A major purpose of the
Technical Information Center is to
provide the broadest dissemination
possible of information, contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments..

Although portions of this report
are not reproducible, it is being
made available in microfiche to
faciitate the availability of those
parts of the document which are
legible.

2




—

LA-UH -86-4153 MG R

Los Alamos National Laboratory is operated by the University of Calitornia for the United Siates Department of Energy under contract W-7405-ENG-36.

LA-UR--86-4153
DE87 003728

TITLE: OPACITY CALCULATIONE FOR LASER PLASMA APPLICATIONS

AUTHOR(S): Norman H. Magee Jr., T-4 M a STER

SUBMITTED TO: Proceedings of Lasers '86 Meeting
November 3-7, 1986
Orlando, FL

DISCLAIMER

This teport was prepured as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, mukes any warrant/, express or implied, of assumnes any legal linhility or responsi-
bility for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Goverrment or any agency thereof.

By acceptance of this article. the publisher recognizes that the U.S Government retains a Nonexclusive, royaity-tree licenss to publish or reproduce
the published form of this contribution. of to allow others to do so. for 1J.8. Government purposes.

The Los Alamos National Laboratory requests that the publizher identily this article as work performed under the auspices of the U S Department of Energy

LOS AISNAOS LesAemos NatonalLavoratory


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


OPACITY CALCULATIONS FOR LASER PLASMA APPLICATIONS

Norman H. Magee, Jr.
Los Alamos National Laboratory
Group T-4 MBS B212

Los Alamnos, New Mexico 687349

fbatraot

The Los Alamos LTE light element detailed configuration opacity code
{LEDCOP) has been revised to provide more acourate absorption coefficients and
group means for mndern radiation-hydrodynamic codes. The new group wmeans will
be especially useful for computing the transport of thermal radiation from
laser deposition.

The principal improvement is the inoclusion of a complete set of acourate
and internally oconsistent L8 ¢‘erw energies and oscillator strengths in both
the EOS8 and sbsorption coeffiocients. Selected energies and osoillator
strengths were calculated from a Hartree-Fock code, then fitted by a quantum
defeot method. This allowed transitions at all wavelengths to be treatsd
consistently and accurately instead of being limited to wavelength regions
covered by experimental observations or isolated theoretiocal

. calculations.

i A second improvement is the use of more acourate photoionization oross
sections for excited as wll as ground state configurations, These oross
seotions are now more consistent with th®» bound-bound osocillator strengths,
leading to a smooth transition aoross the continuum limit,

Results will be presented showing the agreement of the LS term energies

and osoiliator strengths with observed values. The new absorption
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Introduction

OQur group at Los Alamos National Labortory has been involved in
calculating the interaction of radiation with matter for many years. I
am here today to report on two improvements we have made in our light
@lemant opacity code (LEDCOP), which calculates absorption coefficients
and cpacities of LTE plasmas for use in the thermal transport of

radiation and other plasma applications.
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FIGURE 1. Thooretically ocalculated absorption
coefficients for aluminuwm. The solid ocurve is
the acotual caloculation and the dashed line represents

the group means averaged over 10. eV wide bins.

The solid curve in Figure | shows a representative sample of the

absorption coefficient output from the code. The absorption coefficient



sontains contributions from bound-bound transitions, bhound-free phaoto-
ionization, free-free ahsorption and scattering. The initial use of the
sode, whiclk dates back over 20 yearst was to produce Rosseland mean opacities
for astrophysical mudeling codes. Thus, an integration was preformed over
11!l frequencies to produce a single number (the opacity) for each

ewperature and density. As computers have become larger and modeling codes
ore sophisticated, the new generation of radiation hydrodynamics codes have
lemanded more detailed, frequency dependent information, as might be
‘epresented by the dashed line in Figure |{. This curve was produced by taking
®. @V wide energy bins and integrating over the solid curve to produce an
verage value. One should note that the sample bin structure ws not a good
‘hoice to represent the solid ourve, therefore one really needs to know the
wmjor details of the cross sections fairly accurately. Ue have improved

‘he caloulation in two areas. The first area is the bound-bound transitions,
here we goiug to a full LS treatment of the energy levels and the oscillator

trengths. The second area is a expansion of the non-hydrogenic bound-free

bsorption oross sections to excited edges.

