Third International Opacity Workshop
& Code Comparison Study

WorkOp-111:94

MPI fiir Quantenoptik, Garching
March 7-11, 1994

Final Report

edited by

A. RickerT, K. EIDMANN AND J. MEYER-TER-VEHN

Max-Planck-Institut fiir Quantenoptik
Hans-Kopfermann-Strafle 1, 85748 Garching, Germany

AND
F.J.D. SERDUKE AND C.A. IGLESIAS

Lawrence Livermore National Laboratory
P.O. Box 808, Livermore, CA 94550, U.S.A.

MPQ 204 August 1995






Abstract

This report contains the summary plots of WorkOp-III:94. The materials sub-
mitted to the Third International Opacity Code Comparison Study include
opacity results calculated with 21 independent codes for 35 case studies, cover-
ing plasma cases of hydrogen to gold and two astrophysical mixtures. In addi-
tion, comparisons with experimental data on selected test cases are contained.
The report includes brief descriptions of the participating codes and a summary
of the workshop held at the Max-Planck-Institut fiir Quantenoptik in Garching,
March 3 - 11, 1994.
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Section 1

Summary

Opacity Code Comparison Studies

The series of International Opacity Workshops and Code Comparison Studies
started with WorkOp-I held in August 1989. It was hosted by S. Rose at the
Rutherford-Appleton Laboratory in the United Kingdom [1]. WorkOp-II con-
vened in June 1991 at the CECAM facility at Orsay, France, organized by the
Centre d'Etudes de Limeil-Valenton [2]. The present report summarizes the re-
sults of WorkOp-III which took place at the Max-Planck-Institute for Quantum
Optics in March 1994 at Garching, Germany [3]. It was organized by A. Rickert,
K. Eidmann, and J. Meyer-ter-Vehn.

These workshops respond to the increasing interest in the development of ra-
diative opacity codes at a number of institutions throughout the world, triggered
by demands from astrophysics, laser plasma research, and other applications.
The workshops provide a forum to code-developers for explicit comparison of
calculated results. Each workshop considered a selected number of benchmark
cases. Participants calculate these cases with their individual codes and com-
pare the results at the workshop. An opportunity for corrections after exposure
to the results of others was given before and after the workshop.

Credit for initiation and implementation of these meetings belongs largely
to physicists at the Lawrence Livermore National Laboratory, USA. The work-
shops, their style and format, were conceived by Franklin J.D. Serduke working
in collaboration with Carlos A. Iglesias. They also helped to coordinate the
meeting at Garching. During the inital phase, Richard W. Lee was instrumen-
tal in getting the workshop at Garching started.

WorkOp-I11:94 at MPQ Garching

The workshop at Garching considered 35 cases with elements throughout the
periodic table and two astrophysical mixtures. Twenty-one different codes par-
ticipated in the comparison. Virtually all of the codes contributing to this work-
shop are currently under development. The notable exception is the 1977 Los
Alamos opacity code designated LANLT77. Its results represent the state of the
art through the mid 1980s and are presented as an historical backdrop to more
recent developments now incorporated in many of the other models. Thanks
are due to Norman Magee for providing these results for the third consecutive
workshop.



There were over 400 individual plasma calculations with about 150
megabytes of information submitted. Besides standard cases for hydrogen, car-
bon, and iron, this workshop also included cases with higher plasma densities,
up to solid density and beyond, and gold as a high-Z representative. Though the
focus of the workshop was on LTE opacities, a few non-LTE cases were studied
for conditions of complete-steady-state and optically thin plasma (vanishing
radiation field). This meeting perpetuated the WorkOp tradition of comparing
opacities to as much experimental data as was available. The detailed com-
parison with soft x-ray transmission data was a highlight of the workshop at
Garching; these are relevant for Rosseland and Planck mean opacities.

In the plenary sessions, plots of submitted results could be projected in ar-
bitrary combination, using IGOR software. A number of additional terminals
were available in a separate room, giving access to the full body of results for
individual study. In the working sessions, groups of cases were presented by spe-
cial conveners to summarize the main results, to point out major discrepancies
and to guide the discussions. Also, an overview talk had been scheduled for each
day of the workshop on topics of current interest. The workshop programme
as well as a list of participants and the workshop photo are included in the
appendix of this report.

About this report

The present report summarizes the final contributions. After the workshop, each
participant had three options: to withdraw his contribution, to correct it or to
leave it unchanged for this final report.

The intention of the report is to present the results of the study in a way
which allows for easy access and for a global comparison. The intention is not to
judge the quality of the individual contributions or to interpret the differences in
the results. In Section II, short descriptions of each of the participating codes are
given. For more detailed information, the reader should contact the individual
authors. No attempt is made to summarize the discussions at the workshop,
partially because they referred to a preliminary version of the submitted results.

The comparison of results in Section III is organized in three blocks:

e Summary plots of mean opacities, combining cases in meaningful groups.

e Sets of plots for each individual case containing: (1) summary tables,
(2) total extinction coefficient vs. photon energy, plotted separately for
each contribution, (3) Rosseland transparency vs. photon energy, plotted
separately for each contribution, (4) bound-free, free-free and scattering
components of extinction coefficients vs. photon energy, and (5) so-called
continuous multi-group opacity vs. photon energy. Plots (4) and (5) com-
bine all contributions in one figure and allow to compare results in more
detail.



e Comparison with five sets of experimental data, calculating the measured
or reported quantity (plasma transparency or optical depth) from the sub-
mitted extinction coefficients and plotting experiment and theory together
in separate figures for each contribution.

