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ABSTRACT

We have developed a detailed configuration-accounting kinetic model for
calculating time-dependent jonization-balance and ion-level populations in
non-local thermal-equilibrium (non-LTE) plasmas., We use these population
estimates in computing spectral line intensities, line ratios, and synthetic
spectra, and in fitting these calculated values to experimental measurements.
The model is also used to design laboratory x-ray laser experiments. For this
purpose, it is self-consistently coupled to the hydrodynamics code LASNEX.

*Work perfarmed under the auspices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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1. INTRODUCTION

Many laboratories are actively investigating radiation spectra of plasmas
that are produced either by high-power lasers or gas-puff z-pinches, because
spectral-line intensities from these plasmas are useful as temperature and
density diagnostics. In a well-diagnosed plasma, moreover, information about
the emission spectra allows one to te:st the accuracy of theoretical rate
coefficients. Before one can analyze the emission spectra, however, one needs
to know the plasma's charge-state distribution and ion-level populations as a
function of its electron temperature and density.

Since the plasmas of interest are usually produced with electron densities
ranging from ]0]7 to ]DZI cm'3, neither the coronal nor the
Saha-Boltzmann equilibrium can be expected to apply. The Saha-Boltzmann
equation, for example, applies only to higher-density plasmas. The coronal
model, on the other hand, calculates ionization balance for ions in their
ground stategl so it applies exclusively to plasmas with electron densities
less than 10'Y cm'3. In this paper we discuss a detailed
configuration-accounting kinetic model which can be used in lizu of the
coronal and Saha-Boltzmann models to calculate time-dependent ionization
balance and jon-level populaticns of the non-LTE plasmas in the
electron-density range of interest.

The model offers two options for calculating ion-level ponulations. The
first (defauit) option treats all .he ionization stages in a plasma in a
hydrogenic approximation. The secand option treats certain ionizatiou stages
in terms of their detailed non-hydrogenic energy levels and rate coefficients.

In the default option, we assume that each energy level couples with every
level of the same ionization stage, but only to the ground state of the next
ionization stage. (This approximation allows us to develop a particularly
efficient method of calculating the populations.) The ground-state and
excited-state energy leveis for each jonization stage are generated from
screening constants. There is one energy level per principal quantum number,
and the following processes are included: (1) electron-collisional excitation
and de-excitation, (2) radiative emission and absorption, (3)
electron-collisional ionization and photoionization, (4) radiative



recombination, (5) three-body recombination, and (6) dielectromic
recombination. A1l the rate coefficients are scaled from those obtained for
hydrogenic ions, Using the default option, our model can be used in
calculating the charge-state distribution and radiative power of arbitrary
non-LTE plasmas.

In the second option, the model retrieves from a data file both the energy
levels and the collisional and radiative data for certain ionization stages.
The data file includes energy levels, oscillator strengths, collisional
excitation- and jonization-rate coefficients, photo-ionization cross sections,
and avto-ionization rates. Thic option allows us to apply the model to the
analysis of non-LTE plasma emission spectra and to the simulation of
laboratory x-ray laser experiments.

Qur model is self-consistently coupled to the hydrodynamic code
LASNEX.l We use the electron temperature, electron density, and photon
density from LASNEX to compute ion-level populations, and these values are
then used in the calculation of the average ionization state, emissivity,
photon-absorption cross section, and binding energy. LASNEX introduces these
quantities into the equations of radiation transport, hydrodynamics, electron
energy, and number balance, and thus updates the electron temperature,
electron density, and photon density for the next time step.

