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WAVELENGTHS AND OSCILLATOR STRENGTHS FOR Li-LIKE MULTICHARGED
IONS WITHIN RELATIVISTIC MANY-BODY PERTURBATION THEORY

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth approximation is
applied to calculation of the radiative transitions wavelengths and oscillator strengths for some Li-like multicharged
ions. The relativistic, exchange-correlation and other corrections are accurately taken into account. The optimized
relativistic orbital basis set is generated in the optimal many-body perturbation theory approximation with fulfilment
of the gauge invariance principle. An accurate treatment of the QED perturbation theory fourth order (a second order of
the atomic perturbation theory) Feynman diagrams (whose contribution into the energy shift imaginary part (radiation
width) for the multi-electron atoms accounts for multi-body correlation effects) is performed. The obtained data on the
radiative transition wavelengths and oscillator strengths for some transition in spectra of the Li-like multicharged ions
are analyzed and compared with alternative theoretical and experimental results.

1. Introduction

The levels energies, transitions probabilities,
oscillator strengths and so on are very impor-
tant in atomic physics (spectroscopy, spectral
lines theory), astrophysics, plasma physics, la-
ser physics, quantum electronics. They are very
much needed in research of thermonuclear re-
actions, where the ionic radiation is one of the
primary loss mechanisms and so on. The spec-
tral lines belonging to the radiation of many
multicharged ions have been identified in both
solar flares and nonflaring solar active regions,
observed in high-temperature plasmas, such
as pinches and laser-produced plasmas, and in
beam-foil spectra [1-30].

There have been sufficiently many reports
of theoretical and experimental studies of ener-
gies and oscillator strengths for the Li-like ions
and other alkali-like ions (see, for example,
[7-15]). Banglin Deng et al [12] presented the
calculated wavelengths, oscillator strengths,
transition probabilities, and line strengths for
Li-like ions (Z = 7-30) in the framework of the
relativistic configuration-interaction formalism
using MCDF wave functions and considering
the Breit interaction, QED and nuclear mass

corrections. A critical evaluation and compila-
tion of the spectroscopic parameters for Li-like
ions (Z=3-28) was undertaken by Martin and
Wiese [153-156]. Biémont [30] applied fully
variational nonrelativistic HF wave functions
in computing 1s2n2L (n<8=s,p,d,f; 3<2<22) Li-
like states]. Aglitskii et al [121] experimentally
observed the La wavelengths of Li-like ions
(Z = 19-26) in laser-produced plasmas. Theo-
retical approach to studying the spectroscopic
characteristics of the heavy multicharged ions
(Li-like ions) within the RMBPT with the mod-
el potential zeroth approximation is developed
by Ivanov-Ivanova [119-125]. Fully relativis-
tic computing the wavelengths and oscillator
strengths from excitation of Li-like ions (Z =
8-92) have been given by Zhang et al. [53]. Na-
har [54] applied the Breit—Pauli R-matrix meth-
od to calculations of the wavelengths, transition
probabilities, and oscillator strengths for a num-
ber of the Li-like ions with the nuclear charge
7=6-68. The relativistic quantum defect method
has been used by Martin et al [55] to calculate
the oscillator strengths for a number of radiative
transitions between low-lying states in the Li-
like 1ons for Z < 45. The energy levels and hy-

69



perfine constants of neutral lithium were studied
by Lindgren[9] within a nonrelativistic coupled-
cluster method, by Guan-Wang [47] within the
effective operator form of MBPT etc. Relativis-
tic all-order MBPT calculations of energies and
matrix elements for Li and Be+ were reported in
Ref. [44]. Wu Xiao-Li et al [50] have performed
the relativistic MBPT calculation for lithium-
like isoelectronic sequence (Z=3—9) within the
DF method with using the finite basis sets of the
Dirac—Fock equations, constructed by B splines.

Chen Chao and Wang Zhi-Wen [48] applied
a full core plus correlation method with using
multiconfiguration interaction wave functions to
computing the nonrelativistic values of the os-
cillator strengths for a number of transitions into
the Rydbers states along the Lil isoelectronic se-
quence. The Hylleraas-type variational method
and the 1/Z expansion method have been used
also to obtain the non-relativistic calculations
data on the energies and oscillator strengths of
1522s,1522p for Li-like systems up to Z = 50
[41-51].

