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ABSTRACT

We present an experimental and simulation-based study on ion beam deflection in laser-matter interactions conducted at the PHELIX facil-
ity. The experiment was performed using a main pulse (1053 nm, 500 fs) reaching peak intensities of �1:5� 1021 W cm�2, and a pre-pulse
(1053 nm, either 1 or 3 ns) with an intensity ranging from 6:4� 1013 to 1:2� 1015 W cm�2. The laser was incident on a 5 lm thick carbon
foil under an angle of 25� relative to the target normal. Systematic variation of the pre-pulse delay (0–3 ns) revealed significant target defor-
mation effects, leading to ion beam deflection and a reduction of the ion cutoff energies with increasing delay between the pre-pulse and the
main pulse. The pre-plasma dynamics were characterized using side-view interferometry in combination with a synchronized picosecond
probe beam. Hydrodynamic simulations with FLASH-2D were adapted to match the interferometric measurements by adjusting laser energy
and focus size. The simulations confirm that the observed beam deflection originates from pre-pulse-induced target deformation and expan-
sion. Our results demonstrate that ion beam directionality can be controlled via pre-pulse parameters, providing a pathway for optimizing
laser-driven ion acceleration schemes. These findings highlight the importance of precisely adapted pre-plasma conditions in high-intensity
laser-plasma interactions and their impact on acceleration dynamics.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0278103

I. INTRODUCTION

Advances in ultrahigh-intensity laser technology have established
laser-driven ion acceleration as a promising field of research, moti-
vated by the prospects of harnessing its unique properties for scientific
and practical applications.1–4 Compared to conventional accelerator
facilities, laser-driven ion sources could provide a compact and cost-
efficient alternative. They deliver ion beams with exceptionally high
brightness, low beam emittance, and ultrashort pulse duration,2,5–7

making them promising candidates for applications in medicine, mate-
rials science, and next-generation accelerator technologies.8–11

Recent experiments on laser-ion acceleration have demon-
strated proton beams with cutoff energies exceeding 150MeV by
optimization of target thickness and the use of advanced accelera-
tion schemes.12–14 Among the various acceleration mechanisms,
Target Normal Sheath Acceleration (TNSA) remains one of the
most robust and widely studied mechanisms.15–18 In TNSA, elec-
trons accelerated by an intense laser pulse establish a sheath field
at the rear surface of a thin solid target, leading to ion acceleration
in the target normal direction. However, the presence of pre-
plasma, generated by amplified spontaneous emission (ASE) or
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pre-pulses, significantly modifies the conditions for ion
acceleration.19

Pre-plasma expansion leads to multiple effects that influence
laser-plasma interaction and ion acceleration in contradictive ways. A
moderate pre-plasma can enhance laser absorption and improve elec-
tron heating, strengthening the sheath field at the target rear side.20

However, excessive pre-plasma formation can drastically modify the
interaction. A shock wave generated at the target front surface propa-
gates through the material, leading to significant deformation or even
destruction of thin foils before the main pulse arrives.19,21 This defor-
mation alters the sheath field topology and shifts the effective accelera-
tion direction. Additionally, expansion at the target rear side lowers
the accelerating field strength, reducing maximum ion energies.
Further effects include whole-target displacement, which can change
the laser intensity distribution seen by the target, thereby modifying
the acceleration process. In addition, these intricate effects are hard to
measure and simulate because of the time and intensity scales on
which they take place.

Previous studies, using the naturally present ASE pedestal of the
laser, have extensively investigated the impact of pre-plasma on laser-
ion acceleration. Batani et al. demonstrated that pre-plasma formation
alters the energy distribution of accelerated ions and systematically
shifts the ion beam direction away from the target normal toward the
laser propagation axis.19 Zheng et al. used particle-in-cell (PIC) simu-
lations to investigate how optimized pre-plasma conditions can
improve ion beam properties by modifying electron heating and
sheath dynamics.22 Similarly, Hadjisolomou et al. used both hydody-
namic and PIC simulations to analyze pre-plasma effects on ion accel-
eration,23 while Yogo et al. investigated pre-plasma-induced target
deformation.24 Flacco et al. performed experimental and numerical
studies on controlled plasma expansion, providing a detailed charac-
terization of pre-plasma evolution in vacuum and its implications for
laser-ion acceleration.25

While these studies have provided valuable insights into the
effects of pre-plasma on ion energy spectra, they often focus on energy
distributions. In addition, the laser pre-pulse resulting from the ASE of
the laser offers little control possibilities. A key challenge that remains
insufficiently addressed is the precise control of ion beam directionality
in the presence of a modifiable pre-plasma. The ability to steer ion
beams via controlled target deformation could provide new opportuni-
ties for optimizing laser-driven ion acceleration setups.