LS Energies and Transitions

Figure 2 shows the line struoture for a transition in oxygen IV, assuming
hree levels of detail: JJ splitting, L8 splitting and configuration
veraging. Many codes have only used the single averaged line to represent
he transition in their ocaloulations. Our code has used a mixture of
he L8 transitions and configuration averaged lines, depending on what
hlornntlon was available from experiment or theory. Configuration averaged
ines really oan not be used if one needs detailed frequency dependent

nformation. We have decided to go to a full LS treatment, but



plasma. There are two reasons for this. If you use

JJ splitting in this simple example, you have !8 lines versus 6 lines fcr

the LS splitting. Even with increased computer capabilities, the JJ splitting

is still too much iaformation to handle for all the configurations of all

ionization stages of an element. Second, the goal of the code is to calculate

group means for radiative transport and not for spectroscopic anaylsis, and

the increase in detail is not needed for reasonable width group means.
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of lines in & 2s - Jp transition oxygen 1V are shown in mory detail
of oxygen IV for three different for three of the L8 multiplets.

levels of detail

Figure 3, whioh shows three multiplets of Figure 2 in more detail,
illustrates this point., We are using a Hartree-Fook code of Robert Cownéz to

caloulate the JJ energy levels and oscillator strengths, then averaging to LS
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splitting. If you are interested in the depaosition of energy at a definite
frequency (1681.9 A% for example), if you are interested in anaylszing the
spectra, you hLave to retain the full JJ splitting. If you are calculating
jroup means, the fact that you have 3 lines instead of 5 lines will hardly
1ffect the group mean calculation at all, as long as the oscillator strengths
ire correct and the group mean energy is large compared to the line splitting.
'he LS spectra should only be used to alert the user that there are lines iﬁ
:he region of his laser frequency. The user should then go to a structures
jode and find out exact transition energies, oscillator strengths, etc.

We have decided to reduce the amount of stored information even more by
'Altting the Hartree Fock LS results and storing 2nly the fit crefficients.
i@ use a quantum defect method developed in Los Alamos by Clark and ﬂ-rtd’

rere the ‘orm of the energy fit is shown in equation 1

E = (Z - N+ 1)2 Ryd. (1)

(n - (0g ¢+ ©,/n ¢+ ozlnz)2

here Atowmio Z
N = Number of bound electrons
n - Prinocipal shell quantuwm nuwmber.
he linear least square fitting code takes the Hartree-Fook energies
caloulated without any configuration interaction or wixing) and fits
hem to obtain Cer °, and Q, for a Rydberg series of energies for eaoh
8 term. The energies are relatively simple to fit and the fit is fast
nd easy to use. Unfortunately, the oscillator strength fits, whioch
re based on the same Hartree-Fock output, are much more diffiocult to obtain.

he osoillator strength equation is shown below:

t = ANGFAC *AE « IT‘!J“’ (2)
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where ANGFAC Angular scattering factor

AE = Transition energy in Rydbergs
ITiJl = Configuration averaged radial dipoie matrix element
9; = statistical weight of the initial multiplet.

AE is obtained by using equation | to calculate the upper and lcwer multiplet
energies and taking the difference. The angular factors are obtained fraom
Cowmn or Condon and Shortl¢;+ and stored in a data base. Splitting the
angular factor out this way is very oconvienent since it allows one to use a
configuration averaged radial dipole matrix element and take full advantage
of the angular sysmentry to store less data. For instance, if you have the
angular factors for neutral oxygen, they are the same for oxygen-like iron,
aluwminum, etoc. Also, the angular terws are the sawme for siwmilar
configurations. A simple exawple would be: H, Li, B and Na. In transitions
involving only the outer electron, all four elemsnts consist of a single
rlectron outside a closed shell and the angular factors are the same for all.
This duplication is also true for more complicated configurations and allows
e to assemble a relatively small data base for all light elements.

