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Laser-driven ion acceleration in long-lived optically shaped gaseous targets
enhanced by magnetic vortices
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This work demonstrates high-repetition-rate laser-driven ion acceleration utilizing optically shaped gaseous
targets. The optical shaping is achieved via dual, intersecting, counterpropagating laser-generated blast waves
that precisely shape the underdense gas into long-lived, controlled, and reproducible near-critical density targets.
The compressed target persists for several nanoseconds, time long enough to allow for the excellent synchro-
nization between the target and the main accelerating femtosecond laser beam. Measurements of multi-MeV
ion energy spectra are presented. Three-dimensional (3D) hydrodynamic simulations are used to optimize the
density profile and assess the influence of the amplified spontaneous emission of the femtosecond accelerating
laser pulse. A synthetic optical probing model is applied to directly compare simulations with experimental data.
3D particle-in-cell simulations reveal the formation of multi-kT, azimuthal magnetic fields, strongly suggesting
magnetic vortex acceleration as the main acceleration mechanism.
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I. INTRODUCTION

Laser-driven ion sources are of current interest in a range
of applications. Ion-driven fast ignition of inertially con-
fined fusion fuel [1,2] offers several advantages relative to
electron-driven fast-ignition schemes. Proton-boron fusion
experiments [3,4] in the pitcher-catcher configuration [5,6]
are also reliant on our ability to field bright ion sources.
Laser-produced ion sources are also being considered for
possible application in tumor treatment [7,8]. There are also
many current examples of their use as radiographic sources in
high-energy-density physics experiments [9,10]. Most break-
throughs have been achieved with overdense targets by using
the target normal sheath acceleration [11–13] or radiation
pressure acceleration [14–16] mechanisms. Proton energies
up to 150 MeV have recently been reported using these foil-
based approaches [17,18]. However, conventional solid targets
present several limitations. Targets are destroyed after each
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shot and require continuous replacement, repositioning, and
alignment, restricting their suitability for high-repetition-rate
ion sources. Dense plasmas produced from solid targets re-
flect a large portion of the laser energy, resulting in limited
coupling through hot electrons [19]. Additionally, solid targets
generate debris that can damage optical components. Recent
progress in target fabrication has led to designs incorporating
foams [20], nanowires and nanostructures [21,22], or multi-
layered foils [23]. These modifications improved laser energy
coupling to the plasma and enhanced proton acceleration ef-
ficiency. Efforts have also focused on fast, motorized target
delivery systems, such as rotating solid tape setups, to address
repetition rate limitations [24,25].

Ion acceleration mechanisms in the near-critical density
regime offer favorable energy scaling with laser power. The
regenerative nature of these targets enables high-repetition-
rate operation. The targetry is approached through various
methods, including cluster gas jets [26,27], cryogenic targets
[28,29], liquid droplets [30], and exploding foils [31], where
the main acceleration mechanisms include collisionless-shock
acceleration (CSA) [32–34] and Coulomb explosion [26,35].
Efforts have also been made on optical shaping of underdense
target density profiles [36–40]; however, challenges in gen-
erating long-lived, controlled, and reproducible near-critical
density profiles have significantly limited the effectiveness of
this approach.
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In the past two decades, ions have been accelerated to
multi-keV and multi-MeV energies from near-critical density
targets in experiments using the CSA mechanism [33,36,41].
These results were obtained with high-energy, nanosecond
or picosecond, long-wavelength laser systems. Such systems
operate at lower intensities and are limited to single-shot
operation, while reaching the near-critical density regime at
lower densities due to their longer wavelengths. Recently,
an approach achieved efficient proton acceleration by optical
shaping using planar-planar and planar-cylindrical implosion
schemes. In this work, authors were able to accelerate protons
up to 5 MeV when synchronizing the main pulse with the
exact moment of the shock front collision, achieving an ∼50%
reproducibility [42] due to the relatively short-lived target
compression. In addition, 80 MeV protons were measured
from the interaction of a near-critical density cryogenic hy-
drogen jet with a petawatt Ti:sapphire (Ti:Sa) laser [43].

Particle-in-cell (PIC) simulations predict proton acceler-
ation to energies from hundreds of MeV up to the GeV
range via the magnetic vortex acceleration (MVA) mecha-
nism, driven by intense, femtosecond TW-PW laser pulses
[44–48]. MVA [44–49] is widely considered to be the most
promising acceleration technique in terms of scaling with
laser power, but experimental evidence of ion acceleration
through MVA remains scarce [50–53], particularly for Ti:Sa
laser wavelengths. Simulations indicate that precise control of
target density, density-gradient, and thickness is required [48]
for this acceleration mechanism to be practicable.