For easy reference, the list of plasma cases and the list of names of partici-
pating codes given in Section III is added a second time as the last page of this
report.

Accessability of the results

The full body of the final results was made accessible to the workshop partic-
ipants via ftp. For non-participants, these results may be requested from the
individual authors. A list including e-mail and fax addresses (as far as available)
of all participants is given at the end of this report.
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Section 11

Code Descriptions
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Code Name: CASSANDRA Authors: B.J.B. Crowley, D. Rowley and D.K.K. Landeg

The CASSANDRA opacity code uses a method of detailed configuration accounting
similar to that of the IMP code [1] in which valence shell configurations are treated in
detail. Electron configurations in higher-energy shells are treated statistically in terms of a
dielectronic satellite contribution to the line broadening.

The code performs an ab-initio average-atom atomic physics calculation [2] by applying
the Dirac-Hartree-Slater approximation [3], with Gunnarsson-Lundqvist exchange [4], to the
average-atom configuration. Energies of actual atomic configurations in the neighbourhood
of the average-ion are estimated by means a Taylor-series expansion [5] of the total energy
as far as quadratic terms in the level populations. The second order differential coefficients,
which comprise the interaction matriz, are obtained by numerical differentiation of the
eigenvalues (of the Fock operator) by reconverging the self-consistent field calculation onto
configurations in the neighbourhood of the average atom. Because the Dirac equation is
employed, jj-coupling is used throughout.

The underlying plasma model (which determines the boundary conditions and/or long
range part of the electronic potential) is the Generalised Ion Cell Model [6]. This model is
equivalent to the ion-sphere model at high-T', but goes over to Debye-Huckel for I' < 1.
In this model, the total potential (as seen by a test charge) is determined by the self-
consistent atomic physics only within the core region r < r; and matched to a screened
Coulomb potential in the external region. Wavefunctions are computed out to about 40%
beyond the ion sphere radius to a maximum of 100au. This model also permits a sensible
treatment of mixtures, especially those in which different components may exhibit markedly
different degrees of mutual coupling, and incorporates an implicit treatment of continuum
lowering that, for a pure plasma in the absence of appreciable free-electron polarisation, is
equivalent to the analytic formula of Stewart and Pyatt [7]. This gives the asymptotic level
of the averaged continuum; the discreet nature of the nearby perturbers and the fluctuations
that characterise a real plasma are taken into account in detail by a semiclassical approach to
treating line wings in which the far wings are attributed to transitions to states lying above
the barrier in a multi-centre potential of the radiator and neighbouring perturbers. Edge
broadening is no longer treated as such, the merging of the line wings, as a series approaches
an edge, providing typically a more realistic and detailed treatment of the phenomenon.

Bound-bound transitions between atomic configurations in the jj-coupling representa-
tion are calculated in the dipole approximation using the exact relativistic representation of
the dipole operator and average-atom wavefunctions. Average transition energies are cor-
rected to allow for electron-electron interaction terms so as to maintain detailed balance.
Line broadening includes Doppler broadening, quadratic Stark broadening, and linear Stark
broadening for hydrogenic systems. UTA line profiles are represented as double (An # 0)
or single (An = 0) Gaussians in which the overall variance is computed as the sum of the
variance contributions from each separate broadening process. UTA widths are estimated
using Mozskowski’s formula [8]. Line wings are represented by an additional log-normal
component of the line profile with an oscillator strength contribution proportional to the
estimated probability that the upper energy level lies above the potential barrier between
the radiating ion and its nearest neighbour. The parameters of the wing profile come from



the the microfield distribution which uses a parameterisation of a nearest-neighbour per-
turber model.

Photoionisation (bound-free) transitions are computed exactly in the same manner as for
bound-bound over the range of continuum energies in which suitably accurate countinuum
wavefunctions can be computed. The highest energy to which this method can be applied is
extended by using an optimised radial mesh of the form = ar+In(r) for representing the
radial wavefunctions. At higher energies, the cross-section represented by a parameterisation
which fits cold X-ray cross-section data for all Z and for all photon energies below 1 MeV.
The parameterisation is continuously and smoothly matched to the computed low-frequency
part of the cross-section.

Inverse-Bremsstrahlung (free-free) absorption is computed using a modified form of
the Kramers formula with Gaunt-factors to account for quantum-mechanics [9], variable
screening by both bound and free electrons, and electron degeneracy. The modifications to
the Kramers formula account for low-frequency plasma effects. The resulting cross-section is
limited by the collisionless skin depth below the plasma frequency and, in the low-frequency
limit, correctly reproduces the collisional (AC) skin depth.

Photon scattering includes both incoherent (Compton) scattering and coherent
(Rayleigh) scattering. Low-energy structure effects are included via the electron response
functions (or scattering factors [10]) which are computed using analytical representations
of each component of the absorption spectrum. Coherence factors and form-factors [11]
are represented in terms of the Debye length (for free electrons) and the rms radii of the
bound electron orbitals, using formulae that are valid in both low and high-frequency lim-
its. High energy structure effects (degeneracy) and relativistic thermal motion effects in the
incoherent scattering are ignored.
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Code Name: CORONA Authors: T. Nishikawa and H. Takabe

The CORONA code [1] is developed to make the opacity table for solving radiation
transport in non-local thermodynamic equilibrium plasma with hydrodynamic simulation
code, especially in the laser-produced high-z plasma. Therefore, the code can calculate the
opacity of wide area in density and temperature which is used to simulate laser-produced
plasma in hydrodynamic code within a short computation time.

