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Abstract

In this work, we have essentially focused on the effect of the relativistic Doppler broad-
ening and its contribution to spectral lines in plasma. For that reason, the importance
was first given to the study of the spectral lines in plasma as well as the importance of
that broadening. Secondly, and with the study development, a new formula for Doppler
broadening in the relativistic case was attained due to the relativistic Doppler effect by
using the Maxwell-Jiittner distribution. According to the latter, it was found that it not
have a Gaussian profile not like the classical (non-relativistic) Doppler broadening. More-
over, evidence indicates that in the realm of relativity, the spectral line profile displays an
asymmetry due to the Doppler broadening. Furthermore, a novel Full Width at Half Max-
imum (FWHM) formula for the corresponding profile, distinct from the commonly known
classical formula, has also been derived. In addition, the FWHM of some hydrogen-like
ions in ultra-high-temperature (using the relativistic FWHM formula) was also calcu-
lated. Besides that, a comparison of the relativistic and classical Doppler broadening
was done. It has been found that there is not much difference between them, but when
temperature increases the difference increases. Consequently, the relativistic case must
be taken into account. In addition to those previously mentioned, a comparison between
Doppler broadening and Stark broadening was added. This is considered and the Doppler
broadening is one of the most important broadening in spectral lines in plasma. It was
found that Doppler broadening is always predominant in the relativistic case, but that
Stark broadening should be taken into account or not neglected at very high densities. It
should be noted that this work is backed by experimental comparisons.

Keywords: spectral lines broadening, Doppler effect, relativistic Doppler effect,

Doppler broadening, Maxwell-Jiittner distribution, Stark broadening.



Abstract

Dans ce travail, nous nous sommes concentrés sur 'effet de 1’élargissement Doppler rela-
tiviste et sa contribution aux raies spectrales dans le plasma. Pour cette raison, nous avons
d’abord souligné I'importance d’étudier les raies spectrales dans le plasma et I'impact de
cet élargissement. Ensuite, nous avons introduit une nouvelle formule pour I’élargissement
Doppler dans le cas relativiste, utilisant la distribution de Maxwell-Jiittner, et avons con-
staté qu’elle ne produit pas de profil gaussien contrairement a 1’élargissement Doppler
non relativiste. De plus, nous avons observé une asymétrie dans le profil de raie spec-
trale due a ’élargissement Doppler relativiste. Nous avons également dérivé une nou-
velle formule FWHM du profil correspondant, différente de la formule classique. Nous
avons également calculé le FWHM (Pleine Largeur a Mi-Hauteur) de certains ions hy-
drogénoides a ultra-haute température (en utilisant la formule FWHM relativiste) et
avons comparé 1’élargissement Doppler classique et relativiste, constatant une différence
minimale qui augmente avec la température, soulignant 'importance du cas relativiste.
Nous avons également comparé 1’élargissement Doppler et Stark, confirmant la prédomi-
nance de 1’élargissement Doppler dans le cas relativiste, mais reconnaissant 'importance
de I'élargissement Stark a trés fortes densités. Des comparaisons expérimentales appuient
nos résultats.

Mots Clés: élargissement des raies spectrales, effet Doppler, effet Doppler relativiste,

élargissement Doppler, distribution Maxwell-Jiittner, élargissement Stark.
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(zeneral Introduction

One of the most crucial diagnostic tools involves the analysis of radiation emitted in

plasma, leading to the development of plasma spectroscopy [1-9]. The movement of ions,
neutral atoms, or molecules within the plasma is akin to mobile antennae |3, 10].
This study explores phenomena such as ionization, absorption, excitation, recombina-
tion, and de-excitation that characterize emitter plasma behavior. The emitted plasma
radiation encapsulates not only interactions between emitters (atoms or ions) and their
surroundings but also their dynamic behavior, including the Doppler effect, observable as
line profiles of emission lines.

The dynamics and interactions of emitters are orchestrated by spectral lines, which
are broadened, shifted, and deformed, rejecting the notion of infinitesimal spectral widths.
Interactions between emitters and surrounding particles, particularly ions, have been ex-
tensively studied and continue to evolve [1,11-17]. Other contributing factors include
the dynamics or movement of emitters, translating into the Doppler effect.

The study of spectral line shapes, incorporating both broadening and shifts, holds
fundamental and practical importance, serving as a potent diagnostic tool across various
media, including magnetically confined fusion plasmas, laser-produced plasmas, astro-
physical plasmas, and planetary atmospheres [1].

The overall width of a spectral line is dictated by the interplay of various broad-
ening mechanisms, incorporating natural line broadening, instrumental line broadening,
Doppler broadening, electron impact broadening, and Stark broadening. Each of these
mechanisms plays a role in shaping the line, contributing to its comprehensive width.
Specifically, Doppler broadening and Stark broadening, induced by collisions, pose com-
putational challenges when quantifying their impact on line broadening. These intricacies,
coupled with factors such as natural and experimental broadening, necessitate meticulous
consideration and inclusion in computational models or analyses of spectral line profiles.
Understanding the combined influence of these mechanisms is pivotal for accurate inter-
pretations and predictions in the study of spectral lines [18].

Under specific conditions of temperature or density, a particular broadening effect
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tends to overshadow others. The prevalence of a specific broadening mechanism is contin-
gent upon the local plasma temperature and density. The other mechanisms are generally
viewed as minor adjustments to the dominant one, given their comparatively smaller
contributions to the overall broadening [3].

In some cases, it is more appropriate to take two broadening into account for example,
in the range of temperatures from ( 2 x 10* — 5 x 10° K), and for an electron density
of ne = 10""em™3 [19], the stark broadening mechanism is dominant, comparable to the
Doppler broadening. But when temperatures increase, and in the range of it from 50 eV to
400 eV (5.8 x 10° —4.6 x 10°> K) and for an electron density ranged from n, = 10®¥cm =3 to
ne = 10*#*em ™3, the stark broadening still dominant, but we have to be taken the Doppler
broadening into account [12].

Doppler broadening, often referred to as thermal broadening, is a phenomenon rooted
in the Doppler effect, a renowned principle in physics and a pivotal factor in various fields
such as plasma studies and astronomy. First identified by the scientist Christian Doppler
in the 19th century, the Doppler effect occurs when the frequency of a wave changes due
to the relative motion between its source and the observer, impacting both its period
and wavelength. This effect is not confined to a specific type of wave and affects both
electromagnetic and mechanical waves.

In the context of spectral lines, Doppler broadening manifests as a consequence of the
Doppler effect experienced by atoms or ions. Substantial research has been dedicated to
comprehending and illustrating the Doppler effect, leading to significant advancements like
the generalized relativistic Doppler effect. These developments have garnered considerable
attention in recent decades, indicating the persistent interest in refining our understanding
of this phenomenon.

U. Fantz’s work is illustrative of the practical applications of Doppler broadening
[20], his research highlights how Doppler broadening can be a valuable tool for deducing
gas temperature, particularly when it stands as the primary mechanism influencing line
broadening. This underscores the versatility and importance of Doppler broadening as a
diagnostic tool, showcasing its utility in determining key parameters in various scientific
investigations.

Sun Mi Chung et al. [21], and J. S. Wark et al. [22] have conducted extensive in-
vestigations into the shift, broadening, and structure of X-ray emission emanating from
an ALGOL star and laser-produced plasmas, respectively. These studies offer valuable
insights into the unique characteristics of X-ray emissions within these specific systems,
enhancing our understanding of their intricate dynamics.

In addition, Z. Simic has undertaken a detailed comparison between Stark broadening

and Doppler broadening in the context of a Cd I plasma [23]. The findings from this
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analysis highlight that, in this specific case, Doppler broadening plays a relatively minor
role compared to the significant impact of Stark broadening.

N.I. Kosarev explored the influence of the Doppler effect on radiative transfer in moving
plasma [24]|. Furthermore, K. Fujii et al. [25], and Shinohara et al. [26] demonstrated
the presence of Doppler broadening in the observable emission line of highly charged ions
of tungsten at a wavelength of 668.899nm (A\g = 668.899nm).

Yuan-Pei Yang et al. [27], utilized the Doppler effect observed from astronomical
objects to scrutinize the validity of the special theory of relativity.

Numerous other researchers have made substantial contributions to this field of study,
profoundly influenced by the Doppler effect. Collectively, these investigations deepen our
understanding of the multifaceted role played by Doppler broadening in diverse physical
systems, ranging from astrophysical phenomena to laboratory-produced plasma.

In the realm of relativistic physics, electrons exhibit relative velocities, prompting
the calculation of the relativistic electron collision operator, particularly pertinent in
scenarios like fusion plasma, astrophysics, and laser technology where temperatures span
from (10% < T < 10" K) [28]. In this temperature range, the relativistic effects become
significant, leading to the dominance of the Doppler effect, a departure from classical
expectations.

This study’s primary objective is to introduce the formulation of the classical Doppler
effect in the context of line profile broadening. A more intricate derivation is presented
to articulate accurate expressions for both classical and relativistic Doppler effects influ-
encing spectral line broadening observed in plasma. The classical Doppler Effect relies on
the Maxwell velocity distribution to characterize emitters. However, practical constraints
of the Maxwell distribution prompt the application of the relativistic Maxwell-Jiittner
distribution in the relativistic Doppler Effect. This distribution is notably relevant in
scenarios involving very high temperatures ranging from (10® < 7' < 10! K), as seen in
fusion plasma, astrophysics, cosmology (primordial Universe), and experiments involving
unstable Z Pinch configurations [28]. Importantly, the Juttner-Maxwell distribution is
more general than the Maxwell distribution.

