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ABSTRACT

The design of inertial confinement fusion ignition targets requires radiation-hydrodynamics simulations with accurate models of the funda-
mental material properties (i.e., equation of state, opacity, and conductivity). Validation of these models is required via experimentation. A
feasibility study of using spatially integrated, spectrally resolved, x-ray Thomson scattering measurements to diagnose the temperature, den-
sity, and ionization of the compressed DT shell of a cryogenic DT implosion at two-thirds convergence was conducted. Synthetic scattering
spectra were generated using 1D implosion simulations from the LILAC code that were post processed with the x-ray scattering model,
which is incorporated within SPECT3D. Analysis of two extreme adiabat capsule conditions showed that the plasma conditions for both

compressed DT shells could be resolved.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0072790

I. INTRODUCTION

The design of inertial confinement fusion (ICF) targets is a chal-
lenging task that requires, among others, hydrodynamic simulations
with knowledge of the shocked materials’ equation of state (EOS) if
ignition conditions are to be achieved.' * The theoretical modeling of
the extreme matter properties reached during the capsule implosion is
difficult due to the need of a quantum mechanical treatment of the
degenerate electrons, moderate strongly coupled ions, and many-
particle correlations.”” Uncertainty in the EOS of matter under this
regime results in unconfirmed calculations for transport properties,
ionization balance, and energy and temperature equilibration.'’""
Therefore, experimental validation is vital for benchmarking and
developing reduced models that can be implemented in radiation
hydrodynamic codes.

At present, the diagnosis of the physical properties of dense plas-
mas produced in ICF implosions is limited due to the difficulty in
achieving the required accuracy and spatial resolutions'”'* for differ-
ent model predictions to be tested. Over the past couple of decades,

there has been a push to develop new diagnostics that may be able to
resolve different regions of the imploding capsule. Multi-keV spec-
trally resolved x-ray Thomson scattering (XRTS) is one of these tech-
niques.'® " Presented here is a methodology for resolving the in-flight
compressed shell conditions.

The first experimental observation of noncollective, inelastic
x-ray scattering from shocked liquid deuterium is discussed in Ref. 17.
This demonstrated the capabilities of inferring the electron tempera-
ture, ionization, and electron density from the shapes and intensities
of the elastic (Rayleigh) and inelastic (Compton) components in the
scattering spectra in ICF dense matter. However, the scattering data
had no spatial information and the analysis performed did not provide
the capability to separate the contribution from different regions.

Spatial temperature and ionization profiles were determined
from a near-solid density foam using a collimated x-ray beam in
Ref. 21. These data, produced using the imaging x-ray Thomson spec-
trometer (IXTS) at the Omega laser facility,”” determined the tem-
perature and ionization state of the carbon foam at multiple positions
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along the axis of the flow. Good agreement was found between the
experiment and theoretical predictions with the exception of the high-
temperature, low-density rarefaction region of the blast wave.

Simultaneous collective and non-collective scattering data
for dynamically compressed deuterium were collected in Ref. 24 using
the 2keV Si Ly-a line. This focused on compression states of
p/py ~ 2.8-4.05. The mass density was determined using the VISAR
shock velocity using current EOS data. This allowed for a restriction
on the parameter space when determining the ionization from the
XRTS data.

To date, experiments have successfully been conducted at the
Omega laser facility to determine conditions on spherical CH
implosions in Refs. 25 and 26. However, no attempt has yet been
made to field an XRTS diagnostic on a laser direct-drive ICF implo-
sion of a layered, cryogenic deuterium-tritium (DT) spherical tar-
get. In this report, the feasibility of utilizing spatially integrated
XRTS measurements to determine the in-flight conditions of the
compressed DT shell will be investigated. This study involved ana-
lyzing the x-ray scattering data produced by targets with very differ-
ent adiabats. The adiabat is defined as the ratio of the plasma
pressure to the Fermi-degenerate pressure,”’ and for DT fuel, it is
given by””

- Pghen[Mbar] '
2.2[plg/ ]

Confinement properties of an ICF capsule depend on the areal density
of the compressed shell and hot-spot, pR. The areal density is con-
trolled by varying the entropy of the fuel, which is determined by the
fuel adiabat. For ignition to occur, a large enough areal density (low
adiabat), >0.2-0.5g/cm?, and hot enough core, ~5-12keV, are
required.””*’ However, targets imploded on a low adiabat are suscepti-
ble to hydrodynamic instabilities’"* that drive the rapid growth of
nonuniformities. Therefore, an important part of ICF research
involves optimization of the adiabat.””*” In experiments, however,
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direct measurements of the in-flight fuel adiabat and densities are not
yet achievable, instead they are inferred from the neutron yield and x-
ray self-emission.”

