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Résumé

le travail présenté dans cette thése est consacré a I’examen des processus radiatifs de
'argonium interstellaire ArH™, & savoir, I'association Ar + HT — ArH™, et le transfert de
charge, Ar™ + H — Ar + H*. Pour réaliser ces deux taches, les courbes d’énergie potentielle
et les moments dipolaires correspondants sont déterminés afin de construire I’état fondamen-
tal et les deux premiers états excités de PArH™ . Une fois que toutes les courbes requises
sont bien établies et que leurs caractéristiques physiques et les valeurs spectroscopiques sont
contrastées avec les données publiées précédemment, les sections efficaces, pour les deux pro-
cessus radiatifs, la formation de I'ion moléculaire ArH™ par association et transfert de charge
sont calculés par mécanique quantique aux énergies inférieures et supérieures. Enfin, les co-
efficients de taux dépendant de la température sont calculés et analysés dans l'intervale de

température 1 — 10000 K .

Mots-clé : les courbes d’énergie potentielle de I’argonium, association radiatif, transfert

de charge radiatif, les coefficients de taux de ArH™
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Abstract

The work presented in this thesis is devoted to the examination of the radiative processes
of interstellar argonium ArH™, namely, association, Ar + H* — ArH™, and charge transfer,
Ar" + H — Ar + H*. To perform both of these tasks, the corresponding potential-energy
curves and dipole moments are determined in order to construct the ground and the two first
excited ArH' molecular states.Once all the required curves are well established and their
physical features and spectroscopic values are contrasted with previously published data,
the cross sections, for both radiative processes, the formation of the molecular ion ArH™
by association and charge transfer are computed quantum-mechanically at lower and higher
energies. Finally, the temperature-dependent rate coefficients are calculated and analyzed in

the temperature range 1 — 10000 K .

Keywords : argonium potential-energy curves, radiative association, radiative charge

transfer, ArH  rate coefficients.
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Introduction

Argonium (ArH™"), the first noble gas molecule discovered in the interstellar medium (ISM),
was reported by Barlow [1], who identified two 3*ArH" emission lines at 617.525 GHz (J =
1+ 0) and 1234.603 GHz (J = 2 « 1) in spectra from the Crab Nebula obtained with the
Herschel Space Observatory, as illustrated in Fig. 0-1. In addition, Miiller et al (2013) [2]
detected a strong absorption feature at 617.5 GHz, which was initially difficult to identify.
After that, Schilke et al (2014) [3] pointed out that the unspecified 617.5 GHz line was
actually assigned to 36 ArH™. Moreover, features of 3 ArH™ were found, which suggested that
argonium is prevalent in the ISM. Furthermore, this hydride cation has also been detected
in a foreground galaxy by Miiller et al (2015) [4], they observed the J = 1 « 0 transition
of two argonium’s isotopologs, *ArH™ at 617525.23 & 0.15 MHz (J = 1 — 0) and 3¥ArH*
at 616648.76 = 0.08 MHz (J = 1 — 0). These observations yielded an estimation of the
argonium presence by the isotopic ratio *ArH* /33ArH'Y = 3.46 4 0.16. They concluded
that the evolution of this ratio with redshift may constrain nucleosynthetic scenarios in the
early universe. Argonium is considered as a good molecular tracer of the almost purely
atomic diffuse ISM [4,5]. ArH" is primarily formed from the chemical reaction (Ar* + Hy —
ArH* +H) [1,5], which is further annihilated by the reaction (ArH" + Hy — Ar+ HJ) where
the Ar atom is ionized by cosmic rays [3, 6].

Rare-gas atoms are stable because of their full-shell configuration. They typically do
not form covalent bonds when they interact with each other or other atoms and molecules.
At short internuclear distances, the repulsive interaction between the electrons of the full-
shell atom is dominant. But at larger internuclear distances, the attractive van der Waals
interaction predominates. This interaction arises from the instantaneous and induced mul-
tiple moments of the two atoms, leading to the formation of weakly bound van der Waals
dimers [7]. The formation of the ArH* noble gas molecule was unexpected because we don‘t
normally expect a noble gas atom like argon to form molecules, especially in the harsh envi-

ronment of a supernova remnant. However, it was realized that there are locations even in
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Figure 0-1: The rotational spectrum of ArH" from the crab nebula obtained with Herschel
space observatory [1].

the Crab Nebula where the circumstances are ideal for a noble gas to react and combine with
other elements. There, argon hydride can form and survive in the transition regions between
ionized and molecular gases. Hydrides are the first molecules to form because hydrogen is
the most common element in the interstellar medium.

It is important to note that the radiative association and radiative charge transfer processes
play a crucial role in the formation of molecules in the interstellar medium. In this thesis,
the focus is on the theoretical investigation of these processes. It consists of the present
introduction, followed by three chapters, and a conclusion. The first Chapter provides a brief
introduction to the theory of atom-ion collisions. The second Chapter focuses on constructing
potential energy curves, as well as permanent and transition dipole moments. The accuracy
of these constructions is evaluated by computing rotational-vibrational levels and radiative
lifetimes. Chapter 3 is devided into two parts. The first part addresses the radiative associa-
tion process of argon atoms and hydrogen ions to form argonium. The quantum mechanical
cross sections and the rate coefficients are calculated. The second part is devoted to investi-
gating the radiative charge transfer process. The quantum mechanical cross sections and the
rate coefficients are calculated for this process as well. The thesis concludes with a summary
of the main results, including comparisions with previously published values where relevant.

Unless otherwise stated, the results are given in atomic units (a.u.).



Chapter 1

Atom-ion collision theory

Collisions between atoms (or ions) A and B can be classified into three main categories [8].
The first category is the elastic collision, in which the internal energies of the colliding
particles remain unchanged, but the incident paricles are deflected in a specific direction.

This type of collision can be represented by the equation
A+B— A+B. (1.1)

The second category is the inelastic collision, where either A or B, or both, are excited to a
different energy level. The various possibilities for this type of collision can be expressed as

follows

A+B — A*+B, (1.2)
— A+ B, (1.3)
— A*+B" (1.4)

This category includes reactions where one or both species are ionized, resulting in the ejection

of one or more electrons and the formation of positive ions

A+B — A+B"+e, (1.5)
— AT+B+e . (1.6)



The third category is the charge exchange which occurs when one or more electrons are

transferred between A and B

A+B" = AT +B. (1.7)

1.1 Diatomic system

We can express the nonrelativistic Hamiltonian for a diatomic molecule as the sum of five

terms
h? h? h?
H=——-V% ——Vi -
2mA Ra 2mB R

r + Ve(Rag,r) + Vy(Rag), (1.8)

where h is the well-known reduced Planck’s constant, and m., m 4, and mg denote the electron
masse and the nuclei masses of the two species Ar and H, respectively. N refers to the total
number of electrons in the system. Additionally, R4 g represents the position vector of the
nuclei relative to a fixed reference, while r represents the position vector of the electrons
relative to the same fixed reference.

The first three terms in this equation (1.8) represent the kinetic energies of the nuclei
and electrons. V(R4 p,r) corresponds to the potential energy of the electrons resulting from

electron-electron and electron-nucleus interactions. It can be defined as

VelRapr) = 47r€0 (ZZ | — 74 Z |R1 —ry |> (1.9)

On the other hand, V(R4 ) represents the potential energy of the nuclei arising from

nucleus-nucleus interactions and can be expressed as

62 ZAZB
47T€0 |RA - RB‘

Vn(Rag) = (1.10)

where Z is the atomic number (Z4 = Za, = 18, Zp = Zy = 1).
Within the framework of nonrelativistic theory, the elastic collision between the atom A

and the ion B is governed by the time-independent Schrédinger equation

HU(Rupt) = EV(Ryp,1), (1.11)

here, V(R 4 g, ) represents the wave function, and E denotes the total energy of the system.

It is important to note that finding an exact solution to equation (1.11) is not feasible,



requiring the use of approximations. In this case, the Born-Oppenheimer approximation is

chosen as the preferred approach.

1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is based on the fact that the nuclei have much larger
masses than the electrons. Consequently, the wave function of the system W(Ry4 p,r) can
be expressed as the product of an electronic wave function V.(R4 g, r) and a nuclear wave

function V(R4 p). It is assumed to have the form
U(Ryp,r)=Un(RaB) Y (Ryp 1), (1.12)

here, Un (R4 ) and V. (R4 g, r) represent the nuclear and electronic wave functions, respec-
tively. When solving Schrodinger’s equation, we focus solely on the electrons and treat the
nuclei as fixed. As a result, our wave functions depend only on the electronic coordinates.

The electronic Schrodinger equation can be expressed as

N
> Vi +ViRag,t)

1=1

h2
2m,

He\I}e(RxﬁhBa I') = [_ \PG(RA,Ba I') - EG(RA,B)'\IJE(RA7Ba I‘).

(1.13)
This equation represents the behavior of the electronic system.
The Schrodinger equation (1.11), which includes both the electronic and nuclear compo-

nents, can be expressed as

h? h?
H\P(RAB, I') = [— QmAV%A - %V%B + He + VN(RA7B):| \IJ(RABa I‘) = ET\I/(RAB,I‘).
(1.14)
By using the relationship (1.12) , we get
h? n?
[—EV%A — EV%{B + Ee + VN<RA,B>:| \I[N(RAB, I‘) = ET‘I’N<RA,B)- (115)

This represents the nuclear Schrodinger equation, which describes the dynamics of the nuclei
in the system. It can be written as
h? h?
[ V2 V%{B +V(RA7B):| \I/N(RABar) :ET\IJN(RAB)a (116)
B

_QmA Ra 2m

10



where V(R4 5) = Vv(Ra,5)+E. is known as the full internuclear potential for each electronic
state.
In order to simplify our problem, it is convenient to move from the laboratory coordinates

to the center of mass coordinates. The centre of mass position vector, denoted as p is given

by

- maR4 +mpRp

(1.17)
ma+mp
where the reduced mass of the system is defined as
mamp
= — 1.18
h= e (1.18)

The relative vector between the two nuclei is R = R4—Rp. Using these coordinates, the
equation (1.16) can be written as
h? 5 N

2
- _ 2 _
Hmavmg) e g m VR Inlp.R) = Erln(p. R). (1.19)

It is worth noting that the first term represents the kinetic energy of the center of mass.
Since it does not affect the relative movement of the two atoms, it can be neglected in this
context.

By putting R = R4—Rp, the collision between the two species can be described by the
equation

[;_ffv; FVR)| U(R) = BUA(R) (1.20)

here, I = Er — E,, where I/, represents the centre of masse energy. Thus, according to this
equation, the study of the collision between the two species is reduced to investigating the
diffusion of a single particle by a potential. The resolution of this equation will allow us to
determine the wave functions of the initial and final states. In fact, the electronic schrodinger
equation (1.13) is solved using approximations at different values of R to obtain the wave
functions V.(R4 g, r) and potential energies V.(R).

The potential energies can be graphed as illustrated in Fig. 1-1. This graph shows the
potential energy of a diatomic molecule as a function of internuclear separation, representing
the potential energy function for the nuclei. When R is significantly large, the two species
exhibit weak interaction. As R decreases, the interaction becomes stronger, resulting in a
substantial negative energy value, indicating the formation of a bond between the two species.

At very small values of R , the internuclear repulsion becomes subtantial, leading to a large

11



positive energy. This energy function governs the motion of the nuclei.

