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— Introduction

> First Ruby Laser built in 1960: e e

o focused beam caused air breakdown
e since then experiments to determine

Laser

+ breakdown mechanism
« influence of A, ry, 7, py, power density
Figure: LIB ignition in XPACC scramjet

» Laser Induced Breakdown (LIB)

is critical to modern technology:
3) Thermal spot
convects into
existing structure

1) Laser generates  2) Plasma cools and
hot plasma generates shock

e Plasma Assisted Ignition for:
% improving ignition reliability

* enhancing flame stabilization

TN /;(
e Flow Control for: - ~ \5&

+ drag reduction
+ shock control

Figure: Laser generated drag reduction
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— Introduction: Motivation

> Onset and dynamics of Plasma Kernels is not very well understood

» Dynamics of Rear and Front lobes is not very well understood

single mode broadband multi mode broadband multi mode time integrated
time integrated plasma emission time integrated plasma emission elastic scattering at 532 nm

Rear lobe Front lobe 1 mmy

NISHIHARA ET AL., “Influence of mode-beating pulse on laser-induced plasma”, (J.Phys.D)
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> Onset and dynamics of Plasma Kernels is not very well understood

» Dynamics of Rear and Front lobes is not very well understood

single mode broadband multi mode broadband multi mode time integrated
time integrated plasma emission time integrated plasma emission elastic scattering at 532 nm

Rear lobe Front lobe 1 mm
NISHIHARA ET AL., “Influence of mode-beating pulse on laser-induced plasma”, (J.Phys.D)

e Breakdown Wave Theory
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— Introduction: Motivation

> Onset and dynamics of Plasma Kernels is not very well understood

» Dynamics of Rear and Front lobes is not very well understood

single mode broadband multi mode broadband multi mode time integrated
time integrated plasma emission time integrated plasma emission elastic scattering at 532 nm

mmmp Laser propagation
Backward g Forward
Rear lobe Front lobe 1 mimy

NISHIHARA ET , “Influence of mode-beating pulse on laser-induced plasma”, (J.Phys.D)

e Radiative Propagated Wave Theory
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— Introduction: Motivation

> Onset and dynamics of Plasma Kernels is not very well understood

» Dynamics of Rear and Front lobes is not very well understood

single mode broadband multi mode broadband multi mode time integrated
time integrated plasma emission time integrated plasma emission elastic scattering at 532 nm

mmp Laser propa i
Backward g Forward
Rear lobe Front lobe 1 mimy

NISHIHARA ET , “Influence of mode-beating pulse on laser-induced plasma”, (J.Phys.D)

e Detonation Theory
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— Introduction: Motivation

> Onset and dynamics of Plasma Kernels is not very well understood

» Dynamics of Rear and Front lobes is not very well understood

single mode broadband multi mode broadband multi mode time integrated
time integrated plasma emission time integrated plasma emission elastic scattering at 532 nm

Rear lobe Front lobe 1 mmy

NISHIHARA ET AL., “Influence of mode-beating pulse on laser-induced plasma”, (J.Phys.D)

Rear Lobe  Front Lobe ...

e Self Focusing Theory LASER —p

LENS
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= Introduction: Objective

Our objective is the construction of a physics based model for:

» developing predicitve capabilities on laser generated plasmas
» determining key mechanism of laser induced breakdown

» predicting hydrodynamic phenomena

» We propose a breakdown mechanism

e triggered by: “ Exp

Multi-Photon lonization (M P|) Rear Lobe Front Lobe
o gulded by Proposed
Mechanism:
MPI+IE+IB

«  Multi-Photon lonization (MPI)

« lonization by Electron Impact (IE)
e sustained by laser radiation m 01d mode:
* Inverse Bremsstrahlung (1B)

A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PanEsI, “Plasma kernel dynamics

in non-equilibrium laser discharges”, (in preparation).
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Physical Model
Hydrodynamic Equations
Radiation
Numerical Method

ld DOE/NNSA/ASC/PSAAPII:
The Center for Exascale Simulation of .
Plasma-coupled Combustion Andrea Alberti 7/31

March 26", 2019

XPACGC



— Physical Model: Hydrodynamic Equations

» The mixture under investigation is 19 species Air

%0755+V'(P8u>+v'Js:ws+wsR (s€ e U Sp)
e L (puwut I)-V-z=0
5 p pl T
opkE
W—i—V-(pHu)—V(gu—q) =QF
ope”

—f—V-(pBDU)+V'qv:QVT+ch+QVE

ot
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+V-q° = —pV-u+ Qg+ 4+ +Qpg — Que + Q5 (5)
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— Radiation: Radiative Transfer Equation

In the current model, the radiation field is split in
collimated (c) + non-collimated (nc) components

» Collimated: Laser at wavelength \g

e monochromatic Laser
e steady-state RTE

e absence of emission, scattering and refraction

A. MUNAFO, A. ALBERTI, C. PANTANO, J. B. FREUND, M. PANESI,
“Modeling of Laser-Induced Breakdown Phenomena in Non-Equilibrium

Plasmas”, (AIAA Scitech 2018)

» Non-Collimated: Plasma response

e entire spectrum

e diffusion approximation
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— Radiation: Processes

» Multi-Photon lonization (MPI): A% + mhv — At 4+ e~

dQ, e

QP — nol}: (mhuvg)o

— e Y QP = noly (mhvy — AE)o
A()
mpt __ m
%dudﬁ we ' =mnoly, o

» Inverse Bremsstrahlung (IB)

Fen (X0, Toe) = Qen(No, TocJnne [1-exp (—M}’{%)] N,

n=EyEp Y
b
KJ,\O - K/eh()\07Tve) .
heH
ib ib .
QZ == Hg\OIAO e gE;
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= Numerical Method: HEGEL

» HEGEL (High-fidElity tool for maGnEtogasdynamics appLications)

A. MUNAFO, A. ALBERTI, C. PANTANO, J. B. FREUND, M. PANESI, “A computational model
for nano-second pulse laser-plasma interaction”, (in preparation).

