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3T Eulerian-radiation description of graphite
laser induced plasma under Martian conditions
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We report the results of a simulation of the laser-induced breakdown spectra of graphite in an atmosphere similar to that of Mars using a
non-equilibrium 3T-Eurlian fluid model. In our approach the atomic energy level populations were calculated using a collisional-radiative
(CR) NLTE-model taking into account the mixing between the plasma and the ambiant gas. The simulation was performed with the FLASH
radiation-hydrodynamics code. We have investigate the effects of laser irradiance and ambigure€re on the plasma parameters
namely the electron and ion temperatures and the electron and ion densities and the temporal variation of the fluid velocity with the laser
irradiance at constant pressure which indicate the presence of a shock front associated with the plasma initiation, dynamics, and expansio
into the ambient gas.
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1. Introduction of the laser-induced breakdown spectra of graphite and syn-
thetic shergottite glass in an atmosphere similar to that of
For centuries, the planet Mars has exerted a kind of fascinayars using a 1-D, Lagrangian hydrodynamic model and a lo-

tion on humans. _B.ut if astronomers today_are SO !nterest(_ad iBal thermodynamic equilibrium (LTE) approach for the emis-
the Red Planet, it is primarily because of its relative proxim-sjon spectra.

ity makes it reachable to their probes and other rovers. More-

like the other planets of the Solar Svst M Hansenet al [9] investigated the characteristics of
Over, uniike the other planets ot the solar system, Mars Ung,. | |gg plasma in Martian atmospheric conditions us-
doubtedly experienced in the past conditions quite similar tqng stationary modeling of the LIBS plasma using a one-

those prevailing on Earth which could have allowed the aPYimensional model of the plasma divided into two zones

pea'{lancesof life - Wh'f:h reTalr:j§l to ze conﬂorlmedk[l]. led (?Aong the line of sight. Their simulations were based on local
asa Space missions steadily advanced our knowledge o ) equilibrium and carried out using radiative transfer.

the planet. The main scientific goal of the Nasa'’s Exploration .
Program studies is to understand the formation and early evg- MOSt @pproaches for characterizing the LIBS plasma are
lution of Mars as a planet, the history of geological processe}’asecj on the assumption of local thermodynamic equilibrium
that have shaped Mars through time, the potential for Mar LTE) due to the S|mpl|(_:|ty of the. descrlptlop of the plasma
to have hosted life, and the future exploration of Mars by hu!" LT,E although the val!d|ty of th|s assumpthn can only b,e,
mans [1]. c_ons!dered under certain e_xp_erlmental conditions at specific

Laser Induced Breakdown Spectroscopy (LIBS) hadme intervals after plasma initiation [9, 10].
made it possible to analyze numerous geological samples In a recent work, Albertiet al [11] used a non-
on the surface of the Martian soil since 2012 thanks to thequilibrium model for laser generated plasmas to investigate
ChemCam instrument installed on board the Curiosity roverplasma kernel dynamics. Laser-induced plasma simulations
the largest and most capable rover ever sent to Mars andere performed for nanosecond length pulses for a range of
which has already carried out more than a million laser shotsambient conditions and laser characteristics, and were able to
ChemCam is based on the technique of Spectroscopic ané}orrectly prediCt the axial and radial sizes of the plasma and,
ysis induced by laser ablation. A powerful laser fires on amore importantly, to reproduce the propagation of the for-
target, which causes the volatilization of the material and th&vard and backward plasma waves observed in experiments
appearance of a plasma whose fluorescence is analyzed [#).air [12] and Argon [13].

Building on this success, LIBS was once again chosen by In this paper, we present a novel simulation to model
NASA to be one of the analysis tools implemented by thethe problem of laser-induced breakdown spectroscopy under
SuperCam instrument, installed on board the Perseverandéartian conditions . This includes a three temperature (3T)
rover, which reached the Martian soil in February 2021 [3]. Eurlian radiation description with NLTE (non-local thermo-

In an effort to better understand ChemCam LIBS spec-dynamic equilibrium) approach for the emission spectra. To
tra numerical simulations in an approach complementary tonodel the laser target interaction in the presence of an am-
that based on mimicking the experimental conditions on Mardient gas, the usual two temperature (2T) model [14] treat-
in an Earth-based laboratory [4] has been performed [5-9Jment of plasma is not sufficient since there are a number
Ewusi-Annanet al. [8] reported the results of a simulation of physical processes that cause a deviation from electron-
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ion radiation thermal equilibrium, or which are critically af- e,,q along with the specific kinetic energ.s is the energy
fected, such as laser heating, transport coefficients, shodource due to laser heating; is the total heat flux which
waves generation, diffusion effect of radiation, radiation ab-s the sum of the electron, the ion heat flux and the radiation
sorption, emission from the plasma and slow equilibrationflux:

timescales. In order to include these effects, we have con-

sidered a 3T plasma model. The simulation was performed T =qele + Tion + rad; (6)
with the FLASH radiation-hydrodynamics code [15] which —

is a finite-volume Eulerian code that operates on a block- G ele = ~KeieV Tee, (7)
structured mesh using Adaptive Mesh Refinement (AMR) Tion = —KionV.Tion, (8)
[16].