For this feasibility paper, the target chosen for the high adia-
bat design was used in the first phase of the performance optimiza-
tion campaign (this campaign has since set the record for neutron
yield on OMEGA™) and is considered a good design reference
point for a stable implosion. The lower adiabat target design used
was part of a campaign to probe performance right below an
observed “stability cliff”*® that is still considered in modern implo-
sion designs on OMEGA.

This paper presents dual-channel XRTS as a possible diagnostic
to retrieve spatial information on the in-flight conditions of an ICF
implosion. The analysis is performed by constructing synthetic, spa-
tially integrated, spectra using the collision-radiative code SPECT3D,”
including the x-ray scattering simulator,”’ which is a post-processor of
the 1D radiation hydrodynamic code LILAC."'

Il. PROPOSED EXPERIMENTAL SETUP

XRTS is a powerful diagnostic tool for determining the condi-
tions in plasmas where the critical density, 7, = egm,»? /e? (where m,
is the mass of an electron, e is the electron charge, €, is the electric con-
stant, and w is the frequency of the laser drive), exceeds what can be
probed by any optical source. The first consideration for an experi-
mental setup is the power required for the x-ray probe in order to pro-
duce a scattering signal that can be observed above background noise.
The total number of photons in the free-free scattering feature, Nycat
can be estimated as'®

Ep Qplasma ) N0 Thg
Newt = (2 , 2
scatt (hu 7’Ix) < in Natt 1+ (x)z (2)

where E is the probe laser energy, 7, is the conversion efficiency from
the laser energy into the probe x-rays, 1, is the attenuation of the
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FIG. 1. A sketch of the proposed experimental setup, with a laser energy E; incident on a backlighter target, producing x-rays with a conversion efficiency of #,. The scattering
x-rays are shown incident on the 3D inferred density profile from Spect3D using the 1D simulation data produced by the LILAC code. Schematic of the scattering events,
recorded on the detector by SPECT3D, from different zones throughout the implosion is shown. The scattering geometry is demonstrative and not drawn to scale.
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FIG. 2. (a) Simulated target design, with an adiabat of 2.8, fired with laser profile shown in (b). (c) Density and electron temperature conditions in the ICF implosion across the
shock wave (propagating to the left) at two-thirds compression, t = 2215 ps, as determined by the LILAC code for the target. The scattering contributions from the DT in the
unshocked fuel, compressed shell, and coronal plasma have been isolated and compared to the fully integrated spectrum. For a 2 keV probe, the contribution from each region
of the plasma to the overall scattering spectrum is shown for both the forward (40°) (d) and backward (120°) scattering regimes (e). The same breakdown of the plasma has
been performed with a 3.5 keV energy probe in (f) and (g).

probe x-rays through the dense plasma, Qpjasma is the solid angles sub- ¢ =75 um. This small scattering fraction makes fielding XRTS chal-
tended by the plasma, n, is the electron density, o is the scattering lenging since the signal can easily be swamped by significant self-

parameter, o, is the Thomson scattering cross-section, and ¢ is the emission from the plasma.

path length of the photons through the plasma. A key benefit of fielding XRTS as a plasma diagnostic
For the plasma conditions investigated here, the scattering frac- is that XRTS can be split into two scattering regimes, the collec-

tion, 1,01, is approximately equal to 107, where representative val- tive and the noncollective, as determined by the scattering

ues for the compressed shell have been taken as 7, ~ 10> cm ™~ and parameter,
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FIG. 3. As with Fig. 2 but with an ICF capsule with an adiabat of 8.0 and at { = 1901 ps.
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where k is the scattering vector and /g is the screening length. In the
noncollective regime, the incoming wave “probes” through the screen-
ing sphere and the scattering spectrum, therefore, reflect the electron
velocity distribution. In contrast, the collective scattering regime
reflects the collective motion of the electrons. Designing an experiment
where both regimes can be recorded can reduce the error on the
inferred plasma parameters.

