
Associate Professor Louise Willingale

GPAP 2023, 31st May 2022

High Energy Density Physics (HEDP)
And Laboratory Astrophysics

X-ray: NASA/CXC/MIT/L/ Lopez et al.; INFRARED: PALOMAR; RADIO: NSF/NRAO/VLA



HEDP and Laboratory Astrophysics

• What is HEDP?

• Creating HEDP conditions in the laboratory

– Z-pinches (pulsed power machines)
– High-energy laser facilities

• Examples of astrophysically relevant HEDP experiments

– Equation of state, stellar opacity, nuclear cross-sections, turbulent dynamo, 
instabilities (Rayleigh-Taylor, Weibel), scaled protostellar jets

• Magnetic reconnection in the laboratory

• Pair plasmas in the laboratory?

• Extreme plasmas in the laboratory?



Plasma conditions
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Laboratory Plasma Physics to Astrophysics

credit: HAP / A. Chantelauze

Solar flares

NASA's Solar Dynamics Observatory

Macro-plasma 
processes on 
astro-scales

Supernova remnants

Kuranz, Nature Comms (2018)

Cosmic ray origin

Fiuza, Nature Physics (2020)

Instabilities Magnetic Reconnection

Tubman, Nature Comms (2021)

Micro-plasma 
processes in 
laboratory

Remington, PNAS (2018)

Collisionless Shocks



What is High Energy Density Physics (HEDP)?

• Pressure above 1 Mbar = 1 million atm

• ~ Boeing 747 on your fingertip

• In the ocean, reach

– 1 atm at 10 m 
– 1 Mbar at 106 m (10 million meters)

1000 atm à

! =
#

$



What is HEDP?

Frontiers in High Energy Density Physics: 

The X-Games of Contemporary Science, 

National Research Council (2003)

1 eV ~ 10,000 K
1 MeV ~ 1010 K
• At high density, get pressure 

ionization
• The lines for P = 1 Mbar, etc 

indicate the Te at which an 
equilibrium radiation field 
produces these pressures

• Strongly coupled: to the right 
of the line ! "#$%#&' = )*, 
energy of Coulomb 
interactions exceeds the 
thermal energy

https://doi.org/10.17226/10544
https://doi.org/10.17226/10544
https://doi.org/10.17226/10544


What is HEDP?

• Fermi degenerate: to the right of the line ! "#$%& = (), the Fermi 
energy exceeds the thermal energy

• # of electrons in a Debye sphere:
Λ = 4,-!."#

."$ = %!&"'#
(#!$

        à        Λ = 4,/) &"'# ⁄& $

(#⁄' $

• If Λ is small à non-ideal plasma

• For HED matter, it’s typically a plasma, but plasma theory may not be 
sufficient



High Energy Density Physics

R P Drake, (2018) Introduction to High-Energy-Density Physics, Graduate Texts in Physics. 
Springer, Cham. https://doi.org/10.1007/978-3-319-67711-8_1



Why study HEDP?

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

Inertial Confinement 
Fusion Scientists
Create nuclear fusion reactions by 
heating and compressing a fuel

Astrophysicists
HEDP conditions found in SN 
explosions, SN remnants, accretion 
phenomena, reconnection, cosmic ray 
acceleration…



Creating HEDP conditions
High-energy, short pulse lasers Z-pinch

National lab scale

NIF (LLNL)

Maize

Z-machine (SNL)

ISO 7 laser cleanroom
Laser control room

Target Area 3

Target Area 1

Target Area 2

Diagnostic
preparation

Target preparation

Experimental
control room

500 TW
compressor

3 PW
compressor

University scale
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Creating HEDP conditions: Z-pinch

Wire array Wires are heated by the current, 
and ablate plasmaz



Creating HEDP conditions: Z-pinch

Wire array

Force on the plasma due to magnetic 
pressure (Lorentz force)

%# =
̅'× %)

*
= −!!"#2-.ℎ

Where . = radius and ℎ = height

• Assemble dense, hot plasma on axis
• Source of bright x-rays
• Instabilities: sausage, kink, magneto RT



Creating HEDP conditions: Laser pulses

NIF at LLNL

Aka “The Warp Core” on StarTrek

https://www.youtube.com/watch?v=yixhyPN0r3g


What can these facilities study?
Fusion energy studies

Equation of stateBasic plasma instabilities Fundamental & nuclear physics

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



Target plasma density

If the laser frequency, 0*, equals the electron plasma frequency

0* = 0+! =
-!#$
/)%!