Crucially, the formulated approach maintains its validity across all temperature ranges,
describing the relativistic particle velocity distribution applicable in diverse scenarios,
spanning both low and high temperatures. The study concludes with a comparative
analysis of various phenomena, providing a comprehensive understanding of the nuanced
effects of Doppler broadening in different temperature regimes.

This project is organized into three chapters, each addressing distinct facets of plasma
physics. The initial chapter delves into a comprehensive exploration of plasma principles,

emphasizing the critical role played by parameters such as temperature and charge den-
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sity in classifying different plasma types. This detailed examination serves to elucidate
how variations in these parameters contribute to the distinctive characteristics exhibited
by various plasmas. Furthermore, the chapter delves into an in-depth analysis of line
broadening phenomena, recognizing that an understanding of line shapes is paramount
for effective diagnostics in both laboratory and space plasma environments. This explo-
ration aims to provide a nuanced perspective on the intricate interplay between plasma
properties and line broadening, enhancing our comprehension of the diverse behaviors
exhibited by different types of plasma in varied settings.

In the second chapter, we will delve into the classical Doppler broadening, specifically
exploring the non-relativistic case governed by the classical Doppler Effect. As part of this
exploration, we will introduce and derive the well-established formula for the classical Full
Width at Half Maximum (FWHM) that characterizes the corresponding classical profile.

Moreover, our focus will shift towards the derivation of a novel expression for rela-
tivistic Doppler broadening, accounting for the potentially high velocities exhibited by
the emitters in the relativistic scenario. This endeavor requires us to incorporate a suit-
able velocity distribution for the emitters, enabling the formulation of a new Full Width
at Half Maximum (FWHM) formula meticulously designed to capture the nuances of the
relativistic case. Through this detailed examination, we aim to provide a comprehensive
understanding of both classical and relativistic Doppler broadening, shedding light on
their distinct characteristics and implications in various physical scenarios.

The apex of this study is encapsulated in the third chapter, where a thorough ex-
amination unfolds, presenting several relativistic effects influencing spectral line broaden-
ing. Additionally, the chapter offers detailed comparisons involving distinct hydrogen-like
species and varying temperatures of the Lyman-alpha line. Numerical results and discus-
sions further enrich this analysis. Furthermore, a concise comparison between Doppler
broadening and Stark broadening is presented, encompassing both classical and relativis-
tic scenarios. This segment elucidates the nuanced similarities and differences between
these two broadening mechanisms, delving into their respective impacts on line profiles
across diverse scenarios. The chapter serves as a comprehensive exploration of relativistic
effects, offering valuable insights into the distinctive contributions of Doppler and Stark
broadening in shaping spectral features under various conditions.

The conclusion of the entire work, offering a condensed overview of the key findings,
implications, and contributions of the research. This section provides a brief recapitulation
of the primary results obtained throughout the study, highlighting the significance of these
findings within the broader scope of plasma physics or related fields. Furthermore, it
may propose potential directions for further research or applications based on the drawn

conclusions, contributing to the comprehensive closure of the research endeavor.



Chapter 1

Theory of spectral lines broadening in

plasma

1.1 Introduction

The initiation into the theory of spectral lines broadening in plasma takes us on a mes-
merizing expedition through the complexities of astrophysics and plasma physics. Here,
the conduct of matter under extreme conditions unfolds in a spectacular array of phenom-
ena. Spectral lines, acting as distinctive imprints of atoms and ions emitting or absorbing
light at specific wavelengths, emerge as invaluable tools for probing the characteristics
and circumstances of astrophysical plasmas.

Within the expansive realms of the cosmos, plasmas assume a fundamental role, stand-
ing as the predominant state of matter in celestial bodies such as stars, galaxies, and
interstellar mediums. Grasping the spectral lines emitted by these plasmas becomes piv-
otal in unraveling the enigmas surrounding their composition, temperature, density, and
magnetic fields.

The theory of spectral lines broadening in plasma scrutinizes the mechanisms causing
the once sharp and well-defined spectral lines to broaden or shift. A primary contributor
to this broadening is the Doppler effect, stemming from the thermal motion of parti-
cles within the plasma. The varying velocities of charged particles induce shifts in the
frequency of emitted radiation, leading to line broadening that unveils insights into the
plasma’s temperature.

Furthermore, the interplay between charged particles and the surrounding electric
and magnetic fields introduces additional mechanisms for broadening. The Stark effect,
prompted by electric fields, and the Zeeman effect, triggered by magnetic fields, add layers

of complexity to the spectral lines, enabling scientists to deduce the strength and structure
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of these fields within plasmas.

Whether in laboratory plasmas or astrophysical settings, comprehending spectral line
broadening is indispensable for interpreting observational data and gaining profound in-
sights into the underlying physical processes. The applications of this theory span various
domains, from diagnosing conditions within distant stars to optimizing controlled fusion
experiments on earth.

As we embark on this expedition through the theory of spectral lines broadening in
plasma, we unveil a portal to the core of celestial bodies. Here, the intricate interplay
between charged particles and electromagnetic forces orchestrates a symphony of light,
holding the key to unlocking the secrets of the universe. In this chapter, our exploration
commences with a succinct introduction to the captivating realm of plasma and its fun-
damental properties. Before delving into the intricate details surrounding the reasons
behind spectral lines, it is essential to establish a foundational understanding of what
plasma entails and the distinctive characteristics that define its behavior. Plasma, often
referred to as the fourth state of matter, exhibits unique properties that distinguish it
from solids, liquids, and gases.

As we embark on this introductory journey, we will elucidate the basic concepts un-
derlying plasma physics, addressing key features such as ionization, temperature, and
density. This foundational knowledge will lay the groundwork for a comprehensive explo-
ration into the intricate mechanisms contributing to the formation of spectral lines. By
understanding the inherent nature of plasma, we aim to enrich our appreciation for the
profound role it plays in generating the diverse and informative spectral signatures that

hold valuable diagnostic insights.

1.2 Plasma

Plasma physics constitutes the exploration of matter in a distinct state characterized by
charged particles, commonly referred to as the fourth state of matter due to its unique
properties setting it apart from solids, liquids, and gases. The formation of plasma typi-
cally occurs through the heating of gas until electrons detach from their parent atoms or
molecules. Over the past few years, plasma physics has gained considerable significance,
particularly in unraveling the mysteries of our universe, with claims that approximately
99% of the universe’s matter exists in the plasma state. Within this context, plasma
diagnostics encompass a diverse array of methods and experimental techniques aimed
at measuring various plasma properties, including density, temperature, spatial profiles,

and dynamics. These diagnostic tools play a crucial role in deriving essential plasma
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parameters [2].

1.2.1 Classification of plasma

A plasma exhibits numerous defining features, including temperature, degree of ionization,
and density, which collectively contribute to its classification into distinct states. These
states can be delineated based on their coordinates in a plot of electron temperature k7, vs
ne, as depicted in Figure (1.1). This graphical representation allows for the differentiation
of various plasmas, each characterized by its unique thermal motion of electrons and
electron density n.. The diverse positions of plasmas on this plot provide a comprehensive
framework for understanding their distinct behaviors and properties within the broader

realm of plasma physics [5].
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Fig 1.1: Classification of plasma.

In Figure (1.1), the condition where kT, > 10°cV, designates a relativistic plasma. As
the temperature of a plasma increases, the velocity discrepancies among its constituent
particles also escalate. When certain particles achieve relativistic velocities, novel effects
come into play, classifying these plasmas as relativistic. Typically, electrons, with their
swifter disordered movements due to thermal agitation, are the particles responsible for
inducing relativistic effects. Relativistic effects in plasmas within Earth’s environment
are generally minimal, yet there are instances where they cannot be disregarded, and this
forms the focal point of the current work.

If the mean kinetic energy of electrons < £ > descends below the Coulomb potential
Ve, representing the interaction of electrons at their mean atomic distance, plasmas adhere
to non-ideal gas behavior. The boundary for this transition is illustrated by the red line

in Figure (1.1), occurring when < E >= V¢ [5].
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Ve = pr—— (1.1)

In plasma classified as "degenerate," the average kinetic energy of electrons is smaller
than the Fermi energy of a free electron gas. The Fermi energy represents the maximum
energy state of an electron in a system at absolute zero temperature, where electrons
fill the available states from the lowest energy upwards, following the Pauli exclusion
principle. In degenerate plasma, the kinetic energy of electrons is constrained by this lower
limit, and they tend to occupy states close to the Fermi energy, exhibiting characteristics
distinct from those observed in non-degenerate plasma. This condition arises when the
thermal energy of electrons is significantly smaller than the Fermi energy, resulting in

unique behaviors associated with degeneracy effects [5].

Ep = (3m%n,)%/? (1.2)

The blue line in Fig (1.1) results from < F >= FEp

1.2.2 Important plasma properties
1.2.2.1 Degree of ionization

The ionization degree of a gas refers to the extent to which the gas has undergone ioniza-
tion, meaning the process of converting neutral atoms or molecules into ions by removing
one or more electrons. It is a measure of the proportion of atoms or molecules in a gas
that have lost electrons and become positively charged ions.

The ionization degree is typically expressed as a fraction or a percentage, representing
the ratio of the number of ionized particles to the total number of particles in the gas.
It provides information about the level of ionization within the gas and is influenced by
factors such as temperature, density, and the nature of the gas itself.

In a fully ionized gas, all or nearly all of the atoms or molecules have lost electrons,
resulting in a high ionization degree. Conversely, in a weakly ionized or non-ionized gas,
only a small fraction of particles may be ionized, leading to a lower ionization degree. The
ionization degree is an essential parameter in plasma physics, astrophysics, and various

other scientific disciplines where ionized gases play a significant role, it is defined by [6].

n;

ni+n0

o =

(1.3)

where ng is the density of neutrals on m™ and n; the electron density on m™3 (or the
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ions density).