Here, we report, to our knowledge, the first experimental
demonstration of high-repetition-rate ion acceleration using
a method for optically shaping gas-jet targets. The critical
feature in our approach is the use of intersecting laser pulses,
rather than parallel ones that provide compression only at
the short-lived period of the shock front collision. The initial
underdense gas-jet profile is shaped using two blast waves
generated by nanosecond duration laser pulses intersecting
inside the gas-target. The optimal angle between the nanosec-
ond shaping pulses is determined to be at 60°, based on a
systematic parametric hydrodynamic simulation study. This
approach enables maintenance of the compressed gas pro-
file for the record duration of more than 15 ns, resulting in
a broad synchronization window between the shaping and
main acceleration pulses. While 60° was the primary angle
used in this configuration, effective gas compression remains
achievable within a narrow adjustment range of approximately
±10°. Additionally, the configuration eliminates unwanted
long-scale-length preplasma, enabling undisturbed propaga-
tion of the main pulse to the steep density gradient. Parametric
computational studies indicate a larger compression factor
compared to planar colliding blast wave [54,55] geometries
under similar laser and target conditions [56,57]. The observa-
tions are supported by three-dimensional (3D) hydrodynamic
and PIC simulations, which reveal the underlying role of the
induced magnetic field vortices in the acceleration mecha-
nism. Accelerated ion spectra with cutoff energies exceeding
11 MeV/u are observed.

II. METHODS

The experiment was performed using the Zeus 45 TW
Ti:Sa laser system located at the Institute of Plasma Physics

FIG. 1. Schematic layout of the experimental setup. The shap-
ing beams drive dual intersecting blast waves, compressing the
gas-jet profile. The black onyx-shaped region indicates peak com-
pression. The delayed main pulse propagates undisturbed through a
hollow pathway, penetrating the compressed target and accelerating
multi-MeV per nucleon ions. Ion acceleration is supported by the
generation of a kT-scale magnetic vortex field. A probe beam records
the evolution of the compression on the nanosecond scale and the
accelerated plasma structure on the picosecond scale. Shadowgraphy
and interferometry images are acquired simultaneously using a No-
marski diagnostic. Passive detectors, CR39, and radiochromic film
record the ion and electron signals.

and Lasers (IPPL) [58]. The experimental realization of the
conceptional background is illustrated in Fig. 1. An 800 nm,
25 fs FWHM, p-polarized laser pulse with 1 J energy was
focused in a 3 µm diameter spot, using an f /2 parabolic
mirror, resulting in a normalized vector potential amplitude
ao ∼ 14. An 800 µm diameter cylindrical nozzle delivered an
underdense gas-jet composed of a 99% He–1% H2 mixture at
55 bar. The measured initial density was 9 × 1019 cm−3 corre-
sponding to 0.05ncr. A 1064 nm, 6 ns FWHM laser pulse with
0.85 J energy was split into two equal parts and focused on
both sides of the gas-jet forming two ∼15 µm spots, resulting
in intensity of 2 × 1013 W/cm2 each, to generate the dual blast
waves. Furthermore, a 10 mJ, 800 nm probe pulse was used
to diagnose the interaction with ∼ fs timing accuracy, con-
trolled by a motorized delay stage with 30 nm step size. The
probe pulses passed through a Wollaston prism generating two
beams of different polarization, which partially interfere, re-
sulting in Nomarski interferometry along with shadowgraphy,
captured simultaneously by the same charge-coupled device
(CCD) camera. As particle diagnostics, the well-established
CR39 nuclear track detectors covered by a multilayer alu-
minum filter mask were used, allowing measurement of
different ion stopping powers per mask sector. The CR39
detector was placed 3 cm from target chamber center (TCC).
The dose distribution of ions and electrons was acquired using
a radiochromic film (RCF), placed behind the CR39.

