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Abstract. It has been carried out sensing and calculating probabilities and oscillator strengths of a
number of radiative transitions in the spectra of heavy Rydberg atoms of alkaline elements on the basis
of new relativistic model potential method in the framework of gauge-invariant perturbation theory and
relativistic energy approach.. It has been shown that that a new approach provides a precise accounting
exchange-correlation effects, including effect of essentially non-Coulomb grouping of Rydberg
levels, pressure continuum. There are received precise data on energy and spectroscopic parameters
energy, radiation width, amplitude transitions, the lifetime) for Rydberg atoms Rb, Cs, Fr, particularly,
transitions nS’2—n’P)2,%/, (n=5,6; n’=10-70), nP’2,3.2—n’D’*/,,’/, (n=5,6; n’=10-80) in the Rb, Cs
spectra; for Rydberg Fr there are in most first calculated and predicted spectroscopic data on transition
amplitude, lifetime of Rydberg states and transitions 7S"2-nP’2,"/,, 7P'2,3.2-nD%/ %/, (n=20-80). Data
obtained can be used in carrying out new types of radiative quantum sensors and frequency standards.
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HOBMH PEJIATUBICTCHKUM METO MOJEJBHOI'O IIOTEHIIIATY
BU3HAYEHHA IMOBIPHOCTEU PAJTAINIMHUX ITEPEXOAIB Y CIIEKTPAX
BAXKKUX PIABEPT'IBCBKUX ATOMHUX CUCTEM

B. B. Tepnoscovkuii, O. B. [nywkos, I1. O. 3aiuxo, O. FO. Xeyeniyc, T. O. @ropko

AHoTanis. BukoHaHO po3paxyHOK HMOBIPHOCTEH 1 CUJT OCHMIIATOPIB PALY paAialliiHUX MEePEXo/IiB
B CIIEKTPaX BKKUX PiAOEPriBCHKUX aTOMIB JIy)KHHX €JIEMEHTIB Ha OCHOBI HOBOTO PEJIATUBICTCHKOTO
METOIYy MOJIEJIBHOTO MOTEHIIATy B paMKax KalliOpyBajabHO-1HBapiaHTHOI Teopii 30ypeHb 1 pensTu-
BICTCHKOTO eHepreTuyHoro miaxony. [lokasano, mo miaxia 3abe3neuye N10CuTh eHeKTUBHUMA CTYIIHB
ypaxyBaHHSI OOMiHHO-KOPEJSIIHHUX e(DeKTiB, y TOMY YHCIi e()eKTy iCTOTHO HEKYIOHIBCHKOTO TPYITy-
BaHHS Pi10EPTIBCHKHUX PIBHIB, THCKY KOHTHUHYYMY 1 T.1. OTpUMaHO YTOYHEHI JIaHi IO €HEPTeTUYHUM
1 CIEKTPOCKOIIIYHUM MapameTpam (eHeprii, pajialiifHi IIMPUHH, aMIUTITYIU EPEXO/iB, Yac )KUTT)
ans pinbeprisebkux atomis Rb, Cs, Fr, 30kpema, nepexonis nS1/2—n’P'4,%/, (n=5,6; n’=10-70),
nP’,3.2—n’D? ’/, (n=5,6; n’=10-80) B cnexrpax Rb, Cs; nns pinbepriscproro Fr pospaxopani i
nepeadayeHi CHEKTPOCKOIIUHI 1aH1 110 aMILTITY/1aX MEPEXoiB, YacaM >KUTTS PiI0EPriBCbKUX CTaHIB 1
nepexontip 7SY2-nPY2,’/ , 7P'2,3.2-nD%/ ,°/, (n=20-80). Onepsxani nani MOKyTh OyTH BUKOPUCTaHi IIpH
moOy/T0Bi HOBUX THITIB paIiallifiHUX KBAHTOBUX CEHCOPIB Ta CTAHIAPTIB YaCTOTH.