To model the x-ray emissivity, a 1kJ laser with a 10 ps pulse
length and a source diameter of 50 um were used to produce a
Gaussian x-ray source, with a FWHM of 10 eV, 0.5 cm away from the
imploding target, taking an estimate of 17, = 0.01%."” This backlighter
distance is possible due to the development of a fast target positioner
(FASTPOS) in cryogenic implosion by Stoeckl et al.*” The demonstra-
tive scattering geometry is shown in Fig. 1. With these laser and
plasma parameters, using Eq. (2), the total number of scattered pho-
tons is ~3 x 107. The forward scattering was collected at 0 = 40°
and the backward scattering at 0 = 120°. The details of the two
targets chosen for this investigation are shown in Figs. 2 and 3 with
adiabats of 2.8 and 8.0, respectively.

Two experimental setups are considered for this paper, one with
an x-ray probe energy of 2keV and the other using a 3.5keV probe.
The scattering regime recorded by each detector in each setup is
shown in Fig. 4. These two probe energies were selected to investigate
the effect of different laser energies that had on the determined plasma
parameters while keeping one detector in the collective and the other
in the noncollective regimes. It should be noted that the values for the
o parameter shown in the figure are calculated for the densest region
in the compressed DT shell and, therefore, not representative of the
scattering from the ICF capsule as a whole. To determine the scatter-
ing signals from each region of the implosion, the fully integrated scat-
tering spectra must be determined.

The plasmon frequency shift for the high adiabat target is
~27 eV, which increases to ~30 eV for the low adiabat target. In order

(©)
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FIG. 4. Scattering parameters, o, as calculated for the densest zone in the compressed
DT shell for each adiabat, scattering angle, and probe energy. A dashed line is shown

at oo =1, which is the approximate separation of collective, o > 1, and noncollective,
o < 1, scatterings.
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to distinguish this plasmon scattering, a narrow band x-ray probe
must be used (FWHM <10eV). To achieve this in an experimental
setup, the source must be chosen carefully.

Previous experiments have successfully used a crystal imaging
system with a Si He, line at ~1.865keV to radiograph OMEGA cryo-
genic implosions,* but the required x-ray fluence may not be enough.
Alternatively, Cl K, at ~2.62keV or Cl Ly-o at ~2.96keV could be
used.”

An important consideration to make before extrapolating this
work to an experimental campaign is predicting the level of noise on
the scattering signal. In the case of a fusion capsule implosion, there is
significant self-emission that will be collected over the time gating of
the detector. Representative spectra have been produced for this case
study as detailed below.

lll. OBTAINING SIMULATED SPATIALLY INTEGRATED
SPECTRA

The cryogenic DT implosion plasma conditions were calculated
using the LILAC code. The LILAC code is a 1D spherical Lagrangian,
radiation-hydrodynamics code”' that simulates symmetric, laser direct-
drive implosions. It includes laser ray-tracing with an inverse brems-
strahlung model that can also account for cross-beam energy transfer."’
LILAC also includes a nonlocal thermal transport model that uses
a simplified Boltzmann equation with a Krook collision term,"”
multi-group radiation diffusion, and a first-principles equation-of-state
(FPEOS) model "’ and a opacity (FPOT) model™ derived from molec-
ular dynamics methods.

In this work, the focus is on the time when the capsule is at two-
thirds compression, Rapiationsurface/ Rvapor,inital = 2/3. The inhomoge-
neity of the plasma results in different scattering signals from different
regions of the plasma. The capability to simulate the fully spatially
integrated spectra, accounting for opacity and self-emission of the
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FIG. 5. Total relative detected signal per eV, where Iy is assumed to be 1075,
integrated over the time of the x-ray laser pulse = 10 ps. The signal is shown for
the target with an adiabat of 2.8 with both the 2keV and 3.5keV laser photon
energies.
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plasma, is paramount to determine, for a given scattering geometry,
the dominant scattering features. This provides insightful information
to design the experiments.