In the next section, we discuss the hydrogenic option, giving detailed
consideration to time-dependent and steady-state ionization balances. We also
compare our results for the average fonization state and charge-state
abundance with an average-atom model and with the results of recent
experimental measurements. In Section III, we discuss the non;hydrngenic
option, and use our model to validate a proposed method of estimating
jonization-balance data from experimentally measured emission spectra.
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I1. HYDROGENIC APPROXIMATION

A. Time-Dependent lonization Balance

In the hydrogenlc approximation, the populations for the ground state N]

and excited state N (¢ > 1) of the ion at its ith jonization stage
are described by the following equations:

Ztﬁ = - Ry + E £+ sy 00 0, - E [Ri-l(k) Nyq - 546K ":] 8,10 (1)
where t%k = (ng Cp * By Yo) Lk,

t%k = (ng Cgﬂ. *hg B Upyd Rk,

et = - kgl (g Coic * Ay * By Upy) = kgl (e Cay + Byg Uny)

and n, = electron density. The symbol Akz is the Einstein coefficient for
spontaneous emission fram state k to state 8. The symbol Bkz is the
Einstein stimulated-emission coefficient for a transition induced by radiation of
energy density Uhvd(h“) in the energy range from hy to hv + d(hv).
The symbol 62’] stands for the usual delta function, and sc is equal tc O
unless & = 1,

The matrix t couples all the energy levels within the 1th ionization
stage by c0111s1ona1 or radiative transition. Cgk and ng are respectively
the collisional excitation- and de-excitation-rate coefficients for transitions
between level & and level k., The term Ri(l) represents the total ionization
rate from level ¢ including electron collisional ionization and photoionization.
The total recombination rate S1+](1) includes rad1at1ve, three-body,
and dielectronic recambinations. The term k 1 1(k)N1 1 represents
the increase of the ground-state population caused by ionization, and the term
£ Si(k)N} represents the decrease of the ground-state population
caused by recombination. These two terms exactly cancel each other when the
plasma reaches steady-state equilibrium, where the total ionization rate of a
given ionization stage is equal to the total recombination rate of the higher
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ionization stage. Although in this madel each excited level is coupled to the
ground state of the next ionization stage only, the coupling to the excited
state of the next ionization stage is, in general, negligible for electron
densities less than 1022 cn™3,
The equation for excited state level populations can be rewritten as:
dN,; Yok ok
- R (Q,)N +)_‘ t N+ S;uq(2) N,H_] (2

e 1
+ (ne C.“L + B]l Uhv) N; g1

where the matrix Yi couples the excited states together, The symbols C?z
and B]z are the electron-collisional excitation-rate coefficients and the radiative-
absorption cross section, respectively, for the transition from ground state to
level 2.

By solving Eq. (2), we obtain the following difference relation for the

excited-state level population
(B8 © (chE 4 atfad(n]) Bt 4 b n], ) tRY 3
where At is the time step for the kinetic calculation. The term c% is given in

terms of the level populations. Both the coefficients aE and bE arg expressed
in terms of the matrix % and the jonization- and recomb1nat1on-rate

coefficients.
Substituting Eq. (3) into Eq. (1) gives
1,t+at _ (0] 1 1 tmt t4at
O A I R ] ()

/('I-AtF?)
where the coefficients F?, F}, F%, and F3 depend on aE bz %, and
the ionization-rate and recombination-rute coeff1c1ents. Equation (4) for the
ground-state populations can be solved easily using any method for a

tridiagonal matrix.
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B. Steady-State Ionization Balance

In steady-state equilibrium, the level populations are determined by the
salution of Eq. (1} when dN%/dt is set to zero for every level.
Eq. (1) then reduces to the following form:

! ) W s N, (5)

where

ok 2k
T T Ri(R)E, -

By solving the level populations in terms of the inverse of the matrix
Ti' we have

K p r-like 1 ‘
N ‘g (T3 55 (00N, (63

Using these results for the level populations, we write the total

th

ionyzation rate of the i~ ionization stage as

1

ay,, = I RG(TH
k.2

1
i+ Si+1(m)Ni+l (7

and the total recombination rate for the i+) ionization stage as

1 r -1 41
BiNis = lE 51‘+1(k)] [,{ (i) QSnz‘”} Mg - (8

At steady-state equilibrium, the total ionization rate of the iCh
jonization stage is exactly equal to the total recombination rate of the i+1

ionization stage. The results are

1 1 .
s ° B.. 4N lcic Zn-l R (9)

