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Abstract. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth Dirac-Fock-Sham approximation are used for computing the thermal Blackbody
radiation ionization characteristics of the alkali Rydberg atoms, in particular, the sodium in Rydberg
states with principal quantum number n=10-100. The detailed analysis of the data of computing
ionization rates for the Rydberg sodium atom demonstrates 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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PEJIATUBICTChKHUI MIIXIA 10 PO3PAXYHKY IOHIBAIIMHNUX
XAPAKTEPUCTHUK PIABEPI'IBCBKUX JTYKHUX ATOMIB VY IIOJII TEIIVIOBOT'O
BUITPOMIHIOBAHHSA

O. B. I’'nywkos, B. b. Tepnoscokuii, B. B. Byaoorcu, A. B. 1]yoik, I1. A. 3aiuko

Amnorauisi. KoMOiHOBaHMIA peNATHBICTCHKUI €HEPTETUIHUM MIIXIJT 1 pETSITUBICTCHKA Teopis 30y-
pEHb 0aratbOX T 3 3 ONTUMI30BAaHUM JIPAK-KOH-IIIEMiBCHKAM HYJIHOBUM HAOIMKEHHSIM BHKOPHC-
TOBYIOTBCS JJIsl OOUMCIICHHS 10HI3AIlIMHUX XapaKTEPUCTHK JIY)KHUX Pig0epriBCbKUX aTOMIB B TTOJI
TETJIOBOTO BHUIIPOMIHIOBAHHS a0COJIOTHO YOPHOTO TiJIa, 30KpeMa, aToMa HaTpiro B piaOepriBChKUX
CTaHax 3 TOJIOBHUM KBaHTOBUM 4uciioM h = 10-100. AHani3 taHHUX 0OYMCIICHHS IIBHIKOCTI 10HI3a-
1i1 aroMa HaTpilo y piA0EPTiBCHKIX CTaHAX JEMOHCTPYE (DI3UIHO PO3YMHY 3TOY MK TEOPETHUYHUMHU
1 eKCIIepIMEHTAJIBbHUMH JaHUMH. TOYHICTH TEOPETHYHHX JAHUX 3a0€3MeUy€eThCsl KOPEKTHICTIO 00-
YHCJICHHS BiJIOBIIHUX PENATHBICTCHKUX XBMJIOBHUX (PYHKIIIH 1 TIOBHOTOIO ypaxXyBaHHS OOMiHHO-
KOPEJSLIHHUX e(EeKTiB.

Kuio4oBi ci10Ba: pinOepriBChbKi JIyXKHI aTOMH, PEISITUBICTChKA TEOPisl, TEIIOBE BUITPOMIHIOBAHHS

PEJIATUBUCTCKOM MOJXOI K PACUETY HOHU3AIIMOHHBIX XAPAKTEPUCTHK
PUABEPI'OBCKUX HIEJTOYHBIX ATOMOB B I10JIE TEIIJIOBOI'O U3JIYYEHUA

A. B. Inywikos, B. b. Tepnosckuii, B. B. Bysioorcu, A. B. Llyoux, I1. A. 3auuko

AnHoTtanms. KoMOMHIPOBAaHHBIA PENSTUBUCTCKAN YHEPTUTUIECKUHN TIOIXOM M PEIIITHBUCTCKAS
TEOpHs] BO3MYIIEHUII MHOIMX Te€Jl C ONTUMHU3MPOBAHHBIM TUPAK-KOH-IIEMOCKHM HYJIEBBIM IIPU-
OMKEHUEM HCHOJIb3YIOTCS JJISl BBIUMCIIEHUS] MOHU3AMOHHBIX XapaKTEPUCTHK IIEJIOUYHbIX PUIOep-
TOBCKMX arOMOB B II0JI€ TEIJIOBOTO M3JIy4€HHUs] YEPHOIO Te€Na, B YACTHOCTHU, aTOMa HAaTpHs B PHUI-
OEpProBCKUX COCTOSIHUSX C IIaBHBIM KBAaHTOBBIM 4yuciioM n=10-100. AHanu3 JaHHBIX BBIYMCICHUS
CKOPOCTEH HMOHM3AIlMM aroMa HAaTpUsl B PHIOEPTOBCKUX COCTOSHHAX JEMOHCTPUPYET (U3HMUECKH
pa3syMHOE corlacue MeX/ly TEOPETHUECKUMU U HKCIIEPUMEHTAIbHBIMU JaHHBIMU. TOYHOCTh TEOpe-
TUYECKHX JIAHHBIX 00€CHEeUMBAETCS KOPPEKTHOCTHIO BBIYMCIICHUSI COOTBETCTBYIOIINX PEJIATUBUCT-
CKHX BOJTHOBBIX (DYHKIIMI U ITOJTHOTON ydeTa 0OMEHHO-KOPPESIIUOHHBIX A(PdeKToB.

