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Abstract

Longstanding design and reproducibility challenges in inertial confinement fusion (ICF)
capsule implosion experiments involve recognizing the need for appropriately character-
ized and modeled three-dimensional initial conditions and high-fidelity simulation capa-
bilities to predict transitional flow approaching turbulence, material mixing characteris-
tics, and late-time quantities of interest—e.g., fusion yield. We build on previous coarse
graining simulations of the indirect-drive national ignition facility (NIF) cryogenic cap-
sule N170601 experiment-a precursor of N221205 which resulted in net energy gain.
We apply effectively combined initialization aspects and multiphysics coupling in con-
junction with newly available hydrodynamics simulation methods, including directional
unsplit algorithms and low Mach-number correction-key advances enabling high fidelity
coarse grained simulations of radiation-hydrodynamics driven transition. Our presentation
includes discussion of the capsule initialization and implosion dynamics, analysis of the
vorticity production budget, transition signatures, quantities of interest—late-time ion tem-
perature and fusion-neutron yield, numerical uncertainty quantification, and comparisons
with NIF data.
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1 Introduction

The ICF strategy seeks to achieve energy gain through the laser- or X-ray-driven com-
pression of capsules filled with deuterium and tritium (DT, Nuckolls et al. 1972). Recent
NIF implosions, which employ the hot spot ignition concept (Lindl 1995) in an indirectly-
driven (X-ray-driven) configuration, have demonstrated the feasibility of this concept by
producing net energy gain (Abu-Shawareb et al. 2022) with the N221205 shot. Capsules
absorb drive energy and ablate mass, causing a rocket-like implosion. In the hot-spot igni-
tion concept, a low-density central core of DT is compressed to high density and pressure
to form a“hot spot”, which undergoes DT fusion reactions and propagates thermonuclear
(TN) burn into a surrounding high-density DT fuel layer that is initially cryogenic DT ice.
Success of this approach requires having low entropy in the high-density DT layer, which
in turn relies on careful shock timing (Robey et al. 2012, 2013) (shocks form at the abla-
tion front whenever the drive energy increases) and maintaining a high degree of symmetry
during the implosion (Haines et al. 2022).

Capsule implosions are classically hydrodynamic unstable at the interfaces between
capsule layers (Zhou 2017a, b). In addition to interfaces between the surrounding vacuum,
the high-density carbon (HDC) shell, and the DT layers, indirect-drive capsules employ
a W-doped layer to isolate the DT fuel layer from X-ray radiation that could pre-heat it
and thereby increase its entropy during the course of the implosion. This introduces four
interfaces where potentially damaging Richtmyer-Meshkov (RM) instabilities occur; the
outside interface is also Rayleigh-Taylor (RT) unstable during shell acceleration. Dominat-
ing effects of the flow instabilities can be captured with coarse graining (CG) modeling
based on the primary conservation equations and effectively codesigned physics and algo-
rithms (Grinstein 2016). Coarse graining strategies include classical large-eddy simulation
(LES) — (Sagaut 2006), focusing on explicit use of subgrid scale (SGS) closure models,
and implicit LES (ILES) — (Grinstein et al. 2010, 2023), relying on SGS modeling and fil-
tering provided by physics capturing numerical algorithms.

While the mixing at these interfaces is unlikely to pollute the hot spot (Hammel et al.
2010; Clark et al. 2011), carbon mixed into the fuel layer has the potential to impact its
compressibility (Cheng et al. 2016; Clark et al. 2019; Amendt 2021). Furthermore, defects
on capsule interfaces, as well as voids, microstructure, and high-Z inclusions can lead to
tiny jets (Pickworth et al. 2018; Davidovits et al. 2022; Miller and Goncharov 2022) that
can also interrupt compression even when they do not bring contaminant into the hot spot
(Haines et al. 2022). On a larger scale, engineering features such as the capsule fill tube (a
glass tube used to insert DT into the capsule) and the capsule support tent (a thin formvar
membrane used to hold the capsule in place) can seed larger jets that bring contaminant
into the hot spot late in the implosion (Clark et al. 2016; Haines et al. 2017, 2017; Weber
et al. 2020). Such multi-scale features are particularly challenging to model computation-
ally and rely on complex interactions between hydrodynamics (featuring several hydrody-
namic instabilities), radiation, and thermal conduction.

The initial-condition-dependent 3D hydrodynamics of interest in ICF capsule implo-
sions involves transition to turbulence, non-equilibrium turbulence, and late-time relami-
narization (Davidovits et al. 2022). Variable density and compressibility add to the com-
plexity of non-equilibrium physics, shocks and other effects to the basic physics associated
with material mixing. The time scales over which hydrodynamic instabilities evolve during
capsule implosions are generally too short to develop turbulence and remain transitional
through explosion (Haines et al. 2014, 2016, 2019). Furthermore, the details of the impacts
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of engineering features are highly sensitive to geometric details (see, e.g., Weber et al.
2020; Haines et al. 2020). These combine to produce a highly multi-scale problem that
is particularly challenging for CG simulation approaches. The multi-physics aspects also
challenge computational resources: radiation typically involves > 70% of computational
costs, and state-of-the-art simulations can take years to complete — see (Haines et al. 2020)
and (Haines et al. 2020).

