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Abstract

Energy levels, oscillator strengths, and transition probabilities, for the 1sZ 2sZ 2p6, 2p531 (1= 0, 1,
2), 2p541 (1= 0, 1, 2, 3) states in Ni XIX and Cu XX are calculated using COWAN code. The Correla-
tion and relativistic effects are considered. The calculations are compared with other results in
the literature. A good agreement is found. We also report on some unpublished energy values.
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1. Introduction

Almost coincident with the first observations of laser action in the IR and visible spectral regions in the 1960s,
the search started for lasers operating at much shorter wavelengths. Measurements of definitive high output las-
ing at wavelength shorter than the ultra-violet were elusive, until the mid 1980s when conclusive evidence for
“X-ray laser” operating at 209 A was produced from neon-like selenium [1].

In recent years, due to their peculiar structure of closed shells, Ne-like ions have been widely applied in the
laboratory and in astronomical plasmas. The laboratory application is shown by the successful X-ray laser in the
energy level of 2p°® 3p-2p°® 3s of Ne-like ions based on the mechanism of collisional excitation of electros [2].
Since the 1990s, much progress in experimental techniques has been achieved, but experimental data of atomic
parameters are still limited, and theoretical calculations are needed.
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Laser produced plasmas are now well-known as suitable lasant media for amplification of soft X-ray energy
range of electromagnetic spectrum. There are several schemes proposed and examined for producing laser plas-
ma condition for X-ray lasing at shorter wavelengths with increasing efficiency. Plasma based recombination
lasers [3] collisionally pumped [2] [3] are examples of such schemes. The dynamics of laser-produced plasma
parameters such as the electron and ion temperatures and the density can be modeled by fluid hydrodynamic
codes. Some examples of hydrodynamic codes include MEDUSA [4], and LASNEX [5]. Plasma transient colli-
sionally pumped, using picosecond Chirped pulse amplification (CPA), X-ray lasers [6], using a capillary dis-
charge [7], a free electron laser [8], optical field ionization of a gas cell [9] are also examples of such schemes.
Among various pumping techniques for the X-ray lasers, the collisional pumping of different materials in the
Ne-like ionization state between the 3p-3s energy levels has shown a more stable and higher output.

The purpose of this work is to present the results of our calculations of energy levels, oscillator strengths, and
transition probabilities of Ni X1X and Cu XX ions, and to compare the results with other in literature data.

2. Computation of Atomic Structures
2.1. Model of Central Force Field

In quantum mechanics, various physical processes can be summed by Schrddinger equation, i.e.
HY, =EVY,. 1)

In the non-relativistic case (the influence of relativistic effect will be discussed later), the Hamiltonian of an
atomic system with N electrons is:
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Here Hyin, Henue @and Hee refer, respectively, to the kinetic energy of electrons, the Coulomb potential and the
energy of electrostatic interaction of electrons, r; is the distance between the i-th electron and nucleus, and
==

] By sukJJstituting the Hamiltonian into Schrédinger equation and solving the equation in the case of multiple
electrons and multiple energy levels, the wave function is obtained. Now, due to the appearance of the term of
interaction of electrons, an exact solution cannot be obtained. On the other hand, the interaction term is compa-
rable with the Coulomb potential term, so it can by no means be ignored. An approximate solution is to adopt
the method of central force field. If it is assumed that every electron moves in the central force field of the nuc-
leus and also in the mean force field produced by other electrons, then we have the following effective Hamilto-
nian:

i i=1
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2.2. Method of Calculation

The key problem in the application of central field is to find an adequate potential function V*". For this, in re-
cent decades many effective method of calculation have been developed. Among them the more important ones
are the potential model, Hartree-Fock theory, and the semi-empirical methods. In the following we present a
brief introduction of semi-empirical methods.

Semi-empirical methods try to calculate atomic structures via solving the simplified form of the Hartree-Fock
equation. The most typical is the Hartree-Fock-Slater method. Afterwards, Cowan et al. revised this method and
developed the RCN/RCG program used in our work [10]. The merit of the program is its extreme effectiveness,
and the shortcoming is its inability to estimate the precision.

2.3. Configuration Interaction

In the above-stated model of central force field, every electron can be described with a simple wave function.
The overall wave function of atoms may be expressed with the following Slater determinant:
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In reality, such a description is not very precise. The best wave function should be a linear combination of
wave functions with single configurations, and these wave functions possess the same total angular momentum

and spin symmetry. This method is called the interaction of configurations. In the computation of atomic struc-
tures, consideration of the configuration interaction is the basis requirement for a program.

