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Equations

Hydrodynamic equations
ˆfl
ˆt + Ò · flu = 0
fl(ˆu

ˆt + u · Òu) + Òp = 0
ˆ
ˆt (fl‘ + flu2

2
) + Ò · (flu(‘ + u2

2
) + pu) = 0

Where u, fl and p are the velocity, density and pressure and ‘ the specific
internal energy.

To complete those equations an equation of state must be chosen,
analytically (perfect gas) or tabulated (SESAME for example).
Other equations may be necessary, to add MHD or radiative e�ects
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Code

The system is projected on a mesh
Equation solved using the finite volume method

Two di�erent approaches
À √

Eulerian Lagrangian

There are a lot of hydro codes, TROLL, RAMSES, Impact3D, FLASH,
GORGON, HYADES, MULTI but only a few are open-access.
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Di�erent code

Eulerian Code
Fixed mesh and the quantities
inside change ∆ naturally more
di�usive

Problem with gradients æ
Adaptative Mesh Rafinement

Lagrangian Code
Mesh deforms with the quantities

Problem with vorticity æ
Arbitrary Lagrangian Eulerian ∆
really expensive and hard to
parallelize

Each method tends to correct these defects by sticking to the other
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Brief FLASH’s History

Developed in Rochester
(previously in Chicago)
First version in 2000
Used by more 3500 people in
the world
First purpose was for
astrophysical simulation but now
a lot of physics can be simulated
with FLASH
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Downlaod FLASH

To find FLASH https://flash.rochester.edu/site/
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FLASH environment

User environment
User guide
Mailing list
A lot of test problems
Adapted to massively parallel computing

Conputational requirement
Can run on personal laptop and super-computer
Requires MPI, HDF5, HYPRE library
VisIt is a usefull tool to analyse the results
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Basic physics

Basic physics
1D/2D/3D/Axisymmetric
Adaptive Mesh Refinement (AMR)
Radiative hydrodynamic/Multi-temperature
Full Braginskii extended-MHD : Anisotropic conductivity, Hall
e�ect, Nernst e�ect, Biermann-Battery ...
Multi-species
Laser deposition
...

Physics not included
Void medium
Must add external equation of state/opacity for more realistic
physics
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Adaptative Mesh Refinement

For a better description of sharp
gradients some codes use Adaptative
Mesh Refinement
When the gradient is too sharp
(determined by the user) the mesh is
refined
No default refinement variables

Blocks are put in a tree
structure:parent at the root and
children in the branches
Three rules govern the
establishment of refined child
blocks

Helps to reduce simulation
time
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Laser Deposition
Laser beams are treated in the geometric optics approximation æ
beams are made of a number of rays
The refraction can be treated in 2D and 3D
Laser energy power deposition is calculated by inverse Bremsstrahlung

Inverse Bremsstrahlung
Inverse Bremsstrahlung is a collisional absorption mechanism.
When a free electron trapped in a laser field collides with an ion, it
will gain the photon energy.
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Di�erent use of hydrodynamic codes
[FLASH web site]
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Simulation Chain

Hydrodynamic codes are often the first step of a simulation chain
This type of chain can be used after the experiments to analyse it or
before to prepare it

[F.Brun et al. 2023]
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Know the state of the plasma
One of the main uses of the hydrodynamic code is to know the state of
the system. Those examples are the hydro situation due to a pre-pulse
before a more intense (UHI) pulse.

PICO2000 laser was incident on
a H2 gas jet
FLASH was used

Figure: Dashed line: the initial density profile of the gas jet

based on measurements. Solid line: the density profile taking

into account the laser ASE[Puyuelo-Valdes et al. 2019]

TITAN laser was on a hydrogen
TROLL was used

Figure: Hydrodynamic simulation of the spatial profle of the ion

density of the Hydrogen gas jet at various times (as indicated)

afer the start of its irradiation by the prepulse[Chen et al. 2017]
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Preliminary study

Hydrodynamic codes can also be
used for preliminary study before an
experiment
TROLL was used to know the state
of two colliding blast wave

Figure: Principle of the plasma tailoring, side view

Figure: Profiles of density (ne/nc, violet curve) and temperature

(Te: orange curve; Ti: green curve)[Marquès et al. 2020]

M. François Use of hydrodynamic codes for particle acceleration and presentation of the FLASH code 16/18



Knowing the state of the plasma

16

3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17143  |  https://doi.org/10.1038/s41598-022-21352-8

www.nature.com/scientificreports/

available, revealing a preplasma regime which to the best of our knowledge has never been considered in PIC 
simulations.

