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We examine the combined effects of ion dynamics and opacity on line profiles used in the analysis of
hot dense plasmas. Specifically, we have calculated Stark-broadened line profiles for resonance and sa-
tellite lines of highly stripped Ar ions both in the static ion approximation and including the effects of
ion dynamics. Using the results of a kinetics computer code combined with an escape factor approxima-
tion to account for the effects of radiative transfer, we have calculated the relative intensities of these
lines as well as the effects of opacity on their profiles. The resulting theoretical spectrum is used in the
analysis of data obtained from a series of experiments performed at the Laboratory for Laser Energetics
in which plastic microballoons filled with D, and doped with Ar were imploded using the Omega laser
system. Typical core conditions at stagnation were n,=1X 10** cm ™3, kT =900 eV. Varying the rela-
tive concentration of Ar in D, provides an opportunity to study the combined and individual effects of
ion motion and opacity on Stark-broadened line profiles.

PACS number(s): 52.70.La, 32.70.Jz
I. INTRODUCTION

X-ray emission spectroscopy has been successful in
probing the hot core of laser-driven implosions [1,2].
This spectroscopy is particularly valuable as a means of
diagnosing inertial confinement fusion plasmas, by means
of mixing trace amounts of appropriately chosen high-Z
gases into the hydrogen-isotope fuel such that, under the
expected conditions of the implosion, the average dopant
ion retains only a few electrons [3—7]. The amount of
dopant is ideally chosen to be sufficiently small to ensure
that the implosion dynamics are not appreciably effected
by the dopant, but not so small as to render the diagnos-
tic emission unobservable. Balancing these two con-
siderations can lead to plasma compositions where a
preponderance of the light fuel nuclei makes the usual
static ion approximation inappropriate in the calculation
of Stark-broadened line profiles. Here we will examine
this issue, analyzing spectra from a series of implosion ex-
periments where the dopant concentration was systemati-
cally altered. We will concentrate on an assessment of
the individual and combined effects of ion motion and
opacity on the line shape and their impact on plasma di-
agnostics.

In Sec. II we present the formalisms upon which we
based our calculation of the temperature- and density-
sensitive theoretical spectra that were used to infer plas-
ma conditions by comparison with the experimental spec-
tra. Time-resolved Ar emission spectra from Ar-doped
implosions performed at the Laboratory for Laser Ener-
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getics at the University of Rochester are presented in Sec.
III and analyzed in Sec. IV. Based on the results of this
analysis, in Sec. V we will present our conclusions and
suggest some areas where future work, both theoretical
and experimental, might prove fruitful.

II. CALCULATION OF THEORETICAL SPECTRA

The essential idea motivating the use of Stark-
broadened line profiles to diagnose hot, dense plasmas is
that the line profiles themselves are strongly density
dependent for the expected plasma conditions, while
remaining relatively insensitive to temperature. Thus the
detailed shape of the individual line profiles in the spec-
trum can be analyzed to yield an inference of plasma elec-
tron density. The ratios of the intensities of the lines in
the spectrum are both temperature and density sensitive
and, combined with the density dependence of the line
shapes, can yield an inference of the plasma temperature.
Our goal is to calculate temperature- and density-
sensitive spectra with enough detail to model experimen-
tal data throughout the spectral region containing the Ar
He-8 (1531 — 1s2), He-y (1s4]—1s2), He-8 (155 —1s5?),
and Ly-B (3] — 15) lines and their attendant satellites.

As a first approximation, we model the emitting core
as a sphere of uniform density and temperature (7, =T,),
with a diameter consistent with mass conservation, as-
suming that all of the deuterium is fully stripped. The
ionization state of Ar is calculated using nonlocal ther-
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modynamic equilibrium (non-LTE) atomic kinetics. Fu-
ture modifications of this model accounting for the ex-
istence of temperature and density gradients, motivated
by the results of our analysis, will be discussed in Sec. V.

