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Outline of the Talk

• Collisionless shocks in astrophysical context

• Surprises from PIC simulations: classification of accelerated 
particles and energy bifurcations

• Progress in modeling collisionless shocks

• How to produce them in the lab? Making dense, large, and 
relativistic plasmas using laser acceleration of structured 
targets  generation of the highest energy density in the lab

downstream upstream



How does nature accelerate particles 
so easily: Astrophysical Accelerators!

Supernovae remnants stream against 
relativistic outflows from a rotating pulsar

A fireball drives collisionless shocks 
into interstellar medium (ISM)

All these scenarios produce ultra-relativistic plasma flows 
via Fermi acceleration  1020 eV (!!)



Three Pillars of the Project

Understanding and Analytic 
Interpretation of PIC Results
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Fermi acceleration

Using PIC Results to Develop 
Novel Efficient Codes

Laboratory Realization, or Why we 
still don’t know how to make large 
dense relativistic plasmas?? 



Colliding Plasma Shells  Collisionless
Shocks via Weibel Instability 

Hot thermalized plasma

Cold streaming plasma, and more!

Shock
Contact surface



Structure of the extended shock: strong field 
exists ahead of the shock  acceleration

•The relatively sharp density shock has extended electric fields into the upstream 
longitudinal momentum spread of the incoming upstream

Upstream: 
cold beam 

Downstream: 
thermalized plasma

Pre-shock

Shock

•The transverse energy spread is minimal  necessary condition for Weibel instability



Computational challenges for modeling 
collisionless shocks using PICs

•Density plateau in the downstream 
region is not uniform
•Density compression ratio is only 
approximate: 𝑛𝑛down/𝑛𝑛up∼ 3.13.
•Speed of shock slows down with time.



Higher-order numerical scheme for current 
deposition and fields interpolation

Plasma density

downstream upstream

Linear interpolation Quadratic interpolation

•Density plateau in the downstream region is not uniform
•Numerical Cherenkov instability (NCI) appears to be a factor 
•Higher order particles weight functions (spline) in current deposition helps to 
reduce effect of  NCI.



Particle Acceleration in a Collisionless
Pre-Shock: Fermi Acceleration?

A. Spitkovsky, Astro J. 682, L5 (2008) 



Which Field Components Accelerate 
Particles  Energy Bifurcation?
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Emergence of several classes 
of accelerated particles:

1. Thermalized: no energy 
gain scattered by B-
field in shock

2. Reflected by shock 
small energy gain

3. High energy gain  Fermi 
acceleration

Transition to Fermi 
acceleration? 



Energy Bifurcation: Why, and How 
Universal?

Bifurcation persists for almost all 
relativistic shocks, regardless of 𝛾𝛾0
The ratio 𝛾𝛾bif/𝛾𝛾0∼ 2 is near-universal

“Pre-bifurcation” particles: 𝛾𝛾0 < 𝛾𝛾bif
travel through the shock once, gain 
energy downstream

Downstream fields are 
randomized 𝑊𝑊𝑥𝑥 ≈ 𝑊𝑊⊥

Pre-shock fields: 𝐸𝐸𝑥𝑥 ≪
𝐸𝐸⊥𝑊𝑊𝑥𝑥 ≪ 𝑊𝑊⊥

𝑊𝑊⊥

𝑊𝑊𝑥𝑥



How do we see all this in the lab??

Solution: use laser-target acceleration  produce high-density 
relativistic plasma that can actually be called plasma  𝜆𝜆𝑝𝑝𝑝𝑝 ∼
𝑐𝑐/𝜔𝜔𝑝𝑝𝑝𝑝 < 𝐿𝐿𝑥𝑥,𝑦𝑦,𝑧𝑧  tough, especially for thick targets! 

For 𝑛𝑛𝑝𝑝 ∼ 1021𝑐𝑐𝑚𝑚−3𝜆𝜆𝑝𝑝𝑝𝑝 ∼ 7𝜇𝜇𝑚𝑚 need to accelerate multi-
micron thick target to relativistic energies  never been done!

The concept: Laser-Ion Lensing & Acceleration (LILA)  a 
shaped target is simultaneously focused and accelerated 
compression in x-y directions, expansion in z-direction!



Going NUTTs Making Non-
Uniform Thickness Targets

The concept: Laser-Ion Lensing & Acceleration (LILA)  a 
shaped target is simultaneously focused and accelerated 
compression in x-y directions, expansion in z-direction!