then the critical density is found:

-,- =
%!/)0*$
#$
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Blackbody radiation

Hot material radiates energy as photons

Blackbody radiation spectrum is given 
by Planck’s law: 
spectral radiance (power / unit solid angle / unit area 
normal to propagation) density of frequency, !, radiation 
per unit frequency at thermal equilibrium at temperature 
T,

"! # = 2ℎ!"
'#

1
) ⁄%! &' − 1

Planck constant, ℎ = 6.6×10(") Js = 4.1	×10(*+ eV.s

Blackbody radiation is isotropic

Higher T:
• Peak shifts to lower 0 (higher photon energy)
• Radiation intensity increases



Blackbody radiation

Higher T:
• Peak shifts to lower 0 (higher photon energy)
• Radiation intensity increases

• We can use laser pulses to heat 
materials to high temperatures

• The material will then radiate a 
blackbody spectrum…



Radiation hydrodynamics

• Plasma gains or loses energy and momentum through photon emission, 
absorption, and/or scattering.

• This modifies the fluid energy equation and can alter hydrodynamics

• Radiation flux is given by 1). (Stefan-Boltzmann Law)

• The radiation hydrodynamics regime is affected by the material, the 
density and temperature.

• If radiation flux > material energy flux, then it’s a radiation dominated 
regime

Radiation effects Fluid effects
We can drive experiments 
with blackbody radiation



Creating a star on Earth

Thermonuclear fusion 
heats the inside of the star, 
creating pressure that 
stops the collapse and 
producing a long period of 
great stability that defines 
the main sequence



Inertial Confinement Fusion (ICF)Inertial Confinement Fusion (ICF) 

DT 

Radiation 

3. During the final part 
of the capsule 
implosion, the fuel 
core reaches 20 times 
the density of lead 
and ignites at 
100,000,000°C 

4. Thermonuclear burn 
spreads rapidly 
through the 
compressed fuel, 
yielding many times 
the input energy 

1. Laser beams or 
laser-produced x-
rays rapidly heat 
the surface of the 
fusion target, 
forming a 
surrounding plasma 
envelope 

DT 

Blow-off Inward transported thermal energy 

2. Fuel is compressed 
by the rocket-like blow 
off of the hot surface 
material 



Inertial Confinement Fusion

• Hot spot conditions:

• How dense?

• How hot?

• How long?

A Bose, et al., Physics of Plasmas, 22, 072702 (2015)

Rayleigh-Taylor instability

~ 100x solid lead
(600 – 800 g/cc)

> 100 million K

~ 10 ns



Equation of State

https://www.nature.com/articles/s41586-020-2535-y

https://www.nature.com/articles/s41586-020-2535-y


Equation of State

https://www.nature.com/articles/s41586-020-2535-y

https://www.nature.com/articles/s41586-020-2535-y


Stellar opacity
Energy transported 

by fluid motion

Energy transported 

by photons

Fusion releases energy:
Particle kinetic energy or photons

Processes:
• Bound-bound absorption
• Bound-free absorption
• Free-free absorption
• Electron-scattering

Single 
macroscopic 
quantity…

Opacity 1 is the ability of a material to 
absorb radiation at each 2

1$ = 1$(4, 6, 7%)

Opacity appears in the energy transport 
equation.
Mean-free-path: ℓ = &

'!(



Stellar Opacity

https://www.nature.com/articles/nature14048

https://www.nature.com/articles/nature14048


Stellar Opacity

https://www.nature.com/articles/nature14048

https://www.nature.com/articles/nature14048


Laboratory scales to astrophysical scales

Microscopic processes:
• Nuclear physics (reaction cross-sections)

• Atomic processes (opacity)

• Equation of state

Macroscopic plasma processes:
• Magnetic reconnection

• Shocks

• Instabilities: Weibel, Rayleigh-Taylor, etc

• Turbulent dynamos

• Particle acceleration

• Pair plasmas



Laboratory scales to astrophysical scales

Identify the relevant dimensionless parameters for the system of interest

• Plasma beta: ratio of the plasma pressure to the magnetic pressure

• Lundquist number: compares Alfvén crossing timescale to the timescale 
of resistive diffusion

• Reynolds number (how easily particles move around c.f. how quickly 
momentum is diffused by viscosity)