1.2.2.2 Landau length

landau length is the distance for which the coulomb potential energy is equal to average
kinetic energy (e.g the thermal energy) [6,7]

this means

262

KgT = 1.4
B 47T80)\L ( )
so the Landau length is given by :
2
ze
N = ——— 1.5
L dreg KT (15)
for the ion charge z = 1 we can write
2
e
N = —— 1.6
L dreg KT (1.6)

The Landau length internees in the analysis of the phenomena of collisions and corre-

lations of position in a plasma.

1.2.2.3 Debye length

Let’s examine a scenario involving a positively charged particle, denoted as ¢, positioned
at the center of a plasma. This prompts the question: Does this charged particle have
an infinite range of interaction distances? The positively charged particle g exerts attrac-
tive forces on oppositely charged particles (e.g., electrons), drawing them closer, while
simultaneously repelling positively charged particles (ions) with the same charge. This
interaction results in the formation of an electron cloud, forming a protective shield around
the particle. For this case, we can compute the potential ¢ associated with the charged
particle ¢, representing the electric potential energy per unit charge at different distances.
This calculation sheds light on the nature of the interactions and the shielding effects

within the plasma.
E=-Vo¢ (1.7)

This is Gauss’low, and the poison’s equation is given by

vp =) (1.8)

From eq ( 1.7) and (1.8) we can write
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— V= @ (1.9)
€0
Where p is charge density and ¢y is permittivity of vacuum.

The particle density is given by:

ne(r) = noe exp(—l;:g;) = nge eXp(KejT) (1.10)
ni(r) = Zino; eXp(—lZ(iBezi) (1.11)

Where n.,n; is electrons density and ions density , ng., Z;no; is the average value of
density.

Consider the scenario where ng = Z;ng; = ng., where nq is constant, and we assume
that electrons and ions (with charge e) have the same temperature 7T'.

Under the condition e¢p < KT (assuming that this potential is very small), these
conditions enable us to expand equations (1.10) and (1.11) to the first order, resulting in

the following expressions:

ne(r) = no(1 + KejT) (1.12)
. Zieg
n;(r) = no(l — KBT) (1.13)
The charge density p is given by:
p = —e(ne(r) —ni(r)) + qo(r) (1.14)

Here, 6(r) denotes the Dirac delta function, and ¢ is the test charge. The first term
in formula (1.14) describes polarization, and the second term represents the test charge.
The formula (1.14) can be written as:
ep Zied

KBT+ KgT

If we let N; = (Z; + 1), the formula (1.15) becomes:

p = —eng( )+ qd(r) (1.15)

e’ngd
p=— TN + a8(r) (1.16)

Now, using spherical coordinates for formula (1.8):

Vip =

1 d, ,dp, Nie*ng q
(20 = — 2195 1.17
r2 dr<r dr) 80KBT¢ €0 (r) ( )

10
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1/2
50KBT>

.02 . . .
We can conclude that %—B’? and & have the same dimension. This means ( Netno
k2

o)
is a distance.

The solution of equation (1.8) is given by:

q r 4q r
_ _ _ _ 1.18
¢ 47TE() b 50KQBT 471'80 P ( >\D) ( )
N;e*ng

Where Ap is the Debye length and is given by:

€0KBT
AD =\ 55— 1.19
b Ni€2n0 ( )

If we assume the ions are singly-ionized, the Debye length can be expressed as:

€0KBT
Ap = 1.20
b= 25" (120

where n is the charge density in m=3.

The Debye length \p is a crucial parameter [7]. It was first calculated in the theory of
electrolytes by Debye and Huckel in 1923 to be much smaller than the plasma size [29,30].

We can say that the Debye length represents the physical scale of the transition from
plasma [31].

Figure (1.2) represents the distribution of charged particles (test particles) in plasma
and vacuum |[7].

The Debye radius Ap defines a sphere known as the Debye sphere, housing Np as the
number of charges. This quantity, expressed in terms of the charge density n in m™3, is

given by the formula [8]:

4
Np =n (;ﬂ%) (1.21)

Alternatively, for ions with charge z = 1, the relationship between Np, Ap, R

(Wigner-Seitz radius), and A, (Landau length) can be established from equations (1.19),

and (1.6):
3
Np = (?%—D) (1.22)
Ap
Np = — 1.23
Y (1.23)

Here, \;, always denotes the Landau length.

11
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0(r) &

(.I ?\.')

Fig 1.2: Potential distribution of a charged particle in vacuum (solid line)and in a plasma
(dotted line).

We may inquire into how a plasma responds to electromagnetic waves emitted from
an external source, such as particle beams [9]. This could potentially displace electrons
from their equilibrium positions. The electrostatic force exerted by the ions could lead to
overshooting, triggering plasma oscillations—rapid oscillations so swift that the massive
ions scarcely have time to respond.

To investigate the characteristics of electron plasma oscillations, the cold plasma model
is often employed. In this model, particle thermal motion and pressure gradient force are
disregarded [2]|. Assuming very small electron density perturbations and neglecting ion

motion, we express the electron density as:

Ne = Mo + Ny (1.24)

Here, ng is a constant (equilibrium electron density), n; represents electron density

perturbation, and n; < ng. The electric field ﬁ created is given by:

E=-Vo (1.25)
Additionally, we have
vip =41 (1.26)
€0

12
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The equation of motion is provided by:

7 _ R (1.27)

ar

By substituting equation (1.25) into the last formula, we derive:

dv e
— ==V 1.28
The equation of continuity is given by:
One
; +V(nw) =0 (1.29)

Using equation (1.24) and considering n; < ng, we arrive at:

on,
5 + V(nov) =0 (1.30)
This allows us to express:
e | Gy =0 (1.31)
ot Yt '

Employing equations (1.28) and (1.26), we obtain:

2 2
0°n, e“ng

4+~ "n.=0 1.32
ot? meg " ( )
Or, in written form:
n,
8; + wine =0 (1.33)

Here, w), represents the electron plasma frequency and is given by:

2 1/2
Wy = (6 ”0) (1.34)

meo

1.2.2.4 Coupling Parameter

The coupling parameter is defined as the ratio of the Coulomb energy to the thermal
energy [6, 30|, expressed as the Coulomb energy per particle divided by the thermal

energy:

_ ECoulomb
KgT

The Coulomb energy per particle is given by:

r (1.35)

13
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q2

47T€() <RS>

Here, R, represents the ionic radius. The coupling parameter can now be written as:

E Coulomb =—

(1.36)

__ ¢ 1

dregKgT R, R,

where 7, is the Landau length. If I' < 1, it implies Ecouomp < KgT', indicating low
coupling. On the other hand, if I' > 1, it implies Fcouomp = KpT', indicating strong

coupling.

(1.37)

14
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1.3 Line broadening

1.3.1 Introduction

The spectral lines emitted by plasmas are inherently non-monochromatic, displaying a
certain degree of broadening attributed to the dynamic motion of particles and their
collisions. Even in the absence of these factors, natural broadening persists. Spectral
lines broadening is a crucial tool for investigating the plasma conditions surrounding
emitted ions, providing insights into parameters such as temperature and density |3, 11].

This section delves into various mechanisms of spectral line broadening, shedding light
on factors influencing line width and shape. The description of a spectral line’s shape is

conveniently articulated through the line profile function.

1.3.2 Profile functions

The shapes of spectral lines are described by line shape functions, denoted as I, in terms
of frequency v, angular frequency w, or wavelength A [1]. In this discussion, we will use
angular frequency w as it is commonly preferred.

The function [ is normalized, signifying that

/I(w) dw =1 (1.38)
line
The full width at half maximum (FWHM) in wavelength units is denoted as Aw s,
and the center wavelength is denoted as wy.
The two primary line shape functions are represented by the Gaussian and Lorentzian

functions [1]. We categorize the types of line broadening in the following table:

Types Line Broadening Causes

Lorentzian Natural Broadening Result of finite radiative lifetime

Lorentzian Collisional Broadening | Finite lifetime of quantum state due to collisions
Gaussian Doppler Broadening Thermal motion

Lorentzian + Gaussian | Voigt Profile Convolution of 2-3

Table 1.1: The types of line broadening

15
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1.3.3 Natural Broadening

In reality, the quantum states of an atom do not have a single energy but rather a small
spread in energy [3]. The Heisenberg uncertainty principle connects the uncertainty AFE
of the energy E to the uncertainty in the lifetime of the state At, given by:

h h

or AE~— (1.39)

AEAt >
21 2rT

where h is Planck’s constant and At = 7 represents the lifetime.

1
C._._-_-_;'/I I 77/ < 1 P
D_f\"\
-
hv
r_.c- )
S 2 I .
r4\ ..... N 1 q
g

Fig 1.3: Natural width of excited energy levels [1].

A photon emitted in a transition between two energy levels (Figure 1.3 [1]) will have

a range of possible frequencies:

AE 1

v h 2nT (1.40)

The line has a Lorentzian shape and is given by [3]:
1

L+ (52)°

Here, I represents the intensity, and v is the line center. Natural broadening is always

I(v) = () (1.41)

present, uniform across all wavelengths, and although usually negligible in the visible

range, it can be significant for extreme ultraviolet lines of highly ionized impurities [3].

16
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1.3.4 Doppler Broadening

Doppler broadening, associated with the Doppler effect, holds significant importance. In
a plasma context, the Doppler effect is linked to disturbances caused by the movements
of emitters, originating from the motion of atoms and ion emitters—the thermal velocity
distribution of emitting ions. This broadening will be explored in two cases: classical and

relativistic, with a detailed discussion to follow in the next chapter.