We represent schematically in Fig. 1-2 the Born-Oppenheimer potential energy curves
for a ground and an excited electronic state of a diatomic molecule. To differentiate between
the states, the notation of a single prime (/) is used for the upper states (excited states),
while a double prime (//) is used for the lower states (ground state). The vibronic energy

level structure of a diatomic molecule can be described by the following ralations [9,10].
'ﬁv’v” p— Te —'— G’U’ — G’U”7 (1.21)

Te = 1700 + GUNZO — Gv/:(). (122)

In these equations, T' stands for the electronic energy ( the subscript ‘e’ for "equilibrium"
indicates that the energy difference is between the minima of the excited and ground electronic
state potential-energy functions), and G represents the vibrational energy of the ground and
excited electronic states. The transition wave number between an initial v/ and a final v”
vibrational level can be derived by substituting equation (1.22) into equation (1.21), resulting
in

ﬂv’v” = ’1300 —'— Gv//:() — Gv/:() + GU’ — GUN. (1.23)

By approximating the vibrational motion as a Morse oscillator [9], the vibrational energy in

the excited electronic state GG, can be approximated as
/ !/ 1 / !/ 1 ?
Gy ~w, v+ 5 ) ~wete | v + 5) - (1.24)

Considering only transitions to the ground vibronic state, the equation (1.23) can be written

2
Dyrorr—o = Ugo + W', [ v/ + N wexh v + LY (e were : (1.25)
- c 2 c 2 2 4

where, w, and w.x, represent the harmonic and anharmonic vibrational constants, respec-

as

tively.

The dissociation energies Dy and D, are defined with respect to the ground vibrational
state and the minimum of the potential-energy function of an electronic state. They can be
expressed as follows

D(/) = D()/ + 77atom - 73007 (126)
Dl = D! + Gyr_y. (1.27)

12
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Figure 1-1: Schematic potential energy curve of the ground state of a diatomic molecule.

To account for the influence of vibrational motion on the rotational and centrifugal distortion
constants, we express the rotational distortion constants of a vibrational level v as a power

series expansion in (v + 1/2). For the rotational distortion constants, we have

1 1)
B, =B, — . <v+§) + 7, <v+§) + .. (1.28)

Similarly, for the centrifugal distortion constants, we have

D, :De_ﬁe <U+%) ) (129>

In these equations, B, and D, represent the values of the rotational and centrifugal constants
at the equilibrium position. On the other hand, B, and D, represent the rotational and

centrifugal distortion constants specific to the vibrational level v.

1.3 Wave functions

In order to solve equation (1.20), we suppose that the potential is central V(R) i.e. the
potential energy of the molecule depends only on its distance from the origin R (the module

of the position vector R = |R|). We express the new wave function as a product of two

13
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-~

s J, v

internuclear distance

Figure 1-2: Schematic potential energy curves of the ground and excited electronic states of
a diatomic molecule.

functions: a purely radial function ®;(R) related to the relative motion of the nuclei, and a

spherical harmonic Y}*(0, ¢) associated with their rotation

uy®R) = 2By ).

- (1.30)

where 6 and ¢ denote the polar and azimuthal angles, respectively. The spherical harmonics

are eigenfunctions of the operators J? and J, (the projection of the angular momentum J on
the z-axis)

Y70, ) = J(J + DRZY,™(0, ¢),

(1.31)

LY (0, ¢) = mh*Y™ (0, ). (1.32)

It is convenient to use spherical coordinates
19 9] J?
2 2
= ——(R?=2=) — =, L.

"= R ) T wR (1.33)

The equation (1.20) becomes
h? d?®;(R) R J(J+1)

14



d*®;(R)  2pu R:J(J+1)
———+ = |- ——— >+ V(R ®;(R)=0. 1.35
This equation is similar to the one dimensional Schrodinger equation, except that the po-

tential is replaced by an effective potential

Vers(R) = —%% +V(R), (1.36)

for J # 0, the first term in the effective potential represents a centrifugal barrier that tends
to push the molecule away from the force center. The solutions of the radial wave equation
(1.34) are the radial wave functions. This solution depends on the sign of the energy F.
Thus, For ' < 0, the system forms a quasi-molecule, and the energy quantum states are
called bound states. We denote their wave functions as ®;(R) = ®, ja(R). On the other
hand, for £ > 0, the system belongs to a continuum of energy E' = ¢, and the energy

quantum states in this case are called free states. Their wave functions can be denoted as

Q;(R) = P ya(R).

1.4 Molecular states and allowed transitions

The total angular momentum is given by J = L 4+ S, where L represents the azimuthal
quantum number and S represents the spin quantum number. In the case of a diatomic
molecule, the quantum state is denoted as 2*1A* where (25 + 1) is the multiplicity of
the molecular state. The plus sign (+) indicates that the electronic wave function remains
unchanged under reflection. Conversely, if it changes, we use the minus sign (—). A represents

the absolute value of My, which corresponds to the projection of L, where M; =0+ 1, £2,

( 3
0<«— 3%
1 <11

2 <= A

A = | M|

L]

\ J

The electronic states of diatomic molecules are denoted by letters

15



e X denotes the ground state.

e ABC,.... represent the excited states with the same multiplicity as the ground state.
e ab.c,..... represent the excited states with a different multiplicity from the ground
state

Not all transitions between molecular states are allowed. There are selection rules or
transition rules that constrain the possible transitions between quantum states. These rules

are as follows:

e AJ =0,+1, except for transitions where both initial and final states have J = 0.

e AS =0, allowing transitions between states with the same multiplicity.
o AA=0,=+1.
e The molecular states involved in the transition should have the same sign.

These selection rules determine which transitions are permitted between different mole-

cular states.

16



Chapter 2

Theoretical study of argon hydrid

In this chapter, we present in detail the method of construction of the potential energy curves
V(R) for the ground and excited states of ArH*. Then, we explain the adapted method for
the construction of the permanent and transition dipole moments, which connect the ground
and excited molecular states of the ArH™ cation. Finally, we aim to assess the quality of our
constructed potentials as well as the permanent and transition dipole moments by calculating

rotational-vibrational levels and radiative lifetimes.

2.1 Potential energy curves

The information provided by the ion-atom interaction potential is used in the theoretical
calculations and interpretations of the majority of phenomena involving ions in atomic gases.
However, the potential energy curves for the electronic excited states can exhibit a wide
range of shapes. These curves can be strongly bound, very shallow, or even entirely repulsive.

Additionally, they can display multiple potential wells.

2.1.1 ArH' systems

At thermodynamic equilibrium, when an argon atom in its ground state Ar(1S) interacts
with a hydrogen ion HT, the two species approach each other through the ground state
X1'¥* ) as described by equation (2.1). Whereas, they rather form a quasi molecule in one of
the four C*YF, DI, 3X% and @311 excited molecular states when the argon atom is in the
first excited state Ar(*®P) and interacts with hydrogen ion H", as shown in equation (2.2).
However, a quasi molecular system is formed when an argon ion Ar™(2P) and hydrogen atom

H(2S) interact mutually along one of the four possible molecular symetries, namely, A*¥+,
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BI, a®>¥", and b*I1, as depicted in equation (2.3).

Ar(*S) +H" — ArHY(X'ST), (2.1)
( A12+ )
B'I

Art(*P) + H(®S) — ArH* : (2.2)
a’yt
\ b3H /
(19t

DI
Ar("*P)+HY — ArHT : (2.3)

\ Vs

In the present study, our focus is on the singlet molecular states XX+, A'X*+ BT, C'¥+

and D'II, as transitions occur between the states of the same parity.

2.1.2 Potential construction

The interaction potentials V' (R) used in the required calculations do not have an accurate

analytical form. Instead, they are constructed in three internuclear separation domains:

e short region 0 < R < Rq;
e intermediate region R, < R < Ry;
e long region R} < R < .

Here, R, and R; denote respectively the internuclear distances of the first and last known
points of the intermediate region. To ensure a smooth and appropriate connection between
these three regions, the cubic spline numerical interpolation method is employed. This

method is known to be highly effective for handling such curve constructions [11].

Short region

In this region, where 0 < R < R, the forces are generally repulsive. They are mainly due to
the overlapping of the electron clouds of the two species and occur especially when they are

sufficiently close together. When the distance between their nuclei decreases, the interaction
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Table 2.1: Short-range constant parameters (in a.u.) that appear in the Born-Meyer poten-
tials (2.4).

Molecular Short range

state « 15}
Xyt 62.35 3.635
AMYT 59.77 3.419
B 60.55 3.456
(R 61.06 3.527
DI 61.48 3.548

potential experiences a substantial increase. To describe this repulsive interaction potential,

a simple and approximate formula known as the Born-Mayer potential [12] is employed

Vsr = aexp(—fR), (2.4)

where a and (3 are the Born-Mayer constant parameters that need to be determined for each
molecular state of ArH'. Assuming that the potential V' (R) and its first derivatives are

continuous and well-known at R = R,, the following relationships allow us to compute these

parameters
a = V(R) exp(+5R;), (2.5)
and
-1 dV(R)
7= 7 () 20

The derivative of V(R) at R = R, is determined numerically using the cubic spline method.

The computed values of o and [ are listed in Table 2.1.

Long region

In this region, namely for R; < R < oo, the potential is generally attractive due to the
interactions between the electric dipole moments. At long distances, when the electronic
overlap is negligible, there are three contributions to these interaction forces: electrostatic,
inductive, and dispersive. The potential here can be expanded into a series of inverse powers,

also known as the van der Walls potential given by the relationship

Vin(R) ~ ~ 322, 2.7
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Table 2.2: Compilation of the static multipolar polarizabilities of ground hydrogen and argon
(in a.u.). The adopted quadrupolar and octupolar polarizabilities are marked with x.

System Ca Cq C, Refs.
ArTinH 450 15.0°  131.25" [17]
4.475 14.93 130.8 [19]

HT in Ar 11.062 51.862 536.38 [20]
11.143 51.844 534.85 [21]

11.08 52.80* 536.4* [18]

*the adopted quadrupolar and octupolar polarizabilities.

where C,, are the dispersion coefficients. It is important to note that this analytical form
is applicable for distances greater than a specific value, denoted as Ryr called the Le Roy
radius. For the purpose of our work, we will consider the first three coefficients, thus the

relationship becomes

Cy  Cs Cg) (2.8)

VLR(R)Z_(ﬁ_‘_ﬁ_I—ﬁ

with Cy = %C’d, Ce = %Cq, Cy = %Co, are the usual dispersion coefficients which are the
halves of the static electric dipolar Cy, quadrupolar C,, and octupolar C, polarisabilities of
the involved neutral species, namely, H or Ar. For the dipole polarizability, we have adopted
the values proposed by NIST, i.e., Cy = 4.50 for hydrogen and Cy = 11.23 for argon [13].
Both data can be compared to the recommended values 4.50456 + 0.00003 and 11.083 +-0.007
from Schwerdtfeger and Nagle [14] and with the measured values Cy = 4.49974 of Miller and
Bederson [15] and Cy = 11.22923 of Olney et al [16], respectively. The adopted values of
the quadrupole and octupole polarizabilities are taken from references [17,18], some further

published polarizabilities and the adopted values are assembled in Table 2.2.

Intermediate region

The internuclear distance in this case is in the range R; < R < R;. The interactions between
atoms and ions are predominantly electrostatic and obey Coulomb’s law. This region plays a
fundamental role in constructing the potential energy curves for the other two regions. The
potential energy curves were constructed using ab-initio points generated by Stolyarov at
internuclear distances ranging from 0.5 to 12ag, where ay represents the Bohr radius. Some
of the ab-initio values are listed in Table 2.3. The ab-initio points offer valuable insights into
the behavior and characteristics of the system within the intermediate region. They serve

as a crucial basis for constructing precise representations of the interaction potential in this
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Table 2.3: Some values of ab-initio points (in a.u.), for the singulet states of the ArH" system.

Distance States
R (a.u.) X 'yt At B 1 c 'yt D 11
0.5 —516.921551 —516.163823 —516.223564 —516.151357 —516.191782
1.0 —525.210143 —524.506963 —524.609518 —524.453330 —524.542299
1.5 —526.834249 —526.150607 —526.235250 —526.101875 —526.211267
2.0 —527.164648 —526.507328 —526.655238 —526.496111 —526.552823
2.5 —527.203576 —526.650895 —526.817874 —526.579155 —526.605272
3.0 —527.177808 —526.756736 —526.898801 —526.577737 —526.594728
3.5 —527.143584 —526.837830 —526.941923 —526.569025 —526.578546
4.0 —527.114011 —526.895448 —526.963921 —526.566861 —526.568371
4.5 —527.091457 —526.933058 —526.974405 —526.570382 —526.565578
5.0 —527.075603 —526.955967 —526.978971 —526.575882 —526.569747
5.5 —527.065341 —526.968908 —526.980697 —526.581070 —526.579238
6.0 —527.059226 —526.975574 —526.981171 —526.587381 —526.590384
6.5 —527.055793 —526.978668 —526.981157 —526.598783 —526.600063
7.0 —527.053896 —526.979947 —526.980990 —526.607610 —526.607286
7.5 —527.052820 —526.980395 —526.980803 —526.613915 —526.612378
8.0 —527.052173 —526.980500 —526.980640 —526.618387 —526.616173
8.5 —527.051759 —526.980479 —526.980510 —526.621725 —526.619357
9.0 —527.051477 —526.980421 —526.980409 —526.624107 —526.621886
10.0 —527.051120 —526.980300 —526.980266 —526.625408 —526.623505
12.0 —527.050784 —526.980138 —526.980101 —526.621480 —526.619709
region.