The term “three-temperature” (or “3T") denotes the ap-whereK.;. andKj,, are respectively the electron and the ion
proximation that electrons and ions move together as a sirthermal conductivity which are determined using the Spitzer
gle fluid but with two different temperatures, and that thismodel [25, 26]. In cases where a large valueg\afl.| and
fluid can emit or absorb radiation. In the 3T simulations pre-|V.T}.,| would give rise to unphysically large heat fluxes,
sented throughout this paper each cell has an electron terthis can be handled by the diffusion flux-limiter solver. The
perature, an ion temperature, and radiation energy densitiesaximum flux-limit used for electroﬁmaxele, ion ?maxion
in a number of photon energy bins [17]. In our approachthermal conductions, respectively are defined as [15]:
the atomic energy level populations were calculated using

a collisional-radiative (CR) NLTE-model [18]. The plasma  _, B f kBT e1e(ion) 9
simulations were allowed to evolve for different times utiliz- @ maxieqion) = Ve(i)Me(i) KB Teteion) Moy ©)

ing the second-order unsplit time marching method of USM

algorithm [19], an extension of the corner transport upwindwhereks is the Boltzmann constanty; is the average mass
(CTU) approach [20] reconstruction was done utilizing theof an ion,m, is the mass of electrom,, is the electron den-
piecewise monotonized central (MC) limiter. The upwind sity, n; is the ion densitya, anda, are respectively the elec-
fluxes were computed with a Harten-Laxvan Leer Contactron and the ion conductivity flux-limiter coefficient. This
(HLLC) Riemann solver [21]. Implicit solvers for radia- coefficients are much less than 1 [26].

tion and electron thermal conduction was carried out using  Since the plasma is assumed to have multi-temperatures,
a conjugate gradient method (PCG), preconditioned with aladditional equations must be evolved to describe the change
gebraic multi-grid (AMG), as implemented in the HYPRE in specific internal energies of the ions, electrons, and radia-

library [22]. tions field:
. 8Peion — P —
2. Modeling approach 5t T Ve(peion V) + Pion V.0
2.1. Hydrodynamics and plasma radiation simulation = pwei(Tele = Tion) — V- ion; (10)
The Euler equations expressing conservation of mass, mo-% + V.(peelee V) + P V.V = pwei(Tion — Tele)
mentum, and total energy used to describe the evolution of a
hydrodynamics 3T plasma are given by [23, 24]: = V. qele + Qabs — Qemis + Qlas, (11)
a 8 rad
PP N.(pT) =0, 1) Porad | G (peraa @) + PradV. T
ot ot
0 = —V.Crad — Qabs is 12
(,07) + V(p??) + VPtot _ O, (2) \Y q rad dea + Qemlsy ( )

ot
o _ _ wheree;,, is the ion specific internal energy,,. is the elec-
a(p V) 4+ V. [(pEiot + Piot) V] = Quas — V. ¢, (3)  tron specific internal energy,.q is the radiation specific in-
ternal energy. Q.5 is represents the energy source due to
where laser heating. Q.1 represents the increase in electron in-
ternal energy due to the total absorption of radiatiQpis
Piot = P, P, P, 4 . .
tot ele T Fion + Frad, ) represents the decrease in electron internal energy due to the
1, total emission of radiation.
FEiot = ; - . 5 . . .
tot = ele + €ion + €raq + 5 V' U () Where wei = C, /7 is the electron-ion coupling

2
Here p is the plasma mass densify, is the fluid velocity, f[erm, WhereCM_l_s thg ele_ctron_specmc he.at and is the
Pooy is the total pressureP.,, P, and P..q are the elec- ion/electron equilibration time given by [26]:
tron, the ion and the radiation pressure, respectivBly; is 3/2 3/2
the total specific energy which includes the specific internal Toi Sk~ (miTere + meTion)

H . . . = 4 : 1/27 9 (13)
energies of the electrofn,., ionse;,, and the radiation field 8v2mqd (memi)/2Zn;In Ag
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whereZ is the average ionizatiom, the ionic densityg, the  interest can be defined as summations over each group:

electron charge anld A.; is the Coulomb Logarithm associ- N,

ated to the ion-electron coIhspns [27]. ' o Qomis = Z Qemis.g (18)
FLASH code already provides a variety of directionally g—1

split and unsplit methods for solving the system of Euler

Ng
equations of hydrodynamics (HD). The system of Ed3, ( o
(2), (3) is a mixed hyperbolic-parabolic system. First, all Qabs = ;Qabs,ga (19)
the terms on the right-hand side of the equations are split off =
from the solution of the non- ideal single-fluid hydrodynam- Ny
ics. The latter is handled using the single step, time march- Qrad = Z Qrad,g; (20)
ing algorithm of the unsplit staggered mesh (USM) [19, 31] g=1
for cartesian coordinates. The right-hand terms of E18), ( N,
(11), (12) is in turn split off and each term is handled sep- Upad = Zumd)g7 (21)
arately. The first term on the right-hand side Ed€),((11) et

represents the exchange of energy between electrons and i%ﬁere _ is the radiation enerav densitv. where
through collisions, and it is handled by solving the system trad = PCrad 9y 4

