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A Brief History



Princeton/PPPL HED Group

• We study high-energy-density (HED) magnetized 
plasmas in laser-driven systems
• HED plasmas can often be mapped to vastly 

different parameter regimes, such as space 
plasmas, by matching important dimensionless 
parameters
• Our ‘’laboratory astrophysics” experiments include:
• Collisionless shocks
• Magnetic reconnection
• Ion-scale magnetospheres
• Biermann-battery magnetic field generation
• Anomalous/turbulent transport in magnetized plasmas

and (iii) the possibility that nonlinear filament merging has
already begun [10,27].

Finally, the observations are in agreement with particle-
in-cell simulations. The ablation flow geometry of the
experiment is generated by seeding plasma to small vol-
umes at the left and right boundaries of the computational
domain, which is initially in vacuum. Figure 4 shows the
evolution of the plasma density and the development of
magnetic filaments at the midplane due to the Weibel
instability as the two flows interpenetrate. (The setup of
the simulations is discussed in detail in the figure caption.)
The Weibel-generated fields grow and saturate on compa-
rable time scales to the experiment, measured in units of
the dynamic time L=Cs (! 11 ns in experiment), where L
is the target half separation and Cs is the sound speed. The
growth rates and characteristic wavelength of the modes at
the midplane are measured directly in the simulations
and are in reasonable agreement with the same ion-
driven linear Weibel theory [6]. The simulations predict
peak Weibel-generated fields of order 20 T, using the
DRACO-predicted ablation parameters, giving a B field
energy approximately 1% of equipartition with the flow
energy (cf. Ref. [11]). This is in reasonable agreement with
the proton caustic formation by magnetic deflection [20],
which requires r?

R
B" d‘# 60 T for typical proton

energies and the experimental proton magnification factors.
Here the line integral is along the proton trajectories and

the gradient is taken in the object plane. This value can be
interpreted as an upper bound from caustic lensing ‘‘by one
filament.’’ For cumulative lensing by multiple filaments,
the required magnitude per filament is correspondingly
lower. Finally, an important point is that in this 2D simu-
lation, the filaments are the transverse B component (out of
the page). Interestingly, this component does not scatter the
diagnostic proton beam, at least to lowest order. However,
in reality the magnetic turbulence will consist of a 3D
honeycomb of filaments [27] with additional magnetic field
components (required by r $B % 0), which would pro-
duce an observable perturbation to the diagnostic beam.
This work has identified plasma stream filamentation

due to a Weibel-type instability between collisionless
counterstreaming laser-produced plasma plumes, and si-
multaneously modeled its growth and saturation with mas-
sively parallel particle-in-cell simulation. This instability
has been proposed to be a necessary ingredient in forming
shocks in otherwise collisionless unmagnetized plasmas.
These results suggest that future experiments at greater
system size and at greater energy may be able to observe
and study fully formedWeibel-mediated collisionless shocks
and study their consequences for particle energization.
The authors thank the OMEGA EP team for conducting

the experiments. The particle-in-cell simulations were con-
ducted on the Jaguar and Titan supercomputers through the
Innovative and Novel Computational Impact on Theory
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FIG. 4 (color). Particle-in-cell (PIC) simulation of growth of Weibel filaments between counterstreaming ablation flows. Top:
evolution of the plasma density. Bottom: development of transverse magnetic filaments from the Weibel instability. To generate the
counterstreaming ablation-flow geometry, plasma is added dynamically to small volumes at the left and right boundaries for time
t % &0; tlaser'. This sets up a pair of flows with ablationlike profiles for density [n ! nab exp()!x=Cst*] and velocity (V ! Cs +
!x=t), where !x is the distance from the boundaries, Cs is the sound speed evaluated using the source temperature, and nab is the peak
density reached in the source region. The simulation uses two species, carbon (Z % 6) and electrons, with heavy electrons (Zme=mC %
1=100), compared to the physical mass ratio, for computational reasons. The domain is &)L; L' along x and &0; 2L=3' along the
transverse direction, which is included to allow multiple wavelengths of the Weibel instability to grow. We approximately match the
ion-scale dimensionless parameters L=di;ab # 180 (experiment) versus 130 (simulation) and tlaserCs0=L# 0:17 (experiment) versus
0.21 (simulation). (di;ab is the ion-skin depth calculated using the ablation density.) Interparticle collisions are modeled using a
Monte Carlo binary collision operator, with the collisionality chosen so that !ei="weib # 10 during instability growth, as estimated in
the experiment. The simulations were conducted with the massively-parallel, explicit particle-in-cell code PSC [29], using
approximately 5:7" 109 computational particles.
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Summary

• We have developed a platform for studying 
laser-driven, high-Mach-number collisionless 
shocks utilizing advanced diagnostics. 
• First observation of a high-Mach-number 

magnetized shock in the laboratory
• First measurements of both ion and electron 

velocity distributions in a developing magnetized 
shock

• We have carried out comprehensive particle-
in-cell simulations that model laser-driven 
shocks in experimentally-relevant conditions.
• Observe robust signatures of kinetic-scale shock 

formation

1 mm

Angular Filter Refractometry

Thomson Scattering

Proton Radiography

PIC Simulation



Outline

• Introduction to magnetized collisionless shocks

• Particle-in-cell simulations of piston-driven shock 
formation

• Particle velocity distribution measurements in a shock 
precursor

• Observations of high-Mach-number magnetized shocks

• Conclusions
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Shocks Convert Supersonic Ram Pressure to Thermal 
Pressure

