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RELATIVISTIC CALCULATION OF THE RADIATIVE TRANSITION
PROBABILITIES AND LIFETIMES OF EXCITED STATES FOR THE RUBIDIUM
ATOM IN A BLACK-BODY RADIATION FIELD

We present the results of relativistic calculation of the radiative transition probabilities and excited states life-
times for a heavy Rydberg atomic systems in a black-body (thermal) radiation field on example of the rubidium.
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 obtained the calculational data for
the radiative transition probabilities and excited states lifetimes, in particular, the rubidium atom in the Rydberg
states with principal quantum number n=10-100. It is carried out the comparison of obtained theoretical data on
the effective lifetime for the group of Rydberg nS states of the rubidium atom at a temperature of T = 300K with
experimental data as well as data of alternative theoretical calculation based on the improved quasiclassical
model. It is shown that the accuracy of the theoretical data on the radiative transition probabilities and excited
states lifetimes is provided by a correctness of the corresponding relativistic wave functions and accounting for

the exchange-correlation effects.

1. Introduction
In the last two decades, a new field of re-
search has been very actively developed in
modern optics and spectroscopy, namely
guantum optics and spectroscopy of Rydberg
atoms (RA) and ions. These are atomic sys-
tems that are in highly excited states with
large values of the principal quantum number
n. By the way, it is known that a number of
astrophysical processes in interstellar gas,
which interacts with fragments of supernova
explosions, collisions of interstellar clouds,
and supersonic gas flows during star for-
mation lead to PA with very large n (~ 1000).
The reasons for the significant interest in RA
are well known and are connected, first, with
the properties extraordinary for ordinary at-

oms, namely: for the lifetime: n®a i/e’*Z
(~n®for | ~1, ©~n”for n~I; I--orbital quan-
tum number), geometric dimensions ~n’
(n*a,/Z, a,=hIme’= 0,5291773A), geo-
metric cross sections zm*a®/Z?%, Rydberg
electron  binding  energies  Z°R_/n?
(R, =13.6058 eV), polarizabilities ~ n? di-
pole moments of radiation transitions ~ n?,

shifts due to external fields (Stark shift ~ n’I°,
Zeeman effect ~ n). Moreover, the idea of
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the existence of the fifth state of matter,
namely, the Rydberg substance, is well-
founded. As a result, in recent years it has
stimulated intensive research in the field of
standard fundamental spectroscopy of RA,
related to the calculation of energy and spec-
troscopic parameters of these atoms, im-
portant for the general development of rela-
tivistic (quantum-electrodynamic, QED) the-
ory of atomic spectra, and applied research in
fields of quantum optics, computer science,
cryptography, quantum computing (e.g. [1-
28]).

The vast majority of existing papers on
the description of Rydberg atoms in the
thermal radiation field (c.g. [1-32]) are based
on the Coulomb approximation (CA), model
potential (MP) approach, , different versions
of the quantum defect method, classical and
quasiclassical model approaches. The authors
of the papers [3-10] applied the Coulomb ap-
proximation, quantum defect formalism, dif-
ferent versions of the model and pseudo-
potential method etc. It should be noted sepa-
rately the cycles of theoretical and experi-
mental works by Nashimento et al and espe-
cially Ryabtsev-Beterov et al [2,3], as well as
theoretical works of Dyachkov-Pankratov
and others (c.g.[1-10]), in which the ad-
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vanced versions of a quasi-classical approach
to the calculation of radiation amplitudes,
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 (lithi-
um, 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
effects.

In this paper the results of relativistic cal-
culation of the radiative transition probabili-
ties and excited states lifetimes for a heavy
Rydberg atomic systems in a black-body
(thermal) radiation field are presented on ex-
ample of the rubidium atom. As theoretical
approach we apply the combined general-
ized relativistic energy approach and relativ-
istic many-body perturbation theory with ab
initio Dirac zeroth approximation. There are
obtained the calculational data for the radia-
tive transition probabilities and excited states
lifetimes, in particular, the rubidium atom in
the Rydberg states with principal quantum
number n=10-100. It is carried out the com-
parison of obtained theoretical data on the
effective lifetime for the group of Rydberg
nS states of the rubidium atom at a tempera-
ture of T = 300K with experimental data as
well as data of alternative theoretical calcula-
tion based on the improved quasiclassical
model. .

2. Relativistic theory of multielectron
atom in a Black-body radiation field:
Some theoretical aspects

From the physical viewpoint, a qualitative
picture of the BBR Rydberg atoms ionization

is easily understandable. Even for tempera-
tures 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 approximation for calculat-
ing the ionization cross section oy (o).