;N iV

where Z" = the nuclear charge of the ian,
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The excited-state populations are determined by solving Eqs. {6) and (9).
The results are

o [r rmly2
Nyo= [E (T3 ) 5i+1(k)](81+1/“i) (Biag/ojn)eee-(87 fog 1INy 415 (10)

Ny

S'l+] (k) (Bi+]/ai)(8i+2/ui+]). wee (an/azn_]) s

N =
Zn+1 1+ I (T;])lk
iRk
where Nt is the total ion density ard 1 < i < Zn .
If we are interested only in the total population of an ionization stage,
we can use Egs. (6) through (8) to write the total ionization rate as ’
a4

SN Tk o N

(1)
)
DRALTRANBIL

and the total recombination rate as

8.
i+l
VigNia = s Nieg s (12)
ok i+l i42
where N, = X N% . The total icnization rate, ¢, and the total
it i

recombination rate, bis hoth depend on the nuclear charge, ionization state,
electron temperature, and electron density.
The populations of each ionization stage can be obtained from the following

relations:
oM =¥ M - 222 03

The soluticn for this set of equations is written as

Ni = (0500/00) W pl0qpq)eeeecly /87 ) Ny 4y s
n .n n (]4)
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At very high electron density, where the electron collisional
de-excitation rate dominates the radiative spontaneous-emission rate, Eq. (13)

reduces to the Saha-Boltzmann equilibrium:

/KT

Ny = (G 32 ) e e 1
Ni/Njeq = (Gnede /265 ! (15)

-4 /T,
where 6, = J 95,0 © s

= statistical weight for level ¢ of ith jonization stage,

94,8

E% = excitation energy for level £ of ith jonization stage,
I = jonization potential of ith janization stage,

Te = electron temperature, and

Xe = free electron thermal de-Broglie wavelength.

At very low electron density, where the radiative spontaneous-emissicn
rate dominates the electron collisional de-excitation rate, Eq. (13) reduces
to the coronal equilibrium:

Ni/Njyq = g Siv1 ()R (1) (16)

where the total recombination rate, Si+](1) includes both radiative and
dielectronic recombinations.
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C. Atomic Model

Each energy level of an ion is described by a set of occupation numbers
{P,}. The symbol P, which takes on integral values of 0, 1, 2,
e 2m2, gives the number of electrons in the mth shell of the jor. As
an example, the ground level of a neon-iike ion is characterized by P1 = 2,
P2 = 8, Pm = 0, m > 3; the first excited state is characterized by F1
=2, P2 =7, P3 =1, Pm =0, m> 4, The principal guantum number of a
level is determined by its valance electron. This model neglects all the
An = 0 transitions and assumes that the sublevels are in statistical
equilibrium,

We caiculated energy levels for each fonization stage using hydrogenic
screeninc constants. The ionization potential for a level & of the i
jonjzation stage is taken a$

I% =k [{Pm)i] - £ [fpm}i+1] o
where
ELPRY;T = I PrelCem)
m

U = Zp - ngm a(m,n) P - %-c(m,m)(Pm-l) , and

(g = 3 e (o 1+ @ - B L Yy

The @m are equivalent to the Pm except for the shell in which an
electron is removed by ionization processes. The symbols m, and ¢ are the
electron mass and speed of light, respectively. The term o here represents
the fine structure constant, and the term qn represents the effective charge
of the m-th shell, a value that includes screening from electrons in inner
shells only. The binding energy for the m shell, e(Q.m), is calculated
using the Pauli approximation to the Dirac equation. The g(m,n) are
hydrogenic screening constants.
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Several sets of screening constants have been published in the
literature. A set derived by Mayer using perturbation thecry has been widely
used,:'l and while the jonization potentials that are computed based on the
Mayer screening constants are reasonably accurate for highly-stripped ions,
they are grossly over-estimated for nearly neutral ions.’ Recenlly, More
has obtained a set of screening constants by least-squares fitiing the
innjzation potentials from the screening medel to a data base contairing 800
jonization potentia]s.2 This new set of screening constants gives
satisfactory results for both highly-stripped ions and ions close to neutral.
We adapt More's set in our calculation of ground-state ionization potent©al.

