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Etude quantique du phénoméne d’élargissement de pression des profils spectraux des

diméres alcalin-gaz rare.

Résumé

Cette these utilise une approche quantique pour déterminer les effets d’élargissem-
ent de pression observés dans les ailes lointaines des lignes de résonance D, et D- du
rubidium perturbées par la présence des atomes d’argon. Les courbes d’énergie po-
tentielle pour les états de basse énergie de la molécule RbAr ont été obtenues en util-
isant deux série différentes des points des courbes ab-initio. De plus, les coefficients
d’absorption et d’émission ont été calculés pour des longueurs d’onde comprises entre
500 et 900 nanométres et a des températures allant de 500 a 3000 Kelvin pour chaque
série des données. Le spectre d’absorption et d’émission entre les transitions de type
BQZ‘D2 — X221+/2 mérite d’étre mentionné, exhibant une combinaison de transitions de
type libre-li€ et libre-libre, cette derniére étant le type prédominant. Il a ét€ démontré que
des pics satellitaires bleus étaient présents 4 environ 740 nm et 750 nm pour la premiere
et deuxieme série des données ab-initio, respectivement. Les résultats ont ét€ soumis
4 une analyse comparative avec des données expérimentales et des études théoriques
antérieures.
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Quantum study of the pressure broadening phenomenon of the spectral profiles of

alkali-rare-gas dimers

ABSTRACT

This thesis employs a quantum mechanical approach to ascertain the pressure
broadening effects observed in the far wings of the resonance lines D; and Dy of ru-
bidium, perturbed by the presence of the Argon atoms. The potential energy curves for
the low-lying states of the RbAr molecule were obtained using two different sets of ab-
initio potential data points. Furthermore, the absorption and emission coefficients were
calculated at wavelengths between 500 and 900 nanometers and at temperatures ranging
from 500 to 3000 Kelvin for each data set. The absorption and emission spectra between
transitions of the type BQE;F/2 — XQE;F/2 is worthy of note, exhibiting a combination of
the free-bound and free-free transitions, with the latter being the predominant type. It was
demonstrated that the blue satellite features were present at approximately 740 nm and
750 nm for the first and second data sets, respectively. The findings were subjected to a

comparative analysis with experimental data and previous theoretical studies.
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Introduction



The broadening of the alkali-rare gas diatomic systems associated with the
D, and D, resonance transitions has long attracted considerable attention. In par-
ticular, the exploitation of the far-wing broadening of the alkali D; and Dy lines
caused by collisions with rare gas atoms has proven crucial in addressing several
challenges related to the development of high-power laser systems [1}-3]. In pumped
alkali lasers, the laser operation relies on the optical excitation of satellite structures
that emerge in the blue wings of the rubidium and cesium D, transitions [2,/4,5]. Be-
yond laser applications, alkali metal resonance lines broadened through interactions
with rare gas perturbers play an essential role in astrophysics. Accurate modeling
of these broadened profiles enables the diagnosis of planetary atmospheres and the
determination of the chemical and physical properties of brown dwarfs [6,7]. In this
work, we focus on the investigation of the far-wing structures of rubidium spectra
arising from the collisional broadening of the D; and D5 lines by argon atoms. To
this end, absorption and emission coefficients are computed using fully quantum
mechanical formulations. Calculations are performed over a range of temperatures
and for two different sets of interaction potentials in order to assess both temper-
ature and potential-energy effects. Particular attention is devoted to the analysis
of the blue and red wings of the spectra, as well as to the localization and physi-
cal origin of possible satellite features. Early experimental investigations of RbAr
absorption and emission spectra were conducted in the 1970s by Drummond and
Gallagher [8], followed by measurements reported by Dubourg et al. [9]. These

studies were primarily aimed at extracting information on the ground- and excited-



state interaction potentials. More recently, renewed interest in the RbAr system
has emerged. Loperand and Weeks [10] employed quantum mechanical calculations
to determine the pressure broadening and line shifts of the D; and D, line cores of
rubidium atoms in argon gas, while Li-Chung Ha et al. [11] experimentally measured
the pressure-dependent broadening of the D; line.

Over the past decade, detailed measurements of the far-wing line shapes of
the Dy and D, resonance transitions of rubidium in argon buffer gas have been re-
ported in both absorption and emission by Moroshkin et al. [12], Rice et al. [13],
and Ockenfels et al. [14]. In addition, Moroshkin |12] theoretically evaluated the
absorption and emission profiles using the unified theory of spectral line broaden-
ing. Despite these efforts, laboratory experiments consistently reveal the presence
of a blue satellite associated with the Dy transition, which is not reproduced by
theoretical profiles obtained using classical approaches.

The results of these previous experimental and theoretical studies provide
an important benchmark for comparison with the pressure-broadened profiles cal-
culated in the present work. In order to understand these phenomena in a compre-

hensive way, this study is divided into three main chapters:
Chapter 1: Theoretical Investigation

Chapter one is devoted to the treatment of quantum theory, establishing the
formula for reduced absorption coefficients. It begins with an analytical development

based on Maxwell-Boltzmann statistics to obtain expressions for the number of



molecular states. The quantum dipole approximation and the classical treatment of
electromagnetic radiation are used to establish the molecular transition probability,
expressed by Fermi’s golden rule. The problem of binary elastic collisions is then
addressed using the adiabatic Born-Oppenheimer approximation, which separates
the motion of the nuclei from that of the electrons. In the centre-of-mass system,
the interaction of two atoms is reduced to the elastic diffusion of a fictitious particle
through a diffusing centre characterised by the interatomic potential. This leads to a
time-independent and one-dimensional Schrodinger equation, the numerical solution
of which provides the free and bound state wave functions necessary to calculate
the reduced absorption coefficients. Finally, the chapter gives the mathematical
expressions for the reduced absorption and emission coefficients for the free-bound

and free-free transitions.

Chapter 2: Potentials Energy Curves and Transition

Dipole Moment Construction

The second chapter presents the method used to construct the potential
energy curves (PECs) for the molecular symmetries correlated with the interaction
of a rubidium atom in its ground state Rb(5s) or in its first excited state Rb(5p)
with an argon atom in its ground state by using two distinct sets of potential data
points . Some spectroscopic parameters, such as equilibrium radii and potential
well depths are then compared with existing results to ensure accuracy and the

reliability of the potential curves. In addition, this chapter details the construction
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of transition dipole moments (TDMs), which link the ground state of the rubidium

atom to various excited states.
Chapter 3: Results and Discussion

The third and final chapter presents the details of the calculations and the
results obtained for the absorption coefficients. The photoabsorption spectra based
on two sets of potential data, RbAr, are analyzed at different temperatures. We
specify the positions and origins of the satellites appearing in the far wings of the
spectra and detail the contributions of each allowed transition. We also study the
effect of temperature on the spectral profiles, focusing in particular on the positions
and intensities of the satellites. A comparative analysis is carried out for the spectra
close to the satellite, at wavelengths around 7750 nm” for set I and around ” 740 nm”
for set II, with reference to previously obtained results. Furthermore, we present the
results of the redistribution photoemission spectra of the RbAr system for the two
sets potential at two different temperatures, T=500 K and T=1000 K. We compare
the positions of the selected satellites with the experimental results documented and
provide a comprehensive discussion of the agreement and discrepancies observed.
The conclusion of the chapters provides a summary of the results, discussing their
implications for the comprehension of atomic interactions. and we will conclude

with a general conclusion.
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Chapter 1:

Theoretical Investigation
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CHAPTER 1

THEORETICAL INVESTIGATION

It is widely recognized in the field of atomic and molecular spectroscopy
that when an atom, situated in a radiation field, collides with the atoms of its
surrounding environment, alterations occur in the spectral profiles of the emitting
atom. These modifications can be categorized into two distinct phenomena |15,
16]. The initial alteration transpires within the central region of the resonance line
and is characterized by an augmentation, often accompanied by displacement, of
these lines. The subsequent alteration influences the wings of the spectral profiles,
wherein the appearance of minor peaks, known as satellites, is observed. These
two phenomena, referred to as collisional enlargement, are respectively denoted as
pressure expansion in the heart and pressure expansion in the wings [17,/18].