The configuration averaged radial dipole matriax elements 'Tidl from the
lartree-Fook code are then fit using the quantum defeoct formalization. This
time there are 6 coefficients, 3 for the initial state and 3 for the final
itate, and the fit can be highly non .inear. Howaver, one ends up with only
Iix coeffioients to represent an entire transition array, such as s - p or

i-pl



TABLE I. Numerical comparison for oxygen

Calculation No. Coefficients No. Qutput Quantities
Enerqgy Levels 2349 5441
Angular Factors 1467
Transition Coefficients 768
Lines 63339

Total 435084 70800

Table I illustrates the advantage in storage requirements if the fits area
used instead of the actual numbers. For all ionization stages of oxygen, all
principal quantum numbers n up to 10 and all angula- mowmentum values from @ tc
4, it takes 2349 coefficients to produce 3441 LS energy levels. If
you add in the angular factors, which will handle 2]l configurations through
argon-like, and the coefficients for the transition matrix elaments, you
obtain over 63 thousand lines. Therefore, less than 3 thousand stored number:
will produce aver 70 thousand output numbers. If you have a dilute plasma anc
the equation of state has to be caloulated to n = 30 or 100, you obtain over

130 thousand qutput nuwmhers for the same number of ccefficients.
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FIGURE 4. Percentage difference bhetween fit energy levels

and NBS tables for four Rydberg series of neutral oxygen.

There is, of course, a loss in acouracy in using fits instead of the
actual data. Figure 4 shows the percentage difference between the calculated
energies and the Nsss'tablos for four rydberg series of neutral oxygen. From
a maximum of 2.3 %, the difference drops off to .0! %, the largest errors
ococuring at the lowest n values as expected. Another point of interest is the
trend in the error versus oconfiguration, especially for n = 3. One of the
underlying assumptions of the quantum defect method is that the wavefunction
of the active electron does nut overlap the core. Electrons with lower
l valjues will penetrate the ocore more and the curves show that the higher
1 value series are better fit by the quantum defeot method. For all
ionization stages of oxygen, the maximum error that we have found is 3 %, and

this occured where two levels have a strong configuration interaction. Since



our fits are based on Hartree-Fock calculations without configuration mixing,

it is not surprising that our largest errors will be where there is strong

mixing.
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FIGURE 3. Plot of oscillacor FIGURE 6. Plot of oscillater

strength versus final quantum strength versus final quantum

nuwber n' for initial values number n’ for initial values

of n from 2 to 9 for the of n from 3 to 9 for the
transition 2;1 np‘ - 281 n'd1 transition 2:2 ns1 - 292 n'pl
in carbon II1I. The solid lines

in carbon I11. The solid lines

are the fits and the circles are the fits sand the circles

are the initial Hartree-Fock
calculated oscillator strengths.
This plot printed with permission

of Clark and Merts.

are the initial Hartrea-Fock
calculated oscillator strenqgths,
This plot printed with permission

of Clark and Merts.
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Since it is difficult to obtain a complete series of observed oscillator
:rengths, we compare the fitted oscillator strengths to the input Hartree-
ick numbers. Figures 5 and 6, from the paper by Clark and Merts, show a
-~ d sequence and an s - p sequence. The lowest curve in fiqure 3 is the 2p
) nd series, the next curve the 3p to nd series, etc. The maximum error
twaen the calculated and fit numbers is about 1 4, but this is a relatively
sy array to fit. The structure of the array in Figure 6 is much more
wplicated as would be expected for an active % electron. Here, the lowest
rve is the 3s to np and it has slightly more structure than the p to d
rves, but by the tise you reach the 6s to np curve, it really bends
er. For this oscillator strength array, we have errors on the order of
' % between the input numbers and the fit. Howsver, when one realizes that
e 33 to 4p hydrogenic oscillator strength is .48 and we are getting a number

the order of .02, errors of 10 7/ are relatively negligible compared to the
provement from the hydrogenic value. The observed osocillator strength for
is transition is .0354, but since neutral and near neutral iocnization stages
ually have strong configuration interaction, which is not included in the
rtree-Fook caloulations, one should not be surprised at this difference.

is does reemphasize the fact that these results are not for spectroscopic
tlysis, but for group msans of reasonalbe energy widths. As long as one
1serves oscillator strength and distributes it approximately correctly, the
up means are not going to be seriously affected by errors of this order of

jnitude in the weaker oscillator strengths.



