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Abstract

We describe a general computational spectroscopic framework for interpreting ob-
served spectra. The framework compares synthetic spectra with measured spectra,
then optimizes the agreement using the DAKOTA toolkit to minimize a merit func-
tion that incorporates established spectroscopic techniques. We generate synthetic
spectra using the self-consistent nonlocal thermodynamic equilibrium atomic ki-
netics and radiative transfer code CRETIN, relativistic atomic structure and cross
section data from HULLAC, and detailed spectral line shapes from ToOTALB. We
test the capabilities of both our synthetic spectra model and general spectroscopic
framework by analyzing a K-shell argon spectrum from a Z-pinch dynamic hohlraum
inertial confinement fusion capsule implosion experiment. The framework obtains
close agreement between an experimental spectrum measured by a time integrated
focusing spectrometer and the optimal synthetic spectrum. The synthetic spectra
show that considering the spatial extent of the capsule and including the effects of
optically thick resonance lines significantly affects the interpretation of measured
spectra.
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1 Introduction

Plasma spectroscopy is the science of determining plasma properties through
the observation and interpretation of emergent radiation. In this paper we
develop a general computational framework to facilitate the interpretation of
spectra. We then use this framework to analyze K-shell argon spectra from
a Z-pinch dynamic hohlraum experiment done on the Z-Machine at Sandia
National Laboratories [1].

Two approaches are commonly taken to interpret spectra. In the first ap-
proach, a spectral signature from a dominant physical process is used to
identify system properties. Most approaches of this type determine a single
property, e.g., chemical composition from the quantum fingerprints of atoms
and molecules in the system or electron density from the full-width at half-
maximum (FWHM) of a spectral line shape. While this approach requires sev-
eral assumptions regarding the plasma, e.g., homogeneity or optically thin, it
often produces results that are within experimental diagnostic uncertainties.
However, the underlying assumptions are frequently not justified and the in-
terpretation of the results may be suspect. A second approach involves the
generation of synthetic spectra. The reliability of this approach depends on
the applicability, or capabilities, of the model used to generate the synthetic
spectra, as well as the method used to determine and obtain agreement be-
tween synthetic and measured spectra. In what follows, we develop a general
spectroscopic framework that combines both approaches.

Background radiation and debris make plasma spectroscopy on Z-pinch dy-
namic hohlraum experiments challenging, compared to laser driven inertial
confinement fusion (ICF) experiments. Recent advances in radiation sources,
resulting from improved wire array performance [2], and developments in diag-
nostic capabilities [3], have made Z-pinch experiments a popular spectroscopic
playground. Thus, to test the capabilities of our synthetic spectra model and
general spectroscopic framework, we analyze K-shell argon spectra from a Z-
pinch dynamic hohlraum ICF capsule implosion experiment.

The remainder of this paper conforms to the following outline. Section 2 es-
tablishes the general spectroscopic framework. Section 3 covers the generation
of synthetic spectra pertaining to Z-pinch dynamic hohlraum 1CF capsule im-
plosions. Section 4 applies the spectroscopic framework to Z-pinch dynamic
hohlraum time-integrated K-shell argon spectra measured using a focusing
spectrometer with spatial resolution. Finally, Section 5 summarizes the paper
and discusses possible directions for future research.



2 General spectroscopic framework

Interpreting plasma spectra often requires either large amounts of time or
the development tailored algorithms for each application. To both automate
the interpretation of plasma spectra and allow for simple adaptability, we
have constructed a general computational framework for performing plasma
spectroscopy based on the DAKOTA toolkit [4].

Designed as an engineering tool for finding extremum solutions, the DAKOTA
toolkit includes several optimization algorithms and a noninvasive interface
to outside computational models. The interface works by passing design vari-
ables to a computational model and returning evaluations of user-specified
merit functions, or objective functions, to the DAKOTA toolkit. Using a pre-
scribed optimization algorithm, the DAKOTA toolkit then determines the op-
timal design variables by minimizing the merit function. To perform plasma
spectroscopy, this interface is applied to a computational model for gener-
ating synthetic spectra and extended to include subroutines that implement
established spectroscopic techniques.