In this research, we are interested in studying the pressure broadening phe-
nomenon resulting from the interaction of rubidium atoms by argon atoms in the
far wings of the absorption spectrum. This occurs when a photon with energy h,
is absorbed by an excited Rb(5s) atom, allowing it to interact with the perturbing
Ar(3s? 3p%) atoms and reach the excited state Rb(5p).

During the course of this particular procedure, the quasi-molecule that is
produced undergoes a transition from its fundamental state, Rb(5s) + Ar(3s? 3p°)
to the initial excited state Rb(5p1/2) + Ar (3s? 3p°) and Rb(5ps/2) + Ar (3s* 3p").

In the field of spectroscopy, this occurrence is identified and described by the ab-

13



sorption coefficient.

1.1 Absorption Coefficient

The Beer-Lambert law may be used to estimate the empirically determined

absorption coefficient, which is a physical quantity [19].
I(v) = Iyexp(—kyl). (1.1)

When k, = k(v) is the absorption coefficient, which depends on the frequency of the
radiation employed, and I(v) is the intensity of the radiation transmitted, Iy is the
intensity of the incoming radiation of frequency v that passes through the absorbing
medium of thickness [ .

The direct measurement of I, Iy and [ allows us to determine the absorp-
tion coefficient k,. A more accurate calculation of the absorption coefficient can
be achieved by using a purely quantum treatment that connects the macroscopic
magnitude k, to the microscopic grandeur’s of the absorbing medium.

The absorption coefficient can be characterized as the quantity of photons
that are assimilated within a specific duration of time, a specific volume range, and
a specific frequency range [20]. A radiating atom interacting with a perturbing
atom undergoes a transition from a lower initial state |i)to a higher final state (f|
during photoabsorption. This process’s absorption coefficient,k;¢, is provided by the

relation [21]

pifNi

A (1.2)

ki =
where
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e p;s is the transition probability per molecular state per unit time.
e N; is the molecular density.

e [ is the flux of photons incident on the molecule per unit area and per unit

time.

To obtain the expression for k;r, we need to explain separately the three terms on

the right-hand side of the equation (1.2).

1.1.1 Transition Probability

Let’s consider a system consisting of a pair of atoms in their initial state |)
of energy E” subjected to electromagnetic radiation produced by an electric field E.
Under the influence of this radiation, the pair of atoms transitions to a final state
(f| of energy E’. In this case, the transition probability per unit time and per unit

initial wave vector density is given by Fermi’s golden rule [22,23] .

2
pir = S (I Pos (B (1.3)

where py (E') is the final state density and W is an additional energy intro-
duced into the system by the electromagnetic wave acting on the electronic dipole
moment p of the formed atomic dimer. This energy appears as an additional term in
the Hamiltonian of the Schrodinger equation governing the motion of the radiator-
perturber dimer and acts as a time-dependent perturbation, expressed in the dipole
approximation by [23].

W=-p-E (1.4)

15



where p is the dipole moment defined by p = —er, with r being the set
of vectors rj of the electrons of charge e. The electric field E varies harmonically

according to the relation

E = Ejcos(27mvt)e, (1.5)
E . ,
E = 70 (6+227r1/t + 6—27,7r1/t) e. (16)

Here e represents the unit vector in the direction of polarization of the electromag-
netic wave and Eg is the amplitude of the associated electric field. By replacing the
dipole moment p and the electric field E with their explicit forms. The perturba-
tion W becomes by substituting the explicit forms of the dipole moment (p) and

the electric field (E).

BEO

W=

(€+2im/t i 6—2i7r1/t) or (1.7)

In the case where the incident radiation is assumed to be isotropic and unpolarized,

the orientation of the unit vector e is therefore random. The average |er|?,,, is thus
equal to 3|r|? and equation (1.3) becomes [24]
7TQE0 .

pir = S22 flexld) oy (E) (18)

1.1.2 Incident Photon Flux

The flux of incident photons is the time average of the real part of the Poynt-

ing vector S divided by the energy of a photon hv [25]

F = - (S)moy (1.9)



cUmoy

F =
hv

(1.10)

where c is the speed of light in a vacuum and U is the energy density per unit volume

transported by the electromagnetic wave given by the following formula [25]

1
U=g- (E* + ¢B?). (1.11)

The vectors E and B represent the electric and magnetic fields of the electromagnetic
wave, respectively. For plane electromagnetic waves, these vectors are perpendicular
to each other. The electric field E is defined by equation (1.5) and the magnetic

field B is given by

B = By cos(2nvt)e; (1.12)

with e; being a unit vector perpendicular to e. The amplitudes By and F, are
related by the relation
Ey

By=— (1.13)

C

In this context, The equation (1.11) transforms into

1
U= < (E§ + ¢ Bj) cos®(2mut) (1.14)
s

The average energy density Uy per unit volume is defined as the time average of

the energy density U

1 T

oy = — dt 1.15
1 2

Umoy = 8_7TE0 (116)



were T' = 1/v is the period. Substituting equation (1.16) into equation (1.10), the

incident flux will thus be

_ CcE}
- 8thy’

(1.17)
1.1.3 Molecular Density of State

The number of molecules formed per unit volume is known as the molecular
density of state. We will denote the number of free atoms of type A and B by N4 and
Np and the number of molecules formed by N4g. The partition functions of atoms
A, B and the molecule AB at thermodynamic equilibrium are given by the equations
ZA(T), Zp(T) and Z45(T') respectively. The Maxwell-Boltzmann partition laws are

often followed by these functions [26].

Nag _ Zap(T) (1.18)
NaNp  Z4(T)Z5(T) '
were
27TmA/€1T 3/2 EA
2rmphy T Ep
27TTTLABI€BT 3/2 EAB
Zag(T) = _— — 1.21
AB(T) = zaBV ( % ) exp kT (1.21)

where V is the volume at which the system in question evolves and ks is Boltzman’s
constant. The partition functions of the internal degrees of freedom of the atoms

A and B and the molecule AB are represented by the physical numbers z4, zp and

18



zap and their corresponding energies are F4, EFg and E4p. Given that the reduced
mass of the system is

= M) (1.22)
my +mpg
and its total mass is

mag = M + Mg (1.23)

By subtraction of equations (1.16), (1.17) and (1.18) from relation (1.15) we obtain

2 3/2
NAB o 1 zaB ( h ) exp< En) (124)

NANB B VZAZB 27T/,LkBT _k?BT
were F, is the kinetic energy of the nuclei and k; is the relative wave vector
of the colliding pair in an initial state |7)

W2 K?
24

E,=FEap— (Es+ Ep) = (1.25)

Ratio Z‘—Z’Z denoted by w includes all internal electronic degrees of rotational freedom
[27], It is also expressed in the following ways

w = 2_60,A’—|—A” <2SAB+1)
2—0gn (254+1)(255+1)

(1.26)

The multiplicities of the molecular spins of atom A, atom B, and dimer
AB are denoted as Sap,Sa and Sp , respectively. The initial ratio, which is
(2 — O, +A”) / (2 — (507A”), signifies the degeneracy of electronic states. We put
na = Na/V and ngp = Np/V is the molecular state density that is then defined by

defining N; = Nag/V.

R \? R2K?
ranse (27T M’%T) o ( QMkﬁT) (27
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The absorption coefficient expression may be expressed as follows by replacing

equations (1.8), (1.17), and (1.27) in (1.2).

n2 \*? (srv R2K? )
o _ A N2pr (B). (1.2
g =nans () (5o (—gmit ) e liPor (). 128)

The evaluation of the matrix element denoted as (fl|er|i)is contingent upon the

prior determination of the wave functions of the initial quantum states |i), as well
as the final quantum states |f). In order to achieve this, it is imperative to solve
the Schrodinger equation specifically for a system consisting of two atoms that are
interacting with one another, a task that is fundamentally grounded in the theo-
retical framework of binary collision theory, which elucidates the interactions and
dynamics between such particles. Consequently, this theoretical framework will be

elaborated upon in the subsequent discourse.

1.2 Theory of Binary Collisions

In this part of section, we look at the theoretical framework that is essen-
tial for understanding the physics of collisions. Our focus will be on binary col-
lisions involving two interacting particles. This limitation is particularly relevant
when studying dilute gases, where three-body collisions are sufficiently rare to be
neglected.