The PIC code used is the relativistic quantum electrodynamic EPOCH  code61, compiled with the Higuera-
Cary62 (to more accurately resolve electron trajectories), Bremsstrahlung and  Photons63 preprocessor directives 
enabled. The simulations are performed in the 3D version of the code, where the laser pulse and target character-
istics match those of the MHD simulations, with main pulse focused intensity ranging from 2.8×1026 Wm−2 to 
2.8×1027 Wm−2 . The corresponding energy is set from 20 J to 200 J , while a pulse duration of 17 fs4,7 corresponds 
to lasers of 1 PW to 10 PW power. The central laser wavelength is set to 815 nm , typical for titanium-sapphire 
lasers. The laser focal spot is set at the centre of the front surface of a foil target.

The MHD density array, after interpolation to a 10×40×40 nm cell size grid, is centred and expanded in a 
cubic PIC volume, extending from −15.36µm to 15.36µm in all three directions. The cell dimensions are cho-
sen small enough to accurately resolve the relativistic skin depth, while 8 macro-electrons and 8 macro-ions are 
assigned to each cell. The simulation ran for 110 fs , enough for κγ to saturate and at the same time neither field 
energy nor energetic electrons escape the simulation box from the open boundaries. The laser is focusing at a 
simulation time of 65 fs , which is set as 0 fs for the laser-target interaction. The simulations run on the ECLIPSE 
cluster, ELI-Beamlines, on 1024 cores.

Cavity propagation and intensity enhancement
In the present work, the default target referral is a tailored lithium target and the default laser power is 10 PW , 
except where it is stated otherwise. The conical-like cavity presently used resembles laser-target interaction geom-
etries on which a cone is purposely fabricated at the target, aiming at novel fast-ignition  schemes64,65, increasing 
laser induced γ-photon  production66, enhancing laser field  intensity67, and efficient proton  acceleration68,69. 
The cavity formation in the radiation reaction regime is related to fast-ion  ignition70 and ion  acceleration71. In 
particular, the radiation friction effects result in suppressing the laser pulse filamentation.

In typical laser-solid interaction experiments, an oblique incidence angle is required to avoid laser back-reflec-
tion that could lead to laser damage and/or to icnrease the laser-target coupling. A normal laser incidence can 
be considered if the laser system is equipped with a series of Faraday isolators. When the theoretical predictions 
of our work are adjusted to a particular laser system, further simulations addressing the effect of a non-normal 
incidence angle should be performed, along with the other parameters of the specific laser beam.

The interaction of an ultra-intense laser pulse with a foil target results in electron acceleration by the electro-
magnetic  field72. Since the frequency of the electromagnetic force is double the laser frequency, twice in every 
cycle a population of electrons is accelerated into the plasma, and a hole starts evolving on the target. Electrons 
absorb a significant portion of the laser energy, where their energy spectrum has an exponentially decaying 
profile with a decay temperature comparable to the ponderomotive potential. As the laser penetrates the target 
within the cavity region, the laser electric field drives plasma electrons on the edge of the hole and the absorption 
efficiency increases. In undercritical density regions, laser energy transfer to hot electrons is attributed not only 
to the oscillating ponderomotive force, but also to Raman instability. Moreover, the case of pulse evolution within 
relativistic channels have been  demonstrated73. In our simulations, when the laser field peaks, high electron 
momentum values exist within an angle of approximately 45o with respect to the laser propagation axis. As the 
emission direction of high energy γ-photons is approximately that of the electrons, the γ-photon distribution 

