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1. Introduction

The study of ionized atoms has attracted special interest in modern atomic physics and other 
related fields such as astrophysics and plasma physics. Lines emitted from ionized atoms such 
as the first transition elements immersed in solar, stellar, and laboratory plasmas have been 
playing a very important role in modelling these matters. Development of experimental 
techniques such as electron-beam ion sources or ion accelerators has helped to study the 
spectroscopic properties and scattering cross-sections of various ion-collision processes with 
high accuracy. In the analysis of the spectra observed in these experiments, accurate level 
structures and optical oscillator strengths for an atom in various charged states arc required.

There has been a growing interest in the inner-shell excitation of alkali metal atoms and 
alkali-like ions from both experimentalists and theorists, because inner-shell excitation may 
lead to autoionization which has an important role in explaining the structure observed in the 
integrated ionization cross-section curves for electron impact. Consequently, the reliable 
theoretical calculation of position of the autoionizing level and hence the theoretical estimate 

the excitation threshold, which is used in the calculation of the oscillator strengths, of both 
length and velocity forms, is of special interest. The oscillator strength information is important 
to know the electronic probabilities for both valence and inner-shell excitation and ionization 
processes in many areas of application including plasmas, fusion research, lithography 
acronomy, astrophysics, space chemistry and physics, laser development, radiation biology,
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dosimetry, health physics and radiation protection. Such information is also a crucial requircmeni 
for the development and evaluation of quantum-mechanical theoretical methods and for the 
modelling procedures and for various phenomenon involving electronic transitions induced 
by energetic radiation.

We have calculated the optical oscillator strengths, of both length and velocity forms, 
for several transitions in the sodium and sodium-like ions using the HF as well as Cl wave 
functions for both initial and final states in exactly same manner as in the case of the potassium 
isoelectronic sequence by Tiwary etal [1-51 and Tiwary [6-11 ]. In our earlier work we have 
reported the oscillator strengths for the inner-shell excitation 1 .v2 2.v2 2p6 3s 2Se —» 1 .v2 2.v2 2p5 3.v2 
2P° transition in ion using non-relativistic HF and Cl wave functions for both initial and 
final states involved in the transition. However, there is a considerable discrepancy between 
the length and velocity forms of the oscillator strengths.

It is well known that the relativistic effects play an extremely important role m obtaining 
accurate results. Consequently, it is indispensable to incorporate the relativistic effects into 
the study of atomic structure in order to generate reliable results. In our earlier work we have 
calculated the oscillator strengths using the non-relativistic Cl wave function. In this work we 
have taken into account of the relativistic effects which may then be used to calculate transitions 
which are forbidden in pure LS coupling scheme.

In the present paper, we have calculated the optical oscillator strengths, of both the 
length and velocity forms, for the inner-shell excitation Is2 2,v2 2pb 3s 2St ]f2 —» l.v2 2.v2 2/;5 3 r  
2P° {r and 1 s2 2s2 2p6 3s 2S(' jp —» Is2 2s2 2p5 3.v2 2P° 3P transitions in Cc/1*, Sc,l0+, 7711+, C//IK+, 
and Za?19+ ions of the sodium isoelectronic sequence employing the Tiwary approach in the 
intermediate coupling scheme.

2, Theory

We have performed our relativistic calculation using the general configuration interaction 
code CIV3 of Hibbert [ 12] and Glass and Hibbert [ 13|. The LS wave functions are written in the 
form:

M
n L V ^ a M o t ' L S ) .  (I,

1

The coefficients af arc eigenvectors components of the Hamiltonian matrix with typical 
elements

(2)

0 are single configuration functions constructed from one-electron functions, whose orbital 
and spin angular momenta are coupled to form the common total angular momentum quantum 
numbers L and S according to a prescription denoted in ( I) by a (.

We express the radial parts of the one-electron functions in analytic form as a sum of 
Slater type orbitals, following dementi and Roctti [141

;=i
(3)
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The parameters in (3) can be varied to optimize the energy of any state, subject to the 
orthonormalily condition

\ P n,(r)Pn,,(r) = 8 (4)

Once the radial functions are determined, effects may be added to the Hamiltonian in 
the form of the Brcit-Pauli interaction, of which we include the spin-orbit, spin-other-spin, spin- 
spin, mass correction, and one-body Darwin term. The first three terms split LS states into J- 
dependent levels while the last two affect the overall energy of each term. The expansion (1) is 
then replaced by

M
'FiJ) = ' £ a i<l>i( a i LSJ),  (5)

l-\

where the summation now includes single-configuration with different L and S (which can 
couple to form a common J value). The matrix which is diagonalized to give the cigenenergies 
and eigenvectors components a, now contain the Breit-Pauli operators as well as the previous 
nonrelativistic terms in the Hamiltonian.

