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QUANTUM DEFECT APPROXIMATION IN THEORY OF RADIATIVE TRANSITIONS IN

SPECTRUM OF Li-like CALCIUM

The combined relativistic quantum defect approximation and relativistic many-body perturbation theory
with the zeroth order optimized approximation are applied to studying the Li-like calcium oscillator strengths
ofradiative transitions from ground state to the Rydberg states. New element in our scheme is an implementation
of optimized relativistic quantum defect approximation to an energy approach frames. Comparison of calculated
oscillator strengths with available theoretical and experimental (compillated) data is performed and a number of

oscillator strengths are presented firstly.

1. Introduction

This paper goes on our work on studying ra-
diative transitions characteristics in the multich-
arged ions on the basis of the combined relativis-
tic quantum defect approximation [1,2] and rela-
tivistic many-body perturbation theory with the
zeroth order optimized approximation [3].

Let us remind (look, for example, [1,2]) that
the spectral data for highly ionized atoms has a
fundamental importance in many fields of atom-
ic physics (spectroscopy, spectral lines theory),
plasma physics and chemistry, laser physics and
quantum electronics, astrophysics and laboratory,
thermonuclear plasma diagnostics and in fusion
research.

There have been sufficiently many reports of
calculations and compilation of energies and os-
cillator strengths for the Li-like ions and other
alkali-like ions (see, for example, [1-23]). Par-
ticularly, Martin and Wiese have undertaken a
critical evaluation and compilation of the spectral
parameters for Li-like ions (Z=3-28) [4,5]. The
results of the high-precision non-relativistic cal-
culations of the energies and oscillator strengths
of 1522s;1s22p for Li-like systems up to Z = 50
are presented in Refs. [12-20]. The Hylleraas-type
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variational method and the 1/Z expansion meth-
od have been used. Chen Chao and Wang Zhi-
Wen [15] listed the nonrelativistic dipole-length,
-velocity, -acceleration oscillator strengths for
1s22s—1s22p transitions of Lil isoelectronic se-
quence calculated within a full core plus correla-
tion method with using multiconfiguration inter-
action wave functions. Fully variational nonrela-
tivistic Hartree-Fock wave functions were used
by Biémont in calculating 1s2n2L. (n<8=s,p,d.f;
3<Z<22) Li-like states [18].

In many papers the Dirac-Fock (DF) method,
model potential, quantum defect approximation
in the different realizations have been used for
calculating the energies and oscillator strengths
of the Li-like and similar ions (see Refs.[4-9,19-
30]). The consistent QED calculations of the
energies, ionization potentials, hyperfine struc-
ture constants for the Li-like ions are performed
in Refs. [18,19]. However, for Li-like ions with
higher Z, particularly, for their high-excited (Ry-
dberg) states, there are not enough precise data
available in literatures.

In this paper the combined relativistic quantum
defect approximation (QDA) and relativistic ma-
ny-body perturbation theory with the zeroth order
optimized approximation are applied to studying



the Li-like calcium oscillator strengths of radia-
tive transitions from ground state to the Rydberg
states. New element in our scheme is an imple-
mentation of optimized relativistic quantum de-
fect approximation to an energy approach frames.
Comparison of calculated oscillator strengths
with available theoretical and experimental (com-
pillated) data is performed and a number of oscil-
lator strengths are presented firstly.

2. Relativistic energy approach to atomin a
strong laser field: Multiphoton resonances

As the detailed presentation of our version
of the relativistic quantum defect approximation
is in , for example, Ref. [1,2], here we present
only the key elements. The relativistic energy
approach in gauge-invariant form is presented in
many books, articles (look [5-7,3]). Within an
energy approach the imaginary part of electron
energy shift of an atom is directly connected with
the radiation transition probability. The total en-
ergy shift of the state is usually presented as (see,
for example, [5,6] and also [3]):

DE =ReDE +1i G/2 (1)
where G is interpreted as the level width and de-
cay possibility P = G. The imaginary part of elec-
tron energy of the system, which is defined in the
lowest PT order as [3]:
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where Z for electron and z for vacancy.

a>n>f a<n<f

The matrix element is determined as follows:
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The separated terms of the sum in (3) represent
the contributions of different channels and a prob-
ability of the dipole transition is:

r, = ‘w"n‘
n 471- a,ay, (4)
The corresponding oscillator  strength:
g =2, T, /6.67-10° where g is the degen-

eracy degree, 1 is a wavelength in angstrems
(A). Under calculating the matrix elements (3)
one should use the angle symmetry of the task
and write the expansion for potential s1n|w|r12 b
on spherical functions and this expansion corre-
sponds to usual multipole one for radiative prob-
ability. Substitution of expansion (5) to matrix
element of interaction gives [5,6]:
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where j. is the total single electron momentum, m,