Given a set of plasma properties, i.e., the design variables, the spectroscopic
interface constructs the following merit function:

f = Wz (ym,z - ys,i)2 ) (1)

1
Ni=
where y is a discrete value used to compare measured, m, and synthetic, s,
spectra, N is the total number of values, and W is a weighting parameter.
While common choices for y include the ratio of spectral line intensities and
the FWHM of a spectral line shape [5], any relevant quantity can be used.
For example, y could represent the specific intensity at a given frequency or
correspond to another objective function.

Once a merit function has been established, the DAKOTA toolkit applies one of
several optimization algorithms to minimize the merit function and hence de-
termine the optimal set of plasma properties. For example, the DAKOTA toolkit
includes nongradient-based global search techniques like the genetic algorithm.
When a large number of parallel processors are available, we have found that a
simple parameter study, i.e., the straightforward procedure of evaluating merit
functions on an organized grid of points chosen to span the plasma property
domain, obtains the optimum solution in the least amount of time. For exam-
ple, let us imagine there are 3 plasma properties, 200 parallel processors, and
that 10 points suffice to map out each plasma property domain. Then there
are a total of 10 points in this plasma property space and only 5 iterations
per processor are necessary for optimization. Very few optimization algorithms



can converge in less than 5 iterations, therefore the parameter study requires
the least amount of real time.

For plasma spectroscopy applications, the parameter study has the follow-
ing additional advantages over other optimization algorithms. First, when a
unique minimum does not exist, the parameter study clearly identifies all
possible solutions. Gradient-based methods simply fail when they encounter
multiple solutions and nongradient-based methods require excessive iterations
to map out the interesting plasma property space. Second, for repeated spec-
troscopy applications, once the computationally expensive portion of the op-
timization is performed, namely the generation of synthetic spectra, this in-
formation is saved and can be reused. This enables the study of variations in
the merit function and rapid analysis of different experimental spectra.

3 Dynamic hohlraum capsule synthetic spectra model

Z-pinch dynamic hohlraums can generate radiation sources with sufficient en-
ergy to implode an inertial confinement fusion (ICF) capsule [6,7,3]. In the dy-
namic hohlraum concept, cylindrically imploding high-Z (high-opacity) plas-
mas impact low-density (low-opacity) cylindrical foam converters. This impact
launches a radiative shock towards the axis and implodes a spherical ICF cap-
sule. Similar to indirect drive laser and ion beam ICF experiments, the fusion
fuel filled Z-pinch capsules are frequently doped with an impurity that is con-
venient for spectroscopic observation. Characteristics of the capsule implosion
and radiation source are then obtained from spectroscopic observation and
interpretation of this dopant.

To model the spectra from a Z-pinch dynamic hohlraum ICF capsule, we first
assume the capsule is spherically symmetric with radius R (see Fig. 1). Al-
though the cylindrically symmetric radiative shock tends to produce an elon-
gated capsule implosion shape [3], the spherical assumption is a good first
approximation when analyzing spectra measured over intervals of space and
time. Next we assume the capsule has a constant free electron density and
temperature. In the simulations that follow the capsule fuel is D5, the dopant
is argon, and we assume quasineutrality. Thus, we can fix the background
deuterium ion density, ng, by

nNg = Ne — 77%, (2>

where n, (n;) is the free electron (argon) density and Z is the average argon
ionic charge, which is chosen to be 17.

We generate synthetic K-shell argon spectra using the self-consistent nonlo-



cal thermodynamic equilibrium (NLTE) atomic kinetics and radiative transfer
code CRETIN [8], relativistic atomic structure and cross section data from
HuLLAc [9], and detailed spectral line shapes from ToTALB [10]. For the
given capsule configuration, CRETIN calculates the radial variation of argon
atomic level populations and the corresponding radiation field. Then the syn-
thetic spectra are generated by calculating the area-integrated spectral inten-
sity escaping the ICF capsule and intersecting a fictional detector (see Fig. 1).
HULLAC provides atomic structure and cross section data for Ar XIX, Ar
XXVII (n = 1—38), Ar XXVII (n = 1 —38), Ar XXVI (n = 1 — 8), and
the dielectronic satellites through n = 5, where n is the principal quantum
number. TOTALB spectral line shapes are used in the CRETIN line transfer
routines for the dominant H-like (Ar XXVIII) and He-like (Ar XXVII) argon
lines.