1.1 Scope and Plan

Computational and laboratory observations are inherently intrusive due to characterization
and modeling uncertainties — vs. nature’s control of physical phenomena. Suitable mod-
eling, computational design, and initial conditions characterization and parameterization
must be combined within appropriate validation and uncertainty quantification frameworks
to ensure repeatability of computational and laboratory experiments for the predictability
assessments. Predictability issues in laboratory/computational collaborative experiments
involve characterizing and modeling the relevant physics and conditions within a compu-
tational cell or instrumentation resolution — SGS level, and at initialization and bounda-
ries — supergrid (SPG) scale. On the other hand, computational simulation strategies also
involve uncertainties distinctly associated with the limitations of underlying modeling and
numerical paradigms. In practice, the quality of the simulation predictions is limited by
insufficently available understanding and characterization of what needs to be modeled
in the laboratory experiments and actual computational constraints and costs (rather than
choices). NIF shots involve complex physics, SGS and SPG issues: uncertainty bars associ-
ated with measured (end result) quantities of interest are often not known.!

In what follows, we expand on our early presentation in Grinstein et al. (2023). We
build on the state-of-the-art CG simulations of the indirect-drive NIF cryogenic capsule
N170601 experiment (Clark et al. 2019; Haines et al. 2020) — for which capsule initializa-
tion data and previous simulation experience are available. We seek to address the transi-
tional flow dynamics through bang time using newly available hydrodynamics simulation
paradigm advances including directional unsplit algorithms and low Mach-number cor-
rection (Grinstein et al. 2019; Grinstein and Pereira 2021; Pereira et al. 2021; Grinstein
et al. 2023) -potentially enabling high fidelity CG simulations of radiation-hydrodynamics
driven transition on coarser grids.

Our present strategy focuses on predictions for a full capsule quadrant including both
poles, based on best available setup conditions; results on three grid resolutions are used
to assess the numerical fidelity of computations for which exact solutions or reference val-
ues are unknown. We apply effectively combined initialization aspects and multiphysics
coupling in conjunction with the newly available hydrodynamics simulation methods. We
describe the challenging issues of coupling hydrodynamics and multiphysics, capturing
transition phenomena, and CG the ICF capsule simulations. This is followed by a discus-
sion of capsule implosion dynamics, capsule initialization, vorticity production budget and
transition signatures analysis, evolution of quantities of interest, and numerical uncertainty

! It is noteworthy here that the results of the historic N210807 shot in August 7, 2021 breaking the mega-
joule barrier, could not be repeated over a 16-month period until N221205 in December 5, 2022 — which
finally resulted in net energy gain.
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quantification analysis. In closing, we present comparisons with available NIF data, sum-
marize our results, and suggest future research directions.

2 Simulations of the N170601 Experiment

Our simulations of ICF capsules utilize the x-Radiation-Adaptive-Grid-Eulerian (xRAGE)
radiation hydrodynamics code developed at LANL (Gittings et al. 2008; Haines et al. 2017,
2022). Numerous works have been completed to verify and validate the numerical methods
and models within XRAGE, including hydrodynamics, radiation diffusion, 3-temperature
(3T) plasma physics, and thermal conduction — see recent survey in Chiravalle (2022).

Unlike prior xRAGE simulations of N170601, which involved either the default direc-
tionally split method (Haines et al. 2020) or the directional unsplit method (Chiravalle
2022), in the present study we use the unsplit method together with a low-Ma number cor-
rection (LMC) algorithm — where Ma is the Mach number, which provides an explicit sub-
grid-scale model allowing for higher fidelity vortex dynamics simulations. Directionally
unsplit algorithms are needed when distortions introduced by split schemes are unaccepta-
ble, as for incompressible or nearly incompressible flows and magnetohydrodynamic sys-
tems where solenoidal conditions must be captured, and for flows involving a high degree
of initial symmetry. For example, in ICF spherical capsule implosion simulations Chirav-
alle (2022) clearly showed spurious 45-degree numerical artifacts and less intense vorticity
production introduced with directional-split (vs. directional unsplit) xRAGE.

By incorporating the LMC, we additionally address the problem of leading numerical
dissipation ~ 1/Ma, associated with upwinding in shock-capturing schemes at low Ma.
The LMC unsplit hydrodynamics can accurately capture the effects of vortex stretching
and other basic flow instabilities in the low-Ma regimes where mixing physics of interest
mostly occurs (Youngs and Williams 2008), resulting in further improved accuracy relative
to the default (split) hydrodynamics using less resolution (one-to-two levels coarser) for
significant computational cost savings (Grinstein et al. 2019; Grinstein and Pereira 2021;
Pereira et al. 2021; Grinstein et al. 2023). We presume miscible interfaces — appropriate for
the gas/plasmas (Schmidt number ~ 1) regimes mostly involved. The xRAGE directionally
unsplit method solves an acoustic Riemann problem based on the Harten-Lax-van Leer-
contact (HLLC) approach (Toro et al. 1994).

The relevant formalism including radiation-hydro electron-ion 3T conservation laws
in Eulerian form (Mihalas and Mihalas 2013) and their detailed numerical implementa-
tion within XRAGE are extensively discussed separately (Chiravalle 2022). The discussion
includes choices for opacity and thermal diffusivity models, the method of operator split-
ting for separating hydrodynamic and diffusive contributions to the governing equations, as
well as the numerical technique for updating electron and ion energies due to the electron-
ion energy exchange term.