– Low .)  à laminar flow
– High .)  à turbulent flow

NRL plasma physics formulary

! = #($)%(
&*/2)+

* = +,,
-

+ = system size
- = magnetic diffusivity

.( =
/+
0

/ = characteristic velocity
0	= kinematic viscosity

https://www.nrl.navy.mil/Portals/38/PDF%20Files/NRL_Formulary_2019.pdf?ver=p9F4Uq9wAtB0MPBwKYL9lw%3D%3D


Plasma instabilities: Rayleigh-Taylor

https://www.nature.com/articles/s41467-018-03548-7

https://www.nature.com/articles/s41467-018-03548-7


Plasma instabilities: Rayleigh-Taylor

https://www.nature.com/articles/s41467-018-03548-7

https://www.nature.com/articles/s41467-018-03548-7


Plasma instabilities: Rayleigh-Taylor

https://www.nature.com/articles/s41467-018-03548-7 CC Kuranz, University of Michigan

https://www.nature.com/articles/s41467-018-03548-7


Plasma instabilities: Rayleigh-Taylor

https://www.nature.com/articles/s41467-018-03548-7

Reynolds number (how easily particles move around c.f. how quickly 
momentum is diffused by viscosity)

Low .) à laminar flow
High .) à turbulent flow

.( =
/+
0

/ = characteristic velocity
0	= kinematic viscosity

https://www.nature.com/articles/s41467-018-03548-7


Biermann battery field generation

Ohm’s law:

Faraday’s law and electron pressure term:
: %)

:;
= −∇× %= =

1

?
∇×

∇@)
A)

: %)

:;
=
1

?
∇×

∇(A)B*6))
A)

=
B*
?
∇×

A)∇6)
A)

+ 6)
∇A)
A)

=
B*
?

6)∇×
∇A)
A)

+ ∇6)×
∇A)
A)

2 34
25 = − (/

#-!
∇-!×∇)!

3! = −39× 34 + ̅<
1 +

1
#-!

̅<× 34 − 1
#-!

∇>!
Ideal
MHD

Resistive
MHD

Hall
term

Electron pressure
term

Consider an ideal gas: @) = A)B*6)

Biermann battery 
B-field generation

0
0



Turbulent dynamo

https://www.nature.com/articles/s41467-018-02953-2

Abstract

https://www.nature.com/articles/s41467-018-02953-2


Turbulent dynamo

https://www.nature.com/articles/s41467-018-02953-2

https://www.nature.com/articles/s41467-018-02953-2


Turbulent dynamo

https://www.nature.com/articles/s41467-018-02953-2

https://www.nature.com/articles/s41467-018-02953-2


Plasma instabilities: Weibel

Francisco Suzuki-Vidal, Nature Physics, volume 11, pages 98–99 (2015)

The Weibel instability is one candidate 
mechanism for the generation of sufficiently 
strong fields to create a collisionless shock. 



Plasma instabilities: Weibel

https://www.nature.com/articles/nphys3178

https://www.nature.com/articles/nphys3178


Plasma instabilities: Weibel

https://www.nature.com/articles/nphys3178

https://www.nature.com/articles/nphys3178


Laser-plasma generated magnetic fields
Nanosecond pulses, D	~	10&+ Wcm-2

)	~	1 MG
**	~	10- ms-1

Magnetic 
field

frontside

Laser

CK Li, et al., PRL, 97, 255001 (2006)JA Stamper and BH Ripen, 
PRL, 34, 138 (1975)

L. Gao et al. PRL, 114, 215003 (2015)



Magnetic reconnection

Credit: ChamouJacoN, Public domain, via Wikimedia Commons

Plasma inflow

Plasma inflow

Plasma
outflow

Plasma
outflow

Magnetic energy = H1

IJ2

Particle kinetic energy



Laser driven magnetic reconnection
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Z-pinch driven magnetic reconnection

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.085001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.085001


Z-pinch driven magnetic reconnection

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.085001

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.085001


Creating HEDP conditions: Laser pulses

2018 Nobel prize for 
Physics awarded for 
CPA development
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Chirped Pulse Amplification (CPA)



Laser Plasma Interactions

plasma
Generate 
electric and 
magnetic fields
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Laser Plasma Interactions

X-ray generation

Positron production High harmonic generation

Ion accelerationElectron acceleration

Neutron generation

Plasma supports extremely strong field gradients for compact, 
unique, ultrashort duration particle and photon sources

laser gas

5 GeV electrons
in ~ cm

3.2 km

SLAC

42 GeV electrons



Laser-driven source applications

Accelerators and
light sources

Particle and light source applications

Energy & 
Environment

Discovery Science

IndustryMedicine

National 
security

Probe for fundamental plasma processes

GRB:Gamma ray bursts

Credit:ESO/A. Roquette
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Electric field

(V/m)
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creation of electron-positron pairs
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Current laboratory record (~10!# V/m)
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Air breakdown (~10#	V/m)

Laser intensity:

D =
=A?MNO

6PQ?	×	$M?R

D = &
.S/T=

.

