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RELATIVISTIC SPECTROSCOPY OF HEAVY RYDBERG ATOMIC SYSTEMS
IN A BLACK-BODY RADIATION FIELD

We present the results of studying the spectroscopic characteristics of heavy Rydberg atomic systems in a black-
body (thermal) radiation field. As theoretical approach we apply the combined generalized relativistic energy approach
and relativistic many-body perturbation theory with ab initio Dirac zeroth approximation. There are presented the
calculational data for the thermal black-body radiation ionization characteristics of the alkali Rydberg atoms, in
particular, the sodium in Rydberg states with principal quantum number n=10-100 and ytterbium ion. Application
of theory to computing the spectral parameters of studied atomic systems 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.

1. Introduction

At the present time, the study of Rydberg
atoms (molecules) is definitely one of the most
popular and very interesting directions of mod-
ern quantum physics and chemistry, atomic
optics and spectroscopy. The huge relevance
of the investigation of the energy and spectral
properties of the Rydberg atoms (molecules) is,
of course, due to the standard requirements for
spectroscopic information of a number of appli-
cations and related physical disciplines, which
include physics and chemistry of laboratory,
astrophysical plasma, astrophysics and radioas-
tronomy, atomic and molecular optics and spec-
troscopy, laser physics and quantum electronics
and many others [1-94]). From the other side,
the experiments with Rydberg atoms had very
soon resulted in the discovery of an important
ionization mechanism, provided by unique fea-
tures of the Rydberg atoms.

Relatively new topic of the modern theory
is connected with consistent treating the Ryd-
berg atoms in a field of the Blackbody radiation
(BBR). It should be noted that the BBR is one of
the essential factors affecting the Rydberg states
in atoms [1]. The account for the ac Stark shift,
fast redistribution of the levels’ population and
photoionization provided by the environmental
BBR became of a great importance for success-
fully handling atoms in their Rydberg states.
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The vast majority of existing papers on the de-
scription of Rydberg atoms in the thermal radia-
tion field (c.g. [1-32]) are based on the Coulomb
hydrogen-like approximation, different versions
of the quantum defect method, classical and
quasiclassical model approaches, the model and
pseudo — potential methods. The authors of the
papers [3-10] applied the Coulomb approxima-
tion, quantum defect formalism, different ver-
sions of the model and pseudo-potential method
etc (as a rule, the non-relativistic versions are
used) to determine the spectral and radiative
properties of different Rydberg atoms and ions.

It should be noted separately the cycles of
theoretical and experimental works by Ryabtsev-
Beterov et al [2,3], as well as theoretical works
of Dyachkov-Pankratov and others (c.g.[1-10]),
in which the advanced versions of a quasi-clas-
sical approach to the calculation of radiation am-
plitudes, oscillator strengths, and cross-sections
for the Rydberg atoms in the BBR radiation field
were actually developed. In the papers [1-3,7-
10] the authors present the calculational data on
the ionization rates for Rydberg atoms of alkali
elements (lithium, sodium, potassium, caesium)
by a BBR radiation field. The calculations were
carried out for the nS, nP, and nD states in the
wide range of principal quantum numbers and
temperatures. The above theoretical works and
relevant models were substantially based on
non-relativistic approximation.



At the same time one should note that for
heavy Rydberg atoms (both in the free state and
in an external electromagnetic field) it is fun-
damentally important to accurately account for
both relativistic and exchange-correlation ef-
fects.

The quality and consistency of accounting
for these effects also determine the accuracy of
description of the energy and spectroscopic pa-
rameters of the heavy Rydberg atoms, including
these atoms in a thermal radiation field.

Naturally, the standard methods of the theo-
retical atomic physics, including the Hartree-
Fock and Dirac-Fock approximations should be
used in order to determine the thermal ioniza-
tion characteristics of neutral and Rydberg at-
oms [2].

One could note that the correct treating 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 nec-
essary to account for thee exchange-correlation
corrections.