The present 3D simulations used adaptive mesh refinement (AMR) and cubic com-
putational cells, with 0.5 ym, 0.25 um, and 0.125 um resolutions-involving between
100 M-3600 M computational cells. Time stepping of the simulations is defined by setting
the Courant number to 0.9. Runs were carried out at LANL’s trinity platform, with num-
ber of compute nodes ranging between 100 and 1600. Post-processed quantities of inter-
est used values of species number densities and ion temperatures from the LMC-unsplit
xRAGE simulations together with available DT fusion reaction rate data (McNally et al.
1979). Offering such post-processed results amounts to presenting radiation-hydro only
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predictions without modeling local exothermicity / energy-deposition effects associated
with TN burn reactions.

2.1 Capsule Initialization

Among crucial issues associated with shocked and accelerated material interfaces are sen-
sitivity to initial conditions and their late-time impacts on quantities of interest (Ristorcelli
et al. 2013). As noted, accurate characterization and modeling of 3D initial condition driv-
ers in conjunction with high-resolution algorithms are needed to fully understand the inter-
actions of hydrodynamics with complex 3D multiphysics.

The cryogenic ICF capsule in N170601 was described by LePape et al. (2018) and
includes an HDC shell that is 70 ym thick with an outer radius of 980 um (Figure 1).
The HDC shell surrounds a cryogenic DT layer with a mass of 0.13 mg. DT gas fills the
center of the capsule. The present simulations of N170601 were completed using the same

(a) (b)

11.3 mm

6.2 mm

Fig. 1 Schematic of NIF N170601 experiment. Taken from LePape et al. (2018)
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2D-linked-into-3D approach as described in the prior work (Chiravalle 2022), where a 2D
simulation is mapped onto a spatial domain (quadrant) consisting an 800 ym by 1600 ym
by 800 um sized box region, including both poles of the capsule which are on the y axis
and the -y axis, respectively. The x-y and y-z planes are symmetry planes in the 3D simula-
tion. We effectively combine initialization aspects for significant computational cost sav-
ings by a) holraum energy fluxes (67 components) at capsule boundary vs. time-based on
the previous studies matching data from NIF shots (Clark et al. 2019; Haines et al. 2020)
with the HYDRA multiphysics code based on using arbitrary Lagrange Eulerian hydrody-
namics (Marinak et al. 2001)—vs. presently used xRAGE Eulerian hydrodynamics, b) 2D
(67 components) multigroup (MG) radiation-diffusion emulated through effective 2D Gray
radiation-diffusion (Haines et al. 2016), c¢) 2D-to-3D spun for 3D initialization (Haines
et al. 2014), and d) radial surface roughness for generic cryogenic capsules (Haan et al.
2011).

The 3D computational methodology begins with a 2D axially symmetric simulation,
including MG radiation diffusion with 67 energy groups, representing the energy flux from
the hohlraum in the experiment. 2D simulations use MG diffusion to approximate the radi-
ation transport between the hohlraum and the target capsule, utilizing 67 energy flux terms
on the computational boundary. These terms were determined by the said separate simula-
tions (Clark et al. 2019; Haines et al. 2020). We used a capsule surface roughness imple-
mentation from Chiravalle (2022)—following Haan et al. (2011), with plastic ablator shells
replaced with HDC shells, and similar roughness characteristics as for the NIF N170601
capsule (Haines et al. 2020)—except for ~ 0.5um differences at the poles (Figure 2). The
latter differences allow us to gain insights into the effects of a roughness patch in the initial
shell conditions — e.g., as associated with the actual presence of the fill tube assembly. The
coarsest resolution used in the present studies, 0.5 um, marginally captures the said rough-
ness differences at poles. Relevant comparisons of quantities of interest for ICF capsule
cases with and without surface roughness and with NIF data are presented in section 2.7.

2.2 Coarse Graining

We use LES strategies based on the XRAGE code to revisit the recent simulations (Clark
et al. 2019; Haines et al. 2022) of the NIF N170601 ICF capsule experiment. Conceptually,
this involves resolving the large scale flow dynamics and using SGS models to address the
effects of the unresolved scales.

Implicit LES associated with the directional split XRAGE numerical hydrodynamics
has been the default strategy in ICF capsule simulations (Haines et al. 2022) and has also
been recently tested with the directional unsplit HLLC algorithm (with no LMC) (Chirav-
alle 2022). The xRAGE HLLC hydrodynamics provides an optionally added explicit SGS
model through the LMC—key modeling advance enabling higher fidelity simulations of
turbulence (Grinstein et al. 2023). The latter strategy is presently denoted LMC-xRAGE
LES.