• Incoming supersonic flow is slowed down to 
subsonic speeds by increasing temperature and 
pressure
• Characterized by sonic Mach number !" = $/&"
• Sharp boundary between upstream and 

downstream regions: shock width on the order of 
the particle collisional mean free path
• Irreversible process (entropy increases): dissipation 

provided by collisions
• Energy and momentum conservation yield ratios of 

upstream to downstream parameters (“jump 
conditions”)

v, 
T, 

P

Td, Pd

vu

x

upstreamdownstream

vd Tu, Pu



Collisionless Shocks are Prevalent in Many Astrophysical 
Systems

• Shocks observed in astrophysical 
systems with scale lengths orders of 
magnitude smaller than the collisional 
mean free path
• Known to be the source of very high-

energy particle acceleration, including 
cosmic rays
• Without collisions, how do they form?

Planetary Bow Shocks

Stellar Bow Shocks

Interplanetary Shocks

Supernova Remnants

SN 1006
Images: NASA



Collisionless Shocks form through Collective Electromagnetic 
Effects

• Can be categorized as magnetized, 
electrostatic, or turbulent (e.g. Weibel)
• Dissipation process depends on shock 

criticality
• Subcritical (!"# ≲ 3): anomalous resistivity
• Supercritical: reflected ions

• Classified by magnetic geometry
• Quasi-perpendicular: &' > 45°
• Quasi-parallel: &' < 45°

• Shock width of order plasma kinetic scales 
(- = //12)
• Characterized by magnetosonic Mach 

number !"# = 3/3"#, 3"#4 = 354 + /#4

156 5. QUASI-PERPENDICULAR SUPERCRITICAL SHOCKS

Figure 5.3: Geometry of an ideally perpendicular supercritical shock showing the field structure and sources of
free energy. The shock is a compressive structure. The profile of the shock thus stands for the compressed profile
of the magnetic field strength |B|, the density N, temperature T , and pressure NT of the various components of
the plasma. The inflow of velocity V1 and outflow of velocity V2 is in x direction, and the magnetic field is in
z direction. Charge separation over an ion gyroradius rci in the shock ramp magnetic field generates a charge
separation electric field Ex along the shock normal which reflects the low-energy ions back upstream. These ions
see the convection electric field Ey of the inflow, which is along the shock front, and become accelerated. The
magnetic field of the current carried by the accelerated back-streaming ions causes the magnetic foot in front of
the shock ramp. The shock electrons are accelerated antiparallel to Ex perpendicular to the magnetic field. The
shock electrons also perform an electric field drift in y-direction in the crossed Ex and compressed Bz2 fields
which leads to an electron current jy along the shock. These different currents are sources of free energy which
drives various instabilities in different regions of the perpendicular shock.

enough to reflect the lower energy ions. In addition it accelerates electrons downstream
thereby deforming the electron distribution function.

The presence of this field, which has a substantial component perpendicular to the
magnetic field, implies that the magnetised electrons with their gyro radii being smaller
than the shock-ramp width experience an electric drift Vye = !Ex/Bz2 along the shock
in the ramp which can be quite substantial giving rise to an electron drift current jye =
!eNe,rampVye = eNe,rampEx/Bz2 in y-direction. This current has again its own contribution
to the magnetic field, which at maximum is roughly given by Bz " µ0 jye!xn. Here we
use the width of the shock ramp. The electron current region might be narrower, of the
order of the electron skin depth c/"pe. However, as long as we do not know the number
of magnetised electrons which are involved into this current nor the width of the electric
field region (which must be less than an ion gyro-radius because of ambipolar effects) the
above estimate is good enough.

The magnetic field of the electron drift current causes an overshoot in the magnetic
field in the shock ramp on the downstream side and a depletion of the field on the upstream

Schematic of a Supercritical
Perpendicular Magnetized Collisionless Shock

[Balogh & Treumann 2013]



Earth’s Bow Shock is a Natural Laboratory for Studying 
Magnetized Collisionless Shocks

2.2. When Are Shocks? 25

Figure 2.6: A two-dimensional schematic view on Earth’s steady-state bow shock in front of the blunt magneto-
sphere [after Tsurutani & Stone, 1985, with permission of the American Geophysical Union] which forms when
the supersonic solar wind streams against the dipolar geomagnetic field. The bow shock is the diffuse hyperboli-
cally shaped region standing at a distance in front of the magnetopause. The inclined blue lines simulate the solar
wind magnetic field (interplanetary magnetic field IMF). In this figure the lie in the plane. The direction of the
shock normal is indicated at two positions. Where it points perpendicular to the solar wind magnetic field the
character of the bow shock is perpendicular. In the vicinity of this point where the solar wind magnetic field is
tangent to the bow shock the shock behaves quasi-perpendicularly. When the shock is aligned with or against the
solar wind magnetic field the bow shock behaves quasi-parallel. Quasi-perpendicular shocks are magnetically
quiet compared to quasi-parallel shocks. This is indicated here by the gradually increasing oscillatory behaviour
of the magnetic field when passing along the shock from the quasi-perpendicular part into the quasi-parallel
part. Correspondingly, the behaviour of the plasma downstream of the shock is strongly disturbed behind the
quasi-perpendicular shock. Finally, when the shock is super-critical, as is the case for the bow shock, electrons
and ions are reflected from it. Reflection is strongest at the quasi-perpendicular shock but particles can escape
upstream only along the magnetic field. Hence the upstream region is divided into an electron (yellow) and an
ion foreshock accounting for the faster escape speeds of electrons than ions.

