum
and gas. The effect of residual gas is negligible and only
becomes noticeable at the entrance of the gas jet, where
the density inevitably rises, perturbing the laser pulse.
Figure [7h shows the evolution of I, where the laser in-
tensity slightly decreases when propagating through gas
compared to vacuum, with the largest reduction observed
in H (around 20%) and smaller drops of about 10% in
N and He. Figure [7b highlights the beam waist (wg) in-
creasing due to ionization-induced defocusing. The beam
size increases by about 7% in H, compared to 5% in N
and 4% in He, relative to vacuum. As depicted in Figure
[7e, H fully ionizes much earlier than He and N, at around
z = —4.4mm, while the others reach full ionization closer
to z = =700 pum. This difference explains why the laser
pulse is slightly more degraded after propagating through
H compared to N or He.

Also, the interaction of the pulse with all three gases
shifts the spectrum towards the blue. Figure |8 shows
the spectrum of the initial pulse and of the pulse at the
end of the simulations, integrated over the radial axis,
after propagating through vacuum, N, He, or H. When
propagating through the three gases, the spectrum shifts
slightly to higher frequencies, with a maximum normal-
ized frequency shift of wg max/wo = 1.02. The laser pulse
behaves similarly in all three gases, with no significant
differences regarding the final spectrum.

The stagnating gas has a minimal impact on laser prop-
agation. While the interaction of the laser pulse with
the gases results in a slight reduction in intensity, some
increase in beam size, and a minor blueshift in the
spectrum, these changes are negligible. The effects are
slightly more pronounced in H due to its lower ionization
threshold and the fact that it fully ionizes significantly
earlier than He and N.
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IV. IMPLEMENTATION OF THE
DIFFERENTIAL PUMPING APPARATUS :
EXPERIMENTAL RESULTS

After designing and simulating this system, we imple-
mented it in our experimental setup to test it in situ,
aiming to explore the performance potential of LWFA at
1kHz with the differential pumping system.

A. Experimental set-up

The experimental setup is identical to that described
in detail in [28]. The principal information is summa-
rized below. The laser wakefield accelerator is driven
by a kHz laser that delivers 4fs pulses at FWHM with
2.7mJ on-target energy [36, B7]. The pulses are fo-
cused by a 100 mm off-axis parabola down to a 4.5 pm
spot at FWHM, reaching a peak intensity in vacuum
I =18x 10 W-cm™2. The laser is focused at a dis-
tance of 150 pm from the exit of a continuously flowing

supersonic-shocked gas jet with a 180 pum exit diameter
[38, B9]. Density characterization is performed with N
gas, as in [28] 40] using a quadriwave lateral shearing in-
terferometer (SID4-HR, Phasics, [41] [42]). The density
that we refer to in this paper corresponds to the density
150 pm above the nozzle exit.

Specifically, we used shocked gas jets and Hydrogen
doped with 2% of Nitrogen. Shocked jets helped con-
fine the electron-trapping region, resulting in electron
beams with reduced energy spreads and improved sta-
bility [43H46]. Additionally, shock-assisted ionization in-
jection demonstrated an increase in trapped charge com-
pared to pure shock injection while maintaining excellent
stability [47].

The electron beam charge, spatial profile, and beam
pointing are measured using a calibrated YAG screen im-
aged onto a 14 bits CCD camera. The electron energy
spectrum is measured onto the same YAG screen, by in-
serting a motorized magnetic spectrometer in the beam,
which relies on a set of permanent magnetic dipoles cre-
ating a magnetic field of 0.12T on a 20 mm length. Each



image presented here was obtained by acquiring data over
1ms (so each image corresponds to a single shot). For
each plasma density studied, a series of 100 acquisitions
is taken. Statistics over electron beam parameters are
then obtained by averaging over the acquisition series,
and the uncertainties represent the RMS deviation from
the mean value.

B. Results

For each measurement, we optimized the laser pulse
duration and focal position. We explored densities rang-
ing from n. = 7.4 x 10ecm =3 to n. = 1.2 x 102%cm—3.
Figure [Bh shows a typical electron beam profile at the
higher density of n. = 1.2 x 10?°,cm™3. The beam ex-
hibits a quasi-circular shape with minimal divergence,
with very good stability shot to shot as shown in Ta-
ble [l Figure [Op shows the corresponding electron spec-
tra for two different densities, averaged over 100 shots.
The thickness of the lines corresponds to the RMS fluc-
tuations in the dataset. Both spectra reveal low fluc-
tuations, with well-defined energy peaks, confirming the
consistent beam quality. The stability of the beam is
further demonstrated in Figure Of, where we present 100
consecutive single-shot acquisitions. The low variance in
beam parameters such as charge, divergence, and energy
indicates the high level of stability achieved with this
setup. Table [| summarizes the relative fluctuations of
key beam parameters for the two plasma densities. No-
tably, the beam-pointing fluctuations remain below 2.3
mrad RMS, with charge fluctuations less than 7%, and
energy fluctuations as low as 2% shot-to-shot, confirming
excellent beam stability throughout the experiment.

H2N2
ne (cm™?) 7.4 x 10" 1.1 x 10*°
Point. stab. x |1.46 mrad rms |1.04 mrad rms
Point. stab. y | 1.97 mrad rms |2.26 mrad rms
Q 1.2 pC 3.5 pC
(£6.0% rms) | (£6.7% rms)
FErean 5.02 MeV 3.3 MeV
(£2.4% rms) | (£1.8% rms)
FEspread 0.99 MeV 1.44 MeV
(+£26 % rms) | (£6.9% rms)
0. 13.0 mrad 18.2 mrad
(£10% rms) | (+£13% rms)
0, 12.1 mrad 16.2 mrad
(£14 % rms) | (£11 % rms)

Table 1. Stability of the beam : RMS fluctuations of the key
beam parameters.

V. CONCLUSION

In this paper, we introduced a novel apparatus that com-
bines high-pressure gas jets with a differential pumping
system, enabling the continuous operation of a kHz laser-
wakefield accelerator utilizing hydrogen plasma gener-
ated from a free-flowing gas jet.

The theoretical calculations demonstrated the impor-
tance of this system in meeting operational requirements
and guided the design process. The chamber pressure
was successfully maintained below 3 x 104 mbar, even
with a backing pressure of up to 140 bar of hydrogen in
the 180 pm aperture gas jet, confirming the effectiveness
of this vacuum system. Then, fluid simulations demon-
strated that the gas behavior within the chamber does
not adversely affect laser pulse propagation.

Finally, we conducted laser wakefield acceleration exper-
iments to test the efficacy of the differential pumping
setup, yielding highly stable and well-defined electron
beams. This accomplishment represents the first con-
tinuous operation at kHz repetition rates with hydrogen,
thereby marking a significant advancement in kHz LWFA
using light gases.
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