A. Stark-broadened line profiles
including the effects of ion motion

In both the static [8,9] and dynamic [10] ion treat-
ments of Stark broadening, the line shape can be written
as

4 — — —
10)=1% [480(61(,6), M
c

where Q(g ) is the ion-microfield probability distribution
function, here calculated in the adjustable parameter ex-
ponential approximation (APEX) [11]. In both cases,
J(w, &) can be written

J(w,g)Z—%ImTr[J-R(m,g)zp] , 2)

where the trace is over the relevant radiator states, d is
the radiator electric dipole operator, and p is the density
matrix of radiator states. In both the static and dynamic
ion calculations, the resulting profiles are convolved with
a temperature-dependent Gaussian profile to account for
the Doppler effect [8,10]. For the temperatures and tran-
sitions considered here, the Doppler full width at half
maximum is less than 2 eV and this effect is included in
all the results presented herein. The difference between
the static and dynamic theory is in the form of the resol-
vant R (w, &). For the dynamic case, we apply the theory
of Boercker, Iglesias, and Dufty (BID) [10], in which the
resolvent is approximated as

G(Aw, &)
1+iv(Aw) [[dEQ(E)G (Mw, &)

1
Ao—L} (E)—M(Ao)—iv(Aw)

R(w,6)=

(3)

G(Aw, &)= )

where Awo=(0—w,,)8,,95,,, Li,(g) is the Liouville
operator associated with the interaction of the ion
microfield with the radiator’s dipole, and M (Aw) is the
broadening tetradic due to the dynamic plasma electrons
[12]. All quantities with the exception of v(Aw) are ex-
actly those which need to be calculated in the static ion
approximation, and we use the computational methods
discussed in Ref. [9].

We are left with the quantity v(Aw). In the limit
v(Aw)—0, we recover the result of the static ion approxi-
mation. Thus v(Aw) is a measure of the importance of
ion motion effects on the line shape. In Ref. [10] v(Aw) is
introduced as a parameter in a model for the memory
operator in the evolution equation for radiator operators,
fixed by the imposition of certain exact limits on the radi-
ator momentum autocorrelation function [see Ref. [10],
Eq. (2.11) and Sec. III for details]. Following BID, we
approximate v(Aw) as a real constant v proportional to
the self-diffusion coefficient for the radiator species D

D=1 [dt(T(1)T(0)) . (5)
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The self-diffusion coefficient was calculated using a sta-
tistical mechanical model of the coupled plasma. For a
fixed concentration of Ar in D,, v increases with increas-
ing temperature and density. As the concentration of Ar
increases, the increase in the reduced mass of the average
radiator-perturbing ion pair leads to a reduction in v and
thus to a decrease in the effect of ion dynamics on the line
shape.

The effect of ion dynamics is illustrated in Fig. 1,
where Stark-broadened Ar He-f3 line shapes are displayed
for fixed temperature and electron density and varying
concentrations of Ar in D,. As the concentration of Ar
increases, the decreasing value of v leads to a decreased
ion-dynamic effect and thus a more marked peak struc-
ture at or near line center. Changing the concentration
of Ar in D, also modifies Q (&), which primarily effects
the wings and the separation between the peaks. The
effects of ion dynamics are responsible for the large effect
on the dip at line center. In general, the effect of ion dy-
namics is to broaden the line around the peaks, within
one ion plasma frequency of each of the peaks. For lines
with a sizeable central dip, e.g., the f3 lines, the effect of
ion dynamics is most obvious as a filling in of the dip.
The effect of ion dynamics decreases with increasing Ar
concentration, with the 100% Ar case most resembling
the static result.

B. Opacity broadening

Having calculated the Stark-broadened line shapes in-
cluding the effects of ion motion, it is necessary to include
other effects before making comparisons with the experi-
mental data. In the optically thin approximation, the in-
trinsic line shape (calculated as above) would be simply
convolved with an instrumental response function. How-
ever, as the concentration of Ar increases we need to ac-
count for opacity effects as well. The effects of opacity
broadening, like those of ion dynamics, are most obvious
near the peaks of the line shape, though, unlike the effect
of ion dynamics, opacity can also distort the wings. At
the peaks, the redistribution of photons is most readily
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FIG. 1. Area-normalized dynamic Stark-broadened Ar He-f3
line shapes, calculated for 0.025% (v=3.37 eV), 1% (v=1.66
eV), and 17% Ar in D, (v=0.621 eV); n,=5X 10 cm* and
kT =900 eV.



