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Introduction

Throughout history, human beings have demonstrated an innate curiosity and desire to explore

space. This began with observing the positions of stars and planets, as practiced by civiliza-

tions such as ancient Egypt and ancient Greece. The first human spaceflight occurred in 1961,

when Soviet pilot Yuri A. Gagarin ventured beyond Earth’s atmosphere. During the height of

the Cold War, space exploration became a key area of competition between the United States

of America (USA) and the Soviet Union (USSR). This rivalry ultimately propelled Neil Arm-

strong and Buzz Aldrin to the Moon during the Apollo 11 mission in 1969. One of the major

goals of the mission was to understand the composition and nature of this mysterious satellite

that orbits the Earth. The exploration of the solar system and the universe quickly became a

field arousing the interest of the most curious individuals, who sought to discover new fron-

tiers, learn about the mysteries of the cosmos, and unravel the secrets of our origins, including

the possibility of finding life on other planets.

Over the centuries, humans have been captivated by the allure of Mars, the Red Planet.

The first actual observations of Mars were made by C. Huygens between 1659 and 1672,

which signaled the beginning of extensive observations of Mars in the 17th century. Huygens

used the parallax of Mars to calculate the movement of Mars’ rotation as well as to determine

the separation between Earth and the Sun [1]. In the 18th century, W. Herschel continued the

exploration by observing Mars’ polar caps in 1777, determining the planet’s axis of inclination,

which revealed the existence of seasons, and discovering the planet’s thin atmosphere. In 1877,

A. Hall discovered the two natural satellites of Mars, Phobos and Deimos, using telescopes

with improved spatial resolution [2]. Around the same time, G. Schiaparelli observed what he

termed "canali" on the planet [3]. However, modern-day astronomers are particularly intrigued
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by the Red Planet due to its proximity, making it accessible to probes and rovers. Additionally,

unlike other planets in the Solar System, Mars likely experienced conditions similar to those

on Earth in the past. It had a warmer and wetter climate billions of years ago, which may

have created conditions suitable for life to emerge. There is evidence that liquid water once

flowed on its surface, and the planet still has large amounts of water ice in its polar regions

[4]. Furthermore, recent discoveries of methane on Mars suggest that there may still be some

form of active geological or biological processes occurring on the planet [5]. These pieces of

evidence often raise many questions. How does the presence of water, both in the past and

present, affect the likelihood of life on Mars? What is the source of the methane detected

on Mars, and could it be indicative of biological activity? Are there any organic molecules

present on Mars that could be indicative of past or present life? What are the possibilities for

microbial life existing in Martian underground aquifers or subsurface ice deposits?

Since the 1960s, Mars has been the most explored planet using human technology, with

both Russian and American missions [6, 7]. Despite many failed attempts, the Americans

managed to achieve their first successful flyby of the planet with the "Mariner 4 Mission" in

1965. The robots "Viking 1" and "Viking 2" were the first to explore the surface of Mars in

1976. In both of these missions, an orbiter and a lander were used. Mars Science Laboratory

(MSL), the last rover of the twenty-first century and the largest to date, has as its main goal the

placement and operation of a mobile science laboratory on the surface of Mars in order to as-

sess the biological potential of the landing site, characterize the geology of the landing region,

and investigate planetary processes that affect habitability [8]. The Mars Science Laboratory

rover, commonly referred to as Curiosity, is a highly advanced six-wheeled robot that was

commissioned by the United States’ National Aeronautics and Space Administration (NASA)

in 2012 [8], which allows it to carry out a wide range of experiments and studies on the sur-

face of Mars. Equipped with a sophisticated robotic arm that features brushing, scooping, and

drilling capabilities, Curiosity is capable of collecting and analyzing rock and soil samples

from the Martian surface. In order to research the geology, climate, and atmospheric condi-

tions of Mars, the rover has a number of scientific instruments, including a mass spectrometer,

a gas chromatograph, and several cameras and sensors. The Chemical Camera (ChemCam)
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is a remote sensing device that employs Laser-Induced Breakdown Spectroscopy (LIBS) to

analyze the composition of rocks and surface sediments at remote distances. It is one of the

most useful tools on board the Curiosity rover. The process involves directing a powerful laser

beam onto the tops of rocks and soils, melting, vaporizing, and exciting the atoms inside the

material that emit light as it cools. The spectrometers on ChemCam receive and analyze this

light [9, 10]. It contributes significantly to our understanding of the planet’s history, geology,

and the potential presence of elements crucial to supporting life. Overall, the Laser-Induced

Breakdown Spectroscopy (LIBS) technique employed by ChemCam is a powerful tool that

allows for the analysis of elemental composition information on analysis spots with diameters

varying at distances up to 7 meters [10]. Taking advantage of this achievement, NASA once

more selected LIBS to be one of the analysis tools used by the SuperCam instrument, mounted

on board the Perseverance rover, which landed on the surface of Mars in February 2021 [11].

The purpose of this PhD thesis is to develop and refine a comprehensive numerical model

for simulating LIBS plasma generated by organic compounds under Martian conditions. This

work analyzes LIBS spectra obtained from Martian samples and demonstrates how the model

enables more accurate interpretation of plasma characteristics such as electron and ion tem-

peratures, electron and ion number densities, and fluid velocity by incorporating the specific

atmospheric and environmental parameters found on Mars and Earth. Additionally, the effect

of lens-to-sample distance (LTSD) on plasma behavior is investigated. These findings are es-

sential for optimizing LIBS applications in planetary exploration and enhancing our ability

to detect and analyze potential organic traces of past or present life on Mars. To accom-

plish this objective, the research adopts a multidisciplinary approach that integrates theoretical

modeling, laboratory experiments, and data analysis. The theoretical component focuses on

developing a robust computational framework capable of simulating LIBS plasma dynamics

and emission spectra under Martian environmental conditions. Laboratory experiments are

conducted to validate the accuracy and reliability of the numerical model.
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This thesis manuscript consists of three chapters. The purpose of the first chapter, "Overview

of Mars Exploration: Key Information and Characteristics" is to provide a comprehensive in-

troduction to the nature and features of the Red Planet. In this chapter, we explore various as-

pects of Mars, including its geological structure, surface composition, and atmospheric proper-

ties, establishing a solid foundation for understanding the planet’s environment. Furthermore,

the chapter introduces the Laser-Induced Breakdown Spectroscopy (LIBS) technique and its

applications in Martian exploration, with a detailed discussion of the underlying processes. In

particular, the LIBS instruments aboard the Curiosity and Perseverance rovers ChemCam and

SuperCam are examined for their roles in identifying and characterizing Martian rocks and

soils.

The second chapter, titled "A Thermal Radiation-Hydrodynamics Framework for LIBS

Plasma Simulation" is dedicated to presenting the theoretical model developed and used in this

thesis. The purpose of this chapter is to describe the simulated interaction of a pulsed laser with

an organic target (graphite, in this case) in the presence of ambient gas, mimicking Martian

environmental conditions. The laser parameters used in the model are the same as those of the

ChemCam and SuperCam instruments [12–13]. The thermal radiation-hydrodynamics model

of laser ablation and plasma formation incorporates several complex mechanisms, including

laser heating, transport coefficients, shock wave generation, and radiative interactions within

the plasma. To study these processes, a radiation-hydrodynamics (RHD) code, FLASH [14],

was employed for the simulations. This code enabled the investigation of plasma dynamics

during Laser-Induced Breakdown Spectroscopy (LIBS) under Martian conditions, providing

insights into the thermal, hydrodynamic, and radiative behavior of the plasma.

The computational investigation aims to provide a comprehensive understanding of the

interplay between laser ablation and plasma formation for different laser focusing conditions

under Martian and Earth-like conditions. In this chapter, we employ a three-temperature (3T)

Eulerian radiation model incorporating non-local thermodynamic equilibrium (NLTE) condi-

tions. The fundamental principles and governing equations of the theoretical framework are

presented, along with an explanation of how the FLASH code is used to simulate the interac-

tion between laser pulses and the organic target, as well as the subsequent plasma formation.
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By accurately representing environmental conditions involving both CO2 and He, the model

enhances our understanding of LIBS plasma characteristics relevant to Mars exploration.

The third chapter, titled "Numerical Simulation of Graphite under Martian Conditions"

begins by presenting the foundation of our three-temperature (3T) radiation-hydrodynamics

Eulerian model, which is used to simulate the interaction between a solid graphite target and

laser radiation, leading to plasma formation. We employ Adaptive Mesh Refinement (AMR)

to accurately capture the complex interactions among various physical and chemical processes

within the LIBS plasma, while preserving realism under Martian ambient gas conditions.

This chapter serves as a pivotal component of the study, offering a detailed exposition of

the results obtained from our carefully designed simulations using the FLASH platform. The

primary focus is to unravel the complexities of graphite plasma behavior under Martian con-

ditions. Our analysis explores key plasma characteristics, including electron and ion temper-

atures as indicators of thermal dynamics. Additionally, we examine electron and ion number

densities to gain insight into plasma composition and spatial distribution. The dynamic motion

of the plasma is analyzed through fluid velocity patterns, revealing the underlying mechanisms

that govern plasma expansion and flow. The introduction of ambient CO2 and He gases at pres-

sures representative of both Martian (3–9 mbar) and Earth-like (up to 1000 mbar) conditions

significantly influences plasma evolution.

Moreover, the study investigates the effects of laser irradiance and ambient pressure on

LIBS plasma parameters, including the spatial evolution of the plasma size during both early

and delayed stages. This comprehensive investigation deepens our understanding of the ef-

fect of lens-to-sample distance (LTSD) on these variables and their combined role in shaping

plasma dynamics. The chapter concludes with a discussion of the limitations of the current

modeling approach and suggests potential directions for future improvements.

In conclusion, this work reveals promising prospects—particularly for the search for life

on Mars—through an extensive exploration of laser-induced breakdown spectroscopy (LIBS)

plasma modeling under Martian and Earth-like environmental conditions. The seamless inte-

gration of experimental data, theoretical modeling, and computer simulations weaves together

the core elements of our analysis, drawing meaningful parallels to the central challenge of
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life detection on Mars. Through detailed simulations and careful analysis, we have gained a

unique perspective on the complex interplay between the laser focusing system, plasma forma-

tion, and the Martian environment. This dual influence provides a foundation for optimizing

LIBS analyses on Mars and other planetary bodies, uncovering critical insights essential for

identifying potential biosignatures and indicators of life.
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Chapter 1

Overview of Mars exploration: key

information and characteristics

The primary objective of this first chapter is to establish a foundation by introducing essen-

tial concepts pivotal to subsequent discussions and to frame the core ideas of this thesis. It

begins by providing a comprehensive overview of Mars, highlighting its multifaceted nature.

To lay a robust groundwork for the exploration ahead, the initial emphasis is on accumulating

extensive knowledge about the Red Planet. This includes a detailed examination of the Mar-

tian surface in search of potential life signs. Although our understanding of biosignatures on

Earth guides our search criteria, life on another planet may exhibit distinct chemical compo-

sitions, geological structures, and other characteristics. Advanced life detection technologies

currently in development aim to define and identify life in its myriad forms. Concurrently,

NASA missions actively seek potential biosignatures indicative of both current and past life

on Mars. Understanding the distribution and properties of organic carbon molecules, as well as

identifying the elemental building blocks of life (carbon, hydrogen, nitrogen, oxygen, sulfur,

and phosphorus), could provide crucial insights into potential habitats for life’s origin. Mars’

atmosphere is primarily composed of carbon dioxide, and the discovery of carbonate minerals

on its surface, believed to have formed through prolonged interactions between water and the

atmosphere, strongly suggests the historical presence of water, potentially conducive to life.

Drawing parallels from Earth’s sedimentary rock formations that contain fossilized remains
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offering valuable insights into past life forms, we acknowledge the significance of specific

environmental conditions and geological formations in preserving such fossils. Chemical and

isotopic signatures preserved in Martian sediments, particularly those from lakes and streams,

offer critical clues about Mars’ potential biological history over extended periods. The chap-

ter then transitions to a detailed examination of the Chemical Camera (ChemCam) instrument

aboard the Mars Science Laboratory (MSL) Curiosity rover. This instrument enables remote

sensing of the chemical composition of rocks and minerals on Mars, particularly through its

laser-induced breakdown spectrometer (LIBS) experimental setup.

1.1 The Red Planet Uncovered

Located fourth in the solar system, Mars is a terrestrial planet. It is sometimes referred to

as the "red planet" because of its reddish hue, which is explained by the extensive dispersion

of iron-rich rocks that have undergone oxidation (figure 1.1). Even though Mars is smaller

than Earth, it has a radius that is only 0.53 times as large. It travels a 227.9 million-kilometer

orbit, positioned about 1.5 times the distance between the sun and Earth. Mars is 0.107 times

as massive as Earth, with a diameter that just barely exceeds half that of Earth (6,794 km)

and a mass calculated to be 6.4185× 1023 kg using gravity and density data [1]. Mars has

a gravitational field that is just 0.38 times as strong as Earth’s, making it relatively feeble.

Notably, Mars’ solar day is longer than Earth’s, clocking in at 24 hours, 37 minutes, and 22

seconds. According to Williams [2], the Martian year is equivalent to 1 Earth year and 322

days. At 25.19°, Mars’ axial tilt is exactly the same as Earth’s, suggesting that the seasons

on the two worlds are quite similar. Mars’ eccentricity, however, causes its hemispheres to

experience seasons with different lengths. Phobos and Deimos, two of Mars’ natural satellites,

were both found by A. Hall in 1877, a sign of how telescope technology has advanced and

improved spatial resolution.
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Figure 1.1: A picture of Mars that the Viking Orbiter probe took. The enormous canyon Valles
Marineris, which spans more than 2000 km and descends as far as 8 km, can be seen in the
image’s center. The three volcanoes of Tharsis, whose heights range from 14.2 km to 18.2 km,
may also be seen on the left [3].

1.1.1 Formation of the red planet

Our exploration of Mars’ history commences in the shadows of ancient times, during an era

when the solar system, as we now recognize it, was scarcely in existence—merely a fragment

of its current age, around 10 billion years old, and only two-thirds of its present state. The

materials destined to form the sun, Mars, Earth, and all living entities floated as gas and dust

within the Orion Nebula, as depicted in figure 1.2. In an astonishingly brief span of just a few

tens of millions of years, a mere blink on the vast cosmic timeline, the solar system manifested.

Subsequent events would forever shape the destiny of the red planet. Approximately 4.52 bil-

lion years ago, the sun began radiating light within a disk of gas and dust. The temperature in

this vicinity was so elevated that water and other volatile elements existed in a gaseous state.

Only compounds with low volatility, such as silicon and magnesium oxides, along with metal-

lic elements, remained solid. Dust particles collided and fused to form porous conglomerates

roughly a meter in diameter. These entities, in turn, collided and merged, eventually becoming
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kilometer-sized "planetesimals," the foundational components of future planets. Following a

relatively calm "infancy," the sun entered a turbulent adolescent phase around 10 million years

after its formation. Gases and volatile substances shifted direction for the first time since their

origin, propelled outward toward the solar system’s periphery due to the force of the solar

wind, an intense stream of particles originating from the sun’s corona. As matter dispersed,

water vapor migrated to regions characterized by lower temperatures. At a distance of approx-

imately 820 million kilometers from the sun (5.5 times the current Earth-Sun distance), water

vapor condensed into ice particles. These ice particles combined with dust to shape a planet

many times more massive than Earth’s present mass. This massive body’s gravitational pull

attracted significant amounts of hydrogen, giving rise to Jupiter, a process taking less than 10

million years. Saturn, forming at twice the distance from the sun (roughly 1250 million kilo-

meters), took twice as long to come into existence, with an orbital period twice that of Jupiter.

Uranus and Neptune experienced analogous origins, consuming icy planetesimals at distances

from the sun exceedingly even Saturn’s by more than twofold [4].

Figure 1.2: Photo Representing the Exploration of the Orion Nebula: Insights into the Sun’s
Early Phases [4].

1.1.2 Evolution and growth of the red planet

The terrestrial planets (Mars, Mercury, Venus, and Earth) formed from a haphazard assembly

of planetesimals. However, these planets now have an iron core surrounded by a rocky mantle

that is less dense and topped by an exterior crust [5]. This differentiation process would have
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been impossible unless the interiors of these early planets melted, undergoing a refinement

process akin to that found in high-temperature industrial processes. Many planetary scientists

first assumed that Mars, for example, went through this process over billions of years, necessi-

tating the building of heat from radioactive element decay within the planet. The examination

of Martian meteorites, on the other hand, suggested a significantly faster scenario. These me-

teorites, which contain iron (elements attracted to iron) and even core-like elements, did not

contain the predicted amounts. This confirmed the theory that iron traveled predominantly

from Mars’ crust to its core during its accretion phase (figure 1.3), building the core in less

than 50 million years, and maybe as soon as 20 million years [6]. In reality, the accretion

process itself produced enough heat to purify components from the original mixture within

planetesimals, similar to a blast furnace. Reactions at the center of a blast furnace produce

iron and carbon dioxide. Similarly, interactions with iron oxides and graphite from carbona-

ceous chondrite meteorites produce metallic iron and carbon dioxide within a planet’s magma.

Molten iron falls toward the planet’s core, accumulating heat in the process. ’Refractory’ ox-

ides, such as aluminum oxide and calcium oxide, on the other hand, rise to create a surface

layer known as the ’primary crust.’ Several variables, including initial size, cataclysmic cra-

tering history, and interior heat loss, contribute to the different evolution of Mars and the other

terrestrial planets. Mars was almost half the size of Venus and Earth at the conclusion of the

accretion era over 4.45 billion years ago, and significantly less massive [8]. This discrepancy

has a substantial impact on the energy stored in the planets. The larger the mass of a planet,

the stronger the gravitational acceleration, resulting in more intense impacts during accretion.

Furthermore, larger planets have more radioactive materials. Furthermore, larger planets re-

tain more heat, resulting in denser, more opaque atmospheres. While Mercury and the Moon

cooled quickly from their tiny sizes, Mars serves as a bridge between these smaller bodies and

the larger Earth and Venus [9].
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Figure 1.3: A computer simulation illustrates the process of planetary formation, and shows
the role of the impacts of planetesimals liberating vast quantities of energy within terrestrial
planets during the accretion phase of planet formation [7].

1.1.3 Martian surface: geologic and chemical exploration

There are several distinctive features on Mars that resemble those on Earth, including towering

volcanoes, narrow gorges, and vast mountain ranges. Recent advancements in our understand-

ing of Mars’ surface geology have been driven by new data from rovers and orbiting satellites

[10]. Analysis of the chemical composition of Martian soil and crust reveals that silicon, iron,

aluminum, sulfur, magnesium, sodium, potassium, chlorine, titanium, chromium, manganese,

and nickel are among the most abundant elements [11]. Geologists have utilized collected

images to identify features providing evidence of Mars’ watery past. Determining the abso-

lute ages of Martian terrains involves accounting for Martian gravity, orbital distance from

the Sun, and referencing lunar samples. This chronological framework has identified three

distinct geological eras: the Noachian (spanning 4.6 to 3.7 billion years) [12], the Hesperian

(spanning 3.7 to 3.2 billion years) [13], and the most recent Amazonian age [14]. Geological

evidence indicates significant ice and liquid water activity on Mars during the Noachian period

[15,16], which was widespread across the globe, refuting earlier beliefs that it was confined to

the northern hemisphere [17,18,19]. Research also suggests the existence of a Martian Ocean

that extended beyond impact crater lakes, covering a substantial portion of the planet’s sur-
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face during this early era [20,21]. Beyond surface studies, detailed analysis of Mars’ chemical

landscape has revealed significant hydrogen concentrations hidden beneath the polar regions,

at depths less than a meter. This discovery, noted by [22,23], hints at potential ice reservoirs be-

neath the surface [24,25], adding to speculation about ancient climate conditions and dynamic

geological processes. In conclusion, the primary objective of these advanced instruments is

to investigate the chemical, isotopic, and mineralogical composition of the Martian surface,

aiming to enhance our understanding of Martian evolution and potential habitability.

1.2 Martian atmosphere: key to life’s potential

According to NASA’s missions, the composition of Mars’ atmosphere is dominated by car-

bon dioxide (CO2), accounting for approximately 95.32%. Nitrogen (N2) follows at 2.7%,

with argon (Ar) comprising roughly 1.6%. Additionally, trace amounts of other gases have

been detected, including water vapor (H2O) 0.03%, oxygen (O2) 0.13%, and carbon monox-

ide (CO) 0.07% [26]_. On Mars, the average surface pressure is approximately 6 millibars,

but it varies with seasons and topography [27]. Pressure also varies significantly with altitude,

ranging from about 9 millibars in the deepest basins to approximately 1 millibar at the sum-

mit of Olympus Mons, Mars’ tallest mountain [28], and can reach up to about 10 millibars

in Hellas Planitia valley [29]. Over long geological epochs, numerous complex physical and

chemical processes have influenced the evolution and depletion of Mars’ atmosphere. Ini-

tially denser and more Earth-like, Mars’ atmosphere gradually thinned, resulting in the dry

desert-like conditions seen today. This intricate transformation has been shaped significantly

by factors such as solar wind erosion, magnetic field variations, and volcanic activity [30].

1.2.1 Martian atmospheric climate and weather

Even though the environment on Mars is drastically different from what we are used to on

Earth [31], it nonetheless bears a striking resemblance to our planet when compared to other

celestial bodies. Mars experiences temperatures that are substantially colder than those on

Earth because of its thin atmosphere and greater distance from the sun. Although the tenuous
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Martian atmosphere is strong enough to withstand fierce winds and months-long dust storms

that cover the entire planet [32], it produces only a weak greenhouse effect that very slightly

raises surface temperatures above what they would be without an atmosphere [33]. As a result,

large areas of Mars spend most of the year in temperatures below zero. The air pressure is so

low that even when daytime readings at low latitudes briefly reach above freezing, water ice

changes from solid to vapor without first liquefying [34]. In winter, Mars’ temperature can

drop to a freezing -125°C at the poles, but on average it stays at a chilly -60°C. At equatorial

noon, Mars’ temperature rises to a relatively comfortable 20°C (see figure 1.4), which is similar

to Earth’s. Notably, during the Martian summer at the equator, the planet’s surface reaches its

maximum known temperature of about 27°C [36].

Mars has four distinct seasons, although due to the Red Planet’s eccentric orbit, their

lengths vary more wildly than those on Earth. At the northern pole, seasonal fluctuations

are particularly noticeable and are symbolized by cyclical waxing and waning [37]. In con-

trast to the generally stable conditions seen close to the southern pole, these yearly oscillations

trigger dynamic patterns of winds, frost development, and cloud systems above the northern

pole [38].

Figure 1.4: Depicting Summer and Winter Temperature Extremes on Spirit’s Martian Solar
Panels [35].
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1.2.2 Investigating the Martian methane mystery

Methane plays a central role in the existence of life. On Earth, methane is produced by both

biological and geological processes. Biological sources include microbes called methanogens

that thrive in anaerobic environments. Geological sources include processes like serpentiniza-

tion, which involves a reaction between water and certain minerals in Earth’s mantle [39]. On

Mars, the discovery of methane (CH4) in the atmosphere in 2004, at quantities of several tenths

of parts per billion (ppb), marked a turning point in the investigation of Mars (see figure 1.5).

The Mars Express satellite in orbit facilitated this groundbreaking discovery [41]. The finding

sparked intense interest and enthusiasm among scientists. The mystery surrounding Martian

methane derives from its predicted susceptibility to rapid disintegration due to the relentless

solar winds, leading to a forecasted lifespan of just a few centuries [42].

Figure 1.5: Illustrates a Simulation of methane CH4 abundance [ppb] on the different regions
of Mars at the Martz crater at Ls = 80◦ and a lifetime of 1 month [40].

The existence of methane on Mars suggests that it is continuously produced by an ongo-

ing process. However, its comparatively lengthy lifetime allows for very uniform dispersion

throughout the Martian atmosphere due to winds and diffusion. As a result, the observed dif-

ferences in methane levels across the planet present a puzzling mystery [43]. These variations

could represent regional sources of methane emissions or regional sinks that absorb it. Chem-
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ically reactive Martian soil is one potential sink that could accelerate methane degradation. If

these new sinks are active, an even larger source would be required to sustain the current levels

of methane.

Our understanding of the underlying physical and chemical processes driving methane’s

persistence is seriously questioned by the discovery of the gas on Mars [44]. The two main

hypotheses for the origin of Martian methane are the activities of methanogenic bacteria in the

Martian soil and volcanic activity. Methane is emitted in huge amounts by Earth’s volcanoes,

which raises the possibility that it could be present on Mars if there has been recent intense

volcanic activity. The absence of sulfur dioxide (SO2) on Mars, however, challenges the vol-

canic explanation for Martian methane and supports the biological idea [45,46]. However,

there are still other theories about Martian methane. One of these alternatives proposes that

heat from deep magma causes reactions between underground moisture and minerals, produc-

ing methane but not sulfur dioxide (SO2). It is estimated that these hydrological processes

take place about 10 kilometers below the Martian surface [47]. This theory states that hydro-

gen is produced via subsurface water-rock interactions, which is then combined with carbon

or carbon dioxide (CO2) in crustal pores to produce methane. While a biogenic source for

Martian methane is currently a tempting option, scientists are carefully striving to rule out all

other plausible explanations before drawing a firm judgment. At this time, the situation is still

obscure.

1.3 LIBS plasma technique and its applications in Martian

exploration

The NASA Mars exploration program has seen significant advancements in instrumentation.

In 2012, the Mars Science Laboratory (MSL) mission achieved the successful landing of the

Curiosity rover in Gale crater on Mars. This mission aimed to investigate biosignature com-

pounds and endure with the goal of comprehending Mars’ geological evolution. Curiosity,

depicted in figure 1.6, is a six-wheeled robotic rover equipped with a robotic arm capable

of brushing, scooping, and drilling. Designed for traversing Mars’ rugged terrain, the rover
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houses a Rover Body and 80 kg of scientific instruments. Key instruments include the Sample

Analysis at Mars (SAM) instrument, which includes a gas chromatograph-mass spectrometer

and gas analyzer for detecting organic carbon in rocks, and the Chemistry and Mineralogy

(CheMin) instrument, which employs X-ray diffraction to identify mineral types. In addition

to its imaging capabilities with cameras such as MAHLI, MARDI, and Mastcam, Curiosity

features an alpha-particle X-ray spectrometer (APXS) for analyzing rock and soil composition

on-site. Further enhancing its scientific capabilities, Curiosity incorporates a weather station

(REMS) for real-time environmental measurements, an active neutron spectrometer (DAN) to

search for water in rocks and regolith, and a radiation assessment detector (RAD) for continu-

ous monitoring of solar and cosmic radiation levels [48]. One of the most useful instruments

onboard Curiosity is the Chemistry and Camera complex (ChemCam) [50], which carries out

the first Laser-Induced Breakdown Spectroscopy (LIBS) experiment on the Martian surface.

This advanced technology provides an active remote method to analyze the geochemistry of

Martian rocks and soils at a submillimeter scale, at various distances from the rover’s mast.

Figure 1.6: Schematic Representation of the NASA Curiosity Rover and Its Payload on the
Martian Surface: Utilizing the ChemCam Instrument for Rock Ablation [49].