Additionally, 3D FLASH [59] hydrodynamic simulations
were performed to study the temporal evolution of the shap-
ing. The simulations included the effects of the inherent
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FIG. 2. FLASH simulation results of free electron density [panel
(a)] and total electron density [panel (b)] at maximum compression,
with and without ASE effects (insets), 5 ns after the arrival of the
leading edge of the shaping pulses at the target. Lineouts of electron
densities and ionization degree Z∗ [panel (c)], with ASE (solid lines)
and without ASE (dashed lines), show the steepening of the density
profile. Comparison between experimental shadowgraph [panel (d)]
and interferogram [panel (e)] with synthetic ones [panels (f) and (g)]
at similar times illustrates an overall good agreement. To capture
ASE effects, the laser attenuator was set to 0%, allowing only a few
millijoules of the main pulse energy to reach the target. Interfero-
grams show qualitative agreement in fringe shifts. A larger region is
obscured by probe absorption.

amplified spontaneous emission (ASE) of the main accelerat-
ing pulse. A synthetic diagnostic model has been developed to
perform ray tracing within the simulation domain, producing
synthetic interferograms and shadowgraphs. This approach
enables direct comparison between the measurements and the
simulation results, rather than the optical probing results with
simulated density profiles. The synthetic diagnostic model
accounts for the index of refraction from both electron and
neutral species, as well as absorption of the rays [60–62].

III. RESULTS

Details of the dynamics of gas-shaping ion acceleration
conditions are presented in Fig. 2. The nanosecond shaping
pulses fully ionize the gas at the focal spot region, while
the shock fronts of the generated blast waves remain pre-
dominantly neutral [Fig. 2(c), dashed lines] [63]. As a result,
the probe pulse encounters the index of refraction associated
with the ejected electrons [Figs. 2(a) and 2(c), red lines]. The
neutral density of the shock fronts contributes negligibly to
the refractive index [37], and therefore, shadowgraphs and
interferograms are the result of gradients in the free electron
density, ne(free), and associated index of refraction. When the
femtosecond main accelerating pulse arrives, it interacts with

the shaped near-critical neutral gas density profile ejecting
two electrons per helium (He) atom, resulting in the electron
density, ne(total), shown in Figs. 2(b) and 2(c) (blue lines). The
prepulse preceding the main interaction ionizes the neutral
shock front [Fig. 2(c), solid lines], and thus, the main fem-
tosecond pulse interacts with a near-critical electron density
formed by the prepulse.

A significant advantage of the present gas-jet shaping
scheme is that even though intense ASE (intensity contrast
∼106) can be destructive for thin foil targets [64,65]; here,
it contributes beneficially by steepening the density profile.
This can be clearly seen in Figs. 2(a)–2(c) where the profile
thickness shifts from 40 µm at 1/e of the peak density without
ASE to 23 µm with ASE, with the peak density remaining
almost unchanged. The lack of cylindrical symmetry prevents
reliable Abel inversion for cubic electron density retrieval.
Therefore, direct comparison between synthetic diagnostics
and experimental probing is required. Experimental and syn-
thetic shadowgraphs [Figs. 2(d) and 2(f)] and interferograms
[Figs. 2(e) and 2(g)] show good overall agreement, which
suggests consistency between experimental and numerical
results for both electron and neutral densities, thus validat-
ing the numerical model. The total electron density reaches
∼1.2 × 1021cm−3 (∼0.69ncr), which according to the MVA
matching condition [Eq. (1)] [47,48] corresponds to an opti-
mum channel length of ∼35 µm for the specifications of the
femtosecond main accelerating pulse.

ne

ncr
=

√
2K

(
PL

Pc

)1/2( Lp

Lch

)3/2

. (1)

K is a geometrical factor equal to 1/10 in three dimensions,
PL is the lasers power, Pc is the critical laser power threshold,
above which relativistic self-focusing occurs, Lp the length
of the pulse, and Lch is the length of the plasma channel.
Equation (1) yields an optimal plasma peak density, for a
given laser power and pulse length, as a function of the plasma
channel length.

