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ABSTRACT

This paper presents initial findings from the recently deployed Kr multi-monochromatic x-ray imager (Kr MMI) at the Omega laser facility.
The experiment focuses on exploring implosion dynamics in exploding pusher capsules at three distinct initial gas fill densities. Utilizing
time-gated and spatially integrated measurements, core size, electron temperature (Te), and electron densities (ne) are extracted through the
analysis of the spectral region encompassing the Kr He a and its satellite lines. A comprehensive spectral database, incorporating atomic
kinetics, spectroscopic-quality radiation transport, and Stark broadened line shapes, has been developed for rigorous data analysis. These
measurements underscore the utility of the new Kr MMI instrument, which, combined with sophisticated analysis techniques, enables the
diagnosis of plasma conditions at Te > 2000 eV, thereby extending the capabilities beyond the prior Ar MMI design. This is an important
stepping stone for achieving time-gated and space-resolved diagnostics of electron temperature, electron density, and heat transport in high
temperature implosion cores.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0207826

I. INTRODUCTION

High-energy density physics is an interdisciplinary field dedicated
to examining the behavior of matter in a plasma state, characterized by
a broad spectrum of high temperatures and densities. A primary
method for generating such extreme states involves direct drive inertial
confinement fusion (ICF) experiments. In this approach, high-power
laser beams are directed in a spherically symmetric configuration
toward a millimeter-scale spherical capsule. This capsule, comprised of
a shell and fuel containing fusion reactants, undergoes laser-induced
ablation on its outer surface. Consequently, the inner shell functions as
a piston, compelling the fuel to compress. This implosion results in an
increase in the fuel density and temperature, creating a plasma state

where the fusion reactions are held. ICF-type implosions are also
employed as experimental platforms to perform basic high-energy
density science to study, for example, ion stopping power,1 electron–
ion energy transfer,2 and kinetic effects.3 However, these implosion
core plasmas exist within a highly confined region of both space
(50–150lm) and time (�0.5ns) before the system undergoes expan-
sion and cooling. Due to the plasma’s extreme conditions, these sys-
tems prove challenging to diagnose and study. Essential parameters
for understanding the ongoing processes within the plasma are its tem-
perature and density. In this context, x-ray spectroscopy has emerged
as a powerful technique to diagnose conditions within implosion
cores.4–18
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X-ray spectroscopy serves as a valuable technique for diagnosing
the electron temperature (Te) and density (ne) of plasma by leveraging
the characteristic spectral signature of a spectroscopic tracer in the
plasma. While solid dopants in the shell provide information on the
conditions of the compressed shell plasma, gaseous tracers mixed in
the capsule gas fill can be used to diagnose the core conditions. The
emitted spectra of this tracer must exhibit sensitivity to Te and ne
within the anticipated relevant ranges. Employing collisional radiative
atomic kinetic models, detailed spectral line shapes, and spectroscopic-
quality radiation transport, one can calculate the sensitivity of the spec-
tra to the plasma conditions, enabling a comparison with the experi-
mental data.

Historically, the use of argon K-shell (photon energy 3–4.5 keV)
has been prevalent as a spectroscopic tracer for diagnosing core Te and
ne.

18,19 However, the usefulness of the Ar K-shell spectrum diminishes
significantly for Te values exceeding 2000 eV due to the increasing ion-
ization of electronic states responsible for these line transitions. To
address the need for diagnosing these hot plasmas at Te values surpass-
ing 2000 eV, a higher Z spectroscopic tracer becomes imperative. Kr,
as the higher Z noble gas succeeding Ar, emerges as an attractive alter-
native. Previous studies have demonstrated the utility of Kr K-shell
(13–16 keV) in diagnosing hot implosion cores at the National
Ignition Facility20,21 and, more recently, at the Z machine in magne-
tized liner inertial fusion experiments.22 Additionally, the Kr L-shell
spectrum (2.7–3.5 keV) has exhibited sensitivity to Te in the range of
1500–3000 eV.23

In this research, we add a tracer concentration of Kr to the gas fill
and use the K-shell emission to diagnose Te and ne in hot (Te

> 2000 eV) implosion core experiments at the Omega laser facility.
The shell of the capsules is made of Hoppe glass, and the gas fill con-
tains a mixture of D2,

3He, and trace amounts of T and Kr. In order to
detect the Kr K-shell line emission, we use two spectrometers: the x-
ray spectrometer (XRS)24 and a recently developed instrument known
as the Kr multi-monochromatic x-ray imager (Kr MMI).25

This publication emphasizes spatially integrated measurements of
the Kr MMI, specifically analyzing the core sizes from the He a spec-
tral region and comparing the results with corresponding XRS mea-
surements. In addition, we discuss the spectroscopic modeling
employed and demonstrate our analysis method for extracting plasma
conditions from spectroscopic data.

