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In the field of inertial confinement fusion �ICF�, work has been consistently progressing in the past decade
toward a more fundamental understanding of the plasma conditions in ICF implosion cores. The research
presented here represents a substantial evolution in the ability to diagnose plasma temperatures and densities,
along with characteristics of mixing between fuel and shell materials. Mixing is a vital property to study and
quantify, since it can significantly affect implosion quality. We employ a number of new spectroscopic tech-
niques that allow us to probe these important quantities. The first technique developed is an emissivity analysis,
which uses the emissivity ratio of the optically thin Ly� and He� lines to spectroscopically extract temperature
profiles, followed by the solution of emissivity equations to infer density profiles. The second technique, an
intensity analysis, models the radiation transport through the implosion core. The nature of the intensity
analysis allows us to use an optically thick line, the Ly�, to extract information on mixing near the core edge.
With this work, it is now possible to extract directly from experimental data not only detailed temperature and
density maps of the core, but also spatial mixing profiles.
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I. INTRODUCTION

Spectroscopy has been used extensively in the field of
inertial confinement fusion �ICF� as a powerful nonintrusive
diagnostic tool. It provides a method for the characterization
of plasma conditions such as temperature and density, which
can be extracted in various levels of detail. In addition, we
present here a spectroscopic technique which allows the ex-
traction of quantitative information on mixing between ma-
terial from the shell and the fuel.

Ten years ago, the state-of-the-art technology used to
model ICF implosion temperatures and densities was the
time-resolved but spatially averaged description of these
conditions �1–11�. Essentially, in this approximation the im-
plosion core is treated as a homogeneous object.

It has been suggested, however, that temperature and den-
sity spatial profiles are non-negligible in ICF experiments
and should be studied �12�. In answer to this, spectroscopic
methods evolved with the goal of determining the structure
of implosion cores. These techniques focused on interpreting
the line spectrum comprising the Ar He� and Li-like satel-
lites, along with the associated He� narrow-band image
�13–15�. More recent advances in diagnostic equipment and
analysis methods have made it possible to unfold the spatial
information contained in spatially resolved Ar Ly� and He�
narrow-band images �16,17�.

This work focuses on indirect drive Ar-doped implosions
in which Ar Ly� �1s−3p�, Ar He� �1s2−1s3p�, and

Ar Ly� �1s−2p� narrow-band images were recorded. A va-
riety of objective techniques have been developed to process
the narrow-band image data to prepare it for analysis. Using
special geometric considerations, it is possible to construct
intensity and emissivity maps which can eventually be trans-
lated into temperature and density maps of the core, yielding
even more detail.

This paper will focus on the determination of temperature
and density spatial profiles using several techniques of spec-
troscopic modeling. The first method, which will be referred
to here as the emissivity analysis, enables the extraction of a
temperature profile using the emissivity ratio of the Ly� and
He� lines. The Ly� and He� equations are then indepen-
dently solved for the density profiles. The second spectro-
scopic technique, referred to here as the intensity analysis,
involves calculating the density profiles by solving a set of
nonlinear discrete transport equations which represent radia-
tion transport through the core. The equations can be solved
either in the optically thin approximation or including the
effect of opacity. In the latter case, a noticeable change in the
density profiles is apparent, particularly in deeper zones of
the plasma which have greater optical depth. Hence, we can
evaluate the effect of opacity on the core spatial structure
determination. The results of these methods are compared to
a search and reconstruction technique that uses a genetic al-
gorithm to establish the temperature and density spatial pro-
files �17,18�.

The measurement and investigation of fuel-shell mixing is
a topic of great interest in the ICF community �19–21�. Some
work has focused on burying tracer elements in the ablator to
determine the importance of mixing, a method which cannot
yield quantitative mixing trends �22�. Recent work which can
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identify quantitative mixing information involves the appli-
cation of particle-based diagnostics �19,20�. In this paper, we
discuss the modification of the intensity analysis to include
the effects of mixing between the fuel and shell materials.
The addition of information from the optically thick Ly� line
makes it possible to calculate an extra unknown, the spatial
mixing profile. This constitutes an approach designed to di-
rectly generate information on mixing from a data analysis,
and also an attempt to perform a quantitative analysis of an
optically thick image.