2.3 Plasma Viscosity Effects

Viscous effects on the Rayleigh--Taylor instability can be found addressed in early work by
Menikoff et al. (1978). The idea that viscosity effects would be important only at very short
scales in shock-tube problems of interest was suggested by Mikaelian (1993). Plasma viscos-
ity effects on turbulent instability growth were demonstrated by Haines et al. (2014). Plasma
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Fig.2 Surface roughness features used for for the NIF N170601 simulation, available from Chiravalle
(2022) — following Haan et al. (2011)

viscosity effects are expected to grow with temperature as ~ T>—Molvig et al. (2014) and
references therein. Such high temperature viscous effects have been shown to suppress tur-
bulence in the hot spot of ICF capsules at bang time (Weber et al. 2014), where the Reynolds
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number (Re) was found to be Re ~ 10 — 100, quite far from the Re ~ 10, 000 mixing transi-
tion threshold (Dimotakis 2000). Because of their added computational cost, viscous effects
have been modeled only for a limited number of ICF capsule experiments—e.g. by Clark et al.
(2019).

Plasma viscosity effects depend on the mixture viscosity—volumetrically-weighed blend
of material species viscosities. The conventional wisdom supporting the less-expensive (e.g.,
~ half-cost) Euler-based capsule simulations such as presently reported is that the mixture vis-
cosity is significantly lower when HDC/DT mixing is present, as typical in the cases of inter-
est. The multi-component molecular viscosity and diffusivity modeling options in the xXRAGE
code (Molvig et al. 2014; Vold et al. 2017) were not exercised in the presently reported
simulations.

2.4 Implosion Dynamics

A shock-interface radius-time diagram based on 1D simulation data, Figure 3, can be used to
describe the main events driving the ICF capsule dynamics: shocks forming at the ablation
front arrive at the gas region center, bounce outwards, shock and subsequently reshock the
interfaces. Early acceleration-based traces depict direct shock propagations as well as more
complex ones affected by passage through the HDC/DT interface—e.g., near ~ 5 ns, ~ 6.7 ns.

Postprocessed burn-averaged ion temperature, 7p,,, 4, can be computed based on
weighted volumetric average of the ion temperature across the entire mesh based on using
available DT fusion reaction rate data at each zone (McNally et al. 1979),

_ / TNbum : Tion av

T Urn— - > 1
b avg f TN}mm dv ( )

0.1
N
0.075 S S
g :
L, SNIAN
2 0.05 — \
kS \
8
HDC + W
0.025 =
HDC
‘y» Ice
0 Sl
4 45 5 55 6 65 7 75 8 85 9
time [ns]

(VP/p) o [CMUNS?]

-1.00 -0.10 -0.01 0.00 0.01 0.10 1.00

Fig.3 Evolution of material interface and shock (acceleration based) traces from 1D LMC-unsplit XRAGE
simulations of the indirect drive N170601 Experiment at 0.25xm uniform spatial resolution
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where TN,,,,, is the TN reaction rate, i.e. the number of fusion neutrons produced in a unit
volume per second. Figure 4 indicates three distinct peaks in the burn-averaged ion temper-
ature evolution - based on gas, ice, or ice+gas concentration data, with the first one occur-
ring at around 7.5 ns (hot spot), corresponding to when the shocks hit the center of the gas
region in the 1D LMC-unsplit XRAGE simulations; double-peak behavior around simu-
lated bang time is associated with shock-reshock events at HDC-DT interface discussed
above. The latter (1D data based) characteristic temperature curve variation around bang
time in Figure 4 appear similarly in the gas and ice regions, and also in the 3D context
below (Figure 12) — reflecting that it is largely a 1D effect of the implosion dynamics.

The associated evolution of post-processed TN reaction rate is shown in Figure 5.
The hot spot forms at the center of the capsule at about 7.7 ns — associated with the
shock reaching the capsule center. The time of peak DT fusion reaction rate, bang time,
occurs at 8.33 ns, near the time for the capsule attaining minimum volume (maximum
compressibility)—compared with NIF experiment bang time 8.16 ns. Fig. 4 shows
slightly higher gas temperatures and most reaction rates happening in the ice. After
8ns, additional peaks are depicted in this burn-averaged ion temperature curve — around
peak fusion rate time 8.33 ns, corresponding to reflected shocks from the center hitting
the gas/ice interface (and again from new reflections at the center). The burn-averaged
ion temperature peaks in Figure 5 and its 3D counterpart—Figure 12 below, correlate
closely with multiple interface shock/reshock complex features suggested in the radius-
time diagram near bang time.

Burn-Averaged lon Temperature

Ice + Gas
- Ice
- Gas
0.01
6.5 7 75 8 8.5 9
Time[ns]

Fig.4 Evolution of burned-averaged ion temperature — based on gas, ice, and ice+gas concentration data;
1D LMC-unsplit xRAGE simulations
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Production Rate
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Fig.5 Evolution of post-processed TN reaction rate — based on gas, ice, and ice+gas concentration data; 1D
LMC-unsplit xRAGE simulations

2.5 Transition and Vorticity Dynamics

Transition to turbulence is traditionally viewed in terms of the rapid increase in the
energy and the enstrophy production by mode coupling of a spectrum of smaller length
scale motions. Transition can lead to an inertial range exhibiting Kolmogorov —5/3 wave-
number power-law in the turbulence kinetic energy spectrum for sufficiently high Re
(Dimotakis 2000; Zhou 2007); there is a very short inertial range when Re is just above
the mixing transition threshold, Re ~ 1 —2 x 10 based on the integral length scale L (or
Re; ~1—1.4x10? based on the Taylor microscale) — Dimotakis (2000). Transition is
inherently initial condition dependent (George and Davidson 2004; Ristorcelli et al. 2013;
Grinstein 2017).

