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OPTIMIZED RELATIVISTIC DIRAC-FOCK APPROACH TO
CALCULATING THE HYPERFINE LINE SHIFT AND BROADENING
FOR HEAVY ATOMS IN THE BUFFER GAS

Itis presented a new consistent relativistic approach to description of the energetic and spectral properties of the heavy
atoms in an atmosphere of the inert gases, based on the atomic gauge-invariant relativistic perturbation theory with the
optimized Dirac-Fock zeroth approximation with density functional correlation potential and the exchange perturbation
theory for construction of the interatomic potential function. As illustration it is applied to calculating the interatomic po-
tentials, hyperfine structure line collision shift and broadening for alkali and thallium atoms, in an atmosphere of the buffer
inert gas. Itis shown that an accurate accounting of relativistic and exchange-correlation provides physically reasonable
description of the energetic and spectral properties of the heavy atoms in an atmosphere of the inert gases.

1. Introduction

In Ref. [1-3] Ithas been presented anew con-
sistent relativistic approach to hyperfine structure
line collision shift and broadening for heavy atoms
in an atmosphere of the buffer inert gas, based on
the atomic gauge-invariant relativistic perturba-
tion theory and the optimal construction of the
interatom ic potential function within exchange

perturbation theory . A s illustration it has been
applied to calculating the interatomic potentials,
line collision

hyperfine structure shift for heavy

atoms, namely, rubidium, cesium etc in an atmo-
sphere of the buffer inert gas (He). Itwas shown

that the consistent, accurate accounting the the

relativistic and exchange-correlation, continuum
pressure effects has to be done to get an adequate
description ofthe energetic and spectral properties
ofthe heavy atoms in an atmosphere of the heavy
inert gases.

Letus remind that the broadening and shift of
atom ic spectral lines by collisions with neutral
atoms has been studied extensively since the very
beginning of atomic physics, physics of collisions
etc [4-36]. These studied are of a great interest
for modern atomic and molecular spectroscopy,
quantum chemistry, laser physics and quantum
electronics, astrophysics and metrology as well as

for studying a role of weak interactions in atom ic
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optics and heavy-elements chemistry [37-48]. It
is very important point that the computing the
hyperfine structure line shift and broadening al-
lows to check a quality of the orbitals basis and
understand physical aspects of accounting the rela-
tivistic and correlation effects to the energetic and
spectral characteristics of the two-center (multi-
center) atomic systems. One of the known and
widely used quantum methods to compute atom ic
lines characteristics is

parameters and spectral

the Dirac-Fock method. However, because of the
known points connected with generation of non-
optimized basis of wave functions and other ones
(for example, the slow convergence of the cor-
responding PT series with the Dirac-Fock zeroth
approximation, necessity of accurate accounting
for the correlation effects etc) this method should
be seriously improved. The most known improve-
mentis in using the multiconfiguration Dirac-Fock
approach.

In this paper we present anew consistentrela-
tivistic approach to description of the energetic
and spectral properties of the heavy atoms in an
atmosphere ofthe inertgases, based on the atom ic
gauge-invariant relativistic perturbation theory
with the optimized Dirac-Fock zeroth approxim a-
tion with density functional correlation potential
and the exchange perturbation theory for con-

struction of the interatomic potential function. As
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illustration it is applied to calculating the, hyper-
fine structure line shift and broadening for alkali
atoms in an atmosphere ofthe buffer inert gas. Itis
fhown that an accurateaccounting of" reletivistic
cod exn®n ” -correlaton provMed physm afiy e-a-
fonable dascriptinn os At encrgetic end spectral
pnaoeflct ef Ae htevy atome m an aA iorphere of

the mertgaros

2. Method

The bcsA exprersrons for Ac 0011°~ i fiift

eap broaden” h ~ erfme eAucAce re)-dre. hnss
ase taken from A n kmetit Aeo”™ ocsptdral Imes
1h @ ,ert™ lia A crdd to ca”™~uA A acoforron
thift af A e ayparfmc structure sy~(*tcel dnes

one can useA e folfowmO exotassron known in

A w N gecNi MINN o~ N cAs- Imes ehape Rsee
Reft. [atn/™):
fP=- :AkT J[1+ c(Vilda(v)exe (- UR), KTR2dR
1)
0 \70
U (R) U <0,
C(R)= 3*n kT
0, u >0,