Kuro4oBi csioBa: pajiaiiiiHi nepexoau, BaXKi piioepriBcbKi aTOMU, HOBUM METOJ1, KBAHTOBI CEHCOPHU

HOBBIA PEJIATUBUCTCKUHA METOJ MOJAEJBbHOI'O IOTEHIIUAJIA
OIIPEJIEJIEHUA BEPOITHOCTEM PAIUAIIMOHHBIX ITEPEXOJ0B B CIIEKTPAX
TAXKEJBIX PUIABEPTOBCKHUX ATOMHBIX CUCTEM

B. b. Tepnosckuii, A. B. Imywxos, I1. A. 3auuxo, O. FO. Xeyenuyc, T. A. Dnopko

AHHOTanusA. BBINOMHEH pacyeT BEPOSITHOCTEN U CHJI OCUWLIATOPOB psijia PaAUalMOHHBIX I€-
PEXOZIOB B CIIEKTPAX TSHKEIBIX PUIOEPTOBCKUX aTOMOB IIEJIOYHBIX JIEMEHTOB Ha OCHOBE HOBOTO
PENATUBUCTCKOTO METO/Ia MOJICIPHOTO TTOTEHI[ANIA B paMKaxX KaJTuOpPOBOYHO-MHBAPUAHTHOW TEOpUU
BO3MYILIEHUH U PEATUBUCTCKOIO 3HEepreTuyeckoro noaxozaa. Iloxkazano, uro noaxon odecrnevynBaer
JIOCTAaTOYHO A((HEKTUBHBIN YIET 0OMEHHO-KOPPEIAIIMOHHBIX 2P (HEKTOB, B TOM urciie dddexra cyie-
CTBEHHO HEKYJIOHOBCKOTO TPYIIUPOBAHUS PUIOCPTOBCKUX YPOBHEH, NaBICHHUS] KOHTUHYYyMa U T.1.
[TonmyuyeHsl yTOUYHEHHbIE JAaHHBIE [10 SHEPIETUUYECKUM U CIIEKTPOCKOIMMYECKUM MapaMeTpam (3Hepruu,
pasvalliOHHbIE ITUPUHBI, AMIUTUTY/ABI IEPEXOA0B, BPeMsl AKHU3HHU) I pu10eproBckux atomoB Rb, Cs,
Fr, B wactHocTH, nepexoasl nS/2—n’PY2’/ (n=5,6; n’=10-70), nP’2,3.2—n’D% ,’/, (n=5,6; n’=10-80)
B criektpax Rb, Cs; mst pundeprckoro Fr paccunransl v peickazaHbl CHEKTPOCKONNYECKHE TaHHBIE
10 aMILIUTY/IaM TIEPEXO0JI0B, BpEMEHaM KU3HH PUIOEPrOBCKHX COCTOHUH 1 nepexonos 7S'2-nP'4,%/,
7P'2,3.2-nD’/,*/, (n=20-80). IloyueHHbIE JaHHBIE MOTYT OBITH MCIIOIL30BAHbI IIPH CO3aHUU HOBBIX
TUTIOB PAJNAIIMOHHBIX KBAHTOBBIX CEHCOPOB U CTAaHAAPTOB YaCTOTHI.

KuroueBble cji0Ba: pagualiioHHbIe TEPEXObI, TXKENbIE pUI0EPrOBCKUE aTOMbI, HOBBII METO/,

