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ABSTRACT
Computational fluid dynamics simulations are performed to design gas nozzles, associated with a 1000 bars backing pressure system, capable
of generating supersonic gas jet targets with densities close to the critical density for 1053 nm laser radiation (1021 cm−3). Such targets should
be suitable for laser-driven ion acceleration at a high repetition rate. The simulation results are compared to the density profiles measured
by interferometry, and characterization of the gas jet dynamics is performed using strioscopy. Proton beams with maximum energies up to
2 MeV have been produced from diatomic hydrogen gas jet targets in a first experiment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093613

I. INTRODUCTION
Novel laser-based ion acceleration methods are under devel-

opment due to the interest of ion production for a large field of
applications (nuclear physics, protontherapy, astrophysics, pharma-
cology, etc.).1,2 Up to now, laser-driven proton acceleration has
mainly been performed focusing a high intensity laser on a solid
target. For most common laser intensities (about 1019 W/cm2), the
leading acceleration mechanism is Target Normal Sheath Accelera-
tion (TNSA).3,4 It is nowadays quite a well-known mechanism and
related targets are easy to produce and set up. However, the energy
distribution of the accelerated ions is continuous over a wide energy
range and the accompanying generation of debris and contaminants
is a major problem at a high repetition rate. Gas jet targets represent
a promising alternative due to the advantage of negligible debris and
fast regeneration.5 Electron acceleration up to 200 MeV has been
demonstrated using gas targets produced with millimetric super-
sonic nozzles.6,7 Recently, capillary nozzles8 and shock nozzles9 have

been developed for high repetition rate operation. Laser-driven ion
acceleration has been first studied with CO2 lasers (λ = 10 µm) with
the production of “quasi-monoenergetic” beams.10–12 The develop-
ment of submillimetric supersonic nozzles and an increase in the
backing pressure up to 400 bars has allowed us to study He+ accel-
eration with Ti:Sa laser systems (λ = 800 nm), generating up to
250 keV in the laser transverse direction.13,14 Recently, hydrogen gas
jet targets have been used with an intense λ = 1054 nm laser system
producing few hundreds of kilo-electron-volts in the laser longitudi-
nal direction.15 The aim of the computational fluid dynamics (CFD)
simulations described in this article is to design a nozzle capable of
producing gas jet targets suitable for laser-driven ion acceleration at
λ = 1053 nm laser facilities16,17 (i.e., with densities of the order of the
laser critical density). In relativistic conditions, the critical density nc
of free electrons in plasma is defined as

nc = εoγme
ω2
o

e2 , (1)
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FIG. 1. Scheme of the 2D axisymmetric nozzle geometry used in CFD simulations
(see text for details).

where εo is the vacuum permittivity, γ the relativistic factor, me the
electron rest mass, ωo is the angular frequency of the laser, and e is
the electron charge.

Several ion acceleration mechanisms are predicted to compete
during laser interaction with a near-critical density target [TNSA,
hole boring, Collisionless Shockwave Acceleration (CSA), etc.] and
only a proper optimization of the interaction parameters (target den-
sity, front and rear target plasma scale lengths, laser pulse character-
istics, etc.) may allow one of them to lead the acceleration process.18

Among them, CSA is probably the most promising mechanism since
it is predicted to accelerate ions up to hundreds of megaelectronvolt
in narrow energy bunches.19

II. FLUID DYNAMICS SIMULATIONS
CFD simulations are performed using the commercial soft-

ware ANSYS FLUENT,20 which numerically solves the Navier-
Stokes equations on a discrete grid. An implicit density-based
coupled solver (DBCS) is used with double precision accuracy green-
Gauss node-based gradients of solution variables, to solve the sta-
tionary fluid flow. The standard k-omega model is used to model
the turbulence. We have employed a 2D axisymmetric grid with