The important consequence of the above scaling is that, locally, of all spatial derivatives
!/!x ! !/!y " !/!n only the derivative across the shock front counts. The gradient
operator " thus reduces to the derivative in the direction opposite to the local shock normal
n or, with coordinate n,

[Tsurutani & Stone 1985] 

• Very successful satellite program has 
yielded a wealth of information on shocks

• But spacecraft studies are limited:
• ~1D trajectories
• Variable and uncontrolled plasma parameters
• Focused on small-scale structure

• Telescope observations are limited to 
mostly large-scale structure

• Many questions remain unanswered
• How is energy partitioned between electrons 

and ions across a shock?
• How are particles injected into shock 

acceleration mechanism?
• What are the characteristic scales of shock 

formation and reformation?
• What is the role of turbulence and reconnection 

in high-Mach number shocks?



Laboratory Platforms Allow Detailed Studies of Collisionless 
Shocks using Laser Plasmas

Piston

Upstream
(Unshocked)

Ambient

Downstream
(Shocked)
Ambient

B2 > B1
n2 > n1
T2 > T1

vshockvpiston

B1, n1, T1

Model for Piston-Driven Shock Formation

piston
plume

field and 
density
compression

ta
rg

et

ambient 
plasma

B0

laser

• Laboratory collisionless shocks can be 
generated by driving a supersonic piston 
plasma through a magnetized ambient 
plasma 
• Controlled and reproducible parameters
• Wide range of Mach numbers (!"# < 40)
• 2D and 3D datasets
• Flexible magnetic geometry
• Velocity distribution measurements, which 

will eventually allow direct comparisons 
between space and laboratory data 

[R.P. Drake PoP 2000]



Dimensionless Parameters are Similar in Space and 
Laboratory Plasmas

Plasma Parameter Earth’s Bow Shock Laboratory (LAPD) Laboratory (HED)
Magnetic Field B0 5x10-5 G 300 G 4x104 G

Initial Piston Expansion Speed v0 400 km/s 250 km/s 700 km/s

Upstream Ion Density n0 5 cm-3 5x1012 cm-3 6x1017 cm-3

Upstream Ion Inertial Length c/ωpi 100 km 20 cm 240 μm

Shocked Ion Gyroperiod ωci
-1 0.5 s 200 ns 1.5 ns

Shocked Ion Directed Gyroradius !a 200 km 5 cm 1 mm

System Size D0 100-1000 km 60 cm 1 cm

Dimensionless Parameter
Alfvénic Mach Number MA 8 2 17

Ion Collisional Length Scale λmfp/D0 105 102 10

Density (B) Compression n/n0 (B/B0) 2-4 2 4

Shock Ramp Width "x/di ~1 ~1 ~1

[Schaeffer+ PRL 2017][Niemann+ GRL 2014]



Outline

• Introduction to magnetized collisionless shocks

• Particle-in-cell simulations of piston-driven shock 
formation

• Particle velocity distribution measurements in a shock 
precursor

• Observations of high-Mach-number magnetized shocks

• Conclusions



Experimental System Simulated with Particle-in-Cell Code 
PSC

• 2D explicit PIC with 
Coulomb collision 
operator
• Heating operator 

mimics laser ablation 
and generates 
supersonic piston 
plasma
• Validated against 

experiments and rad-
hydro codes

• Piston expands 
through uniform 
magnetized ambient 
(upstream) plasma

• Can simulate multi-
species plasmas [Germaschewski+ JCP 2016]

[Fox+ PoP 2018]



Simulations Demonstrate Piston-Driven Collisionless Shocks

• H+1 ions for piston and ambient plasma
• Perpendicular magnetic geometry 

Streak Plot of Magnetic Field

[Schaeffer+ PoP 2020]



Simulations Demonstrate Piston-Ambient Coupling



Simulations Demonstrate Piston-Ambient Coupling

I. Initial acceleration of ambient ions by 
piston
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through ambient-ambient interactions
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Simulations Demonstrate Piston-Ambient Coupling

I. Initial acceleration of ambient ions by 
piston

II. Secondary deformation of ambient ions 
through ambient-ambient interactions

III. Onset of shock formation
IV. Begin separation of shock from piston
V. Remaining piston



Piston-Driven Magnetized Shocks Form in Three Stages

(a) (b) (c) (d)

Piston +
Ambient Ions

a) Initial acceleration of ambient ions by piston
b) Onset of shock formation (shock precursor)
c) Formation of shock on ion scales and separation of shock from piston
d) Development of well-defined downstream region and emergence of 

shock structure on MHD scales



Piston-Driven Shock Formation is a Complex Process

[Schaeffer+ PoP 2020]

Key experimentally-relevant observables can be 
extracted from simulations

Signatures of shock formation include
• Onset of shock formation (∼ 1#$%&')

• Deformation of piston and upstream flows
• Strong density and magnetic compressions
• Upstream ion reflection from compressed magnetic 

fields
• Piston-shock separation (∼ 1 − 2.5#$%&')