1. Introduction tainly related research on spectroscopy Rydberg
By far one of the very urgent and very chal- atoms ( atoms that are found in highly excited
lenging directions of modern quantum (atomic) states with large values of the principal quantum
optics and spectroscopy, sensors physics are cer- number n >> 1). (see, for example [1-12]). The
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great relevance of research energy and spectro-
scopic characteristics of Rydberg atoms, usually
due to standard requirements in spectroscopic in-
formation of a number of applications and related
physical sciences, which include sensors electron-
ics and quantum computing, atomic and molecu-
lar optics and spectroscopy, quantum electronics,
laser physics, the construction of kinetic models
of new laser schemes for short-range, physics and
chemistry laboratory, astrophysical plasmas, as-
trophysics and astronomy (well-known facts that
are found in interstellar clouds absorption lines
between Rydberg states with n ~ 300-700) . The
unique properties of the Rydberg atoms are as-
sociated with too small ionization potentials, suf-
ficiently large size, big enough lifetime compared
to conventional atomic states, finally, unprec-
edented for ordinary atoms sensitivity to external
fields because of what these fields are too strong)
led in recent years, more intensive research Ry-
dberg atoms, in particular, by new experimental
methods of laser spectroscopy, magneto-optical
traps, synchrotron radiation sources, beam-foil
spectroscope, cryogenic equipment and so on.
Accordingly, extensive studying led to a number
of unique scientific discoveries, such as Rydberg
matter, getting the Bose condensate in pairs Ryd-
berg alkali atoms, fountains of cold atoms, etc. At
the same time, despite the presence of a consid-
erable number of theoretical methods in atomic
spectroscopy (such as standard method e Dirac-
Fock (DF), Hartree-Fock (HF), relativistic HF
(RHF) type, the perturbation theory (PT) versions
with the DF or RHF “0”-th approximation, meth-
od of the quantum defect, density functional the-
ory, empirical model potential (EMP) and pseu-
dopotential methods etc ) for atoms in a free state
and various versions of perturbation theory (PT)
for the external field, quasi-classical and classi-
cal models etc., a level of description of the Ry-
dberg atoms is not sufficiently satisfactory espe-
cially when it comes to heavy atoms. For heavy
Rydberg atoms there is of a great importance a
precise account of relativistic, and exchange-
correlation (XC) effects, and also of a significant
effects for the non-Coulomb grouping levels in
the Rydberg spectra (the effect of which is not
considered within simplified hydrogen-like mod-
els) and pressure continuum, with the obligatory
optimization of the relativistic orbitals basises. In

this paper it has been carried out sensing and cal-
culating probabilities and oscillator strengths of
a number of radiative transitions in the spectra of
heavy Rydberg atoms of alkaline elements on the
basis of new relativistic model potential method
in the framework of gauge-invariant perturbation
theory and relativistic energy approach.

2. New relativistic approach to heavy Rydberg
systems

Let us describe in brief the important moment
of our theoretical approach for the Rydberg atom-
ic systems. As usually, the wave functions ze-
roth basis is found from the Dirac equation solu-
tion with self-consistent total potential. The bare
Hamiltonian is as follows:

(] - a,.aj)

9

H = Z{acp —,Bmc2 +U@ | 2)} + +Zexp(iwij;;7)-

> Ty
(1)
where a, a- the Dirac matrices, w, —the transition
frequency.
Within relativistic PT [3,4] we introduce the
zeroth —order Hamiltonian as:

H, = z{acpi _ﬂmcz +[=Z/1+U, (75 | D)+ Ve ()]} +

+Z V(’?/ ),

i>j

2

where V,(5) — one-particle exchange-correla-
tion potential (see. below); U, (;16) —a self-
consistent mean-field potential (Mean Field; b -
parameter potential, which is further determined
within ab ibitio procedure), that potential interac-
tion “quasiparticles-core” in the case of atomic
system consisting of closed electron shells and
several external quasiparticles.For the Rydberg

states we choose the potential U, 10)  in the
form of the Ivanova-Ivanov potential [5]:
U, (7. | b) =2[1-exp(-br)(1+1)]/Zr+
+8[ 1-exp(-br)(1+0,61+0,16:+0,0361%)]/Zr. (3)

As a single-quasiparticle exchange-correlation
potential (XC) we use the generalised potential of
the Kohn-Sham-Gunnarsson-Lundqvist type [3]:

_1KS E [,B"'(,Bz"'l)m]_l _
VXC[p(r)’r]_VX (V) {zln ﬂ(ﬂ2+1)1/2 2} (4)
_ 3 B+ UIRT
0.0333-{7In T S In[1+183768- p(r)'],
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where  p=372"p(r)?/c , c—thelight velocity,
V¥ - is the standard Kohn-Sham potential [6].
The effective electron core density (or parameter
b ) is defined by iteration algorithm within gauge
invariant QED procedure [7].Consider the one-
quasiparticle system. In the lowest second order
of the EDPT a non-zeroth contribution to the
imaginary part of electron energy Im dE (the ra-
diation decay width) is provided by relativistic
exchange Fock diagram. In the fourth order of
the QED PT there are diagrams, whose contribu-
tion into the ImdE accounts for the core polariza-
tion effects. It is on the electromagnetic potentials
gauge (the gauge non-invariant contribution). Let
us examine the multielectron atom with one qua-
si-particle in the first excited state, connected with
the ground state by the radiation transition [7]. In
the zeroth QED PT approximation we, as usually
(c.f.[3]), use the one electron bare MP:
NG+ Uy (73| B) (5)
with V(r) describing the electric potential of the
nucleus, U,,(r, |b) imitating the interaction of
the quasi-particle with the core. In ref.[7] the low-
est order multielectron effects, in particular, the
gauge dependent radiative contribution for the
certain class of the photon propagator calibration
is treated. This value is considered to be the typi-
cal representative of the electron correlation ef-
fects, whose minimization is a reasonable criteri-
on in the searching for the optimal one-electron
basis of the PT. The minimization of the density
functional Im dE  leads to the integral differen-
tial equation for the r, that can be solved using
one of the standard numerical codes. In ref. [7]
authors treated the function » _in the simple ana-
lytic form with the only variable parameter » and
substituted it to (5). More accurate calculation re-
quires the solution of the integral differential
equation for the » [2,9].