Figure 6 exhibits (highlighted) high vorticity spots depicting incoming and outgoing jets
at zero-degree pole drive DT-Ice-HDC mixing during capsule implosion. The 3D implo-
sion vortex dynamics depicts transitional DT flow through (and after) minimum capsule
volume ( ~ bang time). The promoted generation of non-axisymmetric features associated
with 2D-to-3D spun initial surface roughness perturbs at 3D initialization, occurring at
8 ns. Following Figure 3, 2D-to-3D spun time at 8 ns was selected after hot-spot time at
about 7.5 ns — when shocks first hit the center of the gas region, and before they rebound
onto the HDC shell and before the time of minimum capsule volume around 8.4 ns. Three-
D effects are definitely expected to be important by the time of minimum capsule volume.

Vortex ring structures are produced within the (lighter, lower-density) DT gas region. Most
vorticity production occurs at the HDC/DT ice interface. Figures 7 indicate that HDC shells
do not exhibit significant transition, whereas the opposite is seen on the lighter DT shells.
Peak vorticity values are attained around minimum-volume time ~ 8.2 — 8.4 ns, and stead-
ily decrease through and after bang time between 8.35 ns and 8.7 ns. As noted, ICF cap-
sule implosions are distinct regarding other hydrodynamic instabilities: time scales are short
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o
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Fig.6 LMC xRAGE simulations of N170601 experiment; AMR, 0.5um resolution; DT-Ice colored by vor-
ticity magnitude; 2D-to-3D spun at t=8 ns

relative to turbulence development — fully-developed homogeneous/isotropic turbulence is
never achieved — so understanding the 3D transition mechanisms is particularly important.

Figures 6 and 8 show N170601 simulation results through bang time for the indirect drive
test problem showing the boundaries of the DT gas and inner carbon shell regions, as well as
three distinct isosurfaces of A,, which help visualize the unstable 3D vortex structures. Vortex
tubes are visualized with the 4, criterion (Jeong and Hussain 1995), where 4, is the second
largest eigenvalue of the sum of squares of the symmetrical and anti-symmetrical parts of the
velocity gradient tensor.

Transitional vortex ring breakdown is triggered by numerically generated 3D grid-scale
(stair-case) fluctuations; the visualizations exhibit features of basic instability mechanisms,
including instability and transitional core dynamics of a strained vortex (Pradeep and Hussain
2001) and turbulence cascade pathways driven by self-induced vortex deformations, stretch-
ing, and reconnections (Hussain and Husain 1989; Grinstein 1995, 2001; Leweke et al. 2016;
Yao and Hussain 2022). For reference, Figure 9 depicts the noted transitional small-scale flow
dynamical features for the finest (0.125um) resolution case.

2.5.1 Enstrophy Production and Transition Signature

Flow instabilities and associated vortex production driving high Re mixing are crucial ingredi-
ents in the enstrophy budget equation,
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8.500 ns Vorticity (ns?)

Transitional
Vortex Rings

Fig. 7 Snapshots of the capsule implosion 3D vortex dynamics in terms of DT-Ice / DT-Gas colored by
vorticity magnitude w; LMC XxRAGE, AMR, 0.25um resolution, 600 million cells; 2D-to-3D spun @ t=8
ns; NIF bang-time 8.16 ns (8.33 ns in simulations); same scale used for both visualizations

—2
DQ/Dt ~ {a)is,»ja)j} + {a)ia)j}SU + €ip {col-pd-}P’k
—— —— ———

(a) Vortex Stretching (b) KH, Compression, BP,...  (c) Baroclinic: RT, RM, ... (2)
s

+ sijkﬁ_z{wjp’i}p,k + viscous dissipation terms

———

(d) other Baroclinic ...

where mean enstrophy Q = {®,®,}, is defined in terms of the vorticity components w;, P is
mean pressure, s; and Sz.'i are fluctuating and mean strain rates, s = (u; i+ ”_,',i) /2, and p is
mean mass density, and the brackets { } denote ensemble averaging.

Highlighted terms on the right-hand side of equation 2 depict inherently inviscid
instability mechanisms governing the high Re regimes: (a) vortex stretching driving
vortex cascade and transition to turbulence—only present in 3D; (b) mean-shear driven
Kelvin-Helmholtz instability, mean compression by shock and the Bell-Plesset conver-
gence instability; (c) two baroclinic instabilities proportional to pressure gradients—one
corresponding to the classical RM and RT drivers; (d) two other baroclinic instabilities
proportional to density gradients.

Figure 11 compares the major enstrophy production contributions for the fin-
est (0.125 um) resolution, including baroclinic torque, compression, and vortex
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stretching—equation 2. The brackets {} in equation 2 are taken to be volumetric inte-
gration over a spherical subdomain of radius 0.04cm—Figure 10. They are added up
into a total enstrophy production measure. Baroclinic contribution is much less than
stretching and compression for the times considered after time ~ 8.2 ns, stretching being
the main contribution—signature of transition to turbulence, with the positive stretching
contribution depicting the (dominating) forward cascade. Enstrophy production results
are qualitatively similar for the coarser resolutions but with reduced actual production—
e.g., peak enstrophy production is halved for the 0.25um resolution case.

