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Abstract

We describe a model for self-consistent computations of ionic level populations and the radiation field in transient non-equilibrium plasmas.
In this model, the plasma density effects are described using the effective-statistical-weights (ESW) formalism based on the statistics of the
microscopic environment of individual ions. In comparison to earlier work, the ESW formalism is expanded to a self-consistent treatment of
the radiative transfer. For non-Maxwellian plasmas, the atomic-kinetics and radiative transfer computations may be performed for an arbitrary
distribution of the free electrons. A plasma is presented by a finite number of cells, each with uniform thermodynamic parameters. The radiation
field in each cell is computed by accounting for the radiation of entire plasma and of external sources. To demonstrate the predictions of the ESW
approach and their difference from those of the traditional approach we apply the model to high-density plasmas. Based on hydrodynamic sim-
ulations of a laser-matter interaction, we use the model to analyze spectral line shapes, where the effects caused by the spatial dependence of the
plasma flow velocity are demonstrated. In single-cell simulations, for acceleration of the computations, the model utilizes recently derived for-

mula for the cell volume—average and direction—average specific intensity of radiation.
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1. Introduction

Determination of the radiation field and ionic level popula-
tions in plasmas is important for understanding the plasma dy-
namics and for interpretation of spectroscopic data. In the
present paper, we describe a model for self-consistent compu-
tations of these quantities. The model is applicable to transient
non-equilibrium non-Maxwellian plasmas. For a chemical
mixture the description is detailed only for a single chemical
element, while ions of the other elements are treated as back-
ground ions that have no quantum states. The background ions
are characterized by the number density ny(r, ) and a mean
ion charge Z(r, 7). They affect the Debye radius, the plasma
coupling parameters, and the free—free radiation. The electron
density n.(r, f) is determined by the plasma neutrality
condition.
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2. Rate equations and the radiation field

In general, the plasma of interest is treated in terms of a 3D
sequence of cells, each having uniform ion density #;(j, f) and
temperature T;(J, f), where j is the cell number. For each cell
the distribution of ions (atoms) over the energy levels is given
by the non-LTE rate equations [1,2]

dNn.,
d_tq = ZNq’Rq’q —N, Zqu’7

q'#q q'#q

where N, is the number of ions in the g-th energy level and
R, o is the rate of direct (single step) transition from the level
q to the level ¢’ due to all atomic-kinetics processes. > N, is
the total number of ions in the cell, not including the back-
ground ions. Accounted for in the R, matrix are: spontane-
ous radiative decay, autoionization, photoionization, electron
impact ionization (including a removal of few electrons in
one collision [3]), electron impact excitation, photoexcitation,
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and the reverse processes. For ions a Maxwellian distribution
is assumed. Transitions caused by thermal ion—ion collisions
usually have small effect on the level populations [1,4,5]
and are not included yet.

The local radiation field and, thus, the local distribution of
photons f,(r, ¢, hv) is computed self-consistently with the plasma
composition and external radiation. The distribution of free
electrons, f.(J, ¢, &), is not self-consistent at present; however,
for analysis of non-Maxwellian plasmas the electron impact
transition rates may be computed for arbitrary f.(J, t, &), where
& 1s the energy of free electron.

For each particular problem, the computations require Gro-
trian diagrams, oscillator strengths, autoionization probabili-
ties, electron impact ionization cross-sections, electron
impact excitation cross-sections, and photoionization cross-
sections. The cross-section of any reverse process is deter-
mined by the principle of detailed balance [6]. Atomic-data,
required for present work, are computed [7] using modern ver-
sions of the ATOM and MZ codes [8,9] and selected from In-
ternet-accessible data bases [10].

The rates of the photoinduced processes depend on the lo-
cal direction—averaged specific intensity of radiation. Since
the entire cell is characterized by a single set of rates, the rates
depend on the specific intensity space-averaged and direc-
tion—averaged over the cell, i.e. on:

I,,(j,t)—47ﬂl/j(t)/dr/dQI,,(r,Q,t). (1)
(vy) Um

Here, V(?) is the cell volume and I,(r, €, ) is the solution of
the radiative-transfer equation [1,4]

or,(2,1)
0%

=6(L1) 7K;(Q7I)IV(Q,I) (2)

for a certain point r and direction €, £ is the coordinate along
the line traversing the point r at the direction €2, €, is the emis-
sivity, and «’, is the opacity (corrected for the stimulated emis-
sion). Evidently, each of the lines may traverse many cells.
External radiation sources are included in the boundary
condition.