During the ion acceleration phase, the shaped target is irra-
diated by the 45 TW femtosecond laser pulse. The results of
the averaged signal from 50 shots, accumulated on the passive
diagnostic detectors, are presented in Fig. 3. The red arrow
in Fig. 3(a) indicates the propagation direction of the main
pulse. The interaction shows intense pointlike self-emission at
the laser-shock front interface [Figs. 3(a) and 3(b)], which is
a characteristic feature of intense laser, critical-density inter-
actions [42,66,67]. The self-emission remains intense despite
the presence of neutral density filters and an 800 nm inter-
ference filter. Optical probing diagnostics show that the pulse
penetrates the near-critical density region, forming an accel-
erated plasma structure at the rear of the target, as captured at
2 ps after the interaction (Fig. 3). The approach is insensitive
to the jitter between the synchronized laser systems (±2 ns in
our experiments). Figures 3(a)–3(h) show shadowgraphs and
interferograms of the interaction between the main pulse and
the compressed target at 5, 9, 13, and 17 ns, from four separate
shots (time zero corresponds to the arrival of the start of the
nanosecond shaping pulses at the target). The acceleration
interaction remains consistent throughout the compression du-
ration of approximately 15 ns, with optimal synchronization at
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FIG. 3. Shadowgraphs [panels (a), (c), (e), and (f)] and inter-
ferograms [panels (b), (d), (f), and (h)] from three separate shots,
showing the evolution of the compression at 5, 9, 13, and 17 ns,
respectively. The main interaction with the target is observed at 2 ps
in all cases. The red arrow indicates the propagation axis of the
main pulse. Front [panel (i)] and rear [panel (j)] surfaces of the
etched CR39 under transmissive microscopy show pits generated by
accelerated ions, at 5.7 and 11.3 MeV/u energy diagnostic sectors,
respectively. The ion energy spectrum [panel (k)] is extracted from
CR39 by measuring pits corresponding to different Bragg peaks.

∼5 ns, as indicated by hydrodynamic simulations. At 17 ns, in
Figs. 3(g) and 3(h), the compression is largely dissipated, and
the self-emission appears faint, while at later times no self-
emission is observed. No plasma channel is observed on the
left side of the shaped target, both experimentally and in sim-
ulations, indicating a hollow pathway for undisturbed propa-
gation of the main pulse. This is crucial for the unperturbed
propagation of the intense main femtosecond laser pulse.

The multilayer filter mask of the CR39 detector is seg-
mented into eight sectors. The four front-surface sectors
correspond to energies ranging from 1.0 to 5.7 MeV/u,
while the four rear sectors cover the 9.3–11.3 MeV/u

FIG. 4. Electron density at 150 fs [panel (a)] and 300 fs
[panel (b)] from PIC simulations, showing the generation of a short-
scale wakefield. 3D isosurface plot of He density (in gray, cyan, and
red) with magnetic fields (in purple and green) at 600 fs [panel (c)],
illustrating near-critical target-laser interaction. Average proton en-
ergy at 350 and 600 fs [panel (d)]. Longitudinal electric field of the
laser pulse between 50 and 350 fs [panel (e)], demonstrating strong
self-focusing and beam absorption. Y component of the magnetic
field [panel (f)], which shows the generation of an azimuthal vortex
magnetic field. Proton [panel (g)] and He ion [panel (h)] angular
energy distributions, demonstrating particle beam directionality with
30° and 20° half-angles, respectively.

range. Ion stopping power is calculated using SRIM Monte
Carlo simulations [68] to calibrate the detector. After chem-
ical etching in NaOH solution, pits are counted under
transmissive microscopy to extract the ion energy spectra
[Figs. 3(i) and 3(j)].

The energy spectrum demonstrates a peak feature around
6 MeV/u and the cutoff ion energy at 11.3 MeV/u (45.2
MeV total energy for He ions) [Fig. 3(k), blue line]. Fewer
large pits, associated with higher-Z ions (corresponding to
99% He), are observed on the rear side of the CR39. This
indicates a greater number of higher energy-per-nucleon pro-
tons (corresponding to 1% H2) due to higher charge-to-mass
ratios, reaching the rear surface. Integrating along the energy
spectrum, a total number of 4.2 ×106 ions/shot is obtained. 3D
PIC simulations predict ∼10 MeV/u protons and ∼5 MeV/u
He ions (20 MeV total energy) [Figs. 4(g) and 4(h)]. A
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Gaussian-like, high-dose distribution of ∼1.1 Gy per shot is
recorded on the RCF, from both ion and electron signals.
However, most of the dose measured on the RCF is attributed
to electrons, as most ions are stopped within the CR39 and do
not reach the RCF. The ion beam profile on the CR39 presents
an oval shape, with the major axis oriented perpendicular to
the laser polarization direction. The ions display a broad spa-
tial divergence, with an estimated half-angle of approximately
∼35◦ [53]. The ion energy spectrum measured by the CR39
diagnostic detector at 45◦ with respect to the laser propagation
axis exhibits an exponentially decaying distribution with a
cutoff energy of ∼4 MeV/u [Fig. 3(k), purple line].