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

2
@

72 [exp(w/ kT)-1]"

pW,T) = 1)

where k=3.1668x10"° a.u., K™' is the Boltz-
mann constant, ¢ = 137.036 a.u. is the speed
of light. lonization rate of a bound state nl
results in the integral over the Blackbody ra-
diation frequencies:

P.(M)=c¢ [o,(@p(@T)do. (2
‘Enll
The ionization cross-section from a bound
state with a principal quantum number n and
orbital quantum number | by photons with
frequency w is as follows:

4w 2
o,.\w)=—T"— |M +
nl ( ) 3C(2| +1) [ nl—>El-1

+(+1)M nz|»E|+1 , ©)
where the radial matrix element of the ioni-
zation transition from the bound state with
the radial wave function Ry (r) to continuum
state with the wave function Rg (r) normal-
ized to the delta function of energy. The cor-
responding radial matrix elements are written
by the standard way. Other details can be
found in Refs. [9-16].

We apply a generalized energy approach
[9-20] and relativistic perturbation theory
with the zeroth approximation [21-32] to
computing the Rydberg atoms ionization pa-
rameters. According to Ref. [11,22], the
RMBPT zeroth order Hamiltonian of the Ry-
dberg atomic system is as follows:
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H, IZ{ani —pme® +[-Z/r, +
U e (1 [0) +Vye ()] (4)

where c is the velocity of light, oo — the
Dirac matrices, aj —the transition frequency,
Z is a charge of atomic nucleus. The general
potential in (4) includes self-consistent Cou-
lomb-like mean-field potential U, (r, |b), ab

ibitio one-particle exchange-correlation (rela-
tivistic generalized exchange Kohn-Sham
potential plus generalized correlation
Lundqvist-Gunnarsson potential) V,.(r |b)
with the gauge calibrated parameter b (it is
determined within special relativistic proce-
dure on the basis of relativistic energy ap-
proach; c.g. [21-32]).

The perturbation operator is as follows:

HPT — Zexp(iwij r, ) (1—0!i0tj )_

i>] B

Z[UMF () +Vy (r [b)] )

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 elements of the polarization and
screening interelectron interaction potentials
are described in Refs. [9,22,33-38].
In relativistic theory radiation decay proba-
bility (ionization cross-section etc) is con-
nected with the imaginary part of electron
energy shift. The total energy shift of the
state is usually presented in the form: AE =
ReAE + i I'/2, where T" is interpreted as the
level width, and a decay probability P = T'.
The imaginary part of electron energy shift is
defined in the PT lowest order as:

2
MAEB) =Sy \%m
T a>n>f

[a<nsy] (6)
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where (a>n>f) for electron and (a<n<f) for
vacancy.
The matrix element is determined as follows:

sin‘a)‘rlz

V‘w‘ :ﬁdl’ldl"zg/;((r])q/;(l/'Z) (I-

ikl "2

— )P () P] (1) 7)

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
atomic 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 ioniza-
tion of high-lying Rydberg states (with pop-
ulating through so called two-step process
via the BBR photons absorption).

The total width of the Rydberg state (nat-
urally isolated from all external electromag-
netic fields except BBR one) consists, appar-
ently, of natural, spontaneous radiation width

I';? and BBR-induced (thermal) width I' 7" :
I =T + T3 (T). (®)

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

i=F0+FBBR:i+ .

Teft Ty

)

Tger

The detailed procedures of calculation of the
radial and angular integrals (amplitudes) in



the matrix elements are described in the Refs.
[16-44]. All calculations are performed on
the basis of the code Superatom.

3. Results and conclusions

In Table 1 we present our theoretical data
(Our) values of the lifetimes (in ns) of the
group of some excited states of the rubidium
atom, as well as experimental data and alter-
native theoretical results obtained on the ba-
sis of different approaches: the Coulomb

Table 1.
The theoretical and experimental
lifetimes (ns) of the group of the Rb some
excited states (see text)

level [QA-MP | PTDF® |PT- DF°"®
651/ - 45.4 45.4
7S12 - 88.3 88.3
8s1/» - 161.8 161.9
9312 266.36 - 271.7
10sy, | 417.84 - 426
61 - 123 122.5
6p3s2 - 113 112.4
7P - 280 277.8
P32 - 258 255.2
8p12 - 508 501.0
8p3/2 - 471 464.2
7d32 331.08 - 339.5
7ds/n 319.57 - 327.0
level | MP-EA Our Exp.
651/ 45.5 455 | 4557(17)
7S12 88.1 88.2 88.07(40)
851/ 161.4 161.5 161(3)
95177 262.1 | 2621 | 253(14)
10sy/2 421.3 426.4 430(20)
6pyy | 1241 | 1241 125(4)
6pse | 1121 | 1126 112(3)
P12 274.3 274.1 272(15)
Tpso | 249.0 | 2488 | 246(10)
8py2 | 497.4 | 496.9
8ps» | 456.2 | 455.1 | 400(80)
9p1r2 7964 | 7956
Ops, | 743.6 | 7427 | 665(40)
10p12 964.2 963.8
10ps/2 921,0 920.5
7d3p 336.2 340.5 345(9)

7dsp | 3248 | 3281 | 325(22)
8ds» | 488.3 | 4904 | 515(30)
8ds, | 4311 | 4328 | 421(25)

approximation (QA) and model potential (MP),
and PTDFSD (many-body perturbation theory
with Dirac-Fock SD zero approximation) plus
the same data of this method with compilation
contribution; method of model potential with
the relativistic energy approach (REA) - MP-
REA - (data from Refs. [1-5]).