1.3.1 The foundation of LIBS technique

Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical optical emission spectroscopy

method that utilizes a pulsed laser source focused on samples, whether solid, liquid, gaseous,

or biological [51]. The laser intensity ranges from several to tens of gigawatts per square

centimeter, and the energy per pulse ranges from several to hundreds of millijoules, vaporizing
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the sample surface depending on the application. The lengths of the laser pulses typically

range from a few femtoseconds to a few nanoseconds. The emitted spectrum of the plasma

generated is analyzed using a measurement chain. Within the plasma, excitation energies in

the range of several to tens of electron volts (eV) enable a variety of processes for the ions,

atoms, and molecules present (see figure 1.7) [53, 54]. These processes include excitation and

de-excitation, ionization and inverse bremsstrahlung, dissociation and recombination, as well

as the synthesis of molecules and the production of nanoparticles. The resultant light emitted

from the LIBS plasma contains valuable information about the sample’s composition and is

analyzed using atomic emission spectroscopy.

The feasibility of achieving quantitative analysis through LIBS depends on several factors,

including the specific characteristics of the laser used (wavelength, pulse duration, strength,

and energy), properties of the ambient gas, and pressure effects on the target material’s inher-

ent properties [55, 56]. This analytical technique offers flexibility in its application, operating

under two primary conditions: local thermal equilibrium (LTE) or non-local thermal equilib-

rium (NLTE). LIBS has proven to be invaluable for precise material processing, thanks to its

unique attributes of high spatial and temporal coherence [57]. This laser-based technique ex-

cels in delivering unparalleled precision in energy deposition onto target materials, making it

an optimal choice for a wide range of applications, especially in space exploration.

Figure 1.7: Overview of Laser Ablation Processes and Mechanisms (modified from [52]).
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1.3.2 Principles of ChemCam spectroscopy

The Chemical Camera (ChemCam) instrument on the Curiosity rover provides a novel tech-

nique for analyzing rocks and soils on the surface of Mars. It utilizes a laboratory replica of

the LIBS instrument. ChemCam incorporates Laser Induced Breakdown Spectroscopy (LIBS)

along with high-resolution remote-micro-imager (RMI) observations. The telescope is used to

capture the plasma light, and the device includes a spectrometer to analyze the light emitted

by the plasma [58] (see experimental montage in figure 1.8). ChemCam utilizes a pulsed laser

with 5 ns pulses and repetition rates ranging from 1 to 10 Hz, operating at a wavelength of

1067 nm. The beam quality, characterized by M2 < 3, allows energies up to 14 mJ to reach the

target surface [58].

Figure 1.8: Schematic of the ChemCam device setup for LIBS calibration at distances ranging
from 1 to 7 m [58].

The precise focusing of the infrared ChemCam laser onto Martian targets, typically situ-

ated 2 m to 7 m away, results in a spot diameter ranging from 350 µm (at 2 m) to 550 µm

(at 7 m) [59]. This capability enables ChemCam to ablate rock and soil samples through
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dust layers, generating plasma. As the plasma cools, electrons, ions, and molecules transition

from their excited states, releasing energy in the form of light. This emitted light is captured

and subjected to spectroscopic analysis. The ChemCam LIBS spectra encompass wavelengths

from ultraviolet (UV) and violet-blue (VIO) to the remainder of the visible and near-infrared

(VNIR) ranges [60]. Similar to other analytical methods, ChemCam LIBS techniques have

limitations, such as physical and chemical matrix effects that can alter the emission peak in-

tensities used to derive compositional information from samples [61]. Another factor that can

influence spectral properties is the nature and thermal characteristics of the target, as well as

the distance between the sample and the instrument [62].

Furthermore, ChemCam’s record of success has paved the way for further advancements

in LIBS technology for Mars exploration. Building on its achievements, two additional LIBS-

equipped instruments have been deployed on missions to the Red Planet. SuperCam, a more

advanced successor to ChemCam, is part of the scientific payload aboard the Perseverance

rover [63]. While the fundamental principle of LIBS analysis remains consistent between

ChemCam and SuperCam, there are notable differences in their specifications, including wave-

length range, pulse duration, repetition rate, spot size, and spectral resolution. SuperCam

builds upon the lessons learned from ChemCam’s operations [64], with an enhanced focus on

validating models across a broader range of compositions to deepen our understanding of the

Martian environment. Looking ahead, LIBS capabilities are closely aligned with future mis-

sion goals. These include isotope and water compound classification, identification of rock

types and mineral compositions, analysis of surface textures, and detailed characterization of

both the Martian surface and subsurface, as well as atmospheric composition [65]. The infor-

mation gathered through these instruments will be critical in addressing fundamental questions

about the potential for life on planets beyond Earth.
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Chapter 2

A thermal radiation-hydrodynamics

framework for LIBS plasma description

We will describe in this Chapter how we modelled the complex interaction of pulsed laser

light with a solid target in the presence of surrounding gas. A portion of the energy given

by laser radiation that is carefully focused onto a solid specimen is absorbed by it, leading

to a temperature increase and possible phase changes. These alterations depend not only on

the properties of the radiation but also on the particular material attributes that are present

in the target. The processes by which matter absorbs pulsed laser energy are still not fully

understood. As such, a thorough model that clarifies the complex ways in which laser radiation

interacts with matter and forecasts the resulting interactions especially when surrounding gas

is present has not yet been developed. The key mechanisms that are essential to our models

include the following (refer to figure 2.1):

• Laser-target interaction: distinguished by the transfer of laser energy to the material,

resulting in processes such as heating, melting, and evaporation or direct sublimation.

• In the presence of a gaseous environment, ablation induces the expulsion of mass, lead-

ing to the compression of the surrounding medium and the generation of shockwaves.

• Vapor produced above the target surface expanding and interacting with the ambient

environment around it.
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• Plasma is formed by absorbing laser radiation in the vapor, along with the plasma’s

self-absorption of radiation. This triggers the outward expansion of a plasma plume at

supersonic speeds into the ambient gas. The plasma plume is characterized by distinct

zones, comprising high-density hot and low-density cold plasma regions. The inter-

action between the plume and the surrounding medium acts to decelerate the plasma

expansion.

Plasma formation is dependent on a number of variables, such as the laser’s power, focal spot

size, wavelength, composition of the target vapor, composition of the surrounding gas, and

pressure. The expansion of high-pressure plasma compresses the nearby gas and creates a

shock wave, which are the two main ways in which the hot, expanding plasma interacts with

the surrounding gas. Thermal conduction, radiative transfer, and heating brought on by the

shock wave all contribute to the transfer of energy to the surrounding gas during this expansion

[1]. The ambient gas density, temperature, and pressure are all increased by this shock wave,

and the shock wave edges are transparent to laser light. A portion of the energy that the plasma

absorbs from the surrounding gas is reflected back to it, causing the plasma to cool over time.

Figure 2.1: Illustrates a diagrammatic representation of the expansion of laser generated
plasma in ambient gas.

The aim of this chapter was to formulate a comprehensive theoretical model that accounts

for all the intricacies involved in the interaction between the laser and the target, culminating

in the emission of plasma. This model accounts for the temporal evolution of the ablation
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crater, the formation of the plasma plume, and its expansion under varying ambient gas pres-

sures (both low and high), along with the propagation of shock waves under different laser

focusing conditions (changing irradiance). Several models, all based on well-defined theo-

ries, have been put out to explain the interaction between a laser and a target. We used a

stationary spatial mesh to enable fluid movement into and out of a cell in our simulation,

which employed an Eulerian representation for plasma fluid description. The finite-volume

Eulerian FLASH radiation-hydrodynamics code [2], which runs on a block-structured mesh

using Adaptive Mesh Refinement (AMR) [3], was used in the simulation. When dealing with

complicated fluid and dynamically moving mix zones, an Eulerian code reduces mesh en-

tanglement [4], in contrast to Lagrangian algorithms where the mesh moves with the fluid.

Conventionally, Lagrangian description of laser-induced plasma codes is used, in which cells

move in a co-moving frame along with the fluid. This co-moving frame comes with difficul-

ties, but it also makes hydrodynamic equations simpler and permits a non-uniform initial grid

and high resolution of features such as discontinuities and shocks. Compression is particularly

useful for implosion investigations since it usually increases resolution. But the Lagrangian

frame poses challenges for multi-phase fluid simulation [5], especially when expanding to 2D

and 3D dimensions because of increasingly complicated differential operators and possible

mesh distortions from turbulence and shear, which can cause simulation failure [6–7]. The

distinct advantages of FLASH, encompassing its robust spatial and temporal simulation capa-

bilities, position it as a formidable tool for comprehensively studying LIBS plasma dynamics.

This is particularly crucial given the intricate mixing regions and the influence of ambient gas.

2.1 Theoretical Framework of Radiation-Hydrodynamic Ap-

proach

The interaction between the laser and the target in the presence of ambient gas is modeled

using a three-temperature approach (3T), accounting for electron, ion, and radiation tempera-

tures. In this context, the term "three temperature" signifies that electrons and ions collectively

behave as a single fluid (plasma) but are characterized by distinct temperatures (Tele ̸= Tion).
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The model allows for the emission and absorption of radiation, recognizing various physical

processes that lead to deviations from thermal equilibrium among electrons, ions, and radia-

tion [8,9]. These processes encompass the effects of shock and laser heating, transportation

coefficients, slow equilibration timescales, as well as radiation absorption and emission.

2.1.1 Thermal hydrodynamic model

The Euler equations expressing conservation of mass, momentum, and total energy used to

describe the evolution of a hydrodynamics 3T plasma are given by [10,11]:

∂ρ

∂ t
+∇ · (ρv) = 0 (2.1)

∂

∂ t
(ρv)+∇ · (ρvv)+∇Ptot = 0 (2.2)

∂

∂ t
(ρEtot)+∇ · [(ρEtot +Ptot)v] = Qlas −∇ ·q (2.3)

Where:

Ptot = Pele +Pion +Prad (2.4)

Etot = eint +
1
2

v ·v = eele + eion + erad +
1
2

v ·v (2.5)

Here ρ is the plasma mass density, v is the fluid velocity, Ptot is the total pressure, Pele,

Pion, and Prad are the electron, the ion, and radiation pressure, respectively. Etot is the total

specific energy which includes the total internal energy eint along with the specific kinetic

energy; eele, eion, and erad the specific internal energy of the electrons, ions, and the radiation

field respectively. Qlas is the energy source due to laser heating. q is the total heat flux which

is the sum of the electron, the ion heat flux and the radiation flux:

q = qele +qion +qrad (2.6)
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Since the plasma is assumed as reactive flows, a separate advection equation must be solved

for each species [9]:

∂ (ρXi)

∂ t
+∇ · (ρXiv) = 0 (2.7)

Where Xi is the mass fraction of i species, with the constraint that ∑Xi = 1, and the quantity

represents the partial density of i fluid.

To address the non-equilibrium 3T plasma components (Tele ̸= Tion ̸= Trad), we incorporate

the non-conservative specific internal energy equations for electrons, ions, and the radiation

field. These equations are:

∂ρeion

∂ t
+∇ · (ρeionv)+Pion∇ ·v = ρωei(Tele −Tion)−∇ ·qion (2.8)

∂ρeele

∂ t
+∇ · (ρeelev)+Pele∇ ·v = ρωei(Tion −Tele)−∇ ·qele +Qabs −Qemis +Qlas (2.9)

∂ρerad

∂ t
+∇ · (ρeradv)+Prad∇ ·v =−∇ ·qrad −Qabs +Qemis (2.10)

Here, Qlas represents the energy source due to laser heating, Qabs represents the increase in

electron internal energy due to the total absorption of radiation (heating term), Qemis represents

the decrease in electron internal energy due to the total emission of radiation (cooling term).

ωei =Cv,eτei is the electron-ion coupling term, where Cv,e is the electron specific heat and

τei is the ion/electron equilibration time given by [12]:

τei =
3k3/2

B

27/2
√

2πq2
e
· (miTele +meTion)

3/2

(memi)1/2Z̄nilnΛei
(2.11)

Where qe is the electron charge, me is the electron mass, mi is the ion mass, Z̄ is the average

ionization as computed by the equation of state (EOS), ni is the ionic density, and lnΛei is the

Coulomb Logarithm associated with ion-electron collisions that corresponds to an integration

over the impact parameter b as [13]:
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lnΛei =
∫ db

b
= ln

bmax

bmin
(2.12)

Where the expressions for bmin and bmax are given by the Spitzer model as:

bmin = max

Z̄
q2

ele
3kBTele

,

1
2

(
ℏ4

3kBTeleme

) 1
2

 and bmax =

(
kBTele

4πq2
elene

)1/2

(2.13)

Here ℏ is the Planck’s constant, ne is the electron number density. The Broglie length λB

is commonly utilized as the lower integration cut-off (bmin), with the upper cut-off (bmax)

typically set to the Debye length λD despite some unresolved controversy on this matter as

discussed by [14].

2.1.1.1 Electron and ion heat conduction

A thorough representation of electron and ion transport in collisional plasma hinges on kinetic

principles, wherein the electron and ion distribution functions adhere to the Fokker-Planck

equation [15, 16]. Nevertheless, the high computational cost associated with this kinetic

description renders it impractical for integration into radiation-hydrodynamic codes such as

FLASH. As an alternative, the diffusion equation is frequently derived by approximating the

solution through a first-order linearized formulation centered on a Maxwellian electron and

ion distribution function as [2]:

ρ
∂Tele

∂ t
= ∇ ·qele with qele =−Kele∇Tele (2.14)

ρ
∂Tion

∂ t
= ∇ ·qion with qion =−Kion∇Tion (2.15)

where Kele and Kion are, respectively, the thermal conductivities for electrons and ions, and

they are determined using the Spitzer model [12, 17] as:
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Kele = (
8
π
)3/2 k7/2

B

q4
ele
√

me
(

1
1+3.3/Z̄

)
T 5/2

ele
Z̄ lnΛei

(2.16)

Kion = 3.28 · ( 8
π
)3/2 k7/2

B

q4
ele
√

mi

T 5/2
ion

Z̄4 lnΛii
(2.17)

Where lnΛii is the Coulomb Logarithm associated with ion-ion collisions.

In the case where large values of |∇ ·Tele| and |∇ ·Tion| would give rise to unphysically

large heat fluxes, this can be handled by the diffusion flux-limiter solver defined by [2]:

Klimele(ion)
=

1[(
1

Kele(ion)

)n
+

(∣∣∣∣ ∇Tele(ion)
q⃗maxele(ion)

∣∣∣∣)n] 1
n

with n =



if flux limiter: n = 0

harmonic flux limiter: n = 1

Larsen flux limiter: n = 2

minmax flux limiter: n →+∞

(2.18)

Where q⃗maxele and q⃗maxion are the maximum heat flux in the free streaming limit for electron

and ion respectively:

q⃗maxele(ion) = αe(i)ne(i)kBTele(ion)

√
kBTele(ion)

me(i)
(2.19)

αe and αi are, respectively, the conductivity flux-limiter coefficients for electrons and ions.

For laser-produced plasma, these coefficients are significantly less than 1 [12]. It is important

to highlight that the ad-hoc flux limiter mitigates the issue of excessive heat transport in regions

with sharp temperature gradients. Nevertheless, it lacks the capability to simulate the behavior

of non-thermal electrons and ions, which travel at elevated speeds and deposit energy ahead

of the primary heat front. This phenomenon becomes notably pronounced, especially when

dealing with high laser energy.

The ion number density of electrons and ions is determined by the following expressions

as [2]:

ni = NA
ρ

Ā
, ne = NAZ̄

ρ

Ā
(2.20)
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Where NA is Avogadro’s number and Ā is the average atomic mass.

2.1.1.2 Approaches to detecting and handling shock waves

When a short-pulsed laser is momentarily focused on a target, it can quickly start three pro-

cesses: particle ejection, vaporization, and absorption of laser energy. Shock wave creation

and expansion follow plasma ignition. Three waves are produced by laser absorption in the

expanding vapor/plasma: laser-supported radiation (LSR), laser-supported detonation (LSD),

and laser-supported combustion (LSC) [18]. In the majority of Laser-Induced Breakdown

Spectroscopy (LIBS) plasma detonations, the shock structure is characterized by its thin na-

ture. This thin shock structure implies that the transition from the pre-shock to the post-shock

regions occurs over a relatively short distance. This phenomenon is particularly significant in

the context of LIBS, where the laser-induced breakdown generates a rapidly expanding and

highly dynamic plasma. The thin shock structure influences various aspects of the plasma

dynamics, such as temperature gradients, pressure variations [19]. The most straightforward

method to model shocks in the three-temperature (3T) plasma description involves recognizing

that as the electron entropy sel remains conserved across the shock, all the heating occurring

in shocks is directed towards the ions. Following the solution of the Euler equations for total

quantities, the electron entropy is determined through an advection equation as [2]:

∂ (ρse)

∂ t
+∇ · (ρsev) = 0 (2.21)

Following its determination, the electron entropy serves as a crucial state variable in the equa-

tion of state EOS. Utilized in conjunction with the EOS, it calculates the internal energy of

electrons eele = EOS(ρ,se), facilitating the segregation of the updated total energy among

various species. Notably, the present implementation of the entropy advection method faces

compatibility issues with radiation treatment, thereby constraining its applicability primar-

ily to Laser-Induced Breakdown Spectroscopy (LIBS) plasma simulations. A supplementary

approach akin to the RAGE model [20] has been incorporated into the FLASH code. This al-

ternative method effectively divides the overall energy variation resulting from hydrodynamic

work and shock heating among ions, electrons, and radiation, proportionally based on their
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respective partial pressures. This stands in contrast to the entropy advection approach, which

accurately distributes energy but is constrained by its inherent limitations. The adoption of

this alternative technique contributes to a nuanced understanding of energy dynamics within

the system, addressing specific constraints associated with other methods.

2.1.1.3 Viscosity effect

The Reynolds number (Re) is a dimensionless parameter that gauges the equilibrium between

inertial and viscous forces within a fluid flow, expressed mathematically as follows [21]:

Re =
uL
ν

(2.22)

Where u is the velocity of the fluid, L is the size of the flow, and ν represents the kinematic

viscosity of the fluid. This numerical number, which indicates whether inertial or viscous

factors dominate the flow, offers important insights into the flow regime. Higher Reynolds

numbers are indicative of turbulent flow, which is caused by an abundance of inertial forces;

lower Reynolds numbers are caused by an abundance of viscous forces, which is indicative

of laminar flow [22]. A key component of fluid dynamics, the Reynolds number affects the

general behavior and properties of fluid flow in a variety of systems. The dynamic viscosity

(µion) of ionized plasma, generated in the absence of magnetic fields, adheres to the Spitzer

model [17]:

µion[g · cm−1 · s−1] = 2.21×10−15 A1/2
ion T 5/2

ion
Z̄4ρ lnΛii

(2.23)

Here Aion is the average atomic number for ion, Z̄ is the average ionization state for ion, and

lnΛii is the ion-ion Coulomb logarithm. The kinematic viscosity is also computed as:

νion[cm2 · s−1] =
µion

ρ
(2.24)

Where ρ is the plasma density. These expressions contribute to understanding the dynamic

and kinematic characteristics of ionized plasma, crucial for comprehending its behavior in

laser-induced material interactions. In conclusion, a physical system described by the Euler
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equations is considered non-viscous when the Reynolds number (Re) is much greater than 1

(Re ≫ 1). In contrast, a viscous flow is typically associated with a Reynolds number much

less than 1 (Re ≪ 1).

2.1.2 Radiation transfer approach

At elevated temperatures in Laser-Induced Breakdown Spectroscopy (LIBS) plasma, radia-

tive heat transfer tends to dominate over electron-thermal conduction. Incorporating effective

radiation models is crucial to accurately account for these energy losses in various LIBS ap-

plications [23]. Photons, fundamental quanta exhibiting dual characteristics of both waves and

particles, play a pivotal role in conveying electromagnetic radiation across a broad spectrum

of energies and frequencies, from radio waves to gamma rays [24]. Radiation, in its various

forms, propagates through space via wave-particle entities known as photons. Differentiating

features of photons are indicated by their wavelength (λ ) and frequency (ν), which are con-

nected by the formula λ = c
ν

, where c is the speed of light. A photon’s energy is expressed as

E = hν , where h stands for Planck’s constant. Additionally, a vector representing the energy

flux in the electromagnetic field can be used to determine a photon’s direction. A radiation

field is represented in detail by a distribution function, f (r,v,Ω, t)dvdr dΩ, where each ele-

ment represents a large number of photons in a spatial volume, dr, that is centered at point r.

This description is complete, including a time component, t, and a direction component repre-

sented by the solid angle dΩ around the unit vector Ω, which gives the orientation of photon

motion. The distribution function provides a detailed insight into the behavior of photons in

the frequency range of v to v+dv by quantifying their number in this defined space. Such de-

tailed considerations contribute to a comprehensive analysis of the radiation field’s dynamics.

Each photon carries energy equal to hv and travels with a velocity c. The spectral radiation

intensity is determined by this fundamental relationship [25]:

Iν(r,Ω, t)dvdΩ = hνc f (r,ν ,Ω, t)dvdΩ (2.25)

All of the physical characteristics (r the position, dr the volume, and time t) that were
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discussed in the previous paragraph are included in the spectral radiation intensity. It is note-

worthy that the direction of this radiation intensity is perpendicular to both the unit vector Ω

and an area at point r. From the center, the solid angle beneath which this area element dA

(see figure 2.2) is visible is expressed as follows:

dΩ =
dA
R2 = sinθ dθ dφ (2.26)

In the context of spherical coordinates, the expression for an elemental area on the sphere

is given by:

dA = R2 sinθ dθ dφ such that 0 ≤ θ ≤ π and 0 ≤ φ ≤ 2π (2.27)

For the complete sphere, the solid angle ΩA is given by the following expression:

Ω =
∫

A
dΩA =

∫
π

0

∫ 2π

0
sin2

θ dθ dφ = 2π [−cosθ ]π0 = 4π (2.28)

Figure 2.2: Definition and Visualization of the Solid Angle in Spherical Coordinates

2.1.2.1 Radiation transfer equation: A comprehensive overview

Compared to ions and electrons, photons equilibrate more slowly, which frequently leads to

longer mean free pathways. When a ray of light traverses a volume, as shown in figure 2.3,
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the output intensity at a thickness increment dz is Iν + dIν . The volume’s absorption coeffi-

cient κν characterizes the decrease in output intensity due to absorption within the volume.

Furthermore, any emitted light along the ray’s propagation direction contributes to an increase

in output intensity, quantified by the volume’s emission coefficient ην . An essential tool for

tracking changes in photon distribution over time and space is the radiation transport equation.

In the context of simulations, the FLASH code, in particular, utilizes the specific intensity,

denoted as Iν , to comprehensively model photon behavior. This equation is a fundamental

component in elucidating the intricate dynamics of radiation within the simulated environ-

ment, as expressed in the following equation [26]:

1
c

∂ Iν

∂ t
+Ω ·∇Iν = ην −ρχν Iν =−κν(Iν −Sν) with κν = ρχν (2.29)

Where χν is the opacity (in units of cm2/g), ρ is the total mass density, ν is the frequency, and

Sν = ην/κν is the source function.

Figure 2.3: Light’s Intensity Modification while Traveling through a Volume V with Cross-
Sectional Area dV

The overarching challenge of the radiative transport equation lies in determining its solu-

tion. An alternative approach for an approximate solution to the transfer equation has been

introduced, such as the method of spherical harmonics [27, 28]. This method shares similar-

ities with the moment’s method, except that the moments with the solid angle are selected to

capitalize on the orthogonality of the spherical harmonic’s basis [29]. The moments method,

also referred to as the diffusion approximation [30], computes successive moments of the ra-
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diation transport equation considering the solid angle. Another technique is the method of

discrete ordinates [31], employing a discrete representation of the directional variation of ra-

diative intensity, resulting in a system of n simultaneous partial differential equations (PDE).

This method is versatile, allowing for application to any order and accuracy, and has gained ex-

tensive use in addressing radiation transport challenges within the LIBS plasma field. Finally,

the radiation transport equation can be tackled using statistical methods, employing sampling

techniques in the Monte Carlo method [32]. Nevertheless, this method is subject to an un-

avoidable statistical error if the number of samples is insufficient. The transport equation is

intricately linked within FLASH to the electron internal energy through a set of interrelated

variables and parameters. This coupling is vital for accurately representing the dynamic inter-

play between the transport of energy carried by photons and its impact on the internal energy

of electrons.
∂uele

∂ t
=
∫

∞

0

∫ 4π

0
(αν Iν −ην)dν dΩ (2.30)

Where uele = ρ · eele represents the electron internal energy, and eele is the internal electron

energy.

2.1.2.2 Multigroup radiation diffusion approach

In the context of the approximate methods employed to solve the radiation transport equation,

an additional consideration involves addressing the frequency dependence of radiation inten-

sity. Two prominent approaches are often adopted: one entails iterating over all frequencies,

while the other samples the photon energy range using the multigroup diffusion (MGD) ap-

proach. The latter method, MGD, is utilized in the FLASH code. The approximation in MGD

involves categorizing the energy of photons into discrete groups, facilitating a more manage-

able computational approach. The total radiation flux, absorption (Qabs), and emission (Qemis)

terms in equations (2.9) and (2.10) account for contributions from each energy group. The

absorption term (Qabs) quantifies the increase in electron internal energy resulting from the
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total absorption of radiation and is expressed as [2]:

Qabs =
Ng

∑
g=1

Qabs,g with Qabs,g =−cσa,gurad,g (2.31)

The term Qemis denotes the reduction in electron internal energy resulting from the overall

emission of radiation. It is assumed that the plasma emits radiation according to a Planck

spectrum, and the emission opacity varies across different energy groups:

Qemis =
Ng

∑
g=1

Qemis,g with Qemis,g = σe,g
arT 4

ele
15π4 [P(xg +1)−P(xg)] (2.32)

P(x) =
∫ x

0

x′3

ex′ −1
dx′ with x =

hν

kBTele
(2.33)

σe,g is the emission opacity for group g, ar is the radiation constant, and P(x) is the Planck

integral. In the FLASH code, the frequency spectrum is divided into Ng groups, where g is

defined by the frequency range from νg to νg+1, using the multi-group diffusion (MGD) solver.

The evolution of radiation energy density for each group, urad,g, is described by the following

partial differential equations as [2]:

1
c

∂urad,g

∂ t
−∇ ·

(
1
3

σt,g∇urad,g

)
+σa,gurad,g = σe,g

aT 4
ele

15π4 [P(xg +1)−P(xg)] (2.34)

The total specific radiation energy density is related to urad,g through:

urad = ρurad =
Ng

∑
g=1

urad,g (2.35)

The electron internal energy must be updated to account for the emission and absorption coef-

ficients for each group g through the following equation:

∂uele,g

∂ t
= ∑

g

(
σa,gurad,g −σe,g

aT 4
ele

15π4 [P(xg +1)−P(xg)]

)
(2.36)

Where σt,g is the transport opacity for group g. In the following section, we will review how the
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multigroup mean opacities σa,g, σe,g, and σt,g necessary to solve the radiation transport equa-

tion, are calculated. The multigroup radiation diffusion and electron internal energy equations

are partial differential equations (PDE) that we address at each time level n using an implicit

treatment. This approach involves discretizing the equations in time to iteratively update the

solution at each time step. The specific form of discretization allows for a robust numerical

solution that captures the dynamic behavior of the system accurately.

1
c
·

un+1
rad,g −un

rad,g

∆t
−∇ ·

(
Dn

rad,g∇un+1
rad,g

)
+σ

n
a,gun+1

rad,g = σ
n
e,g

a(T n
ele)

15π4

[
P(xn

g+1)−P(xn
g)
]

(2.37)

un+1
ele,g −un

ele,g

∆t
= ∑

g

{
σ

n
a,gun+1

rad,g −σ
n
e,g

a(T n
ele)

15π4

[
P(xn

g+1)−P(xn
g)
]}

(2.38)

Where ∆t is the time step length. These equations are solved at each time step. Dn
rad,g represents

the diffusion coefficient, and the flux limiter constrains the radiation flux in each group to the

free streaming limit. The maximum radiation flux is determined by the following expression

as [2]:

qrad,max = γradcun
rad,g (2.39)

The coefficient γrad is set to one for the most experiment, which is what is physically most real-

istic. In general, the MGD method proves valuable for simulating the behavior of radiation in

dynamic environments, enabling the consideration of emission and absorption coefficients for

each frequency group. This approach strikes a balance between accuracy and computational

efficiency, making it well-suited for studying complex radiative processes.