» Equations are discretized in space with cell centered FV method

» The numerical inviscid flux is computed with:
e ROE scheme with entropy fix (or Lax Friedrichs)
e MUSCL reconstruction (2nd order accuracy)

» The ODEs are integrated in time with dual time-stepping approach
e pseudo time derivative: backward finite difference

e physical time derivative: three-point backward (2nd order accuracy)
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Results
Laser-Plasma Interaction
Post-Discharge Evolution
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— Results: Test Cases

> Laser geometry fitted from experiments

dr/2

lens Zo

» Proposed Breakdown mechanism tested as a function of:

laser power density Fi,, Tfwhm
laser wavelength \g
background pressure py,

laser operating mode
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= Breakdown Phase

x.. I

0.05 0.25 045 0.65

A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PANESI, “Modeling of Air
Breakdown by Single-Mode and Multi-Mode Lasers”, (AIAA Scitech 2019).
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— Breakdown Phase: model validation
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A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PANESI, “Plasma kernel dynamics
in non-equilibrium laser discharges”, (in preparation).
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— Breakdown Phase: model validation
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— Breakdown Phase: model validation
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A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PANESI, “Plasma kernel dynamics
in non-equilibrium laser discharges”, (in preparation).
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— Breakdown Phase:

1 0B
1 _ foooniaTjd’\

oo BB)\
kr Jo T dA
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Optically thick correction
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_:_ Breakdown Phase: Plasma Emission

CFD exp

1 mm I1mm
—> >

1mm 1mm
—> — >

A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PaNEsI, “Plasma kernel dynamics
in non-equilibrium laser discharges”, (in preparation).
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— Breakdown Phase: Radiation Support

production terms of electrons at 0.1 ns
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— Breakdown Phase: Radiation Support

production terms of electrons at 1.0 ns
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— Breakdown Phase: Radiation Support

OHIO!
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— Breakdown Phase: Radiation Support
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— Breakdown Phase: Radiation Support
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— Breakdown Phase: beating mode dependence

I/IO
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— Breakdown Phase: beating mode dependence =

x.. I

0.65 0.80 0.85

A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PANESI, “Modeling of Air
Breakdown by Single-Mode and Multi-Mode Lasers”, (AIAA Scitech 2019).
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— Breakdown Phase: beating mode dependence

«10° ~ f=05GHz
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— Post-Breakdown Phase

Vol
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— Post-Breakdown Phase
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— Post-Breakdown Phase
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— Post-Breakdown Phase
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= Post-Breakdown Phase:
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A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PANESI, “Modeling of Air
Breakdown by Single-Mode and Multi-Mode Lasers”, (AIAA Scitech 2019).
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Conclusion and Future Work

 DOE/NNSA/ASC/PSAAPII:
The Center for Exascale Simulation of .
Plasma-coupled Combustion Andrea Alberti

24/31

March 26", 2019

XPACC



= Conclusion and Future Work

Summary:

» Validated the suggested mechanism

e triggered by MPI
e guided by MPI (depletion of reactants) and /E
e sustained by /B

A. ALBERTI, A. MUNAFO, C. PANTANO, J. B. FREUND, M. PaNESI, “Plasma kernel dynamics
in non-equilibrium laser discharges”, (in preparation).

Future Work:

» Radiation Field:
e solve RTE in multi-dimension

» Applications:
e model CFD cases of engineering interest

+ dual pulse
« flow control (e.g., supersonic ignition, drag reduction)
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= Future Work: Dual Pulse

I uv NIR
I

t caseL case C case R
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1 0.0 mm

r=—2.0mm r=00mm z=15mm

A. ALBERTI, A. MUNAFO, M. PaNEsI, “ Non-Equilibrium modeling of dual-pulse laser energy
deposition”, (in preparation).
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= Future Work: Dual Pulse

case L D s case C D [US case R D [us

ln(n)nl

5000

1000
Th[K]

V] fm/s]

A. ALBERTI, A. MUNAFO, M. PaNEsI, “ Non-Equilibrium modeling of dual-pulse laser energy
deposition”, (in preparation).
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_:_ Future Work: Flow Control

3) Thermal spot
convects into
existing structure

1) Laser generates 2) Plasma cools and
hot plasma generates shock

A. ALBERTI, A. MUNAFO, C. PANTANO, M. PANESI, “ Supersonic and hypersonic
non-equilibrium flow control using laser energy deposition”, (submitted AIAA Aviation 2019).
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Thank you for your attention

Questions?
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