II. EXPERIMENTS AND INSTRUMENTS

The indirect drive experiments discussed here were per-
formed at the Laboratory for Laser Energetics’ �LLEs�
OMEGA laser facility. In each of these experiments, a
2.5 mm long Au hohlraum enclosed a 512 �m-diameter
spherical plastic microballoon target filled with 50 atm of D2
and doped with 0.1 atm of Ar. Thirty OMEGA laser beams,
fifteen entering through each laser entrance hole in cones of
five and ten beams, were applied in a 1 ns square pulse to
irradiate the interior hohlraum walls. This produced a hohl-
raum radiation temperature of 210 eV, which was sufficient
to drive the implosion. Neutron yield was consistently be-
tween 3–5�108 neutrons. An effort was made to use beam
pointing which resulted in spherical cores.

The primary diagnostic equipment used was the Multi-
Monochromatic X-ray Imager �MMI�, which is an innova-
tive instrument designed to record narrow-band images of
the core over a wide spectral energy range �16,23�. In this
particular case, the MMI records Ar line emission features,
which provide the data necessary for spectroscopic diagno-
sis. MMI also affords the opportunity to subtract continuum
images from the line emission images. In addition, space-
integrated x-ray line spectra can be extracted from a spatial
integration of the image data.

The MMI consists of a pinhole array placed close to the
source which acts as the imaging element, and a multilayer
mirror Bragg reflector, which provides energy dispersion.
The tilt of the rows of pinholes with respect to the spectral
dispersion axis leads to each pinhole capturing emission
from a small energy range. Figure 1�a� shows clearly the
horizontal photon energy axis and the vertically tilted pin-
hole rows. Integration of several pinhole sub-images is nec-
essary to achieve a full picture of line emission for the Ly�,
He�, or Ly� lines �24�.

III. DATA PROCESSING TECHNIQUES

This paper focuses on the processing and analysis of MMI
data which was time resolved over 50 ps beginning at the
time of peak Ar x-ray emission. The MMI captured images
in the spectroscopic range of interest, which includes the
Ly� centered at 3935 eV, the He� at 3686 eV, and the Ly�
at 3320 eV. This range was chosen because attributes of the
Ly� and He� lines provide a strong diagnostic sensitivity to
both temperature and density �1,13,25�. In addition, the Ly�
is an optically thick line which is added in the intensity

analysis to provide additional information used to extract
mixing profiles.

The MMI data are rich in information, and require a so-
phisticated tool for image processing. To this end, a graphical
user interface was built in IDL to objectively work through
the many steps in the processing sequence. Reference �24�
provides a detailed explanation of the tool and the proce-
dures. Uncertainties in the image processing procedures are
calculated at a 1 to 5% level for the image intensity profiles.
In addition, a reliable estimate of the intrinsic uncertainties
in the image intensity measurement is ongoing.

Figure 1�a� shows the MMI image after it was corrected
for the photon energy dependent instrumental corrections
that account for multilayer mirror reflectivity, Be filter trans-
mission, and MCP spectral response. In addition, the data
were flat fielded to take into account the variation in re-
sponse for each pixel. The photon energy axis is depicted, as
well as the individual pinhole sub-images that are integrated
to compile the Ly�, He�, and Ly� images. Figure 1�b� dis-
plays the Ly�, He�, and Ly� images that are generated by
aligning the proper sub-images, integrating them, and sub-
tracting the corresponding continuum images. The narrow-
band energy ranges are 3875–4015 eV for the Ly�,
3620–3732 eV for the He�, and 3270–3360 eV for the

FIG. 1. �Color online� �a� MMI image from indirect drive time-
resolved data, corrected for photon energy dependent instrumental
effects. Line-based and continuum-based sub-images are high-
lighted. �b� Final images resulting from the data processing. The
columns that are focused on in this paper are indicated.
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Ly�. Detailed 1D traces will be presented in this paper for
the central column, or core slice, of the images, as indicated
in Fig. 1�b�. Additionally, spatial maps of temperature and
density will be shown for the central six columns.