Qul

— the projections; is the Coulomb part of in-

teraction, O} - the Breit part. The Coulomb part

2 is expressed in terms of radial integrals R, ,

angular coefficients S,. The Breit interaction part
is defined by similar way (see [3]). The relativis-
tic wave functions are calculated by solution of
the Dirac equation with the potential, which in-
cludes the “outer electron- ionic core” potential
and polarization potential [3]. The calibration of
the single model potential parameter has been per-
formed on the basis of the special ab initio proce-
dure within relativistic energy approach (see also
[5-7]). In Ref.[6] the lowest order multielectron
effects, in particular, the gauge dependent radia-
tive contribution Im dE _  for the certain class of
the photon propagator calibration is treated. This
value is considered to be the typical representative
of the electron correlation effects, whose minimi-
zation is a reasonable criterion in the searching
for the optimal one-electron basis of the relativ-
istic many-body PT. The minimization of func-
tional Im d& . leads to integral-differential equa-
tion that can be solved using one of the standard
codes. Therefore, it provides the construction of
the optimized 1-particle representation and thus
optimized relativistic model potential ORMP
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scheme [6]. The same procedure is used in gen-
eralization of the relativistic QDA. Usually, the
most exact version of the QDA is provided by us-
ing the empirical data in order to determine the
quantum defect values for different state.

The above described approach allows to gen-
eralize the QDA and get a new ab initio optimized
QDA scheme, satisfying a principle of minimiza-
tion for the gauge dependent radiative contribu-
tions to Im dE for the certain class of the pho-
ton propagator calibration. A relativistic quantum
defect is usually defined as (see, for example, [3]:

; (6)

u,(E)=n-v,+y—|x

where y is he Dirac quantum number, and
y=~x -(),

_Z&‘
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e=1+a’E,.
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(7

In the non-relativistic limit (i.e. the fine struc-

ture constant a—0) expression (7) transfers to the

well known non-relativistic expression for quan-
tum defect:

z

J-2E,

where 7 is the principal quantum number, n* is an
effective quantum number, E_is an electron en-
ergy and z is a charge of a core (ion).

u" (E,)=n—n*=n- (®)

3. Results and conclusions

We applied the above described approach to
calculating the energies and oscillator strengths
of transitions in spectra of the Li-like calcium
(Z=12). All calculation is performed on the basis
of the numeral code Superatom. There are con-
sidered the radiative transitions from ground state
to the Rydberg states, particularly, 2s,,— np,,,,
(n=3-12). ASome preliminary data were listed
in [1]. As usually, to test the obtained results, we
compare our data on the oscillator strengths val-

90

ues for some Li-like ions with the known theoreti-
cal and compillated data [8-18]. In table 1 we pre-
sent the our oscillator strengths values (OQDA)
for the 2s,, — np, (n=3-12, j=1/2,3/2) transitions
in spectrum of the Li-like Ca'™.

Table 1

Oscillator strengths values (OQDA) for the
2s,,— np, (n=3-12, j=1/2,3/2) transitions in
spectrum of the Li-like Ca'™

Transition Exp QDA DF
2s,,-3p,, 0.123 — —
2s,,-3p,, 0.241 — —
2s,,~4p,, — — —
2s,,-8p,, — 2.54 2.532
2s,,-9p,, — 1.74 1.732
2s,,~10p,, — 1.242 1.242
2s,,~11p,, - 0.919* | 0916°
2s,,~12p,, — 0.70 0.698
2s,,~13p,, — 0.546° 0.54*
Transition MBP Ourl Our2
2s,,-3p,, 0.126 0.120 0.121
2s,,-3p,, 0.246 0.237 0.238
2s,,74p,, — 0.028 0.029
2s,,-8p,, — 2.52 2.52
2s,,-9p,, — 1.75 1.75
2s,,~10p,, — 1.24 1.24
2s,~11p,, — 0.91 0.91
2s,,~12p, , — 0.70 0.70
2s,,~13p,, — 0.55 0.55

In Table 1 we list also the corresponding re-
sults on oscillator strengths obtained by comput-
ing within the standard QDA, Dirac-Fock (DF)
by Zilitis and some experimental data by Mar-
tin-Weiss [1,4,8]. The QDA oscillator strengths



data become more exact with the growth of the
principal quantum number. At the same time the
accuracy of the DF data may be decreased. The
agreement between the Martin-Weiss data and
our results (our 1 and Our 2 are corresponding
to two different gauges of a photon propagator or
at usual amplitude approach language length and
velocity forms of transition operator) is physical-
ly reasonable. The closeness of oscillator strength
values proves a gauge invariance principle con-
servation in the radiative transition probabilities
scheme.
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Abstract.