To illustrate this model, we construct synthetic spectrum for a Z-pinch dy-
namic hohlraum ICF capsule with the following properties: gas fill of 24 atm
Dy and 0.085 atm Ar, capsule radius R = 200 pm, electron density n. =
102 em™3, and electron temperature T, = 1 keV. Figure 2 depicts the spatial
variation in argon isoelectronic densities. Figure 3 depicts the K-shell argon
spectral intensity as seen by the detector and the corresponding frequency-
dependent optical depth.

Figure 2 shows that the H-like argon density is larger than the He-like argon
density in the capsule core, while the reverse is true at the edge. This variation
in isoelectronic densities is accompanied by a decrease in radiation energy
density at the edge. The cause of this behavior is the large optical depths of the
principal resonance lines of the isoelectronic sequences, i.e., Ar Ly, ~ 30 and
Ar He, ~ 40. At the capsule core the resonance photons drive up the excited
level populations, increasing ionization at a given electron temperature. Near
the edge, more photons escape the capsule, the radiation energy density in the
lines decreases, and ionization decreases at a given electron temperature.

We mention two important points for the interpretation of measured spectra.
First, accurately modeling the line transfer of the optically thick principal
resonance lines is necessary to obtain the spatial variation of the ionization
balance. Second, the radiation for a given spectral frequency originates within
an optical depth of the capsule surface. The optically thick frequencies will
reflect conditions in the outer layers of the capsule, while the optically thin
frequencies represent conditions throughout the capsule.



4 K-shell argon spectral data interpretation

To test the capabilities of both our synthetic spectra model and general spec-
troscopic framework we analyze a K-shell argon spectrum from a Z-pinch
dynamic hohlraum ICF capsule implosion experiment. The argon spectrum
was measured using a focusing spectrometer with spatial resolution (FSSR).
For more information on the Z-pinch dynamic hohlraum experiment and spec-
trometer the reader is encouraged to consult Sinars et al. [1].

Given the experimental ICF capsule gas fill (24 atm Dy and 0.085 atm Ar) and
time-integrated FSSR data, we seek to quantify the ICF capsule radius, electron
density, and electron temperature. TO apply the spectroscopic framework,
we use the synthetic spectra model covered in Sec. 3, discretize the plasma
property space for the parameter study discussed in Sec. 2, and define a merit
function. The plasma property mesh contains 6048 design points with 8 linear
spaced capsule radius points from 50 — 400 pum, 21 logarithmically spaced
electron density points from 5 - 10*1 — 510 cm™2, and 36 linearly spaced
electron temperature points from 700 — 1400 eV. The upper and lower bounds
of the plasma properties were chosen to span the range of possible experimental
outcomes, while the resolution of the mesh was chosen to be within diagnostic
uncertainties.

We consider several merit functions. Beginning with the simplest, we consider
the ratio of Ar Lys to Ar Heg line intensities (see Fig. 4a) and the FWHM of
the Ar Heg line (see Fig. 4b). Both these techniques have a long history in
X-ray plasma spectroscopy and can be used to iteratively determine both
the electron temperature and electron density [11]. For example, the nearly
vertical behavior of the merit function in Fig. 4b indicates that the Ar Heg
FWHM has a strong dependence on the electron density. Given this electron
density, we could determine the electron temperature from the numerous pos-
sible solutions in Fig. 4a. Rather that pursue this approach, we will form a
more elaborate merit function.

To interpret the Z-pinch dynamic hohlraum FSSR spectrum, an excellent merit
function is formed by taking all possible ratios between the 5 strongest argon
spectral line intensities, i.e., Ly,, Lyg, Ly,, Heg, and He,. This merit function
yields the bulls eye pattern centered on the optimal ICF capsule plasma proper-
ties, i.e., capsule radius R = 200 um, electron density n, = 7.9-10?* cm 3, and
electron temperature 7, = 900 eV (see Fig. 5). Figure. 6 compares the syn-
thetic and measured spectra. Since the measured spectra is time-integrated
and spatially averaged, we consider this to be close agreement between the
spectra. The relative intensities of the spectral lines are in quantitative agree-
ment and several other spectral features are in qualitative agreement, e.g., the
simulated structure of the Ar Heg Li-like satellites is similar to that in the



measured spectrum.