The electron collisional excitation- and iornization-rate coefficients zre
scaled from the results of Golden anc Sampson for hydrogenic ions.5 The
inverse rates are calculated using the detailed bzlance relation. The Burgess
ang Merts formula enables us to calculate dielectronic recombination rates for
both the an = 1 and an = Ovtransitions.6‘7 In calculating the on = 0
transitions, we used Post's values for both the average excitation energy and
oscillator strength.8 The radiative recombination rate is computed from
Kramers' classical formula (Ref. 9) together with a oourd-free baunt factor.
The radiative spontaneous-emission rates are calculated using hydrogenic
oscillator strengths, A1l the rate coefficierts are represented by simple
analytical formulas.

0. Results and Comparison with an Average-Atom Model

Since non-LTE calculations based on an average-atom mocel have been
employed in many laser-produced plasma simu]ations,m']2 a comparison with
the average ionization states given by our model is of interezt. In Fig. 7,
we have drawn contour plots showing the ratio of the average jonization stiate
of our model (ZDCA) to an avarage-atom model (ZAA) in the (Te,p) plane
for cesium. These figures represent the results of the average ionization
states for an LTE plasma (Fig. la) and a steady-state optically-thin altasma
(Fig. 1h}. For Te > 20 eV indp < 1 g/cma, the agr=ement between
models is within 20%. The largesi discrepancies occur at high densities and
low cemperatures, where one expects pressure ionization and multiple excited
states to be important. The hydrogenic model, which includes only singly
excited electron states, is nct expected to be applicable at these

temperatures and densities.
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Figures 2-6 nresent the results of the ionization-balance calculations
from our model for a stoady-state non-LTE plasma. In Fig. 2, we plot the
total ionization rate (solid curves) and total recombination rate (dashed
curves) for two selenium ionization stages (SeXXIIT and ZeXXV) as a function
of electron temperature at an electron density of 5 x 1020 cm'3. These
calculations employ the dielectronic recombination-rate coefficient given by
the Burgess-Merts formula. The total ionization rate For neon-like ions
becomes egqual to the total recombination rate from flourine-fike ions at an
electron temperature of approximately 1580.0 eV. At this temperature, the
nec -1ike jon population is about equal to the fluorine-like ion population,
although it is expected to be greater than the fluorine-like population below
1£30.0 eV and less above this temperature.

In Fig. 3, we compare the total ionization rate (solid curve) to tne
grourd-state ionization rate (dashed curve) for SeXXIII and SexXV ionization
stages as a function of electron temperature at an electron density of
5 x 1020 cm'3. The comparison shows the total ionization rate to be
greater than that of the ground state by factors of 5 to 10. The enhanced
jonization is due to contributions from the excited levels whick are pooulated
bty collisional excitation from the ground state. Both the collisional
excitation rate and the excited-state ionization rate at these temperatures
and densities appear large when compared to the ionization rate of tne ground
state. This condition will result in a charge-state abundance curve which
peaks at a lower temperature than a coronal calculation.

In Fig. 4, we plot the average ionization state of a selenium plasma as a
function of electron temperature st an electron density of 5 x 107 cm™~.

Also plotted in the figure are the average ionization states given by the LTE
and coronal equilibrium models, with ihe LTE ionization states calculated from
the Saha-Boltzmann equation. The coronal model assumes that all tne ions in a
plasma are in their ground states. The LTE model significantly over-estimates
the average jonization state at all tenperatures (because these plasmas are
not dense enough to be described using the Saha-Boltzmana equation), and the
coronal model underestimates the ionization state at low temperature by
neglecting excited state ionization., The average ionization state giver by
our model is qgenerally intermediate between cororal equilibrium and LTE,
although the coronal model and our model agree at high electron temperatures
where the step-wise ionization contribution is negligible.
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In Fig. 5, the charge-state abundances of a hot selenium plasma are
plotted as a function of electron temperature at electron densities of
5 x 1018 cn3 (Fig. 5a) and 5 x 1020 o3 (Fig. 5b). Also plotted in
the figures are charge-state abundances given by the coronal eguilibrium model
(dashed curves). We see that our model agrees with the coronal model at low
density (5 x 10]8 cm'3), but disagrees by more than one charge state at
the higher density (5 x 1020 cm’a). The neon-like ions (Se XXV) dominate
the charge-state distribution over a wide range of temperatures because of
their closed atomic-shell structure.