Lab record from a focused laser pulse*
D = 10.0 W/cm2

 
à= = 6×10&+ V/m

*Record held by CoReLS; JW Yoon, et al., Optica, 8, 630 (2021)



What is high field science?

Normalized vector potential

%= =
:$̅

:;
= =/?1%23 VW

$̅ = $̅/?1%23

%) = ∇×$̅ = )/?1%23 VO

Relativistic regime, a > 1

€ 

I =
a0
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λµ
2 µm[ ]

1.4 ×1018Wcm−2" = #$
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= #'(
%X&I



Laser-plasma generated magnetic fields
Nanosecond pulses, D	~	10&+ Wcm-2

)	~	1 MG
**	~	10- ms-1

Picosecond pulses, D	~	10&4 Wcm-2

)	~	100 MG
**	~	T

Magnetic 
field

frontside

Laser

Magnetic 
field

frontside

Laser

Relativistic 
electrons

W. Schumaker et al. PRL, 110, 015003 (2013)
G. Sarri et al. PRL, 110, 255002 (2013)
A. E. Raymond et al. PRE, 98, 043207 (2018)

JA Stamper and BH Ripen, PRL, 34, 138 (1975);
CK Li, et al., PRL, 97, 255001 (2006)
L. Gao et al. PRL, 114, 215003 (2015)
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Y5678 =
).

4-A)Q)T.

OSIRIS Particle-in-cell simulation by Paul T Campbell

Particle-in-cell simulations illustrate the magnetic field generation, 
dynamics and characteristics for picosecond interactions



Simulations show the magnetic energy can exceed the rest mass energy to 
access a new regime in the laboratory
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MRX: H Ji and W Daughton, et al., PoP (2011)

MRX

GRB:
Gamma ray bursts

High-intensity 
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ns laser-plasmaCredit: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et 
al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Credit: NASA/CXC/M.Weiss

Credit:ESO/A. Roquette



Relativistic electron driven magnetic reconnection is created by 
focusing 2 laser pulses in close proximity

relativistic
electrons

focal
spot 1

Magnetic
field lines

face on side on

focal
spot 2

laser
pulse 1

laser
pulse 2

B-field 1

B-field 2

€ 

∂E
∂t

reconnection
layer

B-field 1

B-field 2

A Raymond, et al., PRE, 98, 043207 (2018)

Magnetic field lines are 
driven together at ~ c

Surface layer 
has )[\]^ ≥ 1



Proton probing of a magnetic reconnection geometry at threshold 
relativistic intensity was performed at Vulcan (RAL)

• \

Vulcan Target Area West
Split mirror divides 100 J, 10 ps

I = 7 x 1017 Wcm-2  per focal spot

0.5 1.0 1.5

0.5

1.0

1.5

2.0

2.5

3.0

Radiochromic film

copper gridEL = 50 J,
tp ≈ 1ps 

Plastic target

Charlotte Palmer

Charlotte AJ Palmer, et al., Physics of Plasmas, 26, 083109 (2019)



Proton probing of a magnetic reconnection geometry at close to 
threshold intensities was performed at Vulcan (RAL)

Shot A Shot B

Field decays more rapidly internally than externally
à could be due to magnetic reconnection

Shot A Shot B

internalexternal

externalinternal

CAJ Palmer, et al., Physics of Plasmas, 26, 083109 (2019)



Can we create a pair plasma in the laboratory?

Gamma ray burst
e+

e-

Positrons have the same mass as 
electrons, but opposite charge.

The mass symmetry removes the 
separation of fast and slow scales 
present in electron-ion plasmas. 
Tsytovich & Wharton (1978) Comments Plasma Phys. Controlled Fusion (1978)

Collisionless shocks of relativistic pair 
plasma could be drivers of gamma 
emission.
Liang et al. Scientific Reports (2015) Sarri et al. Nature (2015) 

Materials from Hui Chen (LLNL)



Can we create a pair plasma in the laboratory?