quadrilateral cells, which typically consists of 2 × 105 cells with
2 × 10−2 average skewness ratio and minimum orthogonal qual-
ity of 8.5 × 10−1. The grid is adapted to the surfaces, and we have
verified that further refinements do not change the result of the sim-
ulation. A convergent-divergent supersonic conical nozzle is chosen
for its ease of fabrication and its well known flow properties.21 The
nozzle is composed of a reservoir, a convergent section, a throat,
and an expansion section giving to a chamber under vacuum. The
geometrical parameters of the simulation are the throat diameter d,
the nozzle exit diameter D, and the cone length L. The simulation
also takes into account a wall roughness of 1 µm that micrometric
nozzles machined by electro-erosion usually show. The boundary
conditions of the simulation are a high-pressure at the inlet and two
low pressures at the outlets in the vacuum chamber outside the noz-
zle. The distance from the nozzle exit is represented by Z (Fig. 1).
The influence of the nozzle parameters on the gas jet properties has
been studied in a previous study.22 The inlet conditions are constant
laminar flux and a free expansion of the gas in the vacuum (steady
solution). The medium is diatomic hydrogen or diatomic nitrogen
assumed to follow the real gas Peng-Robinson description with cor-
responding specific heat, thermal conductivity, and viscosity which
depend on the pressure (see Table I). We have observed that the
real gas Peng-Robinson equation better describes the behavior of the
fluid than an ideal gas or other models in our range of pressures. The
temperature of the inlet is 300 K, and the walls are supposed adia-
batic. The maximum value of inlet pressure is limited by technical
constraints to 1000 bars (1 × 108 Pa). The outlet pressures are set at
10−2 mbar (1 Pa) to reproduce the experimental conditions. The size
of the vacuum chamber is chosen such as the gas can freely prop-
agate, avoiding dilute flows. The net imbalance of mass and energy
between the inlet and the outlet is verified to be less than 1% of the
smallest flux through the domain boundary for flux conservation.
An optimization of the geometrical parameters d, D, and L was car-
ried out. The goal was to achieve a maximum of density at distances
between 200 and 300 µm downstream by the formation of a Mach
wave interference. A conical nozzle is selected with d = 100 µm,
D = 200 µm, and L = 1 mm. This nozzle produces a parabolic density
profile with a molecular density up to 1.6 × 1021 cm−3 of diatomic
hydrogen (it is assumed that all the electrons of hydrogen atoms are

TABLE I. Heat capacity, thermal conductivity, and viscosity for hydrogen and nitrogen gas at 300 K at different inlet pressures from Refs. 23 and 24.

Hydrogen

1 bar 50 bars 100 bars 500 bars 1000 bars

Heat capacity (J kg−1 K−1) 14 306 14 434 14 544 14 961 15 082
Thermal conductivity (W m−1 K−1) 1.85 × 10−1 1.89 × 10−1 1.93 × 10−1 2.28 × 10−1 3.19 × 10−1

Viscosity (kg m−1 s−1) 8.915 × 10−6 9.032 × 10−6 9.153 × 10−6 1.043 × 10−5 1.236 × 10−5

Nitrogen

1 bar 50 bars 100 bars 500 bars 1000 bars

Heat capacity (J kg−1 K−1) 1 041.07 1 120.89 1 195.78 1 373.11 1 357.08
Thermal conductivity (W m−1 K−1) 2.61 × 10−2 2.86 × 10−2 3.13 × 10−2 5.75 × 10−2 8.67 × 10−2

Viscosity (kg m−1 s−1) 1.79 × 10−5 1.87 × 10−5 2.00 × 10−5 3.43 × 10−5 5.35 × 10−5
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FIG. 2. Simulated molecular density profiles with (a) diatomic hydrogen and (b)
diatomic nitrogen gas jets at a pressure of 1000 bars at Z = 200, 300, and
400 µm from the exit of the nozzle. The density gradient scale lengths at FWHM
are 50 µm (Z = 200 µm), 74 µm (Z = 300 µm), and 85 µm (Z = 400 µm). The
downstream propagation of the flow from the nozzle exit is shown in the inset
figure. The increase of density due to the interference of Mach waves is observed.

ionized by the laser pulse, therefore the free electron density is twice
the molecular density), with less than 150 µm FWHM at a distance
of the nozzle exit ranging from Z = 200 to 400 µm (see Fig. 2).

III. GAS JET EXPERIMENTAL CHARACTERIZATION
In order to validate the CFD simulations, we have measured

the real density profile delivered by the gas jet with a Mach-Zehnder
interferometer using different gases [Fig. 3(a)]. The light radia-
tion source we have employed is a ∼20 mW Melles-Griot HeNe
(632.8 nm) laser. A Kepler beam expander is installed to increase
the beam diameter in order to cover all gas jet volume. A pinhole is
placed in the expander focus, which spatially filters the laser beam,
in order to remove noise from modes other than the Gaussian one
and to obtain a homogeneous beam. The laser beam is divided by a
beam splitter (BS) into reference and probe rays, with the probe ray
passing through the gas jet. The two laser beams are recombined by
another beam splitter to obtain a phase shift image. A half-wave plate

is also installed to control the relative intensity of polarized light that
goes to each arm of the interferometer. The gas jet nozzle is mounted
on a Clark-Cooper solenoid valve EX30 that can provide continuous
or pulsed gas flux. The high density is reached by using 1000 bars
inlet pressure delivered by a Haskel gas booster model AGT-62/152.
A lens images the phase shift interferogram onto a linear CCD cam-
era PixelFly whose magnification allows us to get approximately
3 µm/pixel. The background noise of the interferometric image is
reduced by subtracting the reconstructed image without gas (unper-
turbed condition). A good shot-to-shot stability and reproducibility
is observed.

