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SPECTROSCOPY OF THE SPECTRAL LINES BROADENING AND SHIFT FOR HEAVY

ELEMENTS IN THE BUFFER GAS

A new relativistic approach, based on the gauge-invariant perturbation theory (PT), is
applied to calculating the spectral line collisional broadening and shifts for the heavy atom
(thallium) in an atmosphere of the buffer inert gases. It is shown that the relation of the
adiabatic broadening to collisional shift is ~ 1/55 for the system TI - He, 1/80 for the
system TI - Kr and ~ 1/65 system TI-Xe, i.e. the known Folly spectral relationship is
not correct in a case of the thallium hyperfine lines.

1. Introduction

High precision data for collisional shifts and
broadening the hyperfine structure lines of heavy
elements (alkali, alkali-earth, lanthanides, acti-
nides 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 study-
ing a role of weak interactions in atomic optics
and heavy-elements chemistry [1-15]. As a rule,
the cited spectral lines shift and broadening due
to a collision of the emitting atoms with the buffer
atoms are very sensitive to a kind of the intermo-
lecular interaction. Besides, calculation of the hy-
perfine 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 characteris-
tics of the two-center (multi-center) atomic sys-
tems. From the applied point of view, the men-
tioned physical effects form a basis for creating
an atomic quantum measure of frequency [8.9].
The corresponding phenomenon for the thallium
atom has attracted a special attention because of
the possibility to create the thallium quantum fre-
quency measure. Alexandrov et al [8] have real-
ized the optical pumping thallium atoms on the
line of 21GHz, which corresponds to transition

between the components of hyperfine structure
for the Tl ground state. These authors have meas-
ured the collisional shift of this hyperfine line in
the atmosphere of the He buffer gas.

The detailed non-relativistic theory of colli-
sional shift and broadening the hyperfine structure
lines for simple elements (such as light alkali ele-
ments etc.) was developed by many authors (see,
for example, Refs. [1-14]). However, until now
an accuracy of the corresponding available data
has not been fully adequate to predict or identify
transitions within accuracy as required for many
applications. It is obvious that correct taking into
account the relativistic and correlation effects is
absolutely necessary in order to obtain sufficiently
adequate description of spectroscopy of the heavy
atoms in an atmosphere of the buffer gases. This
stimulated our current investigation whose goals
were to apply a relativistic PT approach [15,16] to
calculating the interatomic potentials and hyper-
fine structure line collision shifts for some com-
plicated (T1, Pb) atoms in an atmosphere of the
inert gases. The basic expressions for the collision
shift and broadening hyperfine structure spectral
lines are taken from the kinetic theory of spectral
lines [2,5,7]. The exchange perturbation theory
(the modified version EL-HAV) has been used
to calculate the corresponding potentials (see de-
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tails in [1]). Finally, new data on the oscillator
strength of the forbidden transition in the lead are
presented too.

2. Relativistic theory of spectral line shift
for system “heavy atom-inert gas”

In order to calculate a collision shift of the
hyperfine structure spectral lines one can use the
following expression known in the kinetic theory
of spectral lines shape (see Refs. [5,7]):

£, =2 =32 g R)exp (- U(R)KTIRR
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Here U(R) is an effective potential of intera-
tomic interaction, which has the central sym-
metry in a case of the systems 4—B (in our
case, for example, 4=Rb,Cs; B=He); T is a
temperature, w, is a frequency of the hyper-
fine structure transition in an isolated active
atom; dw(R)=Dw(R)/w, is 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 modi-
fied version EL-HAV) [1]. The relative local
shift of the hyperfine structure line is defined as
follows:
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Here S is the overlapping integral; C, is the
van der Waals coefficient; / is the potential of ioni-
zation; E| , 1s the energy of excitation to the first
(low-lying) level of the corresponding atom. The
values W, W_ in Eq. (2) are the first order non-
exchange and exchange non-perturbation sums
correspondingly [1,5,6]. These values are de-
fined as follows:
do(R)= So +Q+Q, —Cé(z+ L }
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where [ |, is the operator of hyperfine interac-
tion; N is the total number of electrons, which
are taken into account in the calculation; E,
D, (1)= F'ka 1)e, h(2...N) are an energy and a non-
symmetrized wave function of state k ={k .k, }
for the isolated atoms A4 and B. The non-ex-
change matrix element of the Coulomb intera-
tomic interaction is as:
V,=<o (1) | V(1)|D,1)>.