In the past, angle-integrated radial lineouts of narrow-
band images from MMI data were extracted and analyzed
�24,25�. This approach connects with the idea of a spheri-
cally symmetric core. However, as is noticeable from Fig. 1,
these images are not necessarily spherical in nature. A tech-
nique has therefore been developed in which a so-called
“gummy-worm axis” of the image is identified �26�. This
represents a case in which each vertical column of pixels,
which corresponds to a core slice of the image, has its own
local axis of symmetry.

Each column of an image is symmetrized about this
gummy-worm axis, leading to a collection of symmetrized
intensity profiles. The symmetrization is used because an in-
version based on one line of sight cannot resolve the angular
dependence in a core slice. A generalized Abel inversion, in
which the intensity of each pixel on the image plane is asso-
ciated with the line integral of emissivity along a chord in the
source, is then performed. Abel inversion can only be used in
cases of optically thin line emission �27�, which the Ly� and
He� lines are often approximated as.

Figure 2 shows the set of symmetrized image intensity
profiles and corresponding emissivity profiles for the central

core slice of the Ly�, He�, and Ly� images. Note that emis-
sivity profiles are not shown for the Ly�, since it is signifi-
cantly more optically thick and it is therefore inappropriate
to apply an Abel inversion. To provide enough points to char-
acterize trends, the experimental profiles are averaged over
six spatial intervals, with some level of partial overlapping.
Though this level of detail is finer than the spatial resolution
of the MMI data, estimated between 10–12.5 microns, it has
been ascertained that the increased resolution in the analysis
does not result in significant changes. In this paper, we will
focus on the central core slice for the 1D results, and maps of
the temperature and density profiles for the central six spatial
zones will also be shown, since this part of the image pro-
vides the most reliable data for quantitative analysis.

IV. EMISSIVITY ANALYSIS

The first spectroscopic technique discussed here, the
emissivity analysis, relies on Ly� and He� data and permits
the extraction of both temperature and density spatial pro-
files. This is accomplished in the optically thin approxima-
tion, since the Abel inversion used to generate emissivity
profiles assumes an optical depth of zero. In order to recon-
struct temperature and density maps of the core, the relation-
ships between emissivity, temperature, and density are ex-
ploited. The emissivity of a line transition from an upper
level u to a lower level l is proportional to the upper level
population number density Nu, the radiative decay rate Aul,
the photon energy h�ul of the transition, and the area normal-
ized lineshape ��,

�� =
1

4	
NuAulh�ul��. �1�

The total line emissivity used in the analysis is a super-
position of many single line contributions, including reso-
nance and satellite transitions, in the photon energy range
covering a narrow-band image �13�. We emphasize that even
though the He� and Ly� line transitions are not themselves
significantly affected by opacity, other lines such as the He�
and Ly� are, and their opacity effect does impact the atomic
kinetics of the Ar ions �28�. The atomic kinetics model used
in the calculation of the emissivities employed in this work
does include this opacity effect �13�. The emissivity profiles
extracted from the experimental data and shown in Fig. 2 are
associated with a column, or core slice, from the original
images. The analysis is performed one column at a time, and
the columns can then be compiled into maps of the core
temperature and density.

The temperature profiles are calculated first by using the
idea that the Ly� /He� emissivity ratio is strongly dependent
on electron temperature but only weakly dependent on elec-
tron density �17�. The analysis uses theoretical emissivities
as a function of temperature and density, which are specifi-
cally customized for the narrow-band energy range of a par-
ticular image, and are generated by the physics model dis-
cussed in Ref. �13�.

Figure 3 demonstrates the surface resulting from taking
the ratio of the Ly� and He� emissivity surfaces. Working
one column, or core slice, at a time, the experimental emis-

FIG. 2. �Color online� Symmetrized �a� intensity profiles and �b�
emissivity profiles from the central core slice, used as input in the
spectroscopic analysis.

SPECTROSCOPIC DETERMINATION OF TEMPERATURE… PHYSICAL REVIEW E 76, 056403 �2007�

056403-3



sivity ratio for each spatial zone is contour plotted onto the
theoretical emissivity ratio surface. These contours can also
be seen in Fig. 3, and clearly display the density insensitivity
of the Ly� /He� emissivity ratio. In other words, across a
wide range in density, the temperature changes very little.
Effectively, the equation relating experimental and theoreti-
cal emissivity ratios is solved. The temperature profile for a
particular column is calculated by averaging the tempera-
tures along the individual contours in a reasonable yet broad
density range. The temperature spread is then used to deter-
mine the uncertainty in the temperature profile calculation.