The code is based on average ion model. The energy level is calculated by screened
hydrogenic model which is improved by Perrot [2] to install the l-splitting effect. Therefore,
the state which is distinguished by principal quantum number and azimuthal quantum
number is included to describe the atomic structure. The Pressure ionization and continuum
lowering effect is also included. The population is calculated by Thomas-Fermi shell model
[3] of average ion model.

As average ion model is used to determine the population, the information of ion abun-
dance is lost. Therefore, we used the statistical method [3] to calculate the opacity of detailed
configuration accounting. The method is valid within the average ion model.

The formula to calculate free-free absorption is from simple inverse Bremsstrahlung. The
formula to calculate bound-free absorption is Kramers formula. To calculate the bound-
bound absorption, only dipole-allowed transition in hydrogenic ion is included. The used
oscillator strength for the transition from n=1, 2, 3 and 4 is H-like, Li-like [4], Na-like [5]
and Cu-like [6], respectively. The line broadening of bound-bound absorption is consid-
ered natural broadening and Doppler broadening and electron collisional broadening. The
Lorentian of the broadened width determined by above-mentioned processes is used for line
profile. Simple Thomson scattering effect is included to calculate opacity in the code.

References:
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Code Name: DEIRA Author: M. Basko

DEIRA is a one-dimensional one-fluid three-temperature hydrodynamic code written for
simulating thermonuclear targets driven by the beams of heavy ions. Among other things,
the code incorporates a simple model for “on-line” calculation of the mean Rosseland and
Planckian opacities required to solve the diffusion equation for radiative energy transfer.

The opacity model includes Compton scattering on free electrons, inverse
bremsstrahlung for the ideal electron gas in the field of ions of charge z* = 7 — 1 (with
degeneracy effects taken into account), and the bound-free and bound-bound transitions.
The new aspect of the model is the treatment of the bound-free and bound-bound transi-
tions: their contribution to the Rosseland and Planckian means is evaluated by using the
sum rule for oscillator strengths of the dipole transitions in an ion with Z —2"=Z —i+1
bound electrons [1].

To be able to evaluate the bound-free + bound-bound opacity of dense plasmas of
multiply charged ions in the simplist possible way, a simple ad hoc form

oi(v) =

2
a; (hv
2 9 3 = (——) ; hv < I,
€ 2 (e /ao) « b \ I;
i

0 3 =1
NV T [ -0 ()] wean

(0.1)
is assumed for the photoionization cross-section of an ion i with ionization potential I;;
here a; and b; are two fitting parameters; the value of a; is chosen such as to obtain the
Kramers asymptotic behavior for the photoeffect on K-electrons in the limit hv 3> €222 /ay,
the value of b; is determined from the Thomas-Reiche-Kuhn sum rule

b/a,'(v) dv = m,ec(z -i41) (0.2)

for an ion with Z — 4+ 1 bound electrons. Note that the dependence o; o 2 at hy < I; —
which accounts effectively for the bound-bound transitions — is close to the asymptotical
behavior ¢; o v7/3 calculated in the Thomas-Fermi model. When summed with the inverse
bremsstrahlung cross-section, Eq. (1) is integrated with proper weight functions to give
the Rosseland and Planckian mean opacities. In the DEIRA code, the ionization degree
2" =1 — 1 is evaluated by using the average-ion equation of state from Ref. [2].

Our simple opacity model is expected to give acceptable results in high-density plasmas
(when I;/kT, S 5) of high-Z elements. In the low-density limit, when I; JRT: < 10, this model
has a tendency to overestimate the Rosseland opacity due to the bound-bound transitions.
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Code Name: EOSOPA Authors: P. Wang, J.J. MacFarlane

The EOSOPA [1] code computes equations of state, absorption and emission spectra
and multigroup opacities for both LTE and non-LTE optical thin plasmas. EOSOPA uses
the method of detailed configuration accounting Atomic energy levels, oscillator strengths,
photoionization cross sections, and related rate coefficients of radiative and collisional pro-
cesses are computed by the ATBASE suite of atomic physics codes [2], which utilizes a
configuration interaction (CI) method with Hartree-Fock wavefunctions.

Bound-bound transitions are calculated for all subshell shells of each configuration. For
low- and intermediate Z elements, LS term structure is considered in the line spectrum. For
high-Z elements, however, the unresolved transition array model is used. Line shapes are
Voigt profiles, with the Gaussian widths defined by Doppler broadening and the Lorentz
widths given by the sum of natural, Stark, and (for autoionizing levels) Auger broadening.
Currently, Stark widths generally include only electron-impact effects, and are calculated
using a semi-empirical effective Gaunt factor method [3]. The exception to this is lines from
hydrogen-like ions, where widths are obtained from Griem et al. [4].

Continuum opacities are calculated as follows. Photoionization cross sections are cal-
culated for all subshells of each configuration using a single-particle approximation with
HX potential [5]. Inverse Bremsstrahlung is computed for ions using a Coulomb field ap-
proximation. Free-free Gaunt factors are obtained from fits to the results of Karzas and
Latter [6]. For scattering contributions, only free electron scattering (Thomson scattering)
is included.