Binary collisions are the simplest form of collision and provide a fundamental
understanding that can be extended to more complex interactions. We consider the
elastic and non-relativistic collisions of two atoms, labelled A and B. In an elastic

collision the total kinetic energy of the system is conserved, and non-relativistic

20



means that the velocities of the particles are much less than the speed of light, so
relativistic effects can be ignored.

The theoretical treatment of these collisions involves quantum mechanics,
and we use the time-independent Schrodinger equation to describe the motion of

the atoms. The Schrodinger equation is given by
HY = Ep¥ (1.29)

The Hamiltonian operator, denoted H, is used to represent the total energy of the
system, while ¥ symbolises the total wave function associated with the system of two
particles with a total energy denoted Ep. If my, mp and m, are used to symbolise
the respective masses of the nuclei of atoms A and B and the electrons e, and R and
r indicate their position vectors measured with respect to a fixed reference frame,

the Hamiltonian H of the system can be represented by

R, R s
H=- Z Q_mlsz " om, 1 V., +Va(Rap,7) + Vy (Ra) (1.30)

1=A,B i=

where h is the reduced Planck constant and N is the total number of electrons. The
first term represents the kinetic energy of the two nuclei and the second that of the
electrons. The next term is the potential energy of the electrons in the ion field.
The last term is the potential energy between the two nuclei. Since the mass of the
electrons is much smaller than that of the nuclei, the motion of the two interacting
particles can be separated into two independent motions: that of the electrons and
that of the nuclei. This significant simplification, known as the Born-Oppenheimer

approximation [24], allows us to write the wave functionp(Ra p,) as a product of a
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function of the electronic wave .l (R4 p,r) and a nuclear wave ¢y (Rag) , i.e.

U (Rap,7)=¢a (Ran,7)en (Rag). (1.31)

The wave function ¢ (R4 gr) will be a solution of the Schrédinger equation relating

to the motion of the electrons when the nuclei are fixed at positions R, which gives

-
Hepe (Rap,r) = {— Z V?«d (Ra,B, T’)} e (Rap,T)

2m, — (1.32)
= Ee (Ra,B) wa (Ras,7)
Let us now apply the Hamiltonian H given by equation (1.30) to the wave function

U (R4 p,r) defined in (1.31). We easily obtain the relation

h2
HY (RA7B,7") = {— Z Q—Tnlv%l + Hel + VN (RA,B)} (,O(RAB,T’) (133)
I=A,B

Using the equation (1.31) and the general property
VA(f-g)=fVg+2V [ -Vg+gVf (1.34)
From the Laplacian we easily get the relation

h2
HY (Rap,7) = ¢e (Rap,T) {— Z —V%{d +Eq (Ran)+ Vn (RA,B)} on (Ra,B)

2m
1=a,B <"

h2
N Z 5 [2VRon - VR + onVi, 0] -
2ml
I=A,B
(1.35)
The last term is related to the ratio m./my, which is very small [28]. It can therefore

be neglected. The dynamics of the nuclei of the system is finally obtained by solving

the equation
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mlvél +V (RA,B)} on (Ra,B) = Erpn (RaB), (1.36)
IZAB

whose effective field V (R4 5) = Ea (Rap) + Vi (Rap) is known as the potential
energy curve of the diatomic molecule [27]. For simplicity it is better to switch from
the laboratory coordinates to the coordinates of the centre of mass of the two nuclei.
To do this, we define the position vector of the centre of mass of the atomic system
as follows

maRa +mpRp

p= (1.37)

my +mpg

and we write the total mass of the system M. = map = m4 + mp and its reduced
mass i = mamp/My . By denoting the relative vector between the two nuclei by

R = R4 — Rp, the new form of equation (1.36) becomes

h? K2
{_2Mtdv’2’ —g, VRt V(R>} on(pR) = Erpn(p, R). (1.38)

Given that the Born-Oppenheimer approximation renders the potential energy func-
tion V(R) dependent solely on the relative position vector R, it is possible to de-

compose the wave function ¢y (p, R) in the following manner:

on(p,R) = wn(p) x on(R) (1.39)

The functions ¢y (p) and ¢x(R) are subject to the following separate equations.

h2
oL Vien(p) = Eon(p) (1.40)
h2
{‘EV%‘ T v<R>} on(R) = Epn(R) (1.41)
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In this context, ' = Er — E, were I, represents the centre of mass energy, whose
motion is described by the following equation (1.41): In the centre of mass reference
frame, the centre of mass is at rest, and the collision will therefore be described by
the wave equation (1.41) only. This equation demonstrates that the collision of two
atoms can be reduced to a problem of diffusion of a single particle of reduced mass
p immersed in a potential field V(R). In order to solve the wave equation (1.41),
it is necessary to assume that the movement of the nuclei takes place in a central
potential. This implies that the potential does not depend on the direction of the
position vector R, but only on its modulus, R = |R|. Furthermore, the new form of
the wave function py(R) can be expressed as a product of a purely radial function,
denoted as Wy (R), which is associated with the relative movement of the nuclei,

and a spherical harmonic, Y77'(0, ¢), which is linked to their rotation.

_ W(R)

on(R) 7

T7(0,0) (1.42)

The variables # and ¥ correspond to the polar and azimuthal angles, in that order.
The spherical harmonics Y J,, (6, ¢) are the common eigen functions of the operators
J? and J,, the projection of the orbital angular momentum J on the z axis, which

satisfy the eigenvalue equations.
JYT(0,0) = J(J + L)LY (6, ¢) (1.43)

L0, ) = mhX7* (0, ). (1.44)

The quantum number J can take all possible integer values J > 0, while the magnetic

quantum number m is bounded by the inequality —J < m < +J. For convenience
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it is better to express the wave equation in spherical coordinates. The Laplacian

V% appearing in equation (1.41)

1 0 0 J?
2 -~ 9 (g2 ) _ 1.45

Vi = maR (R aR) h2R (1.45)
By substituting equation (1.42) into (1.41) and using (1.43), (1.44) and (1.45),

the radial wave functions become solutions of the radial wave equation

U (R) 2 R J(J +1) B
d—R2+§{E—V(R)+ET}\D](R)_O. (1.46)

The solution of this one-dimensional equation will yield the radial wave functions.
When E < 0, the quantum states are described as bound, with the wave functions
given by U;(R) = ¥, ;(R), characterized by the vibrational quantum number v, the
rotational quantum number J, these wave functions satisfy the orthonormalization

relation.

| R (R dR = by (147
0

The ¢ is the well-known Kronecker symbol. For the case where EF > 0, the quantum
states are said to be free and belong to a continuum of energy £ = e¢. The wave func-
tions are written in the form W ;(R) = U, ;(R). Since they are not square-integrable,
these wave functions are normalized with respect to the energy [22] according to the

relation
/ Ve (R)Ve y(R)dR = g&(e —é). (1.48)
0
d(e — €') is the Dirac delta function [29).
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1.3 Different Types of Electronic Transitions

In the study of electronic transitions within atoms and molecules, under-
standing the absorption of electromagnetic radiation is crucial. These transitions,
characterized by changes in the electronic state from lower to higher energy levels,
exhibit distinct absorption behaviors depending on the initial and final states of the
electron involved.

In the preceding discussion, it becomes evident that the absorption coefficient
for a transition from a lower electronic state to a higher one can be deconstructed
into four distinct components. These components correspond to the four possible

types of transitions:

e Bound-Bound (b-b): This refers to transitions between two bound electronic

states.

e Bound-Free (b-f): This refers to transitions from a bound electronic state to

a free electronic state.

e Free-Bound (f-b): This refers to transitions from a free electronic state to a

bound electronic state.
e Free-Free (f-f): This refers to transitions between two free electronic states.

Through this structured exploration, we seek to unveil the intricate interplay
between electronic transitions and absorption coefficients, thereby laying the foun-

dation for deeper insights into optical and spectroscopic analyses in diverse scientific
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disciplines.
1.3.1 Free-Bound Transitions
The absorption coefficient for a free-bound transition is obtained by integrat-

ing equation (1.28) over all initial states (J”,7") and summing over all final states

(J',v') . We obtain:

8y h? 3/2
(1) =
aif(T) = nanz 3c (QWukBT)

> [T warien (<5t ) WlertbRos(),

l J/
(1.49)

We can replaced the density of states p;(E’) by the Dirac delta function [24].

pr (E") =06 (hv — hvy) (1.50)
hig = E' — E" + hug (151

where v, and 1y are the specific transition frequencies between the considered molec-
ular states and the atomic resonance frequency, respectively. while £’ and E” rep-

resent the energy of the bound and free states, in this order.
E"=¢€" (1.52)

El - E,{)/7J/ (1'53)

By replacing the integral [ dK;0 (hv — hv;y) by the transformation [30].