A correct description of the photoinduced transitions re-
quires a computation of 7,(j,¢), which includes low energy
photons emitted due to transitions between close levels as
well as higher energy photons emitted due to recombination
to the ground levels or to deep vacancies. For this broad spec-
tral range, we use non-uniform photon-energy grid, which re-
solves the shape of each spectral line. The typical number of
the grid points (spectral groups) is 10°—10°.

In the computations of spectral line shapes the Doppler
broadening, due to ion thermal motion and plasma turbulence,
Stark-broadening, opacity broadening, and Doppler shifts are
included. For the Stark-broadening computations we follow
Baranger [2] or use the line shapes calculated based on Ref. [11].

Note that the fivefold integration (1), which has to be per-
formed for each spectral group and time step, makes the

computations time-consuming. However, for one important
case, the integration can be avoided, as discussed in the next
Section.

3. Radiation in a solitary cell

If a plasma is approximated by a single spherical or cylin-
drical cell and if the external radiation is negligible in compar-
ison to the plasma radiation, the computations of I, can be
accelerated by orders of magnitude due to the tables available
in Ref. [12], where it is shown that the fivefold integral (1), in
the case of a solitary spherical cell, can be transformed to the
simple expression:

— e ™)K,(%), 3)

with the tabulated function K (7). Here, the subscript s de-
notes a sphere, 7 = /R, and R is the sphere radius. Notice
that (e,/«,)(1 —e~"®) is the radiation intensity in the sphere
center, 1,(0, Q). The function K (7g) increases from 0.75 to
1 for 77 in the range [10_3, 104].

For a solitary cylindrical cell of a diameter D and a height
H, the expression (1) can be transformed [12] to the
expression:

_ €,
Le=—(1

7C_TR)KC(H/D,TR), (4)

where the subscripts ¢ denote a cylinder, see Ref. [12] for
details.

4. The plasma density effects

In the previous Section, we considered a plasma of relatively
low density, therefore, for simplicity, the density effects were the
traditional approach is described, for example, in Ref. [2]. In this
approach, it is assumed that all ions of a given ionization stage
are immersed in an identical local environment and, conse-
quently, have an identical level scheme. Also assumed is that
only two types of electron states are possible, namely, the unper-
turbed single-ion bound states and the free electron states. The
traditional approach is widely used due to its simplicity; how-
ever, this simplicity causes some serious shortcomings, see the
discussion in Refs. [13,14].

To correct for these shortcomings, the ESW approach has
been developed, see Refs. [15,16] and references therein.
This approach utilizes statistical data on the microscopic
environment of individual ions and describes three types of
electron states: bound, collectivized, and free. The collectivi-
zation of a bound electron is governed by the local arrange-
ment of the perturbing ions and electrons around the parent
ion, thus any state is collectivized only in a fraction of the
ions, so that the collectivization is described statistically. In
the present model, the ESW formalism is expanded for the
self-consistent treatment of the radiative transfer.

To compare the traditional and ESW approaches we consider
a thin disc (H =5 pm, D = 100 pm) of aluminum plasma, see
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Fig. 1, with an ion density n; = 6 x 10*' cm > and a temperature
T.=T; thatis 1 keV in central part of the disc (r < 25 um) and
500 eV in the outer part (25 pm < r < 50 pm). The radiation
emitted along a diameter is simulated for a plasma in a colli-
sional-radiative steady-state. A striking result is that the contin-
uum edges are smoothed in the ESW approach, while the
traditional approach predicts sharp edges. The smoothing is
caused by the statistics of the local environment of the recom-
bining ions. Another important difference is that the lines from
levels with n > 4 are well resolved in the traditional approach,
but are missing here as the effective-statistical-weights of these
levels are much smaller than their nominal statistical weights.
Lines from n =4, Lyy and Hev, are well resolved in the both
approaches; however, there is a substantial difference in the
peak intensities, widths, and shapes predicted by the two ap-
proaches. For the resonance lines from low-lying levels
(n=73 and 2) at the density considered here, 0.10 of solid, the
differences between the two approaches are rather small.