The combined relativistic quantum defect approximation and relativistic many-body perturbation
theory with the zeroth order optimized approximation are applied to studying the Li-like calcium
oscillator strengths of radiative transitions from ground state to the Rydberg states. New element in
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VK 539.84

T. b. Tkau

IMPUBJIMKEHUE KBAHTOBOI'O JE®EKTA B TEOPUU PAINALIMOHHBIX
INEPEXO/1OB B CIIEKTPE Li-IIOJOBHOI'O KAJIbIIUA

Pesrome.

KoMOMHUpOBaHHBIHN PENATUBUCTCKUI METO/I MOJEIIFHOTO TIOTEHIIMAIA U METOJl TEOPUU BO3MYIIIE-
HUH C ONTUMU3UPOBAHHBIM |-4aCTUYHBIM HYJIEBBIM MPUOIMKEHUEM UCTIOIBb30BaHbI [Tl BEIYUCICHHS
SHEPTUi U CUJI OCIMIUIATOPOB PAJHALIMOHHBIX IIEPEXOI0B U3 OCHOBHOTO COCTOSIHUS B HU3KOJIEXKAIIUE
U pUI0EproBCKUE COCTOSIHUSA B CIIeKTpax Li-mogoOGHbIX HoHOB. OCHOBHAS 0COOEHHOCTH HOBOT'O MO~
X0/1a 3aKJII0YaeTCs B UMILIEMEHTAIIUHN ONITUMU3HUPOBAHHOTO PENIITUBUCTCKOTO MPUOIMKEHUS MOJICITb-
HOTO MOTEHIMaNa (KBAHTOBOTO Je(eKTa) B paMKU SHEPreTUYECKOTo MOoAXo/a. BrinoaHeH aHamus u
CpaBHEHHE TOIYYEHHBIX JaHHBIX ISl CUJI OCHMJUIATOPOB C UMEIOIIUMUCS TEOPETUYECKUMH U JKC-
NEPUMEHTATLHBIMU TAHHBIMHU.

KiroueBble ca0Ba: KBaHTOBOTO JedekTa MpHOIMKEHUE, CHIIBI OCHMWIISATOPOB, pajualliOHHbIC
niepexobl, Li-mogo0HbIi KambIuit

VK 539.84

T. b. Tkau

HABJMKEHHSI KBAHTOBOI'O JE®EKTY B TEOPII PATIAIIMHUX ITEPEXO/IB
Y CHEKTPI Li-IIOAIBHOI'O KAJIBIIIO

Pesrome.

KombiHoBaHMI pensTUBICTChKE HAOMMKEHHSI KBAHTOBOTO JEEKTy 1 peNITUBICTChKA Teopis 30y-
pPEeHb 3 ONTHUMI30BAHUM OJHOYACTUHKOBUM HYJIHOBHM HAOIM>KEHHSIM BUKOPHUCTAHI JJIi BUBYCHHS
CHJI OCIMJISITOPIB pajialliiHUX MEPEeXo/liB 3 OCHOBHOIO CTaHy y pia0epriBChKi cTaHu y crekrpi Li-
noai0HOrO Kanbiio. OCHOBHA OCOOIMBICTH HOBOTO MMITXOMy MOB’sI3aHA 3 IMIUIEMEHTAIIIEI0 ONTHUMI-
30BaHOTO PENSATHUBICTCHKOTO HAOIMKEHHS KBAHTOBOTO J1e(DEeKTy y MEXKH €HepreTUUHOro miaxony. Bu-
KOHAHO aHaJi3 Ta MOPIBHAHHS OTPUMAHUX PE3yJIbTaTiB M0 CHIAM OCLHIIATOPIB 3 HAsIBHUMHU TEOPETHY-
HUMH Ta KCIIEPUMEHTAIILHUMH JaHUMU 1 psAJ] 3HAYEHb CHJI OCLMJIATOPIB MPEACTaBIEHI, MO-TIepILE.

KirouoBi cjioBa: kBaHTOBOTO Ae(eKTy HaOIMKEHHS, CHIM OCUMJIATOPIB, paialiiiHi nmepexonu,
Li-rmoniOHui Kaneii

93