/5 hv — hv;g)d /dQ/K2
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(1.55)

The coefficient in (2.49) becomes

Sty h? 3/2
(T) =
@i (T) = nanp =5 (zwukBT) 2

v, J'm

/°° A K?dK;
w dr—-——
Jo h dv

V=V;f

< exp (— K, ) (Fleridlos ().

2/,LkBT
(1.56)
To evaluate the matrix element (f|er|i) , we use equation (2.31) to obtain
(flerli) = (¢ly(R) (g (R, r)ler|og (R, )] oy (R)) (1.57)
= (¢n(R) [Dir(R)] ¥ (R)) (1.58)

where D;¢(R)is the operator of the electronic transition dipole moment between
the initial state |i) and the final state | f)for each value of the inter-nuclear position

vector R. It is defined by

D/(R) = (¢y(R,1)lerl¢ly(R. 1)) (1.59)

The operator D;¢(R) in the situation of spherical symmetry is dependent on the

distance R rather than the vector R’s direction [30]. Next, we enter it in the form.

D,;(R) = D(R)up (1.60)

represents the unit vector in the direction of vector R. According to (1.42), we can

write
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Uy (R)

pn(R) = Y7 (0,9)
pn(R) =

Moreover, the wave functiongy,(R)of the free states can be expanded in spherical

(1.61)
T (6, V)

U0 (R)
R

harmonics along the axis carrying K; [30].

” V 47T . 1 .y i
onv(R) = KER2 (2" +1)2 " exp (i0;0) Wjn (R)Y 4 (0, ) (1.62)

The absorption coefficient in equation (1.56) becomes

8Ty h? 3/2
Oéif(T) = nanp ( )

3c \2mpkpT

47r K?dK; hK?

2 " 1 7 - 7
DIPILY S () A

V=Vif

2

T (0, S)un Y™ (6, 0)dS) / ¥, (R)D(R)U 1 (R)AR
0

On the right side of equation (1.63), the first integral accepts non-zero values only

when J” = J +1m/ = 0,41 [31]. The total of all J” and m” values is [30,32].

8wy h? R K?
fb — 2 . i
aif HANBE TS 2rpukpT ZJ hK2 2ukgT
1) (1.64)

< [(J'+ 1) (W5 (R)|D(R)| ¥ y_1(R))|*
+J' (U5 (R)|D(R)| ¥ yr11(R))|*]
Given that the radial wave functions associated with the initial state adhere to

energy normalization as delineated in equation (1.48), it is imperative to scale the

second component of equation (1.64) by 7r222—l;i. Ultimately, the parameter of interest
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becomes the diminished absorption coefficient fj.
fb

afh = 1 (1.65)
nNg-Np

at a given temperature T | between the initial free states (J”, ") and the final bound

states (J', 1) is

8113y [ 2I12h%\ 2 €
1=, T) = 2J + 1)(W,»;|D(R)|¥,/ ;)? exp ———. (1.66
1) = P () ST+ D DU e 166

where the solutions to the radial wave equation (1.46) for the free and bound states

are represented by the wave functions ®,, and @, ;.

1.3.2  Free-Free transitions

For free-free (ff) transitions from the free state, which correspond to transi-
tions from all lower free energy levels A to all higher free energy levels (v) in contin-

uous media [32], the decreased absorption coefficient « is provided at temperature

T by:

1"

813 2112 K2 €
=, T) = E (2 v |D(R
aT‘ (V7 ) 30 ( MkﬂT ) J + / <gpe J’ ( >|gpe J> exXp — ]{/'BT

J
(1.67)

1.4 Photoemission Coefficient

In order to ascertain the photoemission profile, we take into account the free-

free (f-f) and bound-free (b-f) transitions of the molecular states A®II;/» — X 21/2
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for the resonance line D1, and the two free-free (f-f) and bound-free (b-f) transitions

corresponding to A%Ilz, — XQZf/z and the only free-free (f-f) transitions with

regard to B2Ef/2 — X2Ef/2 for the resonance line D2.

1.4.1 Free-free Transition

we suggest that the reduced emission coefficient k(1) for free-free transitions
(ff) of molecular states A2H1/2 — XQEI“/W A2H3/2 — XQEI“/Z and BQZT/Q — XQEIF/Q

could be expressed as follows [33}34]

64miy3 h? 82 poo 2 €
ff o €uwd eJ _tu
K) = 50 “’(kaT) / deu > (2J+1) | (g2 ID(R) g7 exp< M)

0 J
(1.68)

1.4.2 Free-bound Transition

The reduced emission coefficient k(v) for free-bound transitions of states

ATy — X25T), and A%z, — XX, is given by [35]

64rt? h? 3/2 2 €
k'bf — 2.] 1 ‘ vJ D(R eJ ‘ __tu )
r (V) BT (27TM]€BT) Z( +1) <gu |D(R)|g; > exXp kg

vJ
(1.69)
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CHAPTER 2

POTENTIALS ENERGY CURVES AND TRANSITION DIPOLE MOMENTS
CONSTRUCTION

This chapter is divided into two main parts: Potential Energy Curves (PECs)
and Transition Dipole Moment (TDMs). The first part presents the method used to
construct potential energy curves, V(R) of the RbAr system in both the ground and
excited states for the two sets involved in the transitions. We use quantum chemistry
methods, such as ab initio calculations, to predict the interaction potentials between
the rubidium atom and the rare gas atom. The second part describes the method
used to construct the transition dipole moments, D(R), connecting the ground and
excited molecular states of the RbAr dimer. This helps predict the probability of

transitions between states.

2.1 EPCs Construction

In the domain of molecular calculations, interaction potentials V(R) fre-
quently exhibit an absence of precise analytical forms. To address this, the po-
tentials are divided into three internuclear separation domains: the short region
(0 < R < R,), the intermediate region (R, < R < Ry;), and the long region
(R < R < o). It is imperative to ascertain whether Ry, and R; correspond to
the internuclear site. The previous distances delimit the initial and terminal points
of the intermediate region. To ensure a smooth and accurate connection between

these domains, the cubic spline numerical interpolation method is employed. This
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approach facilitates the construction of continuous and reliable potential energy

curves, which are necessary for accurate calculations [36437].

2.1.1 Intermediate Region

The intermediate distance region, corresponding to Rrs < R < Rpgp, is
crucial because it allows us to construct potential energy curves for other regions.
The data used here are either experimental or ab initio. Experimental data are
obtained using the RKR method, developed by Rydberg, Klein, and Rees, which
relies on spectroscopic measurements of diatomic molecules. This method involves
numerically evaluating a pair of classical return points for each observed vibrational
level. In contrast, ab initio values are derived from a quantum-theoretical approach
to the molecular problem. Using the Born-Oppenheimer approximation, ab initio
methods calculate the potential energy at specific values of R within a certain range
of internuclear separations.

In the present study the generation of each potential energy curve was achieved
by employing two distinct series of potential points, designated as set I and set II
throughout this study. The initial set of data, henceforth referred to as set I, en-
compasses the reliable ab initio data points derived from Dhiflaoui et al [38].

The generation of these data is facilitated by a one-electron pseudo-potential
approach, which incorporates the spin-orbit effect. This approach was first intro-
duced by Barthelat et al [39], and has been employed in several prior computa-
tions [40-42]. It was contracted in which the Rb+ core and the effects of the

electron-Ar interaction were substituted with a semilocal pseudo-potential. The
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interaction between the electron and the Ar atom was modeled using a pseudopo-
tential that had been previously employed in the examination of the Rydberg states
of Ary [43] excimers, Ars clusters [44], and MAr (M = Li, Na, K) pairs [45], in ad-
dition to studies concerning the spectroscopic characteristics of atoms or molecules
situated within Ar clusters or matrices [38]. For further specifics about the applied
methodology, we direct the reader to reference [38].