𝑔𝑔 = 𝐸𝐸2/2𝜋𝜋𝑛𝑛0𝑀𝑀𝑝𝑝𝑑𝑑0

Target acceleration:

Target thickness:

𝑑𝑑 𝑟𝑟 = 𝑑𝑑0 1 −
𝑟𝑟2

2𝑅𝑅𝑐𝑐2



The LILA Concept: A Hydrodynamic 
Model of NUTT Focused to a Points

Parameters: 𝑅𝑅𝑐𝑐 = 6𝜇𝜇𝑚𝑚, 𝑑𝑑0 =
300nm, 𝑛𝑛0 = 100𝑛𝑛crit
Wide target: 𝑅𝑅0 = 𝑅𝑅𝑐𝑐
Narrow target: 𝑅𝑅0 = 2𝑅𝑅𝑐𝑐/3

z/
𝑅𝑅 𝑐𝑐

Laser: 𝑎𝑎0 = 100 (𝑃𝑃 = 30PW)
Parabolic target thickness: 
𝑑𝑑 𝑟𝑟 = 𝑑𝑑0 1 − 𝑟𝑟2/2𝑅𝑅𝑐𝑐2

Target dynamics controlled by 
𝚪𝚪 = 𝒈𝒈𝑹𝑹𝒄𝒄/𝒄𝒄𝟐𝟐

What can go wrong? 
Rayleigh-Taylor Instability!



Converging targets to the rescue!

Intensity: 𝐼𝐼 = 1.8 × 1022W/cm2

Power over target: 𝑃𝑃 ≈ 4.2PW
Laser duration: : 𝜏𝜏 ≈ 25fs
Laser energy: 𝑈𝑈 ≈ 100J

Target thickness: 𝑑𝑑0 = 350nm, 
density: 𝑛𝑛0 = 100𝑛𝑛crit,    
radius: 𝑅𝑅0 = 2.1𝜇𝜇𝑚𝑚

Definition of HEDP: 𝟏𝟏𝟏𝟏𝟓𝟓 𝐉𝐉𝐉𝐉𝐦𝐦𝟑𝟑 = 𝟏𝟏.𝟏𝟏𝐓𝐓𝐓𝐓𝐓𝐓
Thermonuclear explosion: 𝟒𝟒𝟏𝟏𝟏𝟏 𝐓𝐓𝐓𝐓𝐓𝐓

Back to reality: there are no hydrogen 
targets  what about CH targets??

𝑧𝑧/
𝑅𝑅 𝑐𝑐

Conversion efficiency: 30%  30 Joules of 
relativistic energy packed into a 𝟑𝟑𝟑𝟑𝐦𝐦𝟑𝟑 volume 
 energy density ∼ 𝟏𝟏𝟏𝟏𝟏𝟏𝟑𝟑 𝐉𝐉𝐉𝐉𝐦𝐦𝟑𝟑 = 𝟏𝟏𝟏𝟏𝟕𝟕 𝐓𝐓𝐓𝐓𝐓𝐓

𝑢𝑢 > 1013J/cm3

𝑧𝑧,
𝜇𝜇𝑚𝑚

𝑥𝑥, μm



Realistic CH targets are heavier 
more laser power again: 𝑷𝑷𝑳𝑳 = 𝟐𝟐𝟕𝟕 𝐓𝐓𝐏𝐏

𝜏𝜏𝐿𝐿 = 32 fs, UL = 850 J
𝑑𝑑0 = 210 𝑛𝑛𝑚𝑚
𝑎𝑎0 = 110
𝑛𝑛𝐶𝐶𝐶 = 𝑛𝑛ℎ = 29𝑛𝑛𝑐𝑐
𝑛𝑛𝑒𝑒 = 200𝑛𝑛𝑐𝑐
𝑅𝑅𝑐𝑐 = 4.5𝜇𝜇𝑚𝑚; Γ = 0.76

Carbons fall behind 
protons, experience 
smaller accelerating field

Lesson: we need much 
bigger lasers!!



RT instability in mixed targets

Heavy species (carbon) facing the 
laser can render both proton 
surfaces stable to RT instability! 

T. P. Yu et. al., Phys. Rev. Lett. 105, 065002 (2010); 
Phys. Plasmas 18, 043110 (2011) 

CH TargetH Target

Poorly understood: the role of the 
target’s conversion, and its synergy 
with multi-species RTI suppression



Things to Do: From Shocks to Dense 
Ultra-Relativistic Plasmas

Understanding and Analytic Interpretation of PIC Results
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Fermi 
acceleration

Using PIC Results to Develop Novel Efficient 
Hybrid Codes  3D modeling shocks!