2.4. Relativistic Correction

In a non-relativistic system, the oscillator strengths and dipole transitions under LS-coupling can be calculated.
In calculating forbidden transitions, jj-coupling must be used, and for this relativistic effects have to be taken
into account. Generally speaking, the effects may be treated in two ways. One is inclusion of Breit-Pauli opera-
tor in the non-relativistic equation, and other is direct solution of the Dirac equation. For the former, a mass ve-
locity term, the Darwin term caused by the electric moments of electrons and the spin-orbit term are added to the
Hamiltonian of the model of central force field [11]. For relativistic correction, the program RCN/RCG restore
to the Breit-Pauli correction.

2.5. Weighted Oscillator Strengths and Lifetimes
The oscillator strength f(yy) is a physical quantity related to line intensity | and transition probability W(y)"), by

W) =22 () ©)

with, 1 a gW (') @ g‘f(;/y‘)‘:gf Sobelman [12].

Here m is electron mass, e is electron charge, y is initial quantum state, w = E(y) - E(;/‘ )2 i, E(y) initial state
energy, g = (2J + 1) is the number of degenerate quantum state with angular momentum J (in the formula for in-
itial state).

Quantities with primes refer to the final state.

In the above equation, the weighted oscillator strength, gf, is given by Cowan [10]:

_ 8n’mcajo
T

where g is the statistical weight of lower level, f is the absorption oscillator strength, o = (E (;/)— E(;/‘)) hc, his
planck’s constant, c is light velocity, and a, is Bohr radius, and the electric dipole line strength is defined by:

s= K/l.] [Pt ‘}‘ )

This quantity is a measure of the total strength of the spectral line, including all possible transitions between
m, m, for different J, Eigen states. The tensor operator P (first order) in the reduced matrix element is the clas-
sical dipole moment for the atom in units of ea,,.

To obtain gf, we need to calculate S first, (or its square root):

of S, (6)

2
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In a multiconfiguration calculation we have to expand the wave function |;/J) for both upper and lower le-
vels |BJ).
In terms of single configuration wave functions, lower levels:

|73)=2"¥5,183). )
B

Therefore, we can have the multiconfigurational expression for the square root of line strength:
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The probability per unit time of an atom in specific state yJ to make a spontaneous transition to any state
with lower energy is

P(r3)=2A(r3.7'3") 11)

where Ag[}/\] ,y‘J‘) is the Einstein spontaneous emission transition state. »'J' to yJ probability rate, for a
transition from the
The sum is over all states »'J" with E(;'3')<E(yJ).
The Einstein probability rate is related to gf with the following relation [13]:
_ 8n’e’o?
mc

gA of . (12)

Since the natural lifetime z(yJ) is the inverse of transition probability, then:

o(73)=(ZA(3.79Y) (13)

This is applicable to an isolated atom.
Interaction with matter or radiation will reduce the lifetime of any state.

3. Results and Discussions

Adopting the program RCN/RCG [10], we have computed the parameters of atomic structures of Ni XIX and
Cu XX respectively. The energy levels considered in the calculation have 65 fine structures ranging from ground
state 1s? 2s? 2p® to 2p°31 (1 = 0, 1, 2) and 2p°4l (1 = 0, 1, 2, 3) states. Our computation has yielded the energy
level intervals of electric dipolar spectral transitions, oscillator strengths and transition probabilities. In our cal-
culations of wave functions, the relativistic correction is taken into consideration. Our results are presented in
Tables 1-6. Some new and previously unpublished energy levels are given in energy level tables.

Table 1. The Hartree-Fock parameters and fitted parameters for energy levels of Ni

XIX.

parameter HF LSF LSF/HF
E.2p° 2.142 2.1383 0.998273
E.2p° 3p 7485.004 7482.363 0.999647
Con) 95.988 94.7867 0.987485
L) 21.438 22.2906 1.039771
F2(2p 3p) 94.276 125.4261 1.330414
G°(2p 3p) 37.202 42.9558 1.154664
G?(2p 3p) 40.74 48.8414 1.198856
Ea2p° 4p 9768.31 9768.302 0.999999
) 96.282 96.2777 0.999955
L) 8.556 8.5566 1.00007
F2(2p 4p) 34.073 34.0829 1.000291
G°(2p 4p) 11.939 11.933 0.999497
G*(2p 4p) 14.164 14.1784 1.001017
E.2p° 4F 9988.381 9988.391 1.000001
) 96.451 96.449 0.999979
Cun 0.289 0.2877 0.995502
F2(2p 4f) 23.94 23.8338 0.995564
G?(2p 4) 4747 4.6954 0.98913
G*(2p 4f) 3.079 3.0733 0.998149
Ea2p° 3s 7161.305 7159.783 0.999787