Figure 4 displays an example of a 1D temperature profile
from the central column, as well as a map of the temperature
throughout the six central core slices. The maps shown in
this paper were reconstructed by individually calculating the
profile for each column and then reflecting each profile about
its local gummy-worm axis of symmetry. Viewed from
above, these are spatial maps which relate to the spatial co-
ordinates seen in the images of Fig. 1�b�. The temperature
map of Fig. 4 shows several notable characteristics. Gener-
ally, the temperatures slope downward at the edges of the
core �the top and bottom of the map�. The temperature ap-
pears to be higher toward the left side of the image, which
could be due to experimental deviations from spherical sym-
metry that resulted in the formation of an asymmetric hot
spot. The temperatures generated with this analysis are con-
sistent in both trend and absolute value with the profiles
provided by 1D hydro simulations.

Using the information from the temperature profile analy-
sis, the density profiles can be extracted by solving either the
Ly� or He� emissivity equations,

�Ly�
exp = k�Ly�

theory�Te,Ne� , �2�

�He�
exp = k�He�

theory�Te,Ne� . �3�

In these equations, experimental and theoretical emissivities
are linked by a proportionality constant, k. The only un-
knowns are k and the density, Ne. Given a particular value for

k, the solution is unique. Changing the value of k retains the
shape of the profile but changes the absolute densities. To
solve this problem, an iterative technique has been developed
to accurately identify the absolute density values. Trial pro-
files are recalculated for different central density values, and
following the calculation of each trial profile, an emissivity-
weighted average is performed to represent a single spatially
averaged density value. This emissivity-weighted average is
then compared to the independently determined results of the
uniform model analysis, which acts as a constraint. In this
particular case, the uniform model analysis used the space-
integrated line spectrum including the Ly� and He� features
to determine the spatially averaged density conditions
throughout the core. The trial profile with the closest match
between the emissivity-weighted average and the uniform
model result is then considered to be the density profile so-
lution.

The uncertainties are determined by recalculating the den-
sity profiles using the high and low value from the tempera-
ture spread in each spatial zone. The uncertainties are quite
small due to the fact that variations in the temperature values
�as depicted in the uncertainty spread of Fig. 4� produce very
similar density values. In other words, the calculation of the
density profiles is relatively insensitive to the temperature.

Figure 5 shows the central core slice density profiles
based on both Ly� and He�, and the full density map of the
central six columns of the image, based on the Ly�. The

FIG. 3. �Color online� Contours representing the experimental
emissivity ratio values in each spatial zone, mapped onto the theo-
retical emissivity surface. The experimental data is from the six
spatial zones of the central core slice.

FIG. 4. �Color online� �a� Temperature profile for the central
core slice. The uncertainty bars represent the weak density sensitiv-
ity in each spatial zone. �b� Quasi-3D representation of the tempera-
ture map, plotted as a function of distance in microns, for the cen-
tral six columns of the images.
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density profiles consistently demonstrate the general trend of
downward sloping profiles with a central dip in the middle. It
is noted that the spatial profiles based on the Ly� and He�
line features compare very well.

V. INTENSITY ANALYSIS

An alternative technique to extract the core density pro-
files has been developed. The experimental data available in
this work consists of narrow-band images representing inten-
sity on the image plane. The idea for the intensity analysis is
to take advantage of the principles of image formation in
order to provide a theoretical framework for setting up dis-
crete radiation transport equations. The major benefit of the
intensity analysis is that it facilitates the inclusion of opacity
effects associated with the Ly�, He�, and Ly� lines, specifi-
cally by studying the impact the opacity has on the density
profiles.

The emissivity analysis, which was performed in the op-
tically thin approximation, relied on Abel inversions of the
spatial intensity profiles. The intensity analysis, however,
does not require Abel inversion to extract density. It can be
performed in the optically thin approximation and the results
can be compared to the emissivity analysis results, which
helps test the accuracy of the Abel inversion. When the in-
tensity analysis is performed including the effects of opacity,

the results demonstrate that even for lines such as the Ly�
and He�, which have mild optical depths, there are signifi-
cant changes to the density spatial profiles.