1044

apparent, as photons from the peaks of the line are redis-
tributed into the wings where they have a better chance
of escaping and being detected. For the small concentra-
tions of Ar in D, we will approximate opacity broadening
using a modified slab opacity formula [13]. In this ap-
proximation, prior to convolution with instrumental
response function, the area-normalized observed line
shape is given by

Iy (w)=A4(1—e ), (6)

where A4 is a normalization constant and 7, the
frequency-dependent optical depth, is given by

2
r,=2 fl(w)N,d , )
mc

where f is the effective oscillator strength for the transi-
tion of interest, the circumflex denotes area normaliza-
tion with respect to the frequency variable w /2w, N; is
the number density of ions in the lower states of the tran-
sition, and d is the average chord length in the plasma.
In Fig. 2 we display the opacity broadening on the line
shape, comparing the Ar He-f3 line calculated in the opti-
cally thin, static ion approximation with the calculations
that include first opacity and then both opacity and ion
dynamics. When both ion dynamics and opacity effects
are included, there is a corresponding decrease in the cal-
culated optical depth at line peak 7y 7, which was 0.66
for the static ion calculation in Fig. 2, is reduced to 0.59
when the calculation includes ion dynamic effects. The
peak structure of the observed line shape is effected by
both opacity broadening and ion motion and the response
of these two effects to changes in Ar concentration is
competitive. Care must be taken to account for both
effects in line shapes calculated for the purpose of analyz-
ing experimental data.

C. Non-LTE relative intensities and radiative transfer effect

Having calculated the line shapes for the individual
transitions of interest, we must now combine them with
the correct relative intensities to form our theoretical
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FIG. 2. Ion dynamics and opacity effects on the area normal-
ized Ar He-B line shape, for n, =10X10?* cm 3%, kT=900 €V,
0.25% Ar in D,, and diameter =25 um.
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spectrum. A non-LTE kinetic model [14] was used to
calculate the relative intensities of the lines in the model
spectrum. The model includes all the ionization stages in
Ar from P-like Ar (Ar™?) to the fully stripped ion
(Ar*!8). For each ionization stage, the model includes the
ground-state configuration and several excited-state
configurations. The amount of detail in the model is
greatest in the Li-, He-, and H-like stages and doubly ex-
cited states are treated self-consistently with ground and
singly excited states. In particular, for Li-like Ar the
model includes 918 energy levels, with sufficient detail to
calculate the populations for the upper states of the Li-
like satellites of the He- line with spectator electrons in
n =2, 3, and 4. For the plasma conditions of interest, the
relative distribution of population within the 1s2/3!’ or
the 15373’ doubly excited states is close to LTE, while
the populations of these two manifolds are not in LTE
with respect to each other, nor are they in LTE with the
upper state of the He-f3 line. It is therefore important to
do the non-LTE modeling to make a realistic estimate of
the relative intensities of the satellite lines to their associ-
ated resonance lines. An important temperature depen-
dence in our model is in the ratio of the Ly-f intensity to
the He-f3 intensity since they correspond to different ion-
ization stages. This strong dependence constrains our
temperature inferences. Also, the ratios of the intensities
of the Li-like satellites to the He-B line are considerably
temperature sensitive and, for a given electron density,
there is a narrow temperature range where both the in-
tensity of the Ly-f line and these satellites are compara-
ble; thus the simultaneous observation of these features is
a useful temperature diagnostic in itself.

The non-LTE kinetics calculations were performed in
the steady-state, optically thin approximation, as we are
most interested in analyzing plasmas with low concentra-
tions of Ar, for which the ion motion effects on the line
shapes will be most noticeable. While at first glance these
optically thin calculations seem reasonable, given the
small fraction of Ar in D, for the plasmas of interest,
they lead to a substantial underestimation of the intensity
of the Ly-B line. The transfer of the optically thick
(79~ 10) He-a line from the core leads to a shift in the
ionization balance towards higher ionization stages,
which results in a decrease of He-like Ar and an increase
in H-like Ar. We estimated this effect on the resonance
lines in our model using an escape factor approximation
[15]. To this end, escape factors for the He-a, He-3, He-
v, and He-d line transitions in He-like Ar and Ly-a, Ly-
B, and Ly-y in H-like Ar were calculated using Stark-
broadened line profiles for several electron densities n,,
assuming a uniform and spherical plasma, following the
method described in Ref. [15]. As an illustration of
these results, escape factors for the He-B line are dis-
played in Fig. 3 as a function of X =7, /d(w)=17y/¢,
=(me®/mc)fN,R, where R is the radius of the plasma
sphere. The use of Stark-broadened line profiles results in
escape factors that are n, dependent through the line
shapes (besides the dependence through 7,): as the elec-
tron density n, increases, changes in the line profiles
(larger width, stronger wings) result in an increase in the
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FIG. 3. |[Escape factors for the He-8 line vs