In this work, we present a systematic experimental and simulation-
based study on the influence of pre-plasma on ion beam deflection and
proton cutoff energy in the TNSA regime, using an independently tun-
able pre-pulse. The experiment was conducted at the PHELIX facility26

at GSI Helmholtzzentrum f€ur Schwerionenforschung in Darmstadt,
Germany, where the pre-plasma conditions were systematically varied
by introducing a controlled pre-pulse of variable delay and pulse dura-
tion. The pre-plasma dynamics were monitored using side-view interfer-
ometry with a synchronized probe beam laser. The experimental
observations were compared to hydrodynamic simulations performed
with FLASH-two-dimensional (2D),27 which were adapted to match
the interferometric measurements by adjusting laser energy and beam
focus.

Our results demonstrate that pre-pulse-induced target deforma-
tion not only affects ion energy spectra but also leads to a systematic
deflection of the ion beam away from the initial target normal

direction. By validating our simulations against experimental interfero-
metric data, we demonstrate the capability to model pre-plasma
dynamics in high-intensity laser interactions. These findings provide
new insights into the role of pre-plasma parameters in ion beam steer-
ing, which could be leveraged for improved control in future laser-ion
acceleration experiments.

Section II introduces the experimental setup and diagnostics used
in the campaign. The analysis of the interferometric data are detailed
in Sec. III. In Sec. IV, hydrodynamic simulations with FLASH-2D are
presented and compared to the experimental measurements.
Afterwards, Sec. V discusses the results of the ion diagnostics. Section
VI concludes the paper with a summary and discussion.

II. EXPERIMENTAL SETUP

The presented experiment was conducted at the PHELIX
facility at GSI Helmholtzzentrum f€ur Schwerionenforschung in
Darmstadt, Germany.26 Figure 1 provides a schematic of the exper-
imental setup.

The front end of PHELIX comprises two independent laser sour-
ces operating at the central wavelength of 1053 nm, which are com-
bined before the pre-amplifier. Whereas the femtosecond front end
delivers ultrahigh-temporal-contrast pulses used as the main TNSA
driver pulse, the nanosecond front end produces narrowband pulses
synchronized with the main pulse, which are used as the pre-pulse.
This configuration ensures that both pulses share the same beam path
and pointing, and the pre-pulse can be precisely tuned in delay and
amplitude, allowing for comparative studies with and without
enhanced pre-plasma formation. The ASE level of the main pulse was
characterized prior to the experimental campaign and remained below
1012 Wcm�2 more than 80 ps before the main pulse, and its influence
is negligible compared to the controlled pre-pulse introduced in this
study.

FIG. 1. Schematic sketch of the experimental setup at PHELIX. The laser deliv-
ers a pre-pulse with a pulse duration of sPP and a delay Dt relative to the main
pulse, which is focused onto the target. The timing diagram illustrates the defi-
nition of Dt as the time between the rising edges of both pulses, which result in
temporal overlap for short delays. For pre-plasma characterization, the Seeded
Experimental Plasma Probe Laser (SEPPL) is used as an interferometric
setup. Behind the target, an RCF stack and two Thomson parabola spectrome-
ters (TP-0 and TP-25) are positioned at defined angles relative to the laser
axis.
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To characterize the focal spot of both beams, spatial intensity pro-
files were recorded during alignment prior to each laser shot using the
unamplified laser pulses. From these images, two metrics were
extracted: the full width at half maximum (FWHM) of a simple
Gaussian fit to the radial profile, and the radius enclosing 50% of the
total energy, obtained via direct integration of the 2D intensity map.
The main pulse was tightly focused to a FWHM of 2:666 0:13 lm
and a half-energy radius of 2:3260:33 lm. The quoted uncertainties
represent the standard deviation across all evaluated shots. To achieve
a more uniform preheating of the target, the pre-pulse beam was
designed to be smaller in the near field. This resulted in a focal spot
with a FWHM of 8:1260:11 lm and a half-energy radius of
5:0160:23 lm. Again, the uncertainties reflect the standard deviation
observed over multiple shots. A programmable arbitrary waveform
generator was used to generate a trapezoidal temporal shape for the
pre-pulse, with rise and fall times of 250 ps, resulting in a total pre-
pulse duration sPP of either 1 or 3 ns. The 1ns setting was used most
frequently, while the extended pre-pulse duration of 3 ns helped to
minimize relative timing uncertainties with respect to the main pulse.