2.1.3 PEC’s representation and caracterisation

The constructed ArH* potential energy curves of the five molecular states XX, AL,
BI, C*'YF, and DI are shown in Fig. 2-1. These curves can be characterized by some
spectroscopic constants, such as dissociation energy (potential well-depth) D, the equilibrium
distance R., and the hump h. We determined these parameters for each symmetry using our
constructed curves and all the results are gathered in Table 2.4 and compared with the

previous published data when available.

e Ar(1S)+ HT interaction

The ground state X'X* has a very shallow well. Its depth is found to be D, =
33779.3cm ™, corresponding to an equilibrium distance of R, = 1.277 A. These results
are in excellent agreement with the values D, = 33391.36cm™! and R, = 1.279 A of
Stolyarov and Child [22].

e Ar(}3P)+ H" interaction
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Table 2.4: Spectroscopic data of the constructed ArH™ potentials.

Molecular Equilibrium Well depth Hump
state distance R, (A) —D, (cm™) h (em™')  Refs.
X1yt 1.277 33779.3
1.279 33391.36 [22]
1.268 34 608.4 [23]
1.286 31374.97 [24]
1.244 + 0.003 33375.37 +432.77 [25]
1.280 32460 [26]
AMYT 4.286 31.0457
B1II 3.285 192.049
ciyt 5.172 761.211 123.708
DI 5.204 722.278 123.706

The first excited states A'X" and B'II are both found to be repulsive. The well-depth
of the AT state is D, = 31.0457 cm ™!, and for the BII state it is D, = 192.049 cm™!,
with equilibrium distances of R, = 4.286 A and R, = 3.285 A, respectively.

e Art(2P) + H(%S) interaction

The second excited states C'X* and DI are metastable, exhibiting shallow local
minima at R ~ 2.55 — 2.65a9. The well-depth of the C*X 7 state is D, = 761.211 cm ™!,
and for the DI state it is D, = 722.278cm™!. The equilibrium distances for these
states are R, = 5.172A and R, = 5.204 A, respectively. Additionally, we note the
presence of humps at h = 123.708 cm ™! and h = 123.706 cm~! for the C*X* and D'II
states, respectively, both located at R = 11.95ay.

2.2 Permanent and transition dipole moments

The dipole moment as a function of internuclear distance describes the intramolecular elec-
tronic charge distribution at different bond lengths and provides information on the changes

in the corresponding electronic structure.

2.2.1 Dipole moment’s construction

To be able to perform the required numerical calculations, we also need the permanent dipole
moment (PDM) d(R) and the transition dipole moments (TDMs) D(R) which connect the

lower electronic state to the upper state. They are constructed with a similar numerical
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Singlet ArH* potentials V(R) (a.u.)

Distance R (a.u.)

Figure 2-1: ArH" potential-energy curves, as constructed from the Stolyarov and Child data
points [22].

procedure to that reported previously for potential energy curves. Therefore, we adopted
over the internuclear interval 0 < R < 12 the calculated ab-initio data points computed by

Stolyarov and Child [22]. Some values of these data are listed in Table 2.5

e For free-bound transitions: (X!Y+ — X1¥T)

The permanent dipole moment (PDM) data points are connected to the linear form at
short range,

d(R) = a+ bR, (2.9)

where a and b are two constants (a = 0.1123,b = —0.5785) and to the formula at long
range
R 20y

d(R) =3 — 7 (2.10)

e For free-bound transitions (A — X, B — X, C — X and D — X).

In this case, for long distances, the transition dipole moments data points are connected
to the formula
A

D(R) = Do + . (2.11)

This formula has been proposed by Chu and Dalgarno [27], where A is a constant

parameter and D, is the asymptotic value of D(R), in order to obtain their values, we
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Table 2.5: Some values of the ab initio points of the transition dipole moments, used for the
constructions of the singulet states of the system ArH™T.

Distance States
R(a.u.) AXt — X 13t Bl — X 27 Clyt — X 1Ixt D'l — X 127
1.5 0.000 0.412 —1.024 0.781
2.0 0.000 —0.071 —0.044 0.857
2.5 0.868 —0.088 0.000 0.870
3.0 1.304 —0.100 0.000 0.880
3.5 1.528 —0.105 0.000 0.873
4.0 1.685 —0.103 0.000 0.851
4.5 1.785 —0.099 0.000 0.836
5.0 1.784 —0.085 0.000 0.877
5.5 1.646 —0.071 0.015 0.901
6.0 1.386 —0.057 0.945 0.846
6.5 1.079 —0.044 1.335 0.782
7.0 0.794 —0.033 1.421 0.730
7.5 0.563 —0.023 1.375 0.684
8.0 0.391 —0.017 1.368 0.646
8.5 0.267 —0.011 1.120 0.604
9.0 0.180 —0.008 0.800 0.566
10.0 0.080 —0.004 0.609 0.505
12.0 0.015 —0.001 0.465 0.421

have fitted our computed long-range TDM data points to a form similar to the previous
equation. For the ¥ — ¥ transitions our fitting yields D, = 0.385901, A = 916671,
n = 6.60108 and for the ¥ — II transitions, D,, = 0.15619, A = 11.5651, n = 1.52006.

In the short-range region, the transition dipole moments D(R) follow the linear form

D(R) =p+qR, (2.12)

where p and ¢ are two parameters determined by the continuity conditions of the D(R)
function. We have found for the A — X transition (p = 4.8704, ¢ = —6.4772), for the
B — X transition (p = 0.6712, ¢ = —3.9785), for the C' — X transition (p = —0.4811,
g = —0.1084), and for the D — X transition (p = 1.2099, ¢ = 0.5490).

2.3 PECs and TDMs assessments

We assess the quality and accuracy of the constructed PECs and TDMs by calculating the

rotational-virational energy levels and their radiative lifetimes.
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Figure 2-2: (a) The ArH™ PDM relative to X — X transition. (b) ArH* TDMSs in connection
with the X «— A, X «— B, X « C, and X < D transitions.
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2.3.1 Ro-vibrational energy levels

Calculating the rotational vibrational states is one of the methods used to assess the precision
of the potentials we have constructed. The ro-vibrational energy E(v,J) = E, ; of a dimer
is characterized by v and J, which are the vibrational and rotational quantum numbers,
respectively. This energy is easily obtained by solving numerically the radial wave equation
(1.34) which rewritten as
n? d? n?J(J+1)
-, ;(R — >+ V(R) )| ®ps(R) = E, P, s(R). 2.13
o+ | (5 V)| ) = e, 21y
In the case when a diatom is rotating and vibrating at the same time, the rovibrational

energy can be presented by the sum of two terms
E(w,J)=Gv,J =0)+ F,(J), (2.14)

where G(v, J = 0) is the vibrational energy affected by vibration, it is expressed in terms of

J(J 4 1) power as follow [28]
Fy(J) = B,J(J+1) = Dy. [J(J+D]*+ H, [J(J+1)]* + ... (2.15)

where B, is the v-dependent effective rotation constant associated with each vibrational level.

D, and H, are the centrifugal distortion constants.

Rotationless levels

In the case of bound states, the potential V(R) exhibits a minimum at the equilibrium
distance R., which is defined by V' (R.) = —D,. In this case, the potential can be expanded
in a power series of (R — R.) around (R = R.), yields,

V(R) = —D.+ (R— R.) (M)R_Re - %(R - R.)? (dQV(R))R_Re + ... (2.16)

dR dR?

Considering that we truncate the expansion at the second order, we obtain,

V(R) = —D, + %k(R _ R, (2.17)
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where k = (dztyR(f ) ) . If the rotation of the diatom is negligible, the purely radial equation

(2.13) simplifies to that of a harmonic oscillator, and the vibrational energy can be expressed

as [29]
Guiv = G(v, J =0) = hw, (v + %) : (2.18)
where
k
We = ([ — 2.19
P (2.19)

is the vibrational pulsation. In the harmonic oscillator approximation, the vibrational levels
are equidistant. However, for real molecules, the energy levels are not equally spaced due to
the anharmonicity of the potential curve. The highest levels are closer to each other, and the

vibrational energy in this case is best described by a series in power of (v + %)

1 1\? 1\?°
Gvib - hwe v+ 5 — WeTe | U + 5 + Wele | U + 5 + ... (220)

with wer, and w,y, are the first anharmonicity coefficients [30].

Vibrationless levels

If the nuclei are fixed at a distance R, the quantum state of the system is described by an

angular wave function. The equation (1.20) is reduced to the equation of a rigid rotator

J? N
(M e Emt> Y™ (6,¢) = 0. (2.21)

This equation yields the following

PY0.6) = J(J+DEY](0,9), (2.22)
= 2uR’E,;Y]" (0,9). (2.23)

The rotational energies are then expressed by

h2
B = 2MR2J(J+1) (2.24)
= BJ(J+1), (2.25)
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Table 2.6: Rotationless-vibrational energy levels of argonium *ArH* in units of cm™!.

v X1t AlYT B'I cyt DI
0 —32424.701 —61.363 —187.036 —779.221 —739.390
1 —29809.441 —13.703 —78.705 —462.728 —421.639
2 —27313.744 —1.574 —23.275 —181.909 —145.584
3 —24934.848 —3.791
4 —22669.965
5) —20516.329
13 —7014.710
15 —4647.520
20 —790.945
25 —13.112
26 —2.637
with
h2
B= W (2.26)

2.3.2 Results

With some adequate computational modifications, we adopted the AUTOMATIC LEVEL FINDER
(ALF) subroutine, implemented in the LeRoy code LEVEL, fully described in [31]. This
subroutine generates, in particular, the wave functions and bound energies of each (v,.J)
level needed in the computation of the requested transition matrix elements described by the
equation (2.29).

We have calculated the rotationless-vibrational energy levels of ArH*', which are listed in
Table 2.6. The calculations showed that the X '+ potential holds up 27 vibrational levels,
whereas the A 'YX, B I, C' 'Y and DI states can only accommodate a very limited

number of vibrational levels: 3,4, 3, and 3, respectively.

2.3.3 Radiative lifetime

Among the best methods to assess the accuracy of our adopted potentials and dipole moments
is the determination of the radiative lifetimes of the rotational-vibrational states. Radiative
lifetime 7 is the characteristic time that a molecule remains in its excited state before re-
turning to the ground state by emitting a photon. It is defined by the inverse of the total

spontaneous emission rate A (v'J'A’) [35]
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Table 2.7: Rotational-vibrational states relative to both argonium isotopes ArH* and
3BArH" in units of cm™.

v J 36ATHT 3BATH™ Refs.

0 O —32424.701 —32425.663 31101 + 242 [32]
32066.48 [33]

0 5 —32115.987 —32117.386

1 0 —29809.441 —29812.189 28536 +242  [32]
29471.34 [33]

1 7 —29255.304 —29258.819

2 8 —26628.733 —26634.027

3 10 —23930.705 —23937.854

5 20 —17050.469 —17062.994

Table 2.8: Computed and measured rotational lines for J =1 —0 and J = 2 — 0 of 35ArH*
and ¥ArH* in MHz.

