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Gas targets hold distinctive significance and advantages in the field of laser-matter
interaction. As a major type of gas targets, supersonic gas target is one of the most
commonly used targets for laser wakefield acceleration (LWFA). The temporal-
spatial resolution study of it could provide valuable data references for the LWFA
experiment. In this work, a Nomarski interference system with high spatial-
temporal resolution was set up to diagnose the jet process of supersonic gas
jet target. The formation process of supersonic gas jet under different jet
durations, different injection positions and different gas back pressures was
studied. It is beneficial to determine the more optimized time and position of
laser injection into target when conducting LWFA experiments. Therefore, the
quality of the obtained electron beam and radiation source can be effectively
improved.
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1 Introduction

Gas target plays an important role in laser-matter interaction experiments. It can provide
gas with density widely ranging from 10'°~10*' cm™, and has the characteristics of adjustable
gas density range and controllable gas length [1-6]. Based on the development of chirped-
pulse amplification (CPA), the laser acceleration research has made continuous
breakthroughs [7-12]. Meanwhile, the research on gas targets has made a lot of
progress. The frequently used gas targets in laser acceleration experiments mainly
include: gas cell [13-17], capillary [4,18,19], and supersonic gas jet targets [20-25]. The
supersonic gas jet target has a De-Laval structure and could produce supersonic gas jet with
steep edge and wide flat top area. The gas jet density of such target is relatively uniform and
could be controlled by adjusting the back pressure, changing the nozzle structure, and
combining multiple nozzles. Its interaction area with laser could cover sub-millimeter to
centimeter order, and the nozzle is generally made of stainless steel, which is not easy to be
damaged, making it suitable for high repetition rate experiments [26-28] and effectively

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2023.1203946/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1203946/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1203946/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1203946/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1203946/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1203946&domain=pdf&date_stamp=2023-07-31
mailto:zhaobaozhen@ciae.ac.cn
mailto:zhaobaozhen@ciae.ac.cn
https://doi.org/10.3389/fphy.2023.1203946
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1203946

Liu et al.

reduce the energy spread of accelerated beams [9-11,29,30].
Therefore, it is very suitable as an experimental target for laser
wakefield acceleration [25,31,32], laser-driven betatron [33-36] and
gamma radiation source [37-40], etc.

To have a deep understanding of the supersonic gas jet targets
characteristics, a series of related studies have been carried out
[41-45]. The optical interference system could diagnose the density
of substance through the interference fringe with advantages
including high spatial-temporal resolution, high sensitivity,
simple structure, and no influence on the properties of detected
substances. It has become a significant diagnostic method in the
fields of gas target [46-49], cluster target [50-52], dense plasma
[53,54], etc. Commonly used diagnostic systems include Mach-
Zehnder interferometer, Michelson interferometer,

interferometer and other novel interferometers. Among several

Nomarsk

interference diagnosis systems, the Nomarski type mainly divides
the probe laser into two homologous beam (ordinary light and
extraordinary light) through a Wollaston prism, and interference
fringes could be obtained in the overlapping area of the two beams.
Compared with other systems, the Nomarski type has the
characteristics of simple structure, strictly equal optical path, and
high stability, which could effectively reduce the size of diagnosis
system and stably produce distinct interference fringes. Through
various optimizations, the density profile information of supersonic
gas jet target can be accurately given.
optimizations, the density profile information of supersonic gas

Through various

jet target can be accurately reconstructed.

For the gas targets used in LWFA, the gas jet density profile
generated during laser interaction will ultimately affect the quality of
electron beam. The required gas density for LWFA experiments is
typically in the range of 10'7-10"cm™, and gas density profile with
steep edge and flat top could result in better monoenergetic electron
beams. The important parameters affecting the gas density profile
mainly include the structural parameters of the target, and the
adjustable parameters during experiments, such as gas back
pressure, laser injection position, and jet duration.

The duration of the ultra-short pulse laser and gas jet interaction
process is usually in the order of few picoseconds. This makes the
injection time and position of laser have obvious influence on the
accelerating energy and energy dissipation. In order to obtain high
quality beams by LWFA, the specific stable duration and exact
density distribution of gas jet are needed. To meet the above
requirements, the characteristic diagnosis of supersonic gas jet
target with high spatial-temporal resolution needs to be
systematically carried out.

In this work, a series of studies have been carried out on the
spatial-temporal resolution diagnosis of the supersonic gas jet
targets. We reported the establishment of a Nomarski
interference system with high spatial-temporal resolution and
high stability. With the system, the density profile of supersonic
gas jet with long injection area could be diagnosed, thus effectively
reducing the complexity of the whole experiment. We obtained the
multi-frame density profiles of the self-developed gas jet target. In
addition, the influences of laser injection position, jet duration and
back pressure on the gas jet formation process were studied.
Through the experiments, we could determine optimized laser
injection time and position into the target, so as to effectively

utilize more stable supersonic gas jet with uniform density
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profile. This work could provide important data and diagnostic
method for LWFA experiments to obtain high-quality beams and
radiation sources.