The temporal delay Dt between the pre- and main pulse was
defined as the time interval between the points at which both pulses
reached 10% of their respective peak intensities during the rising edge.
To calibrate the electronically adjusted delay settings, unamplified leak
signals of both pulses were simultaneously recorded using a fast photodi-
ode placed at the main amplifier and recorded with a Tektronix MSO64
oscilloscope (4GHz bandwidth, 2.5GS/s). Since both pulses were visible
on the same trace, their relative delay Dt could be extracted from the
temporal distance between the two pulse peaks. A linear fit to the mea-
sured values yielded the calibration curve. Shot-to-shot fluctuations
introduced a total timing uncertainty of 0.3ns (peak-to-valley). The
delay Dt in our experimental campaign was systematically varied from
0.3 to 3ns to study its effect on target expansion and ion acceleration.
For short delay times, the main pulse overlaps with the pre-pulse.

The energy of both pulses varied due to shot-to-shot fluctuations,
and was measured before the compressor with a transmission effi-
ciency of 81%. However, the ns pre-pulse energy remained relatively
stable, resulting in mean energy on target of 0.816 0.05 J. In contrast,
the fs main pulse energy fluctuated more strongly, ranging from
81–122 J on target. Laser focus optimization for maximum intensity
was achieved using a deformable mirror in combination with an abso-
lute wavefront calibration routine, as described by Ohland et al.28

Several carbon foils, each 5lm thick and produced via sputter
deposition by GSI’s Target Laboratory,29 were implemented in the
experimental campaign. Each foil was mounted on the facility’s standard
motorized 4-axis positioning system and aligned at an incidence angle of
25� with respect to the laser axis. The s-polarized laser pulse was focused
onto the target using a diamond-turned F/1.7 off-axis copper parabola.

The on-target laser intensity was estimated using the recorded
focus images during alignment as mentioned earlier and the typical
PHELIX pulse duration18 for the main pulse and the configured pulse
length for the pre-pulse. Because PHELIX features an active beam cor-
rection that minimizes the on-shot beam distortion, we believe this
method delivers a high-fidelity estimate of the on-shot focus intensity.
For the main pulse with a duration of 500 6 50 fs, the mean peak
intensity is estimated to be 1:47ð30Þ � 1021 Wcm�2, where the uncer-
tainty corresponds to the standard deviation across all analyzed shots.
The pre-pulse intensity, in contrast, was significantly lower, and

ranged between 6:4� 1013 and 1:2� 1015 Wcm�2, depending on the
individual shot. For delays of a few hundred picoseconds, the resulting
pre-pulse situation is quite unique, while for longer durations above
1 ns, it emulates the ASE temporal plateau found in standard chirped
pulse amplification (CPA) laser systems.

To characterize the pre-plasma formation, we used a probe beam
from the in-house-developed, frequency-doubled off-harmonic Seeded
Experimental Plasma Probe Laser (SEPPL).30 This laser operates at a cen-
tral wavelength of 515nm and its pulse length was set to 2.5 ps for the
experiment, allowing for quasi-instantaneous snapshots of the pre-plasma
evolution on sub-nanosecond timescales. The probe beam transmitted
through the pre-plasma accumulated a phase delay due to variations in
the electron density and thus the refractive index. A Mach–Zehnder
interferometer with a 16-bit camera overlapped the part of the beam
passing through the plasma with an unperturbed part and captured the
resulting fringe pattern, from which the phase shift was directly extracted.
Assuming cylindrical symmetry, the electron density distribution was
reconstructed via inverse Abel transform (see Sec. III).

The accelerated ion beam was characterized using a stack of
radiochromic films (RCFs) and two Thomson parabola (TP) spec-
trometers, the relative position of which can be seen in Fig. 1. The
RCFs, measuring 50� 50mm2, included HD-V2 and EBT3
Gafchromic films, each containing a 3mm wide slit to allow ion detec-
tion by the Thomson parabola spectrometers. The front surface of the
RCF stack was positioned 58mm from the target to measure the spa-
tially resolved ion energy distributions. Due to the geometrical setup,
the RCFs did not capture ions emitted exactly along the laser axis. The
first film layer covered an angular range from 1.7� to 48.3� with respect
to the laser axis. The TP spectrometers enabled energy and charge state
measurements of the accelerated ions by deflecting them through
crossed electric and magnetic fields before reaching an imaging plate.
They were positioned at distances of 407mm (TP-0) at 0� and
344mm (TP-25) at 25� relative to the laser axis. TP-0 has a conven-
tional design with parallel electrostatic plates, ensuring a homogeneous
field of �1.11MV/m from a 10 kV potential difference across 9mm.
The magnetic field strength was 1.01T, extending over 100mm. In
contrast, TP-25 utilized an adapted electrostatic design with non-
parallel plates.31 The plate separation increased from 2.39mm at the
entrance to 22.5mm at the exit, resulting in a position-dependent elec-
tric field. A voltage of 4 kV was applied across the plates. The magnetic
field extended over 70mm, with a peak strength of 0.597T and an
average field of 0.373T, providing ion deflection for species separation.
Both spectrometers featured a 100lm diameter pinhole, which defined
the angular acceptance and spatial resolution of the detected ion beam.
The calculated acceptance angles were 0.122 mrad for TP-0 and 0.140
mrad for TP-25, respectively, determining the maximum divergence of
ions reaching the detector.