Here U(Rs (s an eCfedive g o®ntiai oa mSera-
tdmic mterection, which hat Ae sentre! svmmeAy
lep eete o) She syctems O—B (Ipaur for
exemale, ™R x™Prr eCG=H=;0 is a tempera-
ture, vdis a Requenuy of Ae hnperfmc struc-
tyee teensltron A cn rote~~d aetivc atom;
do(R)=Dw)R)/w0 io mrelative; local \hifi; os Ae
hyt eitine sfvuctnre Imeg(1+c(V)S is atevsdeea-
ture form-factor.

The local sliift; ia eeeseel due totta A™os--
Tyn of Aeantive Mdms ¥4, Ae eidati atom
aod onilnm He) at Ae Gsae,ct R. kn otter to
ea-chlate e n eefu)tihe pvtuatial of toe Atera-
tomicinteracdon foRher we use tht excRenge
perturt>atron ideory yosmalirsn )the modified
peesioo e UsH Avs [hoe]).

siuce we are interested by the alkali (this atom
cun be treated ai a nne-c[daoiearticle system), se.
en etomie tystem witd s t ugia velencededron

systems, i.e. an atomic system with a single -

valence electron above a core of the closed r
ehen A ree-quasipariielesy¥tip), sy u”™ tec™M-

sical model for their consideration. The interaction
of alkali (A) atoms with a buffer (B) gas atom is
treated in the adiabatic approximation and the
t~prosimetion of thy r gto eotei. Here Aisw-rA
to remmy veh teiccessful rdndyl potrdtiei emu-
letiont Os we stndied gp Tams Ree, for eaampie,
Reft. [teenati.

epah e nypeinidc ipteraction H rmiltonian one
shynly foematiy eondder ase magnetie Apole
Ateractior af momenta of Ae d ecAon and the
ole interaction of moments of the electron u-
aple inseroeon fhaweveptoumem™NXIP™ as
arule, Ae momente of nucAi oe  most (buffsr)
mertdat (totopes eciuaAo zer{p.

TYeoecesuffe of tim sAictAtoting reletiv-
istic effects causes using the following ex-
pression sor a N/ YA™ inteeeetron operator

(see, cg.u
Noa xr ?h
rator aZ d >a = -0/m (2)
=1 Om c

p

where | - the oherator of Ae nuclear shin active
atom, a. - Dirac matrices, mp - hroton mass, m -
moment of the nu-lous of Ve active atom, ex-
pressed in the nucckar Bohr magnetons. Of
couese, Ae tnmIP¥NM b (T) is rvt’yed tiaSes
ol2vie el™trons oi Y™ rt,sicm, <Yt [)t&d("Ying
Pa e ~orer.”~”elnifoynced mreel ohrontid-
nat™oo rf tCe eea’es ai”“mt is impnttmfi Ui de-
rea’V* e neffmVue en@rafonfie ij"™Y"w'¥. po-
tentm l)ee aetive etom - “n i(ettianatrym),
t™Mhictl ie Nedtelld? st’samatrie {Jj~ It en our
The introduced model of consideration of an
inert gms dtr’Y): Lsd ur tYige”ne Sdea SYOR an
ApromimvY RN is; aitu eptable ™ Ae rase
Gt m “Aallium atom p an inart ets ~vnm”
tYm some rcre-e™MMi YYYS, in smte th the
preenceodjDeit®oc’y in She tVailinm 3Sn the
caae of VYyo-eal™A afota/ A g situ(Oien is le”ore
NodNDVuteR-.0Ont odtfhm At eorred mettiuds to
de'e™de Cervy €ttYrs in so a@Vmas” e & cRmert
gases is the relativistic Dirac-Fock one or thr
Dirac-Kohn-Sham method. It is obvious thaS
more sophisticated relativistic many-body meth-
ods should be used for correct treating relativistic,
exchange-correlation and even nuclear effects in
heavy atoms (including the many-body 00™111-
tion 7elCets, mteread 1 eorreM enc. possiM. Ae
crntmynm piss"ste etel). -n ote urtu’YYowe
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have used the relativistic functions, which are
generated taithtn the (if)t"Ymiziid Dirae-f c-cf zeroth
accraximaiion af the telakiviskic mhnrt Cody ptr-
turi>atinn Cfeory h-8]. TSc po-entiel efthe inter-
electroc interattioo ueitia accounting tne reta-ding
effeti end maf - e-ic inteuaftionin th” lowest fm
der on prrameter a2(the fine structure oofttaft) it
ar foilows:

