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THEORETICAL STUDYING RYDBERG STATES SPECTRUM OF THE URANIUM
ATOM ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

Theoretical studying spectrum of the Rydberg states for the uranium atom is carried out within the relativistic
many-body perturbation theory with ab initio zeroth approximation and generalized relativistic energy approach. The
zeroth approximation of the relativistic perturbation theory is provided by the optimized Dirac-Kohn-Sham ones.
Optimization has been fulfilled by means of introduction of the parameter to the Kohn-Sham exchange potentials
and further minimization of the gauge-non-invariant contributions into radiation width of atomic levels with using
relativistic orbital set, generated by the corresponding zeroth approximation Hamiltonian.

1. Introduction

Development of new directions in the
field of optics and spectroscopy, laser physics
and quantum electronics, such as precision
spectroscopy of heavy and ultra-heavy atoms and
ions, newest astrospectroscopic studies, impulse
heating methods in controlled thermonuclear
synthesis spectrum, etc., necessitates the
solution of urgent and important problems
of atomic optics and laser spectroscopy at a
fundamentally new level of theoretical sequence
and fullness. In the last decade, spectroscopy of
multiply charged ions, which covers the UV
and X-ray bands of the spectrum, has been
intensively developing. Significant progress in
the development of experimental methods of
research, in particular, a significant increase
in the intensity and quality of laser radiation,
the use of accelerators, colliders of heavy
ions, sources of synchrotron radiation and,
as a consequence, the possibility of precision
study of increasingly energetic processes,
stimulates the theories of new methods of
theories calculation of their characteristics, in
particular, radiation and autoionization ones.
It is known that autoionization states play an
essential role in various elementary atomic
processes such as autoionization, selective
photoionization, electron scattering at atoms,
atomic and ionic atomic collisions, etc. The

presence of autoionization states in ions
significantly affects the nature of the spectrum
of high-radiation astrophysical and laboratory
plasma. Their radiation decay is accompanied
by the formation of the most complex spectra
of dielectronic satellites to resonant ion lines
of subsequent ionization multiplicity, which
contain information about the state of the plasma
used for its diagnosis, as well as the study of the
physical conditions in the solar corona and other
astrophysical objects [1-25].

The multi-configuration Dirac-Fock method
is the most reliable version of calculation for
multielectron systems with alarge nuclear charge.
In these calculations the one- and two-particle
relativistic and important exchange-correlation
corrections are taken into account (see [9] and
Refs. therein). However, one should remember
about very complicated structure of spectra of
the heavy atoms, including actinides, uranium,
trans-uranium elements and others and necessity
of correct accounting for the different correlation
effects such as polarization interaction of the
valent quasiparticles and their mutual screening,
iterations of a mass operator etc.). One of the
effective methods of studying the heavy atoms
is the relativistic many-body perturbation theory
(RMBPT), namely, [26-29]. It has been earlier
effectively applied to computing spectra of low-
lying states for some lanthanides atoms [25]
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(see [26,27]). The aim of our present work is
to use an analogous version of the relativistic
many-body perturbation theory (PT) with an
ab initio Dirac-Kohn-Sham approximation to
study spectrum of autoionization states for the
uranium. It is important to remind that isotope
separation of atomic uranium using laser
selective photoionization processes has attracted
much attention now [3-6,9].

2. The relativistic many-body
perturbation theory and energy approach

As the method of computing is earlier
presented in detail, here we are limited only by
the key topics [26-29]. Generally speaking, the
majority of complex atomic systems possess
a dense energy spectrum of interacting states
with essentially relativistic properties. In the
theory of the non-relativistic atom a convenient
field procedure is known for calculating the
energy shifts AE of degenerate states. This
procedure is connected with the secular matrix
M diagonalization [30-32]. In constructing M,
the Gell-Mann and Low adiabatic formula for
AE is used.

In contrast to the non-relativistic case, the
secular matrix elements are already complex
in the second order of the electrodynamical
PT (first order of the interelectron interaction).
Their imaginary part of AE is connected with
the radiation decay (radiation) possibility. In this
approach, the whole calculation of the energies
and decay probabilities of a non-degenerate
excited state is reduced to the calculation and
diagonalization of the complex matrix M. In the
papers of different authors, the ReAE calculation
procedure has been generalized for the case of
nearly degenerate states, whose levels form
a more or less compact group. One of these
variants has been previously introduced: for a
system with a dense energy spectrum, a group
of nearly degenerate states is extracted and their
matrix M is calculated and diagonalized. If the
states are well separated in energy, the matrix
M reduces to one term, equal to AE . The non-
relativistic secular matrix elements are expanded
in a PT series for the interelectron interaction.
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The complex secular matrix M is represented in
the form [26,27]:

M =M+ MM+ M (1)

where M® is the contribution of the vacuum
diagrams of all order of PT, and M (]), M®
M () those of the one-, two- and three-

quasiparticle diagrams respectively. M © s a
real matrix, proportional to the unit matrix. It
determines only the general level shift. We have

assumed M" =0. The diagonal matrix M 0
can be presented as a sum of the independent
one-quasiparticle contributions. For simple
systems (such as alkali atoms and ions) the one-
quasiparticle energies can be taken from the
experiment. Substituting these quantities into (1)
one could have summarized all the contributions
of the one -quasiparticle diagrams of all orders
of the formally exact QED PT. However, the
necessary experimental quantities are not often
available.