1.3.5 Collision Broadening

These effects are also variously called, such as pressure broadening, and it is also one of
the most important broadening types, along with Doppler broadening |3].

Collision broadening arises from the influence of nearby particles on the emitting atom
or ions [3]. There are three types of collisional broadening:

- Broadening due to collisions of the excited atom with atoms or molecules in the
neutral state, known as Van Der Waals broadening.

- Broadening due to collisions of the excited atom with atoms or molecules of the same
nature, leading to a resonant transition, called resonance.

- Stark broadening, which arises from the collision of charged particles (electrons and
ions) and is usually dominant in plasma. The central mechanism for Stark broadening is
the electrostatic field generated by the perturber on the radiator [1].

Detailed calculations of Stark broadening are extremely complicated; see Griem (1964)
or Breene 1961 [32].

1.3.6 Broadening due to Magnetic Field Effects

In 1896, Zeeman discovered that the lines of series spectra could be influenced by magnetic
fields, a phenomenon now known as the Zeeman effect [33].

The interaction of a magnetic field with the kinetic moment of the atom causes a
disturbance, leading to the lifting of degeneracy in energy levels. This disturbance is
reflected in the observed profile [1].

For more details, refer to [32-35].

1.3.6.1 Combinations of Broadening Effects

In some cases, both Doppler and magnetic field effects may be present. If there are two
independent profiles, denoted as [;(Av) and Ir(Av), the convolution of these two profile

functions is given by [3]:

17
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I(Av) = /]1(A1/ — AV L(AV)d(AY) (1.42)

1.4 Conclusion

In conclusion, this chapter has laid the groundwork for understanding the complexities of
spectral line broadening in plasmas. Starting with an introduction to plasma physics and
its foundational properties, we explored the classification of plasmas based on temperature
and electron density. The subsequent sections delved into essential plasma properties such
as the degree of ionization, Landau length, and Debye length.

The coupling parameter was introduced as a measure of the ratio between Coulomb
energy and thermal energy, offering insights into the degree of coupling within the plasma.
We then transitioned into the realm of line broadening, emphasizing its crucial role in
unraveling plasma conditions.

Natural broadening, arising from the uncertainty principle and finite radiative lifetime,
sets the stage for spectral line shapes. Doppler broadening, driven by thermal motion, and
collisional broadening, influenced by interactions with nearby particles, were explored in
detail. Additionally, the effects of magnetic fields on spectral lines, known as the Zeeman
effect, were introduced.

The chapter concluded by addressing the combinations of broadening effects, especially
the convolution of Doppler and magnetic field effects. These insights pave the way for a
deeper understanding of the diverse factors influencing the width and shape of spectral
lines emitted by plasmas.

In the subsequent chapters, we will delve into specific cases of Doppler and magnetic
field effects, providing detailed calculations and analyses. The knowledge gained from this
foundational chapter will serve as a cornerstone for unraveling the intricacies of plasma

physics and its diagnostic potential through spectral line studies.
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Chapter 2

The Relativistic and Non-relativistic

Doppler Broadening

2.1 Introduction

The Doppler effect, also known as the Doppler shift, stands as one of the most universally
recognized phenomena in physics, manifesting in both light and sound. Originating from
Christian Johann Doppler’s discovery in 1842, where he posited its applicability to both
sound and light, the effect hinges on an object’s relative motion determining whether
its emitted light increases or decreases. Given its paramount significance, this effect
undergoes thorough examination across the global scientific community.

The Doppler effect has found rich utility in various scientific realms, permeating tech-
nology and science alike [20,24,36-38]. Applications span diverse fields such as medicine,
where Doppler-shifted ultrasonic waves screen blood flow in veins, to determining lifetimes
of excited atomic states [39]. In astronomy, it plays a pivotal role, aiding in the calcula-
tion of speed, direction, and rotational dynamics of stars and galaxies, even contributing
to the discovery of dark matter [22].

Within a plasma environment, atoms or ions emitting radiation can be likened to
signal sources, each moving with speeds adhering to the law of speed distribution. The
resultant radiation experiences the Doppler effect, specifically Doppler broadening, a col-
lective phenomenon explored extensively in plasma spectroscopy through various research
endeavors.

In ultra-hot plasmas, where emitters move at velocities significantly surpassing the
speed of light, relativity becomes a crucial consideration. This scenario occurs in laser
implosion, astrophysics, and high-temperature laser technology. The Doppler effect dom-

inates in such conditions, particularly when temperatures range from 10® to 10'? K and
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densities remain below 10%* cm™.

This chapter delves into classical Doppler broadening, grounded in the non-relativistic
Doppler effect and Maxwell speed distribution. The classical Doppler broadening is pre-
sented as a standard formula. Additionally, the chapter explores the relativistic Doppler
effect, offering a novel formula for the intensity of line shapes in relativistic Doppler broad-
ening : a departure from existing methods. A new Full Width at Half Maximum (FWHM)
formula for the corresponding profile, distinct from its non-relativistic counterpart, is also

introduced.

2.2 The Non-relativistic Doppler Broadening

2.2.1 The classical Doppler effect

In school, students are taught the classical example of the Doppler effect using a moving
ambulance sounding its whistle toward a stationary observer. The observer detects a
change in the ambulance whistle.

The Doppler effect is defined as a crucial phenomenon that correlates the frequency
of harmonic waves generated by a moving source with the frequency measured by an
observer moving at a different velocity from that of the source [40].

In plasma, radiation emission (or absorption) by a particle (atom, ion, etc.) often
occurs during movement. The Doppler effect causes the observed frequency in the ob-
server’s frame (at rest) to differ from the frequency emitted in the atom’s frame. The
mean particle velocity at thermodynamic equilibrium is linked to the medium’s temper-
ature, connecting the broadening of the statistical Doppler effect to the distribution of
emitter velocities at temperature T and emitter mass m.

Consider a motionless observer viewing an emitting atom moving with velocity V' at
an angle ¢ with the observation direction Ox (Fig 2.1).

At the moment ¢y, the emitter emits a luminous signal, received by the observer at
position O at moment ¢, given by:

tlz

% (2.1)

Where D is the distance between the emitter and observer at moment ¢y, and c is the
velocity of light in a vacuum. At moment t5, where Ty = Aty =ty — tg, the emitter emits

a second luminous signal received by the observer at position O at t3 given by:

D+d

Where d = V,Tj is the distance traveled by the emitter. If the emitter moves toward
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the observer, the distance is written as D — d, so

D+ V,Ti
ty =Tp+ ———

The period T with respect to the periodontal is given by:

D+V,T, D
T = At=ts—t, =Ty+ 2 =to 2
C C

0
:To(].—FE):TQ(l‘i‘VCOS )
& &

Consequently, the angular frequency is given by:

w(Vz) = wo (1 — VCOSG) = wy (1 — E)
c c

where w is the angular frequency, and wy is the angular eigenfrequency.

atom/ion e

Observer ® 0 z

/

Y

Y

(2.3)

(2.6)

Fig 2.1: The fixed frame where the emitter moves with a velocity V forming an angle 6 with

the observation direction Oz.

2.2.2 The Classical Doppler Broadening (INon-relativistic Case)

As discussed in Chapter One, spectral line broadening plays a crucial role in spectro-

scopic diagnostics of various laboratory and astrophysical plasmas. Doppler broadening,

attributed to the movement of emitting ions, is a distinctive mechanism where the fre-
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quency of the detected photon in the laboratory frame, denoted as w, differs from the
frequency emitted in the frame of the moving ion, denoted as wy.

The relation between angular frequencies w and wy is given by Eq (2.6). The line’s
normalized intensity (normalized to one) at the angular frequency w is determined by
averaging over the normalized Maxwell distribution, denoted as fasqzwen(Vz), which is

given by:

m 1/2 mV?
axwe ‘/3: == - - 2.
Frtazwen(Vz) (QWKBT) eXp( 2KBT> (27)

The Dirac delta distribution is then applied:

1) = (00 = Vo et =\ g | 50 (g V2 8 — Vi),

(2.8)

Utilizing the integral representation of the Dirac delta distribution, where u is the

integration variable with units of seconds:

+o0
Sw — w(V)) = — /_ exp (iu(w — w(V,))) du (2.9)

2m J_

The normalized intensity (normalized to one) is obtained:

_ m /+°° (fuw)d
= o\ kT | exp(tuw)du
(2.10)

></+00ex — V2 —iuw(V,) ) dV,
TP\ oK, @) | @Va

Simplifying, we get:

1 [ 27wme? mc?
(W)= —/ —= — —1)? 2.11
@)= o\ KpTe eXp( T ) (2.11)

Here, @w = wio, K g is the Boltzmann constant, and m is the emitter mass. This formula
represents the intensity of the line in the non-relativistic case. It is symmetric (Gaussian)
around the central angular frequency wy. Note that the integrals in formula (2.11) are
strongly convergent due to dealing with purely Gaussian integrals.

The Full Width at Half Maximum (FWHM) is given by the well-known formula (in

angular frequency units):

8KgT In(2 T
Awpoppler = Wo B—n() = 7.1574 x 10_7w0\/ i (2.12)

mc?
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Here, M is the mass of the emitter in atomic mass units, T is the temperature in
Kelvin, and the relationship between temperature and FWHM in the classical case is

evident in formula (2.12).

