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Summary

Ultra-intense short-pulse lasers can be used to generate beam-like
sources of highly energetic particle and photons

* Laser-driven particle acceleration can be applied to many interdisciplinary applications ranging from multi-
modal particle radiography, tomography, studies in materials in extreme environments and even some
fusion energy schemes

* Emerging technologies like high-repetition rate laser systems and machine learning will allow for another
leap in the field of laser-driven particle acceleration by aiding in the long-standing goal of tunable and
predictable laser-driven sources

My work adds to the body of work addressing this goal by:
* Investigating new empirical relationships for laser-driven proton acceleration
* Conducting new measurements of the accelerating electric field responsible for laser-driven proton
acceleration
* Demonstration of a new analysis methodology using machine learning
* A new proposed methodology that combines experimental data, simulations and machine learning to
realize the goal of a predictive framework for laser-driven proton acceleration
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Laser intensity has grown substantially over the last two decades
enabling novel exploration of laser-matter interactions
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Laser intensity has grown substantially over the last two decades  Backeround
enabling novel exploration of laser-matter interactions
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Background
Petawatt-class laser systems are in-demand globally

@ High-Rep-Rated (HRR)
@ Rep-Rated (RR)
O Single-Shot

All PW-class
(> 0.5 PW) laser facilities
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Laser-plasma interactions from short pulse
duration(~picosecond), ultra-intense lasers can generate
bright x-ray and particle sources
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Laser-matter interactions enable many interdisciplinary Benefits
applications in high-energy-density science
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Laser-matter interactions enable many interdisciplinary Benefits
applications in high-energy-density science
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Realizing these applications requires a tool that can predictably relate laser and target inputs to
the characteristics of the output accelerated particle characteristics. Then characteristics like the particle
spectra, dose and spot-size could be tailored on-the-fly for each application
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Target Normal Sheath Acceleration (TNSA) allows for the generation TNSA
of high-energy beam-like sources of ions
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contaminants
Thin foil (e.g. Al, Ti) >
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The electric field responsible for acceleration has structure and TNSA
evolves in time and space

Electric Fielrd
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The electric field responsible to acceleration has structure and TNSA

evolves in time and space

Simulated Evolution of the Accelerating Field

E (kV/cm)
Xf ~500 microns i
:* ' ' «10°
1
e
@

0 ¢ | 05
e @ 0
©

-0.5
-1

Ref: Simulations from J. Kim

19



The electric field responsible to acceleration has structure and TNSA
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The electric field responsible to acceleration has structure and TNSA

evolves in time and space
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Laser-plasma interactions from short pulse
duration(~picosecond), ultra-intense lasers can generate bright
x-ray and particle sources
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My research focuses on building new frameworks for Summary
understanding and ultimately controlling these complex systems

”Smart” Laser-Driven Sources — Using machine
learning based tools for control, inference and
physics understanding of laser-driven sources

Dynamic experiments for control — Creating
experiments to both study the driving

mechanism of laser-driven sources and to
optimize them

Brute Force Empiricism — Gathering
experimental data on how laser-driven sources
scale with laser parameters

e
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Brute Force Empiricism — Gathering
experimental data on how laser-driven sources

) scale with laser parameters



There is already a large body of data that provides the | SubpsRegime
foundation for empirical scalings of TNSA sources
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TNSA in the sub-ps regime is well described by a collection of -~

established scaling relationships

Fuchs Scaling
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Fuchs Scaling for Max Proton Energy

Ermaz = 2Tho[In(t, + (5 + 1)1/2)?
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Tace — 1-37_Laser

[2] J. Fuchs et al., Nat. Phys. 2.1 (2006)

Ponderomotive Scaling for Electron Temperature

T1a\2
T, MeV] ~ 0511 | 1/1 u g
hot M eV (\/ T 37 )

[3]S. C. Wilks, et al., PRL. 69 (1992)
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However, scaling laws have some limitations when extending  » FuchsScaling
them to different laser parameter regimes
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However, scaling laws have some limitations when extending  » FuchsScaling
them to different laser parameter regimes
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Recent results show an enhancement in laser-driven proton 2>

