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Detailed analysis of x-ray narrow-band images from argon-doped deuterium-filled inertial
confinement fusion implosion experiments yields information about the temperature spatial structure
in the core at the collapse of the implosion. We discuss the analysis of direct-drive implosion
experiments at OMEGA, in which multiple narrow-band images were recorded with a
multimonochromatic x-ray imaging instrument. The temperature spatial structure is investigated by
using the sensitivity of the Ly� /He� line emissivity ratio to the temperature. Three analysis
methods that consider the argon He� and Ly� image data are discussed and the results compared.
The methods are based on a ratio of image intensities, ratio of Abel-inverted emissivities, and a
search and reconstruction technique driven by a Pareto genetic algorithm. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2966370�

I. INTRODUCTION

Determining the spatial structure of implosion core tem-
perature conditions is of current interest in inertial confine-
ment fusion experiments.1–5 We report here on the extraction
of the temperature spatial structure from x-ray narrow-band
gated images of the implosion core recorded in direct-drive
experiments performed at the Laboratory for Laser Energet-
ics’ OMEGA laser facility. The temperature spatial profiles
are determined spectroscopically using three methods that
rely on the sensitivity of the Ly� /He� line emissivity ratio
with respect to the temperature. These methods treat space
integration and radiation transport effects with different lev-
els of approximation.

II. EXPERIMENTAL DETAILS AND DATA

The direct-drive experiments discussed here consisted of
imploding spherical plastic microballoon targets irradiated
with the OMEGA laser system. The microballoons had an
initial radius of 400 �m, a plastic wall thickness of 27 �m,
and an outer aluminum layer of 0.1 �m. They were filled
with 20 atm of deuterium and a tracer amount of argon
�0.072 atm� for spectroscopic purposes, and driven by 18.5
kJ of UV laser energy in a low-adiabat �2 pulse shape. This
pulse shape begins with low laser power to drive a slow

implosion which is then followed by high laser power in an
effort to mitigate early core preheating and achieve higher
compression.

In order to extract information on the temperature spatial
structure of the implosion cores, good quality images of the
argon line emission are necessary. To this end, the direct-
drive multimonochromatic x-ray imager �DDMMI� instru-
ment was used to record argon K-shell line emission images
in the photon energy range of interest, namely, the Ly�
�1s-3p, h�=3935 eV� and He� �1s2−1s 3p, h�=3684 eV�
line transitions of H- and He-like Ar ions, respectively.6 The
DDMMI consists of a pinhole array placed as close as pos-
sible to the core in order to maximize the signal, and a
multilayer mirror Bragg reflector to provide spectral disper-
sion. Time-resolved image data were recorded by time-gated
framing cameras on film. The data presented here represent
observations along one line of sight. However, images were
also recorded along the two additional lines of sight from
quasiorthogonal directions and will be reported elsewhere. In
addition, two streaked x-ray spectrometers were fielded to
record time-resolved space-integrated x-ray line emission
from the argon tracer. A time-correlation technique based on
the time history of the emission of Ly� �1s-2p, h�
=3322 eV�, Ly�, and He� argon line transitions was used to
establish a correspondence between the framing cameras and
the continuous time axis of the streak cameras. Namely, the
time-correlation function h defined as

h�t0� =� fSC�t�gFC�t − t0�dt ,

where fSC and gFC refer to streak-camera and framing-
camera recorded time histories, respectively, was computed
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and the time t0 for which h is maximum was used to corre-
late the time axis of fSC and gFC. This was important in order
to locate in time the gated core images recorded with
DDMMI.

Raw data recorded by the DDMMI instrument were first
converted from film density to intensity using the film cali-
bration, and then corrected for the photon energy dependent
corrections relating to beryllium filter transmission, reflectiv-
ity of the multilayer mirror, and the spectral response of the
multichannel plates. The DDMMI instrument records many
core images for each time frame. Implosion core images re-
corded by DDMMI associated with individual pinholes cor-
respond to a slightly shifted photon energy range. Therefore,
in order to compile a narrow-band spatial image based only
on Ly� or He� line transition photons, it is necessary to
extract, align, and combine several portions of DDMMI re-
corded images; details of this procedure are described in Ref.
6. In this case, portions from about six images were carefully
aligned and added to compile Ly�, He�, and nearby con-
tinuum composite images. The continuum images can then
be subtracted from the Ly� and He� images in order to
produce a good approximation to an image formed only by
line transition photons.

As an illustration of the data recorded by DDMMI, a set
of narrow-band images based on the Ly� and He� line tran-
sitions is shown in Fig. 1. Their narrow-band widths are
approximately 60 eV each, and they are integrated for a
small time interval �t�50 ps close to the peak of argon
x-ray line emission at the collapse of the implosion. We note
that the He� line core image displays an annular intensity
distribution, and both Ly� and He� line images show visible
asymmetries.

III. SPECTROSCOPIC DETERMINATION OF
ELECTRON TEMPERATURE SPATIAL STRUCTURE

The emissivity ratio of Ly� /He� is strongly dependent
on electron temperature Te but only weakly dependent on
electron density Ne.