This paper is organized as follows: Sec. II describes the experi-
mental setup used in these campaigns focusing on the Kr MMI instru-
ment. Section III compares the core size measurements extracted from
XRS and Kr MMI data. Next, Sec. IV discusses the model employed to
develop the spectral database. Furthermore, this section shows the
analysis method used to extract plasma conditions from the experi-
mental measurements. Finally, Sec. V summarizes the conclusions of
this research.

II. Kr MMI AND EXPERIMENTAL SETUP

The original design of the multi-monochromatic x-ray imager
(MMI) was tailored to detect photon energy ranges corresponding to
the Ar and Ti K-shell lines (3–6 keV). This version has found extensive
application at the Omega laser facility, facilitating the diagnosis of both
shell26–32 and core conditions.26,33–40 The need to utilize Kr K-shell
lines for diagnosing plasma conditions in hot implosion cores
prompted a modification of the instrument to capture the

corresponding photon energy range (12–16 keV). The design details of
the Kr MMI are documented in a previous publication.25

The Kr MMI employs a pinhole array (PHA) to image the
plasma, and these images are subsequently dispersed by a flat Ge (220)
crystal into a time-gated micro-channel plate (MCP) detector. This
diagnostic capability is particularly powerful, as it provides spectra
with 2D (2-Dimensional) spatial resolution at four gated times. The
characteristic feature of the MMI instrument is that it records gated
arrays of spectrally resolved images. From these data, narrow- and
broadband images as well as spatially integrated and resolved spectra
can be extracted.18,27 From this dataset, we can extract distributions of
Te and ne in the core and observe their temporal evolution. These
results offer valuable insight into implosion physics, including electron
thermal transport and energy balance.

A refinement has been implemented in the Kr MMI design with
respect to the one outlined in the preceding publication.25 To improve
the instrument performance, a specific adjustment has been made to
the position of the PHA, denoted as Zpha in Ref. 25, shifting it from
�1.2 to �1.29mm. Additionally, the PHA height, represented by
Hpha, has been reduced from 2.323 to 2.144mm. These alterations
ensure that all incident light entering the spectrometer undergoes
reflection off the crystal. Furthermore, the inner radius of the cylindri-
cal nose has been augmented to prevent any potential clipping on its
inner surface.

As of November 2023, the Kr MMI has been fielded in three dis-
tinct Omega campaigns, producing successful and valuable data. The
different experiments explored different regions in parameter space
varying laser energy, gas fill pressure, and shell thickness. However,
this paper will focus on the third campaign conducted in August 2023,
as it was the first one to use four time-gated MCP measurements and
the first one to collect He b data due to the high Te achieved.

The experiment employs a 1ns square laser pulse with a total
energy output of 25 kJ distributed over 60 beams arranged in spherical
symmetry. The 960lm diameter capsule has a 6lm thick shell made
out of Hoppe glass. Variations in the gas fill pressure were introduced,
with values set at 20, 11, and 7 atm. The gas mixture consisted of
approximately 90% D2, 10%

3He, and trace amounts of T2 and Kr, spe-
cifically at 0.01 atm each. To characterize the resulting plasma, a combi-
nation of x-ray and particle diagnostics was employed, with a particular
emphasis on x-ray diagnostics as the focal point of this paper.

In these experiments, the XRS was fielded to compare with obser-
vations obtained with the Kr MMI system. The lines-of-sight were
(h¼37.28�, /¼ 162.0�) for the XRS and (h¼ 63.44�, /¼ 126.0�) for
the Kr MMI, where h and / represent the polar and azimuthal angular
coordinates, respectively. The XRS is a flat crystal spectrometer capable
of generating 1D (1-Dimensional) spatially resolved spectra when
employed in conjunction with a slit. For detection in the Kr K-shell
region, a Ge (111) crystal was utilized, along with a 25lm slit and an
image plate as detector. It is important to note a distinction from the
Kr MMI: the XRS instrument operates on a temporally integrated
basis. Consequently, the data generated by this instrument provide
information on the temporally averaged conditions of the implosion,
in contrast to the time-gated data obtained from the Kr MMI.