Lom) 95.984 94.8994 0.9887
G'(2p 3s) 36.478 41.7018 1.143204

O
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Continued
E.2p° 3d 7892.665 7889.081 0.999546
) 96.035 95.2727 0.992062
Loy 2.508 2.3254 0.927193
F2(2p 3d) 120.269 142.4402 1.184347
G*(2p 3d) 109.368 115.0901 1.05232
G*(2p 3d) 63.043 71.8264 1.139324
E.2p° 4s 9638.228 9634.162 0.999578
) 96.289 93.9094 0.975287
G'(2p 4f) 12.077 0 0
Ea2p° 4d 9920.106 9915.483 0.999534
) 96.306 93.9707 0.975751
Gy 1.075 0.6049 0.562698
F?(2p 4d) 42.438 66.6911 1.571495
G*(2p 4d) 39.057 32,991 0.844689
G*(2p 4d) 23.303 11,5745 0.496696

Table 2. The Hartree-Fock parameters and fitted parameters for energy levels of Cu

XX.

parameter HF LSF LSF/HF
Ea.2p® 2.138 2.1348 0.998503
Ea2p° 3p 8186.271 8183.26 0.999632
) 112.683 111.043 0.985446
Lom 25.51 25.9186 1.016017
F2(2p 3p) 99.216 138.302 1.393949
G°(2p 3p) 39.1 45.3771 1.16054
G*(2p 3p) 4291 45,7448 1.066064
E.2p° 4p 10699.49 10699.48 0.999999
Lon 113.019 113.013 0.999947
) 10.204 10.2041 1.00001
F2(2p 4p) 35.938 35.9537 1.000437
G°(2p 4p) 12.541 12,5361 0.999609
G?(2p 4p) 14.926 14.938 1.000804
En2p° 4f 10933.57 10933.58 1.000001
) 113.213 113.2098 0.999972
Can 0.354 0.3533 0.998023
F2(2p 4f) 25.631 25.5072 0.99517
G?(2p 4f) 5.185 5.1263 0.988679
G*(2p 4f) 3.364 3.3573 0.998008
Ea2p° 3s 7842.324 7840.28 0.999739
Lon 112.68 111.1721 0.986618
G'(2p 39) 38.31 44.2347 1.154652
Ea2p° 3d 8616.991 8613.123 0.999551
) 112.733 111.6444 0.990344
) 3.052 2.5801 0.84538
F2(2p 3d) 127.306 160.6774 1.262135
G*(2p 3d) 116.36 126.6669 1.088578
G%(2p 3d) 67.105 66.6409 0.993084
En2p° 4s 10560.94 10558.6 0.999778
Con 113.028 110.7571 0.979909

G'(2p 4f) 12.704 0 0
E.2p° 4d 10860.24 10859.29 0.999912
Lon 113.046 113.2196 1.001536
Gy 1.307 1.7952 1.373527
F(2p 4d) 44.878 48.0615 1.070937
G*(2p 4d) 41.346 37.5198 0.907459
G3(2p 4d) 24.697 27.0868 1.096765
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W. S. Abdelaziz et al.

Table 5. The allowed electric dipole transitions for Ni XIX.

i j AA) gf Aji

1 3 14.04 1.02E-01 1.2E+12
1 5 13.778 7.93E-02 9.3E+11
1 17 12.808 1.29E-02 1.7E+11
1 23 12.656 9.40E-01 1.3E+13
1 27 12.435 2.32E+00 3.3E+13
1 29 10.431 2.48E-02 5.1E+11
1 36 10.28 1.34E-02 2.8E+11
1 40 10.146 1.34E-02 2.9E+11
1 49 10.11 5.01E-01 1.1E+13
1 61 9.977 3.77E-01 8.4E+12
2 6 361.41 2.76E-01 4.7E+09
2 7 328.35 2.45E-01 3.0E+09
2 8 306.35 7.91E-01 8.0E+09
2 9 298.73 6.12E-03 1.5E+08
2 10 283.33 3.18E-01 5.3E+09
2 12 226.51 3.85E-04 1.7E+07
2 13 209.43 1.26E-02 6.4E+08
2 14 207.47 2.71E-03 8.4E+07
2 30 38.456 2.59E-01 3.9E+11
2 31 38.38 1.98E-01 1.8E+11
2 32 38.243 6.00E-01 3.9E+11
2 33 38.207 5.61E-05 8.5E+07
2 34 38.13 2.17E-01 2.0E+11
2 39 36.391 1.56E-05 2.6E+07
2 44 36.216 3.28E-04 5.6E+08
2 45 36.193 6.43E-05 6.5E+07
2 50 35.333 6.58E-06 1.2E+07
2 51 35311 7.59E-05 8.1E+07
2 54 35.265 2.51E-04 1.9E+08
2 55 35.256 2.02E-06 2.2E+06
2 56 35.246 8.20E-06 6.3E+06
2 62 33572 3.71E-06 3.1E+06
2 63 33.559 2.08E-04 1.8E+08
2 64 33.558 1.49E-05 1.8E+07
3 6 385.42 5.16E-03 7.7E+07
3 7 348.05 2.65E-01 2.9E+09
3 9 314.95 3.21E-01 7.2E+09
3 10 297.88 2.70E-01 4.1E+09
3 11 254.34 9.98E-02 1.0E+10
3 12 235.72 9.08E-04 3.6E+07
3 13 217.27 8.09E-05 3.8E+06
3 14 215.17 2.32E-03 6.7E+07
3 15 175.98 5.65E-02 1.2E+10
3 30 38.712 4.06E-05 6.0E+07
3 31 38.635 2.29E-01 2.0E+11
3 33 38.46 2.60E-01 3.9E+11
3 34 38.383 2.01E-01 1.8E+11
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1.8E+05
4.4E+03
3.6E+04
2.1E+06
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3.3E+05
1.4E+05
2.3E+08
5.7E+07
7.7E+06
1.7E+07
1.4E+07
1.2E+06
2.8E+08
3.5E+07
2.0E+08
3.4E+07
1.2E+08
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Table 6. The allowed electric dipole transitions for Cu XX.