Correspondingly the exchange matrix ele-

ment is as follows:

U= 200,000

The operator V (i) (for example, in a case of
the system TI-He), as follows:

. 1
V(l) = USCF(raB )+ Uscr (”u4 )_ 2U g¢r (R) +—

r,.
"0
where U, (1) is the self-consistent field, created
by the lead atomic core.

Let us return to consideration of the van der
Waals coefficient C, for the interatomic 4-B inter-
action. As a rule, one could use the approximate
values for the van der Waals constant C, . How-
ever, sufficiently large error in definition of the van
der Waals constants could provide a low accuracy
of calculating the interatomic potentials. The van

der Waals coefficient may be written as [2,9]:
~ 3M-L(L+])
Co(L,M)=Cg,(L) QL-D@2L+3) Ceo(D ’
4)

where C | (L) is the isotropic component of the in-
teraction and C_, (L) is the component correspond-
ing to the P (cosq) term in the expansion of the
interaction in Legendre polynomials, where the
angle specifies the orientation in the space-fixed
frame. The dispersion coefficients C, ) (L) and C,



L) may be expressed in terms of the scalar and Table 1. Energy (cm-1) levels for 2Tl: ex-
( y p gy

tensor polarizabilities o, (L;iv) and a,(L; iw)
evaluated at imaginary frequencies [9]. In particu-
lar, one may write in the helium case as follows:

Coo(L) = % : ]3 a, (Lyiw)a, (iw)dw (5)

where ), is the dynamic polarizability of
He. The polarizabilities at imaginary fre-
quencies are defined in atomic units by the
following formula:
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where E, is the energy of the electronically ex-
cited state |LgMg > and the z axis lies along the
internuclear axis. As a rule, (see, for example,
Refs. [2,6-10]), the non-relativistic Hartree-Fock
or the non-relativistic Kohn-Sham (KS) density
functional or relativistic Dirac-Fock methods
were used for calculating the corresponding wave
functions. Another variant is using the relativistic
wave functions as the solutions of the Dirac equa-
tions with the corresponding density functionals
(Dirac-Kohn-Sham=DKS theory) and effective
correlation potentials [14,15]. In our calculation
we have used the relativistic PT with the opti-
mized DKS zeroth approximation. The detailed
approbation of method in studying spectra and
radiative parameters the atoms is given in Refs.
[15-18].

3. Results and conclusions

In Table 1 we present the results of our cal-
culating energies of levels in 2°TI: experimental
data and the results of the calculation method
in the framework of the relativistic Hartree-Fo-
ck (RHF), the time-dependent theory of RHF
(TDRHF), RMBPT-DF (see [23] and references
therein) and our theory. Our data are in quite good
agreement with the experimental data and data by
the RMBPT-DF.

periment and theor.data: RHF, TDRHF,
RMBPT-DF and our theory (see text)

RHF TDR RPT Exp Our

HF DF
Ts 21100 22952 | 22818 | 22786 | 22809
6p,, 43909 50654 - 49264 | 49308
., 14282 15203 - 15104 | 15154
6p,, 36670 42704 | 41432 | 41471 | 41501
P, 13359 14224 - 14103 | 14145
i 12218 13130 | 13175 | 13146 | 13167
6d., 12167 13042 - 13064 | 13083

Table 2. E1 amplitudes (in units ea;) for TI:
Experiment and calculation data by RHF
(RHF), DF plus cong. interaction (DF + CI),
TDRHEF, and our data

L | RHF | DF- | TDR | Our | Exp.
A% Cl | HF
6p,-7s | L | 250 | 232 | 214 | 221 | 223
V| 200 | 192 | 215 | 221 | (6)
6p,-7s | L | 343 | 310 | 281 | 282 | 2.83
V| 275 | 255 | 284 | 281 | (6)
6p,,-8s | L | 080 | 071 | 064 | 067 | 067
V| 06l | 056 | 065 | 066 | (3)
6p,,-8s | L | 0.86 | 077 | 2.63 | 0.65
V| 064 | 061 | 065 | 065
Tp,-7s | L | 814 | -7.52 | 720 | 725 | -7.27
V| 772 | 2707 | 703 | 724 | (D)
Tp,-7s | L | -7.65 | -7.08 | -6.85 | -6.81 | -6.84
V| -722 | -686 | 679 | -6.80 | (7)

In table 2 there listed the theoretical and ex-
perimental data in the amplitudes E1 transitions
in thallium, in particular it is clear that methods
of the RHF type without accounting correlation
effects does not provide a precise description of
the desired amplitude accuracy.