2.2 Plasma spectrum modeling

During the initial stages of Laser-Induced Breakdown Spectroscopy (LIBS) plasma, the preva-

lent electron population arises from the ionization processes induced by inverse Bremsstrahlung

and multiphoton absorption. This instigates the formation of a time-dependent continuum

radiation spectrum, which can endure for several hundreds of nanoseconds. As the plasma

boundary expands along the laser beam direction, both particle temperature and number den-

sity experience a decline. Following the cessation of the laser pulse, the plasma undergoes
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cooling as the power source is terminated, and processes such as de-excitation and recom-

bination become predominant. Consequently, during the relaxation phase of the plasma, the

emission spectrum is characterized by distinct spectral lines originating from charged ions and

neutral atoms [33]. The interpretation of most LIBS spectra necessitates an analysis to discern

the non-local thermodynamic equilibrium (NLTE) conditions of the plasma, leading to the de-

velopment of various diagnostic approaches based on plasma models. Among these, radiation

transfer equations represent one of the most prevalent methods [34, 35]. The determination of

the intensity of a spectral emission at a specific frequency involves solving the radiation trans-

port equation, as outlined in the preceding section (2.29). The radiation transport equation is

expressed in the following form:

[
1
c

∂

∂ t
+Ω ·∇

]
Iν(r,v,Ω, t) = ην(r,Ω,v, t)−αν(r,Ω,v, t)Iν(r,v,Ω, t) (2.40)

In a one-dimensional planar geometry, considering an intensity Iν at a frequency ν ema-

nating orthogonally from a radiating plasma medium:

[
1
c

∂

∂ t
+

∂

∂ z

]
Iν(z,Ω,ν , t) = ην(z,Ω,ν , t)−αν(z,Ω,ν , t)Iν(z,Ω,ν , t) (2.41)

In numerous LIBS plasmas, it is commonly assumed that the temporal variation of radia-

tion intensity is relatively smaller than its spatial variation, leading to the neglect of the time

dependence of the radiation field. In the case of time independence, the transfer equation takes

the following form:

dIν(z,ν ,Ω)

dz
= ην(z,Ω,ν)−αν(z,Ω,ν)Iν(z,Ω,ν) (2.42)

Boundary conditions for typical LIBS plasmas can be defined such that there is no incom-

ing radiation from the outermost boundary. Additionally, for the symmetry condition about the

center, the derivative of the specific intensity at the center is assumed to be zero. The absorp-

tion coefficient κν and emission coefficient ην can be expressed in relation to absorption cross

sections [36], denoted as α f f (ν) for free-free transitions, αb f (ν) for bound-free transitions,

and αbb(ν) for bound-bound transitions, as indicated in reference [36].
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The line shape function, denoted as L(Γ,∆ν), is described by the Voigt line profile, as

presented in [49]:

LV (Γ,∆ν) =
H(Γ,∆ν ,∆νD)

(π1/2∆νD)
(2.43)

The Voigt function, denoted as H(Γ,∆ν ,∆νD). In this expression, ∆ν represents the photon

frequency shift from the line center and ∆νD is the Doppler shift. Γ accounts for the damping

factor arising from natural, Doppler (thermal), and collisional broadening:

Γ = Γnat +ΓDop +ΓCol (2.44)

The transport equation (2.41) can be expressed as a function of the optical depth τν and

the source function, denoted as Sν = ην

κν
:

dIν(z,ν)
dτν(z,ν)

= Iν(z,ν)−Sν(z,ν) (2.45)

The optical depth is a measure of the number of mean-free paths a photon at frequency ν

travels along the line-of-sight from 0 to z. Defined as a dimensionless quantity, it encapsulates

the absorption coefficient of the material integrated over the line of sight from the outer surface.

The optical depth is expressed as [37]:

τν(z,ν) =
∫ z

0
κνdz′ (2.46)

The optical thickness of the plasma plays a key role in shaping the observed spectral fea-

tures and is a fundamental parameter in the study of radiative transfer within the plasma. It

determines the extent to which photons are absorbed and scattered as they traverse the ma-

terial. When the optical depth is less than unity, the plasma is described as optically thin.

Conversely, when the optical depth exceeds unity, the plasma is considered optically thick.

In the absence of external illumination, the radiation spectrum’s intensity within a plasma is

obtained by solving the equation (2.45). The resulting solution is articulated as [38]:

Iν = Sν(1− e−τν ) (2.47)
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For plasma optically thin (τν ≪ 1), all emitted photons exit the plasma without being

reabsorbed. Under the additional assumptions of plasma homogeneity and independence of

the emission coefficient with respect to z, the intensity is given as follows:

Iν = Sντν (2.48)

In the case of an optically thick plasma (τν ≫ 1), the radiation emitted by a plasma slice

can undergo reabsorption by neighboring slices, resulting in changes to the overall spectrum

radiance of the global plasma. Under these conditions, the intensity expression is modified to:

Iν = Sν (2.49)

In conclusion, the radiation emitted by both LTE and NLTE plasmas, corresponding to the

change in electron kinetic energy, is distributed continuously across all frequencies for con-

tinuum radiation. Unlike line radiation, which exhibits intensity concentration at a line-center

frequency [39], continuum radiation displays a broad frequency distribution. The analysis of

continuum radiation proves invaluable for identifying impurity ions within a Laser-Induced

Breakdown Spectroscopy (LIBS) plasma. This strategy capitalizes on the efficiency of heavier

elements in generating Bremsstrahlung (free-free) and recombination (bound-free) radiation,

especially at elevated temperatures with multiple ionization stages. The evaluation of the con-

tinuum radiation ratio emerges as a critical temperature diagnostic tool for high-temperature

plasmas, offering insights into the thermal characteristics of the system. Additionally, line

emission spectrum measurements provide complementary information, facilitating the extrac-

tion of essential plasma parameters, notably the electron temperature [40]. This multifaceted

approach, combining continuum radiation and line emission spectrum analysis, contributes to

a comprehensive understanding of the intricate plasma dynamics and material composition

under various conditions.
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2.3 Impact of laser focusing conditions and target material

on LIBS plasma behavior

The formation and evolution of plasma in laser-induced breakdown spectroscopy (LIBS) de-

pend on a wide range of factors. Chief among these are the intrinsic properties of the target

material and the characteristics of the incident laser pulse. Parameters such as irradiance,

wavelength, and focal spot size exert significant influence on the process [41]. These factors

critically affect the laser-induced ablation mechanism, governing the efficiency of material re-

moval and vapor generation, which may be ionized to varying degrees. The term "target" is

used here in a broader sense to encompass both the sample and its surrounding environment,

including the ambient gas.

In particular, during plasma expansion, the composition and pressure of the ambient gas

play a crucial role. Previous studies have extensively examined the complex interactions be-

tween the laser and the target, yielding valuable insights into these phenomena [42, 43]. More-

over, detailed records have been compiled regarding the melting and evaporation dynamics at

metal surfaces under laser irradiation [44]. A key finding from these investigations is the

importance of thermal conductivity in facilitating efficient vaporization of the target mate-

rial—regardless of whether it is in a solid, liquid, or gaseous state—especially during expan-

sion into a vacuum [45]. Notably, whether the plasma plume develops in a vacuum or within

an ambient gas, it typically exhibits supersonic expansion perpendicular to the target surface.

However, a critical process in the LIBS technique lies in the configuration of the focusing

optics. One essential parameter in this context is the lens-to-sample distance (LTSD), as em-

phasized in reference [46]. LTSD directly influences the spot size of the laser beam, and even

slight variations in the beam waist radius can cause substantial changes in both the laser flu-

ence Flas =
Elas
πr2 and the irradiance incident on the target. The plasma behavior differs markedly

depending on the spot size. When a small-diameter beam is used, the laser energy induces a

more spherical plasma expansion, resulting in a relatively uniform distribution of the ablated

material in all directions. Conversely, with a larger-diameter beam, the wider focal spot mini-

mizes transverse expansion, causing the plasma to undergo a primarily longitudinal expansion
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along the direction normal to the target surface, as illustrated in Figure 2.4. This variation in

expansion geometry significantly affects the density of the material in the laser path. Specif-

ically, a larger beam diameter results in a denser plasma along the laser axis. This increased

density leads to a stronger screening effect, predominantly due to inverse Bremsstrahlung ab-

sorption, which enhances the efficiency of laser energy deposition and redistribution within

the plasma [47, 48].

Figure 2.4: Persistent Impact of the spot size diameters on plasma formation.

The aim of this chapter was to formulate a comprehensive theoretical model that accounts

for all the intricacies involved in the interaction between the laser and the target, culminating in

the emission of plasma. This model accounts for the temporal evolution of the ablation crater,

the formation of the plasma plume, and its expansion under varying ambient gas pressures

(both low and high), along with the propagation of shock waves under different laser focusing

conditions (changing irradiance).

On the other hand, detailed compositional analysis may benefit from the use of larger laser

spot sizes to minimize the effects of sample heterogeneity. To overcome the spatial limitations

imposed by smaller spot sizes, techniques such as laser beam scanning or sample translation

can be employed. However, these methods must carefully account for potential oscillations or

artifacts caused by overlapping laser pulses. It is important to recognize that various factors

such as the laser beam profile, pulse duration, and the physical and chemical properties of

the target material influence laser–matter interactions. Consequently, careful selection of the

laser spot size is critical in laser-based analyses to achieve optimal results while minimizing
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undesirable effects [49].

In general, LIBS plasma is often described using the local thermodynamic equilibrium

(LTE) model due to the dominance of electron-driven processes, particularly at later delay

times. However, because of the plasma’s spatial inhomogeneity and rapid temporal evolution

at early times especially during the initial laser–material interaction in the presence of am-

bient gas—a non-local thermodynamic equilibrium (NLTE) model provides a more accurate

description.
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Chapter 3

Numerical simulation of LIBS Graphite

plasma under Martian conditions: results

and discussion

odeling laser-induced breakdown spectroscopy (LIBS) plasma experiments under both LTE

and NLTE conditions using radiation-hydrodynamic codes involves considering diverse phys-

ical phenomena, including the hydrodynamic evolution of the plasma, thermal heat conduc-

tion, radiation transport in the diffusion limit, and laser energy deposition. In our thesis, we

specifically investigate the complex interplay between laser-induced plasma dynamics and the

ambient gas environment designed to replicate Mars’ conditions, encompassing its chemi-

cal composition and pressure [1]. To achieve a comprehensive simulation, we employ the

multi-physics radiation-hydrodynamics code FLASH [2], which utilizes an Eulerian represen-

tation with a fixed spatial mesh to facilitate plasma movement into and out of cells. FLASH

also integrates adaptive mesh refinement (AMR) capabilities. We complement this with the

IONMIX code, which generates non-local thermodynamic equilibrium (NLTE) data for equa-

tions of state (EOS) and opacity, thereby enhancing simulation accuracy. This comprehensive

approach allows us to faithfully represent the intricate interactions among various physical

processes within LIBS plasma, maintaining realism in environmental conditions. FLASH is

recognized as a versatile multi-physics simulation code applicable to a wide range of physical
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systems, including experiments involving laser-induced plasma and extending to astrophysical

phenomena [3]. Numerous studies have used FLASH to validate simulation processes related

to laser-produced plasmas [4].

Within the FLASH framework, the laser beam is discretized into rays that traverse the tar-

get, and the modeling of laser energy deposition during propagation uses geometrical optics,

a topic to be discussed in detail in the following section. This energy is absorbed through in-

verse Bremsstrahlung by electrons, transferring it to ions and initiating plasma generation. The

modular structure of FLASH enables users to selectively simulate specific physics problems

tailored to their research goals, highlighting its adaptability as a powerful tool for address-

ing challenges in LIBS plasma modeling and numerical simulation. In the next section, we

will provide a comprehensive description of the Adaptive Mesh Refinement (AMR) grid used

in our study, along with an overview of the results obtained from simulating graphite LIBS

plasma under Martian conditions using the FLASH code.

3.1 Ray-tracing in the geometric optics approximation to

model laser energy deposition

The laser beam is composed of multiple rays, and their paths are traced within the domain,

influenced by the local refractive index of each cell. The calculation of laser power deposited in

a cell involves the consideration of inverse Bremsstrahlung power, reliant on the local electron

temperature and electron number density gradients within the cell. The laser beam’s energy

deposition is determined using the laser ray trace approximation, applicable to both planar and

cylindrical geometries. Within the geometric optics approximation, the trajectory of a laser

wave is characterized as the movement of a ray with unit mass through the potential field, as

articulated in reference [5]:

V (r) =
c
2

η(r)2 (3.1)

Where, η represents the index of refraction of the medium, which is presumed to vary over

spatial scales much greater than the wavelength of the laser wave. The function η(r) is treated
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as constant during the time it takes for the ray to traverse the cell domain, indicating a frozen

medium. However, it is permitted to vary from one time step to the next. In the context of

non-relativistic unmagnetized plasma, the refractive index is expressed as:

η(r) =

√
1−

ω2
p(r)
ω2 =

√
1− ne(r)

nc
(3.2)

nc =
(me

4π

)(
ω

qele

)2

(3.3)

Here, ωp(r) denotes the plasma frequency at the specific location r, ω represents the laser

frequency, ne(r) stands for the electron number density at the given location r, and nc is the crit-

ical density at which the laser frequency equals the plasma frequency. Within the framework of

geometrical optics approximation, the equation of the ray is derived through the linearization

of the eikonal equation, as detailed in reference [6]:

d2r
dt2 =−c

2
∇

(
ne(r)

nc

)
(3.4)

The Taylor expansion provides the electron number density and electron temperature in the

vicinity of a specific location as follows [5]:

ne0 = ⟨ne⟩+ ⟨∇ne⟩ · (r0 −⟨r⟩)+O(ε2) (3.5)

Tele0 = ⟨Tele⟩+ ⟨∇Tele⟩ · (r0 −⟨r⟩)+O(ε2) (3.6)

Here ⟨⟩ denotes a zone average, symbolizing the center of the cell. The ray equation of motion,

as indicated in Eq. (3.4), is then expressed as:

d2r
dt2 =−

(
c2

2

)
⟨ne(r)⟩nc (3.7)

This illustrates that in cases where ne exhibits linearity within a cell, the rays trace a parabolic

trajectory through the cell (refer to figure 3.1). For a separable 2nd order ordinary differential

equation (ODE), we can formulate the following expressions for ray velocity and position as
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functions of time:

V(t) = V0 −
(

c2

2

)
nc⟨ne⟩t (3.8)

r(t) = r0 +V0t −
(

c2

4

)
nc⟨ne⟩t2 (3.9)

Where r0, V0 are the initial position and velocity of the ray, respectively.

Figure 3.1: Illustration of the Laser Ray Trajectory in Two Simulation Cells in 2D Using the
Kaiser Algorithm.

The electron number density is not generally continuous. The Kaiser algorithm [5] ad-

dresses this issue by implementing Snell’s law at the interfaces between cells, as described by

the following equations:

η sinθ = η
′ sinθ

′ (3.10)√
1− ne

nc
sinθ =

√
1− n′e

nc
η
′ sinθ

′ (3.11)

3.1.1 Power deposition by inverse Bremsstrahlung

As rays inherently represent spatial curves, they lack information regarding radiation inten-

sity or spatial extent transverse to their direction. Their characteristics are solely determined

by their frequency, velocity, and power, with the latter two attributes typically exhibiting spa-

tial dependence. The power (P) of an electromagnetic wave undergoes depletion through the

inverse Bremsstrahlung (ib) process. The rate of this power loss is dictated by a 1st order
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ordinary differential equation (ODE) as [7]:

dP
dt

=−νib(t)P (3.12)

As a ray traverses through a cell, its power (energy) diminishes over time:

P(∆t) = P0 exp
[
−
∫

∆t

0
νib(r(t))dt

]
(3.13)

The position r(t), at time ∆t is provided by Here ⟨⟩ denotes a zone average, symbolizing the

center of the cell. The ray equation of motion, as indicated in Eq. (3.2), is then expressed as:

as:

r(∆t) = r0 +V0∆t − c2

4nc⟨ne⟩
∆t2 (3.14)

The inverse Bremsstrahlung frequency factor νib (representing the rate of energy loss), is ex-

pressed by the formula:

νib =
ne

nc
νei with ne ≤ nc (3.15)

Where νei, the electron-ion collision frequency, is given by the following expression:

νei =
4
3

√
2π

me

neZ̄q4
ele lnΛei

(kBTele)3/2 (3.16)

Here, Z̄ is the average ionization number of the plasma, and lnΛei is the Coulomb logarithm

representing the natural logarithm of the Debye number and is taken as [7]:

lnΛei = ln

 3
2Z̄q3

ele

√
k3

BT 3
ele

πne

 (3.17)

The inverse Bremsstrahlung frequency is contingent upon the electron temperature and the

electron number density, both of which vary with position. Given that the position undergoes

changes over time, this frequency inherently becomes a function of time as well:

νib(r) = νib(t) =
4
3

√
2π

me

Z̄q4
ele

nck3/2
B

ne[r(t)]2 lnΛei[r(t)]
Tele[r(t)]

3
2

(3.18)
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The laser beam encodes detailed information about its shape and orientation in the Flash

code. By giving the lens and target’s coordinates, orientation is defined. The size and shapes

of the lens and target cross-sectional areas, as well as the cross-sectional ray power distribution

law, define the form of the laser (see figure 3.2).

Figure 3.2: Illustrates the Laser Beam Shape and the Process of Setting Up Rays Between the
Beam’s Lens and Target Area.

The power distribution of the rays inside the beam at launch is explained by the beam cross-

section power function. In contrast, ray tracing with the randomization of ray parameters,

including position and direction, is a common practice in Lagrangian hydrodynamic programs.

This approach aims to achieve uniform irradiation within simulated cells of varied sizes in the

ablation region, primarily to mitigate laser imprint [8].

3.2 Describing material properties: EOS and Opacity ex-

planations

As discussed in the preceding section, the utilization of a ray-tracing approach for laser energy

deposition through collisional absorption offers a simplified representation of laser plasma in-

teraction (LPI). However, inherent uncertainties arise due to the description of material prop-

erties related to the target and surrounding gas, including the equation of state (EOS), opacity,

and radiative transfer properties [9]. It must be underlined that certain kinetic processes are

inevitably missed when using a fluid description. The fluid approach offers an averaged and
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macroscopic picture of plasma dynamics, ignoring minute details related to collisions and in-

teractions between individual particles [10]. Although fluid descriptions are typically concep-

tually straightforward and computationally efficient, their inherent simplicity makes it more

difficult for the model to represent finer-scale phenomena. When examining scenarios with

complicated particle dynamics in Laser-Induced Breakdown Spectroscopy (LIBS) plasma, es-

pecially in non-equilibrium settings or with fast temporal shifts, some kinetic processes are

excluded more than others.

Accurately quantifying both the equation of state and opacity necessitates a meticulous

understanding of the atomic-level population distributions of particles within a plasma. In our

current study, we employ a collisional-radiative (CR) non-LTE model, chosen for its versatility

in computing both opacity coefficients and the equation of state. Notably, this model exhibits

robust performance across a broad spectrum of temperatures, demonstrating equal efficacy

at low and high-temperature regimes. The determination of the number density of the i-fold

ionized ion ni is governed by the non-LTE rate equation in steady-state, expressed as follows:

ni+1n2
eαi+1 +ni+1neβi+1 +ni+1neDi+1 −nineCi = 0 (3.19)

where αi+1, βi+1, and Di+1 represent the coefficients corresponding to collisional recom-

bination, radiative recombination, and dielectronic recombination, respectively. Collisional

recombination is a 3-body process involving two electrons and an ion. The electronic colli-

sional ionization coefficient is denoted by Ci. The electron density is represented by ne, while

the ion density for the specific element in the mixture is nm = ∑ni, where the ion densities are

determined by the steady-state solution of equation (3.19):

ni+1

ni
=

Ci

neαi+1 +βi+1 +Di+1
(3.20)

The above equations together with the consistency condition nm = ∑ni are solved to obtain

all ni values and the average degree of ionization for each chemical species. All the coefficients

for collisional recombination, radiative recombination, dielectronic recombination, and the

electronic collisional ionization formula are detailed in [11].
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3.3 Grid description

In order to solve the differential equations for radiation transmission and hydrodynamics nu-

merically, the simulation domain must be spatially discretized. One typical framework used

in laser-induced plasma (LIP) is a Lagrangian mesh [12], in which cells move with the fluid.

Hydrodynamic equations are made simpler with this co-moving frame, allowing for a non-

uniform initial grid and good feature resolution, including discontinuities and shocks. It is

especially useful for implosion studies since the compression frequently improves resolution.

However, difficulties with the Lagrangian frame [13] in multi-phase fluid simulations occur,

particularly when extending to 2D and 3D dimensions, because of potentially problematic

mesh distortions from shear and turbulence, which can result in simulation failures [14]. On

the other hand, within the framework of an Eulerian grid description [15], a fixed mesh offers

the advantage of accommodating multi-phase flow and handling arbitrarily large deforma-

tions, particularly in 2D and 3D dimensions. However, there are issues with Eulerian grids

since they can deform, particularly when there are intricate flows or free surface boundaries

present. This could lead to inaccurate simulation results. This strategy was underutilized until

higher-order techniques that effectively addressed and overcome these constraints emerged,

despite its intrinsic diffusivity. While the Arbitrary Lagrangian-Eulerian (ALE) method [16,

17] is commonly utilized to tackle challenges associated with Eulerian grids, its application

introduces increased simulation complexity. Despite its effectiveness in handling moving

boundaries and large deformations, the added intricacy necessitates careful consideration of

computational resources and implementation intricacies for accurate and efficient results. The

Adaptive Mesh Refinement (AMR) technique [18] has emerged as a pivotal strategy to address

the limitations associated with Eulerian grids. Unlike fixed grids, which maintain a uniform

resolution throughout the entire computational domain, AMR introduces a dynamic and flex-

ible approach to grid generation. The key innovation lies in the adaptive adjustment of grid

resolution based on the evolving features of the simulated phenomenon. In regions where intri-

cate details or rapid changes occur, the AMR algorithm selectively refines the grid, allocating

more computational resources to those specific areas. Conversely, in regions where the flow

is relatively smooth or less complex, the grid can be coarsened, thereby optimizing computa-
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tional efficiency [19]. This dynamic adaptation allows FLASH to more accurately represent

the underlying physics while simultaneously mitigating the computational cost associated with

uniformly high resolutions, unlike Lagrangian code[20].

3.3.1 The structure of the grid

Adaptive mesh refinement (AMR) computational grid is a complex architecture made up of

many blocks with different physical cell sizes. A tree data structure establishes the com-

plex hierarchical connections between these components. The largest cells are found in the

root blocks, which are at the top of the tree. When the hierarchy descends, the children or

progeny blocks inherit smaller cells, which are referred to as refined (see figure 3.3(a)). As

referenced [21], this hierarchical structure enables the AMR grid to dynamically modify its

resolution, concentrating on more granular information in certain places where refinement is

critical. Currently, block-structured AMR in the FLASH code is implemented by default us-

ing the PARAMESH (Parallel Adaptive Mesh Refinement) package [22]. The base spatial

grid unit in this AMR method is made up of a block of simulation cells surrounded by several

layers of guard cells (see figure 3.3(a)). The mesh construction process is refined and dere-

fined by PARAMESH, which is responsible for introducing data into guard cells from nearby

blocks or, if the physical domain is bounded, from an external border. This block structure

guarantees that calculations within a block stay independent of the remainder of the simula-

tion for localized FLASH concerns, such as hydrodynamic dynamics and radiation diffusion.

The guard cells provide all necessary information, especially for spatial derivatives (nguard).

The type of solver being used has a significant impact on how many guard cells are required.

The PARAMESH AMR simulation grid comprises diverse blocks, each with varying cell sizes

(see Figure 3.3(b)). Each block encompasses nxb × nyb × nzb interior cells and a set of guard

cells, forming a hierarchical arrangement through a tree data structure (see figure 3.3(c)).
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Figure 3.3: (a) Visualizing a 2D single block showing interior cells (nbx=nby=4) bounded
by the guard cells (nguard=2), (b) The interior block structure of AMR grid (c) the tree data
structure of AMR grid.

3.3.2 Dynamic resolution in simulation grid (refinement/derefinement op-

eration)

The PARAMESH AMR grid’s refinement/derefinement process is essential for dynamically

modifying grid resolution in response to changing features in simulated phenomena. Certain

factors, like as density or temperature, might start the refinement process. To capture emergent

plasma features in that location, for example, mesh refinement is triggered by a change in

density. Refinement levels of lref_max result in 2lref_max−ref_min with 1 ≤ lref_min ≤ lref_max (see

figure 3.4). Changes in the mesh resolution are determined by criteria that are applied to

every physical variable in the simulation and are checked at every time step. A refinement

criterion derived from the one-dimensional error estimator Ei on a uniform mesh is utilized by

PARAMESH in FLASH. The following is the expression of the estimator, which is a modified

second derivative normalized by the average gradient over one computing cell as [23]:

Ei =
|ui+2 −2ui +ui−2|

|ui+2 −ui|+ |ui −ui−2|+ ε(|ui+2|+2|ui|+ |ui−2|)
(3.21)

Where ui (temperature or density) represents the refinement test value in the i-th cell, and
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ε is the latter factor. This factor is weighted by a small constant to allow the filtering out of

oscillations with high spatial frequency. In the context of multiple dimensions, the preceding

expression can be extended by applying the Euclidean norm to both the first and second-order

derivatives. This entails considering the magnitude of the vector composed of the derivatives

in each dimension as:

Eixiyiz =

[ (
∑pq

(
∂ 2u

∂xp∂xq

)2)
(

∑pq

[
1

2∆xq

(∣∣∣∣∣ ∂u
∂xp

∣∣∣∣∣
2

iq+1

+

∣∣∣∣∣ ∂u
∂xp

∣∣∣∣∣
2

iq−1

)
+ ε

∣∣∣∣∣ ūpq
∆xp∆xq

])2

] 1
2

(3.22)

Here, the indices ix, iy, and iz denote the coordinates of the i-th cell, ∆xq represents the cell

size in the q direction, and |ūpq| is the local average value of |u| over several neighboring cells

in the p and q directions.

Figure 3.4: Illustration of Refinement Levels in a 2D Block, where Leaf-Node Blocks Store
the Solution and Non-Leaf Node Blocks Store the Correction.

Furthermore, by computing tested quantity gradients, the AMR grid is refined and dere-

fined. AMR also guarantees conservation of flux at refinement jumps. Assumed and commu-

nicated to their parent cells are the fluxes of mass, momentum, internal and total energy, and
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Figure 3.5: Demonstrating Flux Conservation Across a Refinement Jump, where the Fluxes in
Fine Cells are Summed and Replace the Coarse Cell Flux (Ftotal).

species density in the fine cells across boundary cell faces (see figure 3.5).