Analysis of the data in Table 1 shows that
the error in calculating the lifetime of differ-
ent levels in the rubidium atom obviously
depends on the accuracy, consistency and
correctness of the main relativistic and corre-
lation corrections, and above all, exchange-
polarization.

Next, we present the results of calculating
the effective lifetime of the Rydberg states of
the rubidium atom depending on the princi-
pal quantum number at the fixed temperature
T. In Figure 1, we present theoretical data
(dashed line) on the dependence of the values
of the effective lifetime for the group of Ry-
dberg (a) nS states of the rubidium atom at a
temperature of T = 300K), in dependence
upon the principal quantum number as well
as experimental data — black circles [1] and
data of alternative theoretical calculation
based on the improved quasiclassical model
by Beterov et al [2]. - continuous line.
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Figure 1. Our theoretical data (dashed line)
on the dependence of the values of the effective life-
time for the group of Rydberg (a) nS states of the Rb
atom at T = 300K), as well as experimental data —
black circles [1] and data of alternative theoretical
calculation based on the improved quasiclassical mod-
el by Beterov et al [2]. - continuous line
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The corresponding values of the lifetimes of
the levels are obtained for the values of the
principal quantum number n up to 100. In
general, the results of our non-empirical
relativistic theory are in physically realistic
agreement with the experimental data, at
least much better than some other alternative
theoretical approaches. The same applies to
the effect of thermal radiation reduces the
value of a lifetime.
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RELATIVISTIC CALCULATION OF THE RADIATIVE TRANSITION
PROBABILITIES AND LIFETIMES OF EXCITED STATES FOR THE
RUBIDIUM ATOM IN A BLACK-BODY RADIATION FIELD

Summary. We present the results of relativistic calculation of the radiative transition
probabilities and excited states lifetimes for a heavy Rydberg atomic systems in a black-
body (thermal) radiation field on example of the rubidium. As theoretical approach we apply
the combined generalized relativistic energy approach and relativistic many-body perturba-
tion theory with ab initio Dirac zeroth approximation. There are obtained the calculational
data for the radiative transition probabilities and excited states lifetimes, in particular, the
rubidium atom in the Rydberg states with principal qguantum number n=10-100. It is carried
out the comparison of obtained theoretical data on the effective lifetime for the group of
Rydberg nS states of the rubidium atom at a temperature of T = 300 K with experimental
data as well as data of alternative theoretical calculation based on the improved quasiclassi-
cal model. It is shown that the accuracy of the theoretical data on the radiative transition
probabilities and excited states lifetimes is provided by a correctness of the corresponding
relativistic wave functions and accounting for the exchange-correlation effects.
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PEJIITUBUCTCKHIA PACUET BEPOSITHOCTEM PAJTMAITAOHHBIX ITE-
PEXOOB 1 BPEMEHMU )KU3HU BO3BYKJAEHHBIX COCTOAHUU JJIA ATO-
MA PYBU/US B IIOJIE U3JTYUYHEHUSA YEPHOI'O TEJIA