The differences in the radiation spectra computed in the
two approaches are caused by the differences in local opacities
and emissivities, which, in turn, are caused by the differences
in the ionic level populations. For example, for the He-like and
H-like ionization stages in the central part of the disc, the
ESW approach yielded 0.6 and 14% of the total ion number,
respectively, while the traditional approach gave 1.6 and
24% for these ionization stages.

Present comparison of the approaches is done for a steady-
state plasma. In transient plasmas the ionization and recombi-
nation via collectivized states result in even stronger effect on
the level populations [15] and thus on the line ratios.

5. Plasma flow effect on the spectral line shapes

Now we consider the interaction of a laser beam with a 20-
pm thick Al foil in vacuum. The laser (4 = 1.06 um) pulse
variation with time is given by qL(f) = qL sinz(ntns/2ns)
with a FWHM=1ns and a peak intensity g =
100 TW /cm? within the focal spot of a radius rp = 0.5 mm.
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Fig. 1. The radiation along the diameter of a cylindrical disc of a dense alumi-
num plasma. Dashed: the traditional approach; solid: the ESW approach.

The laser beam direction is normal to the foil. Hydrodynamic
simulations are performed [17] with MULTI-FS, a two-tem-
perature Lagrangian 1D code with electron heat conduction
and multi-group radiation transport [18,19].

The plasma density 7;(j, #), flow velocity u(j, t), and tem-
peratures, determined in the hydrodynamic simulation, are
used as an input for self-consistent computations of the ionic
level populations and local radiation intensity 7,(j,¢) in 150
cells. In the radiative-transfer computations we assume that
the plasma jet is of the radius r and the hydrodynamic param-
eters are independent of the radial coordinate. The 1D ap-
proach to the problem is justified by the observation that
during the plasma radiation burst, the thickness Az of the
main radiation source and its distance from the initial location
of the foil are much smaller than r;, [20]. In the simulations,
computed is the plasma radiation emitted towards a monochro-
mator that views the focal spot center at 10° relative to the
plasma jet symmetry axis.

In each of the plasma cells, the spectral shapes py(j, ) of
the bound—bound emissivity and opacity are governed by the
thermal motion of individual emitting ions (thermal Doppler
effect) and Stark effect consistent with the temperatures and
density in the cell. A spectral line u — [, radiated by the entire
plasma, is broader than p(j, v) due to the optical thickness in
the observation direction and the spatial dependence of the
plasma flow velocity, ug(j, ), in this direction. The spatial de-
pendence uq(J, t) causes a sequence of Doppler shifts of the
spectral line center, thus affecting both the widths and symme-
try of the spectral lines along a given line of sight. An example
of the asymmetry is shown in Fig. 2 for Lya. For clarity the
satellites to the Lyo were excluded in this simulation by ex-
cluding the autoionizing states from the list of acting levels.

The importance of the radiative-transfer along the jet for
proper simulation of Ly« shape in laser-produced plasmas
was emphasized in Ref. [21]. However, since that study was
focused on the relative intensity of the Lya components, the
plasma flow effect was minimized by observing the plasma
normally to its symmetry axis.

Specific Intensity (GW/cm?/st/eV)

T T . T o
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Fig. 2. The evolution of the Ly« shape. The numbers near the curves give the
times in nanosecond. The two vertical dotted lines mark the centers of the Ly
components in a motionless plasma.
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6. Summary

We have presented a brief description of our atomic-kinet-
ics and radiative-transfer model. The main features of this
model are (a) the self-consistency of the local level popula-
tions and the local radiation field, (b) the plasma density ef-
fects treatment that is based on the statistics of the
microscopic environment of individual ions, and (c) the appli-
cability to non-Maxwellian plasmas. For solitary plasma cells
we indicated the existence of expressions (3) and (4) that can
be used for rapid rigorous computations of photoinduced tran-
sition rates.

We have presented, for the first time, dense plasma radia-
tion spectra computed using the effective-statistical-weights
approach with an account of the radiative transfer. Large dif-
ferences between the more realistic radiation spectrum, pre-
dicted by the ESW approach, and that predicted by the
traditional approach are shown. Finally, we demonstrated the
combined effects of the plasma flow velocity gradient and
radiative transfer on the spectral line broadening and shape
asymmetry in a laser-produced plasma.
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