Figure 1 provides a visual representation of the spatial resolution
difference between the two spectrometers. The XRS instrument’s
employment of a slit enables the resolution of one spatial dimension by
integrating across a disk of thickness defined by the instrument’s spatial
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resolution. Conversely, the Kr MMI, utilizing pinholes, resolves two
spatial dimensions by integrating along a chord with a finite cross sec-
tion, restricted by the instrument’s spatial resolution. To quantify the
spatial resolution of the instruments including diffraction effects, we
followed the methodology detailed in the Kr MMI design paper25 and
in Ref. 41. The estimated spatial resolution for the MMI, employing
13lm diameter pinholes, is approximately 20.8lm at 13 keV.

In Fig. 2, examples of data from both the XRS and MMI after cor-
recting for their respective filter and detector responses are presented.

The MMI data display one of the four time-gated frames, while the
XRS data show time-integrated measurements. Both sets of images
depict the emission regions of Kr He a and He b. While the vertical
axis serves as a spatial reference in both cases, the horizontal axis takes
on different roles. For XRS, it denotes the spectral axis. In contrast, for
MMI, this axis encompasses spatial, spectral, and temporal dimen-
sions. The temporal dimension arises from the pulse sweep of the
MCP strip, moving from left to right across the image to detect the sig-
nal at different moments in time.

III. CORE SIZE ANALYSIS

The spatial resolution provided by both XRS and MMI enables
the estimation of the core size, defined here as the size of the Kr
K-shell line emission region. This diameter represents the spatial
extent of the spherical core volume with sufficient temperature to ion-
ize Kr and populate the upper energy levels of the n¼ 2 to n¼ 1 line
transitions. The estimate of the core size of each measurement is
used as input for the radiation transport modeling of the spectral
database.

A forward reconstruction method utilizing the system’s point
spread function (PSF), as detailed in Ref. 41, is employed for this pur-
pose. Equation (1) in this report outlines the image intensity profile on
the detector plane, denoted as IðrÞ, as the convolution of the source
profile SðrÞ with the different PSFs of the system,

IðrÞ ¼ SðrÞ � PgeomðrÞ � Pdiff ðrÞ � PbraggðrÞ � PdetðrÞ: (1)

Figure 3 illustrates each PSF contributing to IðrÞ in XRS. The
geometric PSF is a rectangular function defined by the 25lm slit aper-
ture and instrument magnification. The detector, an image plate in
this case, has a Gaussian PSF of 130lm FWHM (full-width at half-
maximum).42 The Bragg PSF accounting for the effect of the Ge crystal
is considered relatively minor leading to its neglect.41 For diffraction
contribution, the method and code from Ref. 41 are followed to calcu-
late Pdiff at 13 keV. In the near-field or Fresnel regime, as shown in
Fig. 3, diffraction effects produce an oscillatory pattern, which, how-
ever, does not survive convolution with the remaining PSFs. SðrÞ is

FIG. 1. Schematic representation illustrating the distinct volumes of integration for
x-ray spectrometer (XRS) and multi-monochromatic imaging (MMI) in a spherical
plasma. The XRS utilizes a slit, enabling the resolution of one spatial dimension by
integrating over the emitted light within a disk limited by the instrument’s spatial res-
olution. In contrast, MMI employs pinholes, allowing the resolution of two spatial
dimensions by integrating over a chord of finite cross section, also constrained by
the instrument’s spatial resolution.

FIG. 2. XRS and MMI data after filter and detector response correction. Kr He a
and He b emission regions are labeled.

FIG. 3. Contributions to the final image intensity profile IðrÞ formed in the detector
plane for the case of XRS. PgeomðrÞ represents the PSF of the 25 lm slit. Pdiff ðrÞ
is the PSF contribution due to diffraction effects at 13 keV. PdetðrÞ is the image plate
PSF. The SðrÞ source profile is represented by a Gaussian function whose FWHM
(full-width-half-maximum) is defined as the core size. In this case, we have used a
core size of 100 lm to illustrate the convolution.
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represented by a Gaussian function with a FWHM defining the core
size.