15]: eraq IS the internal radiation energy.
as [15]; The total energy density is given by:
84 n O) =p.E ot — ~Ein erna, E inetic
;; _ 17—,e.1ec (Tele . ﬂon), (14) € = pP.Liot 1% t. 1+ Pl kinet
Oeele . Cv,clcc (T T ) (15) = p~(eele + €ion + 6md) + ip??) (22)
ot g om Teek Then we solve the following system of equations, assum-

ing that the plasma emitted a radiation in a Planck spectrum
The second term on the right-hand side of Ead) and (L5) with an emission opacity given by:

represents the electron thermal conduction and the parabolic 1 0u 1
terms, which are solved implicitly using the HYPRE library - arad — V. (Svurad) + Oa glrad
[22], to retain large time steps. ¢ ot Thog

The remaining terms on the right-hand of E¢El)(and — o aT? 15 [P(2g11) — P(zy)] (23)
(12) describe radiation transport. The HYPRE library was eelele 4 &+ &/
used to calculate the radiation diffusion. OMlgle .
FLASH code includes radiative transfer through the fol- ot > (Javg“rad ~ Oeglle
lowing equation: &
15
or - < S Plage) - Plag)] ). @)
—— +Q.VI+ prl =n, (16)
c ot whereu,,q is the radiation energy density, . is the trans-

~ . N o . port opacity for groupy, o. . is the absorption opacity for
where I(x, (2, v, ) is the specific radiation intensity at po- groyp g, 0. is the emission opacity for group a is the
sition z in the direction(2, ¢ is the speed of the lighf is  radiation constant, an#(z) is the Planck integral. The ar-
the mass density(z, v, ¢) is the opacity or absorption coef- gyment to the Planck integral is= huv/kT whereh is the
ficient, n(x, v, t) is the emissivity, is the frequency. This pjanck’s constant. The second and third terms on the left-
equation is coupled within FLASH to the electron internal hand side of equation E2) represent’Qrad s aNdQabs.q

energy through: respectively. While the right-hand side of E@3| represent
o . Qemis,g-
Dlete :/ dy/ dQ(pil — ), (17) The last term of Eq. 1) represents the laser heating
ot o . Q1as,g,» Which is computed using an inverse Bremsstrahlung

model (described in Appendix A). The energy deposited by
whereuee = p.ece represent the electron internal energy the laser beam was calculated using the laser ray-trace algo-
density, .. is the internal electron energy, apdthe total  rithm for planar and cylindrical geometries. This algorithm
mass density. was used by FLASH to calculates the paths of each rays using
The radiative transfer Eq1€), and the electron internal the geometric optics approach [33]. Beams are the collection
energy Eq.17) equations are handled using multi-group dif- of a number of rays whose paths are traced through the sim-
fusion (MGD) approximation [32]. FLASH divided the fre- ulation domain based on the local index of refraction of each
guency space int&v groups, wherey is defined by the fre- cell. The power of the laser deposited in a cell is assumed to
guency range fromw, to v,1. For our Simulation the num- be due to the inverse Bremsstrahlung power, which depends
ber of frequency groups used is 25, and the total quantities ain the electron temperature gradient and the electron number

Rev. Mex. Fis71011501



4 K. BENBAIER, A. ABDELMALEK AND Z. BEDRANE

density gradient. The ion number density and the elec- The IONMIX code computes the steady-state ionization
tron number density,, of our work were obtained from the and excitation populations for a mixture of up to 10 differ-
following equations [15]: ent atomic species. The radiative absorption, emission, and
scattering coefficients are calculated at a large number (
n; = NAL (25)  several hundred) of photon energies, and integrated over se-
A lected energy intervals to determine the multi-group Planck
Ne = NA7£7 (26)  and Rosseland mean opacities. The code also calculates the

thermodynamic properties of the plasma, such as the specific
energy, average charge state, pressure, and heat capacity [18].

A temperature grid spanning 0.01-50 eV, ion density grid
in the range of 1-10?° ion/cm® and an energy grid from
1 to 6 eV were used in the calculation of the EOS and opac-
ity data respectively. The ionization potential energies of the
2.2. Simulation code excited levels for carbor((*!, C*2, C+3, Ct4, CT53, C16)

and oxygen @-ﬁ-l, O+2, O+3, O+4, O+5, O+6, O+7, O+8)