2 High spatial-temporal resolution
Nomarski interference system

2.1 Experimental setup

The established optical interference system is a modified
Nomarski type with vertical fringes, instead of the conventional
interference systems with horizontal fringes. Based on our previous
studies [55,56], such type of Nomarski interference system has better
experimental performance in diagnosis stability and accuracy than
normal Mach-Zehnder
conventional Nomarski interferometer, it could guarantee the

interferometer. Compared with the
integrity of gas jet imaged on the interference area. These
features make it possible to meet the actual experimental
requirements and realize the high spatial-temporal resolution of
gas target characteristics through an ordinary CCD instead of more
complicated types with high precision temporal gating. The layout of
the system is illustrated in Figure 1.

To realize effective resolution capacity, a pulsed Nd:YAG laser
(Q-smart 450 from QUANTEL LASER) is used as the probe laser.
The diameter of the laser beam is about 6 mm and the output
wavelength is 532 nm after frequency doubling from 1064 nm. The
maximum output energy is about 220 mJ per pulse and the pulse
duration is about 6 ns. It can meet the accurate diagnosis need of the
gas jet process from 107*-~107%s in the experiment. Uncoated wedge
mirrors are arranged in the system to attenuate high laser energy,
and the attenuation ratio is about 20 times to meet the actual
experimental requirements. The probe laser is expanded by
Keplerian beam expander to 10 mm diameter, so as to ensure
that sufficient interference areas are generated subsequently. A
50 um pinhole is set at the focus as a spatial filter to improve the
beam quality, effectively ensuring the generation of distinct
interference fringes in the CCD visual field. The polarization
ratio of the laser beam is adjusted by a polarizer, and then the
laser passes through the gas jet region in a target chamber with high
vacuum. The relative position of laser and the gas jet can be
accurately adjusted through a 3-axis stage with high precision.
After obtaining the gas jet density information, the probe laser
was divided into ordinary light (o-light) and extraordinary light
(e-light) by a Wollaston prism with a small separation angle.
Interference fringes are generated in the overlapping area of two
lights, and finally imaged on the CCD for image data acquisition.

In the diagnosis system, the pixel size of CCD is 3.69 um x
3.69 um and the imaging area is 1 mm x 1.2 mm. For the overall
design, the requirements to be considered include the effective clear
aperture of optical elements such as prisms, the overall size control
of the system, and obtaining complete information of the gas jet. The
imaging lens F3 with a focal length of 450 mm is selected, the object
distance is controlled to be 1200 mm and the image distance is
720 mm. Through the overall optical design, the system achieves a
magnification of 0.6 and a spatial resolution of approximately 6 pm,
enabling diagnosis of centimeter-scale gas jet density profiles.
To achieve accurate temporal resolution, the relative delay of
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The interference fringes and phase difference diagram obtained in the experiment: (A) the interference fringes changed during the jet process, (B)

the phase difference diagram obtained by Abel inversion.

Qsmart-450, gas jet target, and CCD is adjusted by a digital delay
generator (Stanford DG645). The pulse duration of the probe laser is
about 6 ns. By adjusting the relative delay of the whole system, the
temporal resolution can reach about 6 ns, which could meet the
accurate diagnosis need of the gas jet process from 10*-~10"%s. The
preliminary results show that the self-made gas target could
maintain a relatively stable jet ability. In the experiment, the
relative delay between laser pulse and gas jet is adjusted. With
multiple times experiments, the interference images under different
delay conditions could be collected. After Abel inversion processing,
the accurate distribution of gas density at different times could be
restored, as shown in Figure 2.

Due to the limitations of mechanical processing and the pressure
resistance of electromagnetic valves, the throat and outlet
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dimensions of gas jet targets in LWFA experiments typically
range from hundreds of micrometers to several centimeters. To
achieve a density of 10'7-10" cm™, the commonly used gas back
pressure is generally controlled within several tens of bar.
Furthermore, to avoid the vacuum reduction caused by long-
duration gas jetting, the jet duration should be kept as short as
possible. To prevent damage to the nozzle due to laser jitter, the laser
injection needs to be positioned a certain distance. Therefore,
according to the above-mentioned related parameters, we carried
out the temporal-spatial resolution study on gas back pressure, laser
injection position and jet duration.