2.3 The relativistic Doppler Broadening

2.3.1 The relativistic Doppler effect
2.3.1.1 Introduction

In ultra-hot plasma, the emitters of radiation move at extremely high velocities in compar-
ison to the speed of light. We encounter this type of plasma in the case of laser implosion,
astrophysics, and laser technology at very high temperatures. So, it is necessary to con-
sider the relativity of the emitter’s movement. In this case where the temperature ranges
from 108 to 102K, and the density < 10?*cm =3, the Doppler effect is dominant.

2.3.2 Lorentz Transformations

The goal of relativity is to explain and understand how motion looks from different per-
spectives, particularly from different moving frames.

Lorentz transformation is the mathematical relationship between two coordinate frames
that move at a constant velocity relative to each other. Named after Dutch physicist Hen-
drik Lorentz, this transformation is a type of linear transformation, preserving operations
such as scalar multiplication and addition within vector spaces. In the context of spe-
cial relativity, Lorentz transformations are specifically concerned with changes in inertial
frames.

To perform this transformation, an observer moving at different speeds can measure
different times, distances, and events chronologically. The crucial requirement is that the

speed of light must remain constant in all inertial frames.

Lorentz Transformation Equations

Assuming that frame F' is a stationary reference frame, with coordinates x, y, z, and t
defined, consider another reference frame F’, moving at a velocity v relative to F. The
observer defines coordinates z’, 3/, 2/, and t/, which are perpendicular in both frames. In
this scenario, the relative motion occurs along the x’-axis, meaning both reference frames

share the same origins at (0,0, 0).
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These coordinates, when recorded in reference frame F”, can be expressed as [41,42]:

t' = (t — E) (2.13)

¥ =~(x—Vt) (2.14)
"=y (2.15)
2=z (2.16)

Here, v =

1_v2:

2.3.2.1 The Relativistic Doppler Effect

The relativistic Doppler effect is one of the most significant applications of Lorentz trans-
formations.

We assume the emitter in Figure 2.1 has a relativistic velocity. For a more sophisticated
analysis involving Lorentz transformations, we must use them. Taking the first Lorentz
transformation and using it in Formula (2.4), we find that since the emitter is moving

with respect to the observer’s frame, the time taken to release a single wavelength is given

by:

At = yAt (2.17)
where z = 0.
Formula (2.4) becomes:
Vo
T =T, + 76 T, (2.18)
Vo

_1
_vz:
1-Y

where v =

Now we can write Formula (2.6) in the relativistic case as [42]:

w(f) = woy(1l — Bcosh) (2.20)

1 wyp is the angular eigenfrequency, and 6 is the angle between

\/1-52’
the velocity of the emitter and the observation direction (OX) (Figure 2.1).

where § =¥,y =
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2.3.3 The Relativistic Doppler Broadening

In the relativistic case, using the normalized Juttner-Maxwell distribution (normalized to
one) [43]:

75&2
Wi—m(B)dp = )\m exp(—Ay)dp (2.21)
where
mc?
=g (2.22)

and K, [X] is the modified Bessel function of order two, we obtain the normalized

relativistic intensity (normalized to one) of the line profile:

](w> =< 5(w - w(ﬂ)) > Juttner—Mazwell

1 [t

=5 dU///WJM(/8>d/B exp(iu(w — w(f)))du sin OdOde (2.23)
™ —0o0

Here, we have introduced the integral over the spherical angles that makes the emitter
velocity with the fixed frame axis (see Figure 2.1). We have replaced the Dirac delta
distribution by its integral representation by integrating over the variable u. Replacing
the Juttner-Maxwell distribution W;_/(5) given by Formula (2.21) and w(8) given by
Formula (2.20), we reach a more suitable expression for the relativistic intensity of the

line profile:

I(w) = ﬁ[ﬂ /100 ydry exp(—A\7y) (Sign(w 7+ V2 —1) —sign(w — v — V7? — 1))

(2.24)
where sign(t) = +1if ¢ > 0 and sign(t) = -1 if ¢t < —1, and @ = 2 is the reduced

angular frequency. We can simplify the formula for numerical treatment:

A

1) = 3

exp(=) [ adyexp(-A(y ~ 1) (2.25)
X <sign(w — v+ V7?2 —1) —sign(w — v — /7?2 — 1))

If we put A\(y — 1) = y, according to [44]:
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[(w) = % /OOO(% + 1) dy exp(—y) (2.26)

(s g @ o st )

We note that the integral in the last formula is convergent because we deal with the
integral in the distribution sense [45].
To find the Full Width at Half Maximum (FWHM) for the relativistic case, we can

write the last formula as:

v (@)= / vdry exp(—Ay) (Sign(w —y+Vyr—1) —sign(w — v — V7% — 1)>
1
(2.27)
After integrating over A on both sides, we get:

2K5 [\ >
I(w) / %d)\ = —/ dy exp(—A\y) (sign(w — v+ /2= 1) —sign(w —v—V/7? — 1)>
1
(2.28)
The right side integration (integration by parts) gives:

I(w) / 2K§\ i d\ = — ;/100 dry exp(—Ay)

[+ =)ol VD) oy

,}/2_

F (1 ) o vE)

Where §(x) is the Dirac delta function.

Both occurrences of §(z) in the last expression hold at vy = =+l Using the properties

2w
of ' (f(x)) = T?(;z())i, the formula (2.30) transforms as:

X

+o0o
I(w)/ﬂ(iwd)\: —%/1 dX exp(—\v)

B o (2.30)
. {(_1 1) ((i(1w+ %;YFO())) T+l ((51(+ %FZ;

Where I' = —2 and after using d(z) properties we can write:
V21
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I(w)/%md)\ = —%exp(—/\'yo) (2.31)

Now, making the derivative on both sides of the last formula with respect to A, we

I(w) = ij (% + w;; 1) exp (—Aw;; 1) (2.32)

The corrected text is as follows:

find immediately:

"The last formula is simplified from formula (2.24), and this formula gives the rela-
tivistic Doppler profile. It is evident that the profile in formula (2.32) is not Gaussian
and not symmetric, whereas the non-relativistic Doppler profile (2.11) is. It is also easy
to verify that formula (2.32) approaches the non-relativistic formula (2.11) up to a factor
(frequency independent) when ¢ goes to infinity.

Another feature of the relativistic Doppler profile is that the maximum of the intensity
is reached, as in the case of the non-relativistic Doppler profile, when w is equal to the
unperturbed frequency wg. This result is not surprising because the ions (emitters of the
radiation) are in random motion, and statistically, there are as many ions moving towards
the observer as there are fleeing from the observer. Furthermore, both the relativistic
Doppler profile and the non-relativistic Doppler profile are not particle density dependent.
Concerning the asymmetry of the relativistic profile, it will be the subject of the study

presented in the next chapter.

It is easy now to compute the Full Width at Half Maximum (FWHM) of the new
profile (2.32). A simple algebraic operation gives the new FWHM for the relativistic
Doppler profile, where it is given by:

A — 2\/(/\0)(\)\))2 .

2
AWRD = wOAwRD = 2(,4.70\/(/\0)(\)\)) + 1 (233)

Such that Ag is the solution of the transcendental equation:

And we have

exp(—A) = % (ii——j{) exp(—A\) (2.34)

Following formula (2.12) and formula (2.33), the ratio between the relativistic Doppler

27



CHAPTER 2. THE RELATIVISTIC AND NON-RELATIVISTIC DOPPLER BROADENING

broadening and the non-relativistic Doppler broadening is then given by:

. AWRD A(Q)
tio = =4/ 2.
ratio AWNRD 2\ 10g2 ( 35)

The relativistic Doppler profile, described by formula (2.32), reveals intriguing char-

acteristics that distinguish it from its non-relativistic counterpart (2.11). The absence
of Gaussian symmetry in the relativistic profile is a significant departure from the non-
relativistic case, highlighting the impact of relativistic effects on the line shape. This
lack of symmetry implies that the probability distribution of frequencies is not centered
around the unperturbed frequency, and there is a noticeable skewness in the distribution.

The fact that the maximum intensity is attained when w is equal to the unperturbed
frequency wy echoes a similar behavior observed in the non-relativistic Doppler profile.
This outcome is intuitively understandable as, in a system with randomly moving ions,
the statistical balance between ions moving towards and away from the observer results in
a peak intensity at the unperturbed frequency. This symmetry in the distribution of ions
contributes to the consistency in the location of the intensity maxima in both relativistic
and non-relativistic scenarios.

Moreover, it is noteworthy that the relativistic Doppler profile, like its non-relativistic
counterpart, does not depend on particle density. This independence from particle density
implies that the observed line shape is not significantly influenced by the number of
emitters, indicating a certain level of universality in the relativistic Doppler broadening
process.

The asymmetry present in the relativistic Doppler profile opens avenues for further
investigation, as mentioned in the text. Understanding the sources and implications of
this asymmetry could provide valuable insights into the underlying physical processes
and aid in the interpretation of observed spectral lines in astrophysical and laboratory
settings.

Moving on to the calculation of the Full Width at Half Maximum (FWHM) of the
relativistic Doppler profile, expressed in formula (2.33), introduces a quantitative measure
of the line width. The FWHM characterizes the extent of the spectral line at half of its
maximum intensity, offering a valuable metric for comparing line shapes and assessing the
impact of relativistic effects. The transcendental equation involving Ay underscores the
complexity of determining the broadening parameter in the relativistic context.

The ratio defined in formula (2.35) provides a succinct measure of how the relativistic

Doppler broadening compares to its non-relativistic counterpart. The square root of
2

NTT) encapsulates the relative increase in broadening due to relativistic effects with
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increasing temperature. This dimensionless ratio serves as a universal factor applicable
across different transitions, emphasizing the generic nature of the relativistic Doppler

broadening enhancement.

