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RELATIVISTIC SPECTROSCOPY OF ATOMIC SYSTEMS:

SPECTRAL LINES BROADENING AND SHIFT FOR HEAVY

ELEMENTS IN THE BUFFER GAS AND PLASMAS
ENVIRONMENT

It has been developed a modified relativistic approach to describing the shift and broadening due
to collisions of spectral lines of hyperfine structure for alkali atoms in an atmosphere of buffer (inert)
gases. The approach is based on the generalized kinetic theory of spectral lines, exchange, relativistic
perturbation theory with the Dirac-Hartree-Slater zeroth approximation and accounting for the
complicated correlation effects by means of using the many-body polarization density-dependent
functionals. The basic expressions for the collision shift and broadening hyperfine structure spectral
lines are taken from the kinetic theory of spectral lines. The exchange perturbation theory (the
modified version EL-HAV) has been used to calculate the corresponding potentials. The results of
calculating the interatomic potentials, local shifts, temperature dependent spectral line shifts for the
systems of the Rb, Cs-He are listed and compared with available theoretical and experimental data.
The important feature of our scheme is correct taking into account the correlation (polarization)
effects with using special effective functionals from. The difference between our theoretical data and
other calculation results can be explained by using different perturbation theory versions and different
approximations for calculating the wave functions basis’s.

1. Introduction

The behavior of atomic and molecular sys-
tems in different gas and plasmas environ-
ments is an actual problem of modern physics,
namely, molecular, physics, photoelectronic,
optics and spectroscopy etc.  On the one
hand, sources of high-energy (e.g. ultraviolet)
radiation have become widely used, including
the technique of picosecond and femtosecond
laser pulses. In particular, dyes have become
widely used in various fields of optics , spec-
troscopy, atomic and molecular physics, quan-
tum and photoelectronics (including for recor-
ding information (compact discs), dyeing fa-
brics, as working substances of lasers based on
dyes, etc).

In the last two decades, a number of funda-
mentally new discoveries have been made in
atomic physics, in particular, obtaining a Bose
condensate in pairs of Rydberg atoms of alka-
line elements (by the way, the question of the
shift and broadening of the spectral lines of
atoms in such a gas is an extremely urgent mo-

dern task), the creation of fountains of cold
atoms, the possibility of building Tl quantum
measure, and so on, which is largely due to the
unprecedented progress in the development of
new experimental methods of research (ma-
gneto-optical traps, accelerators, sources of in-
tense laser radiation, etc.). This stimulates the
possibilities of studying the spectroscopic cha-
racteristics of atoms, including the parameters
of spectral lines for atoms in the external gas
of plasmas environments, increasingly with hi-
gher accuracy. Although modern atomic spec-
troscopy has a wide range of different quan-
tum methods (in particular, Hartree-Fock self-
consistent field (HF) and Dirac-Fock (DF) me-
thods, methods of quantum defect, model po-
tential, density functional (DF), various va-
riants of perturbation theory (PT), including
the Rayleigh-Schrodinger, Moller-Plesset PT,
various versions of the exchange PT, and even
new methods such as mega-DF, "Bertha" and
so on) for calculating the electronic structure
of atoms, interatomic potentials, various spec-
troscopic characteristics, etc., however, most
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of them still have a number of fundamental
shortcomings.

High precision data for collisional shifts
and broadening the hyperfine structure lines of
heavy elements (alkali, alkali-earth,
lanthanides, actinides and others) in an
atmosphere of the inert gases are of a great
interest for modern quantum chemistry, atomic
and molecular spectroscopy, astrophysics and
metrology as well as for studying a role of
weak interactions in atomic optics and heavy-
elements chemistry [1-27]. As a rule, the cited
spectral lines shift and broadening due to a
collision of the emitting atoms with the buffer
gas or plasmas atoms and ions are very
sensitive to a kind of the interatomic
interaction potential. Besides, calculation of
the hyperfine structure line shift and
broadening allows to check a quality of the
wave functions and study a contribution of the
relativistic and correlation effects to the
energetic and spectral characteristics of the
two-center (multi-center) atomic systems.