• Double-bump structure in density profiles
• Development of a downstream region (∼ 2.5 − 5#$%&')

• Consistent with RH jump conditions
• Important to distinguish piston-dominated and shock-

driven processes
• Magnetic and density compressions necessary but not 

sufficient conditions

upstreamaccelerated ambient ions

piston ion pileup

shock layer

reflected ions

piston-
accelerated 

ions

piston-ambient interface



Outline

A brief interlude to discuss diagnostics



Proton Radiography Measures Path-Integrated Magnetic 
Field

proton
source

plasma deflected 
protons

detector • Protons generated by intense laser 
interaction with Cu foil (TNSA) or 
implosion of DHe3 capsule

• Magnetic fields in plasma deflect protons 
(electric fields negligible)

• Deflected protons collected at detector 
(image plate or CR-39)

• Signal can be inverted to estimate path-
integrated magnetic field

proton fluence

B

! = #
$%&%

'( × *ℓ

,- = ,. 1 + 1213
+ 12!

L1 L2

'( × *ℓ

measure invert

xo α xi



Optical Thomson Scattering Measures Plasma Parameters

• Collective TS measures scattered light 
from electron plasma waves (EPW) 
and ion acoustic waves (IAW)

• From EPW features, one can extract 
electron density and temperature
• From IAW features, one can extract 

flow speed, electron temperature, and 
ion temperature
• Parameters obtained by iteratively 

fitting an analytic scattered spectrum 
to the data

λs

λi
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Δλ∝ne

electron
dominated

Δλw ∝ne,Te

ion
dominated

Δλ∝Te

Δλ∝ ZTe

Δλw ∝Ti

Δλ∝ vD
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dominated

Collective Thomson Scattered Signal
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EPW feature

IAW feature



Angular Filter Refractometry Measures Path-integrated 
Density Gradient Contours

[Haberberger+ PoP 2014]
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where a (! x or y) represents the spatial component of the
measured refraction in the x–y plane (see Fig. 1), kp is the
probe laser wavelength, / !

!
kpdz is the total accumulated

phase of a probe ray passing through the plasma, kp is the
probe wave number, and z is the propagation direction of
the probe. The phase of the probe is related to the plasma
density since the refractive index is given by "1# ne=ncr$1=2,
giving

/"x; y$ ! p
kpncr

"1

#1

ne"x; y; z$dz; (3)

where ne (x, y, z) is the plasma density and ncr ! 1:1
%1021=k2

p &lm' cm#3 ! 1:6% 1022 cm#3 is the critical
plasma density for a probe wavelength of kp! 263 nm. It is
assumed that ne ( ncr. In Eq. (3), changes in x and y along
the ray path are ignored. Assuming that the plasma density
profile is axisymmetric around the y axis, this equation can
be Abel inverted for a fixed y coordinate to solve for the den-
sity as a function of the probe phase

ne"R !
##############
x2 ) z2

p
$ ! #

kpncr

p2

"#1

0
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@x

ds###############
s2 ) R2
p : (4)

To arrive at Eq. (4) from the standard Abel integral, s !###############
x2 # R2
p

was substituted to eliminate the singularity at
x!R.

For the circular angular filter shown in Fig. 2(a), the

total refraction angle is measured, htot !
###############
h2

x ) h2
y

q
. The

shape of the plasmas expanding from the flat and spherical
targets studied here allows the direction of the refraction to
be assumed to be radial. Equation (2) is therefore integrated
in the radial direction about the assumed center of the plasma
to solve for the phase of the probe beam exiting the plasma.
The gradient of the phase in the x direction (perpendicular to
the axis of symmetry) is used to solve for the plasma density
using Eq. (4). An error analysis of the data reduction and cal-
ibration is presented in Appendix.

To reduce the numerical error introduced by calculating
the phase gradient, an angular filter with straight lines paral-
lel to the y axis can be used to directly determine the compo-
nent of the refraction in the x direction "@/=@x$. In this case,
the measured refraction angle (hx) can be directly inserted
into Eq. (4) so that both the integration in Eq. (2) and the
derivative in Eq. (4) are skipped.

III. EXPERIMENTAL RESULTS

The plasma density profiles for flat and spherical plastic
CH targets driven by four UV laser beams (ko! 351 nm) inci-
dent at an angle of 23* with respect to the target normal were
measured. Each beam had +2 kJ of energy in a 2-ns-square
temporal pulse shape. Distributed phase plates21 were used to
produce a 9.5-order super-Gaussian spot with 430-lm (1/e)
width on the target surface, resulting in a total peak over-
lapped intensity of 8% 1014 W/cm2. The fourth-harmonic
probe pulse passed transverse to the target normal. The 10-ps
duration of the probe pulse ensures that there is minimal
hydrodynamic movement of the plasma over the course of
the measurement. The timing of the probe is defined from the
2% intensity of the UV drive beams to the peak intensity of
the probe.