In order to define the probability of radiative
transition we have used energy approach [5,7].
In this approach the probability is directly con-
nected with imaginary part of electron energy of
the system, which is defined in the lowest order of
perturbation theory as follows:

2
ImAE(B) =-S5~ % V(L“,,’g;l , (6a)

T asn>f
[a<n£f
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for electron and 2= for vacan-

<n<

where X~
a>m> a

cy. The potential V is as follows:

sin|@|r;
ﬁa—alazwﬂrzwi ().

l‘ kl‘ = ([ dndry ¥} (r1)5”j- ()

(6b)

The separated terms of the sum in (7a) repre-

sent the contributions of different channells and a
probability of the dipole transition is:

_ 1 ‘w"n‘

n 477'. anan

r (6¢)

Q.

According to [6,7], a matrix element in (6b) is
written as follows:
[ I3 }“JX
—my o H

Vi = [(]1)(]2)(]3)(]4 /Z #
"(1234) + 0" (1234)],
where j, are the entire single electron momen-
tums, m. — their projections; QQUIls the Coulomb

()

x Im[Q?

part of interaction, QX - the Breit part. The Cou-

lomb part qul is expressed in terms of radial in-
tegrals R, angular coefficients S, [2,5]:

=L LR (1243)s,(1243) + &, (1243 )5, (1243 )+

+R,(1233)s,(1233)+ R, (1243 )5, (1233} ®
there f is the large component of radial part of
single electron state Dirac function; the sign «~»
means that in (10) the large radial component f is
to be changed by the small g, one and the moment

[ is to be changed by 7=;-1 for Dirac number
&> 0 and /+1 for &<0. The Breit part of Q is

defined as a sum: QO =07, +0) +0%,

where contribution of our interest is as:
o =— Re{ (123357 (1233)+ R, (1243)57 (1243) +
+R,(T 243)5; (1233)+ & (1243 )s. (1243)}
(€))
All calculations are performed using modi-

fied Superatom code developed by Ivanov et al
[3,5, 7]
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The reduced s dipole transition matrix elements for Fr (see text) oot
[Tep./MeTt PT- PT- EMP PT- PT- DF EF- Exp.
DF*" DF*" RHF | RHF RMP
(corr) (corr)
Tp12-7s 4.256 - - 4279 | 4304 | 4.179 | 4272 | 4.277
4.274
8p12-7s 0.327 0.306 0.304 0.291 0.301 - 0.339
Ip12-7s 0.110 0.098 0.096 - - - 0.092
10p12-7s - - - - - - 0.063
Tp3n-T7s 5.851 - - 5.894 | 5.927 5.791 5.891 5.898
8p3n-7s 0.934 0.909 0.908 0.924 - - 0.918 -
9psi2-Ts 0.436 0.422 0.420 - - - 0.426 -
10p3-7s - - - - - - 0.284 -
Tp1/2-8s 4.184 4.237 4.230 4.165 4219 | 4.196 | 4.228 -
8p1/2-8s 10.02 10.10 10.06 10.16 10.00 10.12 -
9p12-8s 0.985 - 0.977 - - - 0.972 -
10p;/2-8s - - - - - - 0.395 -
Tp312-8s 7.418 7.461 7.449 7.384 | 7.470 | 7.472 7.453 -
8p32-8s 13.23 13.37 13.32 13.45 13.26 13.35 -
9p3/2-8s 2.245 - 2.236 - - - 2.232 -
10p3/2-8s - - - - - - 1.058 -
Tp1/2-9s 1.016 - 1.010 - - - 1.062 -
8p12-9s 9.280 - 9.342 - - - 9.318 -
9p12-9s 17.39 - 17.40 - - - 17.42 -
10p1/2-9s - - - - - 1.836 -
Tp32-9s 1.393 - 1.380 - - - 1.41 -
8p32-9s 15.88 - 15.92 - - - 15.96 -
9p3/2-9s 22.59 - 22.73 - - - 22.68 -
10p3/2-9s - - - - - - 3.884 -
3. Results and conclusions for the reduced s dipole transition matrix elements