Two approaches are employed for the calculations of equations of state. For LTE plas-
mas, the Saha-Boltzmann distribution is assumed for atomic level populations. For non-LTE
plasmas, atomic levels populations are calculated by solving multilevel statistical equilib-
rium equations. In all cases, plasmas are assumed to be optical thin. The pressure ionization
effect is included by using an occupation probability method [7].
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Code Name: HAFPO Author: T. Blenski

The code uses a detailed configuration accounting. The configurations are genereted
from the average atom (a.a.) model [1]. The average atom occupation numbers are cut to
nearest integers and the ion obtained this way is considered as the most probable atom

(m.p.a).

The configurations are created by promoting and demoting electrons from m.p.a.[2].
The probabilities of these configurations, which correspond to ions of different charge and
excited states, are calculated using the Hartree-Fock fluctuation theory [3,4]. The bound-
bound, bound- free and free-free matrix elements are calculated using the a.a wave functions.
The energy of each configuration is calculated as the configuration-average energy in the
sense of Ref [5]. The broadening of lines is limited to the electron impact formula [6].
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Code Name: HOPE Author: B. Rozsnyai

The HOPE opacity code rests upon a self-consistent temperature and density dependent
»average atom” (AA) model [1]. The self-consistent AA wave functions for the bound and
continuum states can be used to calculate bound-bound and bound-free opacities, free-free
opacities are calculated in the Born-Elwert approximation, or in the case of low temperature,
using the phase shifts of the continuum wave functions [2]. The above procedure yields AA

opacities.

As is known, the AA model tends to predict too high opacities. For this reason it may be
necessary to account for all the definite electronic configurations in the different ionization
stages, in which case we talk about the "detailed configuration accounting” (DCA) model.
The HOPE code calculates opacities in the DCA mode using the AA wave functions and
first order perturbation to account for the energy shifts of the different configurations.
It is assumed that under LTE conditions the many-electron configurations are given by
the Boltzmann statistics. Sometimes the DCA model may not be sufficient and one has
to account for all the J states of the many-electron system, in which case we talk about
"detailed term accounting” (DTAP). The HOPE code has the option to calculate DTA
opacities only in the case of L-shell spectra as described in a report [3].

All the opacities submitted to WorkOp-I11:94 were calculated in the DCA mode. In the
case of partially filled K-shell, the HOPE code resolves the hydrogen-like and helium-like
states. The line shapes are a major part of the physics of the HOPE code and they can be
discussed at the workshop.

The three non-LTE opacities for GE were calculated using some approximations. To
calculate non-LTE populations I used the LLNL LASNEX code, and used those occupan-
cies to calculate the self-consistent non-LTE AA state, from which I calculated non-LTE
opacities. Details of this algorithm can be also discussed at the workshop.
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Since the March 7-11, 1994 WorkOp-I11:94 conference a few changes have been made in
the HOPE opacity code.

1. The exchange interaction for the bound electrons in the self-consistent AA state is
now taken into account exactly by computing all the necessary Slater exchange integrals.
Correlation and exchange for the free electrons is calculated by using a local exchange-
correlation potential. In a sense the HOPE code now mimics a self-consistent Dirac-Fock
AA model in contrast with a self-consistent Dirac-Slater AA model.

2. The sensitivity of the code with respect to the number of free electrons is increased,
so HOPE calculates electron impact broadening if the number of free clectrons per atom is
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larger than 0.01. This makes a big difference for the H1 case where HOPE predicts 0.015
free electrons per atom.

I have resubmitted the H1, FE8 and G3A cases calculated by the new version of HOPE.
I have found that for the other cases the differences between the old and new version are
negligible.



Code Name: IAPCM105 Authors: Guoxing Han, Yongsheng Sun and Shichang Li

The IAPCM105 code [1] uses partly the method of detailed configuration account-
ing. That is, it considers ion stages and the electron configurations explicity only for the
bound-bound transitions, and it uses average atom model for photoionization and inverse
Bremsstrahlung. All atomic data used in the code are computed using hydrogenic ap-
proximation [2]. In this approximation, photoionization, radiative transition and inverse
Bremsstrahlung processes can be written analytically. Our code can be used to calculate
the opacities of one element and to calculate ones of mixture elements also.

The energy levels of average atom are calculated by the Mayer’s formula [3], in which
the electron potential energy in the nucleus field, the interaction energy between bound
electron and free electrons, the potential energy for a free electron in the nucleus field were
considered. The energy levels of ions for various electron configuration are calculated in the
perturbation method using the Slater’s screening coefficients.

The bound-bound transitions are calculated for all subshells in each configuration of the
various ion stages explicitly. The line spectrum is treated in pure LS coupling for all Z. In
calculation of the spectral line breadth, we considered the natural breadth and electronic
impact breadth only.

Inverse Bremsstrahlung is computed using the classical formula. The photon scattering
from free electrons is calculated using Sampson’s formula [4].
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Code Name: IMP Author: S.J. Rose

The IMP opacity code has been written to provide opacity data on elements and mix-
tures of elements which are typically involved in experiments on laser-produced plasmas.
The calculation starts for each element in the mixture with the evaluation of the Thomas-
Fermi potential which is then used to calculate the one-electron Dirac radial orbitals. A
correction is made to avoid self-screening. These orbitals are then used to evaluate one- and
two-electron radial integrals involved in the calculation of energies and oscillator strengths.
Probabilities of occupancy of the one-clectron orbitals are computed using the Fermi func-
tion.