Modern representations about the
characteristics of spectral lines of atomic
systems, the most widespread variants of the
theory of spectral lines of atoms and, in
particular, the theory of shift and broadening
of spectral lines of the hyperfine transitions for
atoms (ions) in an atmosphere of buffer (inert)
gases are presented in Refs. [1-5].

An analysis of modern quantum methods
for calculating the characteristics of the
spectroscopic characteristics of atoms and ions
is presented, taking into account correlation,
relativistic and radiation corrections to one
degree or another is given in Refs. [3-6].

In this paper it has been developed a modified
relativistic approach to describing the shift
and broadening due to collisions of spectral
lines of hyperfine structure for alkali atoms in
an atmosphere of buffer (inert) gases. The
approach is based on the generalized kinetic
theory of spectral lines, exchange, relativistic
PT with the Dirac-Hartree-Slater zeroth
approximation and accouting for the
complicated correlation effects by means of
using the many-body polarization density-
dependent functionals. The basic expressions
for the collision shift and broadening hyperfine
structure spectral lines are taken from the
kinetic theory of spectral lines [1,9,10]. The

exchange perturbation theory (the modified
version EL-HAV) has been used to calculate
the corresponding potentials (see details in [2-
8)).

The important feature of our scheme is
correct taking into account the correlation
(polarization) effects with wusing special
effective functionals from [1,4-7,16-18]. The
difference between our theoretical data and
other calculation results can be explained by
using different PT schemes and different
approximations for calculating the wave
functions. Some of the obtained results of
calculating the interatomic potentials, local
shifts, temperature dependent observed
spectral hyperfine line shifts for the systems of
the Rb, Cs-He are listed and compared with
available theoretical and experimental data.

2. Fundamentals of the method

As the key features of the presented

approach gave been described in Ref. [10-
12], below we will concentrate on the
original moments of our approach.
As usually, in order to compute a collision
shift of the hyperfine structure spectral lines
one should use the following expression,
which is known in the kinetic theory of
spectral lines shape (see Refs. [7-9]):

D 47TW0 )
f, =T _gdw Jexp(~U(R)/KT)R*dR
(1)
Here T 1is a temperature, U(R) is an

effective potential of the a-b interatomic
interaction, wp, 1s a frequency of the
hyperfine structure transition in an isolated
active atom; dw(R)=Dw(R)/w, 1s a relative
local shift of the hyperfine structure line.

The local shift is caused due to the
disposition of the active atoms (say, the atoms
of lead Pb and helium He) at the distance R.
In order to calculate an effective potential
of the interatomic interaction further we use
the exchange PT formalism (the modified
version EL-HAV) [1,8,9].

The relative local shift of the hyperfine
structure line is defined as follows:
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Here Sy is the overlapping integral; Cs is the
van der Waals coefficient; / is the potential of
ionization; E1,p is the energy of excitation to the
first (low-lying) level of the corresponding
atom. The values Qi, Q, in Eq. (2) are the first
order non-exchange and exchange non-
perturbation sums correspondingly [8-10].
These quantities can be determined by the
following way:

2 (0 (1) [Hye |, 1)) 7
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where Hy; is the operator of hyperfine
interaction; N is the total number of
electrons, which are taken into account in
the calculation; Ej, @L(l)ZF}(u(l)(pkb(Z..N)
are an energy and a non-symmetrized wave
function of state k ={k,, k»} for the isolated
atoms a and b.

The non-exchange matrix element of the
Coulomb interatomic interaction is as:

Vie=<®'« (1) [ V(1) [ (1) >4

Correspondingly  the matrix

element is as follows:

exchange

V=3 (o lviifey)) o

The operator V (i) (for example, in a case of
the system “a-b”) is as follows:

) 1
V(l) =Uger (ra3 )+ User (ra4 ) — Wy (R) + _f(6)
bil

where Uscr(r) is the self-consistent field,
created by the lead atomic core.

