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RELATIVISTIC THEORY OF EXCITATION AND IONIZATION OF HEAVY ALKALI RYDBERG
ATOMS IN A BLACK-BODY RADIATION FIELD: NEW DATA

The combined relativistic energy approach and relativistic many-body perturbation theory with the zeroth
Dirac-Fock potential approximation are used for computing the thermal Blackbody radiation ionization
characteristics of the alkali Rydberg atoms, in particular, the rubidium and caesium in Rydberg states with
principal quantum number n=20-100. Preliminary application of theory to computing ionization rate for the
Rydberg sodium atom in the have demonstrated physically reasonable agreement between the theoretical and
experimental data. The accuracy of the theoretical data is provided by a correctness of the corresponding
relativistic wave functions and accounting for the exchange-correlation effects.

In Refs. [1,2] it has been proposed a combined
relativistic energy approach and relativistic many-
body perturbation theory with the zeroth model
potential approximation for determination the
thermal Blackbody radiation ionization charac-
teristics of the Rydberg atoms. As example, there
have been computed the ionization parameters of
the sodium in Rydberg states with n=17,18,40-70.

A great progress in experimental laser physics
and appearance of the so called tunable lasers al-
low to get the highly excited Rydberg states of at-
oms. In fact this is a beginning of a new epoch in
the atomic physics with external electromagnetic
field. It has stimulated a great number of papers
on the ad and dc Stark effect [1-12].

From the other side, the experiments with Ryd-
berg atoms had very soon resulted in the discovery
of an important ionization mechanism, provided by
unique features of the Rydberg atoms. Relatively
new topic of the modern theory is connected with
consistent treating the Rydberg atoms in a field of
the Blackbody radiation (BBR). It should be noted
that the BBR is one of the essential factors affect-
ing the Rydberg states in atoms [1].

The account for the ac Stark shift, fast redistri-
bution of the levels’ population and photoioniza-
tion provided by the environmental BBR became
of a great importance for successfully handling
atoms in their Rydberg states.

The most popular theoretical approaches to
computing ionization parameters of the Rydberg
atom in the BBR are based on the different ver-
sions of the model potential (MP) method, quasi-
classical models. It should be mentioned a simple
approximation for the rate of thermal ionization
of Rydberg atoms, based on the results of our sys-
tematic calculations in the Simons-Fues MP [1].
In fact, using the MP approach is very close to the
quantum defect method and other semi-empirical
methods, which were also widely used in the past
few years for calculating atom—field interaction
amplitudes in the lowest orders of the perturba-
tion theory. The significant advantage of the Si-
mons-Fues MP method in comparison with other
models is the possibility of presenting analyti-
cally (in terms of the hypergeometric functions)
the quantitative characteristics for arbitrarily high
orders, related to both bound-bound and bound—
free transitions. Naturally, the standard methods
of the theoretical atomic physics, including the
Hartree-Fock and Dirac-Fock approximations
should be used in order to determine the thermal
ionization characteristics of neutral and Rydberg
atoms [2]. One could note that the correct treat-
ing of the heavy Rydberg atoms parameters in an
external electromagnetic field, including the BBR
field, requires using strictly relativistic models. In
a case of multielectron atomic systems it is neces-
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sary to account for thee exchange-correlation cor-
rections.

Here we apply an energy approach [11-16]
and relativistic perturbation theory (PT) with the
Dirac-Fock zeroth approximation [16-20] to com-
puting the thermal BBR ionization characteristics
of the heavy alkali Rydberg atoms, in particular,
the rubidium, caesium. It is self-understood that
the other alkali elements are also of a great actual-
ity and importance.

