HARTREE-FOCK—SLATER CALCULATIONS ON PLASMA PARAMETERS.
PART 1. SPECTRAL CHARACTERISTICS

B. N. Bazylev, L. V. Golub, G. S. Romanov, ubC 533.9
and V. I. Tolkach

A model is proposed for calculating plasma optical parameters; the calculated
spectral absorption coefficients for various elements are compared with pub-
ished values.

Plasma physics research involves not only measurements but also simulation, which can
give a more detailed picture and indicate which processes affect the measured parameters.
However, an adequate simulation would be impossible without a knowledge of the thermody-
namic and optical characteristics over wide temperature and density ranges, which can be
derived from calculations on models.

There aredifficulties in simulating plasma thermodynamic and optical parameters; it
is necessary to process a large volume of spectroscopic data: energy levels, oscillator
strengths, ionization and recombination cross sections, and so on.

Light-element parameters are usually calculated fromthe observed atomic characteristics
[1, 2], but that information is incomplete for many elements, particularly highly ionized
atoms, and in that case, one uses various quantum-mechanics methods: semiempirical quantum-
defect techniques [3, 4] (very limited application), the self-consistent Hartree-Fock method
[5, 6] (very laborius), or combinations of them [7-9]. In all those models and associated
software, one needs a large spectrocopic data bank. The apprecach involves an enormous
amount of effort, which increases sharply as the spectroscopy becomes more complicated (ele-
ments with open d and f shells or high z), and the probability of subjective errors increases.
Research has been done on computerized data banks for such atomic characteristics [10], but
this does not eliminate the manual work involved in inputting the data, for which a farily
large volume of preparatory work is also required. Also, the number of elements currently
covered by the bank is limited. These deficiencies mean that calculations on plasma oroper-
ties cannot be done readily, particularly for plasmas with complicated compositions or ele-
ments with high z. One needs a new type of program for calculating plasma parameter, s where
the minimum effort and shortest run times are combined with calculations over wide ranges
in parameters and composition, even at the expense of possible reduction in accuracy.

Here we describe amodel and software suite meeting these requirements; the minimal amcunt of
input data is required: plasma element. and mass compositions, relevant temperature range,
photon energies and densities,. and spectral group boundaries. Self<consistent field calcula-
tions give a data bank, from which one can calculate the ionic compositions of equilibiium
plasmas and generate tables giving the thermodynamic aznd optical characteristics.

1. Spectroscopic-Characteristic Calculation. Routine derivation of ionization potentials,
energy levels, and photoinization cross sections is best based on the Hartree-Fock-Slater
HFS method, in which the energy levels correspond to electron configurations. That approxima-
tion describes the structure of a highly charged ion well. For neutral atoms and ions with
low charges, the electrostatic interactions are strong, so the one-electron HFS levels de-
scribe the actual term structure with an accuracy of about 10%Z (the disadvantage can be eli-
minated by using observed potentials at energy levels). The accuracy in calculating inrer-
electron energies is usually much higher.
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The HFS equations represent a self-consistent system with approximate incorporation
of the exchange interaction [11]:
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The HFS equations do not incorporate how the energies g, are dependent on the total momenta
L and S, which substantially simplifies solving (1), which can be done interatively, during
which one determines Z(r), Vex (r) , the eigenvalues, and the bound-electron wave functions.
The excited-state wave functions and eigenvalues are calculated in the resulting Z(r) and
Vex(r), and one similarly determines the wave functions in the continuous spectrum ¥gj for

a given energy E.

The photoionization cross sections are calculated as lengths:
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It is necessary to know the shell fillings to sovle (1); in that model, the initial filling
for the neutral atoms are derived from experiment, and on transition to the next ion, the
electron with the least energy is ionized. The statistical weights for the energy levels
are defined by an expression in which the data for g, are taken from tables [5]: gi=2go
2L;+1)

The HFS equations give a data bank containing the ionization potentials, energy levels,

photoionization cross sections, and statistical weights for all the ions required in the sub-
sequent calculations.

2. Plasma Jon Composition and Thermodynamic and Optical Parameters. A plasma in local
thermodynamic equilibrium has a composition defined by Sakha's equations in the ring ap--
proximation for a large canonical ensemble over wide ranges in temperature and density [12]:
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Here we have incorporate the Coulomb interaction between the ions, which reduces the ioniza-
tion potentials:
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The nonideality parameter y is the positive root:of the following equation:
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The summation in (5) includes the electron and ion components. The sums in (3) are defined
from an expression that contains not only the Boltzmann expression but also the Planck cutoff
factor, which eliminates the divergence for Ejm~Jim @

o Jim— E'im E'im._____Jim
Uim= JZgjimexp (— Ejiml kT) [1 — (1 + ”—k_f_J_) EXP( T )] ®)

/

796



Fig. 1. Continuum absorption coefficients
for an air plasma at normal pressure: 1)

T = 20,000 K; 2) 18,000; 3) 16,000; 4) 14,000;
a) this study; b) [131; ) [151; d4) [14]; log
k in em™! and hv in eV.