The calculations are based on detailed (j j)-configuration accounting. The jj-
configurations which are considered involve all the possibilities derived from one open prin-
cipal quantum number shell with all shells of smaller principal quantum number full and
larger principal quantum number empty. The open shell is chosen using the one-electron
probabilities. The energies of the different configurations are then calculated using the one-
and two-electron radial integrals and the configuration probabilities are derived from the
solution of Saha's equation.

The photoabsorption cross-section for bound-bound and bound-free transitions from
the chosen configurations are then evaluated by scaling from the one-electron cross-sections
which are in turn related to the one-electrons oscillator strengths and densities. The lines
are broadened by Doppler broadening and also by widths which mimic the effect of term-
splitting and the splitting due to the effect of spectator electrons occupying high-lying
orbitals. In the results presented at this Workshop the effect of free-froe absorption is
accounted for using a simple Kramers cross-section with a unit Gaunt factor and scattering
is accounted for by a Thompson cross-section [1]. However more sophisticated free-free and
scattering treatment is used for calculations of astrophysical opacity [2].
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Code Name: JIMENA Author: E. Minguez

The JIMENA code [1] is an opacity calculation code that can work in two ways: as
average-ion model, called JIMENA-AA or as detailed configuration model called JIMENA-

DC.

JIMENA-AA solves for each temperature and density the radial Dirac equation with
a local spherically symmetrical potential. The Dirac equation is solved self-consistently,
assuming the radial electron density n(r) is compose by the bound and free electron density.
When the convergence is secured, the number of bound electrons (franctionary number),
the energy of each orbital and radial wave functions are provided, needed for radiative

opacities.

Detailed configurations in JIMENA-DC are created promoting and denoting electrons in
turn to the average-ion before determined. A great number of configurations, both ground
and excited states are automatically created by a simple routine. These configurations have
a probability, and then the most abundant configurations are again recomputed to get
energy levels, wave functions and transition probabilities for each configuration, solving the
radial Dirac equation, with a fix number of electrons in each configuration.

The opacity formalism is similar for both version of the JIMENA code. Bound-bound
transitions are evaluated using a Voigt profile for line shape, including natural, Doppler,
and also the unresolved transition array (UTA) width is included.

The bound-free opacity is evaluated through the Kramers cross section with degeneracy
and Gaunt factor corrections. Also free-free opacity is determined by Kramers cross sec-
tion and appropriate corrections. Finally, scattering cross section is the Thompson formula
including several others corrections.

Usually JIMENA-DC is used for low and intermediate-Z materials, while IMENA-AA
is useful for high-Z materials. I have developed a new methodology to include UTA width in
case of average-ion models. Most of cases submitted to the WorkOp have been determined
with JIMENA-AA assuming this new methodology. Only a few cases were submitted with
a detailed calculations.
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Code Name: LANL77 [MOOP] Authors: N.H. Magee, Jr., W.F. Huebner and
A.L. Merts

The Los Alamos MOlecular OPacity code [MOOP] was used to produce an extensive series of
opacity results in the late 1970’s [1]. This code has evolved into the LEDCOP code presently being
used to generate new atomic opacities at Los Alamos. A brief description of the physical models
used by MOOP [2] will be given below for a historical perspective, as this code is no longer used for
opacity calculations.

The atomic physics input was obtained from many different sources. The energy levels were
a mixture of experimental (3], Hartree-Fock [4] and hydrogenic energies, ranging from detailed LS
terms to configuration averages. The neutral ground configuration nl subshells photoionization cross
sections were nonhydrogenic [5] and were scaled to the ground configurations of higher ionization
stages. All excited nl subshell photoionization cross sections were calculated hydrogenically, using
the Kramers formula and bound-free Gaunt factors[6]. All oscillator strengths were hydrogenic, with
no An=0 transitions and no LS term splitting.

MOOP used two equation of state [EOS] models, but both of them were based on the Saha
equation with the bound Rydberg sequences being cut off by plasma corrections [7]. For temperatures
less than 100 eV and densities less than 1 gm/cc, a specific ion model was used that incorporated the
detailed LS term, configuration averaged and hydrogenic energies into the Saha equation for each
ion stage. For all other cases, a mean ion model with averaged nl subshell energies was iteratively
solved to obtain the average shell occupancies. Probability theory was then used to obtain individual
configuration occupancies for bound-bound transitions.

Three different line shapes were used for the bound-bound transitions. The general line shape
was a Lorentz profile with a summed natural and collision broadened halfwidth. Neutral hydrogen
and singly ionized helium transitions used a Stark profile [8]. A colierent scattering profile [2] was
used to modify resonance lines in the far line wings.

The inverse bremsstrahlung was calculated form the Kramers cross section and relativistic free-
free Gaunt factors [9]. The special case of H- free-free absorption [10] was included along with the H-
bound-free absorption [11]. Free electron scattering was obtained from the Thomson cross section,
modified by relativistic corrections and thermal motions [12] and collective effects for hydrogen and
helium [13].
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Code Name: LEDCOP Authors: N.H. Magee, A.L. Merts, J.J. Keady and D.P. Kil-

crease

The Los Alamos Light Element Detailed Configuration OPacity code [LEDCOP] uses
a basis set of detailed LS terms to calculate opacities for elements with Z<30. Each ion
stage is considered in detail and interactions with the plasma are treated as perturbations.
All calculations are done in local thermodynamic equilibrium [LTE] and only radiative
processes are included.