This setup of diagnostics ensured precise characterization of the
laser–plasma interactions and facilitated a detailed analysis of the
resulting phenomena.

III. ANALYSIS OF INTERFEROMETRIC DATA

Optical interferometry is a well-established diagnostic method in
laser-plasma physics to measure the electron density of an undercriti-
cal plasma.32,33 A probe beam passing through the plasma accumulates
a phase shift due to changes in the electron density and thus the refrac-
tive index. By recording interference fringes, the phase shift can be
extracted and converted into spatially resolved electron density maps,
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assuming a cylindrical geometry. In this section, we present the analy-
sis of the interferometric data, detailing the image acquisition, phase
extraction, and electron density reconstruction.

The interferometric setup utilized the in-house developed
SEPPL operating at a central wavelength of 515nm and a pulse
length of 2.5 ps.30 To ensure synchronization, the probe laser was
temporally shifted such that its rising edge overlapped with the ris-
ing edge of the main pulse in the interaction point. Given the pulse
duration of SEPPL, the interaction geometry of the interferometry
setup and plasma dimensions, we assume a precision in the relative
timing between the interformetry and driver pulse at a few picosec-
onds, which is small compared to plasma expansion dynamics
before the main pulse. For each laser shot, an interferometric image
was recorded to take a snapshot of the pre-plasma expansion just
before the interaction with the main pulse. In addition to the on-
shot image, a background image and a reference image were taken
before the laser interaction. After passing the expanded plasma from
the target, the probe beam was directed through a Mach–Zehnder
interferometer, which overlapped the part of the beam that passed
through the plasma with an unperturbed part. A 16-bit camera
recorded high-spatial-resolution interference fringes, which remain
well resolved without saturation. Figure 2 shows an example of a ref-
erence and on-shot image. The main laser pulse is coming from the
left side. In the reference picture, the target shadow is visible in the
darker area. The target foil is slightly curved. In the on-shot picture,
two features become visible: first, a shadow of the plasma around
the interaction region is visible. This effect is due to the deflection of
the probe laser rays in areas of strong plasma density gradients and
limits the electron density region accessible via interferometry.
Second, the interference pattern is visibly different from the refer-
ence picture and it encodes the plasma density information. The red
curve indicates the region, where a reconstruction of the electron
density is not possible.

To extract the phase shift d/ from the interferometric images, a
Fast Fourier Transform (FFT) method was applied. The first-order

spatial frequency component, which carries the phase information,
was isolated from both the reference and on-shot images using a
Gaussian filter. An inverse FFT followed by subtracting the reference
from the on-shot image yielded the spatial phase distribution. The
resulting phase shift, denoted as d/ðx; yÞ, was then unwrapped to iso-
late the plasma-induced contribution.

The relation between the phase shift accumulated along the prop-
agation in the plasma and the index of refraction n0 is given by

d/ðx; yÞ ¼ 2p
k

ð
z
n0ðx; y; zÞ � 1ð Þ dz; (1)

where k is the probe laser wavelength. Being able to retrieve the
index of refraction information will lead to the electron density ne(z),
where index of refraction and free electron density in the plasma are
linked by

neðx; y; zÞ ¼ n20ðx; y; zÞ � 1
� �

nc; (2)

nc ¼ �0mex2

e2
; (3)

where nc is the critical electron density defined as function of �0 the
permittivity of free space, me the electron mass, x the angular fre-
quency of the probe laser, and e the elementary charge.

Direct inverting of Eq. (1) is not possible without additional
assumptions. However, when assuming a cylindrical symmetry, i.-
e., n0(x,y,z)¼ n0(x,r) with r¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ z2
p

, it is possible to invert the
problem using the Abel inversion and find n0(x,r). Here, critical
parameters are the position of the axis at r¼ 0, and the necessity to
start with symmetrical plasma images.

The final reconstructed electron density distribution is shown on
logarithmic scale in Fig. 3. White regions mark areas of low electron
density not resolved by the interferometer dynamic range (negative
values), as well as regions within the target shadow with high electron
density and/or high electron density gradients. The red curve indicates
the boundary beyond which electron density reconstruction is no

FIG. 2. (a) Reference interferometric image and (b) on-shot interferometric image at
the time of the main pulse arrival. The darker area without fringes represents the
high-density region above 3 � 1019 cm�3, corresponding to (a) the target before
laser interaction and (b) the expanded plasma. In this region, the probe laser could
not penetrate the plasma or was significantly deflected due to steep electron density
gradients. The red curve marks the boundary above which no reliable electron den-
sity reconstruction is possible.