V (rr ) =exp (imyry)-"----0 jl, (33
ni

where to, ar thetranfittoo frequency; a.ethdie t’™
Dira! matrices. <tht 13! 17arotf vaztoximatien is
the ootimioee Dirae-aock oce tdinr additional
ooereiation poCentiol ihie]) wrth kting the consist-
en- remti6i-tic enecgy appooach en oraor -0 con-
rCrunt tiii; oeti-rai seictivistie otiil-hi™ baelt SCec
detcilt cer ReOr. f37-On])] 'gee ootimiaation ie
reduced -a 91" 10-1)1-2x0 cf Meg caufe d-lende-t
mdltielcctron aontoibf tion imbE,; of the lowest
rel™t”>zidic pecturCetiob tiieoey corrections (v tfe
radia-ioc widthr 0f2-105110 16X018. Ti e minimiza-
ticn cCdie auictionalan aE g leads to -he Dirac-
Focf -lide cquations -9r t@x eleetroe dfnsity tha-
arenum-nicntin solete. The further elaboration
of the mathod cambe tracEed cf (htian”* of uticv
CreDiraet-furm ) o-)ooc:€15], To ecleuiato an ef-
fec-/icn f otentiai ol2t(te ¥ »50100(1] inkeraa-ion wh
urc a metUod o6the exchange (ie:aui'b™t(hn ineoty
(in-Ce modified veo-loe Ec-HAV Ih™ CD,nitum
eucctncet ib eeconc( orf ec tarmt on potenCac of
Cotiiomb interaetlon uf 4—xalent ti”etron) and
a-omle cozez t locN thieceon ce wait-en at;

OaW "-A*n, +£2)]t O- (4
1 oq r

1 - 00 valuer W, Q2 ai'e ihe non-euchange and
exchange nov-phrturbation sums of the firi” r -
der tfrrercfndinglm, whith eucrerr through ihc
matrix elemefts of the hyperfife ifteraotiof op-
erator. the Ol- O- deCalilr are in Redr.[1-11].

3. Results and conclusion

Furt-e- we crerenc rfme ieri rerul-r of ou-
sthdyifg hyperfife life collisiofal thift for alkali
atoms (rubidihm afd caesium) if the atmosphere
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nkthe heUum ga(. In Fable a fcU we preseft tYY
tyooretiecl ((tui)r @r the ucperfine line observed
ftjfl SltnocTin - case it tlze CfsHe paira The
experimentzi ank al-ernntlve tiieoretical results ba
(Catygin el al (s] fo- f cee iirte- too. a - cretcnt
time ehere ape no f 3eoite cxperimenlal Baim for
nwlie inteeval oGtemperatures in the llterature.
hhc t(leoret(cal icdt™ erom Recc. ((] |re oie-zi- ed
on tCe batir nf eaieu(etlon earthin tOe exchanee
CerturCe-tog t]-eorh)with uemg -Oc He whve unc-
tionn in ti-n Ciementi-Rotn3ane aj-li"oulmdtien
ieoiumn: TheocuO mb in the Z-uvomcximation
(edinmn: T-nornf, and indie . Ocdin aj)hrox-m"-
tion -column: Thloiy0.

Cable -

The abscncet fp(ind UToao) shiftt mr husys-
tems oEtf»c Cs-He ond conneseoe ding treo-
vYical d”™eo tsee toxt

-.Jjs  Exf a b t  noor
221) - 164 142 169 171
329 i-r 126 109 129 114
426 - 11 % 124 121
- 940 85 no3 ion
627 - 94 na 96 f02
aat. : : - f 90
ven - : : - 90

NoV¥f - ealeulation t//tinrh FI” tvNie Binc-tons
so /fie Ciemcni]tRothfiMn apflroximtion; B- t-ie
2ZYyieNe it lerLfwdin - proximati<n Bel;