A relativistic, self-consistent Hartree-Fock code [1,2] is used to generate both single-
configuration LS term energies, radial dipole matrix elements and angular factors for all
ion stages and unresolved transition array (UTA) energies and variances [3] in intermediate
coupling for selected ion stages. The very large quantity of atomic physics “data” is then
reduced by fitting the term energies and dipole matrix elements with a quantum defect
method [4] and using the fits in the opacity code. Every energetically relevant configura-
tion is included in the equation of state [EOS] and every allowed valence and inner shell
transition from these configurations is used in the opacity calculation. Either LS, UTA or
statistical transition array [5] is chosen, depending on the complexity of the transition array
and/or the plasma density. Nonhydrogenic photoionization cross sections are calculated for
each configuration subshell with £ <4, using distorted wave continuum functions and the
same Hartree-Fock structure calculations as for the bound-bound transitions in order to
conserve oscillator strength across the photoelectric edges. Cross sections for n<sj, £ <4 are
hydrogenic [6].

The EOS model is based on the Saha equation, including degeneracy, where the bound
Rydberg sequences are cut off by plasma corrections [7], including exchange [8] and corre-
lation [9]. It does not consider liquid or solid phases, but uses an explicit ion model [10]
to treat, in detail, all of the bound electron states of every lonization stage. The modified
Saha equation is solved iteratively to obtain a consistent set of jon abundances, bound state
occupancies, and free electrons.

LEDCOP uses three different line profiles for bound-bound transitions. The general line
shape is the Voigt convolution of a thermal Doppler [Gaussian] profile and a Lorentz profile
with both natural and collision [11] broadened halfwidths. Lyman and Balmer transitions
from hydrogen-like ions and ground state transitions from helium-like ions use Stark profiles
[12,13] based on APEX microfield calculations. A coherent scattering profile [14] is used to
modify resonance lines in the far line wings.

The inverse bremsstrahlung is calculated from the Kramers cross section and relativistic
free-free Gaunt factors [15]. H free-free [16] and H~ bound-free [17] absorption are included
for hydrogen. Free electron scattering is obtained from the Thomson cross section, modified
by relativistic corrections and thermal motions (18], and collective effects [10].

Opacities are calculated for pure elements on a standard temperature T, electron de-
generacy 7, and reduced photon energy (u=hv/kT) grid. The T-n grid characterizes the
plasma conditions at the ion sphere boundary for all elements. This allows the opacity of
pure elements to be combined for mixtures without recalculating the basic data [19].
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Code Name: MCDCA Authors: B.G. Wilson, J. Albritton, D. Liberman

The MCDCA (Monte Carlo Detailed Configuration Accounting) code computes the state
of the plasma by tracking the configuration history of a test ion in the ambient plasma and
radiation field on an atomic time scale. It is applicabe to both LTE and Non-LTE plasmas.
It starts from an arbitrary initial J-J coupled configuration, then calculates the rate for
each process by which the configuration can change. The code then chooses one process
randomly, but the selection is biased such that those processes with the largest rates are
more probable. In the general non-LTE situation, we then determine the physical time the
ion exists in this initial configuration before changing. As in nature, this time is randomly
determined from an exponential decay law for the probability that the ion has made no
transition. The decay rate is obtained as the sum of rates for all processes by which the
configuration can change. The test ion is then advanced to the new configuration, and the
algorithm is repeated indefinitely while we record the configurations visited and accumulate
the total time spent in each configuration. After a sufficiently long run the time average of
this test particle can be equated to the ensemble average of the plasma.

The physics governing dense plasmas are included in the Monte Carlo method through
calculated transition rates. These are obtained from the code "LIMBO”, which solves the
Dirac equation in a self-consistent field using a local density approximation for the exchange-
correlational functional (namely the Gunnarsson-Lundqvist parametrization). In the general
non-LTE situation, processes should include radiative ionization and recombination, colli-
sional ionization and recombination, bound-bound radiative excitations and de-excitations,
collisional excitation and de-excitation of bound-bound transitions, as well as Auger and
resonant capture transitions. With the inclusion of this last category, dielectronic recombi-
nation processes are included in their most general form,because the Monte Carlo method
obviates the need for preselecting the radiative stabilization processes. Considerable sim-
plification occurs in an LTE situation, as it can be shown that the configuration space is
properly sampled by including only one process (for example radiative ionization), provided
its inverse process ( i.e. radiative recombination) is also included and satisfies the principle
of microscopic detailed balance.

Most rates have a strong parametric dependence upon the transition energy, and these
are efficiently calculated by approximating the configuration average total energy as a Taylor
series expansion in occupation numbers about some reference (average ion) configuration.
For a given reference configuration, LIMBO supplies total energies, wavefunctions, eigen-
values,and derivatives of eigenvalues with respect to occupancies. Monopole, dipole, and
quadrupole generalized oscillator strengths are supplied for computing collisional excitation
cross sections. Collisional ionization cross sections are based on parametric modificaitons
of the Lotz formulae. Auger rates are calculated using non-relativistic Z-scaled Coulom-
bic wavefunctions to evaluate the radial integrals appearing in the relativistically coupled
formula.