In this paper the relativistic many-body
perturbation theory with the optimized Dirac-
Kohn-Sham zeroth approximation is applied
to calculation of the radiative transitions wave-
lengths and oscillator strengths for some Li-like
multicharged ions. The relativistic, exchange-
correlation and other corrections are accurately
taken into account.

2. Relativistic many-body perturbation
theory with optimized zeroth approximation
and energy approach

The theoretical basis of the RMBPT with the
Dirac-Kohn-Sham zeroth approximation was
widely discussed [26,27,93-102], and here we
will only present the essential features.

As usually, we use the charge distribution in
atomic (ionic) nucleus p(7) in the Gaussian ap-
proximation:

p(rR) = (473/ 2 /= )exp(— vrz)

where y=4/zR’ and R is the effective nucleus ra-
dius. The Coulomb potential for the spherically
symmetric density p( 7 ) is:
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Further consider the Dirac-like type equa-
tions for the radial functions " and G (compo-
nents of the Dirac spinor) for a three-electron
system Is’nlj. Formally a potential V(r|R) in
these equations includes-electric and polariza-
tion potentials of the nucleus, V', is the exchange
inter-electron interaction (in the zeroth approxi-
mation). The standard Kohn-Sham (KS) ex-
change potential is [13]:
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In the local density approximation the rela-
tivistic potential is [33]:

_OE,[p(r)]

Vilp(r),rl= o)

where E,[p(r)]is the exchange energy of the

multielectron system corresponding to the ho-

mogeneous density p(r), which is obtained

from a Hamiltonian having a transverse vector

potential describing the photons. In this theory

the exchange potential is [33]:
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where B=[37"p(r)]"/c, ¢ is the velocity of

light. The corresponding one-quasiparticle cor-
relation potential
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(here b is the optimization parameter; see be-
low).

The perturbation operator contains the rela-
tivistic potential of the interelectron interaction
of the form:
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(here o, .0 are the Dirac matrices, w, is the tran-
sition frequency) with the subsequent subtrac-
tion of the exchange and correlation potentials.
The rest of the exchange and correlation effects
will be taken into account in the first two orders
of the PT [93-102].



In Ref. [127,128] it has been proposed “ab
initio” optimization principle for construction
of the optimal relativistic orbital basis set. The
minimization condition of the gauge dependent
multielectron contribution of the lowest QED
PT corrections to the radiation widths of the
atomic levels is used. The details of procedure
can be found in Ref. [126-134]. As in Ref. [127,
134], let us examine the multi-electron atomic
ion with one quasiparticle in the first excited
state, connected with the ground state by the
electric dipole radiation transition. In the QED
PT zeroth order we use the one-electron bare
potential ¥, (r)+V,(r)+ V.(r). As usual, the per-
turbation operator is as follows:

—VXc(r)—J# (x)A“ (x) (3
where 4 — vector-potential of the electromag-
netic field, J— current operator.

Further one may treat the lowest order multi-
electron effects, in particular, the gauge depend-
ent radiative contribution for a certain class of
the photon propagator calibration. The contri-
bution of the QED PT fourth order diagrams
A into the Im8E accounts for the exchange-
polarization effects. In fact it describes the col-
lective effects and is dependent upon the elec-
tromagnetic potentials gauge (the gauge non-
invariant contribution). This value is considered
to the typical electron correlation effect, whose
minimization is a reasonable criterion in search-
ing the optimal one-electron basis of PT. All the
gauge non-invariant terms are multi-electron by
their nature (the particular case of the gauge non-
invariance manifestation is the non-coincidence
of the oscillator strengths values, obtained in
the approximate calculations with the “length”
and “velocity” transition operator forms). Quite
complicated calculation of contribution of the
QED PT fourth order polarization diagrams into
Im OF gives the following result [127]:

Here, fis the boundary of the closed shells;
n >f'indicates the unoccupied bound and the up-
per continuum electron states; m < f indicates
the finite number of states in the core and the
states of the negative continuum (accounting
for the electron vacuum polarization).
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The expression (9) can be represented in the
form of terms:
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with four different combinations of operators

and (see details in Refs. [127-129]). The
sum over n can be calculated by the method of
differential equations. The minimization of the
density functional ImOE leads to the integral
differential equation for the p_, that can be nu-
merically solved. This step allows to determine
the optimization parameter b. In Ref. [127] the
authors elaborated a simplified computational
procedure. We have used more sophisticated
method, presented in Ref. [131313]. It presents
for first time the full consistent realization of the
optimization approach within our version of the
RMBPT.