The first two order corrections to Re M
have been analyzed previously using Feynman
diagrams (look Ref. in [2,3]). The contributions
of the first-order diagrams have been completely
calculated. In the second order, there are two
kinds of diagrams: polarization and ladder ones.
The polarization diagrams take into account the
quasiparticle interaction through the polarizable
core, and the ladder diagrams account for the
immediate quasiparticle interaction [30-36].
Some of the ladder diagram contributions as
well as some of the three-quasiparticle diagram
contributions in all PT orders have the same
angular symmetry as the two-quasiparticle
diagram contributions of the first order. These
contributions have been summarized by a
modification of the central potential, which
must now include the screening (anti-screening)
of the core potential of each particle by the two
others. The additional potential modifies the
one-quasiparticle orbitals and energies.

Then the secular matrix is as follows:
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where M" is the modified one-quasiparticle
matrix ( diagonal), and M @ the modified

two-quasiparticle one. M ™ is calculated by
substituting the modified one-quasiparticle

energies), and M @ by means of the first PT

order formulae for M (2), putting the modified
radial functions of the one-quasiparticle states
in the radial integrals..
Let us remind that in the QED theory, the photon
propagator D(12)playstherole ofthisinteraction.
Naturally the analytical form of D(12) depends
on the gauge, in which the electrodynamical
potentials are written. Interelectron interaction
operator with accounting for Breit interaction
has been taken as follows:

V)= exp(ian)-(]%w’),

g

where, as usually, o, are the Dirac matrices.
In general, the results of all approximate
calculations depended on the gauge. Naturally
the correct result must be gauge-invariant. The
gauge dependence of the amplitudes of the
photoprocesses in the approximate calculations
is a known fact and is investigated by Grant,
Armstrong, Aymar and Luc-Koenig, Glushkov-
Ivanov-Ivanovaetal (seereview in [9,32]). Grant
has investigated the gauge connection with the
limiting non-relativistic form of the transition
operator and has formulated the conditions for
approximate functions of the states, in which
the amplitudes of the photo processes are gauge
invariant (see review in [9]). These results
remain true in the energy approach because
the final formulae for the probabilities coincide
in both approaches. Glushkov-Ivanov have
developed a new relativistic gauge-conserved
version of the energy approach [32]. In ref.
[30,35-40] it has been developed its further
generalization. Here we applied this approach
for generating the optimized relativistic orbitals
basis in the zeroth approximation of the many-
body PT. Optimization has been fulfilled by
means of introduction of the parameter to the
Fock and Kohn-Sham exchange potentials
and further minimization of the gauge-non-
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invariant contributions into radiation width
of atomic levels with using relativistic orbital
bases, generated by the corresponding zeroth
approximation Hamiltonians [26]. Other details
can be found in Refs. [9,27-29,41-47].

3. Some results and conclusion

In Table 1 we present the measured [3] and
calculated energies (in cm™) of the levels of the
lower members of the Rydberg series of uranium
567s2np, counted from the level of 33083.3
cm’'; excitation sequence: 6056.81 + 6030.6 +
(5943-5951) A.

Table 1.
The measured and calculated energies (in cm-
1) of the levels of the lower members of the
Rydberg series of uranium 5*7s2np, counted
from the level of 33083.3 cm’; excitation
sequence: 6056.81 + 6030.6 + (5943-5951) A

exp Eth Eth calc
[3] 3] This work

49885.6 49885.9 49889.7 44
49889.4 49889.5 49891.9 45
49893.0 49892.8 49894.2 46
49896.3 49895.8 49896.6 47
49898.9 49898.8 49898.8 48
49901.4 49901.4 49901.3 49
49903.9 49903.9 49903.9 50
49906.2 51

49908.4 52

49910.5 53

In Table 2 we present the measured [3] and
calculated energies (in cm™) of the levels of the
lower members of the Rydberg uranium series
537s’nf, counted from the level 32857.449cm

L (5P6d7s8s'LY);  excitation
6056.81+6113.89+(5862-5914) A.
Analysis shows that the correct account for
the complex many-body exchange-correlation
effects plays very critical role.

It should be noted too that the data on energies
of the members of the Rydberg series should

sequence:

41



be checked and correspond to so called the
smoothness test.