Figure 3 illustrates the AFR technique. Figure 3(a)
shows the AFR image obtained from probing an irradiated
flat CH target (3 mm% 3 mm% 0.125 mm) at 1.5 ns. The
contour lines of the total refraction angle show the general
shape of the plasma plume expanding from the surface of
the target located at y! 0. The diffraction pattern seen in
the image is a result of the sharp edges of the angular filter
aperturing the beam in between image planes. This effect
can corrupt the spatial location of the edges of the refrac-
tive bands; therefore, the analysis was based on the central
location of the refractive band that is unaffected by diffrac-
tion. The spatial registration of the image to the target
surface is described in Appendix. Images similar to
Fig. 3(a) but with just one angular band were reported from
a schlieren setup in Ref. 22. These images did not contain
enough information to enable the plasma density to be
reconstructed but they compared well with hydrodynamic
simulations.

The phase map was calculated by radially integrating
the refractive contours using Eq. (2) and applying a 2-D

FIG. 2. (a) An angular filter consisting of a central opaque dot of 500-lm di-
ameter surrounded by 2-mm-wide concentric rings alternating between
transparent and opaque. (b) An image formed when a negative-focal-length
(f!#20 mm) spherical lens placed at TCC is used to deterministically
refract the probe beam to calibrate the system. The light rings correspond to
specific bands in the angular filter, and their spatial locations correspond to
specific refraction angles on the surface of the lens. (c) A similar image as in
(b) but for a negative-focal-length (f!#20 mm) cylindrical lens. The refrac-
tion takes place in one direction, producing the lines in the image plane.
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interpolation to obtain a phase value on each pixel
[Fig. 3(b)]. It is instructive to note that absolute phases of
greater than 1000 rad are observable by this diagnostic
before the f/4 cutoff of the collection lens is reached. This
is equivalent to over 150 fringe shifts across !1 mm of
plasma, illustrating the challenges of using interferometry
with these types of plasmas. Figure 3(c) shows the calcu-
lated plasma density profile that reaches densities up to
1021 cm"3. This may be compared with the density profile
in Fig. 3(d) from a 2-D DRACO (Ref. 23) hydrodynamic
simulation. The DRACO simulations reported here use a
flux-limited heat-transport model that limits the
Spitzer–Harm flux to a fraction (0.06) of the free-streaming
value.24

A. Flat CH foil experiments

Figure 4 shows the temporal evolution of the plasma
expansion from flat CH targets irradiated under nominally
identical conditions and probed at different times. The
expansion of the plasma is illustrated by the movement of
the contours in the radial direction away from the target sur-
face (y# 0). Figure 4(d) is from the same shot as Fig. 3(a).
An estimate of the plasma expansion can be obtained by
assuming a 2-D Gaussian-shaped plasma in the target plane
direction and an exponential profile in the target normal
direction of the form ne$y% # noexp&"y=Ln', where Ln is the
plasma scale length. Taking two points in the center of the
profile at x# 0, Eqs. (2) and (3) can be used to show that
Ln # $y1 " y2%=ln$h2=h1%. Following two points of constant
refraction yield the proportionality Ln / y1 " y2. As time
increases, the widening and separating of the refractive
bands show the increase in the plasma scale length as the
plasma expands away from the target.

Figure 5 shows 1-D density profiles along the y axis
obtained from the experimental images shown in Fig. 4.
Density data are extracted over almost two orders of magni-
tude ranging from !3( 1019 to 1021 cm"3. The upper end
is limited by refraction of the probe beam outside of the f/4
collection optics, and the lower end is limited by the small-
est measurable refraction angle by this angular filter (0.21)).
The profiles are approximately exponential,25 and for the
early times (*1.1 ns) shown in Fig. 5(a), the plasma expands
away from the surface driven by the ablation. This is evident
in the increase in the position for a given value of density as
time increases. The expansion ceases at later times
(+1.5 ns) shown in Fig. 5(b) except in the low-density
region of the profile. The shaded regions in Fig. 5 represent
lineouts along the target normal from the DRACO-simulated
plasma profiles, where the width of the shaded region
accounts for the 620-ps timing error in the probe pulse. The
experimental data agree very well with the simulations for
early times (<1 ns). For times +1.1 ns, the simulations
predict higher plasma densities than those experimentally
measured. This is also seen from a comparison between
Figs. 3(c) and 3(d).

FIG. 3. (a) An AFR image obtained by probing a CH target irradiated with
!9 kJ of 351-nm light at 1.5 ns into the drive. (b) A 2-D phase map calcu-
lated from the refraction angles in (a) using Eq. (2). (c) An Abel-inverted
2-D plasma density profile calculated from (b) using Eq. (4). (d) The 2-D
density profile produced by a DRACO hydrodynamic simulation using the
laser and target parameters from (a). In all frames, the original target surface
was located at y# 0.

FIG. 4. Central portions of AFR images illustrating plasma expansion from flat CH targets irradiated with !9 kJ of ultraviolet (UV, 351-nm) light in a milli-
meter spot. The images were obtained at probe timings of (a) 0.56 ns, (b) 0.84 ns, (c) 1.1 ns, (d) 1.5 ns, and (e) 2.0 ns.
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interpolation to obtain a phase value on each pixel
[Fig. 3(b)]. It is instructive to note that absolute phases of
greater than 1000 rad are observable by this diagnostic
before the f/4 cutoff of the collection lens is reached. This
is equivalent to over 150 fringe shifts across !1 mm of
plasma, illustrating the challenges of using interferometry
with these types of plasmas. Figure 3(c) shows the calcu-
lated plasma density profile that reaches densities up to
1021 cm"3. This may be compared with the density profile
in Fig. 3(d) from a 2-D DRACO (Ref. 23) hydrodynamic
simulation. The DRACO simulations reported here use a
flux-limited heat-transport model that limits the
Spitzer–Harm flux to a fraction (0.06) of the free-streaming
value.24