Transition S6ATHT SBATHT Refs.
J=1+0 617704.99 616 828.47
617525.226 + 0.151 616 648.762 4+ 0.083 [34]
617525.23 +£0.15 616 648.76 + 0.08 [4]
617 525.149 4+ 0.020 616 648.707 = 0.020 [49]
J=2«1 1234 969.74 1233217.96
1234 602.75 £+ 0.30 1232 851.00 £ 0.04 [4]
= ! 2.27
T AW TNy (227)

We adopted the notation of simple prime (/) for the upper states and double prime (/) for
the lower states. Supposing the approximation on the angular momenta , J = J' ~ J”, the
total spontaneous emission rate corresponding to the transition from the upper bound levels
(vt JA') of the excited states to all the lower continuum (¢”.JA”) and bound levels (v” JA”) of

the ground state XX is calculated quantum-mechanically by the expression

32 (7'(')3 2 — 60,A’+A”
&

ITAn 2%
AW TN = > don

3
o0
X / V%’JA’,E”JA”Mg’JA’,E”JA”de” + E I/?}’JA’,U”JA”Mg’JA’,U”JA” . (228)
0

,Ull

where M,y s e jan Tepresents the transition matrix elements defined as

MU’.]A',E”.]A” - / 'QD;/JA/ (R) D (R) 'QD/E///JA// (R) dR (229)
0
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Table 2.9: Compilation of the lifetime values, in ns, computed for the rovibrational states.

c1yr DI
v J=0 J=1 J=2 J=3 J=4 J=0 J=1 J=2 J=3 J=4
0 9.66 9.69 983 10.24 11.06 10.17 10.13 10.11 10.31 10.86
1 3.67 360 345 321 @ 2.85 4.64 460 447 424  3.83
2 226 226 226 226 228 334 334 335 337 340

In this equation (2.28), the first term with the integral represents the probability of the spon-
taneous bound-free emission, while the second term with the sum represents the probability
of the spontaneous bound-bound emission. Here, ¢ denotes the velocity of light in vacuum
and 0 is the well known Kronecker symbol. Nonethless, the total spontaneous emission rate
is expressed by

dN

—— = AW/JN) dt. (2.30)

This relationship indicates that the number of molecules in the initial state (v/JA’) decreases

exponentially over time
—1

N = Ny exp(7). (2.31)

2.3.4 Results

The individual radiative lifetimes of the upper states involved in the transitions X '¥F «
C1¥* and X 'S+ « DI towards the deeper lower ground state X !X* have been deter-
mined using the expressions (2.27) and (2.28) . Our results are listed in Table 2.9, such values
might be a useful probe for assessing the accuracy of the ArH" potential sets. The mean

lifetime 7 is computed with

1 2
= g.AX —C (U;naXOO) + gAX —D (U;nax(]l) . (2.32)

Q=

According to the calculations, the highest rotationless vibrational states are both close
to the dissociation limit. From Table 2.9, the present calculations lead to 7 ~ 2.88ns.

Unfortunately, no published results were found in the literature to contrast with ours.
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Chapter 3

Radiative association and charge

transfer

The interpretation of radiative association (RA) and radiative charge transfer (RCT) processes
may now be done using the potential energy curves and transition dipole moments that have

been accurately constructed in the previous chapter (chapter 2).

3.1 Radiative association

Radiative association (RA) has been considered for the first time as one of the interstellar
molecule formation mechanisms by Swings in 1942 [36,37]. RA is currently described as a
reactive process in which two smaller species, A and B, collide to form a larger molecule.

The so-called collision complex AB* is stabilized by spontaneous emission of radiation hv
A+B— AB* — AB + hv. (3.1)

This process is schematically illustrated in Fig. 3-1. RA is believed to play a crucial role in
the synthesis of molecular species observed in diverse interstellar environments. In general,
the formation of molecules through radiative association involves two main mechanisms:
resonant and direct (non-resonant). The direct process occurs when the kinetic energy of the
colliding particles is high enough to overcome any barrier (potential or centrifugal) present
in the initial electronic state, and the spontaneous emission brings the system directly from
the continuum to a bound level. On the other hand, the resonance contribution arises from

quantum mechanical tunneling through the barrier, where the colliding particles form a quasi-
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. hv

Figure 3-1: Schematic of radiative association process.

bound state. This thesis primarily concentrates on the direct radiative association and the
main interest is to obtain the rate coefficients of RA.
The radiative association of the argon atoms Ar and hydrogen ions H* to form the ArH™

ion occurs via one of the following processes:

1. ArHT formation in the ground state X' via RA of Ar(1S) atom and H' ion, in
free-bound transitions within the same electronic state X3+, the process may be rep-

resented by

Ar('S) + HT — ArH" (X'SY) — ArHT (X'SY) 4 ho. (3.2)

2. In transitions from quasi-bound levels of an excited electronic state C'X T or D'II to the
bound levels of the ground electronic state X', ArH* formation via RA of Ar(}3P)

atom and H' ion, may be represented by

Ar("PP)+HY — ArH' (C'S%) — ArHY (X'S1) 4+ hw (3.3)
Ar("*P)+HY — ArH" (D'II) — ArH* (X'SF) + hv. (3.4)

These transitions occur into bound vibrational levels of the molecular states, and each
of these reactions consists of two steps: the formation of the collision complex in the ro-
tational quasi-bound levels and stabilization of the association by radiative association
to bound rotation-vibration states by emitting a photon. The energy of the emitted

photon for the radiative association into a bound vibrational state with vibrational
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quantum number v” and energy ¢” measured from the dissociation limit is given by

hv=¢ — e+ &,. (3.5)

Here, € represents the initial energy of relative motion in the center of mass frame,
¢ represents the final energy, and &, is the transition energy. The initial collision
complex in the excited state, based on the potentials C'X+ and D'II is stabilized via
radiative electronic transition to bound levels of the ground state X'X*. We present
our calculations of the rate coefficients for the reactions (3.2) and (3.3) using a fully
quantum mechanical method. To do so, we require the cross section for radiative
association, which depends on the possibilities to form and stabilize the association

complex via radiative transition to a bound state.

3.1.1 Cross sections and rate coefficients

The calculation of the radiative association cross-section can be performed using different
approaches, including classical or quantum dynamics. In this work, we applied the perturba-
tion theory method to determine the RA cross-section. This approach is based on the dipole
approximation for the interactions between the electric field and the molecular system. Un-
der such approximations, the cross sections effective in radiative association can be obtained

using the following expression

647T5 Jmax Umax
Q , 03k2 Z Z //J/AN e J —1A! + (J, —+ ]_)M "JIA /J/+1A/i| 5 (36)
=0v"=0

where € is the energy of the initial free state, A is the axial component of the electronic angular
momentum, and v and J are the vibrational and rotational quantum numbers, respectively.
¢ is the velocity of light and k = \/2ue’? /h denotes the wave number of the colliding species

of reduced mass
MATMH
(MAT + My — me)'

= (3.7)

In equation (3.6) , the transition matrix elements M2, A s are taken between the higher
free states (¢/J'A’") and the lower bound states (v”J"A”).

To accurately determine the mean cross sections Q, (€') associated with RA, the statistical
weight w of the involved molecular transitions is considered. The values of w are chosen as

follows: w = 1/2 for the X « X transitions, w = 1/6 for the X « C transitions, and
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w = 2/6 for the X < D transitions. Consequently, the mean cross sections can be computed

using the formula
— 1 1 2
Qa(e):§Q3(X<—X)+6Q3(X<—C’)+6Qa(X<—D). (3.8)

After obtaining the cross-section for radiative association, it can be averaged over a Maxwellian
velocity distribution to derive a temperature-dependent function known as the rate coefficient
a (T) . The calculation of the rate coefficient « (T") at temperature T" can be performed using

the following expression

0a(T) = (W—i)m (kBiT)g/z /O TG exp (— k;T) @ (3.9)

in this equation (3.9), kg is the Boltzmann constant, p denotes the reduced mass, and T

represents the absolute temperature of the gas. The integral is performed over the Maxwellian
velocity distribution. The statistically averaged value of the RA rate coefficients is determined
by the relationship

1 2

Oéa(T) = gaxgc(T) + gOCXHD(T), (310)

where here, ax.c(T) and ax. p(7T') represent the rate coefficients for the transitions X « C
and X < D, respectively. The values of 1/3 and 2/3 are the statistical weights corresponding

to the molecular transitions.

3.2 Radiative charge transfer

The radiative charge transfer (RCT) is a phenomenon observed when an ion collides with a
neutral atom. When the ion approaches the atom closely enough, there is a possibility for
the atom’s valence electron to jump to the ion, resulting in the transfer of the ionic charge

to the atom, accompanied by photon emission.
A+B" — AT+ B+ hw. (3.11)

RCT process happens when electromagnetic radiation interacts with atoms, ions, or mole-
cules. It is a crucial process in the fields of atomic and molecular physics, and it finds
applications in plasma physics, astrophysics, and atmospheric science.

This process occurs, in particular, with the ionic ArH" system during the collisions from
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the A" and B 'II rotational continuum states to the rotational continuum of the ground

state X 1¥+. The RCT process can be represented by the following reaction
Ar ('S) +HY — Ar* (°P) + H(%S) + hw. (3.12)
The energy of the emitted photon hv is determined by the expression
hv =€ — €'+ &, (3.13)

where € is the initial free energy of the relative motion of the colliding system, €’ is its final
free energy, and &, = V' (c0) — V" (00) is the transition energy. If &’ and k" are the entrance

and exit wave numbers, respectively, defined as

K = /2 — V' (0]

(3.14)
K" =\/2ule" — V" (00) — hv).
3.2.1 Cross sections and rate coefficients
The quantal cross section for the present process (3.12) is given by [38,39]
d 1o 8 /2 / " 3 19 72 / 2
@Qc (6 ) € ) = g (?) (6 —€ + Str) ; |:<] MJ’,J’fl + (J + 1)MJ/,J’+1} s (315)
where My j» represents the transition matrix elements defined as
Moy — / @ (R) D (R) ¢/ (R) dR. (3.16)
0

Here, ¢, (R) and v}, (R) are the upper and lower free wave functions, respectively, J’ is the
initial rotational angular momentum quantum number, and J” = J'+1 is the final rotational
quantum number.

The total cross section for radiative charge transfer Q. (€¢') at energy € is obtained by
integrating equation (3.15) over ¢’

> d
Q. (€) = /0 @QC (€', €") de". (3.17)

One should finally note that the total cross-sections Q. (¢') effective in RCT are obtained as
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the mean value computed by the statistically weighted sum
1 2
Q. () = 3Qe (X = A) + Q. (X < B). (3.18)

The full quantum-mechanical description of the RC'T mechanisms implies the computation

of the temperature-dependent rate coefficients [40]

§\V2/ 1 \M2 o y /
a. (T) = (W_ﬂ) <k:B—T) /0 Q. (¢') € exp <— k‘BT) de', (3.19)

where kg is the Boltzmann constant and 7" denotes the absolute temperature of the gas. This

integral (3.19), performed over the Maxwellian velocity distribution, computes the mean of
the energy-dependent RCT cross sections, @, (¢'). The statistically averaged value of the
RCT rate coefficients is determined by the following relationship

ae(T) = %aXHA(T) + %aXHB(T). (3.20)

3.3 Results and discusions

Using the well-established PECs, PDM, and TDMs, we have performed quantum mechan-
ical calculations to obtain the cross sections and rate coefficients for RA and RCT. The
X 1%+ « X 13+ energy-dependent cross sections @, (¢), which are effective in ArH™ radia-
tive association, have been calculated for two isotopologues, 6 ArH™ and 3¥ArH™, and are
presented in Fig. 3-2(a). The plots show that the resonance peaks match perfectly in position,
particularly at higher energies, indicating that the isotopic effect is negligible. In addition,
the computed cross sections @, (¢), in connection with the transitions X' « C'X+ and
XY+ « DIYT) are presented in Fig. 3-2(b). The XYt « O+ transitions seem to be
definitely the most probable and stronger than those due to the XY+ « D3+ transitions.
More precisely, the quasibound rovibrational levels of the initial states are primarily responsi-
ble for the observed resonance structures. However, due to the smallness of the ArH™ reduced
mass, only a very limited number of resonance peaks can be predicted, and these resonance
peaks are strongly dependent on the constructed potentials [41].