The forward reconstruction algorithm employs an array of core sizes
to generate a set of IðrÞ profiles. This set is then compared to the XRS
spatial lineouts of the Kr He a emission region using the Bayesian infer-
ence method similar to the one described in Sec. IV. This analysis enables
the estimation of the core size along with its associated uncertainty.

For the Kr MMI, Pgeom is defined by a 13lm pinhole, and Pdet is
a 50lm FWHM Gaussian function representing the MCP resolu-
tion.41 Diffraction effects are considered by calculating Pdiff for the Kr
MMI system.

Figure 4 displays time-gated MMI (data points) and time-
integrated XRS (broken lines) core size estimated using the forward
reconstruction method for three different capsule fill pressures: 20, 11,
and 7 atm. The solid line represents the linear fit to the MMI data
points for each case. XRS measurements indicate a reduction in core
size with decreasing initial pressure as detailed in Table I. This trend
aligns with the expectation of higher core convergence due to lower
gas pressure, as supported by 1-D hydrodynamic simulations per-
formed with HYADES.43 However, these simulations underpredict the
core size at lower initial pressures.

MMI measurements enable the study of the time evolution of the
core size between 1.2 and 1.52ns relative to the leading edge of the
laser pulse. The data illustrate the decreasing trend of core size with
decreasing initial pressure. Additionally, the core size decreases with
time for all cases except the 11 atm case, which shows a relatively con-
stant diameter. The reduction in the size of the core region emitting
the Kr He a line with time suggests either ongoing compression, cool-
ing of the core, or a combination of both.

Comparing XRS andMMI core sizes reveals that time-gated mea-
surements are consistently smaller than time-integrated ones. This
suggests a period during the implosion, likely preceding the gated mea-
surements at 1.2 ns, where the size of the region emitting the Kr line
was larger than that measured during this specific time window.

IV. SPECTROSCOPIC ANALYSIS

In this section, we outline the modeling and analysis method
applied to the Kr spectra. First, the plasma atomic kinetics are modeled

across a range of Te and ne, considering a uniform sphere with a diam-
eter corresponding to the average measured core size. This modeling
yields the plasma level population. Next, the line shapes are calculated,
incorporating Stark broadening effects and using the calculated level
population. The modeled data are used to calculate the total emissivity
and opacity distributions. Subsequently, the radiation transport equa-
tion is solved for each dataset’s core size, assuming a uniform sphere,
to determine the emergent intensity distribution (EID). It is worth not-
ing that radiation transport is integrated into two stages of our model:
within the atomic kinetic calculations utilizing the average measured
core size and during the computation of the emergent intensity distri-
bution, where the measured core size is customized for each dataset.
Finally, leveraging the database of emergent intensity distributions, we
employ a Bayesian inference method to fit the experimental spectrum.
This approach yields the most probable values for Te and ne, along
with their respective uncertainties.

PrismSpect44 was employed for modeling the plasma collisional
radiative atomic kinetics, producing level populations (N) for various
combinations of Te and ne. These calculations were conducted using
the Kr atomic model outlined in our previous study of the Kr L-shell
region,23 which is detailed in Table II of Ref. 45. The former reference
demonstrates a notable agreement in the plasma charge state distribu-
tion (CSD) between PrismSpect and another collisional radiative
atomic kinetics code (ABAKO)45 calculation. The Kr L-shell publica-
tion23 shows a detailed study of the CSD and its sensitivity with Te and
ne, which is also applicable to this research. The simulations in the cur-
rent paper maintained a non-LTE approach using a fine structure level
of description, with radiation transport being solved in line with
atomic kinetic equations tailored for a spherical plasma with a diame-
ter of 62lm, which is the average core size measured for this experi-
mental campaign.

The multi-electron radiator line shape code (MERL)46 used these
populations as input for conducting detailed Stark broadening calcula-
tions of the line profiles (U). In these calculations, flexible atomic
code47 was utilized to obtain the atomic physics input needed for
MERL, like the transition energy and transition rates (A). The method-
ology employed to calculate the line shapes of Kr He a and its satellites
follows the approach outlined in a prior study concerning the Stark
broadening effect on He b and its accompanying satellites.48 MERL
simulations employed the adjustable parameter exponential code49 to
compute the plasma microfield distribution at various ne. Line profiles
were calculated based on the standard Stark broadening theory
approximation,50 assuming static ions and dynamic electrons.
Specifically, for Kr He a and its satellites, the line profiles considered
encompassed the Kr He a resonance and intercombination line, along
with Li-like n¼ 2, 3, and 4 satellites, and Be-like n¼ 2 satellites.