The software used in our work is the FLASH Code [28]. It is were driven from the National Institute of Science and Tech-
a multi-physics, multi-dimensional radiation-hydrodynamic, nology (NIST) [34] and used by IONMIX4 to generate data
and magneto-hydrodynamic (MHD) open-source code capgor the Graphite and Carbon dioxide (§OThe populations
ble of handling different physics problems like plasma emis-of atomic energy levels were calculated using a collisional-
sion phenomena. Flash has also extensive high energy degudiatif non-local thermodynamic equilibrium (CR-NLTE)
sity plasmas (HEDP) capabilities for simulating laser-drivenmodel [18] (described in Appendix B). It should be noted
plasma experiments [29], and a variety of partial differen-that in our simulation, the emission from molecules has not
tial equations (PDE) solver employed in the numerical modheen considered. Experimental evidence [35] confirms the
eling. By a range of algorithms FLASH include adaptive presence of molecules in the graphite plasma beyond a delay
mesh refinement capabilities (AMR) [30]. This means thatime of 1 us. This suggests that the emission line intensities
the grid includes individual blocks which can be divided into of atomic species could be influenced by molecular formation
smaller blocks (children blocks), providing a better resolu-throughout the plasma’s duration. Notably, our simulation
tion in desired regions of the domain. The refinement camiccounts for a duration of only up to 1000 ns.
be triggered by a chosen variables, such as density or tem-
perature. In our simulation we used 4 refinement variables2.4, Design simulation setup
density, electron temperature, ion temperature and pressure.
Unlike Lagrangian hydrodynamics code [8] where the mesHn order to simulate the ablation of the Graphite target and the
moves with the fluid, FLASH code utilizes an Eulerian rep-plasma formation in presence of an ambient gas(C@e
resentation of the fluid, where the stationary spatial mesh aftook advantage of support for multi-materials in the FLASH
lows fluid to move into and out of a cell, this gives FLASH Code. In our Simulation we have considered a 0.1 cm thick
the feature of avoiding mesh entanglement, to handed multand 0.5 cm radius flat solid graphite & 2.23 g/cn?) tar-
complex fluid. HEDP capabilities includes range of algo-get irradiated by 1064 nm, 5 ns temporal “top-hat” shaped
rithms: three temperatures (electron, ion, and radiation) statéaser pulse (Fig. 1) with laser energy on the tarfigt, =
of-the art radiation-hydrodynamics solver, including the ther-15 mJ [36].
mal conduction, multi-group radiation diffusion, tabulated

where N, is the Avogadro numbed is the average atomic
mass, 7 is the average ionization level, andis the mass
density.

equations-of states, and laser ray-tracing model. The laser 30 = Laser‘_Eo-Wfr-af r-ufcflin-?:t‘me
ray-tracing model is in 1D, 2D, and 3D Cartesian coordinates ¥
and in 2D cylindrical coordinate. 2.5 1 i '
2.3. Equations of State (EOS) and opacities e ’
k=] [ ]
The equations of state (EOS) for the target (Graphite) and 2 151
ambient gas (C¢) were used in the computation for the elec-  * ;
trons, ions and radiation pressuréyi{, P.on, Praq), the elec- 1.0 H
tron and ion specific heat€’( eje, Cy ion ), €lectron, ion and ]
radiation internal energiegde, €ion, €raq) @and electron-ion 0.5 - :
coupling term ¢.;) from the plasma temperature and ion den- : e By '-_
sity grid. To compute tabulated EOS for NLTE plasma we 00 mmmm e remm—-
used the program IONMIX4 [18]. The IONMIX4 code was % e 2 oam B e
also used to calculate tabulated emissivity and opacity for
NLTE used by FLASH code. FIGURE 1. Top hat laser beam profile as function of time.
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FIGURE 2. Super-Gaussian laser intensity profile a) and the laser intensity as function of the spot size b) are given font G row)
and for 4 GWcm? (24 row).

The spatial profile of the laser intensity was assumed tatruction is carried out with a monotonized central (MC) lim-
be a super-Gaussian of exponent 4edsfolding radius, its iter [40], whereas the Godunov fluxes are recovered with an

expression is given by [37-39]: HLLC Riemann solver [21, 41], which restores contact sur-
_2{(L)2} n face and cut wave. The boundary conditions were set to out-
I(r) = Ipe "I'%0 (27)  flow for all axis.

wherel, is the laser intensity; is the super Gaussian expo- O visuali“zing our 'fjata we have used the multi-code
nent selected to be 4 in our simulationis the radius, and analysis tool ft-project” [42], an open-source code writ-
wp is thee?-folding Gaussian radius for our laser set to 150t€n in Python which consists on data management layer for

um, 225.m, respectively. Initially, the region af > 0.9 cm transporting ar}d tracking simulgtion out-puts, plotting Iayer,
occupied by the target (target thick = 1 mm, and target radiy@arallel analysis layer for handll_ng mesh-based and particle-
= 5 mm), and the region of < 0.9 cm is assumed to be oc- based data as well as sever_al mterfa_lcgs’,’ I_‘1as been ex-
cupied by the ambient gas (GDwith different pressures (3 tgnded .to work Wlt.h sevc_aral different simulation methods and
mbars, 6 mbars et 9 mbars). The large spatial extent of théimulation codes including FLASH code.
atmosphere is chosen to mimic the distance between the laser
source (ChemCam telescope), :?md the target on Mars whio@l Results and discussion
varies between 1 m (spot size diamefer= 300 pm) and 7
m (spot size diameted = 550 um) (Fig. 2). 3.1. Electron temperature