FIG. 3. Reconstructed 2D electron density distribution from the interferometric
image. The white regions correspond to areas outside the reconstructed dynamic
range. The red curve indicates the region above which a meaningful electron den-
sity reconstruction is not feasible.
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longer feasible. A noise level on the order of �1018 cm�3 was esti-
mated by comparing two reference images (without plasma) from two
different laser shots. Given a maximum electron density of 3 � 1019

cm�3, this corresponds to a dynamic range of�30.
This interferometric analysis provides key insights into the pre-

plasma expansion dynamics, enabling direct comparisons with hydro-
dynamic simulations (see Sec. IV).

IV. HYDRODYNAMIC SIMULATIONSWITH FLASH-2D
AND COMPARISONWITH INTERFEROMETRY DATA

For experiments involving ultrahigh laser intensities, the intensity
required to start ionizing the target material is usually reached long
before the interaction conditions enter the relativistic regime. As a con-
sequence, the plasma begins to expand hydrodynamically during the
early stages of the interaction. In our experiment, this behavior was
emulated by introducing an artificial pre-pulse, which allows for con-
trolled studies of pre-plasma formation prior to the arrival of the main
pulse.

Hydrodynamic simulation tools can be used to describe this
effect, providing detailed insights into plasma evolution, particularly in
regimes where experimental diagnostics are limited.34–37 The goal of
the simulations presented in this section is to model the evolution of
the pre-plasma and to reproduce the experimentally observed density
distributions at the time of main pulse arrival. For this purpose, the
FLASH-2D code,27 an adaptive-mesh radiation hydrodynamics solver
was employed.

Generally, hydrodynamic simulations typically rely on equation-
of-state models that assume local thermodynamic equilibrium.
However, laser-plasma interaction experiments involving ultrashort
laser pulses can exhibit highly transient, non-equilibrium behavior in
both space and time, which introduces uncertainties in the simulation
outcome. Therefore, key input parameters such as the pre-pulse energy
and beam waist were systematically varied and benchmarked against
the interferometric measurements to ensure realistic modeling of the
pre-plasma conditions.

To approximate the experimental conditions while maintaining
computational efficiency, a cylindrical 2D geometry with normal laser
incidence (0�) was employed in the simulations. This differs from the
experimental setup, where the laser was incident at an angle of 25�

with respect to the target normal. The choice of normal incidence is
justified by the predominantly target-normal plasma expansion
dynamics. This was also confirmed by an additional three-dimensional
(3D) Cartesian simulation, including the actual angle of incidence.
Apart from this geometric simplification, all other parameters were
chosen to closely reproduce the experimental conditions (see Fig. 1).
The 5lm thick target was initialized at a temperature of 290K. The
material was modeled as graphite using the SESAME equation of state
(EOS) table 7832.38 Opacity values were generated using the Transport
Opacity Processing System (TOPS) multigroup opacity code,39 with
six spectral groups applied in the simulations. The laser pre-pulse was
modeled with 250 ps rise and fall times and a constant intensity pla-
teau. A focal spot size of 8.55lm (FWHM) and a laser energy of 1 J
was used in the simulations, slightly larger than the experimentally
measured value of 8:1260:11 lm and 0.816 0.05 J.

Several physical effects are visible in the simulation results. In
addition to plasma formation at the front side of the target, a shock
wave is generated at the beginning of the simulation, propagating
through the target and leading to the disruption of the thin foil.

Furthermore, a complete target displacement is observed in the density
profiles.

To adjust the simulations to the interferometric data, the laser
energy and beam waist were systematically varied. The interferometry
probed the plasma after a 3ns pre-pulse (without main pulse), and the
simulations were performed for the same duration to match the mea-
surement time. Using the long pre-pulse of 3 ns minimizes the influ-
ence of the relative timing jitter between the interferometry laser and
the pre-pulse, as the fixed jitter of 0.3ns (peak-to-valley) represents
only a small fraction of the total pre-pulse duration.

In one set of simulations, the laser intensity was kept constant by
scaling the beam waist with the square root of the energy, isolating the
effect of different energy input [Fig. 4(a)]. In another set, only the laser

FIG. 4. Comparison of interferometry data and simulated electron density lineouts
along the laser propagation axis at the center (y ¼ 0lm) after a 3 ns pre-pulse. In
(a), the laser energy and beam waist were varied while keeping the intensity con-
stant. In (b), only the laser energy was varied. The black dashed line represents the
initial front surface of the target, which extends from x ¼ 0 to x ¼ 5lm.
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energy was varied while maintaining a fixed beam waist, enabling an
analysis of the influence of different on-target intensities [Fig. 4(b)].
Figure 4 shows the electron density lineout along the laser axis after a
pre-pulse of tPP ¼ 3ns. Using the experimental data as input to the sim-
ulation leads to plasma densities that underestimates the experimental
data measured by interferometry. The input parameters to the simula-
tion were then manually adjusted to improve the agreement between
simulations and experiments. The comparison of the experimental and
simulated electron density profiles shows that the simulation with a laser
energy of 7 J and a beam waist scaled by a factor of

ffiffiffi
7

p
, corresponding

to a constant laser intensity, matches best with the interferometric data,
both in terms of density gradient and absolute electron density values in
the central region where the main laser interaction occurs.