Since the amount of the Kr tracer is small and hence the majority
of the perturbing ions in the plasma are lighter D and 3He ions, it is

FIG. 4. MMI core size measurements (data points) and linear best fit trends (solid
lines) for the three different initial pressures. XRS time-integrated core sizes are
also represented (broken lines) and present an uncertainty of 6 4 lm.

TABLE I. Core size diameters from XRS time-integrated measurements and
HYADES hydrodynamic simulations.

Initial pressure (atm) XRS (lm) Hydro simulation (lm)

20 866 4 84
11 776 4 56
7 696 4 40
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important to check the effect of ion motion (i.e., ion dynamics) on the
spectral line shapes. To this end, we also calculated the Kr He a line
profile with an extended version of MERL that includes ion dynamics
using the Boercker–Iglesias–Dufty model.7 The results of these calcula-
tions are summarized in Table II in terms of the FWHM of the line
profile. The values in Table II show the importance of ion dynamics in
the Stark broadening of the Kr He a spectral line shape.

These calculations were performed for equal electron and ion
temperatures Te ¼Ti ¼ 3000 eV, for which the Doppler FWHM is
3.62 eV. Also, included in Table II are the representative values of the
optical depth of the He a transition for relevant implosion core sizes as
well as the FWHM due to radiation transport broadening. While the
FWHM values are useful to assess different broadening contributions,
they do not capture all aspects of the detailed spectral line shapes
included in this work, such as characteristic asymmetries and line
wings, which are dominated by the Stark effect of static ions.

Next, the atomic level populations and the spectral line shapes
are included in the calculation of the photon energy-resolved emissiv-
ity [jðh�Þ] and opacity [kðh�Þ] through the following equations:23

jðh�Þ ¼
X
ab

h�
4p

NbAbaUabðh�Þ; (2)

kðh�Þ ¼
X
ab

h�
4p

ðNaBab � NbBbaÞUabðh�Þ; (3)

where a and b represent the lower and upper states of each transition,
respectively. Na is the population of a level, Uabðh�Þ is the line profile,
and Aab and Bab are the Einstein coefficients of the transition from
states a to b.

Figure 5 illustrates the total emissivity jðh�Þ of Kr n¼ 2 to
n¼ 1 line transitions and contribution breakdown computed from Eq.
(2) for Te ¼ 2000 eV and ne ¼ 1024/cc. This plot shows the complexity
of this spectral region due to the overlap among the contributions of
the different ions. Specifically, the Be- and Li-like contributions overlap
in the region between 12.94 and 13.03keV also containing the He a
intercombination line (IC) at 13.026keV. Furthermore, the He a reso-
nance line overlaps with the Li-like n¼ 3 and n¼ 4 satellites. It is
worth noting that the He a resonance line becomes optically thick
(optical depth� 1) for many of the ne values considered in our model.
Similarly, the IC line and the main Li-like peak at 13.05 keV become
optically thick for high-density scenarios within our range of interest.
For instance, at Te ¼ 3000 eV and ne ¼ 5� 1023/cc the optical depth
of He a resonance¼ 3.7; He a IC¼ 1.0; and Li-like main peak¼ 0.9.
The high optical depth of these lines underscores the significance of
accurately estimating the core size of each measurement.

Following the methodology outlined in a previous paper,23 jðh�Þ
and kðh�Þ were utilized to compute the emergent intensity distribution
(EID) of a uniform sphere51 using the diameter measured for each
dataset. The resultant EID, generated for various combinations of Te

and ne, formed a spectral database. Subsequently, convolution with a
Gaussian function, characterized by a FWHM corresponding to the
spectral resolution of each instrument, was performed. This facilitated
the implementation of Bayesian analysis to estimate the plasma
conditions.

Figures 6 and 7 depict the sensitivity of the EID with respect to Te

and ne, respectively. In these figures, the EID is convolved with a
21.9 eV FWHM Gaussian, representing the MMI spectral resolution.
All traces are normalized to the He a resonance line for comparative
analysis.