Moreover, Fig. 3-3 illustrates the RCT cross sections Q). (¢) rising from the allowed tran-
sitions X!'¥* « AMNI and X'¥* « BII. The involved excited potential curves support

extremely weak quasibound vibrational states, as seen in Table 2.6. This may explain the re-
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duced number of resonance structures in the corresponding cross sections and the dominance
of the X'3F « AMI transitions compared to those of X'%* « BII [37]. At lower collision
velocities, the ArH" system does not have enough kinetic energy to approach the potential
barrier of the ground molecular state X 'Y *. But, above the energy 107%a.u., the system
is able to penetrate the potential barrier and the regions where the X !X state contains
a deep attractive well. In this region, there is essentially a sharp rise in the cross sections,
and therefore numerous resonance lines appear, which are all caused by the rovibrational
quasibound states of the ArH™ molecule in the X 'X% electronic state.

Having now determined the quantal cross sections @, (¢) and Q. (¢), it is hence possible
to proceed with the computation of the temperature-dependent rate coefficients effective in
radiative association and charge transfer, «, (T") and . (T'), respectively. With equation
(3.19), the RA and RCT rates are computed in the temperature range of 10 — 10 000 K, and
the numerical results are compiled in Tables 3.1 and 3.2. The former Table lists the generated
X'$+ « X'S7 data for both argon isotopes 6ArH™ and **ArH*, whereas the latter table
presents the RA and RCT results arising from the first and second excited transition sets.

The statistically averaged values of the rate coefficients can be further determined using
the relationships (3.10) and (3.20). These values are presented in Table 3.2 as well. Firstly,
we found a lack of published data regarding argonium’s radiative association and charge
transfer. Nevertheless, for the purpose of comparison, Kraemer et al [37] published their
graphical results of the rate coefficients a, (T') for the formation of the ionic dimer ArH™ in
the ground state X '3. Our graphical estimation from Fig. 9 of Ref. [37] yields the values
a, (10) = 5.6 x 10719 a, (100) ~ 3.8 x 10712 and a, (1000) ~ 2.3 x 107 cm®s~! for three
particular temperatures. Although the estimated RA rate coefficients are not in this case
exactly the same, the discrepancies are important, but the magnitudes are quite similar.

On the other hand, due to the lack of published RCT data on ArH", we had to compare
our results with those obtained from collisions among species belonging to families close to
Ar/Art and H/H. Indeed, the RCT rates at T = 300K in connection with interactions
of Ar with He™ and Ne with He' yielded the values o, (300) ~ 9.86 x 107! in Babb and
McLaughlin [42] and a. (300) ~ 5x107'% cm® s™! in Liu et al. [43], respectively. Our generated

3 1

weighted value at the same temperature is equal to a. (300) ~ 5.785 x 1078 cm3 s~
The graphical representations of the average RA and RCT rate coefficients are illustrated
in Fig. 3-4. The upper Fig. 3-4 (a) represents the statistically weighted average results of

the ArH'T RA rate coefficients, depending on the considered isotopes. The lower Fig. 3-4
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(b) displays the profiles of the average rate coefficients «, (T') and «. (T") obtained in terms
of temperature. The plots demonstrate that, in the same gaseous environment, the RCT
phenomena dominate the RA. The particular investigation on the Ne — He™ collisions con-
ducted by Liu et al [43] concluded that the RA and RCT rate coefficients, in the temperature
range 10 — 10000 K, are of the same magnitude. However, the present calculations prove the
predominance of the RCT processes over the RA ones.

Finally, the average RA rate coefficient has been fitted with the polynomial expression

a, (T) = 29: a;T’. (3.21)

It turns out that the best fits can be obtained with the first ten monomials. Table 3.4
gathers these monomials. Whereas, the average RCT rate coefficient has been fitted with the

expression

e (T) = a (WTOO)IJ (3.22)

with a and b being two constants (a = 9.620 x 10718, b = 0.287). For 100 < 7' < 10000 K,
the present fitting results are plotted in Figs. 3-5 and 3-6. At higher temperatures, the

concordances are specifically better.
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Table 3.1: X — X RA rate coefficients (in cm®s™') computed at some temperatures T' (in
K). The notation a[—n| stands for a x 107™.

Temperature XX
T (K) SOATH™T SBArH™
10 1.173[—19] 1.012[-19]
50 9.899[—20] 1.018][—19]
100 9.825[—20] 9.631[—20]
200 9.949[—20] 9.221[—20]
300 9.712[—20] 9.027[—20]
400 9.397[—20] 8.833[—20]
500 9.087[—20] 8.619[—20]
600 8.802[—20] 8.398[—20]
700 8.543[—20] 8.179[—20]
800 8.309[—20] 7.969[—20]
900 8.099[—20] 7.769[—20]
1000 7.909[—20] 7.582[—20]
2000 6.810[—20] 6.326[—20]
3000 6.581[—20] 5.814[—20]
4000 6.814[—20] 5.715[—20]
5000 7.263[—20] 5.828[—20]
6000 7.757[—20] 6.019[—20]
7000 8.198[—20] 6.205[—20]
8000 8.542[—20] 6.350[—20]
9000 8.781[—20] 6.442[—20]
10000 8.920[—20] 6.480[—20]
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Table 3.2: RA rate coefficients (in ¢cm®s™!) computed at some temperatures 7' (in K). The
notation a[—n| stands for a x 107™.

Temperature RA rate coefficients
T (K) C—X D—X Average
10 4.271[—-19] 4.548[—-21] 1.454[—19]
50 4.019[-19] 7.883[—21] 1.392[—19]
100 3.823[—19] 9.794[—21] 1.339[—19]
200 3.686[—19]  1.246]-20]  1.312[—19]
300 3.712[-19]  1.481[-20]  1.336[—19]
400 3.805[—19] 1.693[—20] 1.381[—19]
500 3.923[—19] 1.883[—20] 1.433[—19]
600 4.051[—19] 2.053[—20] 1.487[—19]
700 4.180[-19]  2.205[—20]  1.540[—19]
800 4.306[—19] 2.345[—20] 1.592[—19]
900 4.430[—19] 2.473[—20] 1.641[—19]
1000 4.548[—19] 2.591[—20] 1.689[—19]
2000 5.390[—19] 3.332[—20] 2.019[—19]
3000 5.718]—19] 3.547[—20] 2.142[—19]
4000 5.832[—19] 3.558]—20] 2.181[—19]
5000 5.875[—19] 3.511[—20] 2.192[—19]
6000 5.883[—19] 3.449[—20] 2.191[—19]
7000 5.860[—19] 3.380[—20] 2.178[—19]
8000 5.806[—19] 3.304[—20] 2.156[—19]
9000 5.724[-19]  3.223[-20]  2.123[-19]
10000 5.619]—19] 3.137[—20] 2.082[—19]
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Table 3.3: RCT rate coefficients (in ¢cm®s™') computed at some temperatures T’ (in K). The
notation a[—n| stands for a x 107™.

Temperature RCT rate coefficients
T (K) A—-X B— X Average
10 1.420[—18] 1.142[—20] 4.811[—19]
50 3.466[—18] 1.957[—20] 1.168[—18]
100 7.611[—18] 2.751[—20] 2.555[—18]
200 1.326[—17] 4.569[—20] 4.452[—18]
300 1.723[—17] 6.113[—20] 5.785[—18]
400 2.029[—17] 7.329[—20] 6.812[—18]
500 2.271[—17] 8.297[—20] 7.626[—18]
600 2.468][—17] 9.084][—20] 8.286[—18]
700 2.631[—17] 9.737[—20] 8.836[—18]
800 2.770[—17] 1.029[—19] 9.302[—18]
900 2.890[—17] 1.076]—19] 9.705[—18]
1000 2.995[—17] 1.117[-19] 1.006[—17]
2000 3.636[—17] 1.368[—19] 1.221[—17]
3000 3.996[—17] 1.516[—19] 1.342[—17]
4000 4271[-17]  1.638]-19]  1.434[—17]
5000 4.511[—17] 1.752[—19] 1.515[—17]
6000 4.736[—17] 1.866[—19] 1.591[—17]
7000 4.954[—17] 1.980[—19] 1.664[—17]
8000 5.170[—17] 2.097[—19] 1.737[—17]
9000 5.386[—17] 2.217[-19] 1.810[—17]
10000 5.604[—17] 2.341[—19] 1.884[—17]

Table 3.4: Fitting’s constants of the average RA rate coefficients.

O© 00 ~J O Ui W N~ O,
I
=~
Ne)
(@)
[0

41



107

107°

) (a.u)

X - X RA cross sections Q,(E
S
1

107

1073

1078

1077

1078

RA cross sections Q,4(E) (a.u.)

107°

Energy E (a.u.)

Figure 3-2: ArH" radiative association cross sections in terms of energy in connection with
the (a) X « X transitions for both isotopes 3¢ ArH" and *®ArH*, and with the (b) X « C
and X « D 36ArH* transitions.
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Figure 3-3: 36 ArH™ radiative charge transfer cross sections in terms of energy in connection

with the X «— A and X « B transitions.
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Figure 3-4: The variation of RA and RCT rate coefficients with temperature. The upper
figure (a) displays the isotopic effects on the X — X rate, whereas the lower figure (b) compares
the average RA and RCT rates.
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Figure 3-5: Fitting of the average RA rate coefficients to the polynomial expression given in
equation 3.21.
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Figure 3-6: Fitting of the average RCT rate coefficients to the polynomial expression given
in 3.21.
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Chapter 4

Conclusion and outlook

This thesis presents an extensive characterization of the argonium molecular species ArH™
which was detected in the extragalactic Crab nebula. The formation of this molecule in
such a harsh environment was unexpected. The main purpose of this work is to examine ra-
diative association (RA) and radiative charge transfer (RCT), which are two processes that
might be responsible for the formation of argonium. To accomplish this task, we started by
constructing the potential energy curves (PECs) in the singlet states, as well as their corre-
sponding permanent dipole moments (PDM) and transition dipole moments (TDMs). This
construction is carried out smoothly and appropriately in three regions of separation from
the adopted ab-initio data and the appropriate analytical forms. To evaluate the accuracy
of these PECs, PDMs, and TDMs, we computed several physical parameters, including the
spectroscopic parameters, ro-vibrational levels, and radiative lifetimes. Our results are typi-
cally consistent with other published values, which have given us confidence in the validity of
our present constructions. Then, using our constructed potentials, we have determined the
wave functions of the free and bound states by solving numerically the radial wave equation.
Over a wide range of energy and temperature, we calculated quantum mechanically the cross
sections and rate coefficients for the formation of ArH' via the radiative association and

radiative charge transfer. Our results have shown predominance of RCT over RA.
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Appendix A

Physical constants and units

In atomic units, h=e¢ = E, = 1.

Table A.1: Relative atomic masses of argon’s isotopologues and hydrogen atom.

Atom Atomic Masses ( u) Refs
AT 35.967545106(29) [13]

BBAr  37.9627324(4) [13]
“OAr  39.9623831225(20)  [13]

'H 1.00782503207(10)  [13]
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Table A.2: List of fundamental physical constants used in this thesis.

Physical constant Symbol Value Unit
Speed of light in vacuum ¢ 299792458 m s !
Planck constant h 6.62607015 x 10734 J s
Reduced Planck constant h=J-  1.054571817 x 10~ Js
Boltzmann constant kg 1.380649 x 102 JK!
Elementary charge e 1.602176634 x 1019 C
Electron rest mass me 9.1093837015(28) x 1073t kg
Bohr radius ag 5.29177210903(80) x 10~ m

Table A.3: List of atomic units.

Physical quantity Symbol Value Unit
Length agp 5.29177210903(80) x 10~ m
Energy E, 4.3597447222071(85) x 107 J
Mass M 9.1093837015(28) x 103! kg
Electric potential 2 27.211386245988(53) \Y%

Electric dipole moment eag

8.4783536255(13) x 10730 Cm

Table A.4: List of energy equivalents.