In Table 3 we present our theoretical results for
the collisional shift ]; (Hz / Torr) in a case of the
pairs: TI - He, TI - Kr, Tl-Xe at T = 700K: Ex-
periment by Chorou-Scheps-Galagher (Virginia
group); Theory: A- DF method [7], B-optimized
KS method with approximate estimate the con-
stant C, [10] (see also[21,22]) and our theory.
The important feature of our scheme is correct
taking into account the correlation (polarization)
effects with using special effective functionals
from [15,19].
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Table 3. Collisional shift fp (Hz / Torr) in a
case of the pairs: TI - He, TI - Kr, TI-Xe at
T =700K: Experiment by Chorou-Scheps-
Galagher;
Theory: A- DF method, B-optimized KS
method with approximate estimate the con-
stant C_ and our theory.

Pair T1-He T1-Kr T1-Xe
Exp. 130£30 | -490+20 | -1000+80
Th:A 155.0 -850.0 -1420.0
Th:B 137.2 -504 -1052

Our: C 135.4 -501 -1036

Table 4 shows our values (C) of the collisional
shift of the hyperfine lines for thallium at differ-
ent temperatures (T, K) for the systems TI-He,

Table 4. Collisional shift f (Hz/Torr) of the
hyperfine lines for thallium at different tem-
peratures (T, K) for the systems TI-He, Kr, Xe

Pair T1-He T1-He T1-He
T,K Th:A Th:B Th:C
700 155 137,2 135,4
800 151 134,1 132,9
900 147.5 1314 129,5
1000 143 126,2 124,4
Pair T1-Ar T1-Kr T1-Xe
TK Th:C Th:C Th:C
700 -112 -501 -1036
800 -107 -418 -878
900 -102 -357 -172
1000 -94 -304 -694

Kr, Xe with alternative data from theories: A- DF
approach [6] , B - optimized KS method [10]. The
difference between our theoretical data and other
calculation results can be explained by using dif-
ferent PT schemes and different approximations
for calculating the wave functions. It is obvious
that the using correct version of the exchange PT
will be necessary for an adequate description of
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the energetic and spectral properties of the heavy
atoms in an atmosphere of the inert gases. In Ta-
ble 5 we list our ( C) calculated values for the re-
duced adiabatic broadening of G /p for the thal-
lium hyperfine line at different temperatures for
the systems: TI - He. TI - Kr, TI-Xe together
with results of other theories (theory A- DF ap-
proach [6] , B - optimized KS method [10]).

Table 5. The adiabatic broadening G /p for
the thallium hyperfine line at different tem-
peratures in the the systems: TI - He. TI
- Kr, TI-Xe (results of different theories:
theory A- DF approach [6] , B - optimized KS
method [10].

T TI-He | TI-He | TI-He TI- TI-
A B C Kr Xe

C C
700 2.83 2.51 2.45 6.50 15.9
800 2.86 2.54 2.48 5.58 13.8
900 2.90 2.58 2.51 4.98 11.4
10° 2.89 2.56 2.48 4.28 10.0

The important aspect of the theory is an es-
timate of the ratio of [G /p]/f According to
our data this ratio is as follows G/p/ f ~ 1/55
for the system TI - He, G /p / f ~ 1/80 for the
system TI - Kr and (G /p / f )~ 1/65 system TI-
Xe, i.e. the known Folly relationship (G,/p~ fp)
is not correct in a case of the thallium hyperfine
line.

It 1s obvious that the pair “Tl-inert gas” is
sufficiently complicated system, for example in
comparison with such a systems as the pair of
“alkali atom-atom of inert gas”. Obviously more
detailed experimental studying as this atom as
other interesting heavy atoms is very desirable.