SPECT3D is a spectroscopy code produced by Prism
Computational Sciences, which post-processes hydrodynamics code
output and simulates high-resolution spectra and images for local
thermodynamic equilibrium (LTE) and non-LTE plasmas in 1D, 2D,
and 3D geometries.”’ It computes a variety of diagnostic signatures
that can be compared with experimental measurements including:
time-resolved and time-integrated spectra, space-resolved spectra and
streaked spectra, filtered and monochromatic images, and x-ray diode
signals. In a SPECT3D simulation, the radiation incident at a detector
is computed by solving the radiative transfer equation along a series of
lines-of-sight (LOSs) through the plasma grid. At each plasma volume
element along a LOS, the frequency-dependent absorption and emis-
sivity of the plasma are calculated. The scattering cross-section is com-
puted using local values of the plasma conditions based on the
formalism originally developed in Refs. 51 and 52. Scattered x-ray
photons are added to the local source function, allowing SPECT3D to
utilize the same algorithms as it uses for plasma self-emission. It is
assumed that the radiation from a non-monochromatic, isotropically
emitting point-like x-ray source is scattered within each volume
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element of the SPECT3D spatial grid. The source is specified by its
photon-energy-dependent intensity and location in 3D space. The
intensity of the radiation from the source is adjusted for each volume
element based on the distance to the source. It includes attenuation
due to plasma absorption and the change in the solid angle. The radia-
tion flux at each pixel in the detector plane is calculated by integrating
the scattered radiation along each LOS. The scattering angle is com-
puted for each volume element based on the LOS and the line that
connects the volume element center and the source."’

For this paper, an additional feature was added to the original
implementation, which allows for certain plasma cells to be excluded
from contributing to the scattered signal. This allows for studying the
contribution of particular plasma regions to the total scattered spec-
trum. Models for computing self-emission and absorption coefficients
remain the same in each zone regardless of whether the flag for
excluding scattered signal is set or not.

The addition of this feature allows spectra from isolated regions
of the plasma to be compared to the fully integrated spectra in Figs. 2
and 3. The overall spectral shape in each detector is dominated by the
scattering from the compressed DT shell due to its high density com-
pared to the hot CH plasma. This gives us confidence that an experi-
ment designed to retrieve scattering spectra at this time during the
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FIG. 6. Synthetic experimental x-ray scattering data produced by Spect3D for LILAC simulations with adiabats of 2.8 and 8.0, assuming 3 eV/bin and Poisson statistics to simu-
late noise. (a) and (b) Forward scattering spectra for a 2 keV probe and a 3.5keV probe, respectively. (c) and (d) Backward scattering spectra for a 2 keV probe and a 3.5 keV

probe, respectively.
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implosion will be representative of the conditions in the compressed
shell.

The spectra in Fig. 5 demonstrate the relative strength of the scat-
tering signal to the continuum emission over the timescale of the x-ray
laser pulse. The number of detected photons in the free-free scattering
feature is calculated as™’

Nd - Nscatt X (% Rcrystal”d) = Nscatt X 1—‘deh (4)
where T4 is the fraction of detected photons determined by
Qdet, Rarystal, and 174, which are the solid angle of the detector, the
reflectivity of the crystal, and the detector efficiency, respectively. For
this case study, a Tqee ~ 107> is assumed, which gives Ng ~ 300 to
produce a signal capable of resolving the adiabats. This assumption
gives approximately 3 photons/eV contributing to the inelastic feature,
as shown in Fig. 5. Taking a spectral resolution of 3 eV/bin gives
~9 photons/bin. With currently available spectrometers, such as
ZSPEC at the OMEGA laser facility,”* we can readily achieve
Tger ~ 107, While this would produce a signal that is only marginally
measurable, increasing the fraction of detected photons could be real-
ized, for example, with a modified design consisting of a disposable x-
ray crystal placed much closer to the imploding capsule or employing
new generation of detectors with higher quantum efficiency.

Synthetic experimental noise was added by removing the uni-
form background signal from the spectra, assuming a logarithmic fit,
and using Poisson statistics, which estimates the noise as ~1/ VNi,
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FIG. 7. Accepted MCMC fits using a 2keV photon energy probe with the (a) 40°
and (b) 120° detectors.
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where N; is the number of photons per spectral resolution element.
The resultant spectra are shown in Fig. 6.