3.4 Setting up the simulation: numerical computation and

discussion

As is well known, rock samples collected from the surface of Mars are rich in graphite [77],

while the Martian atmosphere is predominantly composed of carbon dioxide (CO2), which

constitutes approximately 96% of its composition [24], along with trace amounts of helium

(He), around 0.0002%. In this distinct Martian environment, the physical and chemical proper-

ties of the plasma differ significantly from those on Earth. The unique combination of graphite-

rich rocks and the predominance of CO2, along with trace amounts of He in the Martian at-

mosphere, imparts distinctive characteristics to the plasma, resulting in notable variations in

its behavior and composition compared to Earth’s conditions. Specifically, under Martian con-

ditions, the plasma exhibits heightened brightness and more intense spectral lines, leading to

a higher acquired signal compared to ambient or vacuum conditions [25]. Our simulation

setup, taking into account Martian environmental conditions, involves the laser ablation of a
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graphite target, resulting in plasma formation in the presence of ambient CO2 and He gases.

This comprehensive approach considers the intricate dynamics arising from the simultaneous

processes of plasma formation and the generation of shock waves. To precisely capture the in-

terplay between these phenomena, we have employed a 3T plasma Eulerian radiation descrip-

tion model, incorporating a Non-LTE (Non-Local Thermodynamic Equilibrium) approach, as

detailed in section 2.1. The FLASH code is equipped with a diverse range of directionally split

and unsplit methods designed for solving the system of Euler equations governing radiation-

hydrodynamics (RHD). This system of equations (equations (2.1), (2.2), (2.3)) constitutes a

mixed hyperbolic-parabolic system. Initially, all the terms on the right-hand side of the equa-

tions are separated from the solution of the non-ideal single fluid hydrodynamics. This separa-

tion is managed using the single-step, time-marching algorithm of the unsplit staggered mesh

(USM) [26, 27], specifically tailored for Cartesian coordinates. Subsequently, the right-hand

terms of equations (equations (2.8), (2.9), (2.10)) are individually separated, and each term is

treated independently. The first term on the right-hand side (equations (2.8), (2.9)) accounts

for the exchange of energy between electrons and ions through collisions, and it is addressed

by solving the system as outlined in [28]:

∂eion

∂ t
=

Cv,ei

τei
(Tele −Tion) (3.23)

∂eele

∂ t
=

Cv,ei

τei
(Tion −Tele) (3.24)

The subsequent term on the right-hand side of equations ((3.23)) and ((3.24)) accounts for

electron thermal conduction and the parabolic terms. These components are resolved implic-

itly through the utilization of the HYPRE library [29], enabling the retention of larger time

steps. The residual terms on the right-hand side of equations ((2.9)) and ((2.10)) pertain to

radiation transport, with the HYPRE library being employed to compute radiation diffusion.

The equations governing radiative transfer (equation (2.29)) and electron internal energy

(equation (2.30)) are managed through the multi-group diffusion (MGD) approximation [30]

within FLASH. In this approach, the frequency space is discretized into N groups, denoted
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by g, each defined within the frequency range from νg to νg+1. In our simulation, a total

of 25 frequency groups are utilized, and the overall quantities of interest are expressed as

summations over each group. The second and third terms on the left-hand side of equation

(2.34) denote the radiation diffusion flux for each group g (∇ ·qrad,g) and the absorption source

term for each group g (Qabs,g), respectively. Conversely, the right-hand side of equation (2.34)

signifies the emission source term for each group g (Qemis,g). The final term in equation (2.34)

represents the laser heating source (Qlas), computed through an inverse Bremsstrahlung model

(refer to section 3.1.2). The energy deposited by the laser beam was determined using the

laser ray-trace algorithm for both (X-Y) planar and (R-z) cylindrical geometries. FLASH

boasts extensive laser modeling capabilities, accommodating various laser configurations. In

our simulation, a specific laser ray-tracing model property in the FLASH Code was utilized,

enabling a 2D Cartesian laser beam to emulate a 3D cylindrical beam.

The interaction between the laser and the graphite target in the presence of CO2 and He

was simulated using FLASH, an Adaptive Mesh Refinement (AMR) code, on a 2D Cartesian

grid over a duration of 5 ns. The visualization of these simulations was facilitated by the

software VisIt [31]. We employed four levels of refinement, resulting in a total of 33,280 cells

and achieving an equivalent resolution of approximately 39 µm per cell, as shown in figure

3.6. The boundary conditions are set to be reflective on the left side of the y-axis, while the

remaining boundaries are set to outflow (zero gradient), as illustrated in figure 3.6.
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Figure 3.6: Illustration of the evolution of a 2D Cartesian AMR grid during a simulation at
t = 5 ns (33,280 Cells) depicting the interaction between the laser and the graphite target in
the presence of CO2 and He gases, by utilizing the visualization software VisIt.

For both the target material (Graphite) and the surrounding ambient gases (CO2 and He)

under Non-Local Thermodynamic Equilibrium (NLTE) conditions, we utilized the IONMIX4

program to generate tabulated data that could be incorporated into the FLASH code. The

IONMIX code is designed to compute the steady-state ionization and excitation populations

for a mixture of up to 10 distinct atomic species. This includes the calculation of radiative

absorption, emission, and scattering coefficients at numerous photon energies (approximately

several hundred). These coefficients are then integrated over selected energy intervals to derive

the multi-group Planck and Rosseland mean opacities [25].

Table 3.1: Electronic configuration and the ionization energy for helium (He)

Ion Electronic Configuration Ground Level Ionized Level Ionization Energy (eV)
He 1s2 1S0 1s2S1/2 24.5873890

He+ 1s 2S1/2 54.41776552

A temperature grid spanning 0.01 to 50 eV, an ion density grid ranging from 1012 to 1025

ion/cm3, and an energy grid from 1 to 6 eV were employed in calculating the equations of

state (EOS) and opacity data, respectively. Ionization potential energies for the excited lev-

els of helium (Table 3.1), carbon (Table 3.2) and oxygen (Table 3.3) were obtained from the

National Institute of Science and Technology (NIST)[32]. These values were used by ION-

MIX4 to generate data for graphite, carbon dioxide (CO2), and helium (He). The populations
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Table 3.2: Electronic configuration and the ionization energy for carbon (C)

Ion Electronic Configuration Ground Level Ionized Level Ionization Energy (eV)
C 1s22s22p2 3P0 2s22p 2P0

1/2 11.2602880
C+ 1s22s22p 2P2

1/2 2s2 1S0 24.383143
C2+ 1s22s2 1S0 2s 2S1/2 47.88778
C3+ 1s22s 2S1/2 1s2 1S0 64.49352
C4+ 1s2 1S0 1s 2S1/2 392.09056
C5+ 1s 2S1/2 489.99320779

Table 3.3: Electronic configuration and the ionization energy for oxygen (O)

Ion Electronic Configuration Ground Level Ionized Level Ionization Energy (eV)
O 1s22s22p4 3P2 2p3 4S0

3/2 13.618055
O+ 1s22s22p3 4S0

3/2 2p2 3P0 35.12112
O2+ 1s22s22p2 3P0 2s22p 2P0

1/2 54.93554
O3+ 1s22s22p 2P0

1/2 2s2 1S0 77.41350
O4+ 1s22s2 1S0 2s 2S1/2 113.8990
O5+ 1s22s 2S1/2 1s2 1S0 138.1189
O6+ 1s2 1S0 1s 2S1/2 739.32697
O7+ 1s 2S1/2 871.4099138

of atomic energy levels were computed using a collisional-radiative non-local thermodynamic

equilibrium (CR-NLTE) model (refer to Section 3.2).

The LIBS graphite plasma simulation in the presence of CO2 and He evolves over a du-

ration from 0 ns to 1000 ns, using the unsplit time-marching method of the USM algorithm,

which is an extension of the corner transport upwind (CTU) approach [33]. The simulation

utilizes a variable time step, ranging from 1 fs to 0.1 ns, determined by changes in electron and

ion temperatures, radiation energy density, and limits imposed by the Courant Friedrichs Lewy

(CFL) condition. A CFL number of 0.1 is maintained throughout the run. Spatial reconstruc-

tion is performed using the Piecewise Parabolic Method (PPM) [34] and a monotonized central

(MC) limiter, while Godunov fluxes are recovered with an HLLC (Harten, Lax & van Leer-

Contact) Riemann solver [35,36]. Implicit solvers for electron and ion thermal conduction em-

ploy a conjugate gradient method (CG) [37] preconditioned with algebraic multigrid (AMG),

as implemented in the HYPER library [38]. For visualizing our data, we employed the multi-

code analysis tool "yt-project" [39], an open-source Python code. This tool encompasses a

data management layer for transporting and tracking simulation outputs, a plotting layer, and a
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parallel analysis layer capable of handling both mesh-based and particle-based data. Addition-

ally, "yt" offers various interfaces and has been extended to collaborate with diverse simulation

methods and codes, including the FLASH code. figure 3.7 provides a thorough understanding

of the software integration landscape by revealing the complex interactions between FLASH

and several programs and libraries through a precise schematic portrayal. This graphic func-

tions as a road map, showing the dynamic relationships and exchanges that FLASH has with

the surrounding computing environment. To gain a thorough understanding of our simulation

configuration, including specific code and FLASH parameters.

Figure 3.7: Presents a detailed flow diagram that illustrates the movement and integration of
data between the FLASH simulation framework and various associated codes and software
packages.
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3.5 Simulation framework and design

In an attempt to gain a deeper understanding of the characteristics of ChemCam and Super-

Cam LIBS, numerical simulations have been employed as a complementary approach to the

conventional method of replicating experimental conditions on Mars within an Earth-based

laboratory [40,41]. Unlike comparative studies conducted in laboratories, numerical simula-

tions offer distinct advantages. These benefits include the flexibility to easily modify laser

parameters such as wavelength, pulse, energy, spot size, profile shape, and ambient gas pres-

sures.

However, their limitations stem from the challenge of accurately determining numerous

factors related to chemical, physical, optical, and environmental gas properties, which influ-

ence the development of the plasma plume and spectral regions. Consequently, the spectra

observed in Earth-based laboratories and those generated through simulations can be regarded

as complementary to each other.. Ewusi-Annan et al [42] employed a 1-D Lagrangian hy-

drodynamic model to simulate the laser-induced breakdown spectra of graphite and synthetic

shergottite glass in an environment resembling Mars. They presented their findings under a lo-

cal thermodynamic equilibrium (LTE) approach for the emission spectra. Examined the prop-

erties of LIBS (Laser-Induced Breakdown Spectroscopy) plasma under Martian atmospheric

conditions through a stationary model, which utilized a one-dimensional approach to depict

the plasma divided into two zones along the line of sight [43]. Their simulations, grounded

in the principles of local thermal equilibrium, were conducted employing radiative transfer

methods.

Typically, characterizations of LIBS plasma rely on the premise of local thermodynamic

equilibrium (LTE), favored for its straightforward depiction of plasma. However, the appro-

priateness of the LTE assumption is contingent on specific experimental conditions and is only

applicable at certain times following the initiation of the plasma. Alberti et al. [44] employed a

non-equilibrium model to study the dynamics of plasma kernels generated by lasers. They con-

ducted simulations of laser-induced plasma using nanosecond pulses, encompassing a variety

of ambient conditions and laser properties. Notably, their simulations successfully predicted

the axial and radial dimensions of the plasma. More crucially, they accurately replicated the
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propagation of both forward and backward plasma waves, as observed in experimental settings

involving air [45] and Argon [46].

In this study, we numerically investigate the influence of lens-to-sample distance (LTSD)

and laser irradiance on key plasma parameters, including electron and ion temperatures, elec-

tron and ion number densities, and fluid velocity. Additionally, we examine the evolution

of plasma dynamics and spatial extent under different ambient gas environments specifically

carbon dioxide (CO2) and helium (He) at pressures of 6 mbar (representative of Martian con-

ditions) and 1000 mbar (Earth-like conditions), with an initial background temperature of ap-

proximately 290.11 K (17 °C).

3.5.1 Laser ablation target structure in presence of ambient gas

To simulate the ablation of a graphite target and the formation of plasma in the presence of am-

bient CO2 gas, we employed the multi-material capabilities of the FLASH code, as described

in the numerical and computational framework presented in Section 2.1.1. The simulation

features a flat, homogeneous solid graphite target with a thickness of 0.12 cm and a radius of

0.3 cm, both initially having a mass density of ρ = 2.23 g/cm3. The initial temperature of

the graphite is denoted as TG = 17◦C = 290.11 K, and the ambient CO2 and He gases are

initialized at TCO2 = THe = 17◦C = 290.11 K.

We additionally explore the effect of varying focusing conditions by considering three

distinct cases in which the focal point of the laser beam is positioned at, above, and below

the target surface, respectively. This variation along the Z-axis modifies the radial distribution

of the focused laser beam, thereby significantly influencing the spot size and energy density

at the target surface. These three configurations are illustrated in Figure 3.8, highlighting the

impact of focal positioning on plasma formation and expansion dynamics.
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Figure 3.8: Illustrates the temporal evolution of the top-hat laser beam power profile over time.

In the first case, the laser beam was tightly focused, producing a minimum beam waist of

100 µm at the target surface. This configuration yielded an on-target irradiance of 25 GW cm–2

(Case 1a), a condition typically associated with maximum LIBS signal intensity. For com-

parison, a lower irradiance of 9 GW cm–2 was also considered (Case 1b). In the second case,

the laser was focused slightly above the target surface, resulting in an increased spot size of

168 µm and a corresponding irradiance of 9 GW cm–2 (Case 2a), with a secondary condition

at 25 GW cm–2 (Case 2b). In the third configuration, the laser was significantly defocused,

leading to a spot size of 420 µm and a reduced irradiance of 1.45 GW cm–2. To assess the

influence of spot size at constant irradiance, this case was also evaluated at 25 GW cm–2 (Case

3b). Each configuration was simulated under ambient CO2 and He environments at pressures

of 3, 6, 9, and 1000 mbar to examine the effects of different atmospheric conditions. The initial

temperatures of both the graphite target and the surrounding gases were set to approximately

(17◦C).

3.5.1.1 Laser beam design

In our simulation model, a single laser beam—represented by 8192 rays per time step—is

used to irradiate a flat graphite target within a two-dimensional (X–Y) Cartesian geometry.

The laser is focused along the Y-axis and enters the computational domain at the origin (0, 0),
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illuminating the target from above. It has a wavelength of 1064 nm, and its temporal profile

follows an ideal Gaussian-shaped pulse with a full width at half maximum (FWHM) of 10 ns.

The laser energy incident on the sample surface, denoted as Elas, is set between 15 and 20 mJ

[47].

The maximum power (energy) of the laser pulse follows a Gaussian function, as expressed

by [48]:

P(t) = Pmax exp

(
−
(

t − τ

τ

)2
)

(3.25)

Where Pmax is the maximum laser power, τ is the full width at half maximum of the Gaus-

sian laser pulse (FWHM). A representative figure 3.9 shows the Gaussian distribution of laser

power as a function of time.

Figure 3.9: Illustrating the temporal evolution of the ideal Gaussian laser power profile.

The spatial profile of the laser irradiance was assumed to be a ideal-Gaussian of exponent

1 with an e2-folding radius; its expression is given by [49, 50]:

I(r) = I0 exp
(
−2
(

r
ω0

)n)
(3.26)
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Where I0 is the laser irradiance at r = 0, n is the Gaussian exponent, selected to be 1 in

our simulation, r is the radial coordinate, and ω0 is the e2-folding Gaussian radius of the laser,

which is set between approximately 100 µm and 420 µm.

The intensity profile of this laser beam is modeled using a specific property of the laser

ray-tracing model in FLASH. This feature allows for a 2D Cartesian laser beam to effectively

emulate a 3D cylindrical beam. To investigate the effect of Lens-to-Sample Distance (LTSD)

on plasma behavior, a laser beam composed of 8192 rays heats the graphite target from above

in the presence of CO2 and He ambient gases. The spatial profile of the laser intensity is

assumed to follow an ideal Gaussian distribution with an exponent n = 1. In our simulations,

the laser beam is circular on the target surface, with a focused spot size diameter of 2w0 =

100 µm (beam waist) located at z = 0mm. This configuration results in an on-target intensity

of approximately I ≈ 25GW/cm2. The beam radius at the target, w(z), varies as a function of

the longitudinal position along the Z-axis and is given by [51]:

w(z) = w0

√
1+
(

z
zR

)2

(3.27)

Where w0 is the beam waist and zR is the Rayleigh range. We selected two distinct target

positions from the focal point for our simulation. At z = 10mm, the spot size diameter was

D = 168 µm, resulting in an on-target intensity of I ≈ 9GW/cm2. At z = −30mm, the spot

size diameter was D = 420 µm, corresponding to an intensity of I ≈ 1.45GW/cm2.
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Figure 3.10: Illustrating the Gaussian laser intensity profile and the variation of laser intensity
with spot size for 25GW/cm2 (A), 9GW/cm2 (B), and 1.45GW/cm2 (C).

Figure 3.10 presents a detailed visualization of the Gaussian laser intensity distribution as

a function of different spot sizes. It clearly illustrates the inverse relationship between spot

size and laser intensity smaller spot sizes correspond to higher intensities. This relationship

highlights the critical influence of spot size on the concentration of laser energy delivered to

the target.

3.5.1.2 Target design

Our simulation involves a single laser beam represented by 8192 rays used to heat flat graphite

targets. The upper surface of the graphite target undergoes ablation due to the laser beam,

with intensities ranging from I = 1.45 GW/cm2 for a spot size diameter of D = 420 µm, to

I = 25 GW/cm2 for a diameter of D = 100 µm. This interaction leads to the formation of a

plasma plume expanding into both CO2 and He ambient gases. Simultaneously, a shock front

develops and propagates through the plasma, eventually breaking out after a certain time.
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The computational domain in the 2D Cartesian (X–Y) geometry was designed to mimic

the distance between the laser source (e.g., ChemCam telescope) and the target on Mars, ap-

proximately 2 m as described in [52]. The domain is defined as follows: at z = 0 mm, it

spans [−0.3 cm,0.3 cm]× [−0.12 cm,0.6 cm]; at z = 10 mm, it spans [−0.3 cm,0.3 cm]×

[0.88 cm,1.6 cm]; and at z =−30 mm, it spans [−0.3 cm,0.3 cm]× [−3.12 cm,−2.5 cm].

We employed five levels of adaptive mesh refinement (AMR) using blocks of 8× 8 cells,

yielding an effective spatial resolution of 39 µm per cell. Plasma properties including electron

and ion temperatures, number densities, and fluid velocity were simulated for both flat and

spherical graphite targets over time durations ranging from 5 ns to 1000 ns.

The simulations employ the unsplit staggered mesh (USM) scheme with a Courant number

of 0.1. The time step used in the simulations ranges from 1 fs to 0.1 ns. Reconstruction is

performed using a monotonized central (MC) limiter, while Godunov fluxes are computed

using an HLLC Riemann solver, which accurately handles contact surfaces and shock waves.

The effect of lens-to-sample distance (LTSD) on plasma characteristics is examined under

varying pressure conditions in CO2 and He atmospheres. Laser irradiation of the flat graphite

target induces surface ablation, leading to the formation of a plasma plume that expands into

the surrounding gas. Simultaneously, a shock front develops within the plasma and propagates

outward, ultimately breaking through the ambient medium after a brief delay. The large spatial

extent of the atmosphere in our simulation is chosen to replicate the distance between the laser

source (focal lens) and the target on Mars, which is 200 mm, as reported in [51].
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Figure 3.11: Schematic of the focusing conditions at different lens-to-sample distances
(LTSDs). The laser beam is simulated for a flat graphite target using 8192 rays per time step.
The corresponding spot size diameters are: D = 420 µm for LTSD = −30 mm, D = 168 µm
for LTSD = 10 mm, and D = 50 µm for LTSD = 0 mm, respectively.

Figure 3.11 illustrates a schematic of the laser intensity distributions at different lens-to-

sample distance (LTSD) positions. In the Cartesian (X–Y) geometry mesh:

• At z = 0 mm, the region where Y ≤ 0.0 cm is occupied by the flat graphite target, which

has a thickness of 1.2 mm and a radius of 3 mm. The region where Y > 0.0 cm is

assumed to be filled with the ambient gas, CO2.

• At z = 10 mm, the region where Y ≤ 1.0 cm is occupied by the graphite target, while the

region where Y > 1.0 cm is considered to be filled with CO2.

• At z =−30 mm, the region where Y ≤−3.0 cm is occupied by the graphite target, and

the region where Y >−3.0 cm is assumed to contain the ambient gas CO2.

81



For a small LTSD, the intensity of the laser radiation is greater than that for a large LTSD.

The LTSD significantly influences the laser spot size on the target surface: a smaller LTSD

results in a smaller spot size, concentrating the laser energy over a smaller area and thereby

increasing the laser intensity. Conversely, a larger LTSD leads to a larger spot size, spreading

the laser energy over a wider area and thus reducing its intensity. Therefore, smaller LTSD

values lead to higher local laser intensities compared to larger LTSD values.

3.6 Results and discussion

3.6.1 Effects of Varying LTSD on Plasma Characteristics

We systematically explore various lens-to-sample distances (LTSDs) under two distinct am-

bient pressure conditions, encompassing both low and high pressures. For the low-pressure

scenarios, the ambient carbon dioxide (CO2) gas is tested at three different values—Mars-like

conditions of P = 3, 6 and 9 mbars, respectively. Conversely, under Earth-like conditions, the

CO2 gas is examined at a single pressure of P = 1000 mbar. This comprehensive approach en-

ables us to investigate the combined effects of LTSD and ambient pressure on various plasma

characteristics, including electron and ion temperatures, electron and ion number densities, and

fluid velocity. The simulations are conducted in an environment designed to mimic Martian

atmospheric conditions, providing valuable insights into plasma behavior under these settings.
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Figure 3.12: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 100 µm
under 6 mbar CO2 pressure.

Figure 3.13: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 168 µm
under 6 mbar CO2 pressure.
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Figure 3.14: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 420 µm
under 6 mbar CO2 pressure.

Figures 3.12, 3.13, and 3.14 illustrate the interaction of the pulsed laser with the flat solid

graphite target, showing the evolution of the electron temperature field and plume formation

at different stages of plasma evolution. The results cover both the active laser phase (5 to

10 ns) and the post-laser phase (30 to 1000 ns), under a CO2 ambient pressure of 6 mbar

(Mars-like conditions), with focal spot sizes of 100 µm (irradiance I = 25 GW/cm2), 168 µm

(I = 9 GW/cm2), and 420 µm (I = 1.45 GW/cm2).

Our results show that both the electron temperature and its spatial plume extent are in-

fluenced by the Lens-to-Sample Distance (LTSD) and the ambient gas pressure. Contrary to

expectations, the simulations indicate that the electron temperature decreases with increasing

LTSD. This behavior is driven by the laser beam’s focusing characteristics: a larger LTSD

results in a less concentrated laser beam on the target (i.e., reduced laser irradiance), leading to

lower energy absorption by the target material and, consequently, lower electron temperatures

within the plasma. These findings are consistent with the experimental results reported by

Harilal et al.[58] in their measurements of the temperature in laser-produced carbon plasma.
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Figure 3.15: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 100 µm
under 1000 mbar CO2 pressure.

Figure 3.16: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 168 µm
under 1000 mbar CO2 pressure.
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Figure 3.17: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 30 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 420 µm
under 1000 mbar CO2 pressure.

Figures 3.15, 3.16, and 3.17 illustrate the interaction of the pulsed laser with the flat solid

graphite target, showing the evolution of the electron temperature field and plume formation at

different stages of plasma evolution. The results cover both the active laser phase (5 to 10 ns)

and the post-laser phase (30 to 1000 ns), under a CO2 high pressure of 1000 mbar(Earth-

like conditions), with focal spot sizes of 100 µm (irradiance I = 25 GW/cm2), 168 µm (I =

9 GW/cm2), and 420 µm (I = 1.45 GW/cm2).

Both the electron temperature and its spatial distribution are influenced by gas pressure and

laser irradiance. Throughout all simulation durations, the temperature increases with higher

laser irradiance. However, under high-pressure conditions, the electron temperature decreases.

These findings are consistent with experimental observations reported by J. S. Cowpe et al.

[53], who measured the electron temperature in laser-generated silicon plasma.
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In our approach, we also account for the interaction between the plasma and the ambi-

ent gas, which significantly influences the expansion of the plasma plume and, consequently,

affects its temperature and density [54]. Additionally, the discrepancies in temperature val-

ues reported in [42, 43] may be attributed to their neglect of plasma emission and reabsorp-

tion in their two-temperature model, as well as their assumption of local thermal equilibrium

(LTE). It is noteworthy that the equation of state (EOS) model not only determines the plasma

pressure at a given density and temperature but also governs heat conduction efficiency by

defining the mean ionization fraction and specific heat [4, 55]. Our results reveal distinct

zones of electron and ion temperatures compared to previous approaches, which can be at-

tributed to several factors [42]. These include the interaction between the forming plasma and

the surrounding medium considered in our simulation, as well as the implementation of CR-

NLTE (collisional-radiative non-local thermodynamic equilibrium) conditions [56]. Notably,

the electron temperature is significantly higher than the ion temperature for all laser irradiance

levels and both low and high pressure conditions considered in our study. This behavior is due

to the greater energy imparted to the target material by the more intense laser beam. When a

laser with higher irradiance is used, it delivers more energy to the target surface over a shorter

duration, resulting in rapid heating and vaporization. This, in turn, leads to the formation of

a plasma plume with higher kinetic energy. Experimental observations have confirmed this

phenomenon [57], showing the presence of a shock front associated with plasma initiation,

dynamics, and expansion into the CO2 ambient gas.
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Figure 3.18: Variation of the electron temperature (1st row), ion temperature (2nd row), electron
density (3rd row), ion density (4th row), and fluid velocity (5th row) with time, calculated for
different focusing diameters: 100 µm (green line), 168 µm (blue line), and 420 µm (red line) for
three CO2 pressures: 3 mbar (1st column), 9 mbar (2nd column), and 1000 mbar (3rd column).
Subpanels (1–15) represent individual cases.
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Figure 3.18 shows the electron and ion temperatures, electron and ion number densities,

and fluid velocity of the simulated graphite plasma for different spot sizes (100 µm, 168 µm,

and 420 µm) under varying carbon dioxide pressures of 3 to 9 mbar on Mars and 1000 mbar

on Earth. The evolution of the simulated plasma was monitored at intervals of 5 ns, from 10

to 50 ns in 10 ns steps, and then at 100 ns, 200 ns, 500 ns, and 1000 ns. Each column details

the results for a specific CO2 pressure (3, 9, and 1000 mbar) across different laser irradiances:

25 GW/cm2 for a spot size of 100 µm, 9 GW/cm2 for a spot size of 168 µm, and 1.45 GW/cm2

for a spot size of 420 µm.

Figure 3.18 (subpanels 1–6) presents the variation of electron and ion temperature distri-

butions as a function of laser spot size and ambient CO2 pressure. For a given spot size, both

electron and ion temperatures show a slight increase at low pressure (a few mbar), whereas

at higher pressure (≥ 1000 mbar), a pronounced decrease in temperature is observed across

all simulation times. This reduction is attributed to plasma confinement by the dense ambi-

ent gas, which impedes the motion of plasma particles [59]. For a spot size of 100 µm, the

peak electron temperature during the laser-active phase (5–10 ns) ranges from 186,676.8 K at

3 mbar to 204,475.8 K at 9 mbar and drops to 70,230.6 K at 1000 mbar. Similarly, the peak

ion temperature at 5 ns varies from 177,396.9 K at 3 mbar to 191,592.0 K and 61,210.7 K

at 9 and 1000 mbar, respectively. Following laser cessation (> 20 ns), both electron and ion

temperatures exhibit an exponential decay, governed by plasma cooling dynamics [60].