As the test of an approach in table 1 we pres- 1of F: (experimental data — Exp; EF-RMP — our
data; “corr”- corrected version with using empiri-

ent the experimental and theoretical values (a.u.) cal data; all data from Refs. [8-12])
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In Figure 1 we present a dependence of the
calculated reduced dipole matrix elements of
principal quantum number for Rydberg atom Rb:
5P3/2-nD5/2 (n ~70). The available experimen-
tal data are listed as a circle; Theory: continuous
line - our data, dotted line- data by Piotrowicz
et within the quasi-classical Dyachkov-Pankra-
tov model[11]. In Figure 2 we present the same
dependence for Rydberg atom Fr: 7P, —nD
n=10-80 (our data).

5/2°

o
=
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0,064

0,044 (o]

0,024

reduced matrix elements, [a.u.]

T T T T T T T | S T
20 25 30 35 40 45 50 55 60 65 70
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Figure 1: A dependence of the calculated reduced
dipole matrix elements of principal quantum
number for Rydberg atom Rb: 5P3/2-nD5/2
(n ~70). The available experimental data are listed
as a circle; Theory: continuous line - our data,
dotted line- data by Piotrowicz et within the quasi-
classical Dyachkov-Pankratov model (see text).
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Figure 2. A dependence of the calculated reduced

dipole matrix elements of principal quantum num-

ber for Rydberg atom Fr: 7P, —nD,_,, n=10-80
(our data).

The strict analysis of the data presented shows
the great role of the relativistic and inter electron
exchange-correlation effects of the second and
higher PT orders (the interelectron polarization
interaction and mutual screening), as well as the

24

effect of the non-Coulomb grouping levels in the
Rydberg spectra. Finally, the detailed data about
the radiative characteristics of complex atoms
and ions (including the studied type) is especially
necessary for carrying out new types of the Carno
atomic machines, radiative quantum sensors, fre-
quency standards etc.
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NEW RELATIVISTIC MODEL POTENTIAL APPROACH TO SENSING RADIATIVE
TRANSITIONS PROBABILITIES IN SPECTRA OF HEAVY RYDBERG ATOMIC
SYSTEMS

V. B. Ternovsky, A. V. Glushkov, P. A. Zaichko, O. Yu. Khetselius, T. A. Florko

Odessa State Maritime University, 34, Mechnikov str., Odessa, 65000, Ukraine
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Summary

We have presented an effective relativistic approach for sensing and calculating energy of levels,
probabilities and oscillator strengths (transition amplitudes, lifetimes) of a number of radiative tran-
sitions in the spectra of heavy Rydberg atoms of alkaline elements. It represents a new version of
the relativistic model potential method. The approach is based on the relativistic many-body gauge-
invariant perturbation theory with the improved Dirac-Kohn-Sham zeroth approximation and relativ-
istic energy approach (S-matrix adiabatic Gell-Mann and Low formalism). We have shown that that
during computing the energy and spectroscopic characteristics of the multielectron Rydberg atomic
systems a new approach provides a precise accounting exchange-correlation effects, including effect
of essentially non-Coulomb grouping of Rydberg levels, pressure continuum. There are received
precise data on energy and spectroscopic parameters energy, radiation width, amplitude transitions,
the lifetime) for Rydberg atoms Rb, Cs, Fr, particularly, transitions nS'2—n’P’2,”/, (n=5,6; n’=10-70),
nPl/z,3.2—>n’D3/2,5/2 (n=5,6; n’=10-80) in the Rb, Cs spectra; for Rydberg Fr there are in most first
calculated and predicted spectroscopic data on transition amplitude, lifetime of Rydberg states and
transitions 7S'2-nP’,"/,, 7P}2,3.2-nD%/ ,°/, (n=20-80). Regarding the application of the obtained data
it can be indicated on carrying out new types of radiative quantum sensors and frequency standards,
quantum electronics and different quantum devices.