In section 2.4, we used a shock-interface radius-time diagram for the 1D implosion his-
tory based on simulation data to describe the main events driving the relevant ICF capsule
dynamics: shocks forming at the ablation front arrive at the center of the DT gas region
around 7.5 ns, bounce outwards, shock and subsequently reshock the interfaces. After 8 ns,
reflected shocks from the center hitting the gas/ice interface underlie the first peak in the
total enstrophy production noted near bang time 8.33 ns in Figure 11. Thereafter, there is a
slight total drop around maximum compression (minimum volume) time ~ 8.4 ns, followed
by a larger total enstrophy production peak somewhat later (time g 8.45ns) associated with
new reflections and new reshocking of the interfaces—suggested in Figure 3.

2.6 Quantities of Interest and Uncertainty Analysis

For the sake of simplified quantitative mix analysis, we can consider an integrated mixing
measure between material species 1 and 2 — following Hahn et al. (2011), computed using
local raw quantities,

MIX, , = / P2 Y, Y,dv, 3)

in terms of volumetric integrals involving mass density p, and fractions Y; and Y.

Robust 7},,—ay, and MIXypc pr (nearly resolution independent) predictions are
obtained; double-peak temperature around simulated bang time, Figure 12, depict shock-
reshock HDC-DT interface discussed above in terms of radius-time diagram—Figure 3.
Differences apparent upon comparing Figure 12 with its counterpart Figure 4—based on
1D LMC xRAGE simulation results, reflect the unaccounted-for 3D effects.

The mix measure results depict converging MIXp;, pr. predictions. Peak mix occurs
around ~ 8.4ns, at the time for minimum capsule volume (cf. Figure 6). HDC/DT (heavy/
light) mix hydro-driven and very robust(resolution independent); ~ 1/1000 weaker DTice/
DTgas mix (than HDC/DT mix) is somewhat grid resolution dependent, but convergent—
as 2nd order numerical diffusivity emulates effective physical diffusivity and associated
effective Reynolds number and resolved/unresolved scale separation increase with vanish-
ing grid resolution (Grinstein and Wachtor 2016) Fig. 13.

The numerical uncertainty of the DTice/DTgas mix measures, U,(®) was assessed. This
exercise aimed at ascertaining the numerical fidelity of the present computations, for which
exact reference solutions are not known. U, (®) provides an estimate for an interval contain-
ing the exact solution of the mathematical model with 95% confidence. Hence, it reduces
upon grid refinement, increasing the numerical accuracy of the simulations. In this work,
U,(0) is estimated with the method proposed by Eca and Hoekstra (2014) using the solu-
tions obtained with the three grid resolutions available. Description of the method and con-
cept of numerical uncertainty are given in ASME: Standard (2009) and E¢a and Hoekstra
(2014) Fig. 14.
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Fig.8 N170601 simulations based on LMC xRAGE, AMR, 0.25um resolution, 600 M cells; 2D-to-3D p
spun @ t=8ns (NIF experiment bang time 8.16 ns). Visualizations: 1) HDC/DT and DT-ice/DT-gas inter-
faces, 2) 4, vortex criterion

Figure 15 depicts the temporal evolution of the mixing measure of DT-Ice / DT-Gas
(equation 3) and the respecting numerical uncertainty (red area), based on LMC-xRAGE
LES data for 0.5 ym, 0.25 ym, and 0.125 um grid resolutions. The analysis estimates val-
ues of numerical uncertainty between +3% and +8% for DT-Ice / DT-gas mix values near
minimum volume. Given the negligible numerical uncertainty involved for the other two—
Tpum—avg a0d MIXppc pr integrated measures, the 0.125 pm grid resolution thus appears to
be adequate to predict the present quantities of interest.

2.7 Comparisons with NIF Data

Tables 1 and 2 compare 1D, 2D, and 3D simulated peak burn-averaged ion temperature
near bang time and the corresponding total number of neutrons produced from DT fusion
reactions—with and without including modeled surface roughness. Quoted NIF data was
taken from Table 1 in Clark et al. (2019).

To facilitate comparison with the 3D simulations, the 1D results presented follow a sim-
ilar computational approach as the 2D and 3D simulations, where MG radiation diffusion is
turned off at 8 ns, and Gray diffusion is then used. Using this computational approach, 1D
simulations produce about 2.2x10'¢ neutrons from DT fusion reactions, which is consider-
ably more than what was observed in the N170601 experiment. The neutron production is
only 1.3x10'6 in 1D simulations where MG diffusion is active after 8 ns. The peak burn-
averaged ion temperature near bang time in 1D simulations where Gray radiation diffusion
is used after 8 ns is about 5.9 keV, which is 5% higher than in corresponding simulations
with MG diffusion (NIF reference value is 4.9 keV). Results do not significantly depend on
the presence of roughness.

The 2D and 3D simulations produce a smaller number of neutrons driven by additional
mixing at the ice/carbon interface. In 3D, vortex rings at the ice/carbon interface mix mate-
rial from the carbon shell into the DT ice region, decreasing the overall number of DT
fusion reactions. Vorticity production may explain why 3D simulations produce fewer neu-
trons than corresponding 1D simulations. There is no evidence that transition to turbulence
occurs within the DT ice and DT gas regions at 0.5 y m resolution, for which vortex rings
are generated at the ice/carbon interface and remain largely coherent. As noted, however,
transition is suggested for the finer resolutions, 0.25 ym and 0.125 ym — for which higher
vorticity production also occurs.