The observed temperature variation with pressure depends not only on spot size but also

on the duration of plasma evolution. Notably, the temperature values obtained in this study

exceed those reported in prior works [61, 62]. This discrepancy arises from our model’s in-

clusion of graphite plasma–CO2 mixing under NLTE conditions. At elevated pressures, CO2

molecules adhere to the target surface, increasing collision rates and facilitating energy trans-

fer into plasma species, thereby elevating electron and ion temperatures as well as radiative

emissions [63, 64].

Furthermore, the simulations reveal that enhanced ionization states of carbon and oxygen

improve the plasma’s ability to emit and absorb radiation, leading to the formation of local-

ized temperature peaks. Analysis of the temperature and ionization distributions indicates a
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direct correlation between high ionization regions and elevated plasma temperatures [65, 66],

underscoring the critical role of ionization dynamics in shaping the thermal behavior of the

plasma.

Figure 3.18 (subpanels 7–12) presents the evolution of electron and ion number densities

over time intervals ranging from 5 ns to 1000 ns. The results indicate that ambient gas pressure

exerts a greater influence on electron and ion densities than the laser spot size. Electron number

density peaks during laser activation (5–10 ns). At low pressures (3–9 mbar), it increases

modestly from approximately 7.57×1021 cm−3 at 3 mbar to 9.42×1021 cm−3 at 9 mbar. At

high pressure (1000 mbar), a pronounced rise to 5.8× 1022 cm−3 is observed for a 100 µm

spot size.

Larger spot sizes (168 µm and 420 µm) result in reduced electron densities across all pres-

sures, with respective decreases of 0.77 and 0.65-fold at 3 mbar, 0.68 and 0.58-fold at 9 mbar,

and 0.82 and 0.66-fold at 1000 mbar. For ion densities at 5 ns and a 100 µm spot size, values are

approximately 5.71×1021 cm−3 at 3 mbar, 5.96×1021 cm−3 at 9 mbar, and 2.93×1022 cm−3

at 1000 mbar. Similar reductions are observed for larger spot sizes, with ion density decreasing

by 0.81, 0.88, and 0.89-fold (168 µm) and by 0.55, 0.82, and 0.67-fold (420 µm) for 3, 9, and

1000 mbar, respectively.

At low Martian pressures, ion density is less sensitive to pressure variations compared to

electron density [67]. In contrast, under Earth’s atmospheric pressure, both electron and ion

densities significantly increase due to enhanced plasma ionization [68]. Following laser deac-

tivation at 20 ns, electron density undergoes a marked exponential decrease as free electrons

rapidly diminish. The decline continues throughout the simulation, reaching minimum values

at 500 ns and 1000 ns.

Figure 3.18 (subpanels 13–15) illustrates the variation of plasma fluid velocity across dif-

ferent laser spot sizes (100 µm, 168 µm, and 420 µm) and CO2 pressures ranging from 3 to

9 mbar and 1000 mbar, with measurements taken from 5 ns to 1000 ns. A clear correla-

tion between fluid velocity and spot size is observed during the initial laser activation period

(5–10 ns), where smaller spot sizes lead to higher plasma velocities due to enhanced laser

irradiance and more efficient energy coupling.
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At an ambient pressure of 3 mbar and 10 ns, the plasma expansion velocity peaks, in-

creasing from approximately 1.8 × 106 cm/s for a 420 µm spot to 2.69 × 106 cm/s and

6.1× 106 cm/s for 168 µm and 100 µm spots, respectively. Raising the ambient pressure

to 9 mbar further enhances velocities by factors of 1.40 (168 µm) and 3.76 (100 µm), consis-

tent with experimental observations of aluminum plasmas at low ambient pressures [69, 70].

This behavior arises from increased energy transfer and higher ionization efficiency in plasmas

with smaller focal spots.

At high ambient pressure (1000 mbar), plasma velocities decrease significantly to approx-

imately 0.14, 0.30, and 0.27 (normalized units) for 100 µm, 168 µm, and 420 µm spot sizes,

respectively. The confining effect of the surrounding gas restricts plasma expansion and re-

duces flow speed. Following laser deactivation (≥ 20 ns), the fluid velocity exhibits a quasi-

exponential decay, gradually approaching minimal values at later time intervals (500–1000 ns).

3.6.2 Effect of ambiant gases: He vs CO2

Especially in plasma formation, the ambient gas composition plays a crucial role. This section

examines the influence of ambient gas composition on the evolution of graphite plasma under

NLTE conditions. Simulations were performed using helium (He) and carbon dioxide (CO2)

at identical pressure conditions.

Figures 3.19, 3.20, and 3.21 compare the plasma electron temperature field and spatial

distribution at multiple stages of plasma evolution in the presence of He gas, at pressures of

6 mbar (Mars-like) and 1000 mbar (Earth-like). The simulations were conducted for two laser

spot sizes: 100 µm with a laser irradiance of 25 GW cm-2, and 420 µm with a laser irradiance

of 1.5 GW cm-2. Plasma evolution was recorded at several simulation times: 5 ns and 10 ns

during laser pulse activation, and at 20–50 ns (in 10 ns increments), as well as at 100 ns,

200 ns, 500 ns, and 1000 ns after laser pulse deactivation.
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Figure 3.19: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 40 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 420 µm
under 6 mbar He pressure.

Figure 3.20: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 40 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 100 µm
under 6 mbar He pressure.
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Figure 3.21: Plasma electron temperature distribution and plume expansion evolution at 5 ns,
10 ns, 40 ns, 100 ns, 500 ns, and 1000 ns simulation time for a spot size diameter of 100 µm
under 1000 mbar He pressure.

Figure 3.22 (subpanels 1–6) illustrates how the ambient gas composition (He vs. CO2)

influences electron and ion temperature dynamics at two pressures—6 mbar and 1000 mbar—

over time delays ranging from 5 ns to 1000 ns, with laser spot sizes of 100 µm and 420 µm.

Across all time points, CO2 consistently results in higher temperatures than He due to its higher

molecular mass, larger collision cross-section, and superior ability to confine heat within the

plasma. These properties enable CO2 molecules to transfer energy more effectively and slow

plasma expansion, thereby maintaining elevated temperatures for a longer duration.

Both electron and ion temperatures peak during the laser pulse (5–10 ns). At 6 mbar, elec-

tron temperatures range from 187,821.6 K (CO2) and 98,153 K (He) with a 100 µm spot to

30,260 K (CO2) and 22,181.3 K (He) with a 420 µm spot. At 1000 mbar, the electron temper-

ature reduction factors are 1.5 for CO2 and 1.8 for He at a 100 µm spot size. Ion temperatures

show similar trends: at 6 mbar, they range from 185,120.7 K (CO2) and 96,335.4 K (He) for a

100 µm spot, down to 25,897.3 K (CO2) and 20,538 K (He) for a 420 µm spot.
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Figure 3.22: Variation of the electron temperature (1st row), ion temperature (2nd row), electron
number density (3rd row), ion number density (4th row), and fluid velocity (5th row) with time
and spot sizes (100 µm and 420 µm). Calculations are performed for different ambient gas
compositions: He (magenta line) and CO2 (red line) under two pressures, 6 mbar (1st and 2nd

columns) and 1000 mbar (3rd column). Subpanels (1–15) represent individual cases.
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At 1000 mbar, both electron and ion temperatures are approximately two times lower in

He than in CO2, primarily due to CO2 higher density (under equal pressure), greater mass, and

higher ionization potential [71]. The thermal properties of CO2, along with the internal energy

modes of its diatomic molecules, further enhance this effect [72]. Following the laser pulse, at

an early delay time of 20 ns, both electron and ion temperatures decay exponentially, reaching

minimum values at delay times of 500 ns and 1000 ns, driven by plasma expansion and the

cooling effect of the background gas.

At both low (6 mbar) and high (1000 mbar) pressures, electron and ion number densities

are consistently higher in a CO2 atmosphere than in a He atmosphere, as shown in figure

3.22, subpanels (7–12). This behavior is primarily due to the greater mass density and higher

ionization potential of CO2 relative to He [73]. It is also evident that a degree of mixing

occurs between the ablated graphite material and the surrounding CO2 or He atmosphere. The

electron and ion number densities peak at 5 ns, reaching 9.2×1020 cm−3 and 2.7×1020 cm−3,

respectively, in He, and 8.6×1021 cm−3 and 5.8×1021 cm−3, respectively, in CO2, for a laser

spot size of 100 µm at 6 mbar. For a spot size of 420 µm, both electron and ion number

densities decrease by factors of approximately 3 and 2 in He and CO2, respectively.

At 1000 mbar, the electron and ion number densities increase by roughly a factor of 5

compared to those at 6 mbar. This increase is attributed to enhanced collisional interactions

with the background gas and a reduced mean free path [74]. After 10 ns, both densities exhibit

an exponential decline over time due to plasma expansion, cooling effects of the background

gas, and confinement dynamics.

In our simulation, the dynamic behavior of fluid motion within the plasma was thoroughly

analyzed, enabling us to characterize the evolution of fluid velocity patterns under different

ambient gases (He and CO2), as illustrated in figure 3.22, subpanels (13–15). These velocity

profiles provide key insights into plasma expansion dynamics. Overall, the fluid velocity is

lower in a He atmosphere compared to CO2, particularly during the initial phase (5–10 ns).

This difference arises from the greater density of ambient species in CO2, which more effec-

tively slows the expansion of the plasma plume [75].
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At 10 ns, the maximum fluid velocity for both laser spot sizes (100 µm and 420 µm)

increases slightly from 5.4× 106 cm/s and 1.7× 106 cm/s under low-pressure He to 5.8×

106 cm/s and 1.75× 106 cm/s under low-pressure CO2. After the laser pulse (> 10 ns), the

fluid velocity undergoes a quasi-exponential decay, reaching minimum values at delay times

of 500 ns and 1000 ns due to plasma cooling and interaction with the background gas. At

high background pressure (1000 mbar), the overall fluid velocity decreases by approximately

a factor of 7, as a result of enhanced plasma confinement effects.

3.6.3 Effect of Focusing Diameter for Fixed Laser Irradiance

In planetary LIBS applications, maintaining constant irradiance is uncommon, as laser irra-

diance often varies due to changes in standoff distance, atmospheric conditions, and target

surface irregularities. In this study, we examine the case of constant irradiance to isolate the

specific influence of focusing diameter on plasma formation and dynamics. By controlling ir-

radiance, we are able to assess how variations in spot size affect energy deposition and plasma

behavior, particularly in a CO2 rich environment such as that on Mars. The interaction be-

tween the laser beam waist and the resulting plasma plume—impacting energy absorption,

confinement, and expansion provides valuable insights for optimizing LIBS measurements

under planetary conditions.
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Figure 3.23: Variation of the electron temperature (first and second rows) and ion temperature
(third and fourth rows) with time and laser irradiances 9 GWcm−2 (first and third rows) and
25 GWcm−2 (second and fourth rows). Calculated for different focusing diameters: 100 µm
(green line), 168 µm (blue line), and 420 µm (red line) under three CO2 pressures: 3 mbar (first
column), 9 mbar (second column), and 1000 mbar (third column). Subpanels 1–12 represent
individual cases.
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Figure 3.24: Variation of the electron number density (first and second rows) and ion number
density (third and fourth rows) with time and laser irradiances 9 GWcm−2 (first and third
rows) and 25 GWcm−2 (second and fourth rows). Calculated for different focusing diameters:
100 µm (green line), 168 µm (blue line), and 420 µm (red line) under three CO2 pressures:
3 mbar (first column), 9 mbar (second column), and 1000 mbar (third column). Subpanels
1–12 represent individual cases.
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Figure 3.25: Variation of the fluid velocity (fifth and sixth rows) with time and laser irradi-
ances 9 GWcm−2 (fifth row) and 25 GWcm−2 (sixth row). Calculated for different focusing
diameters: 100 µm (green line), 168 µm (blue line), and 420 µm (red line) under three CO2
pressures: 3 mbar (first column), 9 mbar (second column), and 1000 mbar (third column).
Subpanels 1–6 represent individual cases.

The plasma parameters generated by a nanosecond laser on a graphite target are strongly in-

fluenced by laser irradiance and focusing diameter. An increase in focusing diameter enhances

energy transfer to the target, promoting plasma expansion in the direction of the incident laser

due to additional heating effects from the nanosecond pulse [76, 77]. Figures 3.23 to 3.25

illustrate the variations in electron and ion temperatures, number densities, and fluid velocity

distributions under laser irradiances of 25 and 9 GW·cm−2, across different focusing diameters
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(100, 168, and 420 µm), and under both low and high CO2 pressures over a simulation time

span of 5 to 1000 ns.

At both irradiance levels of 9 and 25 GW·cm−2, electron and ion temperatures rise notably

with increasing spot size, as depicted in Figure 3.23 (subpanels 1–12). For 9 GW·cm−2 at low

ambient pressures (3–9 mbar) during the laser-active period (5–10 ns), temperatures increase

from approximately 5.0× 104 K (electrons) and 4.7× 105 K (ions) for a 100 µm spot size

to 9.0× 105 K and 8.0× 105 K, respectively, for a 420 µm spot. At 25 GW·cm−2, initial

temperatures for a 100 µm spot size reach 1.87× 105 K (electrons) and 1.86× 105 K (ions),

increasing by factors of approximately 1.4 and 1.7 for larger spot sizes.

Under high-pressure conditions (1000 mbar), both temperatures decrease by factors of

approximately 3.7 and 3.9 across all spot sizes. The observed rise in temperature with in-

creased irradiance and spot size is attributed to enhanced energy absorption by electrons and

ions through laser-photon interactions [78]. After the laser pulse terminates ( 20 ns), both

temperatures exhibit a rapid exponential decay, with significant cooling observed at 500 and

1000 ns.

Figure 3.24 (subpanels 1–12) presents the temporal evolution of electron and ion number

densities in the plasma plume. At constant laser irradiance, increasing the spot size results in

substantial growth in both electron and ion densities, particularly during the laser-active period

(5–10 ns). For an irradiance of 9 GW·cm−2 at 5 ns, maximum electron and ion densities

increase from approximately 4× 1021 cm−3 and 3× 1021 cm−3 (100 µm spot size) to 8×

1022 cm−3 and 6× 1022 cm−3 (420 µm spot size), respectively. At 25 GW·cm−2, a 100 µm

spot size yields densities of about 8×1021 cm−3 (electrons) and 6×1021 cm−3 (ions), which

increase by factors of 2.9 and 4.2 with larger spot sizes.

Under high-pressure conditions (1000 mbar), number densities across all spot sizes are

further enhanced—by approximately one order of magnitude for electrons and up to 15-fold

for ions. This increase is attributed to more effective laser energy absorption and intensi-

fied ionization and recombination processes within the graphite target [79]. As the simula-

tion advances, both densities decrease exponentially, reaching minimum values at later times

(500–1000 ns).
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Figure 3.25 (subpanels 1–6) illustrates the variation of fluid velocity as a function of laser

irradiance and spot size. During the active laser phase (5–10 ns), a strong positive correlation

is observed between spot size and fluid velocity. At 9 GW·cm−2 and low pressure, velocity in-

creases from 2.3×106 to 3.5×106 cm·s−1 for spot sizes of 100, 168, and 420 µm, respectively.

When the irradiance is increased to 25 GW·cm−2, the fluid velocity reaches 5.4×106 cm·s−1

for a 100 µm spot and increases further by factors of 1.24 and 1.82 for larger spots.

These increases are attributed to more effective energy coupling at larger spot sizes, which

enhances the acceleration of plasma species. At high ambient pressure (1000 mbar), fluid

velocities at 10 ns are reduced by approximately a factor of 4 at 9 GW·cm−2 and a factor

of 6 at 25 GW·cm−2, across all spot sizes, due to increased resistance from the surrounding

gas. Following the termination of the laser pulse ( 20 ns), the fluid velocity declines quasi-

exponentially, approaching minimum values at 500–1000 ns as the plasma undergoes thermal

equilibration with the ambient environment.

In contrast, pressure variations primarily influence the quantitative characteristics of plasma

density. Changes in the laser focal spot size, on the other hand, indirectly affect plume mor-

phology and expansion dynamics particularly under low-pressure conditions such as those en-

countered in the Martian atmosphere, and especially during the laser pulse duration. At high

pressures, the effects are more evident in the spatial distribution and initial energy profile of

the plasma. Increased ambient pressure confines the plasma and resists the motion of plasma

species, leading to reductions in key parameters such as electron and ion temperatures and

fluid velocity. This confinement also causes notable changes in electron and ion number den-

sities. These findings are highly relevant for in situ LIBS elemental analysis on Mars, where

both focusing conditions and the composition of the surrounding gas critically influence the

resulting LIBS signal.

3.6.4 Model limitations

To enhance our approach, this simulation focuses on carefully analyzing the various physical,

chemical, optical, and environmental factors that influence plasma properties and the result-

ing spectral features in LIBS, with particular attention to ChemCam and SuperCam LIBS
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spectra. Initially, we investigate laser-induced plasma formation at both early and delayed

times (t = 5 ns to 1000 ns) in our simulations, taking into account the interaction between the

expanding plasma plume and the surrounding ambient gases (He and CO2). However, it is im-

portant to acknowledge that our simulations are subject to certain limitations, such as the use

of a single laser pulse (the matrix effect)[80] and the relatively short simulation duration for

plasma evolution (up to 1 µs). This limitation poses a challenge when comparing to real LIBS

instruments, where integration times typically exceed 1 ms, allowing the plasma to evolve over

significantly longer periods.

Moreover, experimental studies [81] have shown that molecular species persist in the

graphite plasma beyond a delay time of 1 µs, indicating that the emission intensities of atomic

lines can be influenced by ongoing molecular formation throughout the plasma lifetime. In

addition, the effectiveness of the hydrodynamic radiation model diminishes at extended sim-

ulation times due to a substantial increase in the Knudsen number (Kn), which represents the

ratio of the species’ mean free path to the characteristic plasma length scale. Addressing this

issue requires considering alternative approaches, such as the direct simulation Monte Carlo

(DSMC) method, which offers a more accurate representation of plume expansion, particularly

at longer delay times [82].

Furthermore, the use of a finer Eulerian grid in targeted regions of the simulation domain

can improve accuracy, especially when modeling the interaction between plasma formation

and the ambient gas. It is also important to note that chemical reactions are not included in this

study; thus, molecular band emissions are not modeled. Nevertheless, the role of molecular

formation becomes increasingly significant at longer times (> 1 µs) [83].
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General conclusion and outlook

Humans are naturally born curious and are driven to unravel a myriad of perplexing questions:

How was the universe formed? What are the origins of life? Could life potentially thrive on

other planets? These unanswered inquiries serve as a catalyst for mankind’s relentless pursuit

of knowledge. Mars, a planet with an atmosphere that potentially holds water in liquid or

solid form beneath its surface, presents a compelling question: Can it, or has it ever, supported

life? This captivating inquiry has been the driving force for scientists for nearly half a cen-

tury. Significant strides in scientific exploration have unfolded since the commencement of the

American rover Curiosity’s mission to Mars in 2012, a historic endeavor that equipped a rover

with tools for analyzing carbon isotopes on the Martian surface for the first time. Curiosity

has successfully identified organic molecules in Martian sediments, including fossil fuels and

muds. Concurrently, other missions have meticulously gathered data on isotopic signatures

within the Martian atmosphere, while scientists have scrutinized the ratios present in Martian

meteorites discovered on Earth. NASA has also disclosed compelling findings regarding the

seasonal dynamics of methane in Mars’ atmosphere. Terrestrial methane production involves

bacteria consuming carbon dioxide (CO2) and emitting methane (CH4). Despite methane’s rel-

atively short lifespan of about 300 years, planetologists theorize continuous Martian methane

production by the planet, persisting to this day. Notably, methane levels on Mars exhibit in-

triguing seasonal fluctuations, surging in summer and waning in winter. Drawing parallels

with Earth, where various life forms go dormant in cold conditions and reawaken in warmth,

this pattern hints at the potential for biological activity on the Red Planet. In 2020, NASA’s

Perseverance rover was assigned the crucial task of identifying optimal sample types to collect,

aiming to confirm the source of the carbon signature and definitively ascertain its biological or
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non-biological origin.

This thesis has enabled us to simulate LIBS (Laser-Induced Breakdown Spectroscopy)

plasmas emanating from organic components in Mars environment using a theoretical model.

This model comprehensively incorporates all the processes involved in the interaction of the

ChemCam laser with the target, leading to plasma formation. Currently, there is no model

available that can accurately forecast the characteristics of an ablation plume generated by a

specific laser on a particular material within a given environment. Laser ablation is a multi-

faceted process encompassing various physical phenomena, often occurring in non-local ther-

modynamic equilibrium (NLTE). The thermal parameters, optical properties, and phase dia-

grams of materials subjected to such intense irradiation conditions are inadequately understood

and pose challenges for measurement. Consequently, despite considerable progress in under-

standing the expansion dynamics of laser-induced plasma, every application of LIBS demands

extensive experimental and numerical simulation studies. Additionally, we have presented a

three-temperature (3T) radiation-hydrodynamics model for LIBS graphite plasma under Mar-

tian environmental conditions.

This includes an Eulerian description with a non-equilibrium (non-local thermodynamic

equilibrium, NLTE) approach for modeling the temporal evolution of the ablation crater and

the plasma plume formation and expansion under various laser irradiance levels and differ-

ent carbon dioxide (CO2) pressure conditions, representative of the low Martian environmen-

tal temperature (−63◦C). The model employs two-dimensional (X–Y) Cartesian and (R–Z)

cylindrical grids. It assumes that electrons and ions move together as a single fluid, but with

different temperatures (Te ̸= Ti), and that the plasma can both emit and absorb radiation. The

model also accounts for the mixing between the plasma and the ambient CO2 gas, which leads

to shock wave formation. These shock waves gradually expand in the shape of a spherical

bubble and eventually trigger an acceleration of the breakout shock front at later stages. We

also present simulation results of graphite plasma characteristics, including electron and ion

temperatures, electron and ion number densities, and fluid velocity, for various laser spot di-

ameters (D = 550 µm, I = 1 GW/cm2 and D = 300 µm, I = 4 GW/cm2), and for different

CO2 pressures (P = 3, 6, and 9 mbar), considering both flat and spherical graphite solid tar-
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gets. The plasma simulations were conducted at various delay times (t = 100 ns, 500 ns, and

1000 ns), using the FLASH simulation code.

In planetary LIBS applications, constant irradiance is a rare scenario, as laser irradiance

typically varies due to factors such as changes in distance, atmospheric conditions, and tar-

get surface irregularities. To provide a more comprehensive analysis of LIBS under Martian

conditions, we investigated the effect of lens-to-sample distance (LTSD) on plasma parame-

ters and spatial distribution during both the laser pulse activation phase (5–10 ns) and after

laser deactivation (t > 20 ns). These parameters reach their maximum values at the focal point

(z = 0 mm, spot size = 100 µm), in comparison to other positions away from the focal plane at

+10 mm (spot size = 168 µm) and −30 mm (spot size = 420 µm). The focal point, represent-

ing the optimal focusing position, corresponds to the highest laser intensity. This concentrated

energy deposition enhances electron heating, excitation, and ionization processes within the

plasma. Consequently, plasma parameters such as electron and ion temperatures, electron

and ion number densities, and fluid velocity exhibit significantly higher values at this loca-

tion. During the initial phase of laser interaction with the graphite target, a marked increase

in plasma characteristics is observed. However, following laser deactivation, the plasma un-

dergoes rapid exponential cooling, resulting in a gradual decline of plasma parameters toward

minimum values at later delay times.

We further extended this investigation of graphite LIBS plasma to include both He and CO2

ambient gases, under both low-pressure (∼ mbar) and high-pressure (> 1000 mbar) conditions.

Increasing the environmental pressure in CO2 compared to He results in higher electron and

ion densities and lower plasma temperatures. Under these high-pressure CO2 conditions, the

plasma exhibits enhanced confinement, which significantly alters the intensity and shape of

the spectral peaks, thereby influencing the accuracy of plasma composition analysis.

In conclusion, our observations reveal clear trends in the graphite plasma: electron and

ion temperatures, electron and ion densities, and fluid velocity increase with higher laser ir-

radiance, due to the enhanced energy deposition and corresponding excitation and ionization

processes. Plasma behavior under varying pressure conditions further modulates its dynamics

and characteristics. At low ambient pressures (a few mbar of CO2 or He), electron and ion
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temperatures and ion density exhibit only moderate increases. However, pressure has a more

pronounced effect on fluid velocity and electron density due to more frequent electron–ion col-

lisions. As neutral particle density increases with pressure, the rate of electron–ion collisions

and ionization processes also intensifies, leading to elevated electron densities. Moreover,

the plasma plume becomes more confined at higher pressures as plasma particles encounter

increased resistance from the denser ambient gas.

This combined influence of focusing and pressure provides a foundation for optimizing

LIBS analyses on Mars by adjusting focal parameters to account for the unique atmospheric

conditions, thereby improving the accuracy and consistency of spectral measurements. In

our future studies, it would be valuable to enhance the current model to simulate LIBS plas-

mas generated from complex materials, such as synthetic shergottite glass, under Martian-like

conditions, including aqueous environments and multi-pulse LIBS with cavity effects at ex-

tended delay times (up to 1 µs). This expansion is essential for achieving a comprehensive

understanding of plasma interactions with Martian materials, given the planet’s distinct envi-

ronmental factors such as temperature, atmospheric composition, and radiation environment.

Incorporating data from SuperCam aboard the Perseverance rover, which provides in-situ com-

positional information about Mars, will be pivotal in refining and validating the model.
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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 ambient CO2 pressure on the plasma parameters
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1. Introduction

For centuries, the planet Mars has exerted a kind of fascina-
tion on humans. But if astronomers today are so interested in
the Red Planet, it is primarily because of its relative proxim-
ity makes it reachable to their probes and other rovers. More-
over, unlike the other planets of the Solar System, Mars un-
doubtedly experienced in the past conditions quite similar to
those prevailing on Earth which could have allowed the ap-
pearance of life - which remains to be confirmed [1].

Nasa Space missions steadily advanced our knowledge of
the planet. The main scientific goal of the Nasa’s Exploration
Program studies is to understand the formation and early evo-
lution of Mars as a planet, the history of geological processes
that have shaped Mars through time, the potential for Mars
to have hosted life, and the future exploration of Mars by hu-
mans [1].

Laser Induced Breakdown Spectroscopy (LIBS) has
made it possible to analyze numerous geological samples
on the surface of the Martian soil since 2012 thanks to the
ChemCam instrument installed on board the Curiosity rover,
the largest and most capable rover ever sent to Mars and
which has already carried out more than a million laser shots.
ChemCam is based on the technique of spectroscopic anal-
ysis induced by laser ablation. A powerful laser fires on a
target, which causes the volatilization of the material and the
appearance of a plasma whose fluorescence is analyzed [2].
Building on this success, LIBS was once again chosen by
NASA to be one of the analysis tools implemented by the
SuperCam instrument, installed on board the Perseverance
rover, which reached the Martian soil in February 2021 [3].

In an effort to better understand ChemCam LIBS spec-
tra numerical simulations in an approach complementary to
that based on mimicking the experimental conditions on Mars
in an Earth-based laboratory [4] has been performed [5–9].
Ewusi-Annanet al. [8] reported the results of a simulation

of the laser-induced breakdown spectra of graphite and syn-
thetic shergottite glass in an atmosphere similar to that of
Mars using a 1-D, Lagrangian hydrodynamic model and a lo-
cal thermodynamic equilibrium (LTE) approach for the emis-
sion spectra.

Hansen et al. [9] investigated the characteristics of
the LIBS plasma in Martian atmospheric conditions us-
ing stationary modeling of the LIBS plasma using a one-
dimensional model of the plasma divided into two zones
along the line of sight. Their simulations were based on local
thermal equilibrium and carried out using radiative transfer.