Among the fundamentally important ex-
change-correlation effects for essentially many-
electron systems, one should single out such ef-
fects as polarization interaction and screening,
continuum pressure, the non-Coulomb grouping
of levels in the heavy Rydberg atoms spectra etc.
It should be noted that these effects are not cor-
rectly considered, for example, within simpli-
fied Coulomb approximation or quantum defect
models (c.g.[11-20]). Their account requires us-
ing very consistent methods.

We present the results of studying the spec-
troscopic characteristics of heavy Rydberg
atomic systems in a black-body (thermal) radia-
tion field.

As theoretical approach we apply the com-
bined generalized relativistic energy approach
and relativistic many-body perturbation theory
with ab anitio Dirac zeroth approximation.

2. Atom in a Black-body radiation field:
Theoretical aspects

From the physical viewpoint, a qualitative
picture of the BBR Rydberg atoms ionization is
easily understandable. Even for temperatures of

order T=10* K, the frequency of a greater part
of the BBR photons ® does not exceed 0.1 a.u.
Usually, it is enough to use a single- electron ap-
proximation for calculating the ionization cross
section g, (w).

The latter appears in a product with the
Planck’s distribution for the thermal photon
number density:

pw,T) =

2
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where £=3.1668%x107° a.u., K™! is the Boltz-
mann constant, ¢ = 137.036 a.u. is the speed of
light. Tonization rate of a bound state n/ results
in the integral over the Blackbody radiation fre-
quencies:
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The ionization cross-section from a bound
state with a principal quantum number »n and
orbital quantum number / by photons with fre-
quency o is as follows:
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where the radial matrix element of the ion-
ization transition from the bound state with the
radial wave function R (7) to continuum state
with the wave function R, (r) normalized to the
delta function of energy.

The corresponding radial matrix elements are
written by the standard way. Other details can be
found in Refs. [9-16].

3. Relativistic perturbation theory and
energy approach

We apply a generalized energy approach [9-
20] and relativistic perturbation theory with the
zeroth approximation [21-32] to computing the
Rydberg atoms ionization parameters. Accord-
ing to Ref. [11,22], the RMBPT zeroth order
Hamiltonian of the Rydberg atomic system is as
follows:

H, :Z{acpl. — Bme’ +[=Z /¥, +
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where ¢ is the velocity of light, a,a,— the
Dirac matrices, w, —the transition frequency, Z
is a charge of atomic nucleus. The general po-
tential in (4) includes self-consistent Coulomb-
like mean-field potential U,, (r,|b), ab ibitio
one-particle exchange-correlation (relativistic
generalized exchange Kohn-Sham potential plus
generalized correlation Lundqvist-Gunnarsson
potential) ¥, (r|b) with the gauge calibrated
parameter b (it is determined within special
relativistic procedure on the basis of relativistic
energy approach; c.g. [21-32]).

The perturbation operator is as follows:

T = explioyr, ) Y= %%)
i>j vy (%)
Z[UMF (1) + Vi (1;1D)]

The multielectron interelectron exchange-
correlation effects (the core polarization and
screening effects, continuum pressure etc) are
taken into consideration as the RMBPT second
and higher orders contributions. The details of
calculation of the corresponding matrix ele-
ments of the polarization and screening intere-
lectron interaction potentials are described in
Refs. [9,22,33-38].

In relativistic theory radiation decay proba-
bility (ionization cross-section etc) is connected
with the imaginary part of electron energy shift.
The total energy shift of the state is usually pre-
sented in the form: DE = ReDE + 1 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:

2
mAEB=- ¥ v
T a>n>f >
[e<n< £]

(6)

where (a>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as
follows:
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Their detailed description of the matrix ele-
ments and procedure for their computing is pre-
sented in Refs. [16-20]. 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 [22].