X =1,/$(0)=T75/¢, for several values of the electron density
N,: (a) 2X10® cm™ ($,=0.2454 Ry~ !), (b) 5X 102 cm 3
($0=0.1392 Ry ™), (¢) 1X10* cm ™3 (¢,=0.1041 Ry ), and (d)
2X10* cm ™3 (¢,=0.0826 Ry \).

escape factor values. These escape factors were used in
the atomic kinetics calculations to account for opacity
effects; they affect the computation of excited level popu-
lations as well as the total emergent line intensity.

The inclusion of this effect leads to model spectra,
which can fit simultaneously the relative intensities of the
resonance lines as well as the relative intensities of the
resonance lines to their attendant satellites. Thus, while
opacity has a small impact on the individual line shapes,
it is important in determining the relative intensities.
The effect of radiative transfer on the resonance line in-
tensities in our model is shown in Table I for two
different Ar concentrations. In this table we list C, the
correction to the ratio of intensities due to radiative
transfer, defined for line x as

I,
It p |
Cx y—B thick , (8)
Ix
Iy |thin
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FIG. 4. Density sensitivity of the model spectrum, for
kT =900 eV and 0.25% Ar in D,. The centers of gravity of the
Ar resonance lines included in our model are indicted.

where I, is the integrated intensity of line x, and “thick™
and “thin” denote the results of the optically thick and
thin non-LTE models, respectively.

The sensitivity of our model spectrum to changes in
density and temperature is indicated in Figs. 4 and 5.
The positions of the centers of gravity of the Ar reso-
nance lines are indicated in Fig. 4. Included in our model
are five satellites to these resonance lines: the Li-like sa-
tellites of the Ar He-f3 line with the spectator electron in
n =2 (center of gravity 3623 eV) and n =3 (3669 eV), the
He-like satellites of the Ar Ly-3 line with the spectator
electron in n =2 (3871 eV) and n =3 (3918 eV), and the
Li-like satellite of the Ar He-y line with the spectator
electron in n =2 (3797 eV). Our model spectrum shows
sufficient temperature and density sensitivity to be useful
in the analysis of plasmas whose electron temperatures
range from 600 to 1200 eV and whose electron densities
lie between 5 and 20X 10?3 cm 3.

III. EXPERIMENTAL DATA

A series of laser-driven implosions was conducted at
the Laboratory for Laser Energetics at the University of
Rochester. The series was designed, in part, to explore
the inter-relationship between spectral line broadening

TABLE I. Radiative transfer corrections to the ratios of the integrated intensities of the He-like reso-
nance lines in the model to the integrated intensity of the Ar Ly-B, for n, =8 X 10>} cm 3, and different
number concentrations of Ar in D, and temperatures. Diameters: 27 um (0.25% Ar) and 28 um (1%

Ar).

kTe CHe*B CHe*y CHefﬁ

(eV) 0.25% Ar 1% Ar 0.25% Ar 1% Ar 0.25% Ar 1% Ar
500 0.76 0.42 0.89 0.67 0.91 0.73
600 0.59 0.29 0.71 0.48 0.74 0.53
700 0.50 0.27 0.60 0.43 0.62 0.48
800 0.48 0.29 0.56 0.44 0.57 0.48
900 0.49 0.34 0.55 0.48 0.56 0.51

1000 0.51 0.40 0.56 0.52 0.57 0.55

1100 0.54 0.45 0.58 0.56 0.58 0.58

1200 0.56 0.50 0.59 0.59 0.60 0.61
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FIG. 5. Temperature sensitivity of the model spectrum, for
n,=5X10® cm™3 and 1% Ar in D,.

due to dynamic ions and that due to opacity in Ar K-shell
spectra. The targets were 250-um-diam plastic microbal-
lons filled with 20 atm of Ar and D, in varying concen-
trations, ranging from 0.025% Ar to pure Ar. The wide
range of Ar concentrations was chosen so that the transi-
tion from ion-dynamic-dominated peaks to opacity dom-
inated peaks could be studied. Core conditions at stagna-
tion were such that K-shell Ar line emission was easily
observable. Time-resolved spectra were recorded using a
flat-crystal spectrograph (FCS). The FCS has an am-
monium dihydrogen phosphate_ crystal with a two-
dimensional spacing of 10.642 A coupled to an x-ray
streak detector. The instrument response is detector lim-
ited, i.e., streak camera resolution. With a target to detec-
tor distance of 300 mm, the source size broadening is
negligible.