Most approaches for characterizing the LIBS plasma are
based on the assumption of local thermodynamic equilibrium
(LTE) due to the simplicity of the description of the plasma
in LTE although the validity of this assumption can only be
considered under certain experimental conditions at specific
time intervals after plasma initiation [9,10].

In a recent work, Albertiet al. [11] used a non-
equilibrium model for laser generated plasmas to investigate
plasma kernel dynamics. Laser-induced plasma simulations
were performed for nanosecond length pulses for a range of
ambient conditions and laser characteristics, and were able to
correctly predict the axial and radial sizes of the plasma and,
more importantly, to reproduce the propagation of the for-
ward and backward plasma waves observed in experiments
in air [12] and Argon [13].

In this paper, we present a novel simulation to model
the problem of laser-induced breakdown spectroscopy under
Martian conditions . This includes a three temperature (3T)
Eurlian radiation description with NLTE (non-local thermo-
dynamic equilibrium) approach for the emission spectra. To
model the laser target interaction in the presence of an am-
bient gas, the usual two temperature (2T) model [14] treat-
ment of plasma is not sufficient since there are a number
of physical processes that cause a deviation from electron-
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ion radiation thermal equilibrium, or which are critically af-
fected, such as laser heating, transport coefficients, shock
waves generation, diffusion effect of radiation, radiation ab-
sorption, emission from the plasma and slow equilibration
timescales. In order to include these effects, we have con-
sidered a 3T plasma model. The simulation was performed
with the FLASH radiation-hydrodynamics code [15] which
is a finite-volume Eulerian code that operates on a block-
structured mesh using Adaptive Mesh Refinement (AMR)
[16].

The term “three-temperature” (or “3T”) denotes the ap-
proximation that electrons and ions move together as a sin-
gle fluid but with two different temperatures, and that this
fluid can emit or absorb radiation. In the 3T simulations pre-
sented throughout this paper each cell has an electron tem-
perature, an ion temperature, and radiation energy densities
in a number of photon energy bins [17]. In our approach
the atomic energy level populations were calculated using
a collisional-radiative (CR) NLTE-model [18]. The plasma
simulations were allowed to evolve for different times utiliz-
ing the second-order unsplit time marching method of USM
algorithm [19], an extension of the corner transport upwind
(CTU) approach [20] reconstruction was done utilizing the
piecewise monotonized central (MC) limiter. The upwind
fluxes were computed with a Harten-Laxvan Leer Contact
(HLLC) Riemann solver [21]. Implicit solvers for radia-
tion and electron thermal conduction was carried out using
a conjugate gradient method (PCG), preconditioned with al-
gebraic multi-grid (AMG), as implemented in the HYPRE
library [22].

2. Modeling approach

2.1. Hydrodynamics and plasma radiation simulation

The Euler equations expressing conservation of mass, mo-
mentum, and total energy used to describe the evolution of a
hydrodynamics 3T plasma are given by [23,24]:

∂ρ

∂t
+∇.(ρ−→v ) = 0, (1)

∂

∂t
(ρ−→v ) +∇.(ρ−→v −→v ) +∇Ptot = 0, (2)

∂

∂t
(ρ−→v ) +∇. [(ρEtot + Ptot)−→v ] = Qlas −∇.−→q , (3)

where

Ptot = Pele + Pion + Prad, (4)

Etot = eele + eion + erad +
1
2
−→v −→v . (5)

Hereρ is the plasma mass density,−→v is the fluid velocity,
Ptot is the total pressure,Pele, Pion andPrad are the elec-
tron, the ion and the radiation pressure, respectively.Etot is
the total specific energy which includes the specific internal
energies of the electroneele, ionseion and the radiation field

erad along with the specific kinetic energy.Qlas is the energy
source due to laser heating.−→q is the total heat flux which
is the sum of the electron, the ion heat flux and the radiation
flux:

−→q = −→q ele +−→q ion +−→q rad, (6)

−→q ele = −Kele∇.Tele, (7)

−→q ion = −Kion∇.Tion, (8)

whereKele andKion are respectively the electron and the ion
thermal conductivity which are determined using the Spitzer
model [25,26]. In cases where a large values of|∇.Tele| and
|∇.Tion| would give rise to unphysically large heat fluxes,
this can be handled by the diffusion flux-limiter solver. The
maximum flux-limit used for electron−→q maxele , ion−→q maxion

thermal conductions, respectively are defined as [15]:

−→q maxele(ion) = αe(i)ne(i)kBTele(ion)

√
kBTele(ion)

me(i)
, (9)

wherekB is the Boltzmann constant,mi is the average mass
of an ion,me is the mass of electron,ne is the electron den-
sity,ni is the ion density.αe andαe are respectively the elec-
tron and the ion conductivity flux-limiter coefficient. This
coefficients are much less than 1 [26].

Since the plasma is assumed to have multi-temperatures,
additional equations must be evolved to describe the change
in specific internal energies of the ions, electrons, and radia-
tions field:

∂ρeion

∂t
+∇.(ρeion

−→v ) + Pion∇.−→v

= ρωei(Tele − Tion)−∇.−→q ion, (10)

∂ρeelec

∂t
+∇.(ρeelec

−→v ) + Pele∇.−→v = ρωei(Tion − Tele)

−∇.−→q ele + Qabs −Qemis + Qlas, (11)

∂ρerad

∂t
+∇.(ρerad

−→v ) + Prad∇.−→v

= −∇.−→q rad −Qabs + Qemis, (12)

whereeion is the ion specific internal energy,eele is the elec-
tron specific internal energy,erad is the radiation specific in-
ternal energy.Qlas is represents the energy source due to
laser heating.Qabs represents the increase in electron in-
ternal energy due to the total absorption of radiation,Qemis

represents the decrease in electron internal energy due to the
total emission of radiation.

Where ωei = Cv,e/τei is the electron-ion coupling
term, whereCv,e is the electron specific heat andτei is the
ion/electron equilibration time given by [26]:

τei =
3k

3/2
B

8
√

2πq4
e

.
(miTele + meTion)3/2

(memi)1/2Zni lnΛei

, (13)
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whereZ is the average ionization,ni the ionic density,qe the
electron charge andlnΛei is the Coulomb Logarithm associ-
ated to the ion-electron collisions [27].

FLASH code already provides a variety of directionally
split and unsplit methods for solving the system of Euler
equations of hydrodynamics (HD). The system of Eqs. (1),
(2), (3) is a mixed hyperbolic-parabolic system. First, all
the terms on the right-hand side of the equations are split off
from the solution of the non- ideal single-fluid hydrodynam-
ics. The latter is handled using the single step, time march-
ing algorithm of the unsplit staggered mesh (USM) [19, 31]
for cartesian coordinates. The right-hand terms of Eqs. (10),
(11), (12) is in turn split off and each term is handled sep-
arately. The first term on the right-hand side Eqs. (10), (11)
represents the exchange of energy between electrons and ions
through collisions, and it is handled by solving the system
as [15]:

∂eion

∂t
=

Cv,elec

τei
(Tele − Tion), (14)

∂eele

∂t
=

Cv,elec

τei
(Tion − Tele). (15)

The second term on the right-hand side of Eqs. (14) and (15)
represents the electron thermal conduction and the parabolic
terms, which are solved implicitly using the HYPRE library
[22], to retain large time steps.

The remaining terms on the right-hand of Eqs. (11) and
(12) describe radiation transport. The HYPRE library was
used to calculate the radiation diffusion.

FLASH code includes radiative transfer through the fol-
lowing equation:

1
c

∂I

∂t
+ Ω̂.∇I + ρκI = η, (16)

whereI(x, Ω̂, ν, t) is the specific radiation intensity at po-
sition x in the directionΩ̂, c is the speed of the light,ρ is
the mass densityκ(x, ν, t) is the opacity or absorption coef-
ficient, η(x, ν, t) is the emissivity,ν is the frequency. This
equation is coupled within FLASH to the electron internal
energy through:

∂uele

∂t
=

∫ ∞

O

dν

∫

4π

dΩ̂(ρκI − η), (17)

whereuele = ρ.eele represent the electron internal energy
density,eele is the internal electron energy, andρ the total
mass density.

The radiative transfer Eq. (16), and the electron internal
energy Eq. (17) equations are handled using multi-group dif-
fusion (MGD) approximation [32]. FLASH divided the fre-
quency space intoN groups, whereg is defined by the fre-
quency range fromνg to νg+1. For our Simulation the num-
ber of frequency groups used is 25, and the total quantities of

interest can be defined as summations over each group:

Qemis =
Ng∑
g=1

Qemis,g, (18)

Qabs =
Ng∑
g=1

Qabs,g, (19)

Qrad =
Ng∑
g=1

Qrad,g, (20)

urad =
Ng∑
g=1

urard,g, (21)

whereurad = ρerad is the radiation energy density, where
erad is the internal radiation energy.

The total energy density is given by:

ε = ρ.Etot = ρ.Einternal + ρ.Ekinetic

= ρ.(eele + eion + erad) +
1
2
ρ.−→v −→v . (22)

Then we solve the following system of equations, assum-
ing that the plasma emitted a radiation in a Planck spectrum
with an emission opacity given by:

1
c

∂urad

∂t
−∇.

(
1

3σt,g
∇urad

)
+ σa,gurad

= σe,gaT 4
ele

15
π4

[P (xg+1)− P (xg)] , (23)

∂uele

∂t
=

∑
g

(
σa,gurad − σe,gaT 4

ele

× 15
π4

[P (xg+1)− P (xg)]
)

, (24)

whereurad is the radiation energy density,σt,g is the trans-
port opacity for groupg, σa,g is the absorption opacity for
group g, σe,g is the emission opacity for groupg, a is the
radiation constant, andP (x) is the Planck integral. The ar-
gument to the Planck integral isx = hν/kT whereh is the
Planck’s constant. The second and third terms on the left-
hand side of equation Eq. (23) represent∇Qrad,g andQabs,g,
respectively. While the right-hand side of Eq. (23) represent
Qemis,g.

The last term of Eq. (11) represents the laser heating
Qlas,g, which is computed using an inverse Bremsstrahlung
model (described in Appendix A). The energy deposited by
the laser beam was calculated using the laser ray-trace algo-
rithm for planar and cylindrical geometries. This algorithm
was used by FLASH to calculates the paths of each rays using
the geometric optics approach [33]. Beams are the collection
of a number of rays whose paths are traced through the sim-
ulation domain based on the local index of refraction of each
cell. The power of the laser deposited in a cell is assumed to
be due to the inverse Bremsstrahlung power, which depends
on the electron temperature gradient and the electron number
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4 K. BENBAIER, A. ABDELMALEK AND Z. BEDRANE

density gradient. The ion number densityni and the elec-
tron number densityne of our work were obtained from the
following equations [15]:

ni = NA
ρ

A
, (25)

ne = NAZ
ρ

A
, (26)

whereNA is the Avogadro number,A is the average atomic
mass,Z is the average ionization level, andρ is the mass
density.

2.2. Simulation code

The software used in our work is the FLASH Code [28]. It is
a multi-physics, multi-dimensional radiation-hydrodynamic,
and magneto-hydrodynamic (MHD) open-source code capa-
ble of handling different physics problems like plasma emis-
sion phenomena. Flash has also extensive high energy den-
sity plasmas (HEDP) capabilities for simulating laser-driven
plasma experiments [29], and a variety of partial differen-
tial equations (PDE) solver employed in the numerical mod-
eling. By a range of algorithms FLASH include adaptive
mesh refinement capabilities (AMR) [30]. This means that
the grid includes individual blocks which can be divided into
smaller blocks (children blocks), providing a better resolu-
tion in desired regions of the domain. The refinement can
be triggered by a chosen variables, such as density or tem-
perature. In our simulation we used 4 refinement variables:
density, electron temperature, ion temperature and pressure.
Unlike Lagrangian hydrodynamics code [8] where the mesh
moves with the fluid, FLASH code utilizes an Eulerian rep-
resentation of the fluid, where the stationary spatial mesh al-
lows fluid to move into and out of a cell, this gives FLASH
the feature of avoiding mesh entanglement, to handed multi-
complex fluid. HEDP capabilities includes range of algo-
rithms: three temperatures (electron, ion, and radiation) state-
of-the art radiation-hydrodynamics solver, including the ther-
mal conduction, multi-group radiation diffusion, tabulated
equations-of states, and laser ray-tracing model. The laser
ray-tracing model is in 1D, 2D, and 3D Cartesian coordinates
and in 2D cylindrical coordinate.

2.3. Equations of State (EOS) and opacities

The equations of state (EOS) for the target (Graphite) and
ambient gas (CO2) were used in the computation for the elec-
trons, ions and radiation pressures (Pele, Pion, Prad), the elec-
tron and ion specific heats (Cv,ele, Cv,ion ), electron, ion and
radiation internal energies (eele, eion, erad) and electron-ion
coupling term (ωei) from the plasma temperature and ion den-
sity grid. To compute tabulated EOS for NLTE plasma we
used the program IONMIX4 [18]. The IONMIX4 code was
also used to calculate tabulated emissivity and opacity for
NLTE used by FLASH code.

The IONMIX code computes the steady-state ionization
and excitation populations for a mixture of up to 10 differ-
ent atomic species. The radiative absorption, emission, and
scattering coefficients are calculated at a large number (∼
several hundred) of photon energies, and integrated over se-
lected energy intervals to determine the multi-group Planck
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 1012-1025 ion/cm3 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
excited levels for carbon (C+1, C+2, C+3, C+4, C+5, C+6)
and oxygen (O+1, O+2, O+3, O+4, O+5, O+6, O+7, O+8)
were driven from the National Institute of Science and Tech-
nology (NIST) [34] and used by IONMIX4 to generate data
for the Graphite and Carbon dioxide (CO2). The populations
of atomic energy levels were calculated using a collisional-
radiatif non-local thermodynamic equilibrium (CR-NLTE)
model [18] (described in Appendix B). It should be noted
that in our simulation, the emission from molecules has not
been considered. Experimental evidence [35] confirms the
presence of molecules in the graphite plasma beyond a delay
time of 1µs. This suggests that the emission line intensities
of atomic species could be influenced by molecular formation
throughout the plasma’s duration. Notably, our simulation
accounts for a duration of only up to 1000 ns.

2.4. Design simulation setup

In order to simulate the ablation of the Graphite target and the
plasma formation in presence of an ambient gas (CO2), we
took advantage of support for multi-materials in the FLASH
Code. In our Simulation we have considered a 0.1 cm thick
and 0.5 cm radius flat solid graphite (ρ = 2.23 g/cm3) tar-
get irradiated by 1064 nm, 5 ns temporal “top-hat” shaped
laser pulse (Fig. 1) with laser energy on the targetElas =
15 mJ [36].

FIGURE 1. Top hat laser beam profile as function of time.
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3T EULERIAN-RADIATION DESCRIPTION OF GRAPHITE LASER INDUCED PLASMA UNDER MARTIAN CONDITIONS 5

FIGURE 2. Super-Gaussian laser intensity profile a) and the laser intensity as function of the spot size b) are given for 1 GW/cm2 (1st row)
and for 4 GW/cm2 (2nd row).

The spatial profile of the laser intensity was assumed to
be a super-Gaussian of exponent 4 ane2-folding radius, its
expression is given by [37–39]:

I(r) = I0e
−2

[
( r

ω0
)2

]n

(27)

whereI0 is the laser intensity,n is the super Gaussian expo-
nent selected to be 4 in our simulation,r is the radius, and
ω0 is thee2-folding Gaussian radius for our laser set to 150
µm, 225µm, respectively. Initially, the region ofy > 0.9 cm
occupied by the target (target thick = 1 mm, and target radius
= 5 mm), and the region ofy < 0.9 cm is assumed to be oc-
cupied by the ambient gas (CO2) with different pressures (3
mbars, 6 mbars et 9 mbars). The large spatial extent of the
atmosphere is chosen to mimic the distance between the laser
source (ChemCam telescope), and the target on Mars which
varies between 1 m (spot size diameterD = 300 µm) and 7
m (spot size diameterD = 550 µm) (Fig. 2).

In our simulation we used one of laser ray-tracing model
proprieties in the FLASH Code, this allows to 2D Cartesian
laser beam to emulate a 3D cylindrical beam. The plasma
simulations are allowed to evolve for 100 ns, 500 ns and 1000
ns respectively, utilizing the unsplit staggered mesh (USM)
scheme, a currant number of 0.1 the time step used in the
simulation varied from 1 fs to 0.1 ns. We used 4 levels of
refinement and blocks of 8× 8 cells, obtaining an equiva-
lent resolution of approximately 78µm per cell. The recon-

struction is carried out with a monotonized central (MC) lim-
iter [40], whereas the Godunov fluxes are recovered with an
HLLC Riemann solver [21, 41], which restores contact sur-
face and cut wave. The boundary conditions were set to out-
flow for all axis.

For visualizing our data we have used the multi-code
analysis tool “yt-project” [42], an open-source code writ-
ten in Python which consists on data management layer for
transporting and tracking simulation out-puts, plotting layer,
parallel analysis layer for handling mesh-based and particle-
based data as well as several interfaces, “yt” has been ex-
tended to work with several different simulation methods and
simulation codes including FLASH code.

3. Results and discussion

3.1. Electron temperature

To calculate the electron and ion temperatures, we con-
sider, in our simulation model, a single laser beam with
4096 rays illuminating a flat solid graphite target (radius
= 0.05 cm, thickness=0.05 cm) in 2D-Cartesian geometry
(x − y). The laser is focused on they-axis, and enters
x ∈ [−0.5; 0.5 cm] × y ∈ [−1; 1 cm] computational domain
at a 0◦ angle, the ambient gas is supposed to be CO2 (Fig. 3).
The boundary conditions are set to outflow for all axes. We

Rev. Mex. Fis.71011501



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

FIGURE 3. Laser beam simulated using 4096 rays per time step in 2D-Cartesian geometry (x−y) a) for 1 GW/cm2 and b) for 4 GW/cm2.

FIGURE 4. Electron temperature calculated at 6 mbars C02 ambient gas pressure, for 1 GW/cm2, (1st row), 4 GW/cm2 (2nd row) laser
irradiance and for 3 time steps: 100 ns (1st column), 500 ns (2nd column) and 1000 ns (3rd column).

used 4 levels of refinement and blocks of8×8 cells, obtaining
an equivalent resolution of approximately 78µm per cell.

Figure Fig. 4 shows the electron temperature for car-
bon dioxide pressure of 6 mbars and two laser irradiances
1 GW/cm2 and 4 GW/cm2 and three simulation times 100,
500 and 1000 ns. Each row in the figure shows the result
obtained using one laser irradiance at 3 time steps. Each col-
umn shows the results for the same time for the two laser
irradiances.

Both the electron and its spatial extent distribution are af-
fected by the ambient gas pressure and the laser irradiance.
At all simulation times the temperature increases with grow-
ing laser irradiance as obtained experimentally by Harilalet
al. [43] when measuring the temperature in a laser produced
carbon plasma. Figure 5 shows the influence of the laser ir-
radiance on the maximum magnitude of the electron temper-
ature for a constant pressure. The blue line correspond to
1 GW/cm2 and the red line to 4 GW/cm2.

Rev. Mex. Fis.71011501



3T EULERIAN-RADIATION DESCRIPTION OF GRAPHITE LASER INDUCED PLASMA UNDER MARTIAN CONDITIONS 7

FIGURE 5. Influence of the laser irradiance (1 GW/cm2 blue line, 4 GW/cm2 red line) on the electron temperature for a constant pressure :
a) 3 mbars, b) 6 mbars and c) 9 mbars.

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/cm2, b) 4 GW/cm2].

For a constant pressure, the magnitude of the tempera-
ture increases with laser irradiance at all time steps reaching
a peak temperature at 500ns: increasing from 2681.2 K to
3735.4 K at 3 mbars, 2919.2 K to 4122.3 K at 6 mbars and
3165.4 K to 4563.0 K at 9 mbars when the laser irradiance
increases fron 1 GW/cm2 to 4 GW/cm2 respectively, which
represents an average increase of 1.4 of the magnitude of the
electron temperature. We can notice that the spatial extent
distribution is also affected and increases with growing laser
irradiance.

Figure 6 shows the variation of the temperature with pres-
sure which dependent on the laser irradiance and the time of
observation.

At constant laser irradiance, the electron temperature
increases slightly with growing ambiant pressure. At
4 GW/cm2, the peak temperature at 500 ns varied from
3735.4 K at 3 mbars to 4122.3 K and 4563.0 K at 6 and 9
mbars, respectively. for the other time steps the augmenta-
tion is not very important (∼175 K at 100 ns and∼100 K at
1000 ns)

Overall, pressure effect on the electron temperature is

marginal compared to the effect of laser irradiance.
What should be noted is that the temperature values we

found are lower by a factor of 10 compared to those found
by [8, 9]. The reason is that we considered in our simula-
tion the real conditions on the planet Mars namely an aver-
age temperature of−63◦ (initial temperature for graphite and
CO2) whereas experiments, carried out in Earth-based labo-
ratory mimicking the experimental conditions on Mars, are
carried out at room temperature [4, 6] or 0◦ which dramati-
cally overestimates the temperature values [45]. Adding to
this, we considered in our approach, the mixing between the
plasma and the ambient gas which play an important role in
the plasma plume expansion and affect the temperature and
the density number of the plasma [46]. Moreover, the pos-
sible cause for the over-predicted values obtained by [8, 9]
could be due to neglecting plasma emission and re-absorption
in their 2T model and assuming the LTE. It is important to
note that the EOS model controls not only the pressure of the
plasma, given a density and temperature, but also affects the
efficiency of heat conduction by determining the mean ion-
ization fraction, as well as the specific heat [17,44].

Rev. Mex. Fis.71011501



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

FIGURE 7. Ion temperature calculated at 6 mbars CO2 ambient gas pressure, for 1 GW/cm2, (1st row), 4 GW/cm2 (2nd row) laser irradiance
and for 3 time steps: 100 ns (1st column), 500 ns (2nd column) and 1000 ns (3rd column).

FIGURE 8. Influence of the laser irradiance (1 GW/cm2 blue line, 4 GW/cm2 red line) on the ion temperature for a constant pressure: a) 3
mbars, b) 6 mbars and c) 9 mbars.

3.2. Ion temperature

Figure 7 shows the electron temperature for carbon dioxide
pressure of 6 mbars and two laser irradiances 1 GW/cm2 and
4 GW/cm2 and three simulation times 100, 500 and 1000
ns. Each row in the figure shows the result obtained using
one laser irradiance at 3 time steps. Each column shows the
results for the same time for the two laser irradiances.

Figure 8 shows the influence of the laser irradiance on
the maximum magnitude of the ion temperature for a con-
stant pressure. The blue line correspond to 1 GW/cm2 and
the red line to 4 GW/cm2.

At 1 GW/cm2 the ion temperature increases very slightly
with time for the three pressures considered. At 6 mbars,
for example, its varied from 1687.2 K at 100 ns to 1797.9 K
and 1615.2 K at 500, 1000 ns, respectively. The evolution
become more noticeable when the laser irradiance grows to
4 GW/cm2 and even the magnitude grows significantly and
reach a peak for 500 ns increasing from 1684.1 K to 3074.1 K
at 3 mbars, 1797.9 K to 3591.2 K at 6 mbars and 1820.7 K to
3741.9 K at 9 mbars. The effect of the variation of the pres-
sure on the ion temperature is not very important as shown in
Fig. 9.
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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 GW/cm2, b) 4 GW/cm2].

FIGURE 10. Comparison between electron temperature (full line) and the ion temperature (dotted line) for 3 dioxide carbon pressures: 3
mbars (1st column), 6 mbars (2nd column) and 9 mbars (3rd column) at constant laser irradiance [1 GW/cm2 (1st row), 4 GW/cm2 (2nd

row)].

3.3. Electron and ion number density

In this part, we consider, in our simulation model, a single
laser beam with 4096 rays illuminating a spherical graphite
target (radius = 0.05 cm, thickness = 0.05 cm) in 2D-
cylindrical (R − Z) geometry. The laser is focused on the
z-axis, and entersR ∈ [0; 1.0 cm]×Z ∈ [−0.4; 0.8 cm] com-
putational domain at a 45◦ angle, the ambient gas is supposed
to be CO2 (Fig. 11). The boundary Conditions are set reflec-
tive for z-axis, whereas the remaining boundaries are set to
outflow (zero gradient). We utilize 5 levels of refinement and
blocks of8× 8 cells obtaining an equivalent resolution of 39
µm/cell.

Figures 12 and 13 show the electron and the ion density,
respectively, for carbon dioxide pressure of 6 mbars and two
laser irradiances 1 GW/cm2 and 4 GW/cm2 and three sim-
ulation times 100, 500 and 1000 ns. Each row in the figure
shows the result obtained using one laser irradiance at 3 time
steps. Each column shows the results for the same time for
the two laser irradiances.

For all, the number density and the spatial extent of the
corresponding profiles increase when the time step is increas-
ing and with growing the laser irradiance. The peak of den-
sity for both electrons and ions is reached at 1000 ns.

3.4. Fluid velocity

Figure 14 shows time variation of the fluid velocity with the
laser irradiance at constant pressure (6 mbar). For all simu-
lations, the radial location of the shock front increases with
laser irradiance, at the tree simulation times 100 ns, 500 ns
and 1000 ns. The fluid velocity increases from1.26 × 106

cm/s (I = 1 GW/cm2) to 1.42 × 106 cm/s (I = 4 GW/cm2)
at t = 100 ns and from7.55× 105 cm/s (I = 1 GW/cm2) to
8.32 × 105 cm/s (I = 4 GW/cm2) at t = 500 ns and from
5.08 × 105 cm/s (I = 1 GW/cm2) to 6.0 × 105 cm/s (I = 4
GW/cm2) at t = 1000 ns. This phenomenon occurs due to
the higher energy imparted to the target material by the more
intense laser beam. When a laser, with higher irradiance, is
employed, it delivers a greater amount of energy to the target
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10 K. BENBAIER, A. ABDELMALEK AND Z. BEDRANE

FIGURE 11. Laser beam simulated using 4096 rays per time step in 2D-cylindrical (R−Z) a) geometry for 1 GW/cm2 and b) for 4 GW/cm2.

FIGURE 12. Electron density calculated at 6 mbars CO2 ambient gas pressure, for 1 GW/cm2, (1st row), 4 GW/cm2 (2nd row) laser
irradiance and for 3 time steps: 100 ns (1st column), 500 ns (2nd column) and 1000 ns (3rd column).

surface in a shorter period. Consequently, rapid heating and
vaporization of the target material occur, leading to the for-
mation of a plasma plume with higher kinetic energy. This
phenomenon has been observed experimentally [47], and
indicate the presence of a shock front associated with the
plasma initiation, dynamics, and expansion into the ambient
gas. As the plasma propagates a shock region of highly com-
pressed gas is formed between the background gas and ex-
panding plasma. Interaction of laser with the target results in
the formation of plasma which is a strong source of UV ra-

diation. In presence of an ambient gas this radiation interacts
with it and results in an increase in the density in a very nar-
row region which propagates in the ambient atmosphere with
speed more than that of the local ion sound speed [46]. laser
interactions with solid density targets can be treated as a hy-
drodynamic problem with the laser rays acting as a source of
energy on the grid. This laser energy is absorbed by electrons
at a rate specified by the inverse bremsstrahlung approxima-
tion, after which this energy can be transferred to ions.