5 Summary and discussion

This paper described a general computational spectroscopic framework for
interpreting measured spectra. The framework generates synthetic spectra us-
ing the NLTE atomic kinetics and radiative transfer code CRETIN, relativistic
atomic structure and cross section data from HULLAC, and detailed spectral
line shapes from TOTALB. The synthetic spectra are compared with measured
spectra using merit functions that encapsulate established spectroscopic tech-
niques. Finally, the framework optimizes the agreement with the measured
spectra by using the DAKOTA toolkit. The framework can easily incorporate
numerous spectroscopic methods and can be rapidly applied to multiple sets
of measured spectra.

It is common practice in plasma spectroscopy to assume uniform and homo-
geneous plasmas to interpret spectra, i.e., a zero dimensional (0D) approxi-
mation. To move beyond 0D, our synthetic spectra incorporate a finite spatial
extent and allow atomic level populations and the radiation field to vary self-
consistently within a spherical ICF capsule. For systems with optically thick
dominant lines, this produces a more realistic spectrum, which translates to
an improved interpretation of measured spectra.

As an application of the spectroscopic framework, we analyzed K-shell argon
spectra from a Z-pinch dynamic hohlraum ICF capsule implosion experiment
using synthetic spectra from a simple spherical capsule configuration. The
optimal synthetic line intensities agreed quantitatively with those of the mea-
sured spectrum and many other spectral features, e.g., intensities of satellite
and continuum radiation, agreed qualitatively. Most of the discrepancies be-
tween the spectra can be attributed to the space and time averaged nature
of the measured data, but the disagreement near the argon He-like resonance
continuum edge could indicate a limitation of our synthetic spectra model.

Future applications of this framework to Z-pinch dynamic hohlraums will seek
to analyze more sets of experimental data and incorporate more plasma prop-
erties, e.g., ion temperature or magnetic field. A major difficulty in achieving
the latter extension of the framework is due to the limitation of the parameter
study. As the number of design variables increase the parameter study eventu-
ally becomes prohibitive and other optimization methods must be considered.

Another issue is the question of interpreting time-integrated and spatially-
averaged experimental data. Different frequencies will dominate the spectral
intensity as time progresses in an experiment, and plasma profiles will evolve



in time. Both of these effects complicate the interpretation of spectra. Can
time-integrated experimental spectra be dissected to yield information about
peak implosion conditions? Can observed spectroscopic data be unfolded to
yield profile information? While we do not have answers to these questions,
we do have a general spectroscopic framework to help address these questions.
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Figure captions

FIG. 1: Z-pinch dynamic hohlraum ICF capsule geometry. Performing an area
integral of the spectral intensity collected by a fictional detector, CRETIN gen-
erates synthetic spectra for comparison with measured spectra.

FIG. 2: Spatial variation in H-like (black), He-like (red), and Li-like (green)
argon densities. ICF capsule conditions are: gas fill of 24 atm D5 and 0.085 atm
Ar, capsule radius R = 200 pm, electron density n, = 10?3 cm ™2, and elec-
tron temperature T, = 1 keV.

FIG. 3: a) Synthetic K-shell argon spectra and b) corresponding optical
depth, 7, of the ICF capsule in Fig. 2.

FIG. 4: Natural logarithm of the merit function obtained from a) the ratio
of Ar Lyg to Ar Heg line intensities (capsule radius is 150 pm) and b) the
FWHM of the Ar Heg line (capsule radius is 100 pm).

FIG. 5: Natural logarithm of the merit function formed by taking all possible
ratios between the 5 strongest argon spectral line intensities, i.e., Ly,, Lyg,
Ly,, Heg, and He,. The optimal plasma properties are: R = 200 pm, n, =
7.9-10%2 ecm~3, and T, = 900 eV.

FIG. 6: Comparison between synthetic (black) and measured (red) Z-pinch
dynamic hohlraum 1CF capsule implosion spectra. ICF capsule conditions
are: capsule radius R = 200 pm, electron density n, = 7.9 - 10*2 cm =3, and
electron temperature T, = 900 eV.
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