The second data set, designated as Set II, consists of ab initio data points
reported by Blank et al. [46], obtained through spin-orbit multi-reference configura-
tion interaction (SO-MRCI) calculations. Is a high-level quantum chemical method
particularly effective for systems where both electron correlation and relativistic
spin-orbit effects play a crucial role. The approach combines two theoretical com-
ponents:

Multi-Reference Configuration Interaction (MRCI):

In cases where a single-reference method (e.g., Hartree-Fock or coupled-
cluster theory) is inadequate-such as near-degeneracies, bond dissociations, or ex-
cited states-MRCI provides a more accurate description. The wavefunction is con-
structed as a linear combination of several reference configurations, allowing electron
correlation to be captured through excitations (typically single and double) from
each reference state.

Spin-Orbit Coupling (SOC):

Originates from the interaction between an electron’s spin and its orbital

angular momentum. It becomes significant in heavy atoms and in excited-state
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processes involving spin multiplicity changes (e.g., intersystem crossing). Accurate
treatment of SOC is therefore essential for modeling fine-structure splittings, spec-
troscopy, and photophysical phenomena.

By integrating spin-orbit effects into the MRCI framework, SO-MRCI pro-
vides a balanced and reliable treatment of both static correlation and relativistic
interactions. This makes it a valuable tool for studying potential energy surfaces,
electronic spectra, and nonadiabatic processes in systems containing heavy atoms or
transition metals [47,/48]. Some of the ab initio point values found by Dhflaoui [3§]
Blanck [46] are listed in Tables 1 and 2, and these are the values we used to generate

our potential energy curves.
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Distance States

R(auw) X?%f, AML, AMl, B°X],
3.00 / 0.9221 0.9289 0.9282
4.00 0.1637 0.2121 0.2136 0.2132
5.00 0.0268 0.0771 0.0779 0.0806
6.00 0.0049 0.0572 0.0580 0.0626
7.00 0.0011  0.0553 0.0560 0.0607
8.00 1.6102 0.0556 0.0563 0.0599
9.00 -1.4760 0.0559 0.0767 0.0588
10.00  -2.1393 0.0561 0.0569 0.0588
11.00  -1.9025 0.0561 0.0571 0.0580
12.00 -1.4421 0.0562 0.0572 0.0576
13.00 -1.0372 0.0562 0.0572 0.0574
14.00 -7.3550 0.0562 0.0573 0.0573
15.00 -5.2639 0.0562 0.0573 0.0573
16.00  -3.8650 0.0562 0.0573 0.0573
17.00  -2.8799 0.0562 0.0573 0.0573
20.00  -1.5710 0.0563 0.0574 0.0573

Table 1: A few potential energy values V (R) for the ground states X*

states A’I1; 2, A®Il3/,, and B

A
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Distance States

R(auw) X°%7, AML, A, BY],
3.00 0.79838  0.85641 0.85694 0.8732
4.00 0.1463  0.19705 0.19773 0.20077
5.00 0.02414  0.07484 0.07559 0.07958
6.00 0.00484  0.05739 0.05818 0.06391
7.00 0.00159  0.05617 0.05698 0.0629
8.00 5.223E-4 0.05656 0.05739 0.0622
9.00 1.820E-5 0.05688 0.05773 0.06103
10.00  -1.812E-4 0.05707 0.05793 0.05995
11.00  -2.232E-4 0.05717 0.05807 0.05919
12.00  -2.000E-4 0.05722 0.05816 0.05874
13.00 -1.578E-4 0.05724 0.05823 0.05851
14.00 -1.162E-4 0.05725 0.05828 0.05841
15.00 -8.258E-5 0.05726 0.05831 0.05837
16.00 -5.81E-5 0.05727 0.05834 0.05836
17.00 -4.10E-5 0.05728 0.05836 0.05836
20.00  -1.360E-5 0.0573 0.05838 0.05838

Table 2: A few potential energy values V (R) for the ground states X*
states A’I1; 2, A®Il;/5, and B*X}

1/2
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2.1.2  Short Range

In the short-range region, the interaction potentials are typically repulsive.
This repulsion is caused by Coulomb forces when the electron clouds of two inter-
acting atoms overlap closely [28]. At short distances, these interaction potentials

change exponentially with R, following the form suggested by Born-Mayer [49].
V(R) = aexp—fSR (2.1

The Born-Mayer constant parameters « and 3, which require determination
for each molecular state of RbAr, are crucial in the study. These parameters can be
computed by utilizing the (2.2) relationships, assuming the continuity and familiarity
of the potential V(R) and its derivatives at a specific point R = Rs. It has been
established that Rg is equivalent to 3.25aq for set I and 3.00aq for set II, where A
numerical approach, such as the cubic spline method, is employed to determine the
derivative of V(R) at R = Rs. The values o and f obtained through this process

are documented in table 3.
a =V (Rs)exp (+0Rs),

-1 <dv<3))“s (2.2)

p= V(R,) \ dR
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Dissociation limit Molecular Short range
states Q 15}
Rb(5s) + Ar(3s?3p°) XQZJIF/2 103.470*  1.6218°

114.596°  1.61774°

Rb(5p) + Ar(3s?3p%)  A%IL; . 109.235*  1.63926"

78.1776" 1.150104°

ATz 109.469*  1.640211°

78.0559"  1.49832°

BQZI“/2 114.693*  1.64903¢

78.2695°  1.49949°

a: set I, b: set II.

Table 3: This table presents the potential parameters associated with the short-range in-
teraction regions. All numerical values provided are expressed in atomic units.

2.1.3 Long Range

Here, specifically for (R, < R < o0), the interactions between the electric

dipole moments are the main reason why the potential is attractive. There are three

different elements that contribute to these forces of contact at long distances when

there is limited electronic overlap:

e Dispersive Forces: Also known as London forces, these arise from temporary

fluctuations in the distribution of electric charge within molecules, leading to

the creation of temporary dipoles that attract each other.

e Inductive Forces: These occur when the charge distribution in one molecule is

influenced by the dipole in a neighboring molecule, resulting in an attractive
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interaction between them.

e Electrostatic Forces: These result from the interaction between permanent

electric dipoles in polar molecules [28,/50].

The potential in question may also be expressed as a sequence of inverse
powers; this is also known as the van der Waals potential, and it is defined by the

connection that follows.
Ch,

Vir(R) « — T (2.3)

where the dispersion coefficients C,, are found in [37]. It is essential to remember that
this analytical form can be used for distances larger than a certain value, known as
the Le Roy radius and represented as R > Rpg [51]. We shall take into consideration

the first three coefficients for the sake of our task; thus, the connection becomes,

C’6 C’8 C’10

in this relation, the potential with the intermediate party is made in a way that is

linear, R = Ry and the coefficients Cg, Cg, and Cg are tabulated in table 4.
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Dissociation limit Molecular Long range
states Ce Cy Cho

Rb(5s) + Ar(3s°3p°)  X?%), 336.4 2.656.10* 2.681.10°
Rb(5p) + Ar(3s*3pS) AL, )y 545.1 1.403.10* 1.066.10°
A%y 545.1 1.403.10* 1.066.10°

B/, 9242 2595.10° 5.197.107

Table 4: This table presents the potential parameters associated with the long-range inter-
action regions for set I and set II. The coefficients C), are taken from the work of Mitroy
and Zhang [37]. All numerical values provided are expressed in atomic units.

2.2 Potential Building

In particular, the construction of potential energy curves for each electronic
state enables the detailed characterization of the nature of interactions in the RbAr
systems. These curves provide insights into the binding energies, equilibrium dis-
tances and overall stability of the molecules. By analyzing and characterizing these
potential energy curves, a deeper understanding of the physical and chemical prop-

erties of the RbAr systems can be gained.

2.3 Presentation of PECs

The potential energy curves that have been constructed are presented in
Figure 1. This figure shows the potential curves corresponding to the Rb(5s) +
Ar(3s23p9), Rb(5p1/2) + Ar(3s*3p®) and Rb(5ps;2) + Ar(3s*3p°®) two interactions for
the RbAr system. As illustrated in Figure 1-a, set I is presented, while Figure 1-b

illustrates set II.
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Figure 1: The developed RbAr potential energy curves and an expanded perspective of
the A°II, 5 and A*II;), states.