Bound-Bound absortion structure between configurations is treated in the UTA approx-
imation. Only dipole radiative oscillator strengths are considered. An optional statistical
treatment of detailed structure is also possible. The statistical treatment randomly gener-
ates eigenvectors of the initial and final configuration hamiltonian matrices. The remaining



algorithim of an ab-initio structure calculation is unchanged, automatically guaranteeing
certain exact constraints (i.e., number of lines, total array strength, energy variances, cer-
tain correlations) are conserved. Additionall UTA constraints are imposed. The radiative
bound-free cross sections are supplied as piecewise fits by power laws. Bound-free rates can
be analytically calculated assuming a black-body radiation field or numerically calculated
using an arbitrary radiation field input. The convolution of the cross section with a UTA
arary profile, generalized to the case of continuum final states, results in a smearing out of
the bound free transition threshold edge for each configuration ionization. At present the full
convolution is not performed, we approximate the level broadening of the edge by the UTA
half-width at the threshold. The free-free contribution to the opacity is provided through
a standard parametrization of the thermally averaged Gaunt factor. The photon scattering
by free electrons includes some collective effects by approximating Coulomb interactions in
the structure.
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Code Name: OPAL Opacity Code Authors: F.J. Rogers, C.A. Iglesias, and B.G. Wilson

The OPAL code[l] uses the method of detailed configuration accounting. That is, it consid-
ers ion stages and the electron configurations explicitly from the start. Such a treatment requires
vast amounts of atomic data which is computed using parametric potentials.[2] The accuracy of
the method is comparable to single configuration, self-consistent-field calculations with relativistic
corrections. It is important to note that the generated atomic data is accurate not only for valence
electrons but also for inner shell electrons as well as multiply excited configurations.

The bound-bound transitions are calculated for all subshells in each configuration of the various
ion stages explicitly. The line spectrum is treated in pure LS coupling for low Z materials and full
intermediate coupling for medium Z materials.[3] Due to the detailed nature of the calculations,
the method is currently limited to Zjmid 30’s. Except for special cases the line shapes are Voigts
with Gaussian widths given by Doppler broadening and Lorentz widths given by electron impact
formulas fitted to experiments.[1] The exceptions include fine structure and linear Stark effects due
to ion electric fields.[4] The exceptions are: The Lyman and Balmer series of one-electron ions,
transitions from the ground configuration of two-electron ions, and transitions out of the ground
shell of three-electron ions. For one electron ions, a simple method by Griem has been extended to
treat transitions from principal quantum numbers larger than 2.[1]

Photoionization processes are also considered individually for all subshells in each configuration
of the various ion stages. The calculations are done in LS coupling for cross sections with threshold
energies near the peak of the Rosseland mean weighting function (or any other region of interest).
For the remainder, the central field approximation is used. Note that bound-free absorption from
the negative hydrogen ion is included.[1]

Inverse Bremsstrahlung is computed using the parametric potentials including plasma screening
as well as degeneracy effects.[1] Although the brute force quantum mechanical calculation of the
dipole matrix elements for free-free photoabsorption cross sections is possible, approximate schemes
have been found to be accurate for many cases of interest. Inverse Bremsstrahlung for neutral atoms
is not computed except for H and He but these do not include any plasma effects.[1]

The photon scattering from free electrons also includes plasma screening and degeneracy effects
as well as relativistic corrections.[5] The method has electron correlations through the Random
Phase Approximation and first order exchange terms.[6] Rayleigh scattering from neutral H and He
using fits [7] are added to the total scattering results.

The LTE state occupation numbers are obtained from a renormalized expansion of the grand
canonical ensemble.[8,9] This approach avoids the ad hoc cutoff procedures necessary in Saha-
Boltzmann calculations. The method systematically includes Coulomb corrections beyond the
Debye-Huckle terms. For mixtures, coupled equations for the full plasma are solved at each density
and temperature point. Thus, it avoids invoking ideal gas mixing laws. However, for astrophysi-
cal mixtures, which vary depending on the particular star, accurate re-mixin g schemes have been
developed that use existing OPAL data rather than computing from the start.[10]
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Code Name: RACHEL Opacity Code Authors: L. Drska and M. Sinor

The RACHEL (RAdiation CHaracteristics EvaLuation) code is a part of the package MIRIAM
for simulation of high-parameter plasma systems. Its strength should be in a reasonably consistent
physics model with relatively detailed evaluation of non-ideal plasma effects. The presented version
of the code is based on the unresolved transition array (UTA) model. The code is not suitable for
very low-Z ions, its main application should be for medium-Z systems.

Atomic data are obtained by the modified version of the quantum-mechanical ion-sphere average-
atom model SCAAM [1], which is based on the finite-temperature density-functional theory [2]. En-
ergy eigenvalues with relativistic corrections, level populations, wave functions, chemical potential,
and potential are calculated self-consistently. Exchange and correlation corrections are considered
in the local density approximation [3].

The bound-bound transitions are calculated for all lines between pairs of single-electron states
obtained from average atom. The transitions between two single-clectron states from each configu-
ration of the diverse ion states give rise to a cluster of lines. If we suppose, that lines in the cluster
merge together, then statistical procedure similar to method used in [4] can be adopted for descrip-
tion of the shape of the cluster of lines. Representing fluctuations of the occupation numbers around
non-integral average numbers by certain distribution function (binomial in our case), enables to
evaluate the probability of existence of different configurations and transition energy fluctuations.

Using these data and assuming ounly first-order corrections of the oscillator strength upon energy
of transition, the profile of the cluster of lines can be obtained. It is formed by individual line profiles,
which have in the presented code Voigt forms with Gaussian widths given by Doppler broadening;
Lorentz widths are determined by natural broadening, electron impact broadening with contributions
from elastic and inelastic scattering, and Stark broadening calculated in the nearest neighbor dipole
and quadrupole approximation.