In nabler 2 Chere are liried Chevaluer ofChe ob-
rervedf itt-nt/Torr) shifts for the systems of the

Oai-: -1-He: C -ouu daia, B- daiaby Mirhtheneo
eial [7], A- daiaby BaCygin-foeolov [d]. In nablc
h Chere are liried Che taltulaied adiabaiit broaden-
ing valuer r/p (if Hz/Tor) for the thallium spec-
tral liner Cou different CernceraCurer and caffr VI-

He, K- Xe.



table 2

The observed f (109 1/Torr) shifts for the sys-
tems of the pair: TI- He: C-our data, B- data
by Mischenko et al [7], A- data by Batygin-

Sokolov [6].
Tk A B c
700 199 117 1111
800 191 114 110,2
noo 147.9 111 128,0
1000 141 12d 121,4

Note: Eup. Value (TI-He, T=700K): t)0£tO0;
table 1
Adiabatic broadening values rdp (in Hz/Tor)

for the thallium spectral lines for different
temperatures (pair: TI- He, TI-Kr, TI-Xe).

TK tl-He tl-He tl-Ku tl- Xe
[4] Ouu Ouu Ouu
700 2.81 24n  d79 1727
800 2.8d 2.92 9.88  14.98
noo 2.90 2.9d 924 1287
1000 28n 291 922 1148

Our data ooffirm violatiof of the kfowf Foli
-010-2x0-620 be-ween -he obrervedf rhifi and -he
adiabaiit broadening value iTJp~f ) if the staf-
101 -600-; of roet-ral liner, Cou -001x0L Onc
tuld ree, -ha- Cou euarncle, iT/p)/f ~1/d0 Cu
ryr-em of VI-He eit. Quali-a-ively rimilar , but
fuan-i-a-ively a little otheu er-ima-er have beeo
obtained in Refr. [1,4].

to tontlude, let ur unde-line -ha- uring -ho
oc-irnived rela-ivir-it oubitalr barir iin ouu ac-
0-00)6 roeeth ir about -he oc-irnived Diuat-Fote
veuoth aoorovima-ion wi-h additional torrela-ioo
aoteftial) afd coftisteft areoite aocoohftifE for
-he eut-ange-ton-elation and otheu effeatr ir ouin-

tioally neterra-y fou -he chyritally uearonablf
dertrio-ion of -he ene-ge-it and roettual 0-004--
tier of -he heavy atornr in an a-morchere of -ho
ineut garer.
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UDC 919.184

V F. Marsarliysky, E. V. Terrovsky, A. V dgraterko, E. L. Poromarerko

OPTIMIZED RELATIVISTIC DIRAC-FOCKAPPROACH TO CALCULATING THE
hyperfine line SHIFTand broadening FOR HEAVY ATOMS IN THE BUFFER GAS

Summary

Itir c-eren-ed a new aonrirtent rela-ivir-it acc-oath to dertric-ion of -he energetia and rceatra)
croce-tier of -he heavy atornr in an a-morchere of -he inert garer, bared on -he atornit gauge-invariant
rela-ivir-it ce-turba-ion theory with -he oc-irnived Dirat-Fote veroth accrouima-ion with denrity funt-
-ional aorrelation co-en-ial and -he euthange ce-turba-ion theory for aonrtmation of -he in-era-omin
Ootential. Ac illurtration it ir applied to oalohlatifg the hyaerfife structure life oollitiof thift afd
broadening for aieali and -hallium atornr in an a-morchere of -he buffer inert gar. It ir rhown -ha- ao
aaaurate aaaounting of rela-ivir-it and euthange-torrela-ion provider chyritally rearonable dertric-
-ion of -he energetia and rceatral c-oce-tier of -he heavy a-omr in an a-morchere of -he inert garer.