J cm ! K eV
J 1 5.03411657 x 10%*  7.242971 x 10%* 6.241509074 x 10'8
em~! 1.98644585 x 10723 1 1.438777 1.23884198 x 1074
K 7.242971 x 10?2 0.6950348 1 8.617333 x 107°
eV 1.602176634 x 107 8.06554394 x 10*  1.604518 x 10* 1
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Appendix B

Transition rates for absorption and

emission of radiation

The absorption and emission of radiation are described by the Hamiltonian
H = Hy+V(t), (B.1)

where H, represents the time-independent component, and 1% represents the time-dependent
component

V(t) = et + ple ™! (B.2)

with  is a time-independent operator, w is the transition frequency. The transition proba-
bility corresponding to a transition from an initial state |¢;) of energy E; to another state

(¢4| of energy Ey is given by [64]

Pyl = 2 [ V10| o(Es — B (B.3)

The transition rate, which is defined as a transition probability per unit time is given by

2T

Tip = = [(w V1)

h 3By - B) (B.4)

In the case of photon emission, where the photon has energy hwy, wave number E, wave
number A, and polarization &, the system undergoes a transition from an initial sate |®;) =

|1;)|ny z) to the final state [®;) = |¢;)|n, ; + 1). This can be achieved formally by creating
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a photon, i.e., by applying the creation operator ai ;on |n/\l;)

(@il 18 = [ e FE Pl o+ 1, ) (B.5)

2
- mﬁx/mﬁlwﬁe-mmw> (39)

In the case of photon absorption, the system undergoes a transition from an initial state
|@;) = [¢;)In, ) to the final state [®) = [¢;)[n, z — 1). This can be achieved formally by

applying the annihilation operator a, ; on |n, )

R e 2mh Zkr_, R
(@5l 190 = /TPl g — 1, ln, ) (B.7)
= R e Bl (B.8)
ome V wiV OV AL L '

where 0 _ and 0, . are given by
P2 ,

st — & 2rh o+ ifre
Uy = o\ / kaawe S (B.9)
) e [2nh . el =

The transition rates corresponding to the emission or absorption of a photon can be obtained

as follows
emsi 47T2€2 E —
T = v( k+1))<¢f|e = Bloo| 5(E; — B + hwy) (B.11)
4dm%e
abs zkr—*
Iy = mgwkvn’\ﬁ ‘<¢f|€ PW > S(Ef — E; + hwy). (B.12)

50



Appendix C

Article and communications

The work presented in this thesis was the subject of an article in Journal of Physics B:
Atomic, Molecular and Optical Physics, as well as six international communications and two

national communications.

C.1 Article

F. Talhi and M. Bouledroua, The phenomena of radiative association and charge transfer
observed in Ar™ +H and Ar + H* collisions, Journal of Physics B: Atomic, Molecular and

Optical Physics 56, 015201 (2023).

C.2 Communications

e M. Bouledroua, F. Talhi, Radiative association of °Ar and 33Ar with ionic hy-
drogen, 21st International Mass Spectrometry Conference (IMSC2016), University of
Ottawa, 20-26 August 2016, Toronto, Canada.

e F. Talhi, M. Bouledroua, Radiative association of 3¢Ar and 33Ar with ionic hy-
drogen, The Fourth Algerian Conference in Astronomy and Astrophysics (ACAA17),
University of Khenchla, 25-29 Mars 2017, Khenchla, Algeria.

e F. Talhi, M. Bouledroua, Radiative association of °Ar and 33Ar with ionic hy-
drogen, 6th Olympiad of Theoratical Physics (OPT), University of Batna, 17-18 April
2017, Batna, Algeria.
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M. Bouledroua, F. Talhi, Radiative association of *Ar™ and 33Ar™ with hydro-
gen, Workshop on Astrophysical Opacities, Western Michigan University, 01-04 August
2017, Kalamazoo, Michigan, USA.

F. Talhi, M. Bouledroua, Radiative association of °Ar and 3®Ar with ionic hydro-
gen, 1st International Conference on Radiations and Applications (ICRA 17), Houari
Boumediene University of Science and Technology (USTHB), 20-23 November 2017,
Algiers, Algeria.

M. Bouledroua, F. Talhi, Radiative charge transfer and association in Ar+H" and
Ar" +H collisions, Astrophemistry 2018: Past, Present, & Future, California Institute
of Technology, 10-14 July 2018, Pasadena, California, USA.

F. Talhi, M. Bouledroua, Radiative association of °Ar and 3®Ar with ionic hydro-
gen, Premiére conference internationale sur les collisions de particules chargées avec
des cibles atomiques et moléculaires (CPCAM1), University of Setifl, 23-25 Septembre
2018, Setif, Algeria.

F. Talhi, M. Bouledroua, The first noble gas molecular ion detected in space ArHT,
The Third Arab Winter School for Astrophysics (Ar AS SfA-3), American University
of Beirut, 12-17 November 2018, Beirut, Lebanon,.
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Abstract

®

CrossMark

The aim of the present theoretical work is the characterization of argonium, namely, the
molecular ions *°ArH™ and 33ArH™, revealed in the last decade in the Crab Nebula and the PKS
1823-211 galaxy. The intent is to scrutinize the radiative processes of association,

Ar+H*t — ArH™, and charge transfer, Ar™ +H — Ar+ H™. To accomplish these two tasks,
the corresponding potential-energy curves and dipole moments are chosen to construct the
ground and the two first excited ArH™ molecular states. Once all the required ArH™ curves are
well established and their physical and spectroscopic values are contrasted with previous
published data, the cross sections, for the formation of the ionic dimer ArH™ by radiative
association and for the radiative charge transfer in the Ar™ + H collisions, are computed
quantum-mechanically at lower and higher energies. Finally, the temperature-dependent rate
coefficients are calculated, and the numerical results are discussed and fitted to a selected

analytical expression.

Keywords: argonium potential-energy curves, radiative association, radiative charge transfer,

ArH™ rate coefficients

1. Introduction

Interstellar clouds are basically an accumulation of dust, gas,
and plasma. In most of the diffuse clouds where, in particular,
ions and neutrals approach each other mutually, the domin-
ant phenomena, namely, the radiative associations (RA), non-
radiative and radiative charge transfers (RCTs), and dissociat-
ive charge exchanges, may occur at different temperatures and
densities. In recent years, astronomers have detected atoms
and ions of noble gases in interstellar mediums (ISMs) [1-5].
Such inert elements must have experienced a hard time react-
ing with other species in space but, until now, only a very few
diatomic hydride cations have been detected in extragalactic
mediums [6, 7].

Using the European Space Agency’s Herschel Space
Observatory, Barlow et al [1] reported the detection of
traces of the protonated argon cation °ArH™, also known

* Author to whom any correspondence should be addressed.

1361-6455/23/015201+13$33.00  Printed in the UK

as argonium, in the Crab Nebula. The finding was the
first noble gas molecule detected in the extra space, where
the authors identified two 3®*ArH™ emission lines: one at
617.5 GHz, arising from the rotational line J =1+ 0, and a
second at 1234.6 GHz, arising from the rotational line J =
2 <— 1. Besides, Schilke et al [2] noticed that the unspe-
cified 617.5 GHz absorption transition observed in almost
purely atomic diffuse gas was indeed due to argonium
SArHT. Following this, features of 3*ArH" were determ-
ined as a consequence, and it was proposed that argonium
is prevalent in the interstellar medium [2]. Barlow and his
coworkers suggested that ArH' is primarily formed from
the chemical reaction of Ar" with molecular hydrogen
H, (Ar+ +H, » ArH' + H) , which is further annihilated by
the reaction with Hy (ArH" +H, — Ar+Hy) [8].
Moreover, this rare gas hydride cation has also been detec-
ted for the first time in the galaxy PKS 1823-211 by Miiller
et al [9]. In particular, they observed the J = 1 < 0 transition
of 3°ArH™ at the frequency 617525.23 +0.15MHz and of

© 2022 0P Publishing Ltd
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BArHT at 616648.76 + 0.08 MHz. Their observations led the
authors to estimate an argonium presence with the isotopic
ratio *ArH' /¥ ArH' = 3.46 + 0.16. Miiller and his collab-
orators even believe that ArHT may constitute a very good
tracer of the almost purely atomic diffuse ISM [9]. Finally, it is
worth noting that, unlike its composition on Earth, where 4’ Ar
dominates, the spectral analysis of the argon ISM showed pre-
ponderance of 3®Ar at 84.6% and 3% Ar at 15.4%, with minute
traces of *°Ar at 0.025% [2]. Since then, these astronom-
ical discoveries have relaunched a great amount of theoretical
and experimental investigations dealing with the ionic dimer
ArH™ and its isotopologues [10—15].

In this work we therefore propose to theoretically exam-
ine two molecular processes in which argonium is involved.
The first process is the RA of argon atoms, *°Ar or 3¥Ar,
with ionic hydrogen H* to form the molecular ion ArH ™. The
second process we shall look at is RCT, also known as charge
exchange. In this process, when the proton H* is colliding
with the atomic argon, the positive charge is transferred from
the ion HT to the neutral atomic argon to get the exit chan-
nel Art 4+ H. Both ArH™ radiative reactions are accompanied
with emission of photons. We will further compute the cor-
responding rate coefficients and analyze their behavior with
temperature. To do so, we have to primarily construct the most
reliable adiabatic ground and excited molecular potentials, via
which the concerned species interact, and the permanent and
transition dipole moments (TDMs).

Throughout this paper, all the physical formulas and data
values are expressed in atomic units (a.u.), unless otherwise
specified.

2. Theory

In this section, we briefly outline the quantum-mechanical
theories of the RA and RCT phenomena. They are both
responsible for the free-bound transitions that form the
argonium cations ArH' and the charge exchange between
argon and hydrogen atoms during their ion—atom interactions
and collisions.

Here, we adopt the notation of simple prime () for the
upper states and double prime (') for the lower states.

2.1. Radiative association

RA is defined as the molecular formation process through
which two smaller atomic or ionic species collide to form a lar-
ger molecule. Such a process should make a substantial con-
tribution to the formation of interstellar neutral and charged
molecules, which may eventually be observed in any astro-
physical environment.

Accordingly, the RA of argon atoms Ar and hydrogen ions
H™ to form the argon hydride ArH™ cation is performed via
one or both of the following reactions, assumed to be respons-
ible for the formation of ArH™ molecules:

(a) X'SF < X'S transitions:

Ar('S) +HY — ArHT (X'57)

— AtH" (X'S7) + hy; (I-1)
(b) X't « C'S* and X'SF « D'II transitions:
ArH* (C'sT)
1,3 +
Ar("?P)+H" — { AH* (D'TD)
— ArH" (X'ST) + Ao (1-2)

All these possible rotational—vibrational transitions, from
higher free molecular levels towards lower bound rovibra-
tional molecular levels, are spontaneously accompanied with
emission of photons of energy hv and frequency v.

The quantal energy-dependent RA cross sections Q, (¢')
that are effective in association are determined using the
expression [16, 17]

Jmax  Vmax
6410 TE &R,

Qu(e) =33z D
J'=0v’"=0

[J,M%”J/A”,E/J/—]A/ + (J/ + 1)M12)//J/A//76/J/+1A/} 5
ey

where k= +/2uc/h is the wave number of the colliding
particles of reduced mass

MMy

= )
M +My —m,

o
where e is the energy of the initial free state, and v and J are the
vibrational and rotational quantum numbers, respectively. In
equation (1), the transition matrix elements M,/ j/1p7r crjrpn
are taken between the higher free states (¢’J'A’) and the lower
bound states (v/'J’'A’"), where A is the axial component of
the electronic angular momentum, which takes the values A =
0 for the 3 molecular states and A = 1 for the IT molecular
states. The remaining parameters have their usual meanings.

One should mention that these matrix elements are determ-
ined by making use, in both processes (I-1) and (I-2), of the
permanent and TDMs d (R) and D (R), respectively. The mean
cross sections Q, (¢’) in connection with RA can thus be accur-
ately determined using the statistical weight w of the involved
molecular transitions, which obtains the values w=1/2 for
the X < X transitions, w = 1/6 for the X +— C transitions, and
w = 2/6 for the X « D transitions, i.e.