Figure 1.  (A) Electron number density as given by MHD simulations (data taken from  reference60), following 
irradiation of a lithium foil. The yellow contour line is at the critical density and the white contour line is at the 
lithium solid electron density. The orange saturated contour is overcritical for laser intensities above 1027 Wm−2 . 
(B) The ASE pedestal profile used in  reference60 (blue line) compared with the 10 PW main laser pulse profile 
presently employed (red line).
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Towards bright gamma‑ray flash 
generation from tailored target 
irradiated by multi‑petawatt laser
Prokopis Hadjisolomou1*, Tae Moon Jeong1 & Sergei V. Bulanov1,2

One of the remarkable phenomena in the laser‑matter interaction is the extremely efficient energy 
transfer to γ‑photons, that appears as a collimated γ‑ray beam. For interactions of realistic laser pulses 
with matter, existence of an amplified spontaneous emission pedestal plays a crucial role, since it hits 
the target prior to the main pulse arrival, leading to a cloud of preplasma and drilling a narrow channel 
inside the target. These effects significantly alter the process of γ‑photon generation. Here, we 
study this process by importing the outcome of magnetohydrodynamic simulations of the pedestal‑
target interaction into particle‑in‑cell simulations for describing the γ‑photon generation. It is seen 
that target tailoring prior the laser‑target interaction plays an important positive role, enhancing 
the efficiency of laser pulse coupling with the target, and generating high energy electron‑positron 
pairs. It is expected that such a γ‑photon source will be actively used in various applications in nuclear 
photonics, material science and astrophysical processes modelling.

Since the invention of the Chirped Pulse Amplification  technique1, development of multi-petawatt (multi-PW) 
laser systems is envisioned worldwide. The lasers with the 10 PW peak power are coming in operation at the 
ELI-Beamlines2, Czech Republic, with an energy of 1.5 kJ , and at the ELI-NP3, Romania, with a pulse duration 
of 25 fs but approximately five times lower energy compared to ELI-Beamlines. The ELI-ALPS, Hungary, aims at 
constructing an ultrashort 17 fs laser of 2 PW4. The laser combining pulses shorter than 20 fs in the 10 PW level 
is developed in Apollon  facility5, in France. By focusing a multi-PW laser down to a micrometer-wide  spot6,7, 
intensities exceeding 1027 Wm−2 can be achieved, where this threshold has been recently surpassed by the 4 PW 
CoReLS  laser7, South Korea.

A typical high power laser consists of an ultrashort main pulse, preceded by a lower amplitude amplified 
spontaneous emission (ASE) pedestal extending in the nanosecond  scale8. The laser contrast is defined as the 
ratio of the main pulse amplitude to the ASE pedestal amplitude. Usually, in high power laser systems the 
contrast is increased through complex and/or expensive additions, such as Optical Parametric Chirped Pulse 
 Amplification9 and plasma  mirrors8,10.

The importance of a finite contrast for laser-matter interactions is highlighted both  experimentally11–14 and 
 theoretically12,13,15–17. By assuming an initially steep density gradient (flat-foil, or simply foil) target, in the afore-
mentioned literature it is agreed that the ASE pedestal modifies the initial density profile at an extent proportional 
to its amplitude and duration. A relatively thick (micrometer range) foil is curved in the vicinity of the laser 
focal spot, where a gradually increasing density profile appears in the target front region. On the other hand, if 
the target is thin enough then the ASE pedestal drills the target resulting in no interaction when the main pulse 
arrives. As a result, the preplasma strongly affects the energy spectra and directionality of particles emitted due 
to the laser-target interaction. However, since computational studies of the interaction typically involve particle-
in-cell (PIC) simulations which cannot be applied to model the nanosecond long duration required by the ASE 
pedestal, usually a foil target is assumed, acknowledging only the effect of the main pulse on target.

A plethora of exotic target geometries has been already considered for laser-matter interaction experiments. 
Among numerous examples, we mention proton-rich micro-dots18, cylindircal micro-lenses19,20, hollow micro-
spheres21, micro-coils22 and wavelength-scale holed  targets23,24. All of the aforementioned target designs require 
explicit microfabrication techniques, while they add further complexity to a laser-target experiment since they 
require additional efforts on positioning and alignment of the target. However, it was noticed that the use of 
tailored targets is favorable for the laser-target interaction and their use is widely employed.
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is unavoidably related to that of electrons, in connection to the findings regarding the γ-ray flash divergence, 
discussed later in the manuscript.