The key elements of the relativistic energy
approach to computing radiation widths and
oscillator strengths for atomic systems are pre-
sented in Refs. [13-13]. Let us remind that an
initial general energy formalism combined with
an empirical model potential method in a theory
of atoms and multicharged ions has been devel-
oped by Ivanov-Ivanova et al [119-125], further
more general ab initio gauge-invariant relativ-
istic approach has been presented in [127,128].
We use the optimized version of this formalism
with our construction of one-quasiparticle rep-
resentation. In the energy approach [124-126]
the imaginary part of electron energy shift of an
atom is connected with the radiation decay pos-
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sibility (transition probability). An approach,
based on the Gell-Mann and Low formula with
the QED scattering matrix, is used in treatment
of the relativistic atom. The total energy shift of
the state is usually presented in the form:

SE =ReSE+il'/2 (11)

where I is interpreted as the level width, and the
decay probability P = TI". For the a-s radiation
transition the imaginary part of electron energy
in the lowest order of perturbation theory is de-
termined as [124]:

— \w I
IMSE=~— % V)
T a>n>f

[a<n<f]

(12)

where @  is a frequency of the o-n radiation,
(a>n>f) for electron and (a<n<f)

for vacancy. The matrix element V' is deter-
mined as follows:

sinj@|r1
7(1 )i () ¥ (1)
(13)
The separated terms of the sum in (34) repre-
sent the contributions of different channels and
a probability of the dipole transition is:

T, = v

an 4 anan

The corresponding oscillator  strength:
g~MT | /6.67x10", where g is the degeneracy
degree, X is a wavelength in angstroms (A) All
calculations are performed on the basis of the
numeral code Superatom-ISAN (version 93).
The details of the used method can be found in
the references [1,11,14,21-24].

,‘,kl‘ (1 drdry®; (r)¥ (r2)

(36)

3. Results and Conclusions

In table 1 we list our computational results
on the wavelengths and oscillator strengths gf
(upper number in the line “Our work™: data, ob-
tained without using the optimized basis set and
accounting for the exchange-polarization cor-
rections; lower number in the line “Our work™ —
with using the optimized basis set and account-
ing for the exchange-polarization corrections)
for 1s?2s (°S, ) — 1s*3p (°P ) transitions in the
Li-like ions with Z=21,22. In Table 1 the dataon
the wavelengths, oscillator strengths, calculated
by Banglin Deng et al [52] (in the framework
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of the relativistic configuration-interaction for-
malism using multiconfiguration DF wave func-
tions and considering the Breit interaction, QED
and nuclear mass corrections), Zhang et al (the
Dirac-Fock-Slater method and disturbed wave
approximation), Martin et al (the relativistic
quantum defect method),Nahar (ab initio calcu-
lations including relativistic effects employing
the Breit-Pauli R-matrix method) and the NIST
data [10-14] are listed too. The data by Ban-
glin Deng et al [12] are obtained in the length
gauge, and the ratios (V/L; in %) of the velocity
and length gauges data to check the accuracy
of calculations are listed. We also present our
values of the gauge non-invariant contribution
(Ninv; in %). Comparison of the presented data
shows that the agreement between the theoreti-
cal data and experimental results is more or less
satisfactory.