i i MA) of Aji

1 3 12.828 1.00E+00 0.00E+00
1 5 12,571 1.00E+00 0.00E+00
1 17 11.736 1.00E+00 0.00E+00
1 23 11.593 1.00E+00 0.00E+00
1 27 11.38 1.00E+00 0.00E+00
1 29 9.521 1.00E+00 0.00E+00
1 36 9.373 1.00E+00 0.00E+00
1 39 9.268 1.00E+00 0.00E+00
1 48 9.236 1.00E+00 0.00E+00
1 61 9.104 1.00E+00 0.00E+00
2 6 340.94 1.00E+00 0.00E+00
2 311.332 1.00E+00 0.00E+00
2 287.005 1.00E+00 0.00E+00
2 280.976 1.00E+00 0.00E+00
2 10 265.351 1.00E+00 0.00E+00
2 12 207.397 1.00E+00 0.00E+00
2 13 190.629 1.00E+00 0.00E+00
2 14 189.246 1.00E+00 0.00E+00
2 30 35.093 1.00E+00 0.00E+00
2 31 35.029 1.00E+00 0.00E+00
2 32 34.888 1.00E+00 0.00E+00
2 33 34.859 1.00E+00 0.00E+00
2 34 34.789 1.00E+00 0.00E+00
2 43 33.09 1.00E+00 0.00E+00
2 46 32.918 1.00E+00 0.00E+00
2 47 32.898 1.00E+00 0.00E+00
2 50 32.314 1.00E+00 0.00E+00
2 51 32.293 1.00E+00 0.00E+00
2 54 32.251 1.00E+00 0.00E+00
2 55 32.244 1.00E+00 0.00E+00
2 56 32.235 1.00E+00 0.00E+00
2 62 30.595 1.00E+00 0.00E+00
2 63 30.583 1.00E+00 0.00E+00
2 64 30.582 1.00E+00 0.00E+00
3 6 363.787 1.00E+00 0.00E+00
3 330.274 1.00E+00 0.00E+00
3 9 296.313 1.00E+00 0.00E+00
3 10 278.988 1.00E+00 0.00E+00
3 11 235.456 1.00E+00 0.00E+00
3 12 215.636 1.00E+00

3 13 197.567 1.00E+00 0.00E+00
3 14 196.082 1.00E+00 0.00E+00
3 15 163.58 1.00E+00 0.00E+00
3 30 35.321 1.00E+00 0.00E+00
3 31 35.257 1.00E+00 0.00E+00
3 33 35.084 1.00E+00 0.00E+00
3 34 35.013 1.00E+00 0.00E+00
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4. Conclusions

This paper presents calculations of fine structure levels, oscillator strengths, and radiative decay rates for Ne—
like Ni and Cu ions. We show that there is a good agreement between our results which were obtained by using
COWAN code and the other values from NIST.

The analysis that has been presented in this work shows that electron collisional pumping (ECP) is suitable
for attaining population inversion and offering the potential for laser emission in the spectral region between 50
and 1000A from the Ni XIX and Cu XX. This class of lasers can be achieved under the suitable conditions of
pumping power as well as electron density. If the positive gains obtained previously for some transitions in the
ions under studies (Ni XIX and Cu XX) together with the calculated parameters, it could be achieved experi-
mentally. A successful low-cost electron collisional pumping XUV and soft X-ray lasers can be developed for
various applications. The results have suggested the following laser transitions in the Ni XIX and Cu XX plasma
ion, as the most promising laser emission lines in the XUV and soft X-ray spectral regions.
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