Materials from Hui Chen (LLNL)



Positron generation processes

Need high energy electrons and photons

à Generate high-energy photons through Bremsstrahlung

Can we create a pair plasma in the laboratory?

Trident process Bethe-Heitler (BH) 
process

Breit-Wheeler 
process



Can we create a pair plasma in the laboratory?

Bremsstrahlung (breaking) radiation:

• Strong electric field of the atomic nuclei 
slows down and deflects an electron

• High Z nuclei have strongest effect

• Photon energies up to the highest 
energy electrons



Can we create a pair plasma in the laboratory?

Laser plasma interactions can generate dense, relativistic energy electron 
beams

G Sarri, et al., PRL, 110, 255002 (2013)H Chen, et al., PRL, 102, 105001 (2009)



Can we create a pair plasma in the laboratory?



Can we create a pair plasma in the laboratory?

Requirements to achieve a pair plasma

• Debye length < system size

Need large -!   to keep system size

  small (/)!  modest

• System assembled for timescales > process of interest timescale

à Need to confine the pairs à use a magnetic mirror?

09 =
S/B*6)
?.A)



Can we create a pair plasma in the laboratory?

H. Chen, et al, PoP 21, 040703, 2014

A magnetic pulse power coil focuses the 
positron beam

This creates an approaching quasi-neutral 
jet of pairs



Can we create a pair plasma in the laboratory?

Assume particle’s magnetic moment 
and total energy don’t changeà 
magnetic moment:

? = %@0$
24

In regions of larger B, @0 increases

But the total energy must remain 
constant:

/ = BC + 1
$%@∥$ + 1

$341
$

For C = 0, this means @∥ must drop, 
even go negative.

Particles bounce between coils.

Magnetic mirror

Strong
B-field

Strong
B-field

Weaker
B-field



Can we create a pair plasma in the laboratory?
Particle tracking indicates good mirror confinement of < 3 MeV particles



Axial loses increase with magnetic fields on

Can we create a pair plasma in the laboratory?



Highest positron yield = 1012 positrons

This 13 T magnetic mirror can contain a pairs for times of ~ nanoseconds, 
with E ≈ 6 and magnetization 1 ≈ 40. The Debye length and skin depth 
approach unity.

To achieve more significant pair plasma, need:

• To increase positron yield and decrease the average energy of the 
positrons

• And/or increase the magnetic field (to increase the particle energy that 
can be trapped)

Can we create a pair plasma in the laboratory?
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Laser Intensity Frontier
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Nonlinear Compton emission:
Photon emission by a (dressed) electron

Multi-photon Breit-Wheeler
Decay of a photon to a (dressed) pair

P. Zhang, S. S. Bulanov, D. Seipt, A. V. Arefiev, and A. G. R. Thomas, Phys. Plasmas 27, 050601 (2020)

Modifies charged 
particle dynamics

Modifies charged 
particle density



Path to explore strong field plasma

HM Michberg, EE Scime, Workshop on Opportunities, Challenges and Best Practices for Basic Plasma Science User Facilities
(May 20-21, 2019, University of Maryland, College Park MD)



Zettawatt-Equivalent Ultrashort Pulse Laser System

Mid-scale Research – Award # 1935950 https://zeus.engin.umich.edu/

Commissioning late 2023
User access through scientific merit-
based proposal system

3 Petawatt power laser user facility
Experiments on:
• Testing extreme field physics
• Unique particle & photon sources
• Applications of sources across STEM



Laser Intensity FrontierZettawatt-Equivalent Ultrashort Pulse Laser System

Zettawatt

Equivalent

Ultrashort pulse laser

System

= 1021 W

Critical field
Ec ~ 1018 V/m

The intensity experienced by a GeV electron 
beam in the rest frame of reference will be 
equivalent to a Zettawatt power pulse!

1022 W/cm2

laser pulse5 GeV
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Mid-scale Research – Award # 1935950
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HEDP and Laboratory Astrophysics

• What is HEDP?

• Creating HEDP conditions in the laboratory

– Z-pinches (pulsed power machines)
– High-energy laser facilities

• Examples of astrophysically relevant HEDP experiments

– Equation of state, stellar opacity, nuclear cross-sections, turbulent dynamo, 
instabilities (Rayleigh-Taylor, Weibel), scaled protostellar jets

• Magnetic reconnection in the laboratory

• Pair plasmas in the laboratory?

• Extreme plasmas in the laboratory?