In our simulation we used one of laser ray-tracing model
proprieties in the FLASH Code, this allows to 2D CartesianTo calculate the electron and ion temperatures, we con-
laser beam to emulate a 3D cylindrical beam. The plasmaider, in our simulation model, a single laser beam with
simulations are allowed to evolve for 100 ns, 500 ns and 100@096 rays illuminating a flat solid graphite target (radius
ns respectively, utilizing the unsplit staggered mesh (USM)y 0.05 cm, thickness=0.05 cm) in 2D-Cartesian geometry
scheme, a currant number of 0.1 the time step used in thec — y). The laser is focused on thgaxis, and enters
simulation varied from 1 fs to 0.1 ns. We used 4 levels ofx € [-0.5;0.5cm] x y € [—1;1 cm] computational domain
refinement and blocks of & 8 cells, obtaining an equiva- ata @ angle, the ambient gas is supposed to be (Fiy. 3).
lent resolution of approximately 78m per cell. The recon- The boundary conditions are set to outflow for all axes. We
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s_0010.vtk
Time:1.91875e-09

FIGURE 4. Electron temperature calculated at 6 mbars @Mbient gas pressure, for 1 GW?, (15 row), 4 GW/cn? (2*¢ row) laser
irradiance and for 3 time steps: 100 n&‘(@olumn), 500 ns (2! column) and 1000 ns {3 column).

used 4 levels of refinement and blocks3¢f8 cells, obtaining Both the electron and its spatial extent distribution are af-
an equivalent resolution of approximately g6 per cell. fected by the ambient gas pressure and the laser irradiance.
Figure Fig. 4 shows the electron temperature for carAt all simulation times the temperature increases with grow-
bon dioxide pressure of 6 mbars and two laser irradiancemg laser irradiance as obtained experimentally by Haeital
1 GW/cnm? and 4 GWcn? and three simulation times 100, al. [43] when measuring the temperature in a laser produced
500 and 1000 ns. Each row in the figure shows the resultarbon plasma. Figure 5 shows the influence of the laser ir-
obtained using one laser irradiance at 3 time steps. Each caladiance on the maximum magnitude of the electron temper-
umn shows the results for the same time for the two laseature for a constant pressure. The blue line correspond to
irradiances. 1 GW/cn?® and the red line to 4 GWen?.
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FIGURE 5. Influence of the laser irradiance (1 G\ blue line, 4 GWcm? red line) on the electron temperature for a constant pressure :
a) 3 mbars, b) 6 mbars and c) 9 mbars.
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FIGURE 6. Variation of the electron temperature with the pressure (3 mbars dotted line, 6 mbars broken line and 9 mbars full line) at constant
laser irradiance [a): 1 GW&n?, b) 4 GW/cm?].

For a constant pressure, the magnitude of the temperanarginal compared to the effect of laser irradiance.
ture increases with laser irradiance at all time steps reaching What should be noted is that the temperature values we
a peak temperature at 500ns: increasing from 2681.2 K téound are lower by a factor of 10 compared to those found
3735.4 K at 3 mbars, 2919.2 K to 4122.3 K at 6 mbars andy [8,9]. The reason is that we considered in our simula-
3165.4 K to 4563.0 K at 9 mbars when the laser irradiancéion the real conditions on the planet Mars namely an aver-
increases fron 1 GWem? to 4 GW/cn¥ respectively, which  age temperature 6f63° (initial temperature for graphite and
represents an average increase of 1.4 of the magnitude of ti&0,) whereas experiments, carried out in Earth-based labo-
electron temperature. We can notice that the spatial extematory mimicking the experimental conditions on Mars, are
distribution is also affected and increases with growing lasecarried out at room temperature [4, 6] ¢ @hich dramati-
irradiance. cally overestimates the temperature values [45]. Adding to
Figure 6 shows the variation of the temperature with presthis, we considered in our approach, the mixing between the
sure which dependent on the laser irradiance and the time gilasma and the ambient gas which play an important role in
observation. the plasma plume expansion and affect the temperature and
At constant laser irradiance, the electron temperaturéhe density number of the plasma [46]. Moreover, the pos-
increases slightly with growing ambiant pressure. Atsible cause for the over-predicted values obtained by [8, 9]
4 GW/cn?, the peak temperature at 500 ns varied fromcould be due to neglecting plasma emission and re-absorption
3735.4 K at 3 mbars to 4122.3 K and 4563.0 K at 6 and 9n their 2T model and assuming the LTE. It is important to
mbars, respectively. for the other time steps the augmentarote that the EOS model controls not only the pressure of the
tion is not very important{175 K at 100 ns ané-100 K at  plasma, given a density and temperature, but also affects the
1000 ns) efficiency of heat conduction by determining the mean ion-
Overall, pressure effect on the electron temperature igzation fraction, as well as the specific heat [17, 44].
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FIGURE 7. lon temperature calculated at 6 mbarsGnbient gas pressure, for 1 Gi?, (15 row), 4 GW/cn® (2°9 row) laser irradiance
and for 3 time steps: 100 ns°{icolumn), 500 ns (2! column) and 1000 ns {3 column).
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FIGURE 8. Influence of the laser irradiance (1 G\ blue line, 4 GWcn? red line) on the ion temperature for a constant pressure: a) 3
mbars, b) 6 mbars and c¢) 9 mbars.