Since in our case the relativistic critical density is above lithium electron number density, one might expect 
the cavity formation to have no effect on focusing the laser field, due to dominance of relativistic self-focusing74 
of the laser field in the underdense solid. However, as seen by the spikes in the density line-out profiles in Fig. 1A, 
a thin, overdense layer is formed on the cavity walls. As a result, the laser field can penetrate only within the 
skin-depth of the walls, and reflected towards the cavity depth.

The reflected fields then interfere, rapidly increasing the field intensity. Note that the laser focal spot is at the 
base of the cone, meaning that in vacuum the laser would be defocusing if the cavity did not exist. In addition, 
the cavity volume is filled with a low electron density, that also aids focusing due to weak relativistic self-focusing; 
although to a lesser extent than the cavity focusing, as its electron density increases exponentially.

Once the laser is intensified in the cavity, its intensity surpasses that expected in the focal spot. As a result, 
the thin overdense electron distribution becomes undercritical, and the laser breaks into the target  volume75, 
where the lithium density had an initially constant value. In addition, field reflection by the cavity walls results 
in caustics, instantaneously increasing the field intensity. These effects are seen in Fig. 2A, where the laser 
intensity is shown when reaching its maximum value of 2.6×1028 Wm−2 , an order of magnitude higher than 
the intensity expected at the focal spot. The electron number density is over-plotted on the figure, visualizing 
the spatial location of the laser field with respect to the cavity. The highest intensity is recorded at 15 fs after the 
laser field reaches the focal spot.

Figure 3A and B show line-outs (along laser propagation axis) of the transverse and longitudinal components 
of the electric field ( Ey and Ex respectively) at successive times. When the laser field arrives at the cavity (at −5 fs ), 

Figure 2.  (A) Laser intensity (color surface plot) overlaid on the lithium electron number density (grayscale 
image) at 15 fs , when an intensity of 2.6×1028 Wm−2 is reached. (B) Overlay of three successive electron 
number density distributions, with a time step of 20 fs . The first layer is at −5 fs , when the main pulse is within 
the cavity. The overlay of the three layers reveals the temporal dynamics of the cavity formation within the 
target.

Figure 3.  (A) Line-out of Ey , and (B) line-out of Ex along the laser propagation axis at various times, as noted 
on the legend. Note that the laser is linearly polarized, along ŷ . (C) The left axis shows the maximum field 
intensity as a function of simulation time; the black dashed baseline denotes the field intensity expected in 
the focal spot, without the target. The right axis shows with the dashed purple line the amount of laser energy 
transferred to all target particles, while the solid purple line shows the percentage of the remaining laser field 
energy, κγ , as a function of time.
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FIG. 7. (a) Electron density snapshot from FLASH simulation of
nanosecond pedestal-target interaction for the case of laser contrast
of 10−7. Dashed-black lines sketch the initial location of the channel
structure. (b) Maximum ion energy dependence on pedestal duration
for different laser contrasts (10−11, 10−9, 10−7) and no channel case
for laser contrast 10−7.

typically overperforming the corresponding runs with lower
contrast. The overall acceleration mechanism seems to be
unaffected by the considered prepulse.

To verify the robustness of the acceleration scheme against
realistic laser contrast effects, we conducted a set of radi-
ation hydrodynamics simulations using FLASH code [86]
for the parameters described in Sec. III. Obtaining a set of
density snapshots for 0.2–1 ns into the laser pedestal-CH
target interaction, we initialized 2D PIC runs with these den-
sity snapshots and compared the resulting maximum proton
energies at the end of 2D PIC runs. Figure 7(a) shows the
electron density snapshot from the FLASH run for the case of
10−7 laser contrast and 1 ns into the simulation. We may see
that while the target density departed from the initial channel
structure location shown in dashed black lines, the overall
structure of the target remains intact. Figure 7(b) reveals the
effect of the laser pedestal on the maximum ion energies
obtained in these simulations. We find that the presence of the
pedestal with !400 ps duration and contrast no worse than
10−7 keeps the peak ion energy within the 75% of the ideal
case of no prepulse. Thus, we may conclude that the realistic
laser contrast of moderate level does not reduce the efficiency
of the acceleration mechanism. A set of FLASH+PIC runs
with the uniform CH target was also considered, delivering
significantly diminished peak ion energies [circle-dotted-blue
line in Fig. 7(b)]. A more detailed analysis of radiation hy-
drodynamics + PIC pipeline simulations is required for better
matching experimental conditions of a particular laser facility,
including realistic 3D geometry, target material, and oblique
incidence. These questions are beyond the scope of this paper
and will be addressed separately.