The fine resolved 3D xRAGE simulations and NIF experiments agree fairly well on the
(post-processed) quantities of interest: simulations underpredict total fusion neutron num-
bers ~14%, and overpredict the burn-averaged temperature by ~13%; moreover, as noted in
section 2.4, bang time is slightly overpredicted ~2%. Our simulated burn width is 109 ns, as
opposed to the data—165 ns. Our simulated burn-averaged ion temperature is 5.59 keV, as
opposed to the data — 4.93 keV. These quantities of interest appear to be mainly end-results
driven by 3D radiation hydrodynamics. The 3D unsplit Eulerian hydrodynamic method in
XRAGE used for the present study is substantially different than the ALE method utilized
in HYDRA by Clark et al. (2019).

The 3D simulations of N170601 with HYDRA in Clark et al. (2019) included a more
complete set of physical models such as MG radiation diffusion, plasma viscosity, and
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t=8.4ns, near bang time

Fig.9 N170601 simulations based on LMC xRAGE Rad-Hydro, AMR, 0.125 ym resolution, Visualiza-
tions at t= 8.4 ns and t= 8.7 ns; 2D-to-3D spun @ t=8ns — for reference: NIF experiment bang time 8.16 ns.
HDC/DT and DT ice/gas interface visualizations are based on HDC/DT mass fraction (0.6) and DT ice/
gas mass fraction (0.5) isosurfaces; as in Figure 8, A, vortex criterion is based on three selected negative A
values

charged particle transport, in particular, which accounts for the deposition within the cap-
sule of the energy released from DT fusion. In addition they explicitly simulate the fill tube
and the resulting 3D perturbations to the capsule implosion. With this higher fidelity, they
achieve better agreement for the measured bang time, burn width, and ion temperature,
relative to our 3D simulations.

We attribute the neutron-yield underprediction in our simulations to two effects: the
unaccounted-for plasma viscosity—which would reduce actual vorticity production if pre-
sent and increase neutron production, as well as our omission of energy deposition within
the capsule due to DT fusion, which would also increase neutron production. When we
include an energy source term in our 1D simulations to approximate the energy deposition
from DT fusion we observe about a 30 % increase in neutron production, relative to our
baseline 1D simulations without energy deposition. We expect this to be true for our 3D
simulations as well. In addition, the limited results comparing MG vs. GRAY 1D predic-
tions in Table 1 suggest that the lack of MG modeling may be a contributing factor to over-
predicting burn-averaged temperature in our finest resolved 3D simulations.

Despite the different numerical methods for hydrodynamics, and despite our simulations
having lower fidelity physical models including GRAY diffusion without both plasma vis-
cosity and energy deposition from DT fusion, the total neutron production from our 2D
simulation and our more highly resolved 3D simulations, presented in Table 2, are in fairly
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Fig. 10 Spherical subdomain of radius 0.04cm used for enstrophy budget analysis. Evenly spaced cells are
involved in the subdomain
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Fig. 11 Enstrophy production based on LMC xRAGE radiation-hydro, AMR, 0.125 ym resolution

good agreement with the corresponding simulation results from Clark et al. (2019). They
report a total neutron production of 1.75 x10'6 for their 2D simulation and 1.31 x10'¢ for
their 3D simulation, as opposed to our values of 1.81 x10'® and 1.26 x10'9, respectively.
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Fig. 12 Evolution of post-processed TN burn averaged T;,, — based on equation 1; cf. layout depicting
capsule dynamics in Figure 6. Radiation-hydro transition in NIF N170601. LMC-xRAGE LES compared
results associated with 0.5 ym, 0.25 um, and 0.125 ym grid resolutions are indistinguishable; 2D-to-3D
spun at t=8 ns. NIF experiment bang time 8.16 ns

3 Summary and Outlook

We surveyed challenging ICF capsule issues of coupling hydrodynamics and multiphys-
ics associated with capturing transition phenomena and CG the simulations. We revis-
ited the recent simulations (Clark et al. 2019; Haines et al. 2022) of the NIF N170601
ICF capsule experiment, with the new XxXRAGE hydrodynamics including directional
unsplit HLLC algorithm and LMC explicit subgrid scale model—key modeling
advances enabling high fidelity CG simulations of turbulence (Grinstein et al. 2023)—
showing the potential of a relevant CG strategy for simulating complex transitional cou-
pled hydrodynamics-multiphysics on coarser grids in the present ICF capsule implosion
context.