In Fig. 6, we plot the charyz-state abundance of a not seleniuw plasma as
a function of electron density at electron temperatures of 500 eV (Fig. 6a)
and 1000 eV (Fig 6b). We see that the excited state ionization starts to
affect the charge-state abundance at an eleciron density of § x 10‘ cm”
at 500 eV and does not contribute to the charge-state abundance until the
electron density is 1020 cm'3 at 1000 evV. This is due to the strong
temperature dependence of the ground-state ionization-rate coefficients.

In all of the calculations discussed thus far, we estimated the
dielectronic recombination-rate coefficient using the Burgess-Merts formula.
To test these rate coefficients, we compared them to a recent detailed
<:a1cu1atiun]3 which used the Muiti-Configuration Dirac-Fock (MCOF} method to
compute the Auger and radiative rates of individual doubly-excited
states. 4 Figure 7 shows the results of the comparison. We see that our
dielectronic recombination~rate coefficient agrees to within 20% of the
quantum calculation over a wide range of temperatures.

The effect of dielectronic recombination on the jonization balance of a
hot selenium plasma is shown in Fig. 8.

Figure 9 campares the charge-state distribution of a hot steady-state
krypton plasma with the distribution measured exper-imenta'l'ly.]5 Both the
electron temperature and density were estimated using K-shell spectra of
phosphorus impurities seeded in the plasmas. The charge-state distribution
was inferred from the L- and M-shell emission spectra. Also plotted in the
figure are results of a calculation using the code XRASER. 5 ur results
agree reasonably well both with the experimental measurement and the XRASER

calculation,
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Since one of the motivations of our model was to design x-ray laser
experiments, we show the results of a prototype Nova exploding-foil
target:.]7 This design uses a 500-f Se foil illuminated by a 0.5-uym
laser of 400 ps FWHM duration at an intensity of 5 x ]0] H/cmz. Figure
10a shows the LASNEX (Te,ne) time histories that result from laser
illumination. The electron temperature and density are approximately 900 eV
and § x 1020 cm'3, respectively, at the peak of the laser pulse. In Fig.
10b, we show the charge-state distribution, which has reached steady state by
the peak of the laser (roughly 0.75 ns). Finally, in Fig. 10c we compare the
output x-ray energy of the average atom (AA) to the result given by our model
(OCA). Although the integrated outputs agree to within 10%, our results
obviously provide additional details in the photon energy range below 1 keV
that are important in interpreting experimental results.

In Fig. 11, we plot the radiative cooling rates of an optically thin
selenium plasma as a function of electron temperature at an electron density
of 5 x IDZD cm'3. The individual contributions from bound-bound (1Vine),
bound-free (recombination), and free-free {bremsstrahlung) radiations are
plotted separately. At low electron temperature, the line emission is totally
dominant, but bremsstrahlung becomes dominant at a temperature of about
20 keV. Radiative recomhination does not contribute significantly to the
total radiative cooling rate at these electron densities. Our calculation
neglects the 1ine emission from An = Q transitions because their
contribution to the total radiative cooling rate is in general negligible at

densities of 1020 cm'3.
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I1T. NON-HYDROGENIZ SPPROXIMATION

A. Basic Equations

Our model obtains the level populations for the ionization stages which
are described using non-hydrogenic atomic data from the solution of the
following rate equations:

ﬂ+§(u N, -H, N) =5 (18)

dt K ke R 2K Kk 4

where wik are the collisional and radiative rates for the transition
between levels & and k. The term S gives the contribution te the
population of level g that is caused by either ionization or recombination
from other ionization stages (not included in the equation), The summation
runs over all the levels in the non-hydrogenic ionization staces. The level
populations for the rest of the ionization stages are calculated using Egs.
{3) and (4) in the hydrogenic approximation.