Laser Ion Lensing & Acceleration:
(1) Understanding the physics of RTI suppression 

in rapidly converging multi-species targets

(2) Lower power laser (<10PW) for near-horizon 
experiments (ELI, LLE, Korea) 
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What happens to a particle in a shock?

Low energy particles
(𝜸𝜸 < 𝟐𝟐𝟏𝟏)Upstream



What happens to a particle in a shock? 

Low energy particles
(𝜸𝜸 < 𝟐𝟐𝟏𝟏)Upstream

High energy particles
(𝜸𝜸 ≈ 𝟐𝟐𝟏𝟏)



The LILA Concept: A Hydrodynamic 
Model of NUTT Focused to a Points

Parameters: 𝑅𝑅𝑐𝑐 = 6𝜇𝜇𝑚𝑚, 𝑑𝑑0 = 300nm, 𝑛𝑛0 = 100𝑛𝑛crit
Wide target: 𝑅𝑅0 = 𝑅𝑅𝑐𝑐
Narrow target: 𝑅𝑅0 = 2𝑅𝑅𝑐𝑐/3

𝑧𝑧/
𝑅𝑅 𝑐𝑐

Laser: 𝑎𝑎0 = 10 (𝑃𝑃 = 300TW)

z/
𝑅𝑅 𝑐𝑐

Laser: 𝑎𝑎0 = 100 (𝑃𝑃 = 30PW)

Parabolic target thickness: 
𝑑𝑑 𝑟𝑟 = 𝑑𝑑0 1 − 𝑟𝑟2/2𝑅𝑅𝑐𝑐2

Target dynamics controlled by 
𝚪𝚪 = 𝒈𝒈𝑹𝑹𝒄𝒄/𝒄𝒄𝟐𝟐



What can go wrong? RTI!

𝛾𝛾 = 𝑔𝑔𝑔𝑔

V. Khudik, S. A. Yi, C. Siemon, and G. Shvets, Phys. Plasmas 21, 013110 (2014)

Challenge: Rayleigh-Taylor 
Instability during acceleration of 
planar targets

Opportunity: bending targe appears 
to be less susceptible to RTI



3D PIC (VLPL) Simulations of LILA
𝑧𝑧/
𝑅𝑅 𝑐𝑐

Intensity: 𝐼𝐼 = 1.8 × 1022W/cm2

Power over target: 𝑃𝑃 ≈ 35PW
Laser duration: : 𝜏𝜏 ≈ 50fs
Laser energy: 𝑈𝑈 ≈ 1.6kJ

Conversion efficiency: 20%  300 Joules of 
relativistic energy packed into a 𝟏𝟏𝟏𝟏𝟑𝟑𝐦𝐦𝟑𝟑 volume 
 energy density ∼ 𝟏𝟏𝟏𝟏𝟏𝟏𝟑𝟑 𝐉𝐉𝐉𝐉𝐦𝐦𝟑𝟑 = 𝟏𝟏𝟏𝟏𝟕𝟕 𝐓𝐓𝐓𝐓𝐓𝐓

Target thickness: 𝑑𝑑0 = 300nm, 
density: 𝑛𝑛0 = 100𝑛𝑛crit,    
radius: 𝑅𝑅0 = 8𝜇𝜇𝑚𝑚

Definition of HEDP: 𝟏𝟏𝟏𝟏𝟓𝟓 𝐉𝐉𝐉𝐉𝐦𝐦𝟑𝟑 = 𝟏𝟏.𝟏𝟏𝐓𝐓𝐓𝐓𝐓𝐓
Thermonuclear explosion: 𝟒𝟒𝟏𝟏𝟏𝟏 𝐓𝐓𝐓𝐓𝐓𝐓

Lesson: we need much bigger lasers!!