3.2. lontemperature At 1 GW/cn? the ion temperature increases very slightly

) ~_with time for the three pressures considered. At 6 mbars,
Figure 7 shows the electron temperature for carbon dioxidegy, example, its varied from 1687.2 K at 100 ns to 1797.9 K
pressure of 6 mbars and two laser irradiances 1/GW and  and 1615.2 K at 500, 1000 ns, respectively. The evolution
4 GW/cn? and three simulation times 100, 500 and 1000pecome more noticeable when the laser irradiance grows to
one laser irradiance at 3 time steps. Each column shows thgach a peak for 500 ns increasing from 1684.1 K to 3074.1 K
results for the same time for the two laser irradiances. at 3 mbars, 1797.9 K to 3591.2 K at 6 mbars and 1820.7 K to

Figure 8 shows the influence of the laser irradiance or8741.9 K at 9 mbars. The effect of the variation of the pres-

the maximum magnitude of the ion temperature for a consyre on the ion temperature is not very important as shown in
stant pressure. The blue line correspond to 1 @M and Fig. 9.
the red line to 4 GWcn?.

Rev. Mex. Fis71011501



3T EULERIAN-RADIATION DESCRIPTION OF GRAPHITE LASER INDUCED PLASMA UNDER MARTIAN CONDITIONS 9

Laser Irradiance = 1 GW/em ) Laser irradiance = 4 GW/cm?

lon Temperature Max (K)

a) : : : Time (ns) B b) = . — Time;nsj

FIGURE 9. Variation of the ion temperature with the pressure (3 mbars dotted line, 6 mbars broken line and 9 mbars full line) at constant
laser irradiance [a): 1 GV, b) 4 GW/cm?].

Laser imradiance = 1 GW/cm? Lazer imadiance = 1 GW/em? Lacer imadiance = 1 GW/cm’

g A

Temperatute (K]

Temperatute fK)

Temps fnz) p—— Temps (nz)

B=almbars P=glmbars 2=olmpar

Temperatute [K)

peratite (K}
|/

FIGURE 10. Comparison between electron temperature (full line) and the ion temperature (dotted line) for 3 dioxide carbon pressures: 3
mbars (' column), 6 mbars (2' column) and 9 mbars {3 column) at constant laser irradiance [1 G (15° row), 4 GW/cm? (2
row)].

Temps fas) Temps fas) Temps ns)

3.3. Electron and ion number density For all, the number density and the spatial extent of the
) ) _ _ ) ~corresponding profiles increase when the time step is increas-
In this part, we consider, in our simulation model, a singlejng and with growing the laser irradiance. The peak of den-

laser beam with 4096 rays illuminating a spherical graphite‘sity for both electrons and ions is reached at 1000 ns.
target (radius = 0.05 cm, thickness = 0.05 cm) in 2D-

cylindrical (2 — Z) geometry. The laser is focused on the 3 4. Fuid velocity
z-axis, and enter® € [0; 1.0 cm] x Z € [—0.4;0.8 cm] com-
putational domain at a 4%ngle, the ambient gas is supposedFigure 14 shows time variation of the fluid velocity with the
to be CQ (Fig. 11). The boundary Conditions are set reflec-laser irradiance at constant pressure (6 mbar). For all simu-
tive for z-axis, whereas the remaining boundaries are set ttations, the radial location of the shock front increases with
outflow (zero gradient). We utilize 5 levels of refinement andlaser irradiance, at the tree simulation times 100 ns, 500 ns
blocks of8 x 8 cells obtaining an equivalent resolution of 39 and 1000 ns. The fluid velocity increases frarg6 x 10°
um/cell. cm/s ( = 1 GW/cn?) to 1.42 x 10% cm/s ([ = 4 GW/cn¥)
Figures 12 and 13 show the electron and the ion densityatt = 100 ns and froni7.55 x 10° cm/s ( = 1 GW/cn?) to
respectively, for carbon dioxide pressure of 6 mbars and tw@.32 x 10° cm/s ( = 4 GW/cn?) att = 500 ns and from
laser irradiances 1 GY¢m? and 4 GWcn? and three sim-  5.08 x 10° cm/s ( = 1 GW/cn?) t0 6.0 x 10° cm/s ( = 4
ulation times 100, 500 and 1000 ns. Each row in the figure&GW/cn?) att = 1000 ns. This phenomenon occurs due to
shows the result obtained using one laser irradiance at 3 timthe higher energy imparted to the target material by the more
steps. Each column shows the results for the same time fantense laser beam. When a laser, with higher irradiance, is
the two laser irradiances. employed, it delivers a greater amount of energy to the target
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DB: Spherical_|las_0007.vtk DB: Spherical_las_0007.vtk
Cycl Time:6.23699e-09 Cycle: 141 Time:6.23699e-09