Utilizing XRTS to determine the adiabat of an ICF capsule
would be a valuable diagnostic development. Figure 6 demon-
strates that for experimental conditions with identical scattering
setups, the two extreme adiabat conditions considered here pro-
duce notably differing scattering spectra. In both the 2 and 3.5keV
case, the plasmon scattering seen in the forward scattering detector
can be used to determine the difference in electron density
between the two adiabats. The difference between the inelastic
scattering features from the two adiabats seen in Fig. 6(c) is a result
of only the low adiabat remaining in the collective scattering
regime. The high adiabat’s inelastic scattering feature has become
dominated by Compton scattering. This is evidenced by the broad-
ening of the inelastic peak and the lose of a forward plasmon shift
peak. This change in scattering features is evidence of its higher
electron temperature and lower density.

IV. RESULTS

Before extracting the plasma parameters from the spatially inte-
grated simulated spectra, the inverse problem instability must first be
addressed, which implies that the same measured spectra could be fit-
ted equally well by very different plasma parameters.”” Bayesian infer-
ence, using Markov-Chain Monte Carlo (MCMC) to sample the
multidimensional space, is a more robust approach to explore the
behavior of the complex multiparameter simulations.”®

An MCMC exploration fit the entire spectra, assuming two
weighted uniform plasma regions: one containing DT and the other
CH. While it must be acknowledged that the plasma, as demonstrated
above, is not uniform, when performing the MCMC analysis, it is
impractical to fit multiple plasma regions to the plasma. This is
because to implement this, the searched parameter space for each
region would need to be restricted to prevent it from overlapping with
others. This would ruin the inherently unbiased analysis performed
here. Part of this feasibility research involved resolving how and if the
resultant parameters from the homogeneous material regions would
be representative of the complex simulation.

This paper presents an exploration that was setup to walk
through defined parameter spaces to find the ionization, temperature,
and density that best fit the forward and backward scattering spectra
individually. The parameter space assumed a uniform distribution
with linear sampling for the electron temperature, 1 < T,(eV) < 10,
and ionization, 0 < Z < 1, while taking a logarithmic sampling for
the electron density, 10 < n,(cm3) < 5 x 10?*. A large sampling
space was used, so no bias was placed on the resultant parameters.

The MCMC code works by calculating the likelihood of finding a
specific set of parameters, ®, given the synthetic experimental spec-
trum, I, at each step using Bayesian inference,

P(I.w|®)P(O)
P(Law)
where P(0) is the prior distribution of possible parameters, P(Iay) is
the marginal likelihood of the observed data over all possible parame-
ters, and P(I,,|®) is the likelihood of finding I, given the input

parameters, ®. The forward model likelihood, P(I4 |®) = e Fes, isa
user defined function that gives an acceptance percentage for each ©,

P(®|Iraw) = (5)

Phys. Plasmas 29, 072703 (2022); doi: 10.1063/5.0072790
Published under an exclusive license by AIP Publishing