The photoabsorption cross section is evaluated with the use of the standard formula based on
the dipole matrix elements [5]. The free-electron wave functions are obtained as a solution of the
Schrédinger equation with the self-consistent field average-atom potential. The description of the
photoabsorption-edge broadening is based on tle statistical method analogous to the one accepted
for bound-bound transitions. But due to the simple nature of this treatment, spreading of the sharp
peaks in bound-free cross section, arising from the resonance behavior of matrix elements for small
free-clectron energies, is not fully adequately described, yet.

Inverse Bremsstrahlung is, as in the case of photoeffect, evaluated using the free-clectron wave
functions. The computation of the dipole matrix elements with these wave functions represents one
of the alternatives of obtaining free-free cross section in the code RACHEL. But this method is,
as a rule, relatively time consuming due to the large number of partial waves that must be taken
into account. The second choice, employed for the presented results, is based on the zero-frequency
approximation [5], in which free-free absorption cross section is expressed in terms of the elastic
scattering amplitudes. This approach can be justified by the dominant free-free contribution to the
opacity at low frequencies.

The photon scattering from free electronsis calculated according to Klein-Nishina formula, which
takes into account non-relativistic and Compton scattering.
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Code Name: SADIR Author: B.G. Wilson

The SADIR (Spin Averaged DIRac ) code employs detailed configuration accounting
in L-S coupling. The configuration probability list is generated by systematically searching
a multidimensional lattice configuration space starting from a point about the average ion
reference configuration. The probabilities are given by the standard Saha-Boltzman formula
applicable to a neutral ion sphere, modified to include the effects of detailed term structure
in the UTA approximation. To efficiently generate this list the configuration average total
energies are approximated by a Taylor series expansion in occupation numbers about a ref-
erence average ion configuration. To increase accuracy, multiple data bases, i.e. expansions
about canonical ensemble average ions, are employed for each distinct ionization stage. The
atomic data is generated from solving the spin-averaged Dirac equation in a self-consistent
field using a local density approximation for the exchange-correlational functional (namely
the Gunnarsson-Lundqvist parametrization).

The detailed structure of the bound-bound transitions are computed explicitly. For
configurations of low probability, or those transition arrays that are deemed too costly to
compute explicitly, the treatment defaults to that of a UTA. The Voigt profiles employed
for individual lines have Lorentz width components given by electron impact formulae
computed in the Born approximation.

The bound-free cross sections are suplied as piecewise fits by power laws. The broadening
of the continnum edge due to term structure of the initial configuration is treated explicitly,
and defaults to a UTA treatment for overly complex initial configurations.

Inverse Bremsstrahlung is computed in the Born approximation by fitting the self con-
sistant potential in a Yukawa parametrized form. The free-free contribution to the opacity
is provided through a standard parametrization of the thermally averaged Gaunt factor.
The photon scattering by free electrons includes some collective effects by approximating
Coulomb interactions in the structure.



Code Name: SAPHIR Author: A. Rickert

The code SAPHIR was developed to generate tables of frequency averaged extinction
and emission coefficients, so-called group mean opacities, dependent on temperature and
density to be used by the radiation hydrodynamcis code MULTT.

The distribution among ionization and excitation states, being the basis for the opacity
calculations, is determined within the framework of the collisional-radiative model including
ground states and singly excited states for all relevant néj-configurations with n < 10. Free
electrons are assumed to have a Maxwellian distribution according to electron temperature
T.. Transitions between these configurations are due to collisional processes (excitation, de-
excitation, ionization, three body recombination, dielectronic recombination) and radiative
processes (radiative recombination and spontaneous emission) [1,2]. This requires many rate
coefficients and therefore approximate formulae are used that allow fast computation. The
two-parameter GSZ potential [3] is used and the Dirac equation is solved to get energies,
wave functions and oscillator strengths accounting for relativistic effects. The parameters
are determined by least-squares fits [4] to self-consistent relativistic energies obtained with
the DFS program HEX [5]. Dielectronic recombination (DR) is calculated with formulae
given by Peter [6] and, due to computational limitations, the screened hydrogenic model
with £-splitting is used for both energies and oscillator strengths. All transitions depending
on the radiation field are neglected, that means the plasma is assumed to be optically thin.
The plasma state is numerically determined by a steady-state solution of the rate equa-
tions. At high densities, the rates are influenced by nonideality effects. This is taken into
consideration using the ion-sphere model and reducing the statistical weights of the final
states with increasing density [7].

In order to account for changes of the atomic properties in dense plasma, we modify
the two-parameter potential using the ion-sphere model and the homogeneous free electron
gas approximation. In this manner, the potential depends on the free electron density,
has finite range, and has only a finite number of bound levels. We use wave functions
to calculate photoionization and photoexcitation cross-sections. A Voigt line profile with
natural, Doppler, and electron collisional broadening is applied. To mimic the effect of
term-splitting important for mid-Z and high-Z elements, an artificial line broadening of
10eV, 20eV, and 30eV is applied for iron, germanium, and gold, respectively. This allows a
better comparison with codes that take into account term splitting or use the UTA model
[8]. Work to include the UTA model is in progress. For inverse bremsstrahlung a modified
Kramers formula is used and scattering is described by the Thomson cross-section.
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