As expected, no measurable ion signal appears on the
CR39 detectors when one or both of the nanosecond shap-
ing laser beams are switched off. In order to investigate
the underlying acceleration mechanism in the current gas-jet
shaping conditions, EPOCH [69] 3D PIC simulations were
employed [56,57]. The PIC models use initial conditions
derived from hydrodynamic simulations, consistent with ex-
perimental observations. The initial electron density, with a
peak of 1.2 × 1021cm−3, responds rapidly to the propagation
of the focusing main femtosecond laser pulse. This interaction
generates plasma wakes, forming a short-scale-length laser
wakefield acceleration (LWFA) structure [Figs. 4(a) and 4(b)].
Beyond the peak density, at 300 fs, a large electron popu-
lation is injected into the bubble, producing a high current
of energetic electrons (>100 MeV). The bubble elongates
significantly after the electron density peak, a process that ap-
pears to facilitate electron injection, similar to the down-ramp
injection mechanism [70,71]. The pulse undergoes relativistic
self-focusing just before reaching the peak electron density
[Fig. 4(e)] and is efficiently absorbed by the dense plasma
[56]. The high electron current drives a strong azimuthal mag-
netic vortex [Fig. 4(f)] with a peak value of 100 kT at the time
of reaching the peak density region, fast expanding within the
plasma waveguide [44,47,49]. The transient magnetic vortex
induces longitudinal quasistatic electric fields, which along
with charge separation accelerate the protons and He ions.
Concurrently, the magnetic field pinches the proton and ion
densities toward the propagation axis of the pulse. The longi-
tudinal electric field is on the order of the electric field of the
laser pulse [45]. Initially, ions and protons gain energy in two
lobelike regions near the magnetic field vortex [Fig. 4(d), top].
As the interaction progresses, the most energetic ions become
focused toward the front of the target, while lower-energy
particles are accelerated in a sheathlike distribution [Fig. 4(d),
bottom]. This strongly indicates that MVA is the dominant
underlying ion acceleration mechanism [44–48]. The protons
and ions are accelerated in the forward direction in a half-
angle of 30◦ [Fig. 4(g)] and 20◦ [Fig. 4(h)], respectively, that is
in remarkable agreement with the experimental measurements
(∼35◦). The cutoff energy acquired by the protons (10 MeV)
and He ions is ∼5 MeV/u, in remarkable agreement with the
experiment (∼11.3 MeV/u total energy). Our EPOCH 3D PIC
simulations with the laser pulse reaching the peak density of
the shaped target, generating the vortex field, and collimat-
ing the ion density [Fig. 4(c)] bear close resemblance to the
experimental results. As a result, our study strongly suggests
that in the experiments a strong ∼kT magnetic vortex drives
the acceleration of the ions.

IV. DISCUSSION

In conclusion, we present an exciting demonstration of
the production of high-repetition-rate ion beams from laser-
driven MVA. Efficient compression of underdense gas from an
800 µm diameter cylindrical nozzle, into near-critical, sharp-
gradient, density profiles, is employed. The required density
profiles persist for ∼15 ns, which is substantially longer than
can be achieved via other means. This eliminates laser syn-
chronization challenges. Our study advances the field toward
high-repetition-rate ion acceleration applications, eliminating
the drawbacks of single-shot and shots-per-minute methods,
present in high-energy low-repetition-rate laser systems and
solid-target approaches. The experiments were conducted
with 10 s intervals to allow chamber vacuum recovery,
enabling a 0.1 Hz repetition rate. A record ion energy, ex-
ceeding 11 MeV/u, using gaseous targets is reported for
high-repetition-rate multi-TW laser systems. The method is
adaptable for use on laser facilities with powers from TW
up to PW and for both low- and high-repetition-rate sys-
tems. Work is underway to implement differential pumping
and pellicle shields to protect compressor gratings, targeting
operation at ∼Hz frequencies.