For a better understanding of the TNSA stage of ion ac-
celeration, it is of interest to calculate the average density
and temperature of hot electrons to the right from the rear

FIG. 8. Scalings of (a) electron nonthermal temperature, Te,nth

and (b) density ne,nth with laser power. Wilks’ scaling and waveguide
model [green-dashed lines in (a) and (b), respectively] fairly explain
the simulation results.

end of the channel. Figure 8 demonstrates the scaling of
nonthermal electron population parameters with laser pulse
power. Figure 8(a) shows such dependence for the nonthermal
temperature (Te,nth ≡ ⟨Ee⟩) and compares it to the established
scalings [34]. Figure 8(b) reveals calculations of average non-
thermal electron density, ne,nth, and compares it against the
waveguide model [34]. Overall, the nonthermal temperature
measured in all simulations is in fair agreement with Wilks’
scaling [26], Te,nth ∝

√
1 + a2

0 − 1 ≈ a0. ne,nth scaling is fairly
captured by the waveguide model, although the best fit sug-
gests a stronger dependence of nonthermal electron density
on laser power. It may be explained by different optimal
target parameters Lch and nch for the considered range of laser
pulse powers P = 0.3 − 30 PW. Backtracking all electrons
that end up with kinetic energies larger than 500 MeV for
P = 10 PW, Lch = 40 µm, nch = 20ncr run, we found that
they mainly originate from the front side of the channel walls
[see Fig. 9(a)], specifically, from two lobes centered around
x = 15λ, y = ±2 − 3λ, which is within the limits predicted
by waveguide theory (de = c/ωpe ≈ λ

√
a0ncr/nwall/2π ∼ λ).

Simulations with smaller P and/or nch lead to a similar
conclusion. Figure 9(b) exemplifies a few trajectories of the
fastest electrons in the simulation. They also originate from
solid target walls and enter the oscillation cycle in the in-
volved configuration of laser and background fields [89–91],
effectively gaining energy at the channel exit. Finally, we
calculated the relative role of channel filling and wall electrons
in the TNSA accelerating field by comparing

√
ne,nthTe,nth

for each electron population. The fraction of channel filling
contribution to the electrostatic field was found to be no more
than 30%, thus further suggesting a secondary role of channel
filling.
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Laser ion acceleration is a promising concept for the generation of fast ions using a compact laser-solid
interaction setup. In this study, we theoretically investigate the feasibility of ion acceleration from the interaction
of petawatt-scale laser pulses with a structured target that embodies a micron-scale channel filled with relativisti-
cally transparent plasma. Using 2D and 3D particle-in-cell (PIC) simulations and theoretical estimates, we show
that it is possible to generate GeV protons with high volumetric charge and quasimonoenergetic feature in the
energy spectrum. Optimal parameters of the target are obtained using 2D PIC simulations and interpreted on
a basis of an analytical two-stage ion acceleration model. 3D PIC simulations and realistic preplasma profile
runs with 2D PIC show the feasibility of the presented laser ion acceleration scheme for the experimental
implementation at the currently available petawatt laser facilities.
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I. INTRODUCTION