Keywords: radiative transitions, heavy Rydberg atoms, new method, quantum sensors
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HOBMUH PEJSTUBICTCHKU METO/I MOJAEJbHOI'O MOTEHIIAJTY
BU3HAUYEHHS IMOBIPHOCTEM PATIAIIMHUX MMEPEXO/IB Y CHEKTPAX
BAXKKHUX PIIBEPTI'IBCBbKUX ATOMHUX CUCTEM
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Pedepar

Mu 3arponoHyBasiu €peKTUBHUHN PENATUBICTCHKUH MIAXIJ 10 AETEKTYBaHHS Ta PO3PaXyHKY €Hep-
il piBHIB, HMOBIPHOCTEH 1 CHJI OCITWJISITOPIB (aMILTITY/] IEPEXO/IIB, YaCIB XKUTTS) PSAAY pajialliifHIX
NEepeXoiB B CHEKTpax BaXXKUX Pi0epriBCbKUX aTOMIB JIyKHHX eJeMeHTIB. BiH sBisie coboro Bep-
CiI0 MOJIENI PEeNIATUBICTCHKOI MOTEHIIfHOTO MeToy. [1i1Xi 3acHOBaHUIT Ha PENSATUBICTCHKIN Oararo-
YaCTUHKOBIN KaliOpyBaJIbHO-1HBapiaHTHIN Teopii 30ypeHs 3 mokpamieHuM Jlipak-Kona-1llemiBcbkum
HYJIbOBUM HaOIMKEHHSM 1 PEISATHBICTCBKOMY €HepreTMuHoMy (opmaiizMi (S-mMaTpuuHuil ajaiaba-
tnuHui popmanizm 'enn-Mawnn i Jloy). [Tokazano, mo miaxin 3a0e3nedye 10cuTh epeKTUBHUM CTY-
MHb ypaxyBaHHS OOMIHHO-KOPEAMIMHNX €(PEeKTiB, y TOMY 4nCii €()EeKTy ICTOTHO HEKYJIOHIBCHKOTO
IpyITyBaHHS piOEpriBCbKUX PIBHIB, TUCKY KOHTHHYYMY 1 T.i. OTpUMaHO yTOYHEHI J1aHi 110 eHepre-
TUYHUM 1 CIIEKTPOCKOMIIYHUM IapaMeTpam (eHeprii, pagiamiiHi IUPUHH, aMILTITYAH TIEPEX0/IiB, yac
XKUTTA) U1 pindepriBebkux aroMiB Rb, Cs, Fr, 30xkpema, nepexoziB nS 1/2—>r1’P1/2,3/2 (n=5,6; n"=10-70),
nP’3.2—n’D, %/, (n=5,6; n°=10-80) B criexkrpax Rb, Cs; wis pinbepriscbkoro Fr pospaxosati i me-
pendaveHi CIEeKTPOCKOIIYHI JIaHi 10 aMILTITyAax Mepexo/liB, yacaM XHUTTS PigOepriBCbKUX CTaHIB i
nepexonis 7SY2-nP’2%/,, 7P23.2-nD?/, */, (n=20-80). CTOCOBHO 3acTOCYBaHb OTPUMAHMX JAHHX CIIiJL
yKa3aTu Ha MOXKJIMBOCTI OOYJOBU HOBUX THIIIB PaJiallifHUX KBAHTOBUX CEHCOPIB 1 KBAHTOBUX CTaH-
JTAPTIB YaCTOTH, a TAKOXK 3aCTOCYBAHHS B rally3sX KBAaHTOBOI €JIEKTPOHIKH 1 (i3MKH KBAHTOBUX TPH-
CTpOIB.

Kuro4oBi ciioBa: pajianiiiini nepexoau, Baxkki pig0epriBCbKi arToMH, HOBUM METOJI, KBAHTOBI1 CEHCOPH
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