2.4 Characterization of PECs

The potential energy curves can be characterized by determining a number
of spectroscopic parameters, such as dissociation energies D, equilibrium positions,
R, and T, the energy difference.

For this purpose we have summarized in Table 5 the spectroscopic parameters
obtained by our constructions of the potential energy curves of the four molecular
states for each set. In the same table we list those obtained by other authors for

comparison.
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Molecular slates D .(cm™') R.(A°) T.(em™') Ref

XzEf/2 -47.0 5.30 set I
-47.4590 5.807 set I1

-49.0 5.82 [46]

-38.6 5.45 (152

-38.06 5.54 [153]]

-43.5 5.23 (154

AL 224 374 12128 setl
-253.750 3.605 13020.299 setll

-255.2 3.60 [152]

-238 3.59 (154

A2H3/2 -293 3.75 12296 set I
-320.115 3.605 13086.664 setll

-315.7 3.60 [152]

-315.0 3.59 [1541]

B, 240 762 12565  setl
-11.4292 8590 12777978 setll

-7.3 8.57 [152]

-11.9 8.25 [1541]

Table 5: Comparison between the spectroscopic constants of the ground and excited RbAr
potentials and the corresponding values reported in previous publications

2.5 Potential Differences

The potential energy difference curves between a ground state and an ex-
cited state are crucial for understanding the absorption spectrum, in semiclassical
theory [16], the absorption spectrum reflects the transition probabilities between
different energy states. When there is an extremum (a maximum or minimum) in
the potential energy difference curve, it indicates a special point where the energy
gap between the ground and excited states is either the largest or smallest.

This extremum creates what is known as a ”satellite structure” in the ab-

sorption spectrum, an additional feature or peak that appears alongside the main
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absorption line. By analyzing where this extremum occurs and converting it into
the corresponding wavelength (), scientists can predict the precise location of the
satellite in the absorption spectrum.

The presence of these satellite structures can provide valuable information
about the electronic states of a molecule, the interactions between atoms, and the
overall molecular dynamics. These details are essential for interpreting complex
spectroscopic data, especially in systems where multiple states are involved.

According to the potential difference curves Vien, ,—xost (R), Viaer, - x2nf (R),

1/2 1/2

and VBQEIL/2_ XQEY/Q(R) shown in Figure 3, there is a possibility of the appearance

— X2%T

of a satellite in the blue wing for each set. This arises from the B2 19

1/2
transitions. For the set I, the satellite appears around A = 750 nm, while for set II
the satellite appears around A = 739 nm shown in more detail in Figure 2. How-

ever, no satellite is classically predicted by the transitions A%IT; /5 < X QZDQ and

A2H3/2 — XQZ;F/T
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2.6 Transition dipole moments TDMs

In our study, we construct the transition dipole moments (TDMs) using the
same methodology applied to the potential energy curves. This involves generating

the necessary curves across three distinct internuclear separation domains, denoted
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as R. These domains cover different ranges of distances between the nuclei of the
interacting atoms. To ensure accuracy and continuity, we smoothly connect the
curves at the boundaries of these domains. This approach allows us to create a
comprehensive and coherent representation of the TDMs over the entire range of

internuclear separations.

2.6.1 The Intermediate Region

In the intermediate region, data points were obtained from a study by Blank
et al [46]. These ab initio data points provide reliable values for transition dipole
moments within the specified spatial range, indicating that these values are integral

to our analysis and subsequent calculations.

2.6.2 The Long-Range Region

In the long-range region, the transition dipole moments (D(R)) exhibit a
distinctive behavior that can be approximated using an asymptotic formula. This
asymptotic formula is denoted as Dy (R) and provides a mathematical framework

for describing the dipole moments at large distances in the form [55]
Di(R) ~ Dy + aR™? (2.5)

In order to utilize this formula accurately, it is necessary to determine two param-
eters, designated as o and D,. The aforementioned parameters are established
through a fitting process, which entails modifying the formula in a manner that
aligns it with the long-range data, thereby ensuring that the calculated transition

dipole moments are in close agreement with the observed data. The fitted values
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for the parameters o and D, are subsequently presented in Table 6, which contains

the results of this fitting process.

Parameter Do+ Dot Dyost +
X2E1/2_A2H1/2 X221/2_A2H1/2 X221/2_B221/2

D, 7.28515 7.28482 7.28445
o 0.0040902 -3.91819 3.95674

Table 6: Fixed parameters were utilized for the established transition dipole moments in
the long-range domain for set II datapoints.

2.6.3 The Short-Range Region

In the short-range region, the transition dipole moments (D(R)) display a
distinct behavior compared to that observed in the long-range and intermediate
regions. In this region, the dipole moments can be approximated by a linear form,
denoted as Dg(R). This indicates that, at short distances, the transition dipole

moments increase or decrease in a linear fashion with respect to distance.

D,(R) = A+ bR (2.6)

In this context, the parameters a and b are constant and are determined
from the continuity condition of the TDM function and its first drift at the first

data point, Rs.
2.7 Rotational-Vibrational Levels

The utmost vibrational and rotational quantum numbers, v and J, that each

potential energy curve can support are also necessary for performing the necessary
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Figure 4: Transition dipole moments based on [46] data points.

numerical calculations, and it is important to recall the quantum treatment of the

rotation and vibration of diatomic molecules.

The rotational-vibrational energy

E(v,J) = E, ; of a dimer is characterized by the vibration quantum number v and

the rotation quantum number J, both of which can take integer values. This energy

is produced, in the context of diatomic molecule theory, by solving the radial wave

equation numerically, using a recently developed form.

R? d?

J(J + 1)H?
21 R?

®,,(R) =E, ;®,,(R). (2.7)

By using this method, the generated potentials are guaranteed to be precise

and dependable, offering a strong basis for additional spectrum analysis and associ-

ated research. When the diatom is in a generic situation where it is both rotating

50



and vibrating, the rotational-vibrational energy may be expressed as the sum of two

terms.

E(v,J) = G(v,J = 0) + F,(J)

where F,(J) the rotational energy is impacted by the vibration given as a power of

J(J+1) as [56] and G(v, J = 0) is the vibration energy in the absence of rotation.

F,(J)=B,J(J+1) = D,[J(J+ 1) + H,[J(J+ 1)* + ...

The B, constant is an effective rotational constant that is dependent on v and
is associated with each vibration level. The centrifugal distortion constants are

represented by D,, H, .. ..

2.8 Rotationless Vibrational levels

In the context of non-rotational states, for a bound electronic state, the
potential V' (R) has a minimum at the equilibrium distance R, defined by V(R.) =
—D,. Here, D, is the dissociation energy of the molecule, representing the depth
of the potential well. To simplify the analysis of vibrational states around this
equilibrium point, the potential can be expanded in a Taylor series in powers of
(R — R.) around R = R.. This expansion provides a more manageable form of
the potential energy function for small displacements from the equilibrium distance,

facilitating the study of molecular vibrations without considering rotational effects.

= o (M) (B
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We will have if we stick to the second-order term.

1
V(R) = —D. + Sk (R - R.)?

k=d’V(R)/ dR*|,_.

The pure radial equation (2.1) becomes the equation of a harmonic oscillator if the
diatom’s rotation is negligible, or J = 0. The vibrational energy is then provided

by [57].

1
Gvib:G(U,JZO)Zhwe (V+§>,

where W, is the vibration pulsation denoted by

We = ([ —
1

In the harmonic oscillator approximation, which is a simplified model used in
quantum mechanics, the vibrational energy levels of a molecule are assumed to be
equally spaced. Nevertheless, the potential curves of real molecules are anharmonic.
As a consequence of this anharmonicity, the vibrational energy levels are not equally
spaced. As the energy levels increase, the spacing between them decreases, indicating
that the higher vibrational levels are more closely packed together. The higher levels
are more closely packed together, and thus the vibrational energy can be more

accurately described by a power series.