When only the laser energy is varied with a fixed beam waist,
density modifications occur mainly in the region of the initial target
position, while the density distribution in the pre-plasma remains
nearly unchanged. Simulations with higher laser energy indicate a
faster temporal evolution of the plasma expansion, leading to a more
rapid depletion of the target material. These results highlight the
importance of adjusting both the laser energy and the beam waist to
accurately reproduce the experimentally observed electron density pro-
files, while keeping the on-target intensity constant.

The modified simulation parameters, with an increased laser
energy of 7 J instead of 1 J and an adjusted beam waist of

ffiffiffi
7

p
, ensuring

constant laser intensity, were also applied to a pre-pulse duration of
sPP ¼ 1ns with varying delays Dt. Figure 5 shows the electron density
lineouts along the laser propagation axis at the center (y ¼ 0lm) for
delays of 0.5 and 1.5 ns. At smaller delays compared to the 3 ns, the tar-
get remains opaque, as indicated by the critical density threshold. The
simulations show good agreement with the interferometric data in the
low-density region for various delays.

While the primary analysis was based on two-dimensional (2D)
cylindrical simulations, three-dimensional (3D) simulations were per-
formed for comparison. Due to computational constraints, these were
carried out with a smaller simulation box and only for short delay
times Dt. The results confirm that the 2D cylindrical approximation
accurately reproduces the plasma expansion dynamics observed in 3D
simulations, as evidenced by the agreement in the electron density line-
outs. Additionally, the 3D results support the assumption that the
dominant plasma expansion during the pre-pulse occurs primarily in
the target-normal direction.

The simulation results closely reproduce the pre-plasma expan-
sion observed in the interferometric measurements, indicating that the
adapted FLASH-2D simulation provides a good representation of the
laser-matter interaction during the pre-pulse phase.

V. LASER-ION ACCELERATION

This section presents the experimental results on laser-ion accel-
eration and their dependence on the pre-pulse parameters. The accel-
erated ions were diagnosed using two TP spectrometers positioned at
0� (TP-0) and 25� (TP-25) relative to the laser axis, and a stack of
RCFs (see Fig. 1).

Figure 6 presents the measured proton cutoff energy normalized
by the square root of the applied laser energy for different pre-pulse
delays Dt. The choice of normalization is motivated by previous exper-
imental findings, where a scaling with the laser peak power, as pro-
posed by Zeil et al.,40 showed better agreement with measured data
than a scaling with on-target intensity. This behavior was observed in
earlier experiments at PHELIX, where the laser power scaling repro-
duced the observed trends more reliably.18 While alternative empirical
scalings exist, such as the one proposed by Zimmer et al.,41 the square
root normalization was chosen here for consistency and simplicity. In

FIG. 5. Comparison of interferometry data and simulated electron density lineouts
along the laser propagation axis at the center (y ¼ 0lm) with a pre-pulse duration
of 1 ns and varying pulse delays. A 3D simulation was added for comparison. The
black dotted line represents the critical density, indicating that the target remains
opaque in these cases.

FIG. 6. Measured proton cutoff energy, recorded with RCFs, TP-25 (target normal
direction), and TP-0 (laser direction), normalized by the square root of the applied
laser energy as a function of pre-pulse delay Dt. The shaded area corresponds to
shots with a pre-pulse duration sPP ¼ 1 ns, while the others used sPP ¼ 3 ns. The
data points at Dt ¼ 0 corresponds to a laser shot without an additional induced
pre-pulse.
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our case, the assumption of Target Normal Sheath Acceleration
(TNSA) as the dominant mechanism is justified by the use of relatively
thick targets and further supported by transmitted light measurements
(not shown in the experimental setup for simplicity), which were per-
formed using a calorimeter. These measurements confirmed that the
targets remained opaque during the interaction, excluding significant
contributions from alternative acceleration mechanisms.

In addition to a laser shot without an induced pre-pulse, the
experiment included two different pre-pulse durations of 1 and 3ns,
each delivering �1 J of energy. Only the relative delay between the
pre- and main pulses was varied across the scan. In Fig. 6, the data
points at Dt ¼ 0ns represents the laser shot without an explicit pre-
pulse.

