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Collisional broadening and shift of the hyperfine lines for complex
atomic systems in atmosphere of the buffer inert gases

An effective approach to determination of the collisional hyperfine lines shift and broaden-
ing in a buffer gas medium is presented and based on the generalized kinetic theory of spec-
tral lines, the exchange perturbation theory and relativistic gauge-invariant perturbation the-
ory with the optimized model potential approximation for computing the optimized basises of
the relativistic wave functions.The results of calculating the shift and broadening of the hy-
perfine structure spectral lines due to collisions for complex atoms (here thallium is consid-
ered) in an atmosphere of inert gases (Kr, Xe) are presented and compared with other availa-
ble alternative theoretical and experimental data. It is shown that the ratio of an
adiabaticbroadening to a collisional shift for the pair of TI-Kr (I'/p)/ f, is ~1/75 and for the
pair of TI- Xe(I's/p)/f, ~1/60.These estimates testify to a violation of well-known Foley rela-
tionship, which is, as a rule, inviolable in the standard atomic spectroscopy.

Keywords: heavy atomic system in a buffer gas, kinetic theory of spectral lines, relativistic
multi-particle perturbation theory, broadening and shift of ultrafine lines due to collisions.

Introduction. Physics of interatomic collisions in gases and their
manisfestations of collision effects in the energy, spectral and radiation parameters of
atomic systems is quicly developing field of modern physics [1-5]. Data on the shifts
and broadening of spectral lines due to the collision of active atoms with buffer ones
can serve as a good additional way to better understanding the laws of interparticle
interactions. Multiple application in physics of aerodispersed systems, atomic and
molecular physics, astro- and plasmas physics, metrology etc require the highly pre-
cise information about the collisional broadening and collisional shift of the spectral
lines for different elements (alkali, alkali-earth, lanthanides, actinides and others) in
an atmosphere of the buffer (for example, inert) gases [1,2,6-16]. One of the most
consistent and popular is a generalized kinetic theory of spectral lines in a buffer gas
medium [1,5-7,16]. Its successful application to problem of studying the hyperfine
structure (HFS) lines shift and broadening in an atmosphere of the buffer gas requires
the knowledge of the corresponding matrix elements of the hyperfine interation op-
erator. Naturally, the collisional spectral lines broadening and shift parameters due to
a collision of the emitting atoms with the buffer atoms are very sensitive to a kind of
the corresponding interatomic interaction. Different theoretical methods have been
developed in order to describe the collisional shift and broadening of spectral lines in
the buffer gas, including the solving the corresponding atomic task. The detailed non-
relativistic theory of the HFS lines collisional shift and broadening for a number of
simple elements (such as different light elements etc.) has been presented in many
papers (see, for example, Refs. [6,13-25]).

However, until now an accuracy of the corresponding information for heavy sys-
tems is not quite adequate to meet the requirements of different important physical
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and chemical applications. Moreover, in a case of middle and heavy elements a pre-
cise treatment of collisional spectral lines dynamics in a buffer gas medium requires
the correct accounting for the relativistic and correlation effects.

In this paper, we present an effective approach to determination of the HFS
spectral lines shift and broadening in a buffer gas medium, which is based on the
generalized kinetic theory of spectral lines, the exchange perturbation theory (PT)
and relativistic gauge-invariant PT with the optimized Dirac-Coulomb-Sturm plus the
model potential (MP) approximation for computing the optimized basises of the
atomic wave functions. The implementation of the latter within the kinetic theory of
shift and broadening of spectral lines constitutes an element of novelty.

Optimized atomic perturbation theory and advanced Kkinetic theory of spec-
tral lines. As the detailed description of the kinetic theory of spectral lines as
well as the exchange PT formalism have been earlier presented in Refs. [6,7,17-
19], here we will focus only on the key elements. In order to compute a colli-
sional shift of the HFS spectral lines one can use the following expression known in
the kinetic theory of spectral lines shape [6,7]):

Ly,
f,=2- ﬂ;fOIHg(R)dw R)exp(-U(R)/KT)R*dR (1)
> [ UR)Y?
g(R)= ﬁ[‘?] » U<0, (2)
0, U>0,

Here T is a temperature, wy is a frequency of the hyperfine structure transition in
an isolated active atom; U(R) is an effective interatomic potential, which has the
central symmetry in a case of the diatomic system A-B (e.g., A=TI;B=Xe);
da(R)=Dw(R)/wy is a relative local shift of the HFS spectral line; 1+ g(R)) is a

temperature form-factor. In order to calculate an effective interatomic potential and
the local collisional shift, the modified version of the exchange PT [6, 7] has been
used. The interaction between an active atom and the buffer gas atom is considered
in the adiabatic approximation.