E E+E, ) ,(2a)

The van der Waals coefficient C; for the
interatomic a-b interaction can be computed on
the basis of the standard definition (see details.
For example, in refs. [2,9-12,23]:

2
Co(LM)=Cop () -d—EXD ¢y |
(2L-1)(2L+3) (7)
Here Cip (L) is the isotropic component of the
interaction and Ce, (L) is the component
corresponding to the P(cos ) term in the
expansion of the interaction in Legendre
polynomials, where the angle specifies the
orientation in the space-fixed frame. The
dispersion coefficients Ceo (L) and Ce> (L) may
be expressed in terms of the scalar and tensor
polarizabilities  &,(L;iw) and a,(L; iw)
evaluated at imaginary frequencies [9]. Other
details can be found in Refs. [8-21].

The key original moment of any
computational scheme is connected with the
method of calculation the electron wave
functions.

As a rule, (see, for example, Ref. [8]), the
non-relativistic Hartree-Fock or relativistic
Dirac-Fock methods are used for calculating
the corresponding wave functions [8-14].
Another variant is using the relativistic wave
functions as the solutions of the Dirac
equations with the corresponding density
functional (the Dirac-Kohn-Sham theory) and
effective  potentials [7,14,15]. In our
calculational scheme the relativistic optimized
Dirac-Hartree-Slater scheme  with  basis
formulas [10-12] is used.

3. Results and conclusions

In Tables 1,2 we present our theoretical
results for the line shift £, (1/Torr) in a case of
the Rb-He and Cs-He pairs. The observed
value (experiment) of the line shift (T=323K)
and other theoretical results [6,10] for f, are
listed too. The theoretical results in Ref. [8]
are obtained on the basis of calculation within
the exchange PT with using the He wave
functions in the approximation by Clementi et
al (Theory® [8]) and wave functions in the
Hartree-Fock approximation Theory® [8]). The
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Dirac-Kohn-Sham scheme gas been used in
Ref.[10].

Table 1. The observed fx (10° 1/Torr) shift for the
diatomic system Rb-He: data of [8a] with using the
He wave functions in the approximation by Clementi et
al; (see text).

a-b | Rb-He | Rb-He Rb-He Rb-He
T K Experi- | Theory | Theory® This
’ ment [10] [6] work
323 105 101 75 102
423 - 89 64 91
523 - 80 56 82
623 - 73 50 75

The important feature of our scheme is correct

taking into account the  correlation
(polarization) effects with using special
effective functionals from [19,22]. The

difference between our theoretical data and
other calculation results can be explained by
using different PT schemes and different
approximations for calculating the wave
functions. It is obvious that the using correct
version of the exchange PT was well as the
optimized basis’s of wave functions and
correct accounting for the exchange-
correlation effects is principally necessary for
an adequate description of the energetic and
spectral properties of

Table 2. The observed fx (10° 1/Torr) shift for the
diatomic system Cs-He: data of [8a] with using the
He wave functions in the approximation by Clementi et

al; [8b] -wave functions in the Hartree-Fock
approximation (see text).
a-b | Cs-He | Cs-He | Cs-He | Cs-He | Cs-He
TK Experi- | Theory *| Theory * | Theory*| This
’ ment [6] [6] [10] work
3231 135 126 109 137 137
423 - 111 96 123 123
523 - 100 85 112 112
623 - 94 78 105 105

the alkali elements in an atmosphere of the
heavy inert gases. It is represented a great
interest a generalization of the presented
approach on energy and radiation properties

and studying spectral lines characteristics for
atomic and ionic systems in the corresponding
plasmas environments.
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RELATIVISTIC SPECTROSCOPY OF ATOMIC SYSTEMS: SPECTRAL LINES
BROADENING AND SHIFT FOR HEAVY ELEMENTS IN THE BUFFER GAS
AND PLASMAS ENVIRONMENT

Summary. It has been developed a modified relativistic approach to describing the shift and
broadening due to collisions of spectral lines of hyperfine structure for alkali atoms in an
atmosphere of buffer (inert) gases. The approach is based on the generalized kinetic theory of
spectral lines, exchange, relativistic perturbation theory with the Dirac-Hartree-Slater zeroth
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approximation and accounting for the complicated correlation effects by means of using the
many-body polarization density-dependent functionals. The basic expressions for the collision
shift and broadening hyperfine structure spectral lines are taken from the kinetic theory of
spectral lines. The exchange perturbation theory (the modified version EL-HAV) has been
used to calculate the corresponding potentials. The results of calculating the interatomic
potentials, local shifts, temperature dependent spectral line shifts for the systems of the Rb, Cs-
He are listed and compared with available theoretical and experimental data. The important
feature of our scheme is correct taking into account the correlation (polarization) effects with
using special effective functionals from. The difference between our theoretical data and other
calculation results can be explained by using different perturbation theory versions and different
approximations for calculating the wave functions basis’s.