2.4 Conclusion

In this chapter, we explored classical Doppler broadening in the non-relativistic context,
characterized by the familiar Gaussian profile associated with the utilization of a Maxwell
distribution for emitter velocities. The classical Full Width at Half Maximum (FWHM)
formula for the Gaussian profile was also derived. To extend our analysis to relativistic
scenarios, accounting for the potential high velocities of emitters, we introduced a novel
expression for relativistic Doppler broadening. This formulation necessitates consider-
ing an appropriate velocity distribution for emitters. Notably, our findings revealed an
asymmetry in the Doppler broadening, a departure from the symmetric nature of the
well-known classical Gaussian. Moreover, we derived a distinct FWHM formula specific
to the relativistic case, highlighting the nuanced features introduced by relativistic effects
on spectral line shapes. This exploration provides valuable insights into the complex
interplay between velocity distributions and broadening mechanisms, enhancing our un-

derstanding of Doppler broadening phenomena across classical and relativistic regimes.
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Chapter 3

Results and Discussion

3.1 Introduction

Natural line broadening, Instrumental broadening, Doppler broadening, Electron impact
broadening, and Quasi-static Stark broadening, all these spectral line-broadening effects
contribute to the total line width as a combination of these factors. Typically, one of these
effects dominantly influences the line width, depending on the local plasma temperature
and density, while the others are considered smaller corrections to the dominating one [11].

For instance, in [46], the Doppler broadening of the Xe*#* 3C transition with energy
E = 4858eV was examined. In an equilibrium plasma where the ion temperature equaled
the electron temperature at 2 keV, the Doppler broadening constituted 35.9% of the total
width, while the Stark broadening was 51.28%.

In many laboratory plasmas, Doppler broadening tends to be dominant, especially in
high-temperature plasmas of moderate density, such as those found in magnetic fusion |3].
Another example pertains to the relativistic electronic broadening of the ly-a line of
Hydrogen-like silver (Ag*4®) with the Juttner-Maxwell distribution, observed in a high-
temperature and high-density environment with 7" = 8.3 x 10°K and Ne = 10** em ™3
see ref [17], where, in this temperature range, the Doppler effect dominates.

Within this chapter, we embark on an in-depth exploration, conducting a meticu-
lous comparative analysis between the effects of relativistic and non-relativistic Doppler
broadening on spectral line profiles specifically within ultra-hot plasmas. The scope of
our investigation extends to the study of broadening induced by the Doppler effect across
a diverse array of ions, including Helium-like and Hydrogen-like Chrome, helium-like and
Hydrogen-like Iron, Hydrogen-like Vanadium, and Copernicium.

A crucial facet of our examination within this chapter involves a detailed comparison

between Doppler and Stark widths in both classical and relativistic scenarios, specifically
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focusing on Ly — « lines emitted by hydrogen-like ions. This comparison serves to shed
light on the distinct characteristics of these two broadening mechanisms under different
physical conditions. Notably, we integrate experimental results into this comparative anal-
ysis, providing a holistic perspective that combines theoretical predictions with empirical

observations.

3.2 Comparison of the impacts of relativistic and non-

relativistic Doppler broadening.

To ensure the validity and reliability of our investigation, we have rigorously conducted
comparisons between our theoretical predictions and experimental results, which are pre-
sented comprehensively in this chapter. However, it is crucial to underscore a significant
caveat before delving into these comparisons. Despite the current lack of experimental
evidence confirming the production of Cn ! at 100 KeV (T = 10°K), this absence does
not preclude the theoretical exploration of its emission profile. Our theoretical framework
extends its applicability even to temperatures slightly exceeding this threshold.

Adding further context to our study, we highlight that the longest-lived confirmed
isotope, 285 Cn, possesses a half-life of 29 seconds. This temporal constraint frames our
investigation within a realistic context. To bolster our arguments, we present Table 3.1,
offering a detailed breakdown of the percentage representation of Cn*!! across various
p values (6 = v/c). This tabular representation contributes valuable insights into the

+111

prevalence of Cn under distinct velocity regimes, enhancing the depth of our study.

Bx107*] 2 | 4|6 8 10 12 16 | 20
percent | 98 | 91 | 77 | 57.5 | 37.5 | 21.5 | 4.71 | 0.6

Table 3.1: Comparison between the percentages of relativistic ions for different values of 3

The information gleaned from the table is quite revealing. The data clearly illustrates
that only a minute fraction, precisely 0.6 percent, of Cn™!! ions exhibit velocities ex-
ceeding 3 > 0.002 at a temperature of 10°K. This finding signifies the presence of trace

+1 jons in the given plasma conditions. The majority of

amounts of high-velocity Cn
Cn™! ions, accounting for 99.4 percent, have velocities below this threshold. The veloc-
ities of these ions, as indicated by the value of 3, play a significant role in understanding

11 jons with velocities above 0.002

their behavior within the plasma. The rarity of Cn
implies that the distribution of velocities within this ion species is skewed towards lower

values in the specified high-temperature environment. This nuanced insight into the ve-
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locity distribution becomes pivotal for comprehending the dynamic characteristics and

behavior of Cnt!! ions under such extreme thermal conditions.

3.2.1 Asymmetric broadening

So unlike the classical Doppler effect, the relativistic one has a property an asymmetric
broadening corresponding to the temperatures in the range (10°-10° K). We remark also
that in the relativistic case, as in the classical case, the central frequency is unchanged.
The maximum value of the intensity is at omega underbar= 1 both for the classical and
relativistic case as we see in the figure (3.1) for Iron and figure (3.2) for Coperniciom.
This result is expected since the ions (emitters of the radiation) exhibit random motion,

with an equal statistical distribution of ions moving towards and away from the observer.

Relativistic case

Iron Fe'™ (m=56uma)
T=10"K

o=k '=k,T/mc’=1.65"10"

2,0

../.'
0,0 —_—

T T T L T T
0975 0980 098 0990 0995 1,000 1005 1010 1,016 1,020

it

Fig 3.1: Relativistic intensity as defined by Formula 2.25 for Iron at Fe™?® at T = 1.9 10° K

If we characterize the asymmetry using the formula provided below :

Asym = I(w, relativistic) — I(w, classical) (3.1)

The asymmetry, as formulated in formula 3.1, signifies the disparity between relativis-
tic and classical intensities. The determination of asymmetry, as per [47], involves calcu-
lating the difference between the normalized relativistic intensity (expressed by Equation
2.25) and the normalized classical intensity (articulated in Equation 2.11). This process
yields the asymmetry profile for Cn*' at a temperature of 1.9 x 10° K. Through this
analysis, we gain a nuanced understanding of the intricate interplay between relativistic
and classical intensity profiles, providing valuable insights into the distinctive asymmetry

features observed in spectral lines.
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Fig 3.2: Relativistic intensity as defined by Formula 2.25 for for Cn*!!!

In Figure 3.3, we see clearly that, in the left of w = w/wy = 1.00007, the intensity
of the relativistic profile is lower than of the classical profile, whereas it is higher in the
right of @ = w/wy= 1.00007. It can be seen clearly in this figure that the asymmetry is a
function of (w = w/wp) and that means that for any line, the asymmetry is as indicated in
this figure. To obtain the asymmetry, for a specific line centered at wg, we must multiply

w by wp. The same remark holds for Figure 3.4 for the hydrogen-like Iron.

A1 wa,=1,00034234, y=2 .12068429
2 Cn ~
= | T=19x10°K
[ = =
5 | u=a"=k,T/mc*=6.16*10"
=
g 11
5
[
£ A
20 B
Q /
g |
£
=
219 |
B: wiy=1, y=-0.1409435 | ! A iy =1.00007, y= 0
-2 \
wi =0.999794245, y= -2 111493066

T T T T
10,9990 0,9995 1,0000 1,0005 1,0010
/oo,

Fig 3.3: Relativistic intensity as defined by Formula 3.1 for for Cn*t1!!

However, there is a more notable imbalance, given that the maximum asymmetry
reaches 2.40 for iron (Fe*?), whereas it is 2.12 for Copernicus (Cn*!!). Another aspect
to consider is that the line profile remains unspecified due to the utilization of the reduced

angular frequency w = . To delineate the intensity /(w) for each specific transition,

one must multiply w (the x-axis) by the corresponding angular eigenfrequency wg. This
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Fig 3.4: Relativistic intensity as defined by Formula 3.1 for Iron at Fet?® at T = 1.9.10° K

asymmetry is also evident in Figure (3.5), which illustrates the line profile of the Vanadium

ion (Vnt?2).

Asymmetry shown
red and green line

80000+
60000 <

40000 4

200004 /
04 — —

-20000 T T T T T T
0.94 0.96 0,98 1,00 1.02 104 1,06

Total intensity in arbitray unit

The reduced frequency @

Fig 3.5: line of transition n = 6 to n = 5 Vn22 with shown asymmetry (Collision and Doppler
Broadening are included) for 7' = 8.02 x 101K, Ne = 1020cm ™3 for Z = 23

In Table 3.2, we denote by wr, r the values of the reduced angular frequency at the
left and right sides of the peak of the Ly — « line (centered at w = wy = 127948.800eV)
of Cn™! (synthesized in laboratories for use in nuclear reactions [44]).

wy, and wg are chosen to be symmetrical with respect to the center of the line at

w = wp, resulting in intensities very close to half of the maximum intensity.
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As shown in Table 3.2, which presents Asymmetry percentages A(%) for different
temperatures for Ly — a of On™1!, with wy = 127948.800eV, I;, = I(wr) x 10%, and
Ip = I(wg) x 10* the intensity value at the right, I(wg), is greater than the intensity at
the left, I(wy). This observation clearly indicates that the line profile exhibits asymmetry

as defined by [48].