While modern laser facilities have a potential of reaching
ultrahigh intensities up to 1024 W/cm2 [1], delivering laser
fields up to 1 GV/µm, acceleration of charged particles using
laser-target interaction becomes more of an interest. Highly
energized charged particle beams have a broad range of ap-
plicability [2]: Imaging [3], medicine [4,5], controlled nuclear
fusion [6], and nuclear physics [7]. Beams of charged particles
may reach ultrarelativistic energies, with the current record of
electron bunches being accelerated up to ∼10 GeV [8] using
state-of-the-art Laser Wake Field Acceleration (LWFA) mech-
anism [9]. Ion acceleration is also estimated to be efficient
from theory and simulations [10–13], but the experimental
research reports the saturation of the maximum attainable ion
energies on 100 MeV level [14,15]. Up and coming lasers with
peak powers reaching 10 PW [16–18] may help to overcome
this level of ion energies, but the need for the theoretical
understanding of limiting factors still exists. Therefore, a
more detailed investigation of laser ion acceleration schemes,
incorporating such physics as prepulse effects [19–21], field
ionization [22], oblique incidence [23], pointing stability [24],
and radiation reaction effects [25], is necessary for successful
experimental delivery of high-energy ion beams on a new
generation of petawatt laser facilities.
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Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

On the theory side of laser ion acceleration, there are a
few major mechanisms being discussed recently. The current
state-of-the-art mechanism is target normal sheath acceler-
ation (TNSA) (see [26], review articles [2,11,12,27] and
references therein, and [15,28–32] for the recent experiments
on TNSA), which is realized by a build-up of an electrostatic
field on the rear side of the thick target due to abundance of
hot electrons generated by a laser interacting with the front
of the target. Accelerating electric field is known to be pro-
portional to (Te,nthne,nth )1/2, with Te,nth and ne,nth denoting hot
electron temperature and density, respectively, and multiple
efforts are made in order to increase both hot electron popu-
lation properties [15,33–37]. A very promising maximum ion
energy scaling with laser pulse power is provided by radiation
pressure acceleration (RPA) [38–40], which was observed
experimentally [14,22,41–46]. Multiple other mechanisms are
also discussed, such as relativistically induced transparency
acceleration (RITA) [47–49], Coulomb explosion [50], mag-
netic vortex acceleration (MVA) [51–54], collisionless shock
acceleration (CSA) [55], and combinations of these [56–59].

Recently, solid-state targets started to gain more interest for
electron acceleration [60,61], ion acceleration [33,34,37], and
the development of radiation sources, such as x-ray [62,63]
and γ -ray [64,65]. In principle, higher density targets may
lead to higher densities of fast electrons [34,37] and bet-
ter retention of fast electrons around laser-solid interaction
spot [66], which should benefit such acceleration schemes
as TNSA and MVA. On the other hand, solid densities are
generally opaque for optical laser pulses, which suppresses
laser absorption.

This is where structured solid targets come into play. Struc-
tured targets may provide better laser-target coupling [67,68],
edge field amplification [69], laser guidance [70,71], and self-
consistent ion injection into acceleration scheme [72]. For
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FIG. 1. (a) Result of 3D PIC simulation with P = 10 PW, Lch =
40 µm, and nch = 10ncr . Primary free parameters of the problem are
indicated. [(b),(c)] Illustration of acceleration scheme from 2D PIC
run for P = 10 PW and Lch = 40 µm: Electrostatic field, evolution
of ion density, and laser field at time of laser pulse exiting the channel
(t = texit) and 30 femtoseconds later are shown.

TABLE I. 2D PIC scan parameters.

Range

Laser parameters:
Peak power P, PW 0.3 − 30
Pulse duration τlas, fs 30, 150
Waist w, µm 1.1 − 15
Laser wavelength λ, µm 1
Contrast Iprepulse/Imax 0.0, 10−6 − 10−3

Prepulse duration, ps 1
Target parameters:
Channel radius Rch/λ 1 − 10
Channel length Lch/λ 10 − 100
Filling density nch/ncr 0–40
Solid wall density nwall/ncr 100, 300
Target front cut angle, ◦ 0, 15, 45
General parameters:
Simulation box size λ × λ 200 × 30
Grid resolution 1/λ 60
Particle resolution, ppc 20, 40, 80
Total simulation time, ps 1.5–2.5
Radiation reaction term on & off
Field ionization on & off

dimension is (160λ + Lch ) × 30λ with the numerical resolu-
tion of 60 grid nodes per λ. The resolution ensures that typical
plasma wavelength, λpe = 2πc/ωpe, is resolved with 6 grid
nodes. The boundary conditions are outflow for both axes. The
number of particles per cell is 20–80 per species. We conduct
runs with radiation reaction (RR) terms turned on and off to
see its influence on ion acceleration.