We will discuss here the data from five shots, taken
from the high-resolution FCS data. In all five shots, the
FCS was imaging the spectral region from around
3400-4200 eV, where the Ar He-3, He-y, and He-8, and
Ly-B lines, along with their attendant satellites, are locat-
ed. The instrumental response function is approximated
by a Gaussian, whose full width at half maximum is ener-
gy dependent, ranging from 3.6 eV at 3680 eV to 4.4 eV
at 3935 eV.

The lowest concentration of Ar in D, in this series of
experiments was 0.01 atm of Ar in 20 atm of D,, a num-
ber concentration of 0.025% Ar. In this shot, the at-
tempt to observe diagnostically useful Ar line emission
was unsuccessful.

With ten times as much Ar as in the previous target,
the implosion with 0.25% Ar in D, (which we will desig-
nate A) yielded the useful time-dependent spectra, which
we display in Fig. 6. The five lineouts show each average
over approximately 50 ps, while the time intervals over
which the lineouts are averaged overlap by 25 ps with the
neighboring lineouts.

The two shots with 0.4 atm of Ar in 19.6 atm D, (a
concentration of 1% Ar in D,) produced enough signal
such that the window over which the time integration
was done could be shrunk to 25 ps, with no overlap. Fig-
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FIG. 6. Time-resolved lineouts from shot 4 (0.25% Ar in
D,). Labels used in the text refer to individual lineouts. Indivi-
dual lineouts are shifted vertically by an arbitrary amount for
display purposes. The five lineouts shown each average over ap-
proximately 50 ps and the time intervals over which they aver-
age overlap by 25 ps with neighboring lineouts.

ure 7 shows the time-resolved spectra from one of these
shots, designated B.

With 5 atm of Ar in D, (17% Ar in D,), the last implo-
sion we consider here did not achieve high enough tem-
peratures to produce useful Ar emission spectra in our
range of interest possibly due to a combination of the in-
creased target mass and radiative cooling.

IV. ANALYSIS

We now use our model spectrum to analyze the data
from the shots designated 4 and B. We will concentrate
on two aspects of the analysis. First, we will focus on the
He-fS line and its Li-like satellites. The temperature and
density sensitivity of this composite feature has been
presented previously, in the static-ion optically thin ap-

250 T — . T T

Intensity (arb. units, shifted)

1
0 1 N N
3500 3600 3700 3800 3900 4000

Energy (eV)

FIG. 7. Time-resolved lineouts from shot B (1% Ar in D,).
Labels used in the text refer to individual lineouts. Individual
lineouts are shifted vertically by an arbitrary amount for display
purposes. The four lineouts shown each average over approxi-
mately 25 ps, with no overlap between consecutive time inter-
vals.
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proximation [16,17]. This composite spectral feature, the
most prominent feature in all the spectra we consider,
best illustrates the importance of both ion dynamics and
opacity broadening on the line shape. Second, we will il-
lustrate the utility of our model spectrum by attempting
to fit the spectral region from 3500 to 4100 eV for a
lineout from shot B. Preliminary results from the use of
our model spectrum, absent the effects of radiative
transfer on the intensity ratios, have been presented pre-
viously [18]. We will consider the consistency of our fits
throughout this spectral region and test the accuracy of
our temperature and density inferences. Before compar-
ison, the model spectrum was convolved with our ap-
proximation to the instrumental response function and a
background was subtracted from the experimental spec-
trum. The model spectrum was shifted arbitrarily by be-
tween 1 and 5 eV in the direction of lower energy to
match the locations of the lines in the experimental data.
The role that ion dynamics plays in the formation of
the line emission spectra for low concentrations of Ar in
D, is indicated in Fig. 8, where the He-8 + Li-like satel-
lites composite spectrum from lineout 3 of shot 4 (0.25%
Ar in D,) is compared to our model calculation. In Fig.
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FIG. 8. Detail from lineout A4-3 (0.25% Ar in D,) and fits us-
ing model spectrum, for n, =8X 10 cm™® and kT =925 eV.
Only the fit labeled “Dynamic + Opacity” includes the correc-
tion for satellite emission in the (3550-3600)-eV region, as dis-
cussed in the text.
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8(a) the effect of opacity on the line shape is seen to be
minimal, as the small concentration of Ar prevents
significant redistribution of intensity. However, for this
low concentration of Ar in D,, opacity alone cannot ac-
count for the lack of a central dip in the observed He-B8
line. When the effect of ion dynamics is included [Fig.
8(b)], the dip in our model spectrum is commensurate
with the experimental data. Analyses of other lineouts
from this shot also indicate that opacity alone cannot ex-
plain the lack of a large central dip in the He-f line, while
the inclusion of ion dynamic effects in the line-shape cal-
culation leads to spectra that compare well with the ex-
perimental data.