Nevertheless, we believe that our data may
be considered as very useful reference espe-
cially if there will be performed the further
measurement of the temperature dependence for
the collisional shift and adiabatic broadening pa-
rameters in a wide interval of the thermodynami-
cal parameters.
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SPECTROSCOPY OF THE HYPERFINE LINES SHIFT FOR HEAVY ELEMENTS
IN THE BUFFER INERT

Abstract

A new relativistic approach, based on the gauge-invariant perturbation theory (PT), is applied to
calculating the spectral line collisional broadening and shifts for the heavy atom (thallium) in an
atmosphere of the buffer inert gases. It is shown that the relation of the adiabatic broadening to colli-
sional shift is ~ 1/55 for the system TI - He, 1/80 for the system TI - Kr and ~ 1/65 system TI-Xe,
i.e. the known Folly spectral relationship is not correct in a case of the thallium hyperfine lines.
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FO. M. Jlonamkun, B. Y. Muxaiinenko, A. A.Ceunapenko

CIIEKTPOCKOIUS CABUIOB JINHU CBEPXTOHKOM CTPYKTYPhI TAXKEJIBIX
3JIEMEHTOB B BYOEPHOM I'A3E

Pe3srome

HoBblil pensiTUBUCTCKUIN MOAXO/A, OCHOBAaHHBIN Ha KaJIMOPOBOYHO-WHBAPUAHTHOM TEOpUHU BO3-
MYIIEHUHA, TPUMEHEH JJIsl pacyeTa CTOIKHOBUTEIILHOTO C/IBUTA U aIMa0aTHUECKOTO YIIMPEHUS CIIeK-
TpaJIbHBIX JIMHUM TsKEJoro aroMa (Tayummii) B atmocdepe OydepHbIX HMHEpTHBIX ra3os. [lokaszaHo,
YTO OTHOIICHUE aIna0ATHUECKOTO YITUPEHUs K CTOIKHOBUTEIBHOMY CIBUTY COCTaBIseT ~ 1/55 s
cuctemsl TI-He, ~ 1/80 mnst cucremsr TI-Kr u ~ 1/65 nans cuctemsl TI-Xe, yTo moaTBep)aaeT HEKOP-
PEKTHOCTH U3BECTHOI'O CIEKTPAJIBHOrO OTHOIIEHUSI Doy B cilydyae JIMHUN CBEPXTOHKOM CTPYKTYpBI
TaJUINA.

KiroueBble cjioBa: C/IBUI, YIIMPEHUE CHEKTPAJIbHBIX JTUHHM, TSOHKEIBIC 3JIEMEHTHI, Oy(hepHbIi
ras, pesITUBUCTCKAasi TEOPUS
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VIIK 539.184
FO. M. Jlonamxin, B. I. Mixatinenko, A. A. Ceunapenro

CIIEKTPOCKOIIIS 3CYBIB JITHIA HAJITOHKOI CTPYKTYPH BAXKKHNX
EJIEMEHTIB B BYOPEPHOMY TI'A31

Pesrome

HoBwuii pensiTUBICTCHKUHN TAX1], IKKi 0a3y€eThCs Ha KalliOpyBalibHO-1HBAapiaHTHOT Teopii 30ypeHb,
3aCTOCOBAHO ISl PO3PAXyHKY 3CYBY Ta a/11a0aTUYHOTO YIIUPEHHS 32 PaXYHOK 31TKHEHb I BaXKKOTO
atoma (Taymtii) B armocepi OydepHux iHepTHUX ra3ziB. [lokazaHo, 10 BITHOIICHHS a/11a0aTHYHOTO
YIITUPEHHS IS 3CYBY 3a paxyHOK 31TKHEHb ckianae ~ 1/55 mns cuctemu TI -He, 1/80 mns cucremu
TI-Kr ta ~ 1/65 nns cucremu TI-Xe, mo miaTBepKy€e HEKOPEKTHICTh BIJOMOTO CIIEKTPAIBLHOTO BiJI-
HomeHHs Do y BUNAAKy HaITOHKUX JIIHIN TaJlTis.

Ku1rouoBi ci1oBa: 3cyB, yIIMPEHHS CIIEKTPAJIbHUX JIIHIH,, BaXKK1 eIeMeHTH, OypepHuii ra3, pensTu-
BICTCBhKa TEOPis
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