1 1\° \*
Gyiv, = hw, 1/—1—5 — WeXe 1/+§ + Wele y—|—§ + ... (2.8)
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with the initial anharmonicity coefficients being w.x. and wey, [27] . Tables 7 and 8
present the detected rovibrational levels associated with XQE;F/Q and excited states

AT, /25 A%, /2, and BQET/2 electronic states for Set I and Set II, corresponding to

(J =0) and (v = 0), respectively.
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BT, AT Al X280,
v set I set I1 set I set I1 set I set I1 set I set II
0 -52.0574 -55.4028 -186.5904 -223.2021 -188.3734 -222.9986 -40.6295 -43.6278
1 -46.2661 -44.3836 -153.0844 -187.6147 -155.0793 -185.8081 -32.6949 -36.3911
2 -39.4266 -34.4513 -123.6877 -155.6074 -124.4497 -153.1405 -25.8787 -29.7340
3 -32.7195 -26.3457 -97.1651 -127.0705 -96.8447 -123.9708 -19.3139 -23.6677
4 -259516 -19.3139 -73.3629 -101.8470 -71.4433  -97.8193 -13.9872 -18.2209
5 -199740 -13.5739 -52.5772  -79.7431 -49.1923  -74.7595  -9.5562 -13.4321
6 -14.7037 -9.6696 -34.8507 -60.5468  -29.4122  -54.4305 -6.0048  -9.3358
7 -10.2166 -5.6177 -20.7110  -44.0503  -11.5201 -36.5515 -3.2922  -5.9368
8 -6.7221 -3.1402 -10.5087 -30.0766 -20.8374  -1.4960  -3.1965
9 -4.0405 -1.5150  -6.2501 -18.5338 -7.1318 -0.4905  -1.1453
10 -2.1349 -0.5783 -2.8624 -9.5271 -0.0788  -0.2769
11 -0.9324  -0.1385 -3.5287 -0.0217
12 -0.2929  -0.0086 -0.3802
13 -0.0436

Table 7: Computed vibrational energy levels E(v,J = 0) for the ground and excited

RbAr molecular states, expressed in cm ™!, derived from sets I and I1.
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BT, AL APl X251

J set I set II set I set I1 set I set II set I set I1

0 -40.6295 -43.6278 -186.5904 -223.2021 -188.3737 -296.3474 -52.0574 -55.3474
1 -40.5868 -43.5918 -186.0844 -223.1090 -188.0793 -296.8081 -52.0350 -55.6820
2 -40.5013 -43.5198 -186.6877 -222.9230 -188.4497 -296.1405 -51.9901 -55.6402
3 -40.3732 -434119 -186.1651 -222.6440 -187.8447 -295.9708 -51.9227 -55.5776
4 -39.2024 -43.2681 -185.3629 -222.2720 -187.4433 -295.8193 -51.8327 -55.4942
5 -399889 -43.0885 -185.5772 -221.8700 -187.1923 -294.7595 -51.7367 -55.3899
6 -39.7331 -42.8729 -184.8507 -221.2490 -186.4122 -294.4305 -51.5862 -55.2647
7 -39.4347 -42.6217 -184.7110 -220.5983 -185.5201 -293.5515 -51.4292 -55.11186
8 -39.0940 -42.3347 -183.5087 -219.8946 -185.2156 -292.8374 -51.2500 -54.9518
9 -38.7111 -42.0121 -182.2501 -219.0183 -184.4265 -292.1318 -51.0484 -54.7640
10 -38.2860 -41.6540 -181.8624 -218.0193 -183.5501 -291.2143 -50.8246 -54.5555
20 -31.7501 -36.1466 -168.2812 -203.7193 -169.9937 -253.1757 -47.3719 -51.3268
30 -21.2730 -27.2676 -115.6801 -180.2067  -78.4379  -220.5749 -41.7585 -46.0294
40 -9.6411 -15.2985 -77.0446  -147.7486  -31.9267 -179.2732 -34.0724 -38.6833
50 -0.6765 -30.6775  -106.6421  -21.7637 -129.6841 -24.4167 -29.3148
60 +15.8961 +22.8348  -57.3143  +81.8093  -72.4006 -12.8922 -17.9551
70 +82.5665 -0.3842 +146.8613  -8.3156  -0.4158 -4.6406
80 +146.7730 +63.1965 +213.8593 +61.0159 - +10.5868

Table 8: Computed rotational energy levels E(v = 0, J) for the ground and excited RbAr
molecular states, expressed in em ™1, derived from sets I and II.
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Chapter 3:

Results and Discussions
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CHAPTER 3

RESULTS AND DISCUSSIONS

In order to evaluate the spectral profiles of rubidium broadened by rare gas
atoms, it is necessary to study how these atoms produce spectral lines at specific
wavelengths through their absorption and emission of light. The shapes of these
lines are influenced by physical parameters such as temperature and density, which
affect the motion and collision rates of the atoms. In addition, satellites, which
appear as features on the sides of the main spectral lines, arise from interactions
between atoms. The reduced absorption coefficients based on the two potential sets
of RbAr systems are calculated by considering all transitions between the ground
state and excited states with a frequency step size of 10 cm™! for a temperature
range from 500 to 3000 K. These calculations include both bound and quasi-bound
energy levels and are performed across all relevant temperatures. For the rotational
quantum number J, its maximum values are Jy.x = 250 for free-free (ff) transitions

and Jyay = 20 for free-bound (fb) transitions.

3.1 The Absorption Spectra

The absorption profiles occur around the D1 line at 794.8 nm, corresponding

to the transition between the X2%+

1/ ground state and the A®II, /2 excited state of

rubidium. Furthermore, the molecular ground and excited states are either repul-

sive or shallow. The transitions are therefore of the free-free or free-bound type.
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Similarly, the D, line arises at 780.2 nm and corresponds to the transition from

the X220t

1/2 ground state to the B221+/2 excited state. In this case as well, the rel-

evant potential energy curves exhibit predominantly repulsive or shallowly bound
character.

For reference to the resonance line labeled Ap; in Figure 5, refer to the graph
positioned on the rightmost side. the reduced absorption coefficients that «,(v)
are the result of the free-free and free-bound XQZT/Q — A% /2 transitions. This
is because the ground state X2ZIL/2 is repulsive, while the excited state A%II; /2 is
very shallow. As a result, both free-free (f-f) and free-bound (f-b) transitions occur,
indicating that the interactions are either weakly bound or entirely unbound.

For the resonance line labeled Apy which is displayed in Figure 5 (see the left
graph), the far wings that arise from the XZET/Q — A%, /2 transitions are also of
the free-free (f-f) and free-bound (£-b) types. The X*%f, — BZZT/2 transition is
exclusively free-free (f-f) because the A®Il; » state is not deep enough, and the BQZT/2
state is completely repulsive. These characteristics result in distinctive absorption

profiles in the two sets of RbAr systems, with transitions extending far beyond the

central wavelengths due to the shallow and repulsive nature of the involved states.
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Figure 5: The effect of temperature on the photoabsorption profiles around the D1 and D2
lines, as computed using the set II potential.

Figure 6 illustrates the fully quantum mechanical RbAr photoabsorption
spectra computed at 1000 K using interatomic potential sets I and II. Figures 6(a)

and 6(b) present the spectral region around the D; wavelength Ap; = 794.8 nm,

_l’_

which originates from the free-free and free-bound X 221 /9

— AT /2 transitions.
The simulations indicate that the free-bound contributions are negligible in com-
parison with the free-free ones. The resulting spectra show a pronounced red wing
and rapidly diminish on the blue side.

Figures 6(c) and 6(d) present the absorption spectra in the vicinity of Ay =
780.0 nm. These profiles represent the combined contributions of the X 22;?2 —
A%l and X ZET/Q — 322;2 transitions. In this wavelength region, the calcu-
e = A?TL j5 and XQZ)D2 — B2YT

lation includes the freefree transitions X?2XF $ 2

together with the free-bound transitions to the A%Il;/, state. Regardless of whether
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the first or second potential set is used, the broadened D, line exhibits both blue
and red wings, with a distinct satellite feature emerging in the far-blue wing. The
blue wing and its associated satellite originate from the X 22;?2 — BQZD2 transi-
tion, whereas the red wing is mainly due to the X 2Zf/2 — A?Il )5 transition, as
illustrated in Figures 6(e) and 6(f). The inset of the same figure highlights the

free-free and free-bound contributions to the X?%}, — A%Il3/, transition, clearly

1/2
showing that the free-bound component is significantly weaker than the free-free
one. The absorption profiles of the broadened D; and Dy lines are dominated by
free-free (f-f) transitions across the entire temperature range, as the contributions
from free-bound (f-b) transitions are negligible in comparison. Figure 7 presents a
total profile of the broadened D, and Dsline of set II, covering the wavelength range
from 500 to 900 nm for the temperature [500, 1000, 2000, and 3000 K]. The overall
spectral shape, as well as the position and amplitude of the satellite feature, remains

essentially unchanged across this temperature interval. However, the intensity of the

far-red wing increases noticeably with increasing temperature.
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Figure 8: A comparison of the reduced photoabsorption coefficients of RbAr at 1000 K
calculated using the set I and set II potentials. The inset shows the positions and intensities
of the satellite features corresponding to calculations based on both sets of potentials.