The phase shift induced by the gas flow is obtained by the fringe
displacement from the unperturbed position in vacuum. A phase
shift measurement allows the reconstruction of the gas jet density
profile by means of variation of the refractive index n. Assuming a
cylindrical symmetry of the gas jet (which is the case with axisym-
metric nozzles) it is possible to reconstruct the density profile along
one direction from a single phase shift image. The radial distribu-
tion of the refraction index is deduced using the Abel inversion.
A description of the mathematical extraction of the phase shift vari-
ation and the Abel inversion can be found in Ref. 25. The phase
shift calculation and the reconstruction of the density profile from
the refractive index variation are performed by the analysis program
Neutrino.26 The gas molecule number density N is calculated from
the general form of the Lorentz-Lorenz equation,27

N =
3

4πα
n2
− 1

n2 + 2
, (2)

where α, the mean polarizability of the gas molecule, is defined as

α =
3A

4πNA
, (3)

where A is the molar refractivity and NA is Avogadro’s number.
Equation (3) can be combined with Eq. (2) to obtain

N =
NA

A
n2
− 1

n2 + 2
. (4)

The molar refractivities for hydrogen and nitrogen are calcu-
lated from Eq. (4) (Table II) using refractive indices of gases from
Ref. 28. It is known that they remain constant even at high pressures
when n differs from unity.27 An experimental measurement of nitro-
gen molar refractivity is described in Ref. 29 giving a value of 4.445
× 10−6 m3/mol. We have used this value to reconstruct the density
profiles shown in Fig. 4. Due to the opacity of the gas jet at high den-
sities, reconstruction of the density is only possible in a moderate
density region (1019–1020 cm−3). For this reason, the measurements
are performed away from the exit of the nozzle (Z > 750 µm).

The density profiles obtained by interferometry are compared
to the ones obtained by CFD simulations with diatomic nitro-
gen at 100 and 1000 bars and diatomic hydrogen at 100 bars
(Fig. 4). The fluctuations in the central region of the profiles are
artifacts due to the inherent noise of the Abel inversion close to
the axis of symmetry and the imprecision of the symmetry axis
position. The overall good agreement validates our simulations and
gives us confidence in their results at 1000 bars with diatomic
hydrogen.
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FIG. 3. (a) Scheme of the Mach-Zehnder interferometer
(red line). Strioscopy (blue line) is set up by blocking
the reference ray in the interferometer and by including
a sharp object in the focus of the imaging lens (Fourier’s
plane). The signal is detected by a photodiode. (b) Interfer-
ogram obtained with N2 at 1000 bars backing pressure and
(c) density reconstruction considering an axisymmetric
nozzle.

IV. DYNAMICS OF THE GAS JET
During the experiment, a solenoid valve is used to produce

pulsed gas jets. A perfect characterization of the dynamics of the gas
flux is mandatory to trigger the laser interaction when the maximum
density of the gas jet is reached. The evolution of the gas flow is
measured by strioscopy (based on the Schlieren effect). Strioscopy
is an optical Fourier process in which the light diffused from an
object is filtered by an obstacle blocking the Gauss mode and the
diffracted light is measured [Fig. 3(a)]. The refractive index gradient
of the object deflects the light in different optical path lengths, and
the turbulences generated by the density gradient can be detected.30

This method allows us to find the precise moment of flow stabiliza-
tion and its duration for different gases, pressures, and opening time
durations of the solenoid valve.

TABLE II. Calculated values of molar refractivity of hydrogen and nitrogen (using
refractive index values from Ref. 28).

Hydrogen (m3/mol) 2.094× 10−6

Nitrogen (m3/mol) 4.506× 10−6

In Fig. 5, one can see the gas flow evolution for different open-
ing time durations. The rising time of the gas jet corresponds to the
time needed to completely fill the nozzle reservoir volume (about
230 mm3), and it is also affected by the size of the throat (100 µm).
The time needed to reach the maximum density may be reduced
using smaller reservoirs. The dimension of the reservoir and throat
also affect the time needed to completely evacuate the gas once the
solenoid valve is closed. In this work, mechanical constraints related
to the solenoid valve did not allow reducing the reservoir size. The
maximum of the density of the diatomic hydrogen gas jet is reached
after 70 ms with a valve opening duration of 40 ms [Fig. 5(a)]. Stabi-
lization of a diatomic nitrogen gas flow takes 150 ms for an opening
duration of 100 ms [Fig. 5(b)].