VPoeQua0:

ou Number Density

Eleetr
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Elect:

(\d.U
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FIGURE 12. Electron density calculated at 6 mbars C@mbient gas pressure, for 1 G2, (15 row), 4 GW/cm? (2°¢ row) laser
irradiance and for 3 time steps: 100 n&‘(@olumn), 500 ns (' column) and 1000 ns {3 column).

surface in a shorter period. Consequently, rapid heating andiation. In presence of an ambient gas this radiation interacts
vaporization of the target material occur, leading to the for-with it and results in an increase in the density in a very nar-

mation of a plasma plume with higher kinetic energy. Thisrow region which propagates in the ambient atmosphere with
phenomenon has been observed experimentally [47], anspeed more than that of the local ion sound speed [46]. laser
indicate the presence of a shock front associated with thanteractions with solid density targets can be treated as a hy-
plasma initiation, dynamics, and expansion into the ambientirodynamic problem with the laser rays acting as a source of
gas. As the plasma propagates a shock region of highly conenergy on the grid. This laser energy is absorbed by electrons
pressed gas is formed between the background gas and eat-a rate specified by the inverse bremsstrahlung approxima-
panding plasma. Interaction of laser with the target results ition, after which this energy can be transferred to ions.

the formation of plasma which is a strong source of UV ra-

Rev. Mex. Fis71011501
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“Jon Number Denity (1
* Jou Nusber Donsity (-4

Ton Number Deneity (-1

5

r {em)

FIGURE 13. lon density calculated at 6 mbars £a@mbient gas pressure, for 1 G2, (1°* row), 4 /cm? (24 row) laser irradiance and
for 3 time steps: 100 ns {L.column), 500 ns (2 column) and 1000 ns {3 column).

4. Limitation 5. Conclusion

The limitations of our approach, as highlighted in this study,_, . . : —
primarily stem from our challenge to accurately determineTh'S. _paper has provided . detailed validation of a non-
the wide range of physical, chemical, optical, and environ-equ'“b”um model for laser-induced breakdown plasmas un-

mental factors affecting plasma properties and the formatior\?veerrgﬂggslzzbi?ﬁ:i%he;%??ggr'lt;ggil'u:\éonq;qetf'ilgbtr#é"; eﬁl%(;(tf
of spectral lines in Laser-Induced Breakdown Spectroscop 9 pp

(LIBS). Initially, we simulate delay times of 100 ns, 500 ns %ation that electrons and ions move together as a single fluid

and 1000 ns; however, it is crucial to emphasize the imporput with two different temperatures, and that this fluid can

tance of simulating early times (t = 10 ns), to understanaemlt ar absorb ra(_j|at|on. In our approach the atof“!c en-
ergy level populations were calculated using a collisional-

the plasma formation dynamics when the pulsed laser inter= =7 S L
acts with the target is pivotal. Furthermore, the applicatio radiative (CR) NLTE-model taking into account the mixing

of the hydrodynamics radiation model becomes unreliabl etweenf the p:jlasr_?r? ta;}nd FtEZSaITblijm tgas'h 'I(;hedsmulgtlon
during extended simulation periods, as the Knudsen Numbe as periormed wi € radiation-nydrodynamics

(KN), which represents the ratio of species mean free path tSOde which is a f|n|te-volume_ Eulerlan_ code that o_perates
plasma length, significantly increases. To address this cha on a block-structured T“eSh using Adaptive Mesh Refinement
lenge, alternative methodologies such as the direct simulatiol). MR). T_he p'as.”.‘a. simulations were allowed_ tq evolve for
Monte Carlo approach can provide a more accurate depic_|f“ferent times utilizing thg second-order unsplit time march-
tion of plume expansion, particularly noticeable at prolongedng method of USM algorithm.

delay times [48]. Additionally, employing a finer Eulerian We have investigated the effects of laser irradiance and
grid in specific regions of the domain can yield more preciseambient pressure on the plasma parameters namely the elec-
simulations, especially when considering the mixing betweeriron and ion temperatures and the electron and ion densities.
plasma formation and ambient gas. It is important to note thayVe have also shown the temporal variation of the fluid veloc-
chemical reactions are not accounted for in this work, henc&y with the laser irradiance at constant pressure which indi-
molecular band emissions are not considered. Molecular focated the presence of a shock front associated with the plasma

mation becomes particularly relevant at longer times [49].  initiation, dynamics, and expansion into the ambient gas.