The data in Fig. 6 reveal a systematic decrease in proton cut-
off energy with increasing pre-pulse delay. This trend is observed
in both the RCF and TP data, which show good overall agree-
ment. We attribute this to target rear-side expansion, and a subse-
quent decrease in the accelerating sheath field strength. In the
absence of a pre-pulse (corresponds to values with 0 ns delay), ion
acceleration follows the classic TNSA mechanism, with the highest
proton energies observed in the target normal direction (TP-25).
In contrast, with increasing pre-pulse delay, the ion beam progres-
sively shifts toward the laser propagation direction, as detected by
TP-0. For longer pre-pulse durations and delays, this directional
shift is not observed, and the overall proton cutoff energies appear
significantly reduced.

This shift in acceleration direction is further confirmed by RCF
measurements, which provide spatial information about the ion beam
profile. Figure 7 displays RCFs of the last layer for each shot, showing
the highest measured proton energy. While the case without a pre-
pulse is the classic TNSA case, one clearly sees the deflection for the
cases with increasing pre-pulse delay. For the longer pre-pulses, arti-
facts are visible indicating a destruction of the target by the arrival of
the main pulse.

All relevant laser parameters, focal spot sizes, and extracted scale
lengths for each shot are summarized in Table I. The scale lengths Ln
were obtained at an electron density of ne ¼ 1019cm�3, both from
experimental interferometric reconstructions and from hydrodynamic
simulations. For the shot without a pre-pulse, no measurable expan-
sion occurred, and the experimental reconstruction could not resolve
the density gradient. In this case, a simulated scale length based on the
rising slope of the laser envelope is provided.

In general, we observe reasonable agreement between measured
and simulated values, with overlapping 3r error bars for all shots
except for the one at Dt ¼ 0:34ns. For short delays, the interferometric
reconstruction is challenged by diffraction effects and limited resolu-
tion, as the resulting pre-plasma is compact and the fringe shifts are
confined to a narrow region near the target surface.

While the pre-plasma scale length is a critical parameter for char-
acterizing the interaction conditions, especially in the context of laser
energy absorption and ion acceleration mechanisms, it should be noted
that our interferometric diagnostic does not resolve densities near or
above the critical density nc. Thus, the extracted scale lengths reflect
the conditions in the underdense region. Nevertheless, it has been
shown that the scale length at or near the critical density plays a central
role in determining the efficiency and scaling behavior of TNSA
acceleration.42

We attribute the observed shift of the proton emission direction
in large part to a deformation of the target rear side, induced by the
shock wave from the controlled pre-pulse. This deformation alters the
sheath field geometry at the time of the main pulse arrival, as also sup-
ported by FLASH-2D hydrodynamic simulations.

However, the underlying laser–plasma interaction is complex and
may involve additional effects beyond rear-side deformation, such as
variations in electron acceleration, local changes in laser energy deposi-
tion, self-focusing, or reflection angle. A complete disentangling of
these contributions would require additional targeted diagnostics or
advanced 3D PIC modeling, which are beyond the scope of this work.
Nevertheless, the experimental trends and hydrodynamic simulations
suggest that rear-side deformation is a dominant factor in the direc-
tional shift observed.

Figure 8 shows the simulated electron density distributions from
FLASH-2D simulations for a 1 ns pre-pulse at a 0.5 ns delay. To com-
pare with experimental configuration, the simulation box was rotated
by 25�, corresponding to the angle between the laser axis and target
normal in the experiment. In this rotated frame, the initial target sur-
face of the undeformed target aligns with 25� (black dotted line).
However, when a pre-pulse is introduced, the shock-driven target
deformation modifies this geometry. In the 0.5 ns delay case, the
shock-driven expansion of the target rear side leads to a deformation
that tilts the effective target normal direction to 14.6�, closer to the
laser axis. Moreover, the FLASH simulations capture the general trend
of ion beam deflection via the evolving target shape. While the simu-
lated deformation progresses are slower compared to the experiment,

FIG. 7. RCFs of the last layer for each shot, corresponding to the highest measured proton energy. The RCF stack was positioned parallel to the target surface. Thus, the left
side corresponds to an emission angle of 1.7�, the center to 25� (target normal), and the right side to 48.3� relative to the laser propagation axis.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 083105 (2025); doi: 10.1063/5.0278103 32, 083105-7

VC Author(s) 2025

 25 August 2025 09:01:21

pubs.aip.org/aip/php


the effective normal direction approaches 0� around 0.9ns, indicating
a clear shift toward the laser axis over time.

The pre-pulse-induced deformation alters the sheath field topol-
ogy, redirecting ion acceleration toward the laser axis. This effect is
particularly relevant for other high-intensity laser facilities, where high
Amplified Spontaneous Emission (ASE) levels may induce comparable
pre-plasma effects. Therefore, careful consideration of pre-pulse condi-
tions is essential when identifying acceleration regimes and optimizing
experimental parameters.

