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Ø   Collimation and propagation dynamics in magnetized flows 

Ø   Radiative and reverse-radiative shock systems 

Ø   Collisionless shock interactions 

Ø   Instabilities in plasma – RT, RM, KH, MRI, MTI 

Ø   Equation of state – planetary and stellar interiors 

Ø   Relativistic electron-positron plasmas 

Ø   Nucleosynthesis - relevant Gamow energies in a ‘thermal’ plasma  
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Exploring Astrophysical Magnetohydrodynamics  
Using High-power Laser Facilities 



Scaled experiments provide a complimentary technique 
to investigate the dynamics in some astrophysical systems 
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Ø   High-power laser facilities provide a unique opportunity to generate 
physical conditions similar to those in various astrophysical systems 

Ø   Laboratory results are directly scalable when similarity and geometric 
conditions hold between the two systems 

Ø   Experiments also allow for detailed benchmark comparisons with 
numerical calculations in relevant dynamic regimes 



Magnetohydrodynamic (MHD) equations 
describe both laboratory and astrophysical systems 
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Multiple dimensionless parameters determine the validity 
of using the MHD equations to describe system dynamics 
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Ø   The system exhibits fluid-like behavior 

Ø   Energy flow by particle heat conduction is negligible 

Ø   Energy flow by radiation flux is negligible 

Ø   Viscous dissipation is negligible 

lmfp L <<1

Pe >>1

Peγ >>1

Re >>1

Astrophysical systems are large and 
fulfill these criteria in many cases! 

Ø   Magnetic field diffusion is negligible Rem >>1
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Ø   Energy flow by particle heat conduction is negligible 
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Ø   Magnetic field diffusion is negligible Rem >>1

Two MHD systems evolve similarly when the Euler number (Eu) 
and magnetization (µ) are similar. 
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Magnetized plasma jets are prominent  
in young stellar objects with a wide range of parameters 
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Curran et al., Mon. Not. R. Astron. Soc. 382 (2007); Carrasco-Gonzalez et al., Science 330 (2010); Ferreira AA 452 (2006); Reipurth ARAA 39 (2001)  

Physical condition Constraint Stellar Jets Experiment 

Viscosity plays minor role Reynolds 

 
~103 - 107 ~103 - 105 

 
Magnetic diffusion plays 
minor role 

Magnetic 
Reynolds 

~1013 - 1017 

 
~10-1 - 102 

 
Supersonic flow Mach 

number 
~101 - 102 

 
~100 

Thermal compared to 
magnetic pressure 

Thermal 
plasma βth 

~10-3 - 101 

 
~100 - 105 

 
Ram compared to 
magnetic pressure 

Ram 
plasma βram 

~10-3 - 101 

 
~10-3 - 105 

 



Recent work by colleagues investigated astrophysical jets 
under similar laboratory-created environments 
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Ciardi et al., PRL 110 (2013); Albertazzi et al., Science 346 (2014) 

plasma in a fast-mode oblique shock generated
by the external magnetic field halting the radial
expansion of the flow. Because the plasma is of
high temperature and has a superfast-magnetosonic
expansion speed (200 to 500 km/s, similar to the
outflow velocity measured in YSO), the magnet-
ic field lines are bent and compressed past this
shocked envelope (Fig. 2).
The expanding plasma from the target is re-

fracted across this oblique shock and slides along

the walls of the cavity, which has been curved
toward the axis by the magnetic forces. When
the flow reaches a convergence point, it stag-
nates and forms a conical shock, which focuses
the flow along the polar axis and generates a
narrow jet ahead of the convergence point. This
convergence of plasma toward the axis (at z
~3 mm) is visible in the experimental images
(Fig. 1, B and C), and our simulations reveal that
the plasma becomes heated to ~70 eV by this

shock. When applying the external magnetic
field, substantial plasma heating (compared to
what is observed in the freely expanding plasma)
is also seen by our spectrally resolved diagnostic
that images the x-ray emission (see methods) (20).
This mechanism of jet formation is similar to
astrophysical models of hydrodynamic collima-
tion of a wind by the inertia of a dense, torus-
like circumstellar envelope (21). However, we
demonstrate here that it can operate even in the
absence of a surrounding medium.
The overall jet-formation process illustrated

here for a particular set of laser and target con-
ditions was repeatable and effective over a wide
variety of different experimental conditions. The
jets were always found to be in agreement with
MHD modeling, hence validating the physical
mechanism described above. Notably, when the
laser intensity on the target was increased, we could
increase the kinetic pressure at the target sur-
face. This produced a wider cavity and moved
the shock convergence region further away along
the jet axis. Similarly, we could also move the
distance of the shock with respect to the plasma
source by varying the magnetic field strength.
Contrary to what takes place in the experiment,
if the deposition of energy was continuous, the
location of the shock convergence region of the
jet would be stationary. Finally, when we tilted the
target and likewise the axis of the plasma expan-
sion with respect to the magnetic field axis, we
still observed the cavity formation and plasma
focusing on-axis, even for angular offsets up to
40°, showing that the mechanism is robust.
We find the same morphology of the wind

tightly focusing into a convergence point and
forming a jet in the same direction in full-scale

SCIENCE sciencemag.org 17 OCTOBER 2014 • VOL 346 ISSUE 6207 327

Fig. 2. Three-dimensional MHD modeling of the experiment. The maps show two snapshots [(A)
10 ns and (B) 20 ns from the end of the laser pulse] of the density (log10 r in g cm−3) of the carbon
plasma along the x-z plane.The arrows represent velocity vectors, and the lines represent the magnetic
field. The black contour line shows plasma heated to a temperature above 70 eV.

Fig. 3. Three-
dimensional simula-
tion of jet formation
and collimation in a
young star system
embedded in a 5-mG
axial magnetic field.
An isotropic wind of H
from the combined
star–disk system with
a mass ejection rate
of 10−8 M