Table 1.
The calculated wavelengths, oscillator
strengths for 1s’2s (S, )) — 1s’3p (P, ) tran-
sitions in the Li-like ions with Z=21-30; V/L
is the ratios of the velocity and length gauges
values by Banglin Deng et al [12]; Ninv (in
%) is the gauge non-invariant contribution

(this work);
Z Ref. Wavelength | Oscillator | V/L;
(A) strength Ninv
(gf, 10°H) (%)
21 Banglin 16.862 1.2392 V/L=
Deng et al 0.117
NIST 16.861 1.2404
Zhang 16.856 1.250
et al
Martin - 1.24
et al
This work 16.860 1.2835 Ninv=
1.2401 0.10
22 Banglin 15.254 1.2484 V/L=
Deng et al 0.128
NIST 15.253 1.2489
Zhang 15.249 1.259
et al
Nahar 15.3 1.281
Martin 1.24
et al
This work 15.252 1.2967 Ninv=
1.2492 0.11




The approach presented (with using the op-
timized relativistic PT) can provide sufficiently
high accuracy and physically reasonable de-
scription of the corresponding wavelengths and
oscillator strengths. It should be noted that an es-
timate of the gauge-non-invariant contributions
(the difference between the oscillator strengths
values calculated with using the transition op-
erator in the form of “length” and “velocity”)
i1s about 0.15%, i.e., the results for oscillator
strengths obtained with using different photon
propagator gauges (Coulomb, Babushkin, Lan-
dau) are practically equal. This is the evidence
of a successful choice of the one-quasiparticle
representation.
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O. Yu. Khetselius, A. L. Mykhailov, E. A. Efimova, R. E. Serga

THE HYPERFINE STRUCTURE OF HEAVY ELEMENTS ATOMS WITHIN
RELATIVISTIC MANY-BODY PERTURBATION THEORY

Summary

The relativistic many-body perturbation theory with the optimized Dirac-Kohn-Sham zeroth
approximation is applied to calculation of the radiative transitions wavelengths and oscillator
strengths for some Li-like multicharged ions. The relativistic, exchange-correlation and other cor-
rections are accurately taken into account. The optimized relativistic orbital basis set is generated in
the optimal many-body perturbation theory approximation with fulfilment of the gauge invariance
principle. An accurate treatment of the QED perturbation theory fourth order (a second order of the
atomic perturbation theory) Feynman diagrams (whose contribution into the energy shift imaginary
part (radiation width) for the multi-electron atoms accounts for multi-body correlation effects) is
performed. The obtained data on the radiative transition wavelengths and oscillator strengths for
some transition in spectra of the Li-like multicharged ions are analyzed and compared with alterna-
tive theoretical and experimental results.

Keywords: Relativistic many-body perturbation theory — Optimal one-quasiparticle representa-
tion — Oscillator strengths —Energy approach — Correlation corrections
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0. 0. Xeyenuyc, A. JI. Muxaiinos, 3. A. E¢pumosa, P. 3. Cepea

CBEPXTOHKAS CTPYKTYPA TSIKEJIBIX ATOMOB B PAMKAX
PEJIITUBUCTCKOM MHOI'OYACTHYHOM TEOPUU BO3MYIIEHUI

Pesrome

PenstuBHCcTCKas MHOrO4acTUYHASI TEOPUS BO3MYILEHUN C ONITUMU3UPOBAHHBIM HYJIEBBIM IIPU-
ommxenueM Jlupaka-Kona-11Isma npuMeneHa ams pacueta JJIMH BOJIH PaJAMALMOHHBIX IEPEXO/I0B
U CUJI OCIIJUIITOPOB [T HEKOTOPBIX Li-1oJ00HBIX MHOTO3apsIHBIX HOHOB. PensiTuBucTckue, 00-
MEHHO-KOPPEJSILIMOHHBIE U PYrUe MONPABKHA YYUTHIBAKOTCSA B paMKax IOCIIEN0BATEIbHBIX IIPO-
nenyp. ONTUMHU3MPOBAHHBIN 0a3UC PEISITUBUCTCKUX OpOUTAIel TeHEepUPYeTCs B OCIE10BATEb-
HOM HYJIEBOM MNPHOJMKEHUU PEISITUBUCTCKOM MHOTOYaCTUYHOH TEOPUH BO3MYIICHUH, MCXOISA
U3 YCIIOBUS BBIIIOJHEHUS NMPUHIIMIA KaJuOpOBOYHON MHBapuaHTHOCTHU. [IpeanoxeHa mpouenypa
aKKypaTHOTO y4eTa BKJIal0B, OMMChIBaEMbIX AuarpaMmaMu delinmana yetseproro nopsaka KOJI
TEOpUHU BO3MYILEHUH (BTOPOM MOPSAJOK aTOMHON TEOPUU BO3MYILEHUI), B MHUMYIO YacThb JHEP-
IeTUYECKOrO CJIBUra aTOMHBIX YPOBHEH (paJMallMOHHbIE IIMPHUHBI) MHOTO3JIEKTPOHHBIX aTOMOB
C LIEJbI0 YYeTa MHOTOYACTHUYHBIX KOPPEIAUOHHBIX 3¢ ¢dekToB. [loaydeHHble JaHHbIE O JIMHAX
BOJIH PaJIMallMOHHOTO MEPEX0/ia U CHJIaX OCHMIIIATOpPA Ul HEKOTOPOro mepexofa B crekrpax Li-
OJJOOHBIX MHOT'03apsIIHBIX MOHOB aHAIM3UPYIOTCS U CPAaBHUBAIOTCS C aJIbTEpHATUBHBIMU TEOpE-
TUYECKAMH U DKCIIEPUMEHTAIBHBIMU PE3YJIbTaTaMHU.
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KuroueBble cjioBa: PensTUBUCTCKAash MHOTOYACTUYHASI TEOPUS BO3MYILEHUN — ONTHUMAaJIbHOE
OJTHOKBa3WYaCTHUHKOBE MpecTaBieHne — CHiIbl OCHMUISATOPOB — JHEpreTudeckuit moaxon — Kop-
PEIALMOHHBIE IOTIPABKU
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HAJITOHKA CTPYKTYPA BA’KKKUX ATOMIB B PAMKAX
PEJSATUBICTCHKOI BATATOYACTUHKOBOI TEOPIi 35YPEHb