A. Flat CH foil experiments

Figure 4 shows the temporal evolution of the plasma
expansion from flat CH targets irradiated under nominally
identical conditions and probed at different times. The
expansion of the plasma is illustrated by the movement of
the contours in the radial direction away from the target sur-
face (y# 0). Figure 4(d) is from the same shot as Fig. 3(a).
An estimate of the plasma expansion can be obtained by
assuming a 2-D Gaussian-shaped plasma in the target plane
direction and an exponential profile in the target normal
direction of the form ne$y% # noexp&"y=Ln', where Ln is the
plasma scale length. Taking two points in the center of the
profile at x# 0, Eqs. (2) and (3) can be used to show that
Ln # $y1 " y2%=ln$h2=h1%. Following two points of constant
refraction yield the proportionality Ln / y1 " y2. As time
increases, the widening and separating of the refractive
bands show the increase in the plasma scale length as the
plasma expands away from the target.

Figure 5 shows 1-D density profiles along the y axis
obtained from the experimental images shown in Fig. 4.
Density data are extracted over almost two orders of magni-
tude ranging from !3( 1019 to 1021 cm"3. The upper end
is limited by refraction of the probe beam outside of the f/4
collection optics, and the lower end is limited by the small-
est measurable refraction angle by this angular filter (0.21)).
The profiles are approximately exponential,25 and for the
early times (*1.1 ns) shown in Fig. 5(a), the plasma expands
away from the surface driven by the ablation. This is evident
in the increase in the position for a given value of density as
time increases. The expansion ceases at later times
(+1.5 ns) shown in Fig. 5(b) except in the low-density
region of the profile. The shaded regions in Fig. 5 represent
lineouts along the target normal from the DRACO-simulated
plasma profiles, where the width of the shaded region
accounts for the 620-ps timing error in the probe pulse. The
experimental data agree very well with the simulations for
early times (<1 ns). For times +1.1 ns, the simulations
predict higher plasma densities than those experimentally
measured. This is also seen from a comparison between
Figs. 3(c) and 3(d).

FIG. 3. (a) An AFR image obtained by probing a CH target irradiated with
!9 kJ of 351-nm light at 1.5 ns into the drive. (b) A 2-D phase map calcu-
lated from the refraction angles in (a) using Eq. (2). (c) An Abel-inverted
2-D plasma density profile calculated from (b) using Eq. (4). (d) The 2-D
density profile produced by a DRACO hydrodynamic simulation using the
laser and target parameters from (a). In all frames, the original target surface
was located at y# 0.

FIG. 4. Central portions of AFR images illustrating plasma expansion from flat CH targets irradiated with !9 kJ of ultraviolet (UV, 351-nm) light in a milli-
meter spot. The images were obtained at probe timings of (a) 0.56 ns, (b) 0.84 ns, (c) 1.1 ns, (d) 1.5 ns, and (e) 2.0 ns.
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interpolation to obtain a phase value on each pixel
[Fig. 3(b)]. It is instructive to note that absolute phases of
greater than 1000 rad are observable by this diagnostic
before the f/4 cutoff of the collection lens is reached. This
is equivalent to over 150 fringe shifts across !1 mm of
plasma, illustrating the challenges of using interferometry
with these types of plasmas. Figure 3(c) shows the calcu-
lated plasma density profile that reaches densities up to
1021 cm"3. This may be compared with the density profile
in Fig. 3(d) from a 2-D DRACO (Ref. 23) hydrodynamic
simulation. The DRACO simulations reported here use a
flux-limited heat-transport model that limits the
Spitzer–Harm flux to a fraction (0.06) of the free-streaming
value.24

A. Flat CH foil experiments

Figure 4 shows the temporal evolution of the plasma
expansion from flat CH targets irradiated under nominally
identical conditions and probed at different times. The
expansion of the plasma is illustrated by the movement of
the contours in the radial direction away from the target sur-
face (y# 0). Figure 4(d) is from the same shot as Fig. 3(a).
An estimate of the plasma expansion can be obtained by
assuming a 2-D Gaussian-shaped plasma in the target plane
direction and an exponential profile in the target normal
direction of the form ne$y% # noexp&"y=Ln', where Ln is the
plasma scale length. Taking two points in the center of the
profile at x# 0, Eqs. (2) and (3) can be used to show that
Ln # $y1 " y2%=ln$h2=h1%. Following two points of constant
refraction yield the proportionality Ln / y1 " y2. As time
increases, the widening and separating of the refractive
bands show the increase in the plasma scale length as the
plasma expands away from the target.