1 1 2
0,(e') = EQa(XFX) + gQa(X<_ C)+ gQa(XPDf
3

2.2. Radiative charge transfer

The RCT reaction is observed when an ion collides with a
neutral atom in which the ionic charge is transferred to the
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atom. This process occurs in particular with the ionic ArH"
system during the collision from the A X+ and B 'II rotational
continuum states to the rotational continuum of the ground
state X' X1

At (PP)+H(’S) — Ar("S) +HY + . (D)
The energy hv of the released photon is given by the
expression

hw=¢ —e"" +&, 4)

where ¢’ is the initial free energy of the relative motion of the
colliding system, €'’ is its final free energy, and &, = V' (c0) —
V'’ (c0) is the transition energy. If kK and k" are, respectively,
the entrance and exit wave numbers defined as

{k’: 2ufe’ =V (o0)] )
k' =\/2pule’" = V' (c0) — hv],

the quantal cross section for the present process (II) is given
by [18, 19]

d 8 rm\2
a0 (=5 () @ -’y

J/
(M5, + T +0)M5 ] (6)

Here, Mj j/, are the transition matrix elements

My = /0 W (RIDR) YL (R)AR,  (T)

where 17, (R) and 9/, (R) are the upper and lower free
wave functions, respectively, J " is the initial rotational angu-
lar momentum quantum number, and J'/ = J’ £ 1 is the final
rotational quantum number. The total cross section for RCT
Q. (¢') at energy €’ is obtained by integrating equation (6)
overe’’

(A ooi Ay 1/
Qc(e)—/o dﬁ//Qc(e,e )de''. (8)

One should finally note that the total cross sections Q, (¢’) that
are effective in RCT are in fact the mean value computed by
the statistically weighted sum

1 2
Qc(e’)=§QC(X<—A)+§QC(XeB). 9)

2.3. Rate coefficients

The full quantum-mechanical description of the RA and RCT
mechanisms implies the computation of the temperature-
dependent rate coefficients [20]

6/

d !/
kBT> ©
(10)

o= () " (,{;T)W/Owg(eve’exp (-

where kg is the Boltzmann constant and 7T is the gas abso-
lute temperature. This integral (10), performed over the
Maxwellian velocity distribution, computes the mean of the
energy-dependent RA and RCT cross sections, Q, (¢’) and

0. (¢').

3. Potential and moment constructions

The transition matrix elements M, ;.» = (] (R)| £ (R) [¢}’ (R))
that appear in equations (1) and (6) are needed in the com-
putation of the RA and RCT cross sections, and thus the rate
coefficients. The radial wave functions i, (R) and the per-
manent and TDMs & (R) = d(R) and £ (R) = D (R) have to be
known. The wave functions ¢ (R) and 1’ (R) are obtained
from the numerical resolution of the radial wave equation

d*y; (R)

JU+1)—A
dR?

2
an

+2u|e—V(R)—

The wave functions are particularly energy normalized with
€>0 for the continuum free states and space normalized with
€ < 0 for the discrete bound states.

Over the last few decades, a great number of theoretical and
experimental investigations have dealt with argonium spec-
troscopy and the computation of the ArH' potentials and
moments [21-26]. But the most recent and reliable calcula-
tions were performed by Stolyarov and Child [27] in 2005 and
Alekseyev et al [28] in 2007. All the following argonium elec-
tronic potential curves and the involved permanent and TDMs
are borrowed exclusively from the ab initio data points com-
puted in [27].

3.1. Potential-energy curves

All the possible RA and RCT transitions considered here occur
towards the singlet molecular state X' X+, This requires one
to deal only with the first two excited molecular singlet states.
Therefore, the involved five electronic potential curves are the
following: (a) the ground X'+, which dissociates asymp-
totically into Ar (IS) +H*; (b) the first ArH™ excited set is
made of the molecular states A ' X1 and B'TI, which dissociate
asymptotically into Art (2P°) +H (ZS); and (c) the second
ArH™ excited set is made of the molecular states C'S* and
D'II, which dissociate asymptotically into Ar('3P)+HT.
Both excited molecular sets lie beyond the ground dissociation
limit by about 0.071 and 0.427 a.u., respectively.

Practically, the adopted Stolyarov data points, taken in
the interval R; < R < Ry, are shifted in all cases so that they
smoothly connect with the respective following short- and
long-range analytical forms
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Table 1. Short-range constant parameters (in a.u.) that appear in the Born—-Meyer potentials (12).

Short range

Molecular state «a 8

x'st 62.35 3.635
Alnt 59.77 3.419
B'lI 60.55 3.456
c'yt 61.06 3.527
D'l 61.48 3.548

Table 2. A compilation of the static multipolar polarizabilities of ground hydrogen and argon (in a.u.). The adopted quadrupolar and

octupolar polarizabilities are marked with *.

System Cyq Cq Co References
ArtinH 4.50 15.0* 131.25* [33]
4.475 14.93 130.8 [34]
H' in Ar 11.062 51.862 536.38 [35]
11.143 51.844 534.85 [36]
11.08 52.80" 536.4* [37]

" the adopted quadrupolar and octupolar polarizabilities.

+aexp(—SR) for R < Ry
V(R) ~ 1/Cs Cq G, (12)
_E (R4+R6+R8> for R > Ry,

where « and /3 are the Born—-Meyer constant parameters, to
be determined for each ArH™ molecular state, and Cy, Cy,
and C, are, respectively, the static electric dipole, quadru-
pole, and octupole polarizabilities of the involved neutral spe-
cies, namely, H or Ar. Numerically, the cubic spline method
yields the parameters « and 3 listed in table 1. Furthermore,
we have adopted, for the dominant R—* term of the long-range
potential (12), the polarizability values proposed by NIST, i.e.
C4q = 4.50 for hydrogen and Cyq = 11.23 for argon [29]. Both
data are comparable with the recommended values, 4.504 56 4
0.00003 and 11.083 +0.007 from Schwerdtfeger and Nagle
[30], and with the measured values Cyq = 4.49974 of Miller
and Bederson [31] and Cq = 11.22923 of Olney et al [32],
respectively. Some additional published higher-order multi-
polar polarizabilities are compiled in table 2, and the adopted
values of the quadrupole and octupole polarizabilities are from
[33, 37].

Figure 1 displays the five ArH" adiabatic PECs, as con-
structed above. Since all the RA and RCT transitions involve
the final ground state X' ¥, it is therefore of primary interest
to suitably construct this curve and ensure its good quality
with the highest accuracy. Tables 3 and 4 provide the spec-
troscopic parameters and the rotationless—vibrational energy
levels of the ArHT molecular states, and, when possible,
the data are compared with published values. All the higher
potential curves are monotonically decreasing towards the
ArT (2P°) +H (28) and Ar (1’3P) +HT dissociation limits,
and the curves C'Xt and D'II exhibit two humps in the

vicinity of R ~ 3 —5 a.u. Moreover, the ground state poten-
tial X'XT can hold up to 27 rotationless-vibrational levels,
whereas the first and second excited potential sets are remark-
ably very shallow. The rovibrational data are listed in table 5
for both isotopic dimers 36 ArHT and 3ArH™, and the results
are compared with published values whenever available. The
particular ArH™ rotational 1 —0 and 2 — 1 lines are listed in
table 6 and compared with other published values. The dis-
crepancies with the present results, shown in table 6, are not
important. More specifically, Barlow ef al [1] measured the
rotational frequencies 617.5 and 1234.6 GHz for the line trans-
itions *°ArH™ (J = 1 +- 0) and 3°ArH™ (J =2 < 1), respect-
ively. All the values show there is satisfaction with the present
ArH™ potential constructions.

3.2. Permanent and transition dipole moments

To perform the required RA and RCT calculations, one has to
construct besides the permanent dipole moment (PDM) d (R)
and the TDMs D (R). The former moment is essentially needed
to deal with the X < X free-bound transitions. More precisely,
we adopted, over the internuclear interval 0 < R < 12, the
calculated PDM data points from Stolyarov and Child [27],
which we extended in the long-range region using the formula
[43, 44]

R 2Cy

d(R) ~ — — —. 13
In addition, the TDMs are constructed from the data points
generated in [27]. They concern the quantum-mechanically
allowed molecular transitions from the ArH™ excited states
A'S* B, C'S7, and D 'II towards the ArH" ground state

XYt They are extended, in the long-range regions, with the
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Figure 1. ArH™ potential-energy curves, as constructed from the Stolyarov and Child data points [27].

Table 3. Spectroscopic data of the constructed ArH™ potentials.

Molecular Equilibrium Well depth Hump

state distance R. (A) —De (em™ ) h(cm™h References

x's* 1.277 33779.3
1.279 33391.36 [27]
1.268 34608.4 [28]
1.286 31374.97 [38]
1.244 +0.003 33375.37 +£432.77 [39]
1.280 32460 [40]

Alnt 4.286 31.0457

B'II 3.285 192.049

clzt 5.172 761.211 123.708

D' 5.204 722.278 123.706

Table 4. Rotationless-vibrational energy levels of argonium **ArH* in units of cm ™.

v x'st Alnt B'II clet D'l
0 —32424.701 —61.363 —187.036 —779.221 —739.390
1 —29809.441 —13.703 —78.705 —462.728 —421.639
2 —27313.744 —1.574 —23.275 —181.909 —145.584
3 —24934.848 —3.791

4 —22669.965

5 —20516.329

13 —7014.710

15 —4647.520

20 —790.945

25 —13.112

26 —2.637
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Table 5. Rotational-vibrational states relative to both argonium isotopes ** ArH* and ** ArH™ in units of cm™'.

1

v J OArHT BArHT References

0 0 —32424.701 —32425.663 31101 £242 [41]
32066.48 [42]

0 5 —32115.987 —32117.386

1 0 —29809.441 —29812.189 28536 +242 [41]
29471.34 [42]

1 7 —29255.304 —29258.819

2 8 —26628.733 —26634.027

3 10 —23930.705 —23937.854

5 20 —17050.469 —17062.994

Table 6. Computed and measured rotational lines for J =1 — 0 and J = 2 — 0 of *ArH™ and ** ArH* in MHz.

Transition OArHT BArHT References
J=1+0 617704.99 16828.47
617525.226 +0.151 616648.762 +0.083 [3]
617525.23£0.15 616648.76 1 0.08 [9]
617525.149 +0.020 616648.707 +0.020 [12]
J=2+1 1234969.74 1233217.96

1234602.75 +£0.30

1232851.00 £ 0.04 [9]

analytical form D (R) ~ —p/R", where p and n are constants to
be determined for each transition, and are supposed to behave
linearly in the short-range regions. Both the PDMs and TDMs
are respectively plotted in figures 2(a) and (b).

Once the potentials and the permanent and TDMs are
well established, we numerically solve the radial wave
equation (11) to get the free and bound wave functions and the
corresponding energies, which should allow us to compute the
matrix elements using equation (7).

3.3. Radiative lifetime

Supposing the approximations J = J' ~ J'’, the radiative life-
time of each rovibrational level is 7 =1/A(vJA), with the
total spontaneous emission rates being given by

32 /m 32750A’+A”
AN = 2= (2 ;
A(VJ ) 3 (C) 2—(50’1\/

o0
X [/ VS/‘]A/76//JA//M‘2}/JA/,€//JA//de”
0

+ E I/S’JA’,V”JA’/Mele’,v’/JA” (14)

pr!

The upper and lower states, defined by the quantum numbers
(v'J'A’) and (v''J''A''), are related to the bound-free and
bound-bound transitions, respectively.

First, it is important to note that the excited A ' X+ and BT
PECs are almost entirely repulsive over the whole range of
separation distances, and table 4 confirms this ascertainment.
This is not the case for the excited C'X* and D'II poten-
tials. Indeed, although these two molecular states are very

shallow, they are both able to hold a very limited number of
rovibrational levels. It is thus possible to compute the indi-
vidual radiative lifetimes of the upper states involved in the
transitions X'XF < C!'S+ and X'YF < DI towards the
deeper lower ground state X'+, Table 7 lists the individual
lifetimes of the upper molecular C and D states. Such values
may serve as a good probe in the evaluation of the accuracy of
the ArH™ potential sets.
The mean lifetime 7 is counted with

1 1 2

% = gAXeC (VI;aXO()) + gAXeD (Vrilax()l) s (]5)
in which the calculations imply the highest rotationless—
vibrational states that are both in the vicinity of the disso-
ciation limit. From table 7, the present calculations lead to
T ~2.88ns.