The standard hyperfine interaction Hamiltonian includes two main terms, which
describe a magnetic dipole interaction of moments of an electron and a nucleus of an
active atom as well as an electric quadrupole interaction. The hyperfine interaction
operator Hyghas the following standard form (e.g., [21, 22]):

YNooxr
HHF :aZ[ [r3 : , (33)
i=1 i
2
a=-2pt (3b)
2mpc

where a; — Dirac matrices, m,— proton mass, L — moment of the nucleus of the active
atom, expressed in the nuclear Bohr magnetons; 7 — the operator of a nuclear spin of
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the active atom. The relative local shift of the HFS line is determined with up to the
second order in the potential V of the Coulomb interaction of the valence elec-
trons and the cores of atoms as follows:

S, C
80)(R)=1 OS +Ql+Qz—bR—6. 4)

0 6
Here Sy is the overlapping integral; Cjs is the van der Waals coefficient; b is the
energy multiplier, determined by the potential of ionization and excitation energy of the
corresponding atom; the quantities (2, €), in Eq. (4) are the first order non-exchange
and exchange non-perturbation sums correspondingly. The detailed formulas for
determinetaion of these quantities are presented in Refs. [6,7]. In particular, the
value Q, 1s defined as follows:

o2 s (I 0
LON(1-8,)p, 5 E,~E,

where H;, = [axrl]z /%’ is the transformed operator of the hyperfine interaction;

)

[a X ’”1]2 1s Z component of the vector product; Z — quantization axis directed along

the axis of the quasi-molecule; N is the total number of electrons, which are taken
into account in the calculation; Ej, and @} (1)=F; (1)@, (2..N) are an energy and

a non-symmetrized wave function of state k ={k,,,k,} for the isolated atoms A4 and
B, correspondingly. The detailed information about the corresponding matrix ele-
ments of the Coulomb interatomic interaction is presented in refs. [5-7, 17, 20, 25-
28].

The master aspect of the whole theory is connected with method of computing
the atomic wave functions. The non-relativistic Hartree-Fock method has been mostly
used. More theoretically consistent approach is based on using the relativistic Dirac-
Fock (DF) or Dirac-Kohn-Sham (DKS) methods (e.g. [15-20]). The key criterion of
the choice of the method is determined by a necessity of the correct accouting for the
relativistic, interelectron exchange-correlationand even nuclear effects in heavy
atomic systems [1-5,21-25]. In our calculation we have used the relativistic functions,
which are generated within the Dirac-Coulomb-Sturm approximation with the
Ivanov-Ivanova and Miller-Green MP [24,25,29]. The MP parameter has been deter-
mined within the known ab initio optimization procedure [26] for construction of the
optimized basis of the relativistic orbitals. It is reduced to minimization of the gauge
dependent multielectron contribution into an imaginary part of an electron energy
ImdE,;,, of the lowest PT orders (see the detailes in Refs. [26-28, 30, 31]). The mini-
mization of the ImdE,,;,, leads to the Dirac-like equations for the electron density that
are numerically solved. The gauge-dependent multielectron contribution into imagi-
nary part of an electron energy can be presented as the functional, which contains the
multi-electron exchange-correlation ones (including polarization interquasiparticle
interaction, effects of its shielding, effects of rapid "smearing" of the initial state by a
non-zero set of configurations, essentially non-Coulomb grouping of levels in
Rydberg spectra, pressure and accounting for continuum states) [3-8]. Using this
functional within a relativistic many-body PT allows effectively to take into account
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the second-and higher orders atomic PT (fourth-order QED PT) corrections. The
whole procedure remains quite complicated. So, in concrete calculations it is suffi-
cient to use more simplified approach, which is reduced to the functional minimiza-

tion using the variation of the MP parameter b. The detailed description of the whole
procedure can be found in Ref. [5-7,26-28,30,31].

Some results and conclusions. Below we present the results of calculating the
shift and broadening of the HFS spectral lines due to collisions for complex atomic
systems (thallium is considered) in an atmosphere of inert gases (Kr, Xe) and com-
pare the obtained data with other available alternative theoretical and experimental
ones. In Table 1 there are listed our theoretical values (Th.C) for the thallium atom
HFS line collisional shift f,(in Hz/Torr) at the temperature 7= 700°K for the diatomic
systems: TI - Kr, Tl-Xe. For comparison, there are also listed the results of calcula-
tion: Th.A- single-configuration DF method; Th. B — the optimized DF/DKS method,
as well as experimental data Choron-Scheps-Galagher [2,13,14]. The qualitative es-
timate from Ref. [13] has been listed as well.

In Table 2 there are listed our theoretical data on the T1 HFS line collisional shift
f,(in Hz/Torr) in dependence upon a temperatures (T°K) for the systems TI — Kr and
T1-Xe. Analyzing thelisted data, it is of a considerable interest to estimate the ratio of
the adiabatic broadening to a collisional shift (I',/p)/f;.

In the standard theory of atomic spectral lines (e.g.,[5-9]) it is well-known so-
called Foley relationship for lines of the visible optical part of spectrum, when the
value of a collisional broadening is practically of the same order as the magnitude of

Table 1. The collisional shift fp (in Hz/Torr) of the thallium hyperfine line for pairs TI -
He, TI - Kr, T1-Xe at 7= 700°K; Experiment and Theory: Th.A- single-config. DF
method; Th. B — the optimized DF/DKS method; Th.C- our scheme (see text).