The total ionization rate of the Rydberg atom-
ic system in the BBR radiation field is usually
determined as the sum of direct BBR ionization
rate of the initially excited state, the ionization
(field ionization) rate of highly excited states,
which are populated from the initial Rydberg
state via absorption of the BBR photons, the
rate of direct BBR-induced ionization of atoms
from the neighbouring Rydberg states and the
rate of field ionization of high-lying Rydberg
states (with populating through so called two-
step process via the BBR photons absorption).

The total width of the Rydberg state (natu-
rally isolated from all external electromagnetic
fields except BBR one) consists, apparently, of
natural, spontaneous radiation width Af and
BBR-induced (thermal) width A" :

A=A+ AT,

Accordingly, the effective lifetime of the Ry-
dberg state is inversely proportional to the total
decay rate as a result of spontaneous transitions
and transitions induced by the BBR radiation:

L = A+ Agpg = L + L
Tor To  Taar

The detailed procedures of calculation of
the radial and angular integrals (amplitudes) in
the matrix elements are described in Refs. [9-
20,22,38-41]. All calculations are performed on
the basis of the numeral code Superatom-ISAN
(version 93).

(8)

©)

4. Results and conclusions

In Table 1 we present our theoretical data on
the effective lifetime of the sodium nP, nD Ry-
dberg states and for comparison some theoreti-
cal data by Beterov et al [2,3] for temperatures
T=300, 600K. In Table 2 we present our theoret-
ical data on the effective lifetime of the sodium
nP, nD Rydberg states for temperatures T=300



and 600K. Obviously, the accuracy of the theo- The similar  values are obtained using third-
retical data is provided by a correctness of the order relativistic many-body calculations [4]
corresponding relativistic wave functions and B=—0.0983 and ab initio method [5]: p=—0.094.
accounting for the exchange-correlation effects. In these calculations different methods are used
to compute matrix elements and different orbit-
Table 1. al basises are used. The details of this problem
Effective lifetime (us) of the nP Rydberg will be presented in a separate paper.
states in the sodium spectrum for the tem-
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Summary. We present the results of studying the spectroscopic characteristics of heavy Rydberg
atomic systems in a black-body (thermal) radiation field. As theoretical approach we apply the
combined generalized relativistic energy approach and relativistic many-body perturbation theory
with ab initio Dirac zeroth approximation. There are presented the calculational data for the ther-
mal black-body radiation ionization characteristics of the alkali Rydberg atoms, in particular, the
sodium in Rydberg states with principal quantum number n=10-100 and ytterbium ion. Applica-
tion of theory to computing the spectral parameters of studied atomic systems 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.
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PEJATUBUCTCKASA CIIEKTPOCKOIIUA TAXEJIBIX PUABEPI'OBCKHUX
ATOMHBIX CUCTEM B ITIOJIE U3JIYYHEHU A YEPHOI'O TEJIA

Pe3tome. IlpencraBnensl pe3yabTaThl U3YUYEHUs! CIIEKTPOCKOIMMYECKUX XapaKTEPUCTUK TSKEIBIX
pUAOEPrOBCKUX aTOMHBIX CHCTEM B I0JI€ YEpHOTEI(TEIUIOBOIO) M3NIydeHHs. B kauecTBe Teopernye-
CKOTO TTOJIX0/1a MBI IPUMEHSIEM KOMOMHUPOBAHHbIHN PEIATUBUCTCKHUNA SHEPreTUYECKUI MOX0]T U peisi-
TUBHCTCKYIO MHOTOYACTHYHYIO TEOPUIO BO3MYIIEHHUN ¢ ONTUMH3UPOBAHHBIN JUPAKOBCKUM HYIIEBBIM
npuOmkenueM. [IpencTaBieHbl pe3ynbrarbl pacuera CeKTPOCKOIMYECKHX XapaKTePUCTUK IIeNI0u-
HBIX pUAOEProBCKUX aTOMOB B I10JI€ TEIUIOBOIO M3IyYEHUs YEPHOIO TEJa, B YACTHOCTH, HATPUSI B PUJI-
OEproBCKUX COCTOSIHUSAX C IVIaBHBIM KBaHTOBBIM uuciioM n=20-100 u noHa urrepous. [Ipumenenne
TEOPUH K BBIYHCIIEHUIO CIIEKTPAJIbHBIX 1APaMETPOB UCCIIEYEMBIX aTOMHBIX CUCTEM MPOIEMOHCTPH-
poBaJIo (pU3MUECKU pa3syMHOE COIIaCHE MEXTy TEOPETUUECKUMHU U SKCIIEPUMEHTAIbHBIMU JaHHBIMH.
To4HOCTH TEOPETUYECKUX JTAHHBIX 00ECIEYNBACTCS KOPPEKTHOCTHIO BBIYHUCIIEHHS COOTBETCTBYIOIIUX
PENATUBUCTCKUX BOJTHOBBIX (DYHKIIMI M OJHOTON yueTa 0OMEHHO-KOPPEISIIMOHHBIX (P (PEKTOB.