TABLE II. Kr He a resonance line broadening effects. The data represent the FWHM
of the line when different effects are applied: Static ions (SI), dynamic electrons (DE),
ion dynamics (ID), and radiation transport (RT). The last column shows the optical
depth (OD) of the line.

ne (/cc)
SI þ DE
(eV)

SI þ DE þ ID
(eV)

SI þ DE þ ID þ RT
(eV) OD

1� 1024 0.083 0.126 0.39 7.6
5� 1024 0.427 0.606 3.6 26

FIG. 5. Total emissivity of Kr n¼ 2 to n¼ 1 line transitions and contribution break-
down for Te ¼ 2000 eV and ne ¼ 1024/cc.

FIG. 6. Kr He a emergent intensity distribution Te sensitivity at ne ¼ 1024/cc. The
spectra contain contributions from the spectral lines labeled in Fig. 5. This case cor-
responds to a 62 lm diameter core and convolved with a 21.9 eV Gaussian function
to account for the MMI spectral resolution. The black trace corresponds to the black
trace also shown in Fig. 7 at Te ¼ 3 keV and ne ¼ 1024/cc.
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In Fig. 6, the ionization of lower charged states producing the sat-
ellite lines is evident with increasing Te. Additionally, the central dou-
ble peak structure shape changes with Te due to the increase in the
relative emission of the He a IC line with respect to the satellite lines.
These effects result in spectra that are sensitive to Te within the 1500–
7000 eV range.

Figure 7 illustrates the sensitivity of the line profiles with ne. The
change in the spectra is a result of the dependence of the atomic kinet-
ics and the Stark broadening effect with ne. Particularly, the impact of
Stark broadening is prominently observed in the fill of the valley
between the He a resonance line and the primary Li-like satellite line
at ne � 2� 1024.

To infer the plasma conditions from the recorded spectrum, we
perform Bayesian analysis52 using Bayes theorem for the case of our
system. If (y1; y2…) are the individual recorded intensities for each of
the N data points that form the spectrum, then the posterior probabil-
ity distribution [the probability that (Te, ne) generated spectrum
(y1; y2…)] is

P Te; nejy1; y2;…ð Þ ¼ P y1; y2…jTe; neð ÞP Te; neð Þ
P y1; y2;…ð Þ ; (4)

where PðTe; neÞ corresponds to the prior probability distribution while
Pðy1; y2;…Þ is the evidence or normalization factor of the posterior.
This normalization factor is chosen such that the integral over the total
probability distribution is equal to one. The likelihood function
Pðy1; y2;…jTe; neÞ is defined as follows:

P y1; y2;…jTe; neð Þ �
YN
i

exp � ymodel
i Te; neð Þ � yi

� �2
2r2i

( )
: (5)

Here, ri represent the statistical weights associated with the error
of the measurement and ymodel

i ðTe; neÞ are the intensities calculated in
the spectral database for the different combinations of Te and ne.

We assume uniform prior probability distribution PðTe; neÞ
¼ const within the region of interest in parameter space

(Te ¼ 1500� 7500 eV and ne ¼ 1023 � 5� 1024=cc), which is appro-
priate when the likelihood function is non-zero only over finite param-
eter space. The sampling of the likelihood function is typically done
using the Markov Chain Monte Carlo (MCMC) technique; however,
in our case of application, this technique is not necessary since we only
count with two parameters (i.e., Te and ne). Thus, we can numerically
evaluate the likelihood function exhaustively as a function of Te and ne
values.

Figure 8 illustrates the posterior distribution function for the
MMI data in frame 2 from shot s109 486. This shot corresponds to a
type 1 shot with 20 atm initial pressure timed at 1.37 ns and a mea-
sured core size of 61lm. The expected values of the Te and ne proba-
bility distribution functions represent the most probable conditions
given our experimental data. Furthermore, the FWHM of the distribu-
tion corresponds to the uncertainty of this measurement.