To address the case with realistic target material, e.g., solid
Kapton substrate and CH foam as the channel filling [80],
we considered CH targets with Lch = 20 − 50λ, Rch = 1.8 λ,
w = 2.2λ, ne,wall = 300ncr, ne,ch = 10 − 30ncr, and fully ion-
ized C and H atoms.

We also considered oblique incidence by adding a cut to the
front side of the target. Oblique incidence ensures the absence
of the backreflection of the laser pulse, which is safer for
possible application on laser facilities [60,68]. We consider
a cut with 10◦ and 45◦ angles on the front of the target while
keeping all other simulation parameters the same as described
above.

For 3D simulations, following [76], we consider 1 PW
and 10 PW, 150 fs Gaussian linear polarized pulses focused
onto the channel target entrance onto the 2.2-micron spot.
The considered target parameters are similar to ones in 2D
simulations, with Lch = 20 − 30 µm, nwall/ncr = 100, Rch =
1.8 µm, and nch/ncr = 10, comprised of protons are electrons.

Finally, for auxiliary radiation hydrodynamics simulations
using FLASH code, we inherited the LaserSlab simulation
setup [86,87], which considers the interaction of laser beam
with the typical nanosecond laser pedestal parameters with
the solid aluminum target. In our case, we conducted a set
of analogous runs with only modifications being the modified
density profile—we introduced a channel of Rch = 3 µm at
the axis of R − z simulation plane in cylindrical coordinates—
and polystyrene (CH) target corresponding to ne,wall = 300ncr
and ne,ch = 20ncr, while also expanding the simulation box to
120 µm along z axis, resulting in 40λ × 120λ dimensions in
R − z space, with the channel located between z = 40λ and
80λ. The laser pulse has the wavelength of 1 µm, Gaussian
transverse shape with the e-folding length of 3 µm, and fo-
cused onto the center of the channel entrance with normal
incidence. The temporal profile of the laser pulse has a linear
ramp of 0.1 ns from 0 to peak power and duration of 0.9 ns
with the total simulation time being 1 ns. We varied the peak
laser pedestal power, covering the range from 105 to 109 W.
This corresponds to laser contrasts from 10−11 to 10−7 for
10 PW driver pulse. The resulting density snapshots from
these simulations were mirrored around the z axis, zoomed in
to −20λ to 20λ in the transverse direction, and inserted into
2D PIC code EPOCH to analyze a possible detrimental role
of the prepulse on laser ion acceleration.

IV. SIMULATION RESULTS

First, let us discuss the typical 2D PIC simulation result
for P = 1 PW, nch/ncr = 10, Lch = 30 µm, w = 1.1 µm, and
Rch = 1 µm. Figure 2 illustrates the physics of the two-stage
acceleration process. It combines 1D profiles of longitudinal
electric field Ex/E0 (averaged over 1µm in the transverse
direction, i.e. over the central half-channel; electric field is
measured in E0 = meω0c/e), 1D envelope of the laser pulse
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Preliminary study

A modified version of FLASH
was used to simulate capillary
discharges
Custom boundary conditions
were used to capture realistic
conductivities and magnetic
field evolution
Simulations in accordance with
theory

Figure: Temporal evolution of radial density and distributions

are plotted above for each of the three phases of capillary

evolution, alongside comparisons to the steady-state analytic

predictions[Cook et al. 2020]
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➔Hydro codes are used for large scale simulations and can be put at the 
beginning of a simulation chain 

➔There are two families of hydro codes: eulerian and lagrangian  

➔FLASH is a multi-physics eulerian open-access hydrodynamic code 

➔Hydro codes can be used in a variety of situations for laser-plasma 
acceleration: to know the state of the system or in prelimirary studies