The first three fits in Fig. 8 (Static, Static + Opacity,
and Dynamic) indicate a deficiency in our model spec-
trum. Our model predicts negligible emission in the re-
gion from 3550 to 3600 eV, on the red side of the n =2
Li-like satellite of the He-f line. As the Li-like satellites
obviously contribute to the emission on the red side of
the He-f line, it is natural to consider the importance of
Be-like satellites in the spectral region where our model is
deficient. There are transitions in this region in Be-like
Ar from the 1s2/2/'3]" manifold to the 1s22/2/' main-
fold. Though our kinetic model did not include sufficient
detail in the Be-like ionization stage to calculate the in-
tensity of this line, we can include it in our model spec-
trum with its intensity of a free parameter. Such an in-
clusion is justified by data from similar shots where the
FCS was imaging the a lines of Ar. In those shots, the
emission from the Be-like satellite of the He-a line is ap-
parent. The final fit in Fig. 8 (Dynamic + Opacity) in-
cludes an estimate of the intensity from the Be-like satel-
lite, as a preliminary attempt to assess the importance of
emission from this satellite.

Shot B, with four times the Ar concentration of shot
A, allows us to explore the importance of ion dynamics
on the line shape when opacity is not negligible. Figure 9
is similar to Fig. 8 in that it compares our model spectra
to the He-B + Li-like satellites composite spectral feature
from the data. As the concentration of Ar in D, in-
creases, the effect of opacity on the line shape becomes
more important and ion dynamics has less of an effect on
the peak structure. Indeed the density inference from
this lineout depends on the inclusion of opacity, as the
effect of opacity, while most noticeable on the peak struc-
ture, is also important for the overall line shape.

In Fig. 9 there is a noticeable discrepancy between our
calculated spectrum and the experimental data, in the
spectral region around 3640 eV. There is emission in this
region in the data that is not present in our model. While
this is the most blatant occurrence of this discrepancy,
other lineouts also display greater intensity in this region
than our calculations predict. The unaccounted for emis-
sion occurs in the location of the blue peak of the n =2
Li-like satellite of the He- line. The discrepancy is
greatest for low-density conditions, occurring early in the
implosions. We conjecture that non-LTE or time-
dependent effects or level mixing among the initial mani-
folds of the Li-like satellites not included in our model
may enhance the emission in this region.
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2 Having explored the importance of ion dynamics and
§ 8 opacity on the line shape, we turn to an examination of
a the utility of our model spectra as a tool for the inference
2 i of plasma temperature and density. We model line emis-
J sion from the spectral region 3550—-4000 eV, including in
our calculation the Ar Ly-f line and its He-like satellites
e - with the spectator electron in # =2 and 3, the Ar He-f3
L . | and its Li-like satellites with the spectator in » =2 and 3,
3550 3600 sesgnergy " \?)700 3750 3800 the He-y line and its n =2 Li-like satellite, and the He-8

FIG. 9. Detail from lineout B-3 (1% Ar in D,) and fits using
model spectrum. Static, n, =8X 10 cm™> and kT =875 eV;
Static + Opacity, n, =5X 103 cm > and kT =840 eV; Dynam-
ic, n,=8X10% cm™3 and kT =875 eV; Dynamic + Opacity,
n,=5X102 cm ™3 and kT =840 eV.

line. We account for Be-like emission around 3580 eV in
the manner indicated before.

The density inference is most easily made by fitting the
blue wings of the He-f3 and the Ly-f3 line. These wings are
less effected by the presence of satellites than the red
wings, though care must be taken to include the He-8 line

TABLE II. Inferences of plasma conditions obtained by comparing model spectra with the experi-
mental data of Figs. 8 and 9, over the spectral range 3550—4000 eV.