RTI in Flat and Shaped Targets
Non-uniform thickness targetFlat target

NUTT: high energy, 
low emittance

Laser: 𝑷𝑷 = 𝟑𝟑𝟓𝟓𝑷𝑷𝟑𝟑, 
𝝈𝝈 = 𝟖𝟖𝟖𝟖𝟖𝟖



Universal Scaling of the LILA Concept 
 Testing with Moderate Lasers

Universal acceleration scale: 𝜞𝜞 = 𝒈𝒈𝑹𝑹𝒄𝒄/𝒄𝒄𝟐𝟐

Optimal RPA thickness: 𝒅𝒅 = 𝝀𝝀𝑳𝑳/𝝅𝝅 𝒏𝒏𝒄𝒄/𝒏𝒏 𝒂𝒂𝟏𝟏

Required laser power: 𝑷𝑷𝑳𝑳 ∼ 𝟏𝟏𝟑𝟑.𝟕𝟕𝚪𝚪𝟐𝟐(𝐓𝐓𝐏𝐏)



Moderate Laser Pulses: 𝑷𝑷𝑳𝑳 = 𝟒𝟒.𝟐𝟐 𝐓𝐓𝐏𝐏

𝜏𝜏𝐿𝐿 = 25fs
𝑈𝑈𝐿𝐿 = 100J
Γ1/2 = 0.74
𝑅𝑅𝑐𝑐 = 2.1𝜇𝜇𝑚𝑚
𝑙𝑙0 = 350𝑛𝑛m
n0 = 100nc

𝑧𝑧/
𝑅𝑅 𝑐𝑐

𝑥𝑥/𝑅𝑅𝑐𝑐

𝑈𝑈 > 1013J/cm3



Applications of Focused Relativistic 
Quasi-Neutral Plasmas

Shock generation in stationary plasmas (“inter-stellar medium”)
Proton radiography (pRAD, CMU/DOE,…)  small proton source 
provides high spatial resolution
Proton radiology of tumors
Generation of warm dense matter (WDM)
Achieving power densities exceeding those in  nuclear explosions



Colliding Plasma Shells  Collisionless
Shocks via Weibel Instability 

Jforw Jback

Plasma shells co-
penetrate, their 
currents neutralized 
by the return 
currents

Opposite currents are 
repelled  filaments 
formation and mutual 
interaction  energy 
extraction from the 
“beam”

M. Medvedev & A. Loeb, Astr. J. 526, 627 (1999); A. Spitkovsky, ApJ Lett. L39, 673 (2006); A. Sironi & 
A. Spitkovsky, Astr. J. Lett. 707, 92 (2009).



The structure of the collisionless shock: 
seeding the Weibel Instability upstream

•Weibel instability requires counter-streaming  small fraction of particles 
from downstream overtake the shock and penetrate the upstream

•The fraction of the counter-streaming particles 𝑓𝑓𝑐𝑐 ∼ 10−2for large 𝛾𝛾′s of 
the shock, but increases for moderate relativistic factors 


	 Relativistic Shocks, Fermi Acceleration, and Implementation Using PW Lasers
	Outline of the Talk
	How does nature accelerate particles so easily: Astrophysical Accelerators!
	Three Pillars of the Project
	Colliding Plasma Shells  Collisionless Shocks via Weibel Instability 
	Structure of the extended shock: strong field exists ahead of the shock  acceleration
	Computational challenges for modeling collisionless shocks using PICs
	Higher-order numerical scheme for current deposition and fields interpolation
	Particle Acceleration in a Collisionless Pre-Shock: Fermi Acceleration?
	Which Field Components Accelerate Particles  Energy Bifurcation?
	Energy Bifurcation: Why, and How Universal?
	How do we see all this in the lab??
	Going NUTTs  Making Non-Uniform Thickness Targets
	The LILA Concept: A Hydrodynamic Model of NUTT Focused to a Points
	Converging targets to the rescue!
	Realistic CH targets are heavier  more laser power again:  𝑷 𝑳 =𝟐𝟕 𝐏𝐖
	RT instability in mixed targets
	Things to Do: From Shocks to Dense Ultra-Relativistic Plasmas
	Acknowledgements
	What happens to a particle in a shock?
	What happens to a particle in a shock? 
	The LILA Concept: A Hydrodynamic Model of NUTT Focused to a Points
	What can go wrong? RTI!
	3D PIC (VLPL) Simulations of LILA
	RTI in Flat and Shaped Targets
	Universal Scaling of the LILA Concept  Testing with Moderate Lasers
	Moderate Laser Pulses:  𝑷 𝑳 =𝟒.𝟐 𝐏𝐖
	Applications of Focused Relativistic Quasi-Neutral Plasmas
	Colliding Plasma Shells  Collisionless Shocks via Weibel Instability 
	The structure of the collisionless shock: seeding the Weibel Instability upstream