System Exp. Th.A (DF) Th.B (DKS) Th.C (MP)

T1-Kr —490+20 ~850.0 ~504 —512.4
488

T1-Xe ~1000+80 ~1420.0 ~1052 ~1036.2
~1024

Note. Qulaitative estimate: -5500 Hz/Torr

Table 2. The temperature dependence of the HFS collisional shift f,(in Hz/Torr) and
adiabatic broadening /',/p (inHz/Torr) due to collsison for diatomic pairs T1-Kr,
T1-Xe in the temperature interval 700-1000°K (our data);

Diatomic TI-Kr TI-Xe TI-Kr TI-Xe
Pair fo fs I'/p I'/p
700 -512.4 -1036.2 6.84 17.32
800 -431.8 -896 5.93 14.62
850 -402.5 -843 5.61 13.76
900 -375.3 -798 5.30 12.92
1000 -323.1 -720 5.27 11.53
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a collisional shift. It is easily to to estimate the ratio of the broadening to a collisional
shift for the pair T1 — Kr(I'y,/p)/f, ~1/75and for the pair Tl- Xe- (I's/p)/f, ~1/60. These
estimates testify to the violation of well-known Foley relationship , which is , as a
rule, inviolable in the usual atomic spectroscopy (for ordinary spectral lines in the
visible spectrum part). In the sense of what has been said, it is very interesting to pro-
vide data on the Foley ratio (I'y/p)/f, in the case of a shift and broadening of the 535
nm TI line (72S,,, -62P3), transition) in the atmosphere of the inert buffer gases Kr,
Xe, respectively: —0.35 +-0.39 [14].

Conclusions. It should be concluded that dynamics of the HFS spectral lines
collisional shift and broadening of the Tl (possibly, as well as other heavy atoms) in a
buffer inert gas medium demonstrate very unusual fetures.
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Xeuyeniyc O.10. , Aumowkina 0.O.

YuiMpeHHs Ta 3CyB 32 pAaXYHOK 3iTKHEHb JIiHii HAATOHKOI CTPYKTYPH CKJIAJHUX
aTOMHMX cHCTeM B aTMOc(epi OydepHux iHepTHUX ra3is

AHOTAILA

Ilpeocmasneno eghexkmugnuil nioxio 00 U3HAYUEHHsL 3CY8Y MA YUUPEHHS HAOMOHKUX CHeK-
MpanvHux NiHit y 0yghepHomy 2azo8omy cepedosuwyi, AKUll 6a3yeMbCs HA Y3a2albHeHil KiHe-
MUYHIL Meopii CneKMpatbHux JHiHitl, 0OMIHHIL meopii 30ypernb ma peismusicmcobKill Kaiiopy-
8AIbHO-IHEAPIAHMHI Meopii 30YpeHb 3 ONMUMI308AHUM MOOENbHUM NOMEHYIANOM HY1b0B02O
HabaudxicenHs: 0Nl 0OYUCTIeHHS 8IONOGIOHUX AMOMHUX PENAMUBICMCOKUX X8UTbOBUX DYHKYI.
Haseoeni pesynomamu po3paxynky 3cy8y ma YWUPEHHS CHeKMPANbHUX JIHIll HAOMOHKOL
CMPYKMYypu 8HACAIOOK 3IMKHEeHb 05l CKIAOHOI AmMOMHOI cucmemu (po32isaHymo amom maiiro)
6 ammocepi inepmuux 2azis (3oxpema, Kr, Xe) siki nopieuwowomuvcs 3 albmepHamueHUMU
meopemuyHuMy ma ekcnepumernmanoHumu oanumu. Ilokasano, wo 013 cnekmpanbHux aiHii
HAOMOHKOI CIMpYKmMypu mainito i0HOUIeHHs 8eIUYUHU a0iaOamuiyHO20 YUUperHs 00 8iONoei-
OHO20 3CY8Y 3a paxyHok 3imkuensb ons napu TI-Kr(I /p)/f, cmanoeums ~1/75, a ona napu Tl-
Xe — (I'w/p)/ 1, ~1/60. i oyinku ceiouams npo nopyuieHHs 8i00M020 Y CIAHOAPMHIL AMOMHIl
cnekmpockonii cniggionowents Poni y 6uUnaoky 3Cy8y ma YUUPEeHHs 3ad PAXyHOK 3iMKHeHb
CHeKMPANbHUX JIHIti HAOMOHKOI CMPYKMYpPU AmoMHUX CUCTEM.

Knwuoei cnosa: sasickuii amom y OygheprHomy eazi, KiHemuyHa meopis cneKmpaibHux Ji-
Hill, peramugicmcoka 0a2amoyacmuHKo8a meopis 30ypeHb, YUIUPEeHHs Ma 3CY8 HAOMOHKUX
JUHIU 34 PAXyHOK 3IMKHEHb.
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