In order to test these methods, synthetic data based on 1D
hydro simulations were used. The results of these tests were
encouraging, and demonstrated clearly that in the case of
synthetic data, the known temperature and density profiles
can be fully recovered for both the emissivity and intensity
analyses �29�.

The discrete radiation transport equations that model im-
age intensity profiles were developed with the aid of Fig. 6.
The y-axis zones represent intensity on the image plane,
which is available in the experimental data. R represents the
core slice size, which is broken into six equally spaced inter-
vals. The zones on the image plane and in the object space
share the same grid. The chord lengths, L�i , j�, are calculated
using simple geometric considerations.

The theoretical intensity equations themselves are built by
including terms which represent self-emission and attenua-
tion. The analysis starts with the outer zone of the core and
moves inward, since information from the previous zones in
the calculation �zones further toward the edge of the core� is
necessary. The equations become significantly more compli-
cated as radiation is transported through multiple zones. As
an example, the intensity equation of the first outer zone is
given here:

I��0� = k�
���0�

��0�

�1 − e−
��0�L�0,0�� �4�

The equations for other spatial zones follow the same format,
but include a number of additional self-emission and attenu-
ation terms �30�. Effectively, in the analysis, the left-hand
side of each equation represents the experimental intensity
value for that particular spatial zone, while the right-hand
side represents the self-emission and attenuation terms mul-
tiplied by a proportionality constant k�. This factor k� effec-
tively relates experimental to theoretical intensity values. It
is based on the k used in the emissivity equations, which
relates experimental and theoretical emissivities, as well as
on the magnification of the data. The intensity equations are

FIG. 5. �Color online� �a� Density profiles for the central core
slice, based on the Ly� and He� emissivity equations. �b� Quasi-3D
representation of the density map based on the Ly�, plotted as a
function of distance in microns, for the central six columns of the
images.

FIG. 6. �Color online� Image formation and setup for discrete
transport equations.
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dependent on the narrow-band emissivity, ��, and opacity, 
�,
in each spatial zone, which are functions of temperature and
density, and on the chord lengths L�i , j�. The opacities used
are actually emissivity-weighted opacities, in order to prop-
erly account for the contributions throughout the entire
narrow-band energy range.

In order to build the density profiles, the intensity equa-
tions are solved zone-by-zone �moving inward� for the den-
sity assuming the temperature given by the emissivity ratio
technique described in Sec. IV. This is why the intensity
analysis is recognized as a semi-independent analytical tech-
nique, since it still relies on the temperature extracted from
the emissivity analysis. The results of the intensity analysis
are determined from zone-specific plots of the theoretical
intensity �the right-hand sides of the intensity equations
which follow the form of Eq. �4�� as a function of density.
Drawing a horizontal line representing the experimental in-
tensity for that zone results in intersecting the function once.
This intersection point directly gives the density value. Fig-
ure 7 demonstrates this technique, and also clearly shows the
uniqueness of the solution in the density range being inves-
tigated.

The first step is to calculate the density profiles in the
optically thin approximation. In this case, only the self-
emission terms of the intensity equations are used, and the
optical depths �=
L are set equal to zero. The next step is to
do the full calculation including opacity effects and using
equations of the form described in Eq. �4�.

Figure 8 shows a comparison of the Ly�-based density
profiles extracted from the three analyses: �i� the intrinsically
optically thin emissivity analysis, �ii� the optically thin inten-
sity analysis, and �iii� the intensity analysis including opacity
effects. These results come from the Ly� emissivity and in-
tensity equations, and represent the central core slice of the
images in Fig. 1. Using the He� equations produces very
similar results. Also shown in Fig. 8 is the density map in-
cluding opacity effects and based on the Ly�. It is clear that

even for a line as optically thin as the Ly�, there is a notice-
able opacity effect, particularly in the inner zones which
have a greater optical depth.

A caveat here is that the density profiles resulting from the
intensity analysis are not renormalized in any way. Recall
that for the emissivity analysis, the emissivity-weighted av-
erage of the profiles was compared to the uniform model
analysis, which acted as a constraint. Though the profile
shape does not change, the absolute values do. In the inten-
sity analysis results shown in Fig. 8, no such constraint has
been implemented, so that it is easier to visualize the opacity
effect in relation to the emissivity analysis results zone by
zone.