Figure 5 shows 1-D density profiles along the y axis
obtained from the experimental images shown in Fig. 4.
Density data are extracted over almost two orders of magni-
tude ranging from !3( 1019 to 1021 cm"3. The upper end
is limited by refraction of the probe beam outside of the f/4
collection optics, and the lower end is limited by the small-
est measurable refraction angle by this angular filter (0.21)).
The profiles are approximately exponential,25 and for the
early times (*1.1 ns) shown in Fig. 5(a), the plasma expands
away from the surface driven by the ablation. This is evident
in the increase in the position for a given value of density as
time increases. The expansion ceases at later times
(+1.5 ns) shown in Fig. 5(b) except in the low-density
region of the profile. The shaded regions in Fig. 5 represent
lineouts along the target normal from the DRACO-simulated
plasma profiles, where the width of the shaded region
accounts for the 620-ps timing error in the probe pulse. The
experimental data agree very well with the simulations for
early times (<1 ns). For times +1.1 ns, the simulations
predict higher plasma densities than those experimentally
measured. This is also seen from a comparison between
Figs. 3(c) and 3(d).

FIG. 3. (a) An AFR image obtained by probing a CH target irradiated with
!9 kJ of 351-nm light at 1.5 ns into the drive. (b) A 2-D phase map calcu-
lated from the refraction angles in (a) using Eq. (2). (c) An Abel-inverted
2-D plasma density profile calculated from (b) using Eq. (4). (d) The 2-D
density profile produced by a DRACO hydrodynamic simulation using the
laser and target parameters from (a). In all frames, the original target surface
was located at y# 0.

FIG. 4. Central portions of AFR images illustrating plasma expansion from flat CH targets irradiated with !9 kJ of ultraviolet (UV, 351-nm) light in a milli-
meter spot. The images were obtained at probe timings of (a) 0.56 ns, (b) 0.84 ns, (c) 1.1 ns, (d) 1.5 ns, and (e) 2.0 ns.
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• Light from probe laser is collected an 
passed through angular filter placed in 
Fourier plane

• The result is a discrete set of bands 
corresponding to specific plasma 
refraction angles

• The angles are proportional to the path-
integrated plasma density gradient

• Narrow bands = large change in 
density gradient

• Broad bands = small change in 
density gradient



Outline

• Introduction to magnetized collisionless shocks

• Particle-in-cell simulations of piston-driven shock 
formation

• Particle velocity distribution measurements in a shock 
precursor

• Observations of high-Mach-number magnetized shocks

• Conclusions



Experimental Setup for Collisionless Shocks on OMEGA 60

ambient CH 
target

piston CH target
backlighter capsule 
for proton 
radiography

ambient beam

drive beam

drive beam copper coils
2ω probe beam

scattered light
collection

10 mm

5 m
m

3 mm

• Interaction probed with Thomson scattering
(TS) and proton radiography (PR) diagnostics

• TS probed along expansion direction (x) at TCC
• PR probed the x-y plane by sending protons 

along z

TCC
piston
plasma

ambient plasma

ki ks

k

63°

B0

Thomson Scattering Geometry



Proton Radiography Indicates Strong Magnetic Field 
Compression

14.7 MeV Proton Radiography Image
• Piston plasma sweeps out background field By, forming 

magnetic cavity
• Transition from low fluence (black) to high fluence 

(white) regions indicate large proton deflections and 
magnetic compressions

• By can be re-constructed by comparing data and 
synthetic fluence profilesmagnetic 

cavity

Compressed 
field

flow Measured proton fluence
Synthetic proton fluence
Path-integrated By
By(x,y=3)



Spectra Reflect 1D Ion Velocity Distributions

Fast moving

piston ions (500-1000 km/s)

Null shot: piston plasma only

Only one pair of peaks: 

scattered signal primarily 

from C ions

IAW

EPW
Spectra show passing of 

simple ablation flow

(increasing density, 

decreasing speed and 

temperature)

x=3 mm



Weak Interaction Observed between Piston and Ambient 
Ions in Unmagnetized System

Fast moving
piston ions (500-1000 km/s)

Null shot: unmagnetized
IAW

EPW

Ambient ions partially 
accelerated by piston

x=4 mm

Null shot: piston plasma only
IAW

EPW

x=3 mm



Strong Flow Deformations Observed with Magnetic Field

Null shot: unmagnetized
IAW

EPW

x=4 mm

Null shot: piston plasma only
IAW

EPW

Magnetized
x=3 mm Free streaming 

piston ions

Stationary ambient 
ions

“Merging” plasmas

Decelerating piston 
and accelerating 
ambient ions

IAW

EPW

x=3 mm



Electron Density, Temperature, and Ion Flow Speed Extracted 
from Spectra

Null shot: unmagnetized
IAW

EPW

x=4 mm IAW

EPW

Magnetized

EPW Lineouts w/ Best Fits

x=3 mm



Strong Correspondence between Observations and 
Simulations

Null shot: unmagnetized
IAW

EPW

x=4 mm IAW

EPW

Magnetized

Ambient ions have not 
connected, so shock 
has not fully formed.

C+H ion
phase space

PIC Simulation
x=3 mm



Strong Correspondence between Observations and 
Simulations

Null shot: unmagnetized
IAW

EPW

x=4 mm IAW

EPW

Magnetized

Ambient ions have not 
connected, so shock 
has not fully formed.

C+H ion
phase space

PIC Simulation

Directly observe the interaction between piston and ambient ions in a 
collisionless shock precursor

x=3 mm



Thomson Spectra May Mask Additional Dynamics in Multi-
Species Plasmas

Null shot: unmagnetized
IAW

EPW

x=4 mm IAW

EPW

Magnetized

Simulations show formed H 
shock.  However, H IAW would 
be heavily Landau damped.