Figure 9 displays the experimental data alongside the best fit and
fits within the uncertainty limits obtained through the Bayesian analy-
sis. The fit effectively captures the overall spectral shape for both the
He a line and its satellites. However, it does not accurately reproduce
the relative intensity of the central double peak structure. From the
analysis of these data, the extracted plasma conditions are Te ¼ 3709
eV and ne ¼ 6:2� 1023/cc with uncertainties of 6% and 29%, respec-
tively. In addition to these uncertainties obtained from the fit of the
data, we include an estimated 10% uncertainty arising from the choice
of the spectral background subtraction region. Adding these contribu-
tions in quadrature, we obtain 12% and 31% uncertainty in the Te and
ne, respectively.

Future investigations will explore a comprehensive analysis of the
results obtained through this technique, focusing on both the time-
integrated spectra from XRS and the time-gated MMI spatially inte-
grated measurements. Furthermore, forthcoming work will include

FIG. 7. Kr He a emergent intensity distribution ne sensitivity at Te ¼ 3000 eV. The
spectra contains contributions from the spectral lines labeled in Fig. 5. This case
corresponds to a 62 lm diameter core and convolved with a 21.9 eV Gaussian
function to account for the MMI spectral resolution. The black trace corresponds to
the black trace also shown in Fig. 6 at Te ¼ 3 keV and ne ¼ 1024/cc.

FIG. 8. Corner plot displaying the posterior probability distribution function for the
spatially integrated data from frame number 2 of shot s109 486 in the MMI dataset
(P¼ 20 atm, t¼ 1.37 ns, diameter¼ 61 lm). The color map represents the poste-
rior probability distribution in parameter space, with red representing the maximum
value. The top and right plots present the marginalized distributions for ne and Te,
respectively. The dashed vertical line indicates the expected value. The titles of
both plots specify the estimated values of ne and Te, along with their uncertainties
derived from the FWHM of the distributions.
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detailed data analysis of the MMI spatially resolved He b spectra,
enabling the extraction of 2D maps depicting the spatial distribution of
Te and ne. These findings will be presented in a subsequent
publication.

V. CONCLUSIONS

This research marks a significant milestone with the introduction
of the Kr MMI instrument at the Omega laser facility. The findings
demonstrate the instrument’s capability to yield electron temperature
and density measurements in hot implosion cores (Te > 2000 eV), a
capability not attainable with the previous MMI version utilizing Ar as
a spectroscopic tracer. The focus of this paper centers on the core size
analysis of XRS and MMI as well as the development of a spectro-
scopic model and analysis method to diagnose plasma conditions. To
this end, we present the Bayesian analysis conducted on one of the
time-gated spatially integrated MMI datasets. A subsequent publica-
tion will explore the time-resolved, spatially integrated He a results
and spatially resolved diagnostics analyzing the He b spectral region.

The analysis of MMI data has provided insight into the size of the
Kr emission region, offering a comparative perspective with XRS time-
integrated data. Time-gated measurements reveal a reduction in core
size between 1.2 and 1.52 ns relative to the leading edge of the laser
pulse. Contrastingly, time-integrated data indicate a larger core size
than the time-gated MMI data, hinting at a larger size at earlier times.
Both datasets reveal a decrease in core size with decreasing fill pressure,
aligning with simulation expectations. However, simulations predict
smaller core sizes at low fill pressures. The results of the core size mea-
surements are included in the modeled spectral database used to ana-
lyze each dataset.

The development of a detailed emergent intensity distribution
(EID) database has facilitated precise diagnosis of plasma conditions
from Kr spectra. The combination of different modeling codes results
in an EID that exhibits sensitivity with Te and ne. Employing Bayesian
analysis, we obtain probability distributions for the plasma conditions,

allowing for estimation of their most probable values and uncertainties.
The best fit shows an overall good quality agreement with the experi-
mental spectrum.

The new Kr MMI instrument emerges as a robust diagnostic tool
that extends the capabilities of the previous Ar MMI, unlocking a new
region in parameter space for time-gated and 2D spatially resolved
spectroscopic measurements. The collected data hold the potential to
offer valuable insight into implosion dynamics and plasma distribu-
tions. The time and spatial resolution offered by this instrument pro-
vide a distinct advantage over other spectrometers that lack the ability
to resolve all these dimensions, such as XRS. Currently, we are in the
process of designing two additional MMI configurations to target dif-
ferent spectral regions of interest: the Cu K-shell (7.5–10 keV) and the
Ge K-shell (9–12.5 keV) MMIs. These new designs will expand the
range of tracers usable with this instrument, thereby enhancing its
versatility.
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