5,7 Therefore, it can be used as a tempera-
ture diagnostic. Three methods were implemented to extract
information about the spatial structure of the electron tem-
perature Te. The differences between these methods can be
interpreted in terms of the way in which they deal with spa-
tial integration and radiation transport effects. Emergent in-
tensity distributions and emissivities and opacities required
by these analysis methods were computed with a collisional-
radiative atomic kinetics model that includes detailed Stark-
broadened line profiles and spectroscopic quality radiation
transport.8 The first method considers the ratio of Ly� /He�
image intensities. If we neglect the radiation transport effect,
each intensity point on the image plane can be interpreted as
the line integral of the emissivity along a given chord in the
plasma source, i.e., the implosion core. Thus, the ratio of
Ly� /He� intensities on the image plane corresponds to the
ratio of average emissivities along chords in the core, and
this ratio can be converted into an average or effective elec-
tron temperature Te integrated along the chord. A constant
electron density Ne=1�1024 cm−3 was assumed. The result
of this analysis for the image data of Fig. 1 is displayed in
Fig. 2. The x and y coordinates in the surface plot correspond
to the coordinates on the image plane. The electron tempera-
ture Te varies in the range from 900 eV near the core image
edge to 1400 eV in a region off image center. We note that no
symmetry assumptions or geometry inversions are required
to perform this analysis.

The second method splits the core into a collection of
core slices and uses an Abel inversion procedure for each
core slice to go from intensity distribution on the image
plane to emissivity profile in the plasma �core� source.9 The
Abel inversion unfolds the line integration corresponding to
chords in each core slice to yield local emissivity in the core
slice but it still assumes negligible radiation transport effects.
Also, the application of the Abel inversion procedure re-
quires local axial symmetry in each core slice. To satisfy this

FIG. 1. Time-gated narrow-band core images, integrated over �t=50 ps,
based on the He� �top� and Ly� �bottom� argon line transitions.

FIG. 2. Electron temperature Te spatial distribution obtained from the ratio
of Ly� /He� image intensities.
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condition intensity profiles associated with a given core slice
must be made symmetric about a suitable center point. This
operation partially removes some of the asymmetries ob-
served on the image thus yielding Abel-inverted emissivities
as a function of radial coordinate r in the core slice. Then,
the ratio of Abel-inverted emissivities can be converted into
a spatial profile of Te as a function of the radial coordinate in
the core slice, i.e., Te�r�. A constant electron density Ne=1
�1024 cm−3 was assumed. The collection of Te�r� profiles
from all core slices represents a quasi-three-dimensional map
of the electron temperature spatial distribution. The result of
this analysis for the image data in Fig. 1 is shown in Fig. 3.
The x and y coordinates in the surface plot now correspond
to core slice label and radial coordinate in the core slice.
While this analysis still neglects the radiation transport ef-
fect, the unfolding of the chord line integration via the Abel
inversion results in an electron temperature that ranges from
about 900 eV near core edge to 1900 eV inside the core but
off the core center. This temperature distribution is axially
symmetric in each core slice but it still has some of the
asymmetry present in the image data. Finally, the third
method is an attempt to unfold the chord line integration and
to account for the radiation transport effect. As in the second
method, the core is split into slices and each core slice is
assumed to be axially symmetric. Then, a multiobjective
Pareto genetic algorithm is used to drive a search in param-
eter space with the goal of finding the temperature and den-
sity profiles that yield the best simultaneous and self-
consistent fits �i.e., approximations� to three objectives: the
He� image intensity distribution, the Ly� image intensity
distribution, and the space-integrated line spectrum. Alterna-
tively, the Ly� /He� image intensity ratio can be used as an
objective as well. Furthermore, optimal fits are obtained by
following up the genetic algorithm search with a “fine-tuner”
step driven by a nonlinear least-squares minimization
algorithm.10 The approximation of the image intensity distri-
bution on the image plane is performed by transporting the
line radiation, one photon energy at a time, inside the core
slice via an integration of the radiation transport equation.
The result of this analysis for the image data in Fig. 1. is
shown in Fig. 4. Accounting for both space integration and

radiation transport effects yields a temperature spatial distri-
bution in the core that spans the range from 900 eV near core
edge to 2250 eV inside the core, thus resulting in the tem-
perature spatial structure with the steepest gradients.

IV. CONCLUSION

We have implemented three spectroscopic methods to
determine time-resolved temperature spatial structure in
direct-drive inertial confinement fusion implosion cores at
OMEGA. The targets consisted of plastic shells filled with
deuterium gas and a tracer amount of argon for diagnostic
purposes, and driven with a low-adiabat �2 pulse shape. The
analysis methods rely on the temperature sensitivity of the
Ly� /He� line emissivity ratio and on gated image data re-
corded with the DDMMI instrument. The methods treat
space integration and radiation transport effects with differ-
ent levels of approximation. On the one hand, neglect of
these effects leads to a temperature spatial structure charac-
teristic of the shallowest spatial gradients. On the other hand,
taking both effects into account yields a spatial structure with
the steepest spatial gradients.
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