Non-Hydrogenic Bound-Free Photoionization

The expansion in use of the non-hydrogenic bound-free cross sections
turns out to be just as important as the new bouna -bound line treatment. In
the past, we have used single configuration, fully relaviscic potentials to
calculate bound-free cross sactions for the levels occupied in the ground
state of an atom. For exawmple, nsutral aluminum had non-hydrogesnic cross
sections for the 1s, 2s, 2p, Js and 3p edges.
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FIGURE 7. Hydrogenic and non-hydrogenio bound-free oross
secotions of neutral aluminum are plotted for the 3p ground

state and the 4s exocited state.

Figure 7 shows the difference detween the hydrogenic and non hydrogenic 3p
oross sections, which can be more than an order of =agnitude,
as well »s hnvlhq a completely different struoture, We have now included

non-hydrogenio oross seotions for some of the excited edges, such as the ds



shown in figure 7, These cross sections were not included previously because
it was not realized until recently how large the differences were, and it was
felt than the occupancies of the excited levels were low enouch to ignore the
cross section differences. This has turned out not tc be the case and in some

temperature-density regions, this cross section change i the dominant effect.

Hesults

Figure 8 illustrates the effect these changes can have on the absorption
coefficients. This temperature-density point for aluminum is not typical, but
has been picked to show how large the differences can be. Rbove 10. eV photon
energy, the absorption coefficients were dowminated by the excited bound-free
edges and the hydrogenic On %\ @ bound-bound transitions. The lower non-
hydrogenic bound-free oross sections caused the continuous background to drop
by almost an order of magnitude in places. The shift in line strength from
above 10. eV to below 16. eV arose from the switch to non-hydrogenio
osoillator strengths. Oscillator strength is conserved in both caloulations,
but the distridbution is quite different. Instead of strong An = 1,2,eto.
lines and no &n =« @ lines, ve now have mnst of the oscillator strength in the
Adn = @ lines, resulting in the strong iines at 7.3 eV and the disapperence
of many lines above 10. eV. Putting both corrections in simultansously also

insures a smooth transition aoross the continuum lisit.
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FIGURE 9. Four group wmran plots,
two for each of the curves in
Figure 8, showing the difference

in the results, not only for the

two data sets but also for the

group maan structure.

#s has been stated throughout this paper, we are interested in producing

tter group means for radiation transport caloulations.

ts ef group means for each ourve in figure 8.

Figure 9 shows two

The two grroup weans over the

Il 20. eV photon range ditfer by a factor of 2 to 23, certainly a signifiocent

inge, but not as signifioent as the changes for the smaller group means from

to 10. eV and 10, to 20. eV.

st group and an order of magni.ude deorease for the second group.

lustrates what we are striving for with this set of changes:

Here wo have a factor of 2 increase for the

This

more acourate



:rnd detailed group means, where the group mean boundaries are choes>n carefully

to take into account prominant spectral features, but are not so narrow as to

involve one in spectral anaylsis.

Beferences

A.N. Cox, Stars and Stellar SysTews, Vol. 8, ed. L. H. Aller
and D.B Mclaughlin,Chicago University of Chicago
Press (1964),

» R. D. Cowan, Theory of Atomic Structure ind Spectra, 3erkeley: Unjiversity

of California Press (1961).

h R. E. H. Clark and A. L. Merts, “"Quantum Defect Me*hod Applied to
Oscillator Strengths”, (to be published).

le E. U, Condon and G. H. Shortley, The Theory of Atowmic Spectra, University
Press Cambridge (1932).

. C. E. Moore, Selected Tables of Atowmic !ipescotra, NSRDBS-NBS 3 (U. 8. Gavt.
Printing ofe., Ulihlnqton. D. C.) Seo. ?(1’76“0 1.