VI. DISCUSSION AND CONCLUSION

In this study, we investigated the influence of pre-plasma forma-
tion on ion acceleration in the TNSA regime through a combination of
an experiment and hydrodynamic simulations. The experiment was
conducted at the PHELIX facility, where we systematically varied the
pre-pulse delay and analyzed the resulting pre-plasma and ion beam
dynamics using side-view interferometry, TP spectrometers, and RCF
diagnostics. Hydrodynamic simulations with FLASH-2D were adapted

to match the experimental interferometric measurements, providing
deeper insights into the evolution of the pre-plasma.

Our results demonstrate that pre-pulse-induced target deforma-
tion significantly affects both ion energy cutoffs and ion beam direc-
tionality. The presence of a pre-pulse led to a systematic reduction in
maximum ion energies, which we attribute to target rear-side expan-
sion and a subsequent decrease in the accelerating sheath field
strength. Additionally, ion beam deflection was observed experimen-
tally. The ion beam consistently shifted away from the initial target
normal direction toward the laser propagation axis, correlating with a
tilting of the effective target normal due to shock-driven deformation.

While previous studies have established that pre-plasma condi-
tions influence the efficiency of laser-ion acceleration, our findings
highlight the critical role of target deformation in modifying accelera-
tion geometries. Unlike experiments relying on ASE levels, our con-
trolled pre-pulse approach enabled systematic variation of pre-plasma
conditions, establishing a clear correlation between pre-pulse parame-
ters and ion beam deflection. This complements previous work, such
as Batani et al.,19 who also observed pre-pulse-induced ion beam devi-
ation but under different laser and target conditions. By integrating
hydrodynamic simulations, we extend the understanding of these
effects beyond experimental observations and provide a predictive
framework for pre-plasma evolution.

These results highlight the importance of carefully controlling pre-
pulse conditions in high-intensity laser-plasma experiments. The ability
to manipulate ion beam trajectories through controlled pre-pulse-
induced deformation could be utilized for beam steering applications or
tailored acceleration setups. At the same time, our findings emphasize
the necessity of distinguishing between actual changes in the acceleration
mechanism and modifications induced by pre-plasma effects. Ion beam
deflection, as observed in our study, does not indicate a transition to an
alternative acceleration regime but is instead a direct consequence of tar-
get deformation affecting the sheath field topology.

While having an independent control over the pre-pulse is a great
advantage, one of the limitation met during the experiment has been
the relative jitter around 0.3 ns (peak-to-valley) between the pre- and
main pulses, due to the generation process of the two independent
lasers used in the front end at PHELIX. This has prevented us from
studying pre-pulse effects occurring at delays of only tens of picosec-
onds. In the future, an improved relative timing at PHELIX will enable
working with thinner targets, below 1lm, where the effect of the pre-
pulse could be more dramatic.

TABLE I. Overview of laser parameters, focal spot sizes, and measured/simulated scale lengths for each shot. For the scale lengths at ne ¼ 1019 cm�3, 3r uncertainties are
given. For the shot with no pre-pulse, the pre-plasma expansion could not be resolved and thus no scale length measured. The simulated scale length in this case was deter-
mined based on a hydro simulation with the rising slope of the laser.

Pre-pulse delay Laser energy on target Main pulse spot size Pre-pulse spot size Measured scale length Simulated scale length
Dt in ns Elaser in J FWHMmain in lm FWHMpre in lm L exp

n in lm Lsimn in lm

No pre-pulse 95.89 2.666 0.17 � � � � � � 4.366 0.79
0.346 0.17 120.01 2.786 0.24 8.276 0.58 26.926 1.23 35.536 3.74
0.546 0.17 82.80 2.786 0.25 8.276 0.40 39.386 1.16 45.206 6.90
1.246 0.16 96.92 2.766 0.19 8.266 0.55 109.886 39.19 70.006 16.77
1.946 0.16 105.60 2.546 0.12 8.146 0.39 80.376 12.85 96.786 5.15
2.946 0.16 102.65 2.796 0.18 8.346 0.46 83.106 14.67 90.316 12.17

FIG. 8. Electron density distributions from FLASH-2D simulations with a 1 ns pre-
pulse at a 0.5 ns delay. Target deformation leads to a tilt of the effective normal
direction from 25� (black dotted line) to 14.6� (blue line). The red dotted line shows
the actual laser axis after target rotation.
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In any case, our results serve as a cautionary note for experiments
investigating alternative ion acceleration mechanisms, such as
Radiation Pressure Acceleration (RPA). In such regimes, the presence
of pre-plasma can significantly alter target properties, potentially sup-
pressing the acceleration process or leading to misinterpretations of
the underlying physics. This underscores the need for precise diagnos-
tics and careful experimental design when studying laser-driven ion
acceleration.
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