29, 072703-6


https://scitation.org/journal/php

Physics of Plasmas ARTICLE scitation.org/journal/php

@ ®
Adiabat 2.8 Elcctron Density Electron Adiabat 8.0 Elcctron Density Electron
E ope = 2keV () 1c23 Temperature (cV) lonisation E =2%keV (<) 1¢23 Temperature (cV) lonisation
2 4 6 8 0 25 50 75 0.4 ll 6 li 8 10 1.3 2 4 6 8 0 25 50 75 04 06 0. S 1.0 1023
_§ C'l.(l- . 'n:|3'«- uAnf 8 ;‘,_ 'T:‘ C’”) ! ! ' '1.:13'11 - n_nl 8 ;_
Egosf 1 4-’3'5‘ Egos 4;5;—’
Z = A s Z = [ -]
b 2 = 2 =
0.0 = 0.0 =
= - = -
By CEE s il
§§50 50;5 §§_54l> »® 50% 8
2225 2525 @aazsk jsii
a A
=0 03 - 5
1o qlo_,, 10 = 10_,
208 25 2osf ] 23
= 055 £ Z 055 E
S06F - 2% So6f F ag
0.4 La 1 L L 1 L L 0.0 0.4 L 1 1 L i L 1 “()
2 4 6 8 0 25 50 75 04 0 6 0. 8 1.0 2 4 6 8 0 25 5 75 04 O 6 0.8
Electron Density 1¢23 Electron lockation Electron Density  1¢23 Electron Tociastion
© (cch) Temperature (V) (d) (cc) Temperature (cV)
Adiabat 2.8  Elcciron Density Electron Adiabat 8.0  Electron Density Electron
Epmhz = 3.5keV (<) 1e23 Temperature (cV) lonisation EM =3 Sch (cc J ]c') 3 Temperature (cV) lonisation
2 4 6 8 0 25 50 75 04 06 08 10 1023 0 25 50 75 04 06 08 1.0 05
3 SO - ] oS 55 7 ':;]'O ToEE o 89
38 . 63F 33 ] 6EF
E 3ostL I3 E&os =2
£ 305 ] 1428 Egost ' 1 423
o 4 — A= Z - "=
E 42 < 1 v 2=
0.0 0.0
= - —~ =
E‘, 5F 6 =40" I e ™ 0= 12:‘1 : 475 % E 75k o =40" 0= |:«'|' . :75 §
€9 T9m ego 178 @
B3 | snd 8 B3 izng &
gE50F ! R 1058 FE50F g 1505 8
2Exf ® I ‘\‘2525 = L5t 5723
R 0= B0k T 03
- 1.0 -0l W - q 1 - '“'? 0= 4 “’_7
Sos b L Soskh il 75
gos go8 | o5t
2 - | 11056 2
So6k - So6fF - I‘ 37
04 I ' 1 L 1 I L & & i 0.4 L 1 1 1 4 i 1 - 0.0
2 4 6 8 0 25 5 75 04 06 08 10 2 4 6 8 0 25 5 75 04 06 08 1.0
Electron Density  1¢23 Elcctron lonisation Elcctron Density  1¢23 Electron lonisation
(cch) Temperature (cV) (ec) Temperature (cV)

FIG. 8. MCMC parameter convergence fitting the entire spectrum using Eq. (6) as a cost function. Variation in DT plasma parameters from (a) 2.8 adiabat and 2 keV probe,
(b) 8.0 adiabat and 2 keV probe, (c) 2.8 adiabat and 3.5 keV probe, and (d) 8.0 adiabat and 3.5 keV probe. The scatter plots show the correlation between each DT parameter.
The lower quadrant scatter plots are taken from the 40° scattering data, while the upper quadrant shows the 120° scattering data. The scatter plots have been colored to repre-
sent the spatial density of points. The diagonal plots show the combined histograms for each parameter from both the scattering regimes. Superimposed on each histogram is
a normal distribution of the fits. The mass-averaged parameter values from the LILAC 1D simulation are highlighted as a green dashed line or cross.

TABLE . The full spectral analysis MCMC DT fitting parameters, as shown in Figs.

7 and 8, compared to the mass-weighted parameters from the LILAC 1D simulations, thus allowing convergence to be found on a parameter space that falls

focused on the compressed DT shell, for each adiabat and each probe. within the experimental noise.
The cost function used to determine the appropriateness of each

DT parameter T (eV) ne (cm™) 7 MCMC spectra calculates the maximum percentage error, to allow equal

weighting of the fitting to the elastic and inelastic peaks, between the
Adiabat 2.8 MCMC spectrum, Iy, and the synthetic experimental spectrum, Iy,
Simulation 25 5.5 x 103 0.97 )
MCMC 2keV 338 (52%0.6) x 10%  0.94*0.03 Boy = max <If“ Trow 1 ) )
MCMC3.5keV  25+3  (5.0%0.3) x 102 0.95%0.03 v V20
Adiabat 8.0 where ¢ is the standard deviation representative of the noise of the
Simulation 38 3.7 x 105 0.97 synthetic scattering spectra. In an actual experiment, the value of ¢ is
MCMC 2 keV 50 %6 (2.6+0.4) x 10% 0.88+0.07  not known a priori, and it must be chosen for MCMC to be able to

MCMC 3.5keV 56+ 6 (3.2%0.5) x 10% 0.87 =+ 0.05 explore a sufficiently wide parameter space. For this analysis,
¢ = 0.075, which produces a range of accepted MCMLC fits, as shown
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in Fig. 7. The o is selected, such that the noise of the scattering signal
falls comfortably within the spread of the accepted fits. While using a
cost function such as the sum of squares would produce an overall
tighter fit to the spectra, this method assumes a perfect fitting model,
which can lead to high confidence in false results.”