T(K)| 10° 1x10° | 8x10° | 100
wp | 127689.8 | 127663.8 | 127546.8 | 1274988
wr | 128206.8 | 128233.8 | 127349.8 | 1283988
I, | 3.32427 | 823569 | 5:84469 | 5.20331
Iz | 3.3836 | 82759 | 5.86482 | 5.21939

A%) | 0834 | 0273 0.172 0.15

Table 3.2: Asymmetry percentages A(%) for different temperatures for Ly — a of Cn ™!

To illustrate symmetry, we depicted the relativistic Doppler broadening of Ly — « line

across various elements and temperatures. See Figures (3.9, 3.10, and 3.11 )for details.
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3.2.2 Comparison of Theories

In Table 3.3, we have computed the Full Width at Half Maximum (FWHM) of ly-a (1s*-
1s2p) [49] for various hydrogen-like ions under both relativistic and classical conditions.

Upon examination of Table 3.3, it becomes evident that the FWHM values differ slightly

between the relativistic and classical cases. Moreover, the ratio g%gﬁz increases with
temperature.
H-like ions W+ Fet25 Fet25 Fm™*% CntHH!
T(K) 8.5x108 1.9x10° 1019 1.5x10° 1.9%x10°
FWHM assicar (€V) | 92.474594 | 29.00004 66.5306 206.5869 | 236.4535
FWHM, ciativistic (€V) | 92,26113 | 29.00754 | 66.54833 | 206,64004 | 236.51435
% 0,99769 | 1.0002586 | 1,0002665 | 1.0002572 | 1.0002573

Table 3.3: Comparison of classical and relativistic Doppler widths at different temperatures for
various ions in ly-alpha
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Fig 3.6: Relativistic Doppler broadening of the ly-« line of Iron-like for different temperatures

In figure 3.7, we present a comparison between the non-relativistic and relativistic
Doppler widths for the Lyman-alpha line of the Cn*!! ion across various temperatures.
The examination of the Doppler widths, both relativistic and non-relativistic, is con-
ducted at different temperatures for the Lyman-alpha line of hydrogen-like Copernicium
Cnt! (see figure 3.7). Within the same table, a minor discrepancy between the two
Doppler widths is observed, where the ratio specified by formula 2.33 is less than one and
demonstrates an increase as the temperature rises. This observation is consistent with

the findings presented in Table 3.3.
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Fig 3.7: non-relativistic and relativistic Doppler width (FWHM in eV) at different temperature
for ly-alpha of Copernicium Cn*!'!! and the ratio defined by formula 2.35

3.2.3 Experimental Comparison

To validate our theoretical formula against experimental results, we refer to Haines’s pa-
per [28] and examine the Full Widths at Half Maximum (FWHM) of the experimental
lines (refer to figures 1 and 2 in ref. [28]). In this context, Doppler broadening pre-
dominates. Table 3.4 illustrates a numerical comparison between the theoretical formula
(2.12) of FWHM (Awyngp) in the non-relativistic Doppler width, the relativistic width
Awgp (FWHM given by formula (2.33)), and the experimental FWHM (Aweyp,) of se-
lected lines from fig 1 in ref. [28]. We selected lines based on their simplicity, avoiding
those with multiple peaks. The table clearly shows the dominance of Doppler broadening,
contributing up to 50% or more for all represented lines (see the last column in Table (3.4).
Discrepancies arise due to numerous other broadening effects such as Stark, natural, and
instrumental effects.

As another comparison, Fig. 3.8 displays the experimental measurement of the Fe
He-g line (from shot Z1137ref |28]), contrasting with the relativistic Doppler broaden-
ing provided by our relativistic formula at T=300KeV. Here again, Doppler broadening
emerges as the dominant factor over other mentioned broadening mechanisms.

It is important to highlight that in our calculations of theoretical widths, we have taken
into account that the masses of the ions are equal to the atomic mass minus the mass of
the lost electrons.

Table 3.4 illustrates a comparison between non-relativistic, relativistic Doppler FWHM,
and experimental lines at a constant ionic temperature 7' = 3.4813 x 10° K. Here, the
transition wp exp and the experimental FWHM Awey, [20], along with our non-relativistic
FWHM Awnrp, and our relativistic FWHM Awpgp are measured in eV. Notably, from
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Transitions | woexp | AWexp | Awrp | Awngp if}—f}i (%)
CrHe:2-1 | 5633.3 45. 33.007 | 32.87 73.04
CrH:2-1 5866.7 50. 34.375 | 34.232 68.46
FeH:2-1 6933.3 65 39.2 39.034 60.05
FeH:3-1 7867.3 80 44.48 44.292 55.36
FeHe:5-1 8433.4 52 47.681 47.48 91.30

Table 3.4: Comparison between non-relativistic, relativistic Doppler FWHM, and experimental
lines at ionic temperature 7' = 3.4813 x 109 K.

—a—Fe He-3 our work
—— 71137
704 T=300 KeV (3.48x10°K)
~ 154
s
=
£
= 9
as 4
[ T
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Fig 3.8: The measured of of Fe He-0 line at 8.488 keV (from shot Z1137) compared to relativistic
Doppler broadening using an ion temperature of 300 keV

table 3.4, it is evident that the Fe-He:5-1 line stands out as a promising candidate for
ion temperature diagnostics in plasma, given the relatively small difference between the
experimental and theoretical Doppler FWHM (refer to the last column of Table 3.4).
Furthermore, it’s worth mentioning that there is a noticeable shift in these lines due to
various factors. Additionally, asymmetry is observed in these lines (refer to figures 1-2
in [28]).

FeHe — (5ourwork FeHe — 5Z1137
wr, 8464.42 8422.0874
WR 8510.42 8529.588
I, 1.053563041 0.67841
Ir 1.057219702 0.55598
A(%) 0.00173 —0.0992

Table 3.5: Asymmetry percentages for Figure 3.8
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3.3 Stark and Doppler broadening

3.3.1 Introduction

In this section, we will conduct a comparative analysis between Doppler and Stark broad-
ening in both classical and relativistic scenarios for Ly — « lines emitted by hydrogen-like

ions. Additionally, we will include experimental comparisons in our investigation.

3.3.2 Stark Broadening

The Stark effect serves as one of the mechanisms responsible for spectral line broadening.
It occurs when an atom, molecule, or ion emitting light into a gas is influenced by inter-
actions with other constituents of the plasma gas, such as other atoms, molecules, ions,
or electrons. The study of Stark broadening in spectral lines by plasma-charged particles
has been a longstanding subject of research, continually evolving [13—16, 50-56.

The quantum treatment of Stark effect broadening is complex due to its involvement
of two opposing contributions, each corresponding to the markedly different behaviors
of ions and electrons. Two approximations are commonly used in the calculation of line
profiles:

The quasi-static approximation arises from the movement of ions, which are much
slower compared to electrons. In this approximation, the field generated by disruptive
ions interacting with the emitting atom (ion) is assumed to be static. The line profile is
obtained by weighting each Stark component with a distribution function of the electric
micro-field. This quasi-static effect of ions, characterized by a few strong interactions,
primarily affects the wings of the spectral line [55,56].

The broadening by the impact approximation is attributed to the rapid movement of
electrons, resulting in numerous collisions between interfering electrons and the emitting
atom (ion). This broadening is expressed by an operator known as the electron collision
operator. The theoretical study of spectral line profiles in the impact approximation
has been the focus of extensive research since Baranger’s papers in 1958, building upon
Anderson’s work from 1949 [51]. Griem [54] and Saha-Brecht [13] successfully utilized
Baranger’s theoretical results by adopting the impact approximation in the quasi-classical
framework to compute the electron collision operator. Following these works, Professor
M.T. Meftah extended the theory to the relativistic dynamics case [17]. This extension
focused on Stark broadening due to electron collisions, particularly in very hot plasmas
(T > 108K), where this broadening is expressed by an operator called the electron collision
operator. Additionally, in [57], the authors developed the relativistic collision operator,

representing the broadening of isolated lines emitted by hydrogen-like ions due to collisions
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with free electrons.

3.3.3 Comparison between Doppler and stark broadening

Many researches have been done to compare Doppler and Stark broadening in classical
case.

In particular temperature or density conditions, one effect typically predominates the
others depending on the local plasma temperature and density.

In some cases, we can ignore the others broadenings, but in others, it is preferable
to take into account two or more broadenings. For example in [58], the authors have
tried to present the importance of not being neglected the stark broadening in analysis
of hot stars spectra in some cases where the Doppler broadening has dominated. The
some for the research paper [59], even when Doppler width is greater than Stark, Stark

broadening may still be significant or non-negligible in the line wings.

3.3.3.1 Classical comparison

The table 3.7, highlights the variation in Doppler and Stark widths for different spectral
lines across a range of temperatures and densities. It indicates that the ratio of Doppler
to Stark width varies significantly depending on the specific conditions and the nature of
the spectral line. This comparison helps understand the relative contributions of Doppler
and Stark broadening in different plasma environments.

This comparison provides valuable insights into the behavior of spectral lines in diverse
plasma environments. and understanding the relative contributions of Doppler and Stark
broadening helps characterize the physical properties of plasmas, such as temperature,

density, and composition.

3.3.3.2 Relativistic Comparison

Now, we present a comparison of relativistic effects on the experimental width, relativistic
Doppler width [62], and relativistic Stark width [57].