Key words: relativistic spectroscopy, spectral lines shift and broadening, atomic systems,
relativistic theory, perturbation theory, gas and plasmas environments,
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PEJIATUBICTCBKA CIIEKTPOCKOIIIAA ATOMHUX CUCTEM: POSIIUPEHHA TA
3CYB CHEKTPAJIbHUX JITHIN IJISI BAXKKUX EJTEMEHTIB Y BY®EPHOMY
I'A30BOMY TA IIVTIASMOBOMY CEPEJOBUIIAX

Pe3tome. Po3pobneHo MoaudikoBaHMA PENATUBICTCBKMMA TIiAXiT 0 OMHCY 3CyBy Ta
PO3LIMPEHHs 32 PaxXyHOK 3ITKHEHb CHEKTPAIbHUX JIiHIM HAJATOHKOI CTPYKTYpH IS JY>KHHX
aTtomiB B atMocdepi OydepHux (iHepTHHX) Ta3iB. [1iaxin 6a3yeThCsl HA y3araabHEHIH KIHETHYHIN
TeOopii CIeKTPaIbHUX JIiHIH, 0OMiHY, PENSTHBICTCHKIN Teopii 30ypeHb 3 HyIbOBUM HAOIMKEHHSIM
Hipaka-Xaptpi-Cietepa Ta BpaxyBaHHSIM CKJIQJIHHX KOPEISIIIHHUX €(EeKTIB 3a JIOMOMOTOI0
BUKOPHUCTAHHS TOJSPHU3AIIHHIX 0araTOYaCTUHKOBHX 3QJICKHUX BiJ] TYCTUHU (YHKIIIOHAIB.
OCHOBHI BHUpa3d I KOJI3IMHOTO 3CYyBY Ta PO3MIMPECHHS CHEKTPAIbHUX JIHIA HAATOHKOI
CTPYKTYpHU B3ATi 3 KIHETHYHOI Teopii CHeKTpadbHHUX JiHiH. s po3paxyHKy BiIIOBITHHX
MOTEHITIAiB BUKOPUCTAHO Teopito oOMiIHHMX 30ypeHb (MomudikoBana Bepcis EL-HAV).
HaBeneHo pe3ynpTaTu po3paxyHKiB JIOKQIbHUX 3CYBIB, TEMIIEPATYPHO-3aJICKHUX TTOBHUX 3CYBIiB
CHEeKTpabHUX JiHiIA s cucreM Rb, Cs-He Ta mnpoBelneHe TMOpIBHAHHS 3 HAasBHUMHU
TEOPETUYHUMHU Ta EKCIEPUMEHTAIbHUMH TaHUMHU. Ba)KIMBOIO OCOONMBICTIO HAIIOi CXEMH €
KOPEKTHE ypaxXyBaHHS KOPEIAMIMHUX (MoJsipu3aliiiHux) eQgeKTiB 13  3aCTOCYBaHHSIM
crenialbHUX e(EeKTUBHUX (YHKI[IOHANIB TYCTHHH. PI3HWIIO MK HAlIUMH TEOPETUYHUMHU
JAHUMHU Ta IHIIMMH pPE3yJIbTaTaMU PO3PaXyHKIB MOXHA TOSCHUTH BUKOPUCTAHHSIM PI3HUX
Bepciii Teopii 30ypeHp 1 pi3HUX HAOIMKEHb I PO3PaXyHKY 0a3uCy XBHIBOBHX (YHKIIIH.

Kaw4oBi ci10Ba: pensTHBICTChKA CIICKTPOCKOIIIS, 3MIIIEHHS Ta PO3IIMPEHHS CIICKTPATBHUX
JiHINA, aTOMHI CHCTEMH, PENSTHBICTChKA TeOpis, Teopis 30ypeHb, ra3oBe Ta IJIa3MOBE
CepeIoBUIIIA.
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