Multi-ps Data

energies when compared to established scaling laws
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The Titan laser provided an opportunity to explore this regime rd Bl

_with a detailed scaling study of proton and electron characteristics
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Twelve shots were taken scanning the multi-ps, sub-to-quasi relativistic regime

[6] R. Simpson et al., PoP 28, 013108 (2021) =



. Tit
Electron and proton spectra were measured as a function of 7 B

varying laser pulse duration

f/10 parabolic mirror Emitted electrons and
15um-thick Al target

12° from target
normal

Electron
Radiochromic Stack Spectrometer

TITAN
Laser

Multiple (time-integrated) particle diagnostics were used to measure proton and electron spectra

32



Proton
Spectrometer

s g

R -
T

(e

Electron
Spectrometers

N'I.?E/ VjPiSeminar

(= ¢ }

Y i)




Electron temperatures were found to exceed the v [BEE0 MIEE e
ponderomotive scaling and are dependent on pulse length
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Electron temperatures were found to exceed the v [BEE0 MIEE e
ponderomotive scaling and are dependent on pulse length
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Electron temperatures were found to exceed the v [BEE0 MIEE e
ponderomotive scaling and are dependent on pulse length
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Electron temperatures were found to exceed the

/,‘ Electron Measurements

ponderomotive scaling and are dependent on pulse length

—10

—Wilks

N » co
s —

N
———

Electron Temperature [ MeV

08ps

Laser Intensity [chm2 ]

[9] A.Kemp & S. Wilks, PoP 27, 103106 (2020)

Wilks Ponderomotive Scaling

Thot[MeV]  0.511 <\/1 +

2
Lsh2
1.37
[6] S. C. Wilks, et al., PRL. 69 (1992)

Beg Scaling

Tho[MeV]r 0.215 (IsA2)

[7] Haines, et al., PRL. 102, 045008 (2009)
Pukhov Scaling

Thot[MeV]a 1.5 x 1147

[8] Pukhov, et al., PoP. 6,7 (1999)

37



The relationship between laser intensity and maximum  »  ProtonMeasurement
proton energy in multi-ps regime was also measured
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Proton Measurement

The Fuchs model does not capture the relationship >
between intensity and proton energy in this regime
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A new scaling model was used that better captures the »  FrotonMeasurement
relationship between intensity and max proton energy in this study
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The modified model uses Brenner et al. description for  »  ProtonMeasurement
the acceleration time and enhances the hot electron temperature

Fuchs Scaling for Max Proton Enerqgy
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The modified model uses Brenner et al. description for  »  ProtonMeasurement
the acceleration time and enhances the hot electron temperature
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This new scaling has been key in development of laser-
driven proton and neutron sources on the NIF-ARC facility
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This new scaling has been key in development of laser- Hf Newscaling
driven proton and neutron sources on the NIF-ARC facility
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My research focuses on building new frameworks for Summary
understanding and ultimately controlling these complex systems

”Smart” Laser-Driven Sources — Using machine
learning based tools for control, inference and
physics understanding of laser-driven sources
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High-repetition rate laser systems are coming on-line around the  Backeround

world can accelerate the rate of learning in laser-plasma research
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(> 0.5 PW) laser facilities







Research in laser-matter interactions are moving towards an

integrated approach

Proposed input parameters to laser

o Laser system diagnostics ]

diagnostics

repetition
rate laser

Control signals for safe
laser inpuf parameters

Proposed input parameters
to target

repetition rate
targetry

s
-

HED optical +
X-ray
diagnostics

Secondary
particle + nuclear
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MODELING & SIMULATION LOOP




Research in laser-matter interactions are moving towards an _
integrated approach

ML-Enabled Data
Analysis




Understanding the dynamic of the accelerating field will be _
crucial for a generalized model for laser-driven particle acceleration
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The central goal of this future work is to directly relates the time-dependent physics of the sheath field
and its properties, like its strength and spatial profile, to characteristics of the accelerated particles.
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My research focuses on building new frameworks for Summary
understanding and ultimately controlling these complex systems

These research thrusts represent
foundational steps towards

p predictable laser-driven particle
acceleration

e
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LRGF

Thank you to Krell, the LRGF Program and everyone that makes
this community possible !
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