Initialization aspects effectively combined included a) Holraum energy fluxes (67) at
capsule boundary vs. time based on the previous said studies matching data from NIF
shots (Clark et al. 2019; Haines et al. 2020), b) 2D (67 component) MG radiation diffu-
sion emulated through effective 2D Gray radiation-diffusion, c¢) radial surface roughness
for generic cryogenic capsules (Haan et al. 2011), and 2D-to-3D spun for 3D initializa-
tion. We used a generic capsule surface roughness implementation with similar rough-
ness characteristics as for the NIF N170601 capsule—except for the noted ~ 0.5um dif-
ferences at the poles. The latter differences usefully provide insights into the effects of a
roughness patch in the initial shell conditions.
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Fig. 13 Evolution of inner-HDC / DT-Ice mixing measures; mix measure involves volumetric integra-
tion (no additional averaging) based on equation 3. LMC-xRAGE LES compared results associated with
0.5 um, 0.25 pm, and 0.125 ym grid resolutions are indistinguishable; 2D-to-3D spun at t=8 ns

We compared 1D, 2D, and 3D simulated peak burn-averaged ion temperature near
bang time and the corresponding total number of neutrons produced from DT fusion reac-
tions—with and without including modeled surface roughness. Results do not significantly
depend on the presence of roughness. Post-processed TN-burn quantities of interest were
calculated using values of species number densities and ion temperatures from the LMC-
xRAGE LES simulations together with available DT fusion reaction rate data (McNally
et al. 1979). As noted, offering such post-processed results amounts to presenting radia-
tion-hydro only predictions without modeling local exothermicity/energy-deposition
effects associated with TN burn reactions.

Discussion of the results included capsule initialization and implosion dynamics,
analysis of the vorticity production budget, evolution of quantities of interest, uncer-
tainty analysis, transition signatures, and comparisons with NIF data. Baroclinic vorti-
city production contribution was found to be much less than stretching and compression
near bang time, stretching being the main contribution as expected for transition to tur-
bulence, with positive stretching contribution depicting (dominating) forward cascade
around bang time. Robust (nearly resolution independent) 7,4, and MIXypc pr pre-
dictions were obtained, exhibiting double-peaked temperature around simulated bang
time. On the other hand, the MIXp; pr. mix measure results depict converging pre-
dictions. Peak mix occurs around time for minimum capsule volume. HDC/DT (heavy/
light) mix hydro-driven and very robust(resolution independent); ~ x1073 weaker
DTice/DTgas mix (than HDC/DT mix) is somewhat grid resolution dependent, but
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Fig. 14 Evolution of DT-Ice / DT-gas mixing measures; mix measure involves volumetric integration (no
additional averaging) based on equation 3. LMC-XxRAGE LES results with 0.5 ym, 0.25 ym, and 0.125 ym
grid resolution are compared; 2D-to-3D spun at t=8 ns
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Fig. 15 Numerical uncertainty quantification analysis of the evolution of the DT-Ice / DT-gas mixing meas-
ure based on LMC-xRAGE data for 0.5 ym, 0.25 pm, and 0.125 pm grid resolutions

convergent—as 2nd order numerical diffusivity is capable of emulating effective physi-
cal diffusivity. Uncertainty analysis was based on LMC-xRAGE LES data for 0.5um,
0.25um, and 0.125um grid resolutions. The analysis estimates numerical uncertainty
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Table 1 LMC-xRAGE (no MG o wr.Gra nr.Gray
roughness) post-processed 1D(O.IZ)Sum lD(SIZyS)um 2D(0.§in1y) 3D(0»§(jm}) NIF
TN-Burn Predictions
Burn Aver- 5.6 5.9 5.78 5.75 493
age Tem-
perature
(keV)
DT fusion 1.3 2.2 1.92 1.92 1.46
neutrons
(x10'%)

Table2 LMC-xRAGE ( with roughness) post-processed TN-Burn Predictions

(Gray) (r,Gray) (r.Gray) (r,Gray) (r,Gray)
1D 0.125um 2D 0.5um 3D 0.5um 3D 0.25um 3D 0.125um NIF
Burn Averaged 5.9 5.75 5.58 5.59 5.59 4.93
Temperature
(keV)
DT fusion neu- 2.2 1.81 1.82 1.26 1.26 1.46

trons (x10'°)

values between +3% and +8% for DT-Ice / DT-gas mix values near minimum volume.
Negligible numerical uncertainty is involved for the other two integrated measures,
pointing out the adequacy of the finest grid resolution to predict the present quantities
of interest.

The LMC-xRAGE LES CG strategy enabled accurate predictions on relatively coarse
grids, providing insights into initial conditions effects on vorticity and mixing dynamics
in the N170601 experiment: i) demonstrating outgoing jetting at zero-degree pole driv-
ing HDC / DT mix (e.g., associated with surface roughness patch at pole due to fill-tube
effects), and, ii) depicting transitional (vortex stretching driven) 3D DT flow dynamics
through bang time.

Quality of the simulation predictions is limited in practice by insufficiently avail-
able understanding and characterization in the laboratory studies of what needs to be
modeled—such as TN energy deposition mechanisms to be emulated by charged-par-
ticle-transport algorithms. In addition, computational constraints and costs (rather than
choice) typically drive what is used: Gray vs. MG radiation-diffusion, and multi-com-
ponent molecular viscosity and diffusivity XRAGE options not being exercised. Poten-
tially important unresolved (temperature dependent) plasma viscosity and MG radiation
effects on the observed transition near bang time remain to be assessed in detail. Simu-
lation initialization also deserves further attention: only grid-scale staircase fluctuations
were involved in the present simulations, and 2D-to-3D spun initialization may inhibit
3D growth. Exploring the overall effects of promoting breaking of the 2D symmetry by
adding 3D perturbs at initialization (Haines et al. 2014) and/or by starting the simula-
tions in fully 3D mode from the beginning, are definitely warranted.
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