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What is High-Energy-Density (HED) Plasma Physics? 

Frontiers in High Energy Density Physics: 
The X-Games of Contemporary Science

What happens at such high pressures? 
Materials become ionized
Are generally dense plasmas 
Temperatures of over 100 million K

Systems with a pressure of over 1 million atmospheres (1 Mbar)
1 Mbar = 0.1 Tpascal = 1012 dynes/cm2 = 106 atm



How does this compare to other plasma?



National Nuclear Security Association
• Science-based stockpile stewardship ensures a safe, secure, and effective nuclear 

stockpile
Inertial Confinement Fusion Scientists and Engineers

• Create a nuclear fusion reaction by heating and compressing a fuel target using 
lasers or pulsed power device

Astrophysicists
• HEDP conditions and relevance found in SN explosions, SN remnants, accretion 

phenomena, reconnection, cosmic rays, and more
It’s fun! 

• Creating, observing, and modeling this extreme environment is challenging and 
rewarding

Who studies HED plasmas and why?



HED Laboratory Astrophysics is a young, but 
growing field

• HEDLA started in 1996 focused on 
hydrodynamics
• Now includes planetary interiors, equation 

of state, atomic processes, radiation 
transport, photoionization, stellar opacity, 
magnetic reconnection, particle 
acceleration, collisionless plasmas, 
turbulent dynamos, nuclear astrophysics, 
pair plasmas…

12th International Conference on High Energy Density Laboratory Astrophysics

May 27-Jun 1, 2018

http://www.ile.osaka-u.ac.jp/hedla2018
Institute of Laser Engineering, Osaka University, Japan
Organized by



How do I scale an astrophysical system to a 
laboratory experiment?*
1. Can both systems validly be described by the same 

equations?
2. Can the two systems have good Ryutov scaling?
3. Can the two systems have good scaling with regard to the 

dynamics of the process of interest?

*Adapted from High-Energy-Density Physics: 
Foundations of Inertial Fusion and Experimental astrophysics
See also Ryutov et al. ApJ., 518, 821 (1999)



1. Can both systems validly be described by 
the same equations?
The single fluid Euler equations describe the conversation of mass, momentum, and energy



Let’s look at a more generalized forms of the 
single-fluid momentum equation



Are all those terms really important? There
are just so many!



Let’s look at viscosity



Let’s look at viscosity



1. Can both systems validly be described by 
the same equations?
The single fluid Euler equations describe the conversation of mass, momentum, and energy
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If the equations remain invariant under the 
following transformation,

then there is direct correspondence 
between the two systems 



2. Can the two systems have good 
Ryutov scaling?



3. Can the two systems have good scaling with regard to the 
dynamics of the process of interest?
This is determined by the dimensionless numbers key to the specific astrophysical system



Now, an example

1. Can both systems validly be described by the same 
equations?

2. Can the two systems have good Ryutov scaling?
3. Can the two systems have good scaling with regard 

to the dynamics of the process of interest?



Scaled laboratory experiments must be motivated by a 
specific astrophysical process

Can hydrodynamic instabilities explain the light curve of SN1987A?

Light curve adapted 
from Arnett (1989)SN1987A, HST

Observations of 56Co and 56Ni were sooner than predicted and 
hydrodynamic mixing may explain the discrepancy



1. Can both systems validly be described by 
the same equations?

Additional terms for radiative or magnetized systems can also be included
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The single fluid Euler equations describe the conversation of mass, momentum, and energy



If the equations remain invariant under the 
following transformation,

rastro = arexpt

ρastro = bρexpt tastro = a
b
c
texpt

then there is direct correspondence 
between the two systems 

Pastro = cPexpt



For the specific example, this implies 
characteristic time and length scales

SN1987A Laboratory 
experiment

r 1011 cm 102 µm

ρ 10-2 g/cc 1 g/cc

p 10 Mbar 1 Mbar

t 1000 s 10 ns



2. Can the two systems have good Ryutov scaling?

Spatial relations for velocity, pressure, and density must be the scaled

Ry = v ' ρ '
P '

v t=to = v'F(r / h)

ρt=to = ρ 'H (r / h)

Pt=to = P 'G(r / h)

Where F(r/h), H(r/h), and G(r/h) are dimensionless functions

This implies



1D Spatial profiles for SN1987A and 
laboratory experiment

star

lab



3. Can the two systems have good scaling with regard to the 
dynamics of the process of interest?

• System must be highly collisional, λc << r
• Viscosity negligible, Re >> 1
• Heat conduction negligible, Pe >> 1
• Radiation flux negligible, PeΥ >> 1

This is determined by the dimensionless numbers 
key to the specific astrophysical system 

For SN1987A this includes:



How on Earth do we create scaled astrophysical 
laboratory experiments?
• High-energy lasers
• Omega Laser Facility, U. of Rochester
• National Ignition Facility, Lawrence Livermore Nat Lab
• ORION Laser Facility, UK
• LMJ and LULI, France
• SGII, China

• Pulsed Power machines
• Z machine, Sandia National Lab
• COBRA, Cornell University 
• MAIZE, University of Michigan
• Magpie, Imperial College



Experiments are performed at Omega laser facility

• Ten Omega Laser beams to 
drive shock
• ~400 J each, ~4 kJ total energy
• λ = .35 µm, UV light
• 1 ns square pulse

• Produce intensity of  about 
1015 W/cm2

• Pressure of ~40 Mbars or 40 
million atmospheres

Inside the Omega target chamber

The Omega Laser System



We create a RT unstable interface 
under HED conditions
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Key components of target for 
Rayleigh-Taylor experiment

150 µm plastic (1.41 g/cc)
– Tracer strip material: 

C500H457Br43 (1.42 g/cc)
– Entire surface machined 

with seed perturbation

2-3 mm carbon foam (50 -
400 mg/cc)



We use x-ray radiography to image the 
instability of the evolution 

Drive beams!
t = 0 ns

4 - 10 !
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beams
delayed !

from drive

x-ray photons

~5 keV!
 x-ray source 

Detector

shock



HED RT experiments have been performed on many 
laser facilities over the past 2 decades
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Additional HEDLA Work 
“Two-dimensional blast-wave-driven Rayleigh Taylor instability: Experiment and 
Simulation,” Kuranz et al. Astrophysical Journal, 2009

“Laboratory evidence of dynamo amplification of magnetic fields in a turbulent 
plasma,” P. Tzeferacos et al. Nature Communications 2018

“A higher-than-predicted measurement of iron opacity at solar interior 
temperatures,” J. Bailey et al. Nature Letters, 2015

“How high energy fluxes may affect Rayleigh-Taylor instability growth in young 
supernova remnants, ” Kuranz et al. Nature Communications, 2018

“Observation of magnetic field generation via the Weibel instability in 
interpenetrating plasma flows,” Huntington et al., Nature Physics, 2015

“Laboratory formation of a scaled protostellar jet by coaligned poloidal magnetic 
field,“ Science, 2014 



Check out UM for grad school!
Check out https://mipse.umich.edu/

We have Low Temperature plasmas, 
plasma and laser accelerators, plasma 
propulsion, high-energy-density plasmas, 
space and astrophysical plasmas, plasma 
transport, high power microwaves, pulsed 
power experiments, laser experiments, 
modeling and simulation, biomedical 
applications, plasma and laser diagnostics, 
environmental and energy applications

https://mipse.umich.edu/