In Figure 8, the solid and dashed curves correspond to absorption spectra
calculated by using the first and second sets of potential data, respectively. Although
the two spectra exhibit similar overall shapes, the associated satellite features appear

at different wavelengths: A; = 750 nm when employing the set I potentials and
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A2 = 740 nm when using set II. This noticeable shift in the satellite positions
is most likely attributable to differences in the underlying interatomic potentials,
which are themselves highly sensitive to the basis set used in generating the potential
energy points. According to classical considerations, the location of such satellites
can be inferred from the differences between the relevant potential energy curves.
For this reason, we have plotted in Figure 3 in chapter 2 the potential difference

V(B2S],) — V(XS]

1 /2), expressed in terms of wavelength. As expected, the two

resulting curves exhibit extrema at \; = 749.99 nm for set I and Ay = 742.01 nm for
set II. These extrema are in good agreement with the satellite positions extracted
from the corresponding spectra. A comparable satellite near 750 nm has previously
been reported in the experiments of Moroshkin et al. [12], Rice et al. [13], and
Ockenfels et al. [14], in full consistency with the value obtained using the set I
potentials.

In addition, we have recalculated the XQET/Q — BQZT/2 photoabsorption spec-
trum using the potential data of Dhiflaoui et al. [38], which do not incorporate
spin-orbit coupling. These potentials were generated using the same computational
method as that employed for the set I data. The resulting profile, shown in Fig-
ure 9, closely matches the spectrum obtained from set I, and the satellite feature

again appears at A\; &~ 750 nm.
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Figure 9: Reduced photo-absorption coefficients corresponding to X 22;?2 — BzEf/Q tran-
sitions when the calculations are based on the potentials without including the spin-orbit
effect. The inset shows the RbAr (X 221“/2 — B2Z;’/2) dipole moments from Dhiflaoui et
al. [38].
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3.2 The Emission Spectra

It is important to note that, similar to the absorption profiles of the RbAr
diatomic system computations, the free boundary and free-free (ff) transitions simi-
larly enhance the emission spectra of the D1 and D2 resonance lines. In our analysis,
we have considered a number of transitions between the relevant molecular states,
as outlined below: In the case of the D; resonance line, two distinct types of transi-
tions are considered: free-free transitions refer to transitions involving the molecular
states, X 2EIF/2 < A 2II; ), and free-bound transitions, also refer to transitions be-

tween the molecular states X 227

1/2 +— A 2H1/2.

In considering the D, resonance line, the following factors are taken into ac-

count: free-free transitions, whereby transitions occur between the states A 211, /2 =

+

X2y 12

1/2: free-bound transitions, also concerning transitions from A 2114 2 — X )

and free-free transitions only for the transitions X 227, «+ B 22;'/2, where only free-

1/2
free transitions are considered. By considering these transitions, the photo-emission
profile can be studied to set the position of the blue satellite. The overall appearance
of the emission spectra closely follows that of the absorption profiles. Specifically,
the D1 line displays only a red wing, whereas the D2 line exhibits both red and blue
wings, in addition to a satellite feature located near A\; = 750 nm when using the
set I potentials and around Ay = 740 nm with set II. These positions are consis-
tent with the satellite structures observed in the absorption spectra. Furthermore,
Figures 10(e) and 10(f) show that the blue wing of the D2 line originates from the

X QEIF/Z +~ B 2er/2 transition, including the satellite contribution, while the red
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wing is associated with the X X1, < A ?IIy/, transitions. It is also worth noting
that, unlike the absorption case, the satellite amplitude increases substantially as
the temperature rises from 500 to 1000 K, with the feature based on set II being
more sensitive to this change. Overall, the full quantum calculations successfully

reproduce the experimentally measured absorption and emission profiles reported in

Ref. [1214). .
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Figure 10: Reduced photoemission coefficients of RbAr at 500 K and 1000 K, computed
using both set I and set II potentials.
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Figure 11: Total reduced photoemission coefficients of RbAr at 500 K and 1000 K, cal-
culated using both set I and set II potentials.

3.3 Comparison

A comparison between our calculated satellite positions and the values re-
ported in the literature shows a consistent alignment across different data sources.
Using both potential sets (set I and set II), the present work predicts blue-shifted
satellite features at approximately 750 nm and 740 nm, respectively. These theo-
retical estimates fall within the range of experimental measurements available for
the RbAr system, which cluster around 736-755 nm, as reported by Ralchenko et
al., Carrington et al., Goll et al., and Ockenfels et al. Although slight deviations
are observed for instance, the set II value lies closer to the lower experimental limit,
while the set I value approaches the upper range the overall agreement highlights

the reliability of the calculated extrema of the difference potentials BQEI“/2 - X QZT/Q
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This concordance reinforces the physical consistency of our model and confirms that
both potential sets capture the correct spectral behavior of the blue-shifted satellite;

all previously mentioned data are displayed in table 8.

System satellites \(nm)
This work Theo Exp Exp Exp
set] setIl [58] [59]  [52] [14]

RbAr 750 740 736.2 7555 754 754

Table 9: The experimental and theoretical locations (in nanometers) of blue-shifted satel-
lites are compared to the results of set I and set II positions of satellites .

With respect to the comparison with previously reported theoretical studies,
it should be noted that the only RbAr absorption and emission spectra available
in the literature are those computed by Moroshkin and his co-workers [12] within
the framework of the unified line-shape theory [60-62]. Their calculations were
carried out at a temperature of 400 K and relied on the potential energy curves
published in Ref. [38]. To enable a meaningful comparison, we generated our own
quantum-mechanical RbAr absorption and emission profiles at the same temperature
(400 K), using the same set of potentials; these results are presented in Figure
12. The comparison reveals that, although both approaches predict similar global
spectral features, the classical treatment used in Ref. |12] is unable to reproduce a
key characteristic of the spectra namely, the blue satellite structure that is clearly

present in our quantum simulations and is also confirmed experimentally. This
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discrepancy highlights the importance of a fully quantum description for accurately

capturing such subtle spectral features.
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Figure 12: Part a is the reduced photoabsorption and part b represents the reduced emis-
sion spectra of RbAr, both computed at 400 K using the set I potentials.
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Conclusion
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In conclusion, this thesis provides a quantum study of the absorption and
emission spectrum of rubidium (Rb) atoms, specifically perturbed by collisions with
argon (Ar) atoms. The investigation covers a temperature range from 500 to 3000
Kelvin, focusing on the far wings of D; and D, resonance lines of the rubidium atom,
influenced by the presence of Ar atoms in both absorption and emission phenomena
within the wavelength range of 500-900 nm.

The research began with the construction of electronic potential energy curves
for the ground state XZZT/Q and excited states A2H1/2, A2H3/2 and BQZ]I“/2 of the
RbAr dimer and the corresponding transition dipole moments as a function of inter-
nuclear distance (R). These calculations were performed using two sets of ab initio
data points. Important spectroscopic parameters were calculated to characterize
the potential energy curves, including the equilibrium position R., well depth D.,
and energy differential T,, as well as the rotational-vibrational levels of the excited
states A%II; /o, AIl3 and BQZ;F/?, all of them were calculated and compared with
previous experimental and theoretical results.

Subsequent to the preliminary calculations, the absorption and emission co-
efficients within the wavelength range of [500-900 nm]| at varying temperatures were
ascertained for the two sets of potential data. The study successfully identified a
satellite in the blue wing of the absorption spectra resulting from free-free transitions
between the X and B states, with wavelengths of approximately 750 nm for set I and
740 nm for set II. These findings agree with previous theoretical and experimental

results.
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