Rev. Mex. Fis71011501



12 K. BENBAIER, A. ABDELMALEK AND Z. BEDRANE

Lo oo 040 0.2 U K o1

FIGURE 14. Fluid velocity calculated at 6 mbars €8mbient gas pressure, for 1 G\, (15 row), 4 /cm? (2" row) laser irradiance and
for 3 time steps: 100 ns {L.column), 500 ns (2 column) and 1000 ns {3 column).

Appendix wherew,, is the plasma frequency; is the laser frequency,
c is the speed of light in vacuum and is the critical den-
A. Inverse Bremsstrahlung model used to calcu- sity at which the laser frequency and the plasma frequency
late Qs are equal. The quantities,, m. ande are the density, the
mass and the charge of the electron, respectively. Combing
A.1 Ray-tracing in the geometric optics approximationto  Eq. (A.1) with Eq. [A.2) we obtain the final from of the ray

model laser energy deposition [33] equation of motion:

The laser beam is made of a number of rays whose paths e 9

are traced through the domain based on the local refractive % -V <C "e> , (A.4)
index of each cell. The term represent the deposition of en- dt 2 me

ergy by laser heating. The laser power deposited in a cell is

calculated based on the inverse Bremsstrahlung power in thEne electron number density is given by:

cell and depends on the local electron number density gradi-

ent and local electron temperature gradient. The energy de- ,, (%) = (n.) + <§’ne> (T — @) +0@E), (A5)
posited by the laser beam was calculated using the laser ray

trace approximation for planar and cylindrical geometries. In ) .
this approximation, the equation of motion of ray is given by: Where() denotes a zone average. The ray equation of motion
Eqg. (3) becomes:

d*x ¢ o
a2 Vv (277 ) ’ (A1) A2x c2 <ne>
where the index of refractionis given by: a2 ( 2 ) ne (A.6)
2
n=1- w—g =1- E, (A.2)  This shows that when, is linear within a cell, the rays fol-
w N low a parabolic trajectory through the cell. The electron num-
" — (%) (g>2 (A3) ber density will not be continuous in general. The Kaiser
¢ 4 e/’ algorithm fixes this by applying Snell's law at the cell inter-
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faces as the following equations : The inverse Bremsstrahlung frequency depends thus on
0 — o sin 0 A7 the electron temperature and the electron number density,
s =1 sme, (A7) poth of which are functions of the position, and since the po-

P n sition changes with time, it's ultimately also a function of
(/11— —sinf =4/1— —<sind, (A-8)  time:
Ne Ne

where unprimed (primed) quantities denote values before (af- 4 [27 Ze' n.(z(t))’InAgi(z(1)) A14
ter) the transition, and is the angle between the ray velocity vip(t) = 3 ﬁenCKg/z T.(x(t))3/2 (A.14)

and the interface normal. This, rays can reflect or refract off
of cell interface.
B. CR NLTE - Model
A.2 Power deposition by inverse Bremssrahlung [33]
To describe the population of the atomic levels, we utilized a

Because rays are simply curves in space, they carry no insyjjisional-radiative (CR) NLTE-model, which is equally ap-
formation about radiation intensity or special extent trans-

R , ) ‘ licable for low, and high temperature ranges. The number
verse to their direction. Their state is completely def'”eagensity of i-fold ionized iom; is given by NLTE rate equa-

by their frequ_ency, vellocity, and power, the latter two at-;, (steady state):
tributes of which are, in general, spatially dependent. The
power P of an electromagnetic wave is depleted by the in-

2
. Nt 1M it1 + Nip1MeBit1
verse Bremsstrahlundp) process. e e

The rate of power loss is governed by thé drder ordi- + nir1neDir1 —nineC; =0, (B.1)
nary differential equation (ODE):
AP wherea; 1, 311 andD;; are the coefficients for collisional
- = —vp(t) P. (A.9) recombination, radiative and dielectronic recombination re-

] spectively. Collisional recombination is 3-body process in-
As a ray travels through a cell, its power (energy) decrease\%lving two electrons and an ior(; denotes the electronic

with time: collisional ionization coefficient. The electron density is de-
At noted byn. and the ion density for the element under consid-
P(At) = Pyexp— /0 vip(2(t))dt | . (A.10)  eration in the mixture is,,, = >, n;.

The steady state solution of E®.(0) gives the ion densi-
The inverse Bremsstrahlung frequency factgr(the rate of  tjes as:

energy loss) is given by the formula:
Niy1 C; (B.2)
Vip = — Ve (A.11) N Me@iy1 + Big1 + Dig1 '

C

wherev,; is the electron-ion collision frequency, given by :  The above equations together with the consistency condition
4 B nZet n A Tom :.Zi_ni is solved to obtain alk; and the average degree
Vei = =1/ 873/2” (A.12)  of ionization.
3V me (ksTe) All the coefficients for collisional recombination, radia-
HereZ is the average ionization number of the plasma, tive, dielectronic recombination and the electronic collisional
e and 7, are the mass, the charge and the temperature ofnization formula are described in Ref. [18].
the electron respectivelyy is the Boltzmann constant. The
Coulomb logarithnin A; is the natural logarithm of the De-

bye number and is taken here as: Acknowledgments
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