To analyze the MCMC data, the DT parameters were plotted
on a combined matrix shown in Fig. 8. The scatter plots for each
scattering angle are shown separately and have been colored to
represent the spatial density of points. In Fig. 8, the histograms
along the diagonal are the combined histograms for both the for-
ward and backward scattering parameters. The mean and standard
deviation on each parameter was calculated by fitting a normal dis-
tribution to the histograms.

The MCMC parameters were compared to the mass-weighted
parameters from the 1D LILAC simulations. The mass-weighted sim-
ulation values were calculated as follows:

Fipanridr
(F) = 2%7
Z panr;dr;

where F; is the desired parameter in zone i. The mass-weighted param-
eters were determined for each region of the implosion. It can be seen
in Table T that the MCMC values are in close agreement with the
mass-weighted parameters from the compressed DT shell. As dis-
cussed previously, this was an expected result, as the high density in
the compressed shell meant that it dominated the inelastic scattering
features.

V. DISCUSSION

There is good agreement between the mass-averaged simulation
parameter values and the MCMC distributions. This was the predicted
result, as the high density and relative homogeneity of the compressed
DT shell region dominate the spectrum. The forward scattering fits
tend to converge around lower densities, higher temperatures, and
broader ionizations. This results in either broader or slightly skewed
distributions on the DT parameters. This differing numerical conver-
gence occurs because the ratio between the source photon energy
FWHM and the width of the inelastic scattering feature in the forward
scattering case is very small, particularly for the 2 keV probe. It would,
therefore, be possible to obtain information on the compressed DT
conditions solely using a backward scattering detector. In particular, it
should be noted that as can be seen from the parameter density maps
in Fig. 8, analysis focusing solely on the backward scattering spectra
would result in significantly better fits to the electron temperature. In
order to improve the fit in the forward scattering regime, either a nar-
rower bandwidth or a higher energy source should be used.

Information obtained regarding the CH plasma is predictably
very little. This is due to its lower density compared to the DT com-
pressed shell, meaning it does not contribute to the overall shape of
the scattering feature as discussed previously. This, therefore, means
that the weighting of the CH plasma in the MCMC analysis becomes
very small, and convergence around representative conditions does
not occur.

Overall, the optimum analysis presented in this paper to resolve
the plasma conditions in the compressed shell, using a realistic laser
probe from OMEGA EP, is performing MCMC analysis from spectra
produced using a backward fielding detector. Using this methodology,

@)
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the overarching goal of resolving the high and low adiabat implosion
conditions was achieved. As the collective forward scattering detector
is not required for sufficient convergence on the DT compressed shell
parameters, either a 2, 3.5keV or higher energy x-ray photon energy
probe could be used. Better agreement may be achieved between the
MCMC parameters and the simulations if a narrower bandwidth
(<10 eV) probe beam could be used, meaning that the forward scatter-
ing inelastic signal would be more sensitive to the electron density. In
fact, this is what would be feasible with a free electron laser.””

In the future, similar analysis will be performed on the conditions
at stagnation, the effect of mixing in the implosion, and investigations
into 2D and 3D simulations using DRACO™ and ASTER.” In addi-
tion, research and development on a spectrometer to optimize the
detection of the XRTS signal is required to meet the constraints shown
in this paper.

VI. CONCLUSIONS

In summary, spatially integrated XRTS spectra for 1D LILAC
simulated conditions of low- and high-adiabat, DT cryogenic
implosions have been calculated at two-thirds convergence.
Markov-chain Monte Carlo analysis was performed for two differ-
ent scattering setups. Information on the compressed shell condi-
tions was obtained as it has been shown to be possible to use the
spectral resolution in a spatially integrated measurement to dis-
criminate between different regions in the plasma. Fielding just
one detector in the noncollective scattering regime produces good
agreement with the compressed shell mass-averaged parameters
from the simulation. This technique can be used to resolve both
the low- and high-adiabat implosions.
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