The table reveals that as the temperature increases, the ratio i—‘:’j also increases.
This indicates the significance of Doppler width, especially in classical cases where rel-
ativistic effects are not considered. Doppler broadening becomes predominant, as it is
directly related to temperature. On the other hand, stark broadening is influenced by
both temperature and density. Notably, with stark width, as temperature rises, stark

width decreases while density increases.
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In the relativistic scenario (for Cobalt), stark width decreases with increasing tem-
perature. In this context, Doppler broadening emerges as more significant than stark
broadening under certain conditions, highlighting the importance of considering both ef-

fects in plasma dynamics [57].
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Fig 3.9: Relativistic Doppler broadening of ly-alpha line for W*73
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Fig 3.10: Relativistic Doppler broadening of ly-alpha line for Fm®%°
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Fig 3.11: Relativistic Doppler broadening of ly-alpha line for Ag*46

3.4 Conclusion

In this chapter, we conducted an analysis of the broadening effects on line profiles in-
duced by both non-relativistic and relativistic Doppler effects. We observed significant
relativistic influences on the spectral line broadening, particularly through comparisons
across different hydrogen-like ions and varying temperatures of Lyman-« lines.

In the relativistic case, particularly at extremely high temperatures, the dominant
broadening mechanism shifts towards the Doppler effect. This trend is prominently illus-
trated in Table 3.2 and Figure 3.8. Specifically, the relativistic Doppler effect introduces
asymmetry in the right-hand side of the spectral line profile, as evidenced in Table 3.2
and Figures 3.5, 3.9, 3.10, and 3.11, unlike the traditional Doppler effect [28], [62].

Moreover, we conducted a comparative analysis between Doppler and Stark broadening
in both classical and relativistic scenarios. In classical contexts, previous studies have
extensively investigated the interplay between Doppler and Stark broadening, providing
valuable insights into their relative importance under various conditions.

For the relativistic case, we referred to the work presented in [57], which provided
calculations of stark width for specific hydrogen-like ions, particularly for Lyman-« lines.
This allowed us to understand the nuances of stark broadening in the relativistic domain

and its implications for line profile analysis.
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A(A°) T(K°)| Ne(emTAwp | Wase | Wee | Woow | Wsep | We 2en [ ref
Coll 5000 0.01592 0.05564 0.29
3d"(*F)4s | 50000 | 107 | 0.05035 0.0176( ~3
a®Fy—3d" [60
(“*F)dp
2P F)
2417.659 | 100000 0.07119 0.01271 ~ 6
Co Il
3d®Fy —3d"
(“F)dp
2 FY
2027.040 | 10000 | 2.41 x | 0.0188§ 3.16 x | 2.50 x ~
10 107* | 107 60 — | [61
76
Zn IIT 5000 0.0149 [ 0.0200 ~ 1
[58
48D — | 50000 | 1017 | 0.0473 | 0.0141 ~ 3.5
4pt D°
1619.6 100000 0.0666 | 0.00446 ~ 15
Xe VIIT | 20000 0.75 x 0.656 x ~ 1
102 1072 [19
552515, — | 100000 10%7 0.01694 0.414x ~4
5102]310/2 1072
858.6 500000 0.03788 0.141x ~ 27
1072
CrVI
[59
4525 — | 400000 10" 0.0897 0.0159 | ~ 6
4p? P°
1430.0 400000 0.1268 0.00294| ~ 43

Table 3.6: Classical comaprison between classical Doppler width (FWHM) and classical stark

width

AeV) T(K°) | Ne(em™) | Awexp | Awep | Awrp | Awrw ﬁ:}’ﬁ
Ly —aof FeXXVTI | 3.48 x 10° 10%° 65 |39.034 | 39.20 | 12.78 | ~3
Ly —aof CrXXIV | 3.48 x 10° 10%° 50 34.232 | 34.375 | 17.36 | ~ 2
Ly —aof CoXXIV | 1.2 x10° 10%° / 24.28 | 24.30 | 11.68 ~ 2
Ly —aof CoXXIV | 51 x10° 10%° / 50.062 | 50.097 | 11.334 | ~ 4.5

Table 3.7: Relativistic comparison between relativistic Doppler width (FWHM) and relativistic

stark width
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(General conclusion

Spectral line-broadening effects such as natural line broadening, instrumental line
broadening, Doppler broadening, electron impact broadening, and Stark broadening are
all added together to produce the line’s total width. Depending on the local plasma tem-
perature and density, one effect usually dominates the others under certain temperature
or density conditions, and the others are regarded as minor corrections to the dominant
one. But in some cases, it is preferable to consider two broadening.

Atoms or ions that emit radiation are converted into signal sources in plasma by
obeying the law of speed distribution. As a result, the radiation from these sources is
affected by the Doppler effect, which causes the emission line of plasma radiation to widen.
This phenomenon, known as Doppler broadening, is seen in plasma spectroscopy and has
been the focus of a number of studies.

In this work, our investigation focuses on studying the impact of the relativistic
Doppler effect on spectral line profiles in ultra-hot plasmas within a laboratory setting.
It is important to note that the relativistic Doppler effect occurs when the emitters of ra-
diation move at extremely high velocities, surpassing the speed of light c¢. Such situations
are encountered in various scenarios, including laser implosion, astrophysics, and high-
temperature laser technology [28], where temperatures range from 108 to 10''K. Indeed,
it is crucial to exercise caution when developing the theory of spectral line broadening in
the presence of relativistic effects. Specifically, within the mentioned temperature range,
the movement of emitting ions becomes highly significant, making the Doppler effect
dominant. It is essential to consider the relativistic nature of the emitter’s motion. Addi-
tionally, it is worth noting that the Doppler effect can manifest as a shift in the radiation
or signal generated by plasma or objects undergoing global motion [38|.

In this work, We’ve devised a new expression for relativistic Doppler broadening (rela~
tivistic case) that accounts for the emitters’ possible high velocity, this means that emitters
should have an appropriate velocity distribution. In contrast to the well-known conven-
tional Gaussian, we observed an asymmetry in the Doppler broadening. Furthermore, we
have derived a novel Full Width at Half Maximum (FWHM) formula specifically tailored
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for the relevant profile, which differs from the FWHM formula used in the non-relativistic
case [44,62].

We also confirmed that, Stark broadening is usually negligible comparable to the
Doppler broadening, where, this broadening mechanism is dominant.

Doppler broadening is generally considered to be dominant when the thermal motion
of particles in a system is the primary source of line broadening. This occurs when the
system is at a relatively high temperature, typically in the range of hundreds to thousands
of Kelvin. At such temperatures, the random velocities of atoms or molecules result in a
broad distribution of Doppler shifts, causing the spectral lines to widen.

Stark broadening, on the other hand, becomes more significant when the density of
charged particles, usually electrons, is high and the electric field strength is substantial.
This typically occurs in dense plasmas, such as those found in laboratory discharges, stellar
atmospheres, or certain types of astrophysical objects. In these conditions, the interactions
between charged particles and their electric fields lead to shifts and redistributions of
energy levels, resulting in broadened spectral lines.

The dominance of Doppler broadening or Stark broadening depends on the specific
characteristics of the system being studied. Generally, Doppler broadening tends to dom-
inate at high temperatures, whereas Stark broadening becomes more significant in high-
density plasmas with strong electric fields. However, it is essential to consider both
mechanisms and their interplay when analyzing spectral lines to accurately interpret the
physical conditions and properties of the system under investigation.

For example : if temperatures ranged from 20000 K to 500000 K, where n, = 10'7cm =3,
stark broadening is dominant, it gives Lorentzian profile, but in low density, it must
take the Doppler broadening into account (convolution), it gives Voigt profile, and in
the range of temperature 10° < T < 10'K.,it was found that Doppler broadening is
always predominant (the relativistic case),and it gives Gaussian profile, but that Stark
broadening should be taken into account or not neglected at very high densities. Here are
a few examples that illustrate the dominance of Doppler broadening and Stark broadening
in different systems:

1. Doppler Broadening: - When observing the spectrum of a star, the absorption lines
from the stellar atmosphere exhibit significant broadening due to Doppler shifts caused
by the thermal motion of atoms and molecules at high temperatures. - In the field of
high-temperature plasma physics, such as in fusion experiments or astrophysical plasmas,
the broadening of emission or absorption lines is predominantly governed by Doppler
broadening due to the high thermal velocities of particles.

2. Stark Broadening: - In laboratory discharges, such as those used in plasma physics

research, the spectral lines emitted by the plasma exhibit broadening due to the inter-
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actions between electrons and the electric fields generated by the surrounding charged
particles. This broadening is primarily caused by Stark effects and is used to infer plasma
parameters like electron density and electric field strength. - When analyzing the spectra
of white dwarf stars, the strong gravitational fields present lead to high electron densities,
resulting in prominent Stark broadening of the spectral lines. This effect provides insights
into the density and composition of the stellar atmospheres.

3. Combined Doppler and Stark Broadening: - In astrophysical environments such
as stellar atmospheres, both Doppler broadening and Stark broadening can contribute to
the observed line profiles. The broadening of spectral lines can provide information about
the temperature, velocity, and density of the stellar plasma. - In laboratory fusion ex-
periments, where high-temperature plasmas are produced, both Doppler broadening and
Stark broadening occur simultaneously. The broadening of emission lines allows scientists
to study the properties of the plasma, such as ion temperatures, particle densities, and
the effects of electric fields.

These examples demonstrate how Doppler broadening and Stark broadening are ob-
served in various scientific contexts and how their dominance varies depending on the
specific system and its physical conditions. In our investigation, we also discovered a
slight discrepancy between the two Doppler widths, namely the relativistic widths and
the non-relativistic widths. This difference becomes more pronounced as the temperature

rises.
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The relativistic Doppler profile
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