Near-critical density gaseous targets are challenging to
characterize. Accurate measurements are required to optimize
shaping and acceleration mechanisms. For this purpose, a
synthetic diagnostic ray-tracing model has been developed
to match optical probing results with simulations, providing
indirect measurements that replicate the experimental density
profiles. In addition, electron deflectometry is considered the
appropriate method to measure high-resolution density pro-
files along with the magnetic field topology.
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APPENDIX A: SYNTHETIC DIAGNOSTIC ALGORITHM

The developed synthetic diagnostic algorithm begins by
calculating the spatial derivatives of the natural logarithm of
the refractive index along the x, y, and z directions. These
derivatives describe how the refractive index varies across
the computational grid and are essential for calculating how
light rays bend when passing through the density profile.
The script computes these derivatives using finite difference
methods, approximating the gradients at each point. Using
these derivatives, the script performs ray tracing, updating the
ray trajectory step by step. As the rays propagate through the
plasma, they bend in response to the spatial gradients of the
refractive index, while absorption and phase shifts are contin-
uously accumulated along their paths. The direction of each
ray is numerically updated, based on the ray-tracing equations
given as [60]

x′′(z) = 1

η
(1 + x′2 + y′2) ×

(
∂η

∂x
− x′ ∂η

∂z

)
,

y′′(z) = 1

η
(1 + x′2 + y′2) ×

(
∂η

∂y
− y′ ∂η

∂z

)
, (A1)

where η the refractive index and primes denote differentiation
with respect to z. These equations describe how the ray direc-
tion changes due to the refractive index gradients. The updated
position of the ray at each step is then calculated as

xixs = xs − xi = xe + lx′(ze),

yiys = ys − yi = ye + ly′(ze), (A2)

where indices i, e, s denote coordinates at entry, exit, and
screen (observational plane), respectively, and l is the distance
between the target and observational plane [60]. The refractive
index of the medium is calculated in the script by [62]

n =
√

1 − ne

ncr
+ 1

4πε0
2αnnn + 1

4πε0
2αini. (A3)

In this expression, the first term represents the contribution
from free electrons, while the second and third terms account

for the contributions of neutral atoms and ions, respectively.
nn and αi are the polarizability of neutral atoms and ions,
respectively. The ion contribution to the index of refraction
is generally negligible compared to that of the electrons, since
the ion and electron densities are typically of the same order
[62]. The absorption coefficient is then computed along the
ray path using [61]

θ =
(

C1Z2gneni

T 1/2
e v3

)(
1 − e

−hv
kBTe

)
, (A4)

where C1 = 3.69 × 108 cm5 K1/2/s3 and g is a Gaunt factor
(with empirical values of ∼3–7). This expression accounts for
absorption due to free electrons in the plasma, which atten-
uates the probe beam as it propagates through the medium.
To generate a synthetic interferogram, the script calculates
the phase shift accumulated along each ray path and com-
bines it with a reference beam to simulate interference. The
reference beam is assumed to be a plane wave propagating
without distortion, allowing the resulting interference pattern
to represent the optical phase variations introduced by the
plasma. These calculations accurately model the interaction
of light with the shaped target. This enables the script to
generate synthetic shadowgrams and interferograms that can
be directly compared with experimental diagnostics.

APPENDIX B: SYNCHRONIZATION OF LASER SYSTEMS

The experiments were conducted at the Institute of Plasma
Physics and Lasers using the Zeus 45 TW Ti:Sapphire (fem-
tosecond) laser system in conjunction with a Quantel Q-smart
Nd:YAG (nanosecond) laser. Synchronizing two independent
laser systems is a nontrivial challenge, necessitating precise
coordination of multiple timing signals. To achieve this, the
Quantel Nd:YAG flashlamps and Q-switch were externally
triggered via transistor–transistor logic (TTL) pulses derived
from the 10 Hz optical output of the pulse picker after the
oscillator of the Zeus laser system. This ensured that both
systems operated at a synchronized 10 Hz frequency. A dual
(pulse 1 and pulse 2) TTL pulse sequence (400 µs duration per
pulse) was employed to trigger the Quantel Q-switch. While
the system is capable of 10 Hz operation, a 0.1 Hz repetition
rate was used in this study to maintain vacuum stability.
Pulse 1 was launched 100 ms prior to the Zeus femtosecond
pulse to activate auxiliary equipment, including the gas-jet
controller and CCD cameras. Pulse 2 was synchronized
precisely with the arrival of the Zeus femtosecond pulse. The
requisite delays were managed using a Stanford Research
Systems DG535 Delay Generator, allowing for the fine-tuning
necessary to align the nanosecond shaping pulse with the
main femtosecond pulse. To maximize the Quantel laser’s
output energy and stability, a constant delay of 265 µs was
maintained between its flashlamp and Q-switch triggers. The
temporal arrival of both laser pulses at the gas-jet interaction
region was monitored using two fast photodiodes (20 ps
rise time). All signals were monitored using a four-channel
LeCroy oscilloscope with a 2 GHz sampling rate.
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