V. ION ACCELERATION WITH GAS JET
The gas jet target was tested at the PICO2000 facility at LULI.

The laser delivers an average energy of about 50 J with a wavelength
of 1053 nm and 1 ps pulse duration. The beam is focused into a
12 µm spot diameter (FWHM), which results in an intensity of about
5 × 1019 W/cm2. We have employed the same Haskel booster and
Clark-Cooper solenoid valve as in the test bench. Supersonic gas
jet targets are produced, which could attain the critical density (nc)
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FIG. 4. Comparison of simulation results with interferometry reconstructions for
(a) 100 bars diatomic hydrogen at Z = 750 µm, (b) 100 bars diatomic nitrogen at
Z = 500 µm, and (c) 1000 bars diatomic nitrogen at Z = 1000 µm.

for the laser light radiation. Diatomic hydrogen is used as a target.
The laser beam is focused at distances of 200 and 400 µm from the
exit of the nozzle and at distances from the gas jet symmetry axis of
−50 µm and −100 µm along the transverse direction, respectively

FIG. 5. Gas flow evolution of (a) diatomic hydrogen and (b) diatomic nitrogen gas
jets as a function of time for different solenoid valve opening durations. The open-
ing duration of the solenoid valve (triggered at t = 0 ms) is about 12 ms. After its
closing, it takes several hundreds of milliseconds to empty the nozzle reservoir.
The maximum density of the gas jet is reached in the plateau region.

(see Fig. 2). Four Thomson Parabola (TP) spectrometers are installed
at 0○, 30○, 60○, and 90○ with respect to the laser beam propagation
to characterize the ionic emission (Fig. 6). A TP consists of a mag-
netic dipole followed by a pair of electric plates which allow us to
measure the energy distributions of different ion species. BAS-TR
imaging plates (IP) are used as sensitive detectors to record the par-
ticles.31 TPs were calibrated measuring the magnetic field between
the plates and then calculating the trajectories using GEANT432 and
SIMION.33 An example of the proton trace recorded on an imag-
ing plate with a gas jet composed of diatomic hydrogen is shown in
Fig. 7.

Figure 8 shows typical energy spectra of the protons detected
by different TPs. A good shot-to-shot reproducibility is achieved.
Best results (i.e., highest cut-off energies) were obtained at 200 µm
from the nozzle exit. Up to 1013 protons/MeV/sr are detected fol-
lowing a continuous distribution up to 2 MeV. All TP spectrometers
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FIG. 6. Experimental setup at LULI with the configuration of four Thomson
Parabolas at 0○, 30○, 60○, and 90○.

FIG. 7. Scan of the imaging plate showing the proton parabola recorded on the TP
spectrometer placed at 0○. The red spot is due to the X-rays and UV light passing
through the TP pinhole.

FIG. 8. Energy distribution of the protons detected at 0○, 30○, 60○, and 90○

using a critical density diatomic hydrogen gas jet. The proton energy distribu-
tion is continuous up to 2 MeV. The experimental detection limit at 0○ and 90○

is 1010 protons/MeV/sr, and the detection limit at the other angles is a few 109

protons/MeV/sr.

recorded nearly similar structures. A mechanism that could explain
such an observation is ponderomotive laser channeling probably fol-
lowed by laser collapse already reported by Ref. 14 in a near-critical
plasma. This could push the electrons radially, and the ions are emit-
ted in all directions. One should note that during the laser shot, the
expanding plasma and the emitted particles strongly interact with
the nozzle seriously damaging it, thus changing the properties of the
gas jet target.

VI. CONCLUSION
A close to critical density supersonic gas jet target has been

developed for laser-driven proton acceleration. In a first experi-
ment, 1013 protons/MeV/sr with continuous energy distributions
up to 2 MeV have been accelerated in the interaction with a
5 × 1019 W/cm2 intensity laser. Thus, this experiment has proven ion
acceleration using this nozzle. Particle-In-Cell (PIC) simulations are
being performed to understand precisely the underlying acceleration
mechanisms. The influence of the laser parameters on the ion energy
distribution remains to be studied. Further development is ongo-
ing to design nozzles capable of delivering similar density profiles
further away from their exit in order to reduce the damage.
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