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Hydrodynamic codes for plasmas

Hydrodynamic equations
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Where u, p 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 effects
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Hydrodynamic codes for plasmas

@ The system is projected on a mesh J

@ Equation solved using the finite volume method

wo different approaches

N

Eulerian Lagrangian

y

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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Hydrodynamic codes for plasmas

Eulerian Code Lagrangian Code

Fixed mesh and the quantities Mesh deforms with the quantities
AX2 0 Xz
inside change = naturally more TN
diffusive ¢ BERE S S T
T DERE VANV
/ I/ B Material Point K 1

Problem with vorticity —
Arbitrary Lagrangian Eulerian =
really expensive and hard to

J parallelize

B Material Point

Problem with gradients —
Adaptative Mesh Rafinement

y

Each method tends to correct these defects by sticking to the otherJ %
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Brief history of FLASH

@ Developed in Rochester
(previously in Chicago)

@ First version in 2000

@ Used by more 3500 people in '\G’

the world H S

@ First purpose was for C E T E R
astrophysical simulation but now
a lot of physics can be simulated

with FLASH
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How to obtain the FLASH code ?

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

DOWNLOADS

————— > Code Request: If you are an external user and you
are interested in using the FLASH code in your
project, you can request access to the code.
Download: If you have been through the request
process, you can download current and prior

THE FLASH CODE

The Flash Center Code Group is pleased to announce the release of an
updated version of the FLASH code: FLASH 4.7!

The FLASH code is a publicly available, high performance computing, multi- versions of the FLASH code here.
physics application code. FLASH consists of inter-operable modules that can QuickFlash-1.0.0.tar.bz2; Data analysis library for
be combined to generate different applications. The FLASH architecture FLASH HDFS files; see

http://quickflash.sourceforge.net/home/index.html for

mara infarmatinn

allows arbitrarily many alternative implementations of its components to co-




FLASH environment

User environment

@ User guide

o 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

@ Vislt is a usefull tool to analyse the results




Basic physics in FLASH

Basic physics

o 1D/2D/3D/Axisymmetric

o Adaptive Mesh Refinement (AMR)

o Radiative hydrodynamic/Multi-temperature
)

Full Braginskii extended-MHD : Anisotropic conductivity, Hall
effect, Nernst effect, Biermann-Battery ...

@ Multi-species

@ Laser deposition

o ... y
Physics not included

@ Void medium

@ Must add external equation of state/opacity for more realistic
physics

y
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Adaptive mesh refinement (AMR)

@ For a better description of sharp
gradients some codes use Adaptative
Mesh Refinement

Helps to reduce simulation
time J

@ When the gradient is too sharp 1
(determined by the user) the mesh is —
refined

@ No default refinement variables

@ Blocks are put in a tree 10
structure:parent at the root and
children in the branches

13 15 16 17

@ Three rules govern the
establishment of refined child 1500
blocks
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Laser deposition

@ Laser beams are treated in the geometric optics approximation —
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.

nele (1/cc) 40
w... Cycle 201, 64.4 ps

Ray Power (Watts)

= 1.3e+05

Z (microns)

9.8e+04
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Different uses of FLASH

[FLASH web site]
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Simulation chain for laser-plasma acceleration

@ 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

hydrodynamics code ; PIC code | Monte Carlo code
B Y target bremsstrahlung )
laser pre impulsion pre pIasma laser +tarert accelerated D e generation of
aser pre pulsto ' - converter

density : particles . photons

[F.Brun et al. 2023]
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Knowing 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. o TITAN laser was on a hydrogen

@ PICO2000 laser was incident on @ TROLL was used

a H2 gas jet
3e+21
o FLASH was used
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Figure: Dashed line: the initial denléity profile of the gas jet igure: Hydrodynamic simulation of the spatial profle
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Knowing the state of the plasma

@ Hydrodynamic codes can also be
used for preliminary study before an

experiment
@ TROLL was used to know the state  ° ; ' ; S 600
of two colliding blast wave 5t Relt=13n3) T J 500
T, — —
4r laser —— 1 400 %,
b)f * <5t {300
3 o
5 | {200 o
4 100
blast blast R .
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wave wave x(microns)

Figure: Profiles of density (ne/nc, violet curve) and temperature
(Te: orange curve; Ti: green curve)[Marques et al. 2020]

Figure: Principle of the plasma tailoring, side view %
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Knowing the state of the plasma

Towards bright gamma-ray flash scntrepos| (s
generation from tailored target
irradiated by multi-petawatt laser

Prokopis Hadjisolomou"*, Tae Moon Jeong* & Sergei V. Bulanov'?2
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Figure 1. (A) Electron number density as given by MHD simulations (data taken from reference®), 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 reference® (blue line) compared with the 10 PW main laser pulse profile
presently employed (red line).

60. Tsygvintsev, I. P. Results of RHD simulation of ns-prepulse with 3DLINE code for different target materials, https://doi.org/10.

5281/ZENODO.6412637(2022). Data come under CC BY 4.0 license.
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Knowing the state of the plasma

PHYSICAL REVIEW RESEARCH 4, 033248 (2022)

Laser ion acceleration from tailored solid targets with micron-scale channels & i
3 =
K. V. Lezhnin®'" and S. V. Bulanov®%3 > Oo
! Department of Astrophysical Sciences, Princeton University, Princeton, New Jersey 08544, USA Q
2Institute of Physics of the ASCR, ELI-Beamlines, Na Slovance 2, 18221 Prague, Czech Republic
3Kansai Photon Science Institute, National Institutes for Quantum and Radiological Science and Technology,
8-1-7 Umemidai, Kizugawa-shi, Kyoto 619-0215, Japan - 2
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FIG. 7. (a) Electron density snapshot from FLASH simulation of
wanosecond 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~'', 10™°, 10~7) and no channel case

for laser contrast 10~7.
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Knowing the state of the plasma

40 | . ; ; :
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discharges w 2.5 Analytical
(e
e Custom boundary conditions % 2o
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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
predictions[Cook et al. 2020]
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Conclusions

19

->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