The nozzle generating a supersonic gas jet in the experiment had
De-Laval structure with central symmetry, of which contraction and
expansion sections were both conical with a narrow throat in the
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middle. The subsonic gas jet was accelerated in the contraction
section, then reached the sound speed at the throat with the smallest
cross section, and finally entered the expansion section to accelerate
to the supersonic speed. A nozzle with 1 mm throat size and 2 mm
outlet size was selected for experiments, and the gas was high-purity
argon.

2.2 Analytical method

The o-light and e-light generated by the Wollaston prism in the
system have the characteristics of strictly equal optical path and
direct temporal-spatial coherence. Through parameter design,
vertical interference fringes could be produced in the overlapping
area. When the probe laser passes through the high-density gas jet
area in optical path, the refractive index of this area changes
compared with that without gas. Therefore, different refractive
indexes form optical path difference manifested by the change of
fringes’ local width. Here, we set the gas jet flows along y direction,
and the laser beam propagates along z direction. The optical path
difference could be calculated by integrating the refractive index in
the gas jet area:

8(xi) = [ s (6. 3:2) =, (3.7, 2) dz )

where 7; and 7, are the refractive index of vacuum and gas jet
respectively. Converting the optical path difference to phase shift
Ag, we could get:

89 (x3) = (%)

S (e )

T O ACS I LE

where A presents the laser wavelength. The gas target used in this

case has a conical De-Laval structure, and the generated gas jet could

be considered as central symmetry. The distance that laser travels
inside the gas jet could be expressed as:

r=vVx?+z? (3)

Plugging Eq. 3 into Eq. 2, through Abel inversion, we could get
the equation calculating refractive index according to phase
difference:

A (799 (x, y) 1
L e dx (4)

n(x,y)-1=-— =

2m
Based on the Lorentz-Lorenz equation [57,58], the gas refractive
index is proportional to its particle density and related to the probe
laser wavelength. Thus, the gas density profiles could be calculated.

3 Result and discussion

For the supersonic gas jet used in LWFA, the key parameters
that affect its gas density distribution and can be adjusted during
experiments mainly include gas back pressure, laser injection
position and jet duration. In this work, after verifying the
temporal-spatial resolution capability of the diagnostic system, we
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primarily focused on these parameters to investigate their impact on
the gas density profile.

We firstly carried out the verification experiments for the
spatial-temporal resolution capacity of the system. The jet
duration was set to 1 ms and the back pressure was 20 bar. The
whole jet formation process could be divided into two stages-the
rising stage and the stable stage. Considering the overall
experimental requirements, samples were taken every 20 us
within 100 ps from jet progress starting, every 50 us after
100-500 us, and every 100 ps after 500 ps. The experimental
results were compared with the simulation results, as shown in
Figure 3. The simulation in this paper was performed by
Computational Fluid Dynamics (CFD). The explicit density-based
solver in ANSYS-Fluent was used to simulate the variation of gas jet
over time. The comparison showed the experimental data were in
good agreement with the simulation data. They both showed after
the nozzle opened, the gas density appeared to a gradual upward
trend, and the rising duration was about 150-200 ps. Then the
density reached a relatively stable stage, maintaining the whole jet
progress. The experimental results are generally higher than the
simulated values. The reason might be that the actual roughness of
nozzle inner surface is higher than the simulation, making the gas jet
velocity decrease and the density increase. Through experimental
and simulation studies, we have verified the temporal-spatial
resolution capability of the established Nomarski interference
system. With the electromagnetic valve opening, the valve spring
compresses and the piston gradually opens. The gas output increases
gradually, and the density will go through a rising stage. Once the
piston is fully pulled down, the gas density stabilizes. By controlling
the relative delay of laser reaching the target, we could make the laser
inject to the gas jet target at the stable section, ensuring the quality of
accelerated particles and radiation sources in LWFA experiments.

When injected into the gas target, the laser injection position is
one of the adjustable parameters in the experiment, and different
injection positions will result in different density values. To ensure
that the gas density profile has steep edge and flat top, the distance
between laser and nozzle outlet should not be too far. Furthermore,
it is necessary to prevent nozzle damage caused by laser jitter when
the distance is too close. Therefore, the laser injection is positioned
at a distance of a few hundred micrometers to a few millimeters
above the nozzle outlet. In the experiment, we selected the density
profile at distances of 0.5, 1, 2, and 4 mm from the outlet. In the
rising stage of 20 us, the density was generally low, and the flat-top
area was irregular or even not generated, as shown in Figure 4A. At
this stage, laser injection would have an adverse effect on the
experimental results. When the jet reached the stable stage (as
shown in Figure 4B), the flat-top area basically maintained a
certain density value. The experimental results match the actual
electromagnetic valve opening process of the gas target. During the
rising stage, the piston is gradually pulled down, leading to an
increasing gas output that prevents the formation of a stable
supersonic jet. Once the piston is fully pulled down, the gas
target structure conforms to the De-Laval structure required for
generating supersonic jet, resulting in a flat-top gas density profile
suitable for LWFA experiments. By injecting laser at this stage, the
electron beam with better quality could be obtained. Since different
positions could produce corresponding density profiles, we could
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Comparison of gas jet formation process between experimental data and simulation (jet duration: 1 ms, back pressure: 20 bar).
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The gas jet density profile at multiple laser injection positions in different stages: (A) t = 20 ms (rising stage), (B) t = 150 ms (stable stage).