Table 2.
The observed and calculated energies (in cm’
) of the levels of the lower members of the
Rydberg uranium series 5f7s’nf, counted

from the level 32857.449 cm-1 (5f°6d7s8s 'L’
); excitation sequence: 6056.81 + 6113.89 +
(5862-5914) A

E E n
exp th t/_l % calc .
(3] [3] This exp
49765.3 | 49767 | 49765.0 | 15.10 | 20
49830.7 | 49824 | 49829.1 | 16.23 21
49877.8 | 49871 | 49876.5 | 17.24 | 22
49917.0 | 49911 | 49916.2 | 18.23 23

The detailed analysis shows that some presented
(in literature) values of the Rydberg states
energies do not correspond to this test and as
result, there is a possibility of a jump to another
Rydberg series. More detailed data of this study
are presented in Ref. [45].
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THEORETICAL STUDYING RYDBERG STATES SPECTRUM OF THE URANIUM
ATOM ON THE BASIS OF RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary. Theoretical studying energies of the autoionization states for the uranium atom is carried out
within the relativistic many-body perturbation theory with ab initio zeroth approximation and generalized
relativistic energy approach. The zeroth approximation of the relativistic perturbation theory is provided
by the optimized Dirac-Kohn-Sham ones. Optimization has been fulfilled by means of introduction of the
parameter to the Kohn-Sham exchange potentials and further minimization of the gauge-non-invariant con-
tributions into radiation width of atomic levels with using relativistic orbital set, generated by corresponding
zeroth approximation Hamiltonian.

Keywords: Relativistic perturbation theory, optimized zeroth approximation, heavy atom, Rydberg states

PACS 32.30.-r

B. b. Tepnosckuii

TEOPETHYECKOE UCCJIEJOBAHUE CIIEKTPA PUJIBEPTOBCKHUX COCTOSIHUI
ATOMA YPAHA HA OCHOBE PEJISITUBUCTCKOH MHOI'OYACTUYHOM TEO-
PUU BO3MYIIIEHUI

Pe3ome. B pamkax peisiTUBUCTCKONM MHOTOYACTUYHOM TEOPHM BO3MYIIEHUH U 000OIIEHHOTO
PENATUBUCTCKOIO SHEPIETUYECKOIO MOAXO0AA IIPOBEIECHO TEOPETHUECKOE MCCIECAOBAHUE CIIEKTPa
pPHUIOEPTOBCKUX COCTOSIHME aroMa ypaHa. B kadecTBe HY/IEBOTo MpHOIMKEHUS PEISTHUBUCTCKON
TEOPUHU BO3MYIIICHHI BRIOPAHO ONTHMH3UpOBaHHOE prudmkenne J{upaka-Kona-11lama. Onrumu-
3a1ys BBIOJIHEHA IyTEM BBeJIEHUs mapameTpa B ooOMeHHble norenuuaisl @oka u Kona-lIma u
JanbHeWeln MUHIMHU3aueil KaTuOpoBOUHO-HEMHBAPUAHTHBIX BKJIa/10B B paJAHallMOHHbIE IIUPHU-
Hbl aTOMHBIX YPOBHEH C MCIIOJIB30BAHUEM PENIATUBUCTCKOIO 0a3uca opOuTanei, creHepupoBaHHO-
I'0 COOTBETCTBYIOIMM raMHJIBTOHMAHOM HYJIEBOTO MPUOIIMKEHHSL.

Kurouesnbie caoBa: PenstuBucrckas Teoprs BO3MYLICHUHM, ONTUMU3UPOBAHHOE HYJIEBOE IIPU-
ONMKeHUe, TSXKeNbI aToM, puAOEproBCKUE COCTOSHUS

PACS 32.30.-r

B. b. Teproscorui,

TEOPETUYHE BUBYEHHS CIIEKTPY PIIBEPTI'IBCBKUX CTAHIB ATOMY YPAHA
HA OCHOBI PEJIITUBICTCHKOI BATATOYACTKOBI TEOPIi 35YPEHb

Pe3iome. B pamkax peisiTUBICTCHKOI 0araTouacTMHKOBOI Teopii 30ypeHb 1 y3araabHEHOTO pelis-
TUBICTCHKOTO €HEPreTUYHOTO MiIXOLy MPOBEACHO TEOPETHUYHE JOCIIKEHHS CIIEKTpa aBTO10HI3a-
[IHUX CTaHIB aToOMa ypaHy. B sIKOCTi HyTbOBOTO HAOIMKEHHS PENIATUBICTCHKOT Teopii 30ypeHs 00-
paHo onrtuMizoBaHe HabmkeHHs Jlipaka-Kona-Illema. OnrruMizariisi BAKOHAHA IIIJISIXOM BBEJICHHS
napameTpa B oOMiHHu# noreHmian Kona-Illema i monanpmoi MiniMizamii kaniOpyBaabpHO-HE1HBA-
plaHTHUX BKJIAJIB B pajialliifHi IIUPUHU aTOMHHUX PiBHIB 3 BAKOPUCTAHHAM PEISTHBICTCHKOTO 0a-
3ucy opOitanei, 3reHepoBaHOTO BiMOBIIHIM raMiJIbTOHIAaHOM HYJIOBOTO HAOIMKECHHSI.

Kuarwuosi cioBa: PenstuBicTchka Teopiss 30ypeHb, ONTHUMI30BaHE HYIHOBE HAOIMKEHHS,
BA)XKHI aTOM, piI0epTriBChKI CTaHU
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