Pesrome. IIpencraBiensl pe3yiabTaThl PEISATUBUCTCKOIO pacyeTa BEPOSTHOCTEM paaualiu-
OHHBIX TIEPEXO0/I0B M BPEMEH KHU3HU BO30YXKJACHHBIX COCTOSHUM IS TSOHKEIONW pUaOEeproBCKON
aTOMHOM CHCTEMBI B II0JI€ YEPHOTEIBHOIO (TEIUIOBOI0) M3IyYeHUs Ha mpumepe pyounus. B
Ka4yecTBE TEOPETUYECKOI0 IMOAXO0Ja Mbl NPHUMEHSEeM KOMOMHHUPOBAHHBIM PENATUBUCTCKUNA
DHEPreTUUECKUN MOAXO0A U PEISTUBUCTCKYI0 MHOTOYACTUYHYIO TEOPUIO BO3MYILEHHUH C OIl-
TUMHU3UPOBAHHBIM JUPAKOBCKUM HYJIEBBIM IpuOimxkeHueM. [losyueHsl pacueTHble JaHHBIE
JUI BEPOSITHOCTEN paJuallMOHHbIX IEPEX00B U BPEMEH KU3HU BO30YKACHHBIX COCTOSHUI, B
YaCTHOCTH aToMa pyOuus B puJ0EProBCKUX COCTOSTHUSIX C IVIABHBIM KBAaHTOBBIM YMCIIOM h =
10-100. ITpoBeneHo cpaBHEHUE MOTYIEHHBIX TEOPETUIECKUX JAHHBIX 1O 3()()EKTUBHBIM Bpe-
MEHaM JKU3HHU JUIsl TPYNIBl puaAOEproBCKUX NS COCTOSIHUN aroma pyOuaus MpU TeMIeparype
T = 300 K ¢ sxciepuMeHTaIbHBIMHA TaHHBIMH, a TAKXKe TaHHBIMHU JIbTEPHATHBHOTO TEOPETH-
YECKOI'0 pacyeTa Ha OCHOBE yCOBEPUICHCTBOBAHHOM KBasukKiaccnuueckon monenu. [lokasano,
YTO TOYHOCTh TEOPETUUECKUX JAHHBIX 00ECIEUMBAETCS KOPPEKTHOCTHIO BBIYMCIEHHS COOT-
BETCTBYIOIIUX PEISATUBUCTCKUX BOJHOBBIX (YHKUMH UM MOJHOTOW ydeTra OOMEHHO-
KOPPENSIUOHHBIX 3((HEKTOB.

KiroueBble cjioBa: pug0eproBckue TsXKelble aTOMBbI, PEISITUBUCTCKAs TEOPUs, TEIJIOBOE
U3JIy4EHHE.
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3aiuxo I1.0., Ky3neyosa A.A., L{yoix A.B., Mancapniticoxuii B.®.

PEJIITUBICTCHKHUIM PO3PAXYHOK MMOBIPHOCTEM PATIAIIIMHUX IIE-
PEXOJIB I YACY KHUTTSA 3BY’KEHUX CTAHIB 1JIS1 ATOMY PYBIIIIO
B IOJII BAITPOMIHIOBAHHSI YOPHOI'O TLIA

Pe3stome. IIpencraBieni pe3ynbTratu pelsiTUBICTCHKOIO PO3PaxyHKY HMOBIpHOCTEH pajia-
[IHHUX TEPEXO/IIB 1 YaciB KUTTS 30yIPKEHUX CTaHIB ISl BAXKKOT piAOEpriBCbKOI aTOMHOI CH-
CTEMH B I10JI€ YOPHOTUIBHOTO (TEIIOBOr0) BUIIPOMIHIOBAaHHS Ha MpHUKIaIi pyoiaito. B sxocti
TEOPETUYHOI'0 MiJXO0AY MH 3aCTOCOBYEMO KOMOIHOBaHHH pEISATUBICTCHKUN €HepreTHUYHHN
HIIX1]] 1 peIsTUBICTCHKY 0araTO4aCTUHKOBY TEOPit0 30ypeHb 3 ONTUMI30BaHUM J1IPaKiBCbKUM
HYJIbOBUM HaOMKeHHSIM. OTpUMaHO PO3paxyHKOBI JaHi JJsl IMOBIpHOCTEH pajialiiiHux me-
PExXOJIiB 1 4aciB KUTTS 30yPKEHUX CTaHiB, 30KpeMa aToMa pyOilito B pi0epriBCbKUX CTaHaX
3 ToJIOBHUM KBaHTOBUM uuciioM n = 10-100. IIpoBeaeHo MOpiBHAHHS OTPUMAHUX TEOPETHY-
HUX JaHUX 11070 €(peKTUBHUX YacCiB )KUTTA IJIA TPYNH pia0epriBCbKUX NS CTaHIB aToMa py-
o6ixito npu temnepatypi T = 300 K 3 ekcriepuMeHTaTbHUMU JaHUMH, a TAKOXK JTAHUMH aJIbTe-
PHATUBHOTO TEOPETUYHOTO PO3PaXyHKy HA OCHOBI yIOCKOHAJICHOI KBa3iKIACHYHOI MOJEII.
[TokazaHo, IO TOYHICTh TEOPETUYHUX JTAHUX 3a0€3MeUy€E€ThCs] KOPEKTHICTIO OOYMCIICHHS BiJl-
MOBIJTHUX PENIATUBICTCHKUX XBHJIbOBUX (DYHKIIIH 1 MOBHOTOIO OOJIIKY OOMiHHO-KOPEIALIHHNX
edexTiB.

KurouoBi ciioBa: pinOepriBcbki BaXKi aTOMHU, PEISTUBICTChKA TEOPis, TEIJIOBE BUIPOMI-
HIOBaHHS.
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