adjust the relative position between laser and target according to the
actual experimental requirements.

Jet duration is also an important adjustable parameter in
LWFA experiments. The electromagnetic valve control device of
the gas target typically allows jet durations ranging from
microseconds to tens of seconds. Due to the requirement of
high vacuum conditions (below 107 bar) and the need to avoid
damage to optical components while obtaining high-quality
electron beams, it is necessary to minimize the jet duration in
LWFA especially rate
experiments. As previous works did not extensively investigate
the influence of different jet durations on the gas jet formation

experiments, in high repetition

process, we conducted experiments under various selected jet

Frontiers in Physics

durations (0.5ms, 1 ms, 10 ms and 50 ms respectively). We

recorded multi-frame interference images and

variation of gas jet density under jet duration after calculation

acquired

and processing. The comparison of density changes at 0.5 mm
above the nozzle is shown in Figure 5. It could be analyzed that
the time required to reach the stable stage is basically the same
under four typical duration, which is about 150 us-200 ps. In all
four cases, a certain density value could be maintained after being
stable. Experimental results show that, under the same back
pressure and injection position, the formation of the gas jet
exhibits consistent time for rising stage, with little influence
from the jet duration. For the same kind of gas target, when
the back pressure is constant, the time for the spring and piston to
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FIGURE 5

Variation of gas jet density under typical jet duration (back
pressure 20bar): (A) 50 ms, (B) 10 ms, (C) 1 ms, (D) 0.5 ms.

completely pulled down during the valve opening process is
consistent. After fully pulling apart, the jet will enter the
stable stage, the De-Laval
continuously provide a stable supersonic gas jet.

maintaining structure and

The value of gas back pressure could directly affect the gas jet
density. The required gas density in LWFA is generally in the range
of 10'7-10" cm™. To generate such high-density jets with small-
sized and finely structured De-Laval supersonic nozzles, the back
pressure is often set to several tens of bar. Therefore, we conducted
experiments to compare the effects of various typical back pressures
on the gas jet formation process. With 1 ms jet duration, the gas
density changes under typical back pressure (10, 20, 30 and 40 bar)
were measured, as shown in Figure 6. Under four conditions, the
formation process of gas jet accords with rising stage and stable
stage. However, when the back pressure increases, the duration of
rising stage will gradually increase. With the back pressure
increasing from 10 bar to 40 bar, the rising duration increases,
ranging from about 100 ps to 300 ps. Increasing the gas back
pressure in the experiment results in an extended duration for
rising stage. This is because when opening the valve, the
increased back pressure increases the pressure acting on the
piston, prolonging the time for the spring to fully pull down the
piston and delaying the achievement of the stable supersonic jet.
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Variation of gas jet density under typical back pressure (jet
duration 1 ms): (A) 40bar, (B) 30bar, (C) 20bar and (D) 10bar.

Accordingly, when the back pressure changes, in order to ensure the
interaction time between laser and gas jet in the stable stage, it is
essential to adjust the delay of laser reaching the target according to
the actual situation.

4 Conclusion

In this paper, we set up a Nomarski interference system with
high stability and spatial-temporal resolution, suitable for the
multi-frame diagnosis of supersonic gas jet in LWFA experiment.
The temporal resolution reached 6ns and the spatial resolution
reached 6 um. Because of the high stability and vertical
interference fringe distribution, the system could realize the
temporal resolution without using high-precision ICCD. Thus,
the complexity of the system was effectively simplified, and the
gas density with a large jet range was ensured to be accurately
obtained. The experimental measurement results were in good
agreement with the simulations, verifying the performance of the
diagnosis system. With data processing, the densities at specific
time points in the whole jet process were measured, and the
density profile at different time points at multiple laser injection
positions could be given. Furthermore, the factors related to the
generation process of gas jet, such as back pressure and jet
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duration, were systematically studied, and the data under typical
back pressure and jet duration conditions were obtained. This
work could provide significant experimental methods and data
support for LWFA, expecting to improve the quality of the
obtained electron beam and radiation source.
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