KuroueBble cj10Ba: prI0EproBCKHE IIETOYHBIE aTOMBI, PEIATUBUCTCKAS TEOPHS, TETIOBOE M3ITyYCHUE

new topic of the modern theory is connected
with consistent study of ionization of Rydberg
atoms by blackbody radiation [1-5]. An account
for the AC Stark shift, fast redistribution of the
levels’ population and photoionization provid-
ed by the environmental black-body radiation
(BBR) field became of a great importance for

Introduction

A significant progress in experimental laser
physics, appearance of the tunable lasers allow to
study unique properties of atoms and ions in the
Rydberg states. The experiments with Rydberg
atoms had very soon resulted in the discovery of

an important ionization mechanism, provided by
unique features of the Rydberg atoms. Relatively

70

successfully handling atoms in their Rydberg
states [1-14]. Spectroscopic data on the excita-
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tion and ionization processes of Rydberg atoms
by black-body radiation are very important not
only for the above numerous applications, in-
cluding spectroscopy of ultracold plasma, but
also for the physics of the Rydberg atoms in
resonators, Rydberg masers, and microwave de-
tection techniques quantum level of sensitiv-
ity, optical and atomic standards of frequency,
atomic clocks, which in turn opens new ways of
constructing quantum standards for measuring
fundamental constants (including the elucida-
tion of drift value of the fine structure constant)
testing physical postulates of inertial navigation,
magnetometry and more. Finally, it is important
that many of the effects of low-energy quantum
optics and electrodynamics (e.g., indiscriminate
Rabi oscillation damping in a resonator quantum
field or Cummings collapse, Dicke radiation,
processes in single-atom masers, two-photon
masers, two-photon masers, , the subtle effects
associated with the quantum properties of the
photonic field in the microwave range) can be
quantitatively adequately studied on the basis of
physical systems with RA.

The standard methods for computing the
spectroscopic parameters of the Rydberg atoms
in the BBR field are based on the different ver-
sions of the model potential (MP), quasiclassical
methods (see e.g., [5-24]). It should be men-
tioned the simple and quite effective quasiclas-
sical approach to compute the thermal ioniza-
tion rate for Rydberg atoms [1,4,5]. Naturally,
the standard methods of the theoretical atomic
physics, including the Hartree-Fock and Dirac-
Fock ones, should be used in order to determine
a thermal ionization characteristics of neutral
and Rydberg atoms. The correct calculation of
spectroscopic parameters for the heavy Rydberg
atoms in a black-body radiation field requires
using strictly relativistic models and an accurate
accounting for the exchange-polarization effects.

In this paper an energy approach and rela-
tivistic perturbation theory (PT) with the model
density functional Dirac-Kohn-Sham zeroth ap-
proximation [25-33] are used to compute the
spectroscopic parameters (rate of the BBR-in-
duced decay, radiative lifetimes) of the Rydberg
alkali atom atom in a black-body radiation field.

2. The Rydberg atom in a Blackbody ra-
diation field: theoretical approach

The physical aspects of interaction of the Ry-
dberg atom with black-body electromagnetic
radiation field are considered many times from
different points of view. One could remind that
the frequency of a greater part of the black-body
radiation field photons ® does not exceed 0.08
atomic units including temperatures of the order
thousand K. The standard approach supposes
using ( in a case of alkali atom) the known one-
particle model approximation for calculating
the energy and spectral parameters such as (ex-
citation and ionization probabilities, ionization
cross section etc). Usually one should start from
a product with the Planck’s distribution for the
thermal photon number density [1,9]:

0)2

2 exp(@) kT)—1]

pwW,T)= (1)
where c is the speed of light and £ is the Boltz-
mann constant, [onization probability (rate) of
the bound state n/ results in the integral over the
Blackbody radiation frequencies:

W, (1) =c [0, (@)p(o, T

|E,|

2)

The total expression for the magnitude of the
full rate of the Rydberg atom ionization can be
written as the sum

WéOBlR =Wasr + W + W gpr + Wy 3)
where the first term in (3) describes the direct
photoionization rate from the initially excited
state nL, the second term, second term is the
ionization rate of the atoms in the high-lying
states inhabited by thermal radiation, an electric
field; the third term in (3) is the full rate of direct
ionization of the Rydberg atom in the surround-
ing to the initially excited states; lastly, the latter
is the ionization of high-lying states inhabited by
the known two-stage process.