The model reads an atomic data file to obtain the energy levels,
statistical weights, oscillator strengths, electron collisional excitation-
and jonization-rate coefficients, photoionization cross sections, and
autaionization rates, The rate coefficients and cross sections are fit to
simple analytic expressions and the fitting coefficients are stored in the
data file.

These data files (which are also read by other x-ray laser design codes
such as XRASER) are generated by a computer package called ADAM.]B Briefly,
ADAM receives the content of the model to be made from a generator deck and
then creates a model either from an atomic physics data base or from simple
analytic formulas. The data base contains primary atomic data which could be
obtained from experimental measurement or more elaborate atomic cade
calculation,

This last option makes it passible to apply the model to the analysis of
non-LTE emission spectra and to the design of laboratory x-ray laser

experiments.
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B. Results and Biscussion

Figure 12 shows the charge-state distribution of a selenium plasma at an
electron density of 5 x !020 cm-3 and electron temperature of 1000 ev.

The solid curve represents the results of a calculation using the default
hydrogenic option of our model, the dashed curve represents the results for
an atomic model which treats the neon-like ionization stage in non-hydrogenic
approximation, and the dotted curve regresents the results for an atomic model
which treats both Ne- and F-1ike ionization stages in non-hydrogenic
approximation, The atomic model has 58 energy levels for the Ne-like ion and
113 energy levels for the F-like ion.

The energy levels for the n = 2 and n = 3 states of Ne- and F-like ions
are computed using the multi-configuration Dirac-Fock code YODA.]g The
oscillator strengths for the transitions between these states are also
computed using YQOA.

Figure 13 shows the average ionization state of a selenium plasma at an
electron density of 5 x 1020 cm’3 as a function of electron temperature.
These comparisons in Figs. 12 and 13 show that the calculation using a
hydrogenic model produces resuits which agree reasonably well with
calculations using a more detailed atomic model.

C. lonization Balance Derived from Emission Spectra

In this section we use our model to validate a proposed method of
measuring ionic charge-state abundance in non-LTE plasmas. This method
obtains the ratio of populations for two ionization stages from the relative
intensities of the integrated x-ray flux in the spectral lines between two
configurations seen in both kinds of ions that are produced in a plasma. Ffor
example, the ratio of populations for Ne-like ions to F-like ions is measured
by comparing the relative spectral line iniensities arising from the 2p - 3d
transitions of such ions and scaling the relative intensities to the number of
2p electraons in each ion. This method assumes that the 3d-level populations
are dominantly produced by electron-collisional excitation from the grourd
state. We have estimated the cascade contribution to the 3d-level populations
in both F-Tike and Ne-like ions to be less than 20% for most laboratory
plasmas that are produced using a z-pinch or a high-power laser.
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Stewzn-t]5 has applied this method together with a satellite line model

for Ne-like ions to measure the krypton charge-state distribution in plasmas
that are produced using a z-pinch, The resuits of his measurement have
already been plotted in Fig. (9), together with the results of our
calculation. Recently, Bailey”" used the same method to measure ionic
charge-state abundance of Ni-, Co-, and Fe-like ions in europium plasmas
produced with laser-irradiated micro-dot targets.

To test this method for measuring ionization balance in non-LTE plasmas,
we calculated all the spectral line intensities arising from the 2p - 3d
transitions in Ne-like and F-like selenium ions. We then used these relative
intensities to compute the ratio of populations for Ne-like ions to F-like
ions. Results are plotted in Fig. 14 together with the ratio of populations
predicated by our model. We see that the population ratios obtained from the
relative intensities of 2p - 3d transitions agree to within 20% of the results
given by the ionization-balance model over a wide range of electron
temperatures and densities. This agreement suggests that ionization balance
can be measured by comparing relative intensities for a set of the transitions
seen in each ionization stage.

IV. SUMMARY

We have developed a detailed configuration-accounting kinetic model for
calculating time-dependent ionization balance and ion-level populations in
non-LTE plasmas. The model offers two options for calculating level
populations. The default option treats all the iorization stages in
hydrogenic approximation and applies analytical formulae to the calculation of
rate coefficients for both collisional and radiative transitions. The second
option treats certain ionization stages in non-hydrogenic approximation. The
model gathers all of the atomic data for these ionization stages from a data-
file. The second option allows one to use the model in simulating x-ray laser
and plasma-spectroscopy experiments.