C+H ion
phase space

PIC Simulation
x=3 mm



Plasma Parameters Exhibit Strong Dependence on Initial 
Conditions

magnetized
unmagnetized

Ion Flow Speed Electron Density Electron Temperature

strong 
density 
compression

piston

ambient

deformed 
piston flow

accelerated 
ambient ions

strong 
electron 
heating



TS and P-RAD Data Show Piston-Ambient Coupling Process

• Magnetic field compressed by 
ambient plasma

• Piston plasma piles up behind 
magnetic field

• Electron temperature adiabatically 
heated by density compression

• Ambient ions accelerated by 
electron pressure and magnetic 
field gradients

• Piston flow also modified by these 
electric fields

Ex

[Schaeffer+ PRL 2019]
Velocity distribution measurements critical to understanding 

magnetized collisionless shock formation



Outline

• Introduction to magnetized collisionless shocks

• Particle-in-cell simulations of piston-driven shock 
formation

• Particle velocity distribution measurements in a shock 
precursor

• Observations of high-Mach-number magnetized shocks

• Conclusions



Experimental Setup for High-MA Shocks on OMEGA EP

TCC

Piston
Plumes

CH Piston
Target

Current-
Carrying
Cu Wires

Drive Lasers

Precursor Laser

CH Ambient
Target

4.5 mm
I M

IFE
DS

• Interaction probed with angular filter 
refractometry (AFR), shadowgraphy, 
and proton radiography (PR) 
diagnostics

• AFR probed along z
• Shadowgraphy coincident with AFR
• PR probed the x-z plane by sending 

protons along y



Experimental Setup for High-MA Shocks on OMEGA EP

MIFEDS
coils

I M
IF

ED
S

M
ai

n 
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et

BG 
target

TCC

BMIFEDS BMIFEDS

4.5 mm

Ambient
plasma

BG 
target

Piston
plasma

MIFEDS coils 
provide background 
magnetic field up 
to 8 T

Precursor beam 
ablates ambient 
plasma 12 ns 
before drive beams

Drive beams create 
supersonic piston 
plumes that expand 
into ambient plasma



Ambient Plasma Characterized with Thomson Scattering

BG 
target

kL (probe laser)

ks (collected light)

k = kL - ks

Electron density ne0 = 2x1018 cm-3

Electron temperature  Te0 = 30 eV

EPW Spectra



Density Evolution Measured with AFR

1 mm

B0=0, n0=0

v0

Piston
Plume

Piston
Target

Ambient Target

AFR Image

x=0

3.35 ns Ambient 
Target

Piston
Target

Without background magnetic field or ambient plasma, only piston plumes observed.



Shock-Like Gradients Observed with B0>0 and n0>0

T0 + 2.85 ns T0 + 3.85 nsT0 + 2.35 ns

Piston Plume
Shock-like
gradient

v0 ≈ 700 km/s (MA ≈ 15)

v0



Shock-Like Gradients Observed with B0>0 and n0>0

T0 + 2.85 ns T0 + 3.85 nsT0 + 2.35 ns

Piston Plume
Shock-like
gradient

Compression width Δ" ∼ 0.6 '/)*+

shadowgraphy

2.35 ns

simulation



Shock-Like Gradients Observed with B0>0 and n0>0

T0 + 3.85 nsT0 + 2.35 ns

Piston Plume
Shock-like
gradient

T0 + 2.85 ns

Density compression ⁄" "# > 4



Magnetic Compressions Observed with Proton Radiography

Ambient 
Target

Piston
Target

Magnetic
Cavity

Magnetic
Compression

T0 + 3.80 ns

1 mm

v0

Piston
Target

Ambient Target

x=0

B0 B0

13 MeV Proton Radiograph



Magnetic
Cavity

Magnetic
Compression

T0 + 3.80 ns

1 mm

v0

Piston
Target

Ambient Target

x=0

Magnetic Compressions Observed with Proton Radiography

Background field !" ≈ 4 T
Magnetic compression ⁄! !" ≈ 3

13 MeV Proton Radiograph



Density Profiles Show Separation of Shock from Piston

shock

piston

piston
pileup

shock

Early time density compression 
mostly associated with pile-up of 
piston ions

At late time clear double 
bump feature associated with 
shock and trapped piston ions

MA ∼ 15 magnetized collisionless shock observed

piston
pileup

[Schaeffer+ PRL 2017, PoP 2017]



Summary

• We have developed a platform for studying 
laser-driven, high-Mach-number collisionless 
shocks utilizing advanced diagnostics. 
• First observation of a high-Mach-number 

magnetized shock in the laboratory
• First measurements of both ion and electron 

velocity distributions in a developing magnetized 
shock

• We have carried out comprehensive particle-
in-cell simulations that model laser-driven 
shocks in experimentally-relevant conditions.
• Observe robust signatures of kinetic-scale shock 

formation

1 mm

Angular Filter Refractometry

Thomson Scattering

Proton Radiography

PIC Simulation



Future Work

• The development of this platform allows key questions of magnetized 
shocks to be addressed:
• Shock heating and energy partitioning
• Particle injection and acceleration
• Spatial and temporal scales of shock formation and reformation
• Interplay between shocks, reconnection, and turbulence

• PIC simulations show that laboratory shocks can lead to non-thermal 
electron populations
• Experiments underway to explore quasi-parallel collisionless shocks



Thank You!