VI. COMPARISON OF ANALYTICAL TECHNIQUES
AND GENETIC ALGORITHM SEARCH METHOD

A method which reconstructs the temperature and density
profiles using a genetic algorithm �GA� search engine was
previously developed in an application to x-ray spectroscopy
�14,18�. This spectroscopic technique was further expanded
to include three objectives �17� and a parallel genetic algo-
rithm implementation.

The method is based on a multicriteria GA search for the
temperature and density profiles that yield the best simulta-

FIG. 7. �Color online� Plot showing the uniqueness of solution
using the intensity analysis. The six spatial zones are based on the
central core slice. Intersections between the horizontal lines �the
experimental intensity values� and the curves �the theoretical inten-
sities� give the density for each spatial zone.

FIG. 8. �Color online� �a� A comparison of density profiles
based on the Ly�. Results are from the emissivity analysis, the
intensity analysis using an optically thin approximation, and the
intensity analysis including opacity effects. �b� Quasi-3D represen-
tation of the density map based on the Ly� including opacity ef-
fects, plotted as a function of distance in microns, for the central six
columns of the images.
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neous fits to an x-ray line spectrum and a collection of
narrow-band emissivity profiles. Physically, the x-ray spec-
trum is one objective that provides information on spatially
averaged conditions in the core. The other objectives are the
Ly� and He� emissivity profiles extracted from the narrow-
band images, which yield a spatially resolved level of detail.

Since this method is completely independent of the emis-
sivity and intensity analyses discussed in the previous two
sections, it is useful to compare the spatial profiles. Figure 9
displays the temperature and density profiles resulting from
the emissivity analysis, the intensity analysis, and the genetic
algorithm-driven multi-objective search and reconstruction
technique. The HELIOS-CR 1D hydrodynamics code �31,32�
was run for the experimental case of interest, and the result-
ing temperature and density profiles are shown for compari-
son. These profiles have been post-processed to provide
emissivity-weighted time averages over the duration repre-
sented in the data �50 ps in this case�. The three traces in
each plot represent three neighboring snapshots in time,
since the timing between the hydro simulation and the ex-
periment is not absolute.

The temperature profiles extracted from the two indepen-
dent data analyses compare quite well. The time-averaged
HELIOS-CR simulations show consistently steeper tempera-
ture profiles than are seen with the data analyses. The density
profiles from the GA analysis fall between the intensity
analysis results including opacity effects and the emissivity
analysis results. This is due to the fact that the physics model
used in the GA search technique uses some opacity informa-
tion in the fitting of the spectrum. In contrast, the intensity
analysis takes full account of the opacity effects, while the
emissivity analysis neglects the opacity effects. Comparisons
with the time-averaged HELIOS-CR density profiles are
quite interesting, since the hydro consistently gives lower
and very flat densities. One issue to note is the fact that these
clean hydro simulations by definition do not include any
mixing effects. However, mixing intrinsically affects the
data, particularly toward the edges of the core. An investiga-
tion into this discrepancy is ongoing.

VII. MIXING INVESTIGATION BASED ON
SPECTROSCOPIC DATA ANALYSIS

The inclusion of the additional Ly� data brings more in-
formation into the analysis. The ultimate goal is to extract
realistic densities and spatial mixing profiles directly from
the experimental data, using no prior assumptions. In order
to include mixing in the analysis, equations of the form of
Eqs. �2�–�4� are modified to include a mixing coefficient �,
which represents the local ratio of the atom number densities
of plastic from the shell and deuterium from the fuel. It can
be shown �30� that for the fill pressures and other attributes
of the experiments described here, the intensity and emissiv-
ity equations become

ILy�
exp �0� = k�

�Ly�
theo�0�


Ly�
theo�0�

�1 − e− 1
�1+7��0�� 
Ly�

theo�0�L�0,0�� , �5�

�Ly� or He�
exp �0� =

k

�1 + 7��0��
�Ly� or He�

theo �0� . �6�

This is an example for the outer �simplest� zone, and the idea
of multiplying the theoretical emissivities and opacities by a
factor of 1

1+7� carries over to all other zones. Recall that the
emissivities and opacities are functions of temperature and
density. Essentially, the only two unknowns in this system of
two equations are the density Ne and the mixing coefficient
�. Note that the intensity from Eq. �5� is based on the Ly�,
while the emissivity from Eq. �6� can be based on either the
Ly� or the He�. The density is calculated first by rearrange-
ment of the equations and substitution. The resulting density
is used to solve for the mixing coefficient, �.