We huva also coupled the model self-consistently to the hydrodynamics code
LASNEX. After obtaining the electron density and temperature and photon
intensity from LASNEX, the model computes the time-dependent level
populations., Next the average ionization state, emissivity, photon cross
section, and binding energy are computed using these new level populations.
LASNEX introduces these quantities into the equation of hydrodynamics, photon
transport, and conservation of energy.
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Figures

Contour plot of ZDCA/ZAA’ the ratio of the average ionization
of our model to an average-atom model for an LTE cesium plasma in

(Te,p) space.

Contour plot of ZDCA/ZAA for a steady-state optically-thin
cesium plasma in (Té,p) space.

Total ionization rate (solid curves) and recombination rate (dashed
curves) as a function of electron temperature for a selenium plasma

at an electron density of n, = 5 x 1020 em™3,

Comparison of the total ionization rate (solid curves) to the
ground-state jonization rate {dashed curves) for a selenium plasma

(ne =5 x 1020 cm'3).

Three kinetic models of the average ionization state of a selenium
plasma as & function of electron temperature (ne =5x !020

cm‘3).

Present model (solid curves) and the coronal eguilibrium model
(dashed curves) of the charge-state abundance of selenium as a

function of electron temperature (ne =5 x 1018 cm-3).

A similar comparison to that shown in Figure 5a of charge-state
abundance versus electran temperature at a different electron
density (ne = 5 x 1020 cm'3).

Charge-state abundance versus elertron density al an eleciron
temperature of Te = 500 eV.

Charge-state abundance versus electron densi'y at T = 1000 eV.
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Figure 7

Figure 8

Figure 9

Figure 10a

Figure 10b

Figure 10c

Figure 11

Figure 12

Comparison of the dielectronic recombination-rate coefficient
(calculated using the Burgess-Merts formula) with a recent
calculation using the Multi-Configuration Dirac-Fock Method (MCOF).

Dependence of the charge-state abundance of a selenium plasma on
the dielectronic recombination~rate coefficients. The symbol y
is the dielectronic recombination multiplier. The electron
density n, = 5 x 1020 em™3 and the temperature T, = 1000 ev.

Charyje-state distribution for a krypton plasina at an electron
temperature of 800 eV and an elecctron density of 3 x 1020 cm'3.

Time histories of electron temperature (Te) and density ("e)
for two zones of an x-ray laser explocing-foil-target design.

Time depen.ence of charge states SeXXIII to SeXXVII for an x-ray
laser voil-targec design.

Comparison of our model (DCA calculation) and an average-atom (AA)
model1 output spectrum for an x~ray laser foil-target design.

Radiative cooling rate for an optically thin selenium plasma as a
function of electron temperature at n, = 5 x 1020 cm'3. The
bound-bound (lines), bound-free (recombination) and free-free
(bremsstrahlung} radiation contributions are plotted separately.

Charge-state distributions of a selenium plasma calculated using
threg different atomic models at ng = 5x 1020 t:m'3 and Te

= 1000 eV. The solid line represents the hydrogenic model, the
dashed 1ine incorporates the non-hydrogenic approximatior for SeXxv
and SeXxVI, and the dotted line uses the non-hydrogenic
approximation for SeXXV.
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Figure 13

Figure 14

Average ionization states versus electron temperature of selenium
plasmas calculated with two different atomic models at n =

5 x 1020 cm’3 The solid curve again represents the hydrogenic
model, arnd the non-hydrogenic approximztion fcr SeXXv and SeXXvJ is
given by the data points (o).

Ratio of populations for Ne-like selenium ions to F-like selenium
ions versus electron temperature at electron densities of

]020 cm'3 and 102I cm'3. The solid curves represent

results given by the ionization-balance model. The dashed curves
represent results obtained by comparing the relative intensities of
2p - 3d transitiovns that are seen in each ionization stage.
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