KiroueBbie ci10Ba: puioeproBCKHe TSHKENbIE aTOMBbI, PEJIITUBUCTCKAs TEOPUS, TEIUIOBOE N3TyUEHHE.

PACS: 31.15.ac, 31.15.ag, 31.15.aj
A. B. Iyoik, I O. Ky3ueyoea, I1. A. 3aiuko, B. @. Mancapniticoxuii

PEJATUBICTCBKA CIHEKTPOCKOIIISA BA’KKUX PIJBEPTIBCbKUX
ATOMHUX CUCTEM B ITOJII BUITPOMIHIOBAHHA YOPHOI'O TIJIA

Pestome. [Ipeacraieni pe3yabraT BUBYEHHS CHEKTPOCKOMIYHUX XapaKTEPUCTUK BAXKKHUX PiJ-
OepriBChKUX aTOMHHUX CHUCTEM B IT0JII YOPHOTIILHOTO (TETUIOBOTO) BUIIPOMIHIOBaHHS. B SKOCTI Teo-
PETUYHOTO MiJIX0AY MH 3aCTOCOBYEMO KOMOIHOBAHUM PENSATHBICTCHKUNA €HEPreTUYHUH MiIXif 1 pe-
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JSITUBICTCHKY 0araTo4acTHHKOBY TEOPit0 30ypEeHb 3 ONTUMI30BaHUM JIiPaKiBCHKUM HYJIbOBUM HAOIH-
xeHHsAM. [IpencraBieHi pe3ynbTaTd po3paxyHKy CIIEKTPOCKOMIYHHMX XapaKTEPUCTUK JIYKHHUX Pil-
OepriBChbKUX aTOMIB B TT0JTi TETIJIOBOTO BUITPOMIHIOBAHHS, 30KPEMa, HaTPikO B PiI0OEPTiBCHKUX CTaHAX
3 TOJIOBHUM KBaHTOBUM yuciioM n = 20-100 Ta ioHy iTepOito. 3acTocyBaHHS Teopii 0 0OUUCICHHS
CHEKTPaAJIbHUX NapaMeTpiB JOCIIHKYBAaHUX aTOMHUX CHCTEM MPOAEMOHCTPYBAJIO (PI3UUHO PO3YMHY
3rofly MK TEOPETUYHUMH 1 €KCIEPUMEHTAIbHUMH JaHUMU. TOUHICTh TEOPETUYHUX JIaHHX 3a0e311e-
YyeThCSI KOPEKTHICTIO OOYMCIICHHS BIIMOBIHUX PESTUBICTCHKUX XBUIBOBUX (DYHKIIIH 1 TOBHOTOIO
001Ky 0OMIHHO-KOPEJSILIHHUX e(EeKTIB.

Kutio4oBi cj10Ba: piiOepriBChKi BAXKKI aTOMH, PEISATUBICTCHKA TEOPIsl, TETIJIOBE BUMIPOMIHIOBAHHS.
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