Due to opacity effects of the Ly�, the analysis breaks
down after the outer two spatial zones. Therefore, the densi-
ties based on the Ly� as well as the mixing coefficients are
only calculated for the two outermost zones. Very little
change is seen when comparing the Ly�-based density pro-
files with and without the mixing effect.

Figure 10 presents the mixing coefficients extracted for
the outer two zones of the three central columns of the im-

FIG. 9. �Color online� Comparison of emissivity and intensity
analyses results, multi-objective search and reconstruction results,
and HELIOS-CR 1D hydro simulations for �a� temperature and �b�
density spatial profiles. Results are based on the central core slice of
the images.
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ages in Fig. 1. A consistent trend is noticeable. According to
this data-driven mixing analysis, the amount of mixing in
these columns is at a maximum in the outer zone. The mix-
ing coefficient � is in the 5 to 12 percent range. It is possible
to make a rough approximation of the mix width, which is
defined as the radial size of the region that contains material
from both the shell and the core. This can be done by calcu-
lating the scale length of the two points in the mixing profile.
The rate of change of the � function with respect to the
distance axis, or the mix width h, can be defined with the
following formula:

h =
�

�d�

dx
� . �7�

The mix width estimates based on this scale length approxi-
mation are shown in Fig. 10 for the three mixing profiles.
The average mix width for the three columns is 10±2 mi-
crons.

Two independent theoretical mix models, Youngs’ and
Haan’s model, have been implemented and described else-
where �33�. Youngs’ model �34�, which calculates an effec-
tive lower-bound mix width, predicts values of 1.3–1.7 mi-
crons during the time corresponding to the data recording,
while Haan’s saturation model �35�, which calculates a mix
width by estimating the growth of multimode perturbations
on the fuel-shell interface, predicts values of 3.8–4.0 mi-
crons.

We point out that these theoretical mix models calculate
the size of the mix layer due to Rayleigh-Taylor growth only,
and are probably underpredicting the mix widths. The accu-
racy of these mix models cannot as yet be tested by the data
analysis techniques discussed here until a pattern has been
established by forthcoming experiments which will attempt
to constrain the problem.

VIII. CONCLUSIONS

The primary goal of this work has been to advance the
spectroscopic analysis of ICF implosion cores by investigat-
ing different analysis methods and applying them to the ex-
traction of spatial profiles of temperature and density. In ad-
dition, it has also been possible to extract quantitative
information on fuel-shell mixing directly from these spectro-
scopic data analyses.

Two different spectroscopic techniques were developed to
extract spatial profiles from narrow-band image and line
spectrum data. Both methods permit a clear demonstration of
the uniqueness of the solution. Temperature profiles are ex-
tracted first by exploiting the strong dependence of the
Ly� /He� emissivity ratio on the temperature. Density pro-
files are then calculated in two ways that yield distinct re-
sults. Using an emissivity analysis, the Ly� and He� emis-
sivity equations are solved separately to extract density
profiles in the optically thin approximation. Utilizing an in-
tensity analysis, which models the transport of radiation
through the core, involves the solution of a set of nonlinear
discrete transport equations. The intensity analysis can be
performed either in the optically thin approximation, in
which case the results compare well to those of the emissiv-
ity analysis, or including the effects of opacity, in which case
a noticeable change in the spatial profile is seen for zones
with higher optical depths. However, we emphasize that
opacity effects on the temperature spatial profiles have not
been investigated with these methods.

The utilization of additional spectroscopic data, e.g. in the
form of the optically thick Ly� line, opens possibilities to
study the spatial extent and level of mixing. In effect, using
three pieces of data �the Ly�, He�, and Ly� images�, three
unknowns �the temperature, density, and mixing coefficient�
can be extracted. As discussed in this paper, information re-
garding the level of mix has been directly extracted from a
data analysis using only spectroscopic arguments.
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