Keywords: Rela-ivir-it rnany-body ce-turba-ion theory, Dirat-Fote accrouima-ion, hyaerfife life
tollirion rhift

Y~K 919.184

B. 0. MaHcapmucKUU, E. B. TepnoecKUU, A. B. MsHameHKO, E. ft. nonoMapeuKO

HOBbIH PERRTHBHCTCKHH nO*"XOA KOnPE"EREHHM C”*BHrA H
ymHPEHHR RHHHH CBEPXTOHKOH CTPYKTYPM B TRM"ERbIX ATOMAX B
BYM"EPHMX rA3AX

Pe3MMe

npegcTaBneH hobhh penaTuBucTCKuu nogxog k onpegeneHuro cgBura u ymupeHua nuHuu CBepx-
tohkoh CTpyKTypw Ta”“enbix aTOMOB b aTMOC"epe 6y$epH bix ra30B, KOTopbiH 6a3upyeTca Ha aTOM-
HOH Kanubp 0BOHHO-HHBapHaHTHOH penaTuBUCTCKOH TeOpuu BO3MyraeHHH C OnTHMH3HpOBaHHHM
HyneBbiM npu6nu*eHueM ~“upaKa-OoKa c gononHuTenbHbiM Koppena”uoHHbIM ~0TeH~ruanOm u 06-
MeHHOH Teopuu BO3MyraeHuM gna nocTpoeHua Me®*aTOMMHoro ~OTeH"uana. B KaaecTBe unnrocTpa”uH
npuBegeHH pe3ynbraTbhi pacaeTa cgBura u ymupeHua CBepxTOHKux nuHUH paga Ta”enbix aTOMOB, b
aacTHOCTu, raenoaHbix u aTOMa Tannua, b aTMOC”epe 6y$epH bix uHepTHDbix ra30B. noKa3aHO0, aTO
aKKypaTHHH yaeT penaTuBucTCKux, O6MeHHO-kOppenaruOHHbIx ~$$ek TOB 0BecneauBaeT ageKBaT-
Hoe onucaHue "Hep”~eTuaecKux u cneKTpanbHbix cbohctb Ta”~enbix aTOMOB b aTMOC”"epe Ta”enbix
uHepTHDbix ra30B.

K”roneBbie ¢~OBa: penaTuBucTCKaa Teopua B03MyraeHua, npubBnu*eHue ~upaKa-OoKa, CTon-
KHOBuTenbHHH cgBur nuHuH CBepxTOHKOH CTpyKTypbi
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Y/K 919.184

B. 0. MaHcapmucbKUU, €. B. TepnoecbKUU, r. B. IsHameHKO, O. ft. nonoMapeuKO

HOBHH PERRTHBICTCbKHH niAXIA AO BH3HAHEHHR 3CyBy TAy illHIMHHR
RIHffl HAATOHKOI CTPYyKTyPH y BAMNKHX ATOMAX B BVChEPMMX rA3AX

Pe3roMe

npegcTaBneHuH hobuh penaTUBIicTCbKUH nigxig go BU3HaaeHHa 3cyBy i ymupeHHa niHii HagTOH-
KOi CTpyKTypu Ba”Kux aTOMiB b aTMOC"epi 6y$epHux ra3iB, aKUH 6a3yeTbca Ha aTOMHIH Kaniépy-
BanbHO-iHBapiaHTHIH penaTUBicrcbhKiM Teopii 36ypeHDb 3 onTuMi30BaHuUM HynbOBuM Ha6nu*eHHaM
AipaKa-OoKa 3gogaTKOBuM KopenafoHHUM noTeHfoanoM i 06MiHHIH Teopii 36ypeHb gna no6ygoBu
MifaTOMHoro noTeHfoany. Rk inrocrpaffa, HaBegeHi pe3ynbTaTu po3paxyHKy 3cyBy i ymupeHHa Hag-
tohkux nmiM pagy Ba”Kux aTOMIiB, 30KpeMa, ny*Hux i aTOMa Taniro, b aTMOC”?epi 6y$epHux iHepT-
hux ra3iB. noKa3aHO0, rao aKypaTHe ypaxyBaHHa penaTuBicTCbKux, 06MiHHO-KopenafoHHux e”~"eKTiB
3a6e3neaye ageKBaTHUH onuc eHepreTuaHux i cneKTpanbHux BnacTUBOCTeH Ba~Kux aTOMIiB b aTMOC-
$epi Ba”Kux iHepTHux ra3iB.

K~mhobl CAOBa: penaTUBIicTCbKa Teopia 36ypeHb, Ha6nu*eHHa AipaKa-OoKa, 3cyB 3a paxyHOK
3iTKHeHb niHIH HagTOHKoi CTpyKTypu
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