The length and velocity forms of the electric dipole oscillator strengths, for transition 
between initial and final states H/i and respectively (assuming e = h =/w = c = 1) tire

2AE

A =1
(6 )

where the outer sum is over the Mv  degeneracies of the two states, and

It 1 (8)

g, = (2L ,+ 1 )(25 ,+ I). (9)

When summations of the form (5) are used for the wavcfunctions of the two states, then 
lor example, the matrix element in (6) becomes

S I
/ t

a, a, ( 10)

The determination of the Cl wave functions and oscillator strengths described1 in this 
P aper has been performed with the general configuration interaction code CIV3.
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3. Results and discussion

We have calculated the optical oscillator strengths, of both the length and velocity forms, for 
the inner-shell excitation 1 s2 2s2 2pb 3s 2Se ]p —» \s2 2.v2 2p5 3s2 2P° ]p and I52 2s2 2pb 3s 
2St ]p —» Is2 2.v2 2p5 3a2 2P° 3p transitions in Ca9*, S r,0+, 7tn+, Cm18+, and Z/?19+ ions of the 
sodium isoelectronic sequence employing the Tiwary approach in the intermediate coupling 
scheme.

Table 1 displays the J-dependent HF and Cl optical oscillator strengths, of both length 
and velocity forms, of the inner-shell excitation \s2 2s2 2p6 3s 2Se I/2 —> \s2 2s2 2p5 3s2 2P° {p 
transitions in Ctf9+, S rl0+, 7/ll+, Cw18*, and ZnI9+ ions of the sodium isoelectronic sequence. 
Table 2 shows exactly the same quantities as in table 1 but for the transition Is2 2s2 2pb 3s 
2Se m - * \ s 2 2s2 2p* 3s2 2P°m  .

T able 1. O scillator strengths for the inner-shell excitation l.r  2 .r  3a 1S r m Is* 2s' 2p"

-V  7>" transition in the sodium  isoelectronic sequence.

HF C l
System s / , l v >L f v

C a1'4 0 0 2 4 0 0 .0 2 1 5 0 .0 3 1 7 0 0 3 0 7

S c104 0 0 2 3 5 0 02 12 0 0 3 1 5 0 0 3 0 3

T i ll+ 0 0 2 1 1 0  0 2 0 9 0 0 3 1 2 0  0 2 9 8

C u 1"4 0 .0 2 10 0 .0 1 9 0 0 .0 2 9 6 0 .0 2 6 2

Z n 1*4 0 0 2 0 8 0 0 1 8 8 0 .0 2 9 5 0 .0 2 5 8

Several features of importance emerge from Tabic 1 -2. first, the optical oscillator strengths, 
of both length and velocity forms, increase with increase of atomic number (Z) for both transitions 
1 v2 2s2 2p6 3s 2S‘' m l.v2 2^2 2p* 3s2 2P° m and Kv2 2*2 2pb 3s 2S' m  -> Lv2 2s1 2p5 3s2 2P° v,
in all ions of our present consideration. Second, the values of Cl and f v are larger than HF f l 

and f v for both transitions given in Tables 1 and 2 in all ions which reflect that the correlation 
enhances the oscillator strengths. Third, the disagreement between Cl f v and f v decreases 
with increase of Z which shows that the effect of correlation increases in all ions of our present 
consideration. Fourth, the disagreement between HFfL and fv values for AJ = 0 are significantly 
smaller compared to the/7 and/v values for the AJ = 1 transition. Finally, our present investigation 
indicates that it is indispensable to incorporate the relativistic and correlation effects 
simultaneously in order to obtain accurate results.

T able  2. O scillator strengths for the inner-shell excitation I a2 2 a 2 2/ / ’ 3 a \V* m l.v- 2.v: 2p'  
3a2 2P° vj transition in the sodium  isoelectronic sequence.

H F  ______  C l
System s h fv 1l tv
C a*4 0 .0 4 7 6 0 .0 4 3 5 0 .0 6 2 5 0 0 6 1 7

S c 104 0 .0 4 6 6 0 .0 4 2 9 0 .0 6 1 9 0 .0 6 0 8

T i 114 0 0 4 5 7 0 .0 4 2 3 0 .0 6 1 3 0 .0 5 9 8

C u 1*4 0 .0 4 1 2 0 .0 3 8 8 0 .0 5 7 3 0 .0 5 2 6

Z n 1*4 0 .0 4 0 7 0 .0 3 8 4 0 .0 5 6 9 0 .0 5 1 8
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4. Conclusion

Our present theoretical investigation of J-dependent oscillator strengths ( f l  and f v  ) 
demonstrates that the Tiwary approach is very compact, convenient, economic from 
computational point of view and capable of yielding encouraging results for the complex inner- 
shell excitation transition in the medium ionized atoms of the sodium isoeleclronic sequence. 
This approach may provide significant advantage also in the case of Cl calculations in molecules, 
clusters and solids. The present Cl wave functions may be of use in calculations of scattering 
cross sections for the inner-shell excitation process in Ca9\  5cl0+, 7/ll+, C«l8+, and Znl9+ 
ions. However, there is disagreement between the length and velocity forms of oscillator 
strengths which may be probably due to the lack of inseparable way of including correlation 
and relativity, quantum clectrodynamic and nuclear size effect. Our theoretical results suggest 
that the reliable theoretical predictions of oscillator strengths require methods that account for 
correlation, relativity, QED and nuclear size effects in a systematic and coherent manner. At 
present we do not have a comprehensive and practical method that accounts for all effects 
mentioned above on equal footing. We hope that this work will stimulate reliable experimental 
as well as other accurate theoretical investigations.
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