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Technical goals:

* Develop physics-based nonlinear LPI models
* Couple the nonlinear LPI effects to macroscopic modeling of ICF/HED exp.

Achieving these goals requires
- Large-scale kinetic simulations

- New machine learning algorithms for accurate characterization of plasma non-

Maxwellian distributions

We performed VPIC simulations for SRS’ and CBET? for a range of plasma and laser

conditions

We developed a new §f-Gaussian-mixture algorithm to represent non-Maxwellian
distribution functions from patrticle trapping and time-dependent plasma response

We developed preliminary nonlinear SRS and CBET models to couple to laser ray-

tracing/Mazinisin and AMP
*+ SRS models .
o Reflectivity

o Energy deposition
o Hot electrons

CBET model

Energy deposition

Modeling nonlinear effects of laser plasma instabilities (LPI) is
critically important for ICF/HED experiments

LPI scatter laser light out of the
hohlraum and impede the efficient
coupling of laser energy to the fuel
capsule

Laser
entrance
hole
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beams

Inner cone
beams

Laser-driven hohlraum on the NIF

1In stimulated Raman scattering (SRS), incident laser light scatters resonantly from electron plasma waves (EPW) in the plasma.
SQR\D 2 Cross-beam energy transfer (CBET) is a process by which energy from overlapping laser beams is transferred between beams

through the excitation of ion waves (IAW).



The LPI team succeeded in developing first-ever
physics-based nonlinear LPI models for SRS and CBET

» Using suites of 2D large-scale multi-speckled kinetic simulations of
LPI employing the LANL VPIC plasma code, the LPI team developed Alddressﬁntg Kevt.Questions in laser-
nonlinear models of both SRS" and CBET? that span the range of pasa Tremeon

laser and plasma conditions relevant to ICF hohlraums

WG Co-Chairs: Russ Follett (LLE), Adam Harvey-Thomson (SNL), Pierre Michel
(LLNL), Jason Myatt (U. of Alberta) & Lin Yin (LANL)

Summary

« These new models are being implemented? into the LLE Mazinisin
laser ray-trace package used in XRAGE and Hyperion
- allows for nonlinear feedback of effects of LPI to the hydrodynamics

Key Questions

e Howcan we improve LPI
predictive capability?

e Canwe develop a high rep-rate
experimental capability to
supportLPI studies?

e Whatnew laser technologies
can improve LPI mitigation?

* What reduced LPI models can
be implemented “inline” in our
hydro codes?

o Howdo we improve our
understanding and modeling of
LPI in magnetized plasmas?

 This first-of-a-kind capability of LANL LDRD investment in this project
has a lasting impact on ICF
— Necessary for development of Hyperion capability

summarized in the five key questions
presented here that are further elaborated on
low.

- Eliminate the use of ad hoc saturation clamps on wave amplitudes to reduced

LPI in linear models in rad-hydro codes

- Answers an LPI “grand challenge” called out by the ICF community in the
2021 ICF Fall Workshop

'D. J. Stark et al., "Nonlinear Models for Coupling the Effects of Stimulated Raman
Scattering to Inertial Confinement Fusion Codes,” Phys. Plasmas, submitted (2022)
2L.Yin et al., "Time-dependent saturation and physics-based nonlinear model of cross-
o € beam energy transfer,” Phys. Plasmas, submitted (2022)
“9 &h) 3L. Green et al., "Coupling Nonlinear CBET effects to radiation-hydrodynamic modeling of
ICF/HED experiments via laser ray tracing” APS-DPP presentation (2022).

wh ted to an
relevant to the ICF design space should be a high p:

riority.



CBET Model Accomplishments

<

The nonlinear saturation of CBET has been
explored using large-scale particle-in-cell
simulations for a range of densities, angles,
temperatures, beam diameters, and intensities

Simulations show time-dependent gain

CBET saturation levels depend on several
nonlinear effects

* ion-trapping-induced detuning, IAW self-focusing,
secondary instabilities (FSRS, BSBS), and pump

depletion

An automated method has been developed
using Gaussian mixtures to represent non-
Maxwellian distribution functions from ion
trapping and time-dependent plasma response

We constructed nonlinear CBET models

+ CBET gain

* lon heating via Landau damping of IAWs

model gain %
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Yin et al., "Time-dependent saturation and physics-based nonlinear model of cross-beam energy transfer” Phys. Plasmas, in press (2023)



Nonlinear LPlI models are being implemented in laser ray-tracing

(LRT) package

Goals:

» |ntegrate LRT into Hyperion

— Use LLE’s state-of-the-art Mazinisin LRT code
[Marozas et al., Phys. Plasmas 25:056314
(2018)]

- Use LANL-developed methodology for coupling
Mazinisin to Hyperion using separate laser
mesh [Haines et al., Comput. Fluids
201:104478 (2020)]

— Validate coupling using established laser test
problems for ray trajectories and inverse
bremsstrahlung deposition (in progress)

» Update Mazinisin to include new LPI
models

— Nonlinear CBET saturation model implemented

- Tested using Top9 experimental data

- Begin implementing the nonlinear SRS model
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Green et al., "Coupling Nonlinear CBET effects to radiation-hydrodynamic modeling of ICF/HED experiments via
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‘Q EDRD laser ray tracing” APS-DPP presentation (2022).



SRS Model Accomplishments

« We performed large-scale multi-speckled stimulated Raman
scattering (SRS) simulations in a broad scan of density and
intensity parameter space to develop nonlinear models for
laser ray-trace packages.

* We identified different scattering regimes: the key trapping-
dominated regime with (kAp)* scaling, the strong damping g
regime at high kAp, and the Langmuir decay instability (LDI) g% N
regime. ko "
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* Power deposition model: We observed approximate
fulfillment of the Manley-Rowe relations, and we
incorporated a small correction factor when secondary LPI
throws off the energy balance.

* Hot-electron model: We developed Gaussian fits for the
‘ ‘ dominant trapped electron population using the § f-Gaussian-
T Whewwes ™ mixture algorithm.
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= Stark et al., "Nonlinear Models for Coupling the Effects of Stimulated Raman Scattering to Inertial Confinement Fusion Codes”
® L .
Y ISDRD Phys. Plasmas, in press (2023)



Nonlinear hot electron
Hot Electron Gaussian

(for particle sourcing)
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Power deposition into hot electrons

Hot electron source is constructed by 6 f-Gaussian-mixture
algorithm for particle sourcing (left) and Manley-Rowe for
power deposition (right).
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Summary

» We've achieved our year 1-2 technical goals: New GM-6f weight
v Perform large-scale kinetic simulations of SRS and CBET a range of "
plasma and laser conditions flv) = kZka (W3 Mier Zi)
v Develop a new §f-Gaussian-mixture algorithm to represent non- mean

Maxwellian distribution functions from particle trapping and time-
dependent plasma response

v Develop physics-based nonlinear LPI models for coupling to LRT/ : -
Mazinisin and AMP Nonlinear SRS reflectivity model

v' Updated Mazinisin to include nonlinear CBET models

v Begin refinement of nonlinear LPI models & CBET model
implementation in Mazinisin

SRS energy deposition model

SRS hot electron model
= Research plan to the 3 year:

* Begin SRS model implementation in Mazinisin

» Perform additional simulations to improve confidence in model scaling
laws

* Refine nonlinear models
« Complete the integration of LPI models into multi-physics codes

®  Comb

Nonlinear CBET model

CBET energy deposition model