75 20 25 30 lghv

Fig. 2. Absorption by an air plasma at 1-:10°% ¥X: 1) e =1,

normal density; 2) 0.1; 3) 0.01; a) this study; b) [15]; c)
[9]; log hv in eV.

An iterative method has been used to solve (3)-(6); we calculate the ion composition ani de-
termine the thermodynamic functions:

M
Np=3
m=1

s

Nimi p = KT (V- N+ Apg;

1

i

Il

kT

3
32‘5T(Nh+Ne)+Q+AE¢;
A S NYS (7)
| | Noy (o (RT)2 S NVimln Vim
8:82536-108[(1 o) (i sy, Ty
Nh e Nh
22 Nim lnuim ZZNimeim
+ 2L il 1.51n A+ 10.58 | + AS..
Tt + 10. }+ .
The corrections for Coulomb interaction are:
— kT®® kT
A o= y K= —_—
Pe 24n e €2
(8)
3 3
AEg=— KT p§ e B2
8ap 24mp

797



0 1 2 T ghv

Fig. 3. Continuum absorption for an aluminum plasma: 1)
T=1eV; § =0.1; 2) 31.6 and 0.01; a) this study; b) [7];
c) [16].

The continuous absorption is governed by photoionization and inverse Brehmstrahlung:
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The calculations give not only the data bank but also thermodynamic-characteristic
tables, absorptioncoefficients, and mean and mean-group absorption coefficients for Rosseland
and Planck weighting functions for given temperature and density ranges.

3. Discussion. We performed calculations for several substances to test thé model, in
particular air, aluminum, and xenon, for which there are calculations from various models
[3-9, 13, 14], most of which are based on spectroscopic measurements for neutral atoms and
low degrees of ionization [1, 2]}, which information is particularly valuable in identifying
model features. ‘

Figure 1 shows spectral absorption coefficients for an air plasma at low temperatures
(14,000-20,000 K); the calculations agree well withthe [9, 13, 15] data at 0-10 eV. Correc-
tion for the line flanks in [14] give somewhat stronger absorption, particularly around 10 eV.
Above 10 eV, there is satisfactory agreement, although the structures in the photoionization
steps differ somewhat. The HFS model gives two steps: the 2p® shell for nitrogen and the
2p" one for oxygen, although experiment gives several photoionization thresholds for the “S and
3P terms. On the whole, the absorption at a temperature of 1-2 eV is described satisfac-
torily. The accuracy of the HFS model increases with temperature, as Fig. 2 shows from the
absorption coefficients for an air plasma at a temperature of about 100 eV at various densi-
ties.

Figure 3 gives the absorption coefficients for aluminum plasmas at 1 and 30 eV; for
photons above 10 eV, there is good agreement with [7, 16], but at low energies (absorption
from excited levels), there are some discrepancies at T = 1 eV. Figure 4 shows xenon plasmas.
In [8], measurements were used for the first four ions, where relativistic corrections were
incorporated together with the deviations from LS coupling. Nevertheless, there is good
agreement with the calculations over much of the spectrum.

Conclusions. The model can be used to calculate ion compositions and continuum absorp-
tion coefficients over wide ranges in temperature, density, photon energy, and atomic number.

The characteristic errors usually do not exceed factors of 1.5-2, which is sufficient
for most aspects of radiation gas dynamics. Observed ionization potentials for neutral
atoms and the first ions extend the model to temperatures of about 1 eV.

NOTATION

r, radial coordinate; Y¥,}, wave function; &n], energy eigenvalue; Vgy, exchange poten-
tial; 7Z(r), effective charge; p(x), electron density; n, principal quantum number; 1, orbital
quantum number; oy, photoionization cross section; op, Brehmstrahlung absorption cross sec-
tion; # , Planck's cohstant; w, photon frequency; Ry, Rydberg constant; M, number of equivalent
electrons; g, statistical weight; N, number of ions in unit volume; "-Ng, number of free elec-
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Fig. 4. Absorption by a normal-density Xenon
plasma: 1) T = 5.33 eV; 2) 9.48; a) this
study; b) [8].

trons in unit volume; u, statistical sum for jion; m,, electron mass; e, electron charge; k,
Boltzmann's constant; T, temperature; J, ionization potential; AJ, Coulomb reduction ia poten-
tial; z, mean ion charge; Y, nonideality parameter; E, level energy; N, number of heavy
particles; p, pressure; £, specific internal energy; Q, a specific jonization and excitation
energy; S, entropy; *'_, spectral absorption coefficient corrected for induced emission;

¢ = fhw, photon energy. Subscripts: j, energy level number; i, ionization multiplicity; m,
number of element in plasma.
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