Rev. Mex. Fis.71011501



3T EULERIAN-RADIATION DESCRIPTION OF GRAPHITE LASER INDUCED PLASMA UNDER MARTIAN CONDITIONS 11

FIGURE 13. Ion density calculated at 6 mbars C02 ambient gas pressure, for 1 GW/cm2, (1st row), 4/cm2 (2nd row) laser irradiance and
for 3 time steps: 100 ns (1st column), 500 ns (2nd column) and 1000 ns (3rd column).

4. Limitation
The limitations of our approach, as highlighted in this study,
primarily stem from our challenge to accurately determine
the wide range of physical, chemical, optical, and environ-
mental factors affecting plasma properties and the formation
of spectral lines in Laser-Induced Breakdown Spectroscopy
(LIBS). Initially, we simulate delay times of 100 ns, 500 ns,
and 1000 ns; however, it is crucial to emphasize the impor-
tance of simulating early times (t = 10 ns), to understand
the plasma formation dynamics when the pulsed laser inter-
acts with the target is pivotal. Furthermore, the application
of the hydrodynamics radiation model becomes unreliable
during extended simulation periods, as the Knudsen Number
(KN), which represents the ratio of species mean free path to
plasma length, significantly increases. To address this chal-
lenge, alternative methodologies such as the direct simulation
Monte Carlo approach can provide a more accurate depic-
tion of plume expansion, particularly noticeable at prolonged
delay times [48]. Additionally, employing a finer Eulerian
grid in specific regions of the domain can yield more precise
simulations, especially when considering the mixing between
plasma formation and ambient gas. It is important to note that
chemical reactions are not accounted for in this work, hence
molecular band emissions are not considered. Molecular for-
mation becomes particularly relevant at longer times [49].

5. Conclusion

This paper has provided detailed validation of a non-
equilibrium model for laser-induced breakdown plasmas un-
der Martian atmosphere conditions. Non-equilibrium effects
were described using a 3T-Eurlian fluid model in the approxi-
mation that electrons and ions move together as a single fluid
but with two different temperatures, and that this fluid can
emit or absorb radiation. In our approach the atomic en-
ergy 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 which is a finite-volume Eulerian code that operates
on a block-structured mesh using Adaptive Mesh Refinement
(AMR). The plasma simulations were allowed to evolve for
different times utilizing the second-order unsplit time march-
ing method of USM algorithm.

We have investigated the effects of laser irradiance and
ambient pressure on the plasma parameters namely the elec-
tron and ion temperatures and the electron and ion densities.
We have also shown the temporal variation of the fluid veloc-
ity with the laser irradiance at constant pressure which indi-
cated the presence of a shock front associated with the plasma
initiation, dynamics, and expansion into the ambient gas.

Rev. Mex. Fis.71011501



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

FIGURE 14. Fluid velocity calculated at 6 mbars C02 ambient gas pressure, for 1 GW/cm2, (1st row), 4/cm2 (2nd row) laser irradiance and
for 3 time steps: 100 ns (1st column), 500 ns (2nd column) and 1000 ns (3rd column).

Appendix

A. Inverse Bremsstrahlung model used to calcu-
late Qlas

A.1 Ray-tracing in the geometric optics approximation to
model laser energy deposition [33]

The laser beam is made of a number of rays whose paths
are traced through the domain based on the local refractive
index of each cell. The term represent the deposition of en-
ergy by laser heating. The laser power deposited in a cell is
calculated based on the inverse Bremsstrahlung power in the
cell and depends on the local electron number density gradi-
ent and local electron temperature gradient. The energy de-
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:

d2x

dt2
= ∇

( c

2
η2

)
, (A.1)

where the index of refractionη is given by:

η2 = 1− ω2
p

ω2
= 1− ne

nc
, (A.2)

nc =
(me

4π

)(ω

e

)2

, (A.3)

whereωp is the plasma frequency,ω is the laser frequency,
c is the speed of light in vacuum andnc is the critical den-
sity at which the laser frequency and the plasma frequency
are equal. The quantitiesne, me ande are the density, the
mass and the charge of the electron, respectively. Combing
Eq. (A.1) with Eq. (A.2) we obtain the final from of the ray
equation of motion:

d2x

dt2
= ∇

(
c2

2
ne

nc

)
. (A.4)

The electron number density is given by:

ne(−→x ) = 〈ne〉+
〈−→∇ne

〉
.(−→x − 〈x̂〉) + O(ε2), (A.5)

where〈〉 denotes a zone average. The ray equation of motion
Eq. (3) becomes:

d2x

dt2
= −

(
c2

2

) 〈ne〉
nc

. (A.6)

This shows that whenne is linear within a cell, the rays fol-
low a parabolic trajectory through the cell. The electron num-
ber density will not be continuous in general. The Kaiser
algorithm fixes this by applying Snell’s law at the cell inter-
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faces as the following equations :

η sin θ = η′ sin θ′, (A.7)
√

1− ne

nc
sin θ =

√
1− n′e

nc
sin θ′, (A.8)

where unprimed (primed) quantities denote values before (af-
ter) the transition, andθ is the angle between the ray velocity
and the interface normal. This, rays can reflect or refract off
of cell interface.

A.2 Power deposition by inverse Bremssrahlung [33]

Because rays are simply curves in space, they carry no in-
formation about radiation intensity or special extent trans-
verse to their direction. Their state is completely defined
by their frequency, velocity, and power, the latter two at-
tributes of which are, in general, spatially dependent. The
powerP of an electromagnetic wave is depleted by the in-
verse Bremsstrahlung (ib) process.

The rate of power loss is governed by the 1st order ordi-
nary differential equation (ODE):

dP

dt
= −νib(t)P. (A.9)

As a ray travels through a cell, its power (energy) decreases
with time:

P (∆t) = P0 exp−
(∫ ∆t

0

νib(−→x (t))dt

)
. (A.10)

The inverse Bremsstrahlung frequency factorνib (the rate of
energy loss) is given by the formula:

νib =
ne

nc
νei, (A.11)

whereνei is the electron-ion collision frequency, given by :

νei =
4
3

√
2π

me

neZe4 lnΛei

(kBTe)3/2
. (A.12)

HereZ is the average ionization number of the plasma,me,
e and Te are the mass, the charge and the temperature oh
the electron respectively,KB is the Boltzmann constant. The
Coulomb logarithmlnΛei is the natural logarithm of the De-
bye number and is taken here as:

lnΛei = ln


 3

2Ze3

√
K3

BT 3
e

πne


 . (A.13)

The inverse Bremsstrahlung frequency depends thus on
the electron temperature and the electron number density,
both of which are functions of the position, and since the po-
sition changes with time, it’s ultimately also a function of
time:

νib(t) =
4
3

√
2π

me

Ze4

ncK
3/2
B

ne(x(t))2 lnΛei(x(t))
Te(x(t))3/2

. (A.14)

B. CR NLTE - Model

To describe the population of the atomic levels, we utilized a
collisional-radiative (CR) NLTE-model, which is equally ap-
plicable for low, and high temperature ranges. The number
density of i-fold ionized ionni is given by NLTE rate equa-
tion (steady state):

ni+1n
2
eαi+1 + ni+1neβi+1

+ ni+1neDi+1 − nineCi = 0, (B.1)

whereαi+1, βi+1 andDi+1 are the coefficients for collisional
recombination, radiative and dielectronic recombination re-
spectively. Collisional recombination is 3-body process in-
volving two electrons and an ion.Ci denotes the electronic
collisional ionization coefficient. The electron density is de-
noted byne and the ion density for the element under consid-
eration in the mixture isnm =

∑
i ni.

The steady state solution of Eq. (B.1) gives the ion densi-
ties as:

ni+1

ni
=

Ci

neαi+1 + βi+1 + Di+1
. (B.2)

The above equations together with the consistency condition
nm =

∑
i ni is solved to obtain allni and the average degree

of ionization.
All the coefficients for collisional recombination, radia-

tive, dielectronic recombination and the electronic collisional
ionization formula are described in Ref. [18].
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Focusing Effects on Laser-Induced Plasma
Parameters: Applications to a Graphite
Target Under Martian Atmospheric
Conditions

Kouider Benbaier1 , Ahmed Abdelmalek1, Zeyneb Bedrane1

and Noureddine Melikechi2

Abstract
Under various atmospheric conditions, laser-induced breakdown spectroscopy (LIBS) is a powerful technique for elemental

analysis, including in Earth- and Mars-like environments. However, understanding the plasma behavior and its dependence on

ambient pressure and laser parameters remains a challenge. In this study, a numerical model based on a three-temperature

Eulerian radiation framework under non-local thermodynamic equilibrium conditions is employed to investigate the interac-

tion of a nanosecond laser pulse with a graphite target under helium (He) and carbon dioxide (CO2 atmospheres. The aim is

to provide insights into the effects of focusing conditions and ambient pressure (3 to 9 mbar and 1000 mbar) on plasma

parameters relevant to both Earth- and Mars-like settings. Our results show that increased ambient pressure significantly

enhances electron and ion densities, while the focusing conditions influence the temperature and fluid velocity of plasma spe-

cies, as well as the spatial distribution and intensity of the plasma, ultimately affecting its diagnostic potential. These findings are

critical for optimizing LIBS applications in planetary exploration and contribute to improving quantitative analyses under vary-

ing atmospheric compositions.

Keywords
Laser-induced breakdown spectroscopy plasma, LIBS plasma, non-local thermodynamic equilibrium, NLTE approach, focusing

conditions, ambient gas, plasma parameters
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Introduction
Laser-induced breakdown spectroscopy (LIBS) is an analyti-

cal technique shown to provide multi-elemental information

on solid, liquid, and gas, with minimal or no sample prepa-

ration.1,2 In recent years, this technique has gained signifi-

cant interest in numerous areas, including applications in

medicine,3–7 food and environmental science,8–10 isotope

discrimination,11,12 and remote sensing of extraterrestrial

samples.13 LIBS is a form of atomic emission spectroscopy

that analyzes the emission spectra obtained from a plasma

produced by the evaporation and excitation of the target

material. It requires selecting a laser that operates at a

wavelength that can be absorbed by the sample and focusing

it so that its energy density is above the breakdown thresh-

old energy of the material. This process depends on the

optical focusing conditions of the laser beam as well as

the environment in which the plasma expands and emits

radiation while decaying.14

Laser-induced breakdown spectroscopy (LIBS) measure-

ments are typically performed using nanosecond-long laser

pulses with a reasonably good Gaussian profile and energies

ranging from about 10 to 100mJ. Several research groups

have noted that the analysis of LIBS spectra depends critically

on the spatial characteristics of the laser beam at the interac-

tion region. Wang et al.15 reported that the focusing condi-

tions of the laser beam impact the spectra and, in

particular, the quantitative analysis of the sample investigated.

Recently, we reported that the atomic and ionic emissions of
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aluminum, copper, and steel samples behave differently under

different focusing conditions in both ambient Earth and sim-

ulated Martian atmospheres.16 In addition to the focusing

conditions, the environment in which the LIBS spectra are

acquired, such as changes in pressure and environmental spe-

cies, can affect the evolution of the plasma.17

Stand-off analysis of geological samples using LIBS has

attracted tremendous interest, particularly since the success-

ful operations of the ChemCam and SuperCam instruments

on board NASA’s Curiosity and Perseverance rovers.18,19

Recently, we reported on the effects of the distance from a

laser source to a sample on the LIBS spectra acquired by

Curiosity. In Melikechi et al.,20 Mezzacappa et al.,21 and

Lasue et al.,22 the authors have shown that carefully selected

emission lines from Martian dust can be used as a proxy spec-

troscopic standard to evaluate and correct for distance

effects. More recently, we used an extensive Mars database

to analyze the distance effects on the quantification of multi-

ple elements and observed trends that reflect changes in

laser beam properties that influence plasma temperature.23

To obtain a better understanding of the effects of laser

parameters and atmospheric pressures on LIBS spectra col-

lected by ChemCam, we simulated the laser-induced break-

down spectra of graphite and synthetic shergottite glass in

a Mars atmosphere using a 1D Lagrangian hydrodynamic

model, a spherical geometry description of laser ablation

and plume expansion, and a local thermodynamic equilibrium

(LTE) assumption.24 More recently, Liang et al.25 investigated

the effects of different focusing conditions and laser energies

on the LIBS-integrated plasma images. They reported that

when the focal point is above the sample surface, the laser

beam strongly interacts with the ambient air and produces

a weaker plasma. Wang et al.26 reported that the distance

from the focusing lens to the target greatly affects the spec-

tral intensities. Using a 1D stationary model, Hansen et al.27

reported the characteristics of LIBS plasma measured under

Martian atmospheric conditions.

Although fluid models relying on LTE have produced sat-

isfactory outcomes, this approach is valid only when the

plasma is assumed to be in a near-equilibrium state, and

plasma populations are characterized by Boltzmann and

Saha distributions with a single temperature.28,29 To explore

the spatiotemporal evolution of LIBS plasmas, some research

groups have used a non-LTE approach and successfully pre-

dicted the dimensions and propagation patterns of plasma

waves observed in several experiments conducted in various

gases.30,31

In this work, we have used a non-LTE (NLTE) model based

on a three-temperature Eulerian radiation approach to simu-

late the physical characteristics of LIBS plasmas of homoge-

neous graphite targets assumed to be under either Martian

carbon dioxide (CO2) or helium (He) atmospheric condi-

tions. The three-temperature approach was adopted because

the two-temperature model falls short of describing

adequately the complexity of the plasma formation process.32

The plasmas were simulated for single laser pulse excitation

and different focusing conditions. We have investigated the

effects of waist sizes and irradiances of the laser on electron

and ion temperatures and densities, and fluid velocities under

6–9 mbar of CO2 (pressure on Mars) ambient atmospheres,

as well as changes to these parameters in a He ambient atmo-

sphere. We have considered the mixing between the plasma

and each of the two ambient gases, CO2 and He, as well as

the propagation of the shock waves under different focusing

conditions. As this study was limited to a single-pulse excita-

tion, cavity effects that follow ablation were not considered.

Hydrodynamics and Plasma Radiation
Theoretical Model
The Euler equations expressing conservation of mass,

momentum, and total energy used to describe the evolution

of a hydrodynamics 3T plasma are given by Mihalas and

Mihalas33 and Castor:34

∂ρ
∂t

+ ∇ · (ρv) = 0 (1)

∂
∂t
(ρv)+ ∇ · (ρvv)+ ∇Ptot = 0 (2)

∂
∂t
(ρEtot)+ ∇ · (ρEtot + Ptot)v

[ ] = Qlas − ∇ · q (3)

ρ is the plasma mass density, v is the fluid velocity, Ptot is the
total pressure, Pele, Pion, and Prad are the electron, the ion,

and the radiation pressure, respectively. Etot is the total specific
energy, which includes the specific internal energies of the

electron eele, ions eion, and the radiation field erad along with

the specific kinetic energy. Qlas is the energy source due to

laser heating. q is the total heat flux, which is the sum of

the electron, the ion heat flux, and the radiation flux. Since

the plasma is assumed to have multi-temperatures, additional

equations must be evolved to describe the change in specific

internal energies of the ions, electrons, and radiations field:

∂ρeion
∂t

+ ∇ · (ρeionv)+ Pion∇ · v

= ρωei(Tele − Tion)− ∇ · qion

(4)

∂ρeele
∂t

+ ∇ · (ρeelev)+ Pele∇ · v

= ρωei(Tion − Tele)− ∇ · qele + Qabs − Qemis + Qlas

(5)

∂ρerad
∂t

+ ∇ · (ρeradv)+ Prad∇ · v

= −∇ · qrad − Qabs + Qemis

(6)

eion is the ion specific internal energy, eele is the electron spe-

cific internal energy, erad is the radiation specific internal
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energy. Qlas represents the energy source due to laser heating.

Qabs represents the increase in electron internal energy due to

the total absorption of radiation, and Qemis represents the

decrease in electron internal energy due to the total emission

of radiation. We solve the following system of equations,

assuming that the plasma emitted radiation in a Planck spec-

trum with an emission opacity given by:

1

c
∂urad
∂t

− ∇ · 1

3σt,g
∇urad

( )
+ σa,gurad

= σe,gaT4ele
15

π4
P(xg+1)− P(xg)
[ ]

(7)

∂uele
∂t

=
∑
g

σa,gurad − σe,gaT4ele
15

π4
P(xg+1)− P(xg)
[ ]{ }

(8)

where urad is the radiation energy density, σt,g is the transport
opacity for group g, σa,g is the absorption opacity for group g,
σe,g is the emission opacity for group g, a is the radiation cons-
tant, and P(x) is the Planck integral.34

Simulation Approach
The Eulerian approach is commonly employed for LIBS

plasma simulations,35,36 where the simulations track tempo-

ral changes at fixed spatial positions. To establish a compre-

hensive kinetic model that encompasses several physical

phenomena within LIBS, we used a collisional-radiative

NLTE model based on a three-temperature Eulerian radiation

approach. This model was employed to perform simulations

of LIBS plasma parameters, specifically for a solid, flat graph-

ite target irradiated under CO2 and He atmospheric condi-

tions at Martian pressures. The interaction between the

laser and the target in the presence of ambient gas is crucial

for accurately simulating the complex nature of plasma

formation.

The simulations were performed using the FLASH

radiation-hydrodynamics code,37 which is characterized

by a block-structured mesh with adaptive mesh refine-

ment. In this approach, we treat electrons and ions as a

cohesive fluid with distinct temperatures while considering

radiation emission and absorption.38 Plasma simulations

were conducted over relatively long-time ranges (ns)

using the second-order unsplit time marching method, uti-

lizing the unsplit staggered mesh solver algorithm.39

Upwind fluxes were computed with the Harten–Lax–van
Leer Contact Riemann solver.40 To enhance the precision

of the simulation, we employed Cartesian (x–y) geometry,

which accounted for plasma plume expansions in both hor-

izontal and vertical directions. The laser beam was

designed to emulate a three-dimensional cylindrical shape

using the Kaiser algorithm.41 The boundary conditions

are set to be reflective on the left side of the y-axis,
while the remaining boundaries are set to outflow (zero

gradient). To visualize the plasma characteristics data, we

utilized the multi-code analysis tool yt-project.42 This

open-source Python-based software provides a robust

data management layer, facilitating the organization and

tracking of simulation results, including those generated

by the FLASH code.

The equations of state (EOS) for the graphite target and

the CO2 ambient gas were incorporated into the computa-

tion for various plasma parameters, including electron and

ion pressures, specific heats, and internal energies. We com-

puted the electron–ion coupling term based on the plasma

temperature and ion density grid. To derive the EOS and

emissivity for NLTE plasma, we used the program

IONMIX4,43 which provided inputs for the FLASH code.

FLASH is an open-source, multi-physics software designed

to handle complex physical phenomena, including radiation-

hydrodynamics and magneto-hydrodynamics in multiple

dimensions. It is particularly adept at simulating laser-driven

plasma experiments.44 Unlike Lagrangian hydrodynamics

approaches, FLASH employs a stationary spatial mesh that

allows fluid movement into and out of cells, thereby avoiding

mesh entanglement and facilitating the simulation of complex

multi-component fluids.

For the calculations of EOS and opacity data, we used a

temperature grid spanning 0.01–100 eV, an ion density grid

ranging from 1011 to 1025 ions cm−3, and an energy grid

from 1 to 6 eV. The ionization potential energies of the

excited levels for carbon and oxygen were obtained from

the National Institute of Standards and Technology.45 These

data were essential for generating information related to

graphite and CO2 and He. The populations of atomic energy

levels were also computed using a collisional-radiative NLTE

model.43 Figure 1 presents a detailed workflow diagram that

illustrates the interactions between FLASH and the various

programs and libraries mentioned above through a precise

schematic representation. This graphic serves as a roadmap,

highlighting the dynamic relationships and exchanges

between FLASH and its surrounding computing environment.

Simulations of electron and ion temperatures, densities,

and fluid velocities were performed under focusing and

atmospheric pressure conditions similar to those encoun-

tered by ChemCam,46 as reported by Ewusi-Annan et al.24

and Schröeder et al.47 We considered a flat solid, homoge-

neous graphite target, 0.12 cm thick and 0.3 cm in radius,

with a density of 2.23 g cm−3, irradiated by 1064 nm, 10 ns

long laser pulses, which were assumed to have a Gaussian

spatial profile.

The laser beam is directed perpendicularly to the graphite

target surface along the z-axis, resulting in plasma formation

at the point of interaction. To account for different focusing

conditions, we investigated three cases where the focal point

of the laser beam is set at, above, and below the target sur-

face, respectively. This variation in the z-axis position alters

the radial structure of the focused laser and significantly

affects the laser spot size and energy density at the target.

The three scenarios are illustrated in Figure 2, demonstrating
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how the z-axis focal position influences plasma formation and

expansion.

Different experimental conditions were considered for

the laser spot size and intensity. In the first case, the waist

of the laser beam was minimal at the surface of the target

(100 μm), yielding an on-target irradiance of 25GWcm−2

(Case 1a), which typically produces maximum LIBS signal

intensity. The irradiance was varied to 9GWcm−2 for com-

parison (Case 1b). In the second case, we simulated the sce-

nario where the laser beam was focused slightly off the

surface of the target, resulting in a spot size of 168 μm and

an on-target irradiance of 9GWcm−2 (Case 2a), with a cor-

responding adjustment to 25GWcm−2 (Case 2b). Lastly, we

simulated a defocused laser beam, producing a spot size of

420 μm and an on-target irradiance of 1.45GWcm−2. For

this case, the irradiance was also varied to 25GWcm−2

(Case 3b) to analyze the effect of spot diameter on the

plasma properties at a fixed laser irradiance. For each case,

we conducted simulations at CO2 and He pressures of 3,

6, 9, and 1000 mbar to investigate the influence of different

atmospheric conditions.

The plasma simulations were evolved for various time

increments, including 5 ns, 10–50 ns in 10 ns increments,

100 ns, 200 ns, 500 ns, and 1000 ns, with time steps of 0.1

ns. The initial temperatures of the graphite and the ambient

gas were set at 17 °C, significantly lower than the plasma

temperature, and thus had no effect on the simulation

results.

An essential simulation used for validation of the model

experimentally verified for LIBS plasmas confirmed by

Orban et al.38 A numerical modeling of laser-produced

plasma experiments and expansion of shock waves in ambi-

ent gas confirmed by Tzeferacos et al.44,48 The radial and lon-

gitudinal dependence of the plasma expansion electron and

Figure 1. Presents a detailed flow diagram that illustrates the movement and integration of data between the FLASH simulation framework

and various associated codes and software packages.
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ion temperatures, electron and ion densities, and flow veloc-

ity trend are experimentally verified in Fu et al.,49 and con-

firmed by using the same model of our calculations. It is

shown that plasma evolution significantly depends on the

laser spot size and this makes it clearer that radiation is

the main factor contributing to the energy redistribution.

Typically, the majority of models cited in the aforemen-

tioned references begin describing plasma evolution from

the onset of the laser pulse interaction with the target mate-

rial. In contrast, our work presents a model of laser-induced

plasma that captures the entire process, from the initial

laser–target interaction to the subsequent plasma plume for-

mation and its expansion into the surrounding ambient gas

over time. Once the pulsed laser turns off, the interaction

with the target material ceases, and a NLTE state is

established.

Results and Discussion
A single Gaussian-shaped laser pulse was used for the simu-

lation. The plasma characteristics were determined for a

solid, flat graphite target, with varying distances between

the focusing lens and the target, resulting in different laser

spot sizes (100, 168, and 420 μm). The distance between

the focusing lens and the target was adjusted to simulate dif-

ferent gases (CO2 and He) under varying pressures: 3, 6, and

9mbar on Mars, and 1000mbar on Earth. During the initial

nanoseconds of the laser pulse, the plasma expands

uninhibitedly, encountering minimal counterpressure from

the ambient gas. Consequently, the plasma plume remains

low, and the inverse bremsstrahlung effect is minimal. This

indicates that the sample surface can receive the majority

of the laser energy, producing a sizable amount of ablated

mass.50 While the lower ambient gas pressure allows for

greater laser energy absorption by the sample, it also results

in elevated electron and ion temperatures in the plasma. In

contrast, higher ambient gas pressures enhance plasma con-

finement, which reduces its temperature but significantly

shortens its lifetime.51

Figure 3 illustrates the interaction of the pulsed laser with

the solid flat graphite target, displaying the evolution of the

electron temperature and plume formation at different stages

of plasma evolution. The snapshots cover both the active

laser phase (5–10 ns) and the post-laser phase (30–1000 ns)
under a CO2 ambient pressure of 6mbar, with a focal spot

size of 100 μm. These images provide a clear depiction of

how the plasma evolves over time, showcasing key tempera-

ture variations and structural changes in different regions of

the plume.

Pressure Effect for Different Spot Sizes
Figure 4 shows the electron and ion temperatures, electron

and ion number densities, and fluid velocity of the simulated

graphite plasma for different spot sizes (100, 168, and 420

μm) under varying CO2 pressures of 3–9mbar on Mars

Figure 2. Simulation design for different z-axis focal positions and experimental cases.
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Figure 3. Plasma electron temperature distribution and plume expansion evolution at 5, 10, 30, 100, 500, and 1000 ns of simulation time

for a spot size diameter of 100 μm under 6 mbar CO2 pressure.
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Figure 4. Variation of the electron temperature (first row), ion temperature (second row), electron density (third row), ion density

(fourth row), and fluid velocity (fifth row) with time, calculated for different focusing diameters: 100 μm (green line), 168 μm (blue line), and

420 μm (red line) for three CO2 pressures: 3 mbar (first column), 9 mbar (second column), and 1000 mbar (third column). Subpanels 1–15
represent individual cases.
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and 1000mbar on Earth. The evolution of the simulated

plasma was monitored at intervals of 5 ns, from 10 to 50 ns

in 10 ns steps, and then at 100, 200, 500, and 1000 ns, respec-

tively. Each column details the results for a specific CO2 pres-

sure (3, 9, and 1000mbar) across different laser irradiances:

25GWcm−2 for a spot size of 100 μm, 9GWcm−2 for a spot

size of 168 μm, and 1.45GWcm−2 for a spot size of 420 μm.

Electron and Ion Temperatures. Figure 4, subpanels 1–6, shows
the variation of both electron and ion temperature distribu-

tions as a function of laser spot size and CO2 pressure. For a

fixed spot size, both electron and ion temperatures increase

slightly at low pressure (a few mbar), whereas at high pres-

sure (≥ 1000mbar), a sharp decrease in electron and ion

temperatures is observed at all simulation times. The high

pressure of the ambient gas, leading to the confinement of

the plasma, exerts greater resistance against the movement

of plasma particles,52 thus influencing their temperature.

For a spot size of 100 μm, the peak electron temperature

when the laser pulse is activated (5–10 ns) varies from 186

676.8 K at 3 mbar to 204 475.8 K and 70 230.6 K at 9 and

1000 mbar, respectively. The peak ion temperature at 5 ns

varies from 177 396.9 K at 3 mbar to 191 592.0 K and 61

210.7 K at 9 and 1000 mbar. After the laser is turned off

(>20 ns), both electron and ion temperatures decrease expo-

nentially over time due to the cooling process,53 which is a

critical aspect of graphite plasma dynamics.

When the laser spot size increases, we observe a decrease

in both electron and ion temperatures, with an average

decrease of ∼ 0.36 and ∼ 0.15 for spot sizes of 168 and

420 μm, respectively, at low pressure. At high pressure, the

average decrease is ∼ 0.75 and ∼ 0.24 for spot sizes of 168

μm and 420 μm, respectively. As the spot diameter grows,

the laser irradiance is reduced, implying less energy being

delivered per unit area to the plasma particles,54,55 leading

to a decrease in particle temperatures.