Lineout

Density (10 cm™3)

Temperature (eV)

Diameter (um)

WA WN -

W N =

4

Shot 4 0.25% Ar in D,

<5°
5 1000 32
8 1050 27
10 1025 25
10° 950 25
Shot B 1% Ar in D,
<< 5
<5°
5 850 33
8 880 28

2The early lineouts come from times when the electron density was less than 5X 10?* cm ™3, the lowest
electron density we considered when preparing our model spectrum.

®The fit at 10X 10** cm 3 indicates that the electron density is slightly higher.
°Although this lineout is remarkably well fit with a optically thin model spectrum with an electron den-
sity of 5X 10%® cm ™ and electron temperature of 800 eV, the amount of opacity that we calculate for
the lines at these conditions is appreciable and leads to lines that are overly broad. This is another illus-
tration of the importance of the inclusion of opacity effects on the line shape for even this small concen-
tration of Ar in D,.
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when considering the blue side of the Ly-f line. These
wings display enough density sensitivity to distinguish be-
tween lines emitted from plasmas whose densities differ
by a factor of 1.5 in this regime of plasma conditions.
Thus we can distinguish between emission from lineouts
characteristic of 5, 8, and 10X 102 ¢cm 3.

Given a density inference, we can inquire about the
average temperature of the emitting region. In Fig. 10
we fit the entire spectral region from 3550 to 4000 eV for
the third lineout from shot B. The temperature infer-
ences from this fit is within 109% of those obtained by sep-
arately fitting the region containing only the He-f3 line
and its Li-like satellites and the region containing only
the Ly-S3, He-y, and He-§ lines, and their satellites. This
degree of consistency is typical of our results for this type
of test. This accuracy in temperature inference can be at-
tributed to the strong constraints put on the fit in that it
has to reproduce emission emanating from transitions in
three different ionization stages in Ar. Indeed, it was just
this constraint that led to our appreciation of the impor-
tance of the radiative transfer effect on the intensity of
the Ly-f line relative to the intensities of the other lines
in the model. Without the inclusion of this effect, it
proved impossible to fit the intensity of the Li-like satel-
lites of the He-$ and Ly-f3 lines simultaneously with a sin-
gle temperature. The density and temperature inferences
obtained from our analysis of shots 4 and B are present-
ed in Table II.

V. CONCLUSION

From the preceding analysis, it is clear that a model
combining the intertwined effects of ion dynamics and
opacity is required for consistent fitting of the spectral
data from implosions where a small amount of Ar is add-
ed to the fuel for diagnostic purposes. For the 0.25% Ar
case, the effect of ion dynamics on the line shape was
necessary to model the peaks in the experimental data. If
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we use static line shapes to fit the data for this case, one
would infer optical depths and thus plasma diameters
that are too large by a factor of 2 to be consistent with
the diameters measured by x-ray microscopes [18]. For
the 1% Ar case, the effect of opacity on the line shape
was more important to fit the peaks in the data, though
the effects of ion dynamics were not negligible. Also, in
both cases the radiative transfer effect on the relative in-
tensities of these lines is important in providing con-
sistent relative intensities for the resonance lines and
their satellites.

While the results presented here do show the impor-
tance of ion dynamics on the Ar line shapes emitted from
deuterium plasmas doped with trace amounts of argon,
the resolution of the experimental data near the peaks of
the resonance lines is not sufficient to distinguish between
differing theories of ion dynamics. Higher-resolution
spectroscopy of, say, the He-8 line would go far in testing
the detailed effect of ion dynamics on the line shape and
the results presented here point to plasma compositions
and conditions where such experiments could be carried
out fruitfully. Currently, a detailed comparison of the re-
sults of the method used here to include ion dynamic
effects in the calculation of Stark-broadened line shapes
with results of a different method [19] is underway.
Another advantage of higher-resolution spectroscopy
would be the ability to probe the effects of the real part of
M (Aw), both on the location and shapes of the lines [12].

Our model spectrum is calculated assuming that the
radiating region of the plasma can be characterized by a
single temperature and density. While the model spec-
trum produced using this assumption is capable of repro-
ducing many of the features of the experimental data,
some aspects of the fits, particularly in the region around
the peak of the He-y line, are unsatisfactory. Work is in
progress to assess the importance of gradients. Prelimi-
nary studies modeling radiation from a layered core
structure appear promising.
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