The total width of an experimentally observ-
able Rydberg state of an atom or ion (naturally
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isolated from all external fields except BBR)
consists obviously of natural, spontaneous radia-
tion width and BBR-induced (thermal) width:

Ftot — Fsp + FBBR (T) (4)

It should be mentioned that the above formu-
las for determining probabilities, transition rates,
lifetimes are written in a non-relativistic approxi-
mation and are actually used in the vast majority
of modern theories and model representations
about the processes of excitation and ionization
of Rydberg atom in the field of thermal radiation
(see, e.g., [1]). It should be emphasized that, in
fact, the process of excitation and ionization of
RA by thermal radiation is not a simple pro-
cess, as it may seem at first glance; moreover,
I emphasize the theoretical and experimental
complexities of the description of Rydberg atom.

From a theoretical point of view, the sequen-
tial consideration of the process should include
direct photoionization from the initially excited
state nL, ionization by pulling electric impulses
of high-lying Rydberg states inhabited by thermal
radiation, direct photoionization of the adjacent
rarefied states, thermal radiation, at the end of the
ionization by electrical impulses above the located
states, populated by two-many-step processes. In
our view, in any case, the most correct and con-
sistent quantum theory of excitation and ioniza-
tion of Rydberg atom in the field of thermal radia-
tion is preferably based on the principles of QED,
or the corresponding relativistic approximation.

We apply a generalized energy approach [25-
29] to compute the Rydberg atoms spectroscopic
characteristics (rate of decay or ionization, ra-
diative lifetimes etc). The radiation decay prob-
ability is connected with the imaginary part of
electron energy shift. The latter is presented as:
AE =ReAE +1I/2, where I is a level width, and
decay probability P=I". The imaginary part of a
shift AE is defined in the PT second order as (in
atomic units):

ImAE =(1/47m) D Vil (5)
a>n>f
where (o>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as
follows:
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The effective lifetime t, y of the Rydberg atom
state is naturally inversely proportional to the
full decay rate of the excited state as a result of
spontaneous transitions I';(z) and transitions
induced by thermal radiation T, (zssz,), that
is, it can be written:

1 1 1

=0+ =—+
T o

z-BBR (7)

The detailed description of the matrix ele-
ments and procedure for their computing are
presented in Refs. [2,28-33]. The relativistic
wave functions are calculated by solution of
the relativistic Dirac equation with the model
Dirac-Kohn-Sham zeroth approximation plus
correlation potential [29-32]. All calculations
(the numeral code Superatom-ISAN, version 93
is used) are performed with an accurate account-
ing for the exchange-correlation effects (includ-
ing polarization, screening effects, continuum
pressure and others) as the effects of the PT sec-
ond and higher orders.

3. The results and conclusions

In Table 1, we present our theoretical data
as well as experimental Gallakher-Cooke data
(Virdginia group) and Gounand estimates for the
effective lifetime of the Rydberg states 17p, 18p
in the spectrum of the Na atom [4,5,9].

In 1 we present experimental and theoretical
data on the total rate of BBR-induced ionization
for the Rydberg nS states of the sodium atom
(T = 300K): Experiment (circles and squares)
[3]; Theory: an improved quasiclassical model of
Beterov etal (continuous line) [5] and our theory
(dashed line).

In the case of states with n below 15, the ex-
perimental data were obtained using a fluores-
cence technique at a temperature of 400K. The
lifetime of states with n more than 15 were meas-
ured using the field ionization method. Com-
parison of our data with the experimental results
shows a physically reasonable good agreement
of these data, and for nS and nD states the agree-
ment is better than for nP states.
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Figure 1. The total rate of BBR-induced ioniza-
tion for the Rydberg nS states of the sodium atom
(T =300K): Experiment (circles and squares); Theory:
an improved quasiclassical model of Beterov etal (con-

tinuous line) and our theory (dashed line).

for these states are quite large, while for the nD
states of the sodium atom the pattern is fun-
damentally different. In our theory, the effects
sought are taken into account quite carefully and
correctly, and therefore the theory is in a physi-
cally reasonable agreement with the experiment.
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Summary

Spectroscopic data on the excitation and ionization processes of Rydberg atoms by black-body
radiation are very important for numerous applications, including spectroscopy of ultracold plasma,
physics of the Rydberg atoms in resonators, Rydberg masers, and microwave detection techniques on
quantum level of sensitivity, optical and atomic standards of frequency, atomic clocks, magnetom-
etry and more. In this paper the combined relativistic energy approach and relativistic many-body
perturbation theory with the zeroth Dirac-Fock-Sham approximation are used for computing the
thermal Blackbody radiation ionization characteristics of the alkali Rydberg atoms, in particular,
the sodium in Rydberg states with principal quantum number n=10-100. The detailed analysis
of the data of computing ionization rates for the Rydberg sodium atom demonstrates physically
reasonable agreement between the theoretical and experimental data. The deviation of the data of
quasiclassical calculations from the experiment is due to the neglect of quantitatively important
exchange-correlation effects, especially in the case of nS states. The accuracy of our theoretical
data is provided by a correctness of the corresponding relativistic wave functions and accounting
for the exchange-correlation effects.