Pesrome

PenaruBicTchka OaratoyacTHHKOBAa Teopist 30ypeHb 3 ONTHMI30BaHMM HYJIHOBUM HaOIMKEH-
HsaMm Jlipaka-Kona-Illema 3acTocoBaHa JijIsl po3paxyHKy JOBXKHH XBWJIb pajialliiHUX MEPEXOiB 1
CHJT OCHMJIATOPIB I AeskuX Li-moaiOHuX Oararo3apsiiHuX 10HIB. PensaTuBicTChKI, 0OMIHHO-KO-
persLiiiHi Ta 1HII MONPaBKU BPAaXOBYIOThCA B paMKax MOCTIIOBHHUX mpoueayp. OntumizoBaHuit
0a3uc pensATUBICTCHKUX OpOiTajeil FeHepy€eThCs B OCI1JOBHOMY HYJIbOBOMY HAaOJIMKEHHI PEIISTH-
BICTCBHKOi OaraTo4aCTUHKOBOI Teopii 30ypeHb, BUXOASYH 3 YMOBU BUKOHAHHS MIPUHITUITY KalliOpy-
BAJIHOT 1HBapiaHTHOCTI. 3ampOIOHOBAHO MPOLEAYPY aKypaTHOTO ypaxyBaHHs BKJIaJliB, OIUCYBa-
Hux Jiarpamamu @eitnmana yetBeproro nopsaaky KEJI teopii 30ypens (apyruit mopsaok arToMHOT
Teopii 30ypeHb), B YABHY YaCTHHY €HEPreTHYHOTO 3CYBYy aTOMHHUX DiBHIB (pajialliiHi IIMPUHHN)
0araToeIeKTPOHHUX aTOMIB 3 METOI0 BpaxXyBaHHS 0araro4acTHHKOBUX KOPENSALINHHUX €(EKTiB.
OTpuMaHi aHi MO JTOBKHMHAM XBWJIb paJlallifHUX MEepPeXoiB Ta CHJIaM OCLUISATOPIB JUIsl AESIKUX
MepexoIiB y cnekTpax Li-mogiOHuX 6araTo3apsTHUX 10HIB, SKi TOPIBHIOIOTHCS 3 albTePHATHBHU-
MU TEOPETHYHUMH 1 EKCTIEPUMEHTAIbHUMU PE3yIbTaTaMu.

Kurouosi cioBa: PensituBicTcbka GaratouacTuHkoBa Teopisi 30ypeHb — OntumMasibHe OJIHO-
KBa314aCTUHKOBE mpescTaBieHHss — Cuinm ocuuisatopiB — Eneprernunuii miaxin — Kopensmiiai
MIOTIPaBKU
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