The change in temperature with pressure varies based on

the spot size on the target and the duration of plasma evolu-

tion. It is important to note that the temperature values we

obtained are higher compared to those reported by refer-

ences.56,57 The reason is that in our simulation, we take into

account the mixing between the graphite plasma formation

and ambient CO2 molecules under NLTE conditions. This

implies that CO2 molecules adhere to the surface of the target

due to pressure effects, leading to a high collision rate.

These collisions result in a significant portion of energy

being converted into plasma species, thereby increasing the

temperature of both electrons and ions, as well as radiation

emission.58–60 Additionally, our simulations show that an

increased ionization state of carbon and oxygen enhances

the plasma’s ability to emit and absorb radiation. This phe-

nomenon contributes to the formation of localized regions

of elevated temperatures within the plasma species.50,61 By

analyzing the temperature distribution and ionization

dynamics, we observed that areas with higher ionization lev-

els correspond to peaks in temperature, indicating a direct

correlation between ionization and thermal behavior in the

plasma.

Electron and Ion Densities. In Figure 4, subpanels 7–12 offer a

comprehensive analysis of the electron and ion number den-

sities measured at various time intervals, ranging from 5 to

1000 ns. The ambient gas pressure has a more significant

impact on the electron and ion number densities compared

to laser spot sizes.

The electron number density peaks when the laser pulse is

activated at 5–10 ns. For low pressures (3–9 mbar), the elec-

tron number density (×1021 cm−3) rises slightly, from approx-

imately 7.57 at 3mbar to 9.42 at 9mbar. At high pressure

(1000mbar), there is a sharp rise to 5.8 (×1022 cm−3) for a

spot size of 100 μm. For spot sizes of 168 and 420 μm, the

electron densities decrease by 0.77 and 0.65 folds for 3

mbar, 0.68 and 0.58 folds for 9mbar, and 0.82 and 0.66

folds for 1000mbar, respectively. For a spot size of 100 μm
at 5 ns, the ion number density (×1021 cm−3) is approxi-

mately 5.71 at 3mbar, 5.96 at 9mbar, and 2.93 (×1022

cm−3) at 1000mbar. With a spot size diameter of 168 μm,

the ion number density at 5 ns decreases by 0.81, 0.88, and

0.89 folds for 3, 9, and 1000mbar, respectively. Similarly,

for a spot size of 420 μm, the ion number density decreases

by 0.55, 0.82, and 0.67 folds for 3, 9, and 1000mbar,

respectively.

At the lower pressure of the Martian atmosphere, the

impact of pressure on the ion number density is less signifi-

cant compared to its effect on electron number density.62

For Earth’s atmosphere, both electron and ion number den-

sities significantly increase due to the high ionization process

in the plasma, generating additional free electrons and ions.63

Upon deactivation of the laser at 20 ns, a significant exponen-

tial decrease in electron number density is observed. This

decline is marked by a rapid reduction in the number of elec-

trons within the system. As the simulation progresses, the

density gradually diminishes, reaching its minimum values at

later time points, specifically at 500 and 1000 ns.

Fluid Velocity. In Figure 4, subpanels 13–15 show the variation

in plasma velocity with different laser spot sizes (100, 168,

and 420 μm) under various CO2 pressures ranging from 3

to 9mbar and at 1000mbar. Measurements were taken at

intervals from 5 to 1000 ns. The results indicate a compelling

correlation between fluid velocity and spot size during the

initial laser activation (5–10 ns). Notably, as the spot size

decreases, the fluid velocity increases, with maximum values

achieved at these specific activation times.

The average velocity of plasma expansion inCO2 peakswhen

the ambient pressure is 3mbar at 10 ns.At this pressure, there is

a significant rise in velocity fromapproximately 1.8 × 106 cm s−1

for a spot size of 420μm to 2.69 × 106 cm s−1 and 6.1 × 106 cm
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s−1 for spot sizes of 168 μmand 100 μm, respectively.When the

ambient pressure increases to 9 mbar, the velocity increases by

factors of 1.40 for a spot size of 168 μmand3.76 for a spot size of

100 μm.

The decrease in laser spot size results in increased laser

irradiance, which facilitates a more efficient transfer of

energy to the plasma particles. This interaction enhances

the plasma’s thermal and ionization properties while also

influencing its expansion dynamics. This behavior aligns

with experimental observations of aluminum plasmas in the

air at low ambient pressures,64,65 and can be attributed to

the deceleration of the expanding plume due to increased

interactions with surrounding gas molecules.

Furthermore, at high pressure (1000mbar), we observe a

significant decrease in plasma velocity to approximately 0.14,

0.30, and 0.27 for spot sizes of 100, 168, and 420 μm, respec-

tively. This effect is particularly evident in confined plasma by

ambient gas situations, where increased pressure restricts

the plasma’s ability to flow at higher speeds. Upon the laser

pulse turn-off (≥20 ns), the fluid velocity experiences a

quasi-exponential decrease. Over time, the velocity gradually

diminishes, ultimately reaching its minimum at the later time

intervals of 500 and 1000 ns.

Effect of Ambiant Gases: He Versus CO2

The surrounding gas plays a crucial role in the interaction

between laser pulses and solid targets, especially in plasma

formation. This section explores the influence of ambient

gas composition on the evolution of graphite plasma

under NLTE conditions. Simulations were conducted

using He and CO2 at the same pressure conditions.

Figure 5 compares the plasma parameters, including elec-

tron and ion temperatures, densities, and fluid velocity,

for both gases at pressures of 6 mbar (Mars-like) and

1000mbar (Earth-like).

The simulations were performed for laser spot sizes of

100 μm with a laser irradiance of 25GWcm−2 and 420 μm
with a laser irradiance of 1.5GWcm−2. Our results were

recorded at various simulation times: 5 ns and 10 ns during

laser pulse activation, as well as 20–50 ns in 10 ns increments,

and at 100, 200, 500, and 1000 ns after laser pulse deactiva-

tion. Each column in the figures details the results for both

He and CO2 gases under pressures of 6 and 1000mbar for

the two distinct spot sizes, 100 and 420 μm.

In Figure 5, subpanels 1–6 compare the effect of ambient

gas composition (He and CO2) on the variation of electron

and ion temperature distributions at two different pressures,

6 and 1000mbar, over time delays ranging from 5 to 1000 ns,

with laser spot sizes of 100 and 420 μm, respectively. At both

pressures, CO2 has a more significant impact on the temper-

atures compared to He throughout all the simulation time

steps refer to its ability to better confine and retain heat

within the plasma due to its higher molecular mass and

greater collision cross-section compared to He. Specifically,

CO2 molecules are more effective at colliding with plasma

particles, transferring energy, and slowing down the expan-

sion of the plasma plume. This results in higher temperatures

being maintained for a longer duration, as the energy dissipa-

tion process is slower in CO2.

Both electron and ion temperatures reach their peaks

during the 5–10 ns laser pulse activation. At low pressure

(6mbar), the electron temperature varies from 187 821.6 K

(under CO2) and 98,153K (under He) for a spot size of

100 μm to 30 260 K (under CO2) and 22 181.3 K (under

He) for a spot size of 420 μm. At high pressure (1000

mbar), the decrease factors are 1.5 and 1.8 for CO2 and

He, respectively, for a spot size of 100 μm. Similarly, the

ion temperature varies from 185,120.7 K (under CO2) and

96 335.4 K (under He) for a spot size of 100 μm to 25

897.3 K (under CO2) and 20 538 K (under He) for a spot

size of 420 μm at low pressure. At high pressure (1000

mbar), the electron and ion temperatures are nearly twofold

lower in He than in CO2. The primary reason is that CO2 is

denser, has a greater mass, and possesses a higher ionization

potential compared to a He atmosphere.66 It is important to

note that CO2 is denser only under the condition of equal

pressure. This higher density leads to increased interactions

with plasma particles, influencing the energy transfer and

confinement within the plasma.

Additionally, the thermal characteristics of the ambient gas

and the degrees of freedom associated with the diatomic

molecules also play a significant role.67 Furthermore, at an

early delay time of 20 ns (after the laser is turned off), both

the electron and ion temperatures continue to decrease

exponentially over time, reaching a minimum at delay time

steps of 500 and 1000 ns due to plasma expansion and the

cooling effect of the background gas.

In both low (6mbar) and high (1000mbar) pressures, the

electron and ion number densities are higher in a CO2 atmo-

sphere compared to a He atmosphere, as shown in Figure 5,

subpanels 7–12. These results are attributed to the higher

mass density and ionization potential of CO2 ambient gas

compared to He.68 It is evident that there is a mixture

between the graphite target and ambient atmospheres of

CO2 and He. The electron and ion number densities peak

at 5 ns, reaching 9.2 × 1020 cm−3 and 2.7 × 1020 cm−3 under

ambient He gas and 8.6 × 1021 cm−3 and 5.8 × 1021 cm−3

under CO2 gas, for a laser spot size of 100 μm and pressure

of 6mbar. For a spot size of 420 μm, both electron and ion

densities decrease by a factor of approximately 3 and 2

under He and CO2 background gases, respectively.

This corresponds to roughly a fivefold increase at a

pressure of 1000mbar for both electron and ion number

densities due to the higher number of collisions with

background gases and reduced mean free path.69 The

densities exhibit an exponential decrease over time

(>10 ns) due to cooling from background gases and plasma

confinement.
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Figure 5. Variation of the electron temperature (first row), ion temperature (second row), electron density (third row), ion density

(fourth row), and fluid velocity (fifth row) with time and spot sizes (100 and 420 μm). Calculations are for different ambient gas

compositions: He (magenta line) and CO2 (red line) under two pressures, 6mbar (1st and 2nd columns) and 1000mbar (third column).

Subpanels 1–15 represent individual cases.
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Intriguingly, in our simulation, the dynamic motion of fluid

within the plasma is meticulously scrutinized, allowing us to

extract insights into fluid velocity patterns under different ambi-

ent gases, He and CO2, as shown in Figure 5, subpanels 13–15.
These patterns underline the essenceof plasmamotion.Overall,

the fluid velocity under aHe atmosphere is lower compared to a

CO2 atmosphere, especially in the early time frame (5–10 ns).
This can be attributed to the slowing down of the expanding

plasma plume by the increased ambient species in CO2 com-

pared to He.70 The maximum velocity at the 10 ns time step

for both laser spot sizes (100 and 420μm) increases slightly

from5.4 × 106 cm s−1 and 1.7 × 106 cm s−1 under lowHepres-

sure to 5.8 × 106 cm s−1 and 1.75 × 106 cm s−1 under lowCO2

pressure, followed by a quasi-exponential decrease after the

laser is deactivated (>10 ns), reaching a minimum at delay

times of 500 and 1000 ns. Increasing the background gas pres-

sure to 1000mbar leads to an overall decrease in velocity by a

factor of 7 due to the confinement effect of the plasma.

Effect of Focusing Diameter for Fixed Laser Irradiance
In planetary LIBS applications, constant irradiance is a rare

scenario, as laser irradiance typically varies due to factors

such as changes in distance, atmospheric conditions, and tar-

get surface irregularities. In this study, we investigate the

constant irradiance condition to isolate the effects of focusing

diameter on plasma formation and dynamics. By controlling

irradiance, we can focus on how variations in spot size affect

energy deposition and plasma behavior, particularly in a CO2

rich environment such as Mars. The interaction between the

laser waist structure and the resulting plasma plume, influ-

encing energy absorption, plasma confinement, and expan-

sion, offers insights into optimizing LIBS measurements

under planetary conditions.

The plasma parameters produced by a nanosecond laser

are significantly influenced by laser irradiance and focusing

diameter on a graphite target. Increasing the focusing diame-

ter enhances energy transfer to the target, resulting in plasma

expansion toward the incident radiation due to additional

heating effects from the nanosecond lasers.71,72 Figures 6

to 8 demonstrate the variations in electron and ion temper-

atures, number densities, and fluid velocity distributions in

response to laser irradiances of 25 and 9GWcm−2 across

different focusing diameters (100, 168, and 420 μm) at both

low and high CO2 pressures.

The evolution of the simulated plasma was monitored at

intervals of 5–10 ns (laser-activated) to 20–1000 ns (laser

deactivated). Each row details the results for a specific

laser irradiance (9 and 25GWcm−2) across different laser

spot sizes (100, 168, and 420 μm) under CO2 pressures of

3, 9, and 1000mbar.

Electron and Ion Temperatures. At both irradiance levels of 9

and 25GWcm−2, the electron and ion temperatures

increase significantly with expanding spot size, as shown in

Figure 6, subpanels (1–12). For 9GWcm−2 at low pressures

(3–9mbar) and during the laser’s active phase (5–10ns), electron
and ion temperatures rise from approximately 5.0 × 104 K

and 4.7 × 105 K for a 100 μm spot size to 9.0 × 105 K and

8.0 × 105 K for a 420 μm spot size. At 25GWcm−2 with a

100 μm spot size, the temperatures reach 1.87 × 105 K and

1.86 × 105 K, increasing by factors of 1.4 and 1.7 for spot

sizes of 168 and 420μm, respectively. At high pressure

(1000mbar), both temperatures decrease by factors of approx-

imately 3.7 and 3.9 for all spot sizes.

As the laser irradiance increases, the electrons and ions

absorb more energy from the laser photons,73 leading to

an increase in their kinetic energy and, consequently, higher

temperatures. Following the cessation of laser activity, typi-

cally at 20 ns, there is a marked exponential decline in

these temperatures at delay times of 500 and 1000 ns in

the plasma evolution.

Electron and Ion Densities. In Figure 7, subpanels 1–12 display

the distributions of electron and ion number densities in the

plume over time. At constant laser irradiance, significant

increases in densities are observed with larger spot sizes, par-

ticularly during the active laser phase (5–10 ns). For a laser

irradiance of 9GWcm−2 at 5 ns, maximum electron and

ion densities range from approximately 4 × 1021 cm−3 and

3 × 1021 cm−3 for a 100 μm spot size to 8 × 1022 cm−3 and

6 × 1022 cm−3 for a 420 μm spot size. When the irradiance

increases to 25GWcm−2 with a 100 μm spot size, the den-

sities reach around 8 × 1021 cm−3 and 6 × 1021 cm−3, increas-

ing by factors of 2.9 and 4.2 for 168 μm and 420 μm spot

sizes, respectively, at low pressure.

At higher pressures (1000mbar), the number densities at

the three spot sizes increase by factors of approximately 10

for electrons and 15 for ions. Larger spot sizes can lead to

greater energy absorption by the graphite target, which in

turn leads to more energy being transformed into plasma

particles through ionization and recombination processes,74

thereby contributing to higher number densities of electrons

in the system. As time progresses in the simulation, the den-

sity gradually diminishes exponentially, eventually reaching its

minimum value at the delay time points of the simulation,

specifically at 500 and 1000 ns.

Fluid Velocity. The fluid velocity distribution as a function of

laser irradiance and spot size is shown in Figure 8, subpanels

(1–6). The results indicate a compelling correlation between

fluid velocity and spot size during the laser activation at 5–10
ns. Notably, at low pressure, as the spot size increases, the fluid

velocity clearly increases from 2.3, 2.6, to 3.5 (x106cm s−1) for

spot sizes of 100, 168, and 420 μm, respectively, at a laser

irradiance of 9GWcm−2. As the laser irradiance rises to

25GWcm−2, the velocity is 5.4 (×106 cm s−1), increasing
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Figure 6. Variation of the electron temperature (first and second rows) and ion temperature (third and fourth rows) with time and laser

irradiances 9GWcm−2 (first and third rows) and 25GWcm−2 (second and fourth rows). Calculated for different focusing diameters: 100

μm (green line), 168 μm (blue line), and 420 μm (red line) under three CO2 pressures: 3mbar (first column), 9mbar (second column), and

1000mbar (third column). Subpanels 1–12 represent individual cases.
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Figure 7. Variation of the electron number density (first and second rows) and ion number density (third and fourth rows) with time and

laser irradiances 9GWcm−2 (first and third rows) and 25GWcm−2 (second and fourth rows). Calculated for different focusing diameters:

100 μm (green line), 168 μm (blue line), and 420 μm (red line) under three CO2 pressures: 3mbar (first column), 9mbar (second column),

and 1000mbar (third column). Subpanels 1–12 represent individual cases.
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by factors of 1.24 and 1.82 for spot sizes of 168 and 420 μm,

respectively.

This occurs because a larger spot size typically results in

more energy being absorbed by the plasma, which can

enhance the acceleration of plasma species and lead to higher

velocities. At high pressure (1000mbar), the velocities at 10

ns (laser activation phase) decrease by factors of approxi-

mately fourfold (9GWcm−2) and sixfold (25GWcm−2) for

spot sizes of 100, 168, and 420 μm, respectively. This is

because ambient high-pressure gas can decelerate the rapid

movement of plasma species. Upon the first 20 ns after the

laser pulse, the fluid velocity experiences a quasi-exponential

decrease. Over time, for all laser spot sizes, the velocity grad-

ually diminishes, ultimately reaching its minimum at early

time intervals of 500 and 1000 ns due to equilibration pro-

cesses where the plasma loses energy to the surrounding gas.

Our results demonstrate that varying laser focusing condi-

tions significantly influence the fundamental LIBS plasma

properties for graphite targets. Focusing lenses with different

focal numbers create distinct energy density distributions at

the sample surface, which, in turn, determine the intensity

and characteristics of the spectral lines. These findings align

with the work of Surmick et al.,16 who explored the impact

of geometric factors on LIBS plasma formation for various

metals under both Earth and simulated Martian conditions.

Their results revealed notable differences in the spatial distri-

bution of ionic and atomic peak emissions based on the

lens-to-sample distance.

Our research extends these insights to the behavior of

graphite in He and CO2 atmospheres at various pressures,

examining both the early and later stages of plasma evolution.

Specifically, we investigate how the composition of the

Figure 8. Variation of the fluid velocity (fifth and sixth rows) with time and laser irradiances 9GWcm−2 (fifth row) and 25GWcm−2 (six

row). Calculated for different focusing diameters: 100 μm (green line), 168 μm (blue line), and 420 μm (red line) under three CO2 pressures:

3mbar (first column), 9mbar (second column), and 1000mbar (third column). Subpanels 1–6 represent individual cases.

14 Applied Spectroscopy 0(0)



ambient gas affects plasma plume expansion, finding that the

plume is more pronounced in low-density He compared to

high-density CO2 as the background gas.51 The emission

intensity is significantly enhanced in CO2 as the ambient

gas compared to He. This enhancement is attributed to

CO2 relatively low ionization potential, higher mass density,

and active chemical reactions.75,76 Furthermore, we found

that a deeper laser focus in CO2 creates a high-temperature

and high-density region in the plasma, leading to stronger

atomic emissions, while a shallower focus promotes more

pronounced ionic emissions. Additionally, the spectral lines

may exhibit less broadening due to reduced electron densi-

ties compared to those observed with a deeper focus.

To provide a more comprehensive analysis of LIBS under

Martian conditions, we explored the effects of varying ambient

gas pressures. Our findings indicate that focusing effects have a

greater impact on the qualitative aspects of plume expansion

dynamics than ambient pressure, particularly when the laser is

activated. This influence is primarily on the spatial profile and ini-

tial energy distribution in the plasma, rather than the absolute

magnitudes of plasma parameters such as electron and ion den-

sities. While pressure variations lead to more significant quanti-

tative changes in these densities, variations in focal spot size

indirectly shape plume morphology and overall plasma expan-

sion effects that are especially pronounced in low-density envi-

ronments such as Mars.

These distinctions are highly relevant to in situ LIBS ele-

mental analysis on Mars, where both focusing and ambient

gas composition are crucial in shaping LIBS signals. Mars pre-

dominantly CO2 atmosphere affects plasma formation and

signal strength, as its composition and pressure impact elec-

tron and ion interactions, thereby influencing spectral emis-

sion lines. This dual influence of focusing and pressure

forms a basis for optimizing LIBS analyses on Mars by adjust-

ing focal settings to account for its unique atmosphere, yield-

ing more accurate and consistent spectral signatures.

Conclusion
We investigated the focusing effect on the laser-induced

breakdown of graphite under both He and CO2 ambient con-

ditions using a three-temperature Eulerian radiation model

with an NLTE approach to simulate LIBS plasma parameters.

Our simulations encompassed all relevant physical processes,

including laser ablation, plasma formation, shockwave propa-

gation within the surrounding gas, and subsequent plasma

cooling. We accounted for the interactions between the

plasma and the ambient gases, including radiation emission

and absorption. Our study explored the effects of Martian

(3 to 9mbar) and Earth-like (1000mbar) pressures, as well

as ambient gas composition, on plasma parameters. We

also examined how variations in laser waist sizes and irradi-

ances impact electron and ion temperatures and densities.

Our findings indicate that the dynamics and properties of

LIBS-generated graphite plasma are highly sensitive to

changes in laser focusing conditions, which significantly

impact electron and ion temperatures as well as fluid velocity.

Furthermore, increasing the environmental pressure in CO2

gas, compared to He gas, results in higher electron and ion

densities and reduced temperatures. Under these high-

pressure CO2 conditions, the plasma exhibits enhanced con-

finement, which significantly modifies the intensity and shape

of the spectral peaks, thereby affecting the accuracy of plasma

composition analysis.

However, it is essential to note that our simulations are

constrained by certain limitations, such as the use of a single

laser pulse and the relatively short simulation times for ana-

lyzing plasma evolution (up to 1 upmus). This limitation pre-

sents a challenge when considering real LIBS instruments,

where the integration time is typically greater than 1ms,

allowing the plasma to continue evolving over longer periods.

The implication for actual LIBS observations is that plasma

parameters such as temperature and density, presented in

our simulations, may change significantly beyond the time-

frame we considered. As the plasma evolves beyond the

first few microseconds, processes such as further cooling,

expansion, and spectral shifts continue, which were not

fully captured in our model. Expanding this limitation in

future work would be beneficial to better align simulation

results with experimental LIBS data, especially under plane-

tary conditions.

Despite these limitations, the simulation approach

adopted in this study provides valuable insights for optimizing

LIBS analysis on Mars, where atmospheric conditions differ

significantly from those on Earth. Our findings suggest spe-

cific strategies for improving the precision of elemental anal-

ysis using instruments such as ChemCam and SuperCam by

selecting optimal focusing conditions and understanding the

gas–plasma interactions that influence spectral emissions

under Martian-like environments.
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Abstract  

This thesis focuses on modeling Laser-Induced Breakdown Spectroscopy (LIBS) plasma under Martian conditions. The 

theoretical framework investigates the interaction of nanosecond laser pulses with a solid organic target (graphite) in a 

Martian-like environment, specifically involving carbon dioxide (CO2) and helium (He) gases. A three-temperature (3T) 

Eulerian radiation model incorporating non-local thermodynamic equilibrium (NLTE) conditions is employed to capture the 

complex plasma dynamics during LIBS, taking into account the mixing between the expanding plasma plume and the 

surrounding gas. The study aims to provide a detailed understanding of laser ablation and plasma formation, with particular 

attention to the effects of laser irradiance and ambient gas pressure. The laser parameters used in the model replicate those 

of the ChemCam and SuperCam instruments. The work is limited to single-pulse excitation; post-ablation cavity effects are 

therefore not considered. Additionally, the thesis examines the impact of laser focusing conditions and ambient pressure 

ranging from 3 to 9 mbar (representative of Martian conditions) and up to 1000 mbar (Earth-like conditions) on key plasma 

parameters. The analysis is based on high-fidelity simulations performed using the open-source radiation-hydrodynamics 

code FLASH, which was used to calculate electron and ion temperatures, electron and ion number densities, and fluid 

velocities within the plasma. 

 

Keywords: LIBS plasma, Martian conditions, 3T-NLTE Eurlian model, focusing laser conditions, ambient gas pressure. 

 

Résumé 

Cette thèse porte sur la modélisation du plasma par spectroscopie de claquage induit par laser (LIBS) en conditions 

martiennes. Le cadre théorique étudie l'interaction d'impulsions laser nanosecondes avec une cible organique solide 

(graphite) dans un environnement martien, impliquant spécifiquement des gaz de dioxyde de carbone (CO2) et d'hélium 

(He). Un modèle de rayonnement eulérien à trois températures (3T) intégrant des conditions d'équilibre thermodynamique 

non local (NLTE) est utilisé pour capturer la dynamique complexe du plasma pendant la LIBS, en tenant compte du mélange 

entre le panache de plasma en expansion et le gaz environnant. L'étude vise à fournir une compréhension détaillée de 

l'ablation laser et de la formation du plasma, en accordant une attention particulière aux effets de l'irradiance laser et de la 

pression ambiante du gaz. Les paramètres laser utilisés dans le modèle reproduisent ceux des instruments ChemCam et 

SuperCam. Les travaux se limitent à l'excitation par impulsion unique ; les effets de cavité post-ablation ne sont donc pas 

pris en compte. De plus, la thèse examine l'impact des conditions de focalisation laser et d'une pression ambiante comprise 

entre 3 et 9 mbar (représentatives des conditions martiennes) et jusqu'à 1 000 mbar (conditions terrestres) sur les 

paramètres clés du plasma. L'analyse s'appuie sur des simulations haute- précision réalisées à l'aide du code open source de 

radiation-hydrodynamique FLASH, qui a permis de calculer les températures et les densités électroniques et ioniques, ainsi 

que les vitesses des fluides dans le plasma.  

 

Mots-clés : Plasma LIBS, conditions martiennes, modèle Eulerian 3T-NLTE, conditions de focalisation laser, pression 

ambiante du gaz. 

 

 ملخص 

النانو ( في ظل ظروف المريخ. يبحث الإطار النظري في تفاعل نبضات الليزر LIBSتركز هذه الرسالة على نمذجة بلازما مطيافية الانهيار المُستحث بالليزر )

(. يسُتخدم نموذج إشعاع He( والهيليوم )CO2مع هدف عضوي صلب )الجرافيت( في بيئة شبيهة ببيئة المريخ، وتحديدًا في غازي ثاني أكسيد الكربون ) ةثاني

( لالتقاط ديناميكيات البلازما المعقدة أثناء مطيافية الانهيار  NLTE( يتضمن ظروف التوازن الديناميكي الحراري غير المحلي )3Tأويلر ثلاثي درجات الحرارة )

(، مع مراعاة الاختلاط بين عمود البلازما المتمدد والغاز المحيط. تهدف الدراسة إلى توفير فهم مُفصل للاستئصال بالليزر وتكوين  LIBSالمُستحث بالليزر ) 

  ChemCamازي البلازما، مع التركيز بشكل خاص على تأثيرات إشعاع الليزر وضغط الغاز المحيط. تحُاكي معلمات الليزر المستخدمة في النموذج معلمات جه

سالة تأثير  . يقتصر العمل على إثارة نبضة واحدة؛ وبالتالي، لم تؤُخذ تأثيرات تجويف ما بعد الاستئصال في الاعتبار. بالإضافة إلى ذلك، تدرس الرSuperCamو

على معلمات  ملي بار )ظروف الأرض(  1000ملي بار )مما يمُثل ظروف المريخ( ويصل إلى  9و 3ظروف تركيز الليزر والضغط المحيط الذي يتراوح بين 

، والذي  الهيدروديناميكيمفتوح المصدر لديناميكيات الإشعاع  FLASHالبلازما الرئيسية. ويستند التحليل إلى عمليات محاكاة عالية الدقة أجُريت باستخدام برنامج 

 . استخُدم لحساب درجات حرارة الإلكترونات والأيونات، وكثافات أعداد الإلكترونات والأيونات، وسرعات السوائل داخل البلازما.

 

 ، ظروف الليزر البؤري، ضغط الغاز المحيط. 3T-NLTE أويلر نموذج، الظروف المريخية، LIBSبلازما  :المفتاحية  الكلمات 
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