Keywords: Rydberg alkali atoms, relativistic theory, Blackbody radiation field
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PEJIITUBICTCBKHUI NIIXIJ IO PO3PAXYHKY IOHI3AIIIHNX
XAPAKTEPUCTHK PIIBEPTIBCHKHX JYKHHUX ATOMIB V MOJII TEILTOBOTO
BUIIPOMIHIOBAHHSI

O. B. I'nywxos, B. b. Tepnoscoxuii, B. B. Byaoocu, A. B. [{yoix, I1. A. 3aiuko

Opnechkuii nep>kaBHUM ekonorigyHui yHiBepcuteT, JIbBiBchKka 15, Onmecca, 65016
E-mail: glushkovav@gmail.com

Pedepar

CriekTpOoCKOIiYHI J1aHi Mpo npouecu 30y/UKeHHS Ta 10Hi3allil aToMiB piOepriBCbKUX aTOMiB
y TIOJIi BUITPOMIHIOBaHHSI YOPHOTO TijJIa € TyXe BAKIMBUMHU JJISI YUCICHHHUX 3aCTOCYBaHb, BKIIIO-
Yar04YH CIEKTPOCKOIIIIO YIBTPAXOIOAHOI I1a3MH1, (Pi3UKy piaOepriBChKUX aTOMIB B PE30HATOPAX,
pia0epriBcbKUX Ma3epiB, PO3BUTOK HOBHX METOIB MIKPOXBHJIBOBOTO JIETEKTYBaHHS Ha KBAaHTO-
BOMY PiBHI YyTJIMBOCTI, ONTHYHI aTOMHI CTaHJIAapTH YacTOTH, aTOMHI TOAUHHUKH, MarHITOMETPis
touo. KoMOiHOBaHUH peNATUBICTCHKUI €HEPreTUYHMIA MiAXiJ 1 PeNsATHUBICTChKA Teopis 30ypeHb
0aratbOX TUI 3 3 ONTHUMI30BaHUM MipaK-KOH-IIEMIBCBKUM HYJIHOBHUM HAOJIMKEHHSM BHUKOPHCTO-
BYIOTBCS [l OOUMCIICHHS 10HI3alIHHUX XapaKTePUCTHK JIY>)KHUX PiI0epriBCbKUX aTOMiB B MOJI
TETJIOBOTO BUITPOMIHIOBaHHS a0COIIOTHO YOPHOTO TijIa, 30KpeMa, aToMa HaTpiio B pia0epriBChKUX
cTaHax 3 FOJIOBHUM KBAaHTOBUM uuciioM n = 10-100. Axami3 gaHHUX OOYMCIIEHHS MIBUIKOCTI 10-
Hi3allii aToMa HaTpilo y pia0epriBCbKUX CTaHaX JEeMOHCTPYE (Di3MYHO PO3YMHY 3rojly MiX Teope-
TUYHUMH 1 EKCIIEPUMEHTALHUMU JaHUMU. BiIXuleHHS JaHUX KBa3iKIACHYHUX PO3PaxXyHKIB BiJ
EKCTIEPUMEHTY I10B’S3aHO 13 HEypaxyBaHHSAM KUIbKICHO BaXKJIMBUX OOMIHHO-KOpENALIHHUX edek-
TiB, 0COOIMBO Y BUMAAKy NS-cTaHiB. TOUHICTh HAIIMX TEOPETUYHUX JAHUX 320€3MeUy€THCS KOPEK-
THICTIO OOYMCIICHHS BiIIOBITHUX PEISATUBICTCHKUAX XBUIbOBUX (DYHKIIIN 1 TOBHOTOIO YpaxyBaHHS
OOMIHHO-KOPEISALIHHUX e(EeKTiB.

KurouoBi ciioBa: pinGepriBChbKi JTy>KHI aTOMH, pENISITUBICTCHKA TEOPisl, TEIJIOBE BUIIPOMIHIOBAHHS
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