4. Results and discussion

Once the needed ArH' potential curves and permanent
and TDNs are well established and have demonstrated their
reliability and consistency, we proceed into the quantal com-
putation of the RA and charge transfer cross sections, namely,
0, (e) and QO (¢), both provided in terms of the energy in
equations (1) and (8), respectively. From there, we should
be able to calculate the temperature-dependent rate coeffi-
cients «(7T) and determine their respective variation laws
with T.

The calculated X'YT < X!'¥T energy-dependent cross
sections Q, (¢), effective in the ArH' RA, are displayed in
figure 3(a) for two isotopologues, **ArH™ and ¥ ArH™. From
these plots, one may notice the perfect match in the position
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6r asymptotic form
Stolyarov data [27]

ArH" permanent dipole moment d(R) (a.u.)

ArH™ transition dipole moments D(R) (a.u.)

X'stoxlyt ——

(@)
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12

6

Distance R (a.u.)
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Figure 2. (a) The ArH" PDM relative to the X — X transition. (b) ArH" TDMs in connection with the X <~ A, X < B, X <~ C, and X + D

transitions.

Table 7. A compilation of the lifetime values, in ns, computed for the rovibrational states.

c'st D'
v J=0 J=1 J=2 J=3 J=4 J=0 J=1 J=2 J=3 J=4
0 966 969 983 1024 11.06 10.17 10.13 10.11 1031 10.86
1 367 3.60 345 3.21 2.85 4.64 4.60 447 424 3.83
2 226 226 226 2.26 2.28 3.34 3.34 3.35 3.37 3.40
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Figure 3. ArH™' RA cross sections in terms of energy in connection with the (a) X <— X transitions for both isotopes ** ArH* and **ArH*,

and with the (b) X + C and X + D °ArH transitions.

of the resonance peaks, mainly at higher energies, which sug-
gests that the isotopic effects do not significantly affect the
general shape of the X +— X RA cross sections. Furthermore,
the computed cross sections Q, (€), in connection with the
transitions X <— C and X < D, are presented in figure 3(b). The
X + C transitions definitely seem to be the most probable and
stronger than those due to the X <— D transitions. More spe-
cifically, the observed resonance structures are mainly due to

the quasibound rovibrational levels of the initial states. Due to
the smallness of the ArH™" reduced mass, only a very limited
number of resonance peaks can be predicted and have obvi-
ous energy positions, which tightly depend on the constructed
potentials [45].

Moreover, figure 4 illustrates the RCT cross sections Q. (¢)
rising from the allowed transitions X <— A and X < B. As
table 4 shows, the involved excited potential curves support
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Figure 4. **ArH* RCT cross sections in terms of energy in connection with the X <— A and X < B transitions.

extremely weak quasibound vibrational states. This may
explain the reduced number of the resonance structures in
the corresponding cross sections and the dominance of the
X <— A transitions compared to those of X <— B [46]. At lower
collision velocities, the ArHT system does not have enough
kinetic energy to approach the potential barrier of the ground
molecular state X'XT. But above the energy 1073 a.u., the
system is able to penetrate the potential barrier and the regions
where the X! X7 state contains a deep attractive well. In this
region, there is essentially a sharp rise in the cross sections,
and therefore numerous resonance lines appear, which are all
caused by the rovibrational quasibound states of the ArH™
molecule in the X' X7 electronic state.

Having now determined the quantal cross sections Q, (¢)
and Q. (¢), it is hence possible to proceed with the computation
of the temperature-dependent rate coefficients that are effect-
ive in RA and charge transfer, o, (T) and o (T), respectively.
Using equation (10), the RA and RCT rates are computed in
the temperature range 10-10 000 K, and the numerical results
are compiled in tables 8 and 9. The former table lists the gener-
ated X «+ X data for both argon isotopes **ArH™" and 3¥ArH™,
whereas the latter presents the RA and RCT results arising
from the first and second excited transition sets.

The statistically averaged values of the rate coefficients are
further determined using the relationships

au(T) = oy e (T) + Zaxp(T)

3 3 (16)
1 2
a(T) = 3K A (T)+ 3K B (7) (17)

and are presented in table 9 as well. Before all, we found
a paucity of published data that concern argonium RA and
charge transfer. Nevertheless, for the sake of comparison,
Kraemer et al [46] published their graphical results of the
rate coefficients v, (T) for the formation of the ionic dimer
ArH™ in the ground state X'¥. Our graphical estimation
from figure 9 of [46] yields, for three particular temper-
atures, the values a,(10)~5.6 x 1071, a, (100) ~ 3.8 x
107", and «, (1000) ~2.3 x 10~ cm® s~!'. Although the
estimated RA rate coefficients are not exactly the same in this
case, the discrepancies are important, but the magnitudes are
quite similar.

On the other hand, the lack of published data on ArHT
RCT forced us rather to compare the present results with
those coming from collisions among species belonging to
families close to Ar/Art and HY /H. Indeed, the RCT rates
at 7=300 K in connection with interactions of Ar with
He™ and Ne with He™ yielded the values « (300) ~ 9.86 x
10715 in Babb and McLaughlin [47] and a.(300) ~ 5 x
1071% cm?® s~! in Liu er al [48], respectively. Our gen-
erated weighted value at the same temperature is equal to
¢ (300) ~5.785 x 10~ cm? s 1.

The graphical representations of the average RA and
RCT rate coefficients are illustrated in figure 5. The upper
figure 5(a) represents the statistically weighted average res-
ults of the ArH" RA rate coefficients, depending on the con-
sidered isotopes. The lower figure 5(b) displays the profiles
of the average rate coefficients «, (T) and o (T), obtained in
terms of temperature. The plots demonstrate that, in the same
gaseous environment, the RCT phenomena dominate the RA.
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Table 8. The X — X RA rate coefficients (in cm® s ') computed at various temperatures T (in K). The notation a[—n] stands for a x 107",

XX

Temperature T (K) oAHT BArHT

10 1.173[—19] 1.012[—19]
50 9.899[—20] 1.018[—19]
100 9.825[—20] 9.631[—20]
200 9.949] —20] 9.221[—20]
300 9.712[—20] 9.027[—20]
400 9.397[—20] 8.833[—20]
500 9.087[—20] 8.619[—20]
600 8.802[—20] 8.398[—20]
700 8.543[—20] 8.179]—20]
800 8.309] —20] 7.969[—20]
900 8.099] —20] 7.769]—20]
1000 7.909[—20] 7.582[—20]
2000 6.810[—20] 6.326[—20]
3000 6.581[—20] 5.814[—20]
4000 6.814[—20] 5.715[—20]
5000 7.263[—20] 5.828[—20]
6000 7.757[—20] 6.019]—20]
7000 8.198[—20] 6.205[—20]
8000 8.542[—20] 6.350[—20]
9000 8.781[—20] 6.442[—20]
10000 8.920—20] 6.480[—20]

Table 9. RA and RCT rate coefficients (in cm® s ') computed at various temperatures 7T (in K). The notation a[—n] stands for a x 107",

RA rate coefficients RCT rate coefficients

Temperature T (K) C—X D—X Average A—X B—X Average

10 4.271[—19] 4.548[—21] 1.454[—19] 1.420[—18] 1.142[—20] 4.811[—19]
50 4.019[—19] 7.883[—21] 1.392[—19] 3.466[—18] 1.957[—20] 1.168[—18]
100 3.823[—19] 9.794[—21] 1.339[—19] 7.611[—18] 2.751[—20] 2.555[—18]
200 3.686[—19] 1.246[—20] 1.312[—19] 1.326[—17] 4.569[—20] 4.452[—18]
300 3.712[—19] 1.481[—20] 1.336[—19] 1.723[—17] 6.113[—20] 5.785[—18]
400 3.805[—19] 1.693[—20] 1.381[—19] 2.029[—17] 7.329[—20] 6.812[—18]
500 3.923[—19] 1.883[—20] 1.433[—19] 2.271[—17] 8.297[—20] 7.626[—18]
600 4.051[—19] 2.053[—20] 1.487[—19] 2.468[—17] 9.084[—20] 8.286[—18]
700 4.180[—19] 2.205[—20] 1.540[—19] 2.631[—17] 9.737[—20] 8.836[—18]
800 4.306[—19] 2.345[—20] 1.592[—19] 2.770[—17] 1.029[—19] 9.302[—18]
900 4.430[—19] 2.473[—20] 1.641[—19] 2.890[—17] 1.076[—19] 9.705[—18]
1000 4.548[—19] 2.591[—20] 1.689[—19] 2.995[—17] 1.117[—19] 1.006[—17]
2000 5.390[—19] 3.332[—20] 2.019[—19] 3.636[—17] 1.368[—19] 1.221[—17]
3000 5.718[—19] 3.547[—20] 2.142[—19] 3.996[—17] 1.516[—19] 1.342[—17]
4000 5.832[—19] 3.558[—20] 2.181[—19] 4.271[—17] 1.638[—19] 1.434[—17]
5000 5.875[—19] 3.511[—20] 2.192[—19] 4.511[—17] 1.752[—19] 1.515[—17]
6000 5.883[—19] 3.449[—20] 2.191[—19] 4.736[—17] 1.866[—19] 1.591[—17]
7000 5.860[—19] 3.380[—20] 2.178[—19] 4.954[—17] 1.980[—19] 1.664[—17]
8000 5.806[—19] 3.304[—20] 2.156[—19] 5.170[—17] 2.097[—19] 1.737[—17]
9000 5.724[—19] 3.223[—20] 2.123[—19] 5.386[—17] 2.217[—19] 1.810[—17]

10000 5.619[—19] 3.137[—20] 2.082[—19] 5.604[—17] 2.341[—19] 1.884[—17]
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Figure 5. The variation of RA and RCT rate coefficients with temperature. The upper figure (a) displays the isotopic effects on the X — X
rate, whereas the lower figure (b) compares the average RA and RCT rates.

The investigation on the Ne — He™ collisions conducted by
Liu et al [48] concluded that the RA and RCT rate coefficients,
in the temperature range 10—10000 K, are of the same mag-
nitude, whereas the present calculations prove the predomin-
ance of the RCT processes over the RA processes.

Finally, the average RA and RCT rate coefficients have both
been fitted with the polynomial expression

9
a(T) = Zaij. (18)
j=0

It becomes apparent that the best fits can be obtained with the
first ten monomials. For 100 < 7 < 10000 K, the present res-
ults are plotted in figures 6 and 7. At higher temperatures, the
concordances are specifically better.



J. Phys. B: At. Mol. Opt. Phys. 56 (2023) 015201

F Talhi and M Bouledroua

2.4

RA rate coefficients o, (T) (1 0" cm3s'1)

1.2

100

1000 10000

Temperature T(K)

Figure 6. Fitting of the average RA rate coefficients to the polynomial expression given in equation (18).

120

100

80

60

40

RCT rate coefficients a,(T) (1 o"® cm33'1)

20

100

1000 10000

Temperature T(K)

Figure 7. Fitting of the average RCT rate coefficients to the polynomial expression given in equation (18).

5. Conclusion

This work tries to characterize the recently detected argonium
molecule ArH" in the extragalactic Crab Nebula and PKS
1823-211 galaxy. More specifically, we calculated, over wide
energy and temperature ranges, the cross sections and the rate
coefficients for the formation of ArH™ via the RA of Ar™ with

H and the charge exchange between neutral Ar and the proton
HT.The ArH™ characterization required us to set up the poten-
tial curves, through which the involved atomic species interact,
and the corresponding permanent and TDMs. The obtained
cross sections allowed the computation of the temperature-
dependent rate coefficients, which showed predominance of
RCT over RA in the temperature interval 10—10 000 K.
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