Qualitative picture of the BBR Rydberg at-
oms ionization is in principle easily understand-
able. Even for temperatures of order T=10* K, the
frequency of a greater part of the BBR photons
o does not exceed 0.1 a.u. One could use a sin-
gle- electron approximation for calculating the
ionization cross section o, (w). The latter appears
in a product with the Planck’s distribution for the
thermal photon number density:
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where £=3.1668x107¢ a.u., K™! is the Boltzmann
constant, ¢ = 137.036 a.u. is the speed of light.
Ionization rate of a bound state n/ results in the

integral over the Blackbody radiation frequen-
cies:
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The ionization cross-section from a bound
state with a principal quantum number » and or-
bital quantum number / by photons with frequen-
cy w is as follows:
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where the radial matrix element of the ioniza-
tion transition from the bound state with the ra-
dial wave function R (r) to continuum state with
the wave function R, (r) normalized to the delta
function of energy. The corresponding radial ma-
trix element looks as:
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We apply a generalized energy approach [11-
15] and relativistic perturbation theory with the
MP zeroth approximation [16-20] to computing
the Rydberg atoms ionization parameters. In rela-
tivistic theory radiation decay probability (ioni-
zation cross-section etc) is connected with the
imaginary part of electron energy shift. The total
energy shift of the state is usually presented in the
form: DE = ReDE + i G/2, where G is interpreted
as the level width, and a decay probability P =
G. The imaginary part of electron energy shift is
defined in the PT lowest order as:
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where (a>n>f) for electron and (a<n<f) for va-
cancy. The matrix element is determined as fol-
lows:
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Their detailed description of the matrix ele-
ments and procedure for their computing is pre-
sented in Refs. [12,13,15]. The relativistic wave
functions are calculated by solution of the Dirac
equation with the potential, which includes the
Dirac-Fock consistent field potential and addi-
tionally polarization potential [20]. All calcula-
tions are performed on the basis of the numeral
code Superatom-ISAN (version 93).

In Ref[1] there were presented the results
of computing the ionization rate calculation for
the Rydberg sodium atom in the states (17,18D,
18P) at temperatures of 300 K and 500 K and ob-
tained physically reasonable agreement between
the theoretical and experimental (by Kleppner
etal and Burkhardt etal [4,5]) data. Besides, there
are listed new results for for the Rydberg sodium
atom ionization rate (s') with n=20-70 induced
by BBR radiation (T = 300 K) . Here (Table 1)



we present new data on the ionization rate (s™) for
different alkali atoms Rydberg states (with n=20-
70) induced by BBR radiation (T =300 K) .

Table 1.

Ionization rate (s) for the heavy alkali atoms
in the Rydberg states (with n = 20-100), in-
duced by BBR radiation (T = 300 K; our data).

Atom 20 30 40
KS 80.5 103 84.5
KP 201 210 159
KD 736 584 391
Rb S 118 170 130
Rb P 159 172 125

Rb D 718 621 432
CsS 108 181 150
CsP 471 597 451
CsD 465 495 368

Atom 50 70 100
KS 66.4 37 17
KP 113 61 27
KD 264 128 57
Rb S 105 60 28
Rb P 89 45 18

Rb D 298 151 68
CsS 114 66 29
CsP 329 1671 78
CsD 261 140 67

Obviously, the accuracy of the theoretical data
is provided by a correctness of the corresponding
relativistic wave functions and accounting for the

exchange

-correlation effects.
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Abstract

The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth Dirac-Fock potential approximation are used for computing the thermal Blackbody radia-
tion ionization characteristics of the alkali Rydberg atoms, in particular, the rubidium and caesium
in Rydberg states with principal quantum number n=20-100. Preliminary application of theory to
computing ionization rate for the Rydberg sodium atom in the have demonstrated physically reason-
able agreement between the theoretical and experimental data. The accuracy of the theoretical data
is provided by a correctness of the corresponding relativistic wave functions and accounting for the
exchange-correlation effects.
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VIIK 539.182
11 A. 3auuko

PEJIATUBUCTCKASA TEOPUA BO3BYXIEHUA U MOHU3AIUU TAXKEJIBIX IIE-
JIOYHBIX PUABEPTOBCKHUX ATOMOB B IIOJIE U3JIYYEHUSA YEPHOI'O TEJIA: HO-
BbIE IAHHBIE

Pesrome

KoMOMHUPOBaHHBIN PENATUBUCTCKUN SHEPTUTUYECKUN MOAXOA M PEIATHBHCTCKAs TEOPHUS
BO3MYIIICHUH MHOTHUX Tl C ONTHMH3HPOBAHHBIM JUPAK-(OKOBCKUM HYJIEBBIM MPUOIMKEHUEM
UCTIOJIB3YIOTCSI JITIs1 BBIYMCICHHUS HOHU3AIIMOHHBIX XapaKTEePUCTHK IEIOUYHBIX pUIOEPrOBCKUX aTOMOB
B I10JI€ TETJIOBOTO U3JTy4YEHHUS YEPHOTO TeJla, B YaCTHOCTH, aTOMOB PYyOHIUS U LIe3Us B PUIOEPTOBCKUX
COCTOSIHMSIX C IVIaBHBIM KBaHTOBBIM uuciaoM n=20-100. [IpenBaputenbHOoe NPpUMEHEHHE TEOPUU K
BBIYUCIICHUIO CKOPOCTH MOHHM3ALIMU aTOMa HAaTPHsI pUAOEPTOBCKUX COCTOSIHUAX MPOJEMOHCTPUPOBAIIO
¢u3nUecKn pasyMHOE COIIaCHE MEXIy TEOPETUYECKUMH M HKCIIEPUMEHTAIbHBIMU JIAHHBIMH.
TOYHOCTB TEOPETUYECKUX TAHHBIX 00ECIIEYMBACTCS KOPPEKTHOCTHIO BBIYMCICHHUS COOTBETCTBYIOIINX
PENATUBUCTCKUX BOJHOBBIX (DYHKIIMIA U MOJHOTOW yyeTa 0OMEHHO-KOPPETSIUOHHBIX 3((EKTOB.

KiroueBble cjioBa: puaOeproBCKUE INEIOYHBIE aTOMBI, PEISTUBUCTCKAas TEOPHUs, TEIIOBOE
U3JTy4YeHHUE.
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VIIK 539.182
11. O. 3aiuko

PEJIITUBICTCHKA TEOPISI 3BYPEHHSI TA IOHI3ALIT BAXKKHX JTYKHIAX
PIIBEPTIBCBLKMX ATOMIB Y ITOJII BAIIPOMIHIOBAHHSI YOPHOT'O TLJIA:
HOBI JAHI

Pesrome

KombiHOBaHMI pPENATUBICTCHKUM EHEPreTMYHMH MiAXiJ 1 peIsITHBICTChKAa Teopis 30ypeHb
0aratb0X TUI 3 3 ONTHUMI30BaHUM ipaK-(OKIBCHKUM HYJIHOBHUM HAOIMKEHHSM BUKOPHUCTOBYIOTHCS
JUIs OOYMCIICHHS 10HI3alIMHUX XapaKTEPUCTUK JYKHHUX PiAOepriBCHKUX aTOMIB B IMOJI TEIUIOBOTO
BUIIPOMIHIOBaHHSI a0COJIOTHO YOPHOTO Tija, 30KpeMa, aToMiB pyOiiio 1 1e3i0 B piaOepriBChKUX
CTaHax 3 TOJIOBHUM KBaHTOBUM umciioM n = 20-100. [Tonepenne 3acTrocyBaHHs TEOPii JO OOUUCICHHS
MIBUJIKOCTI 10HI3aIlil aToMa HATpPil0 pUAOEProBCKUX CTaHAX MPOIEMOHCTPYBAIO (i3UYHO PO3YMHY
3roly MiK TEOPETHYHUMH 1 EKCIIePUMEHTAIbHUMH JaHUMHU. TOYHICTH TEOPETUYHHMX JTaHUX
3a0e3MeYy€eThCsl KOPEKTHICTIO OOYHMCICHHS BIAMOBIIHUX PENATUBICTCHKUX XBWJIBOBUX (YHKLIN 1
MOBHOTOIO YpaxyBaHHS 0OMiHHO-KOPEJSAIIHHNX e(eKTiB.

KurouoBi ciioBa: pinOepriBebKi JyKHI aTOMHU, PENSTUBICTCHKA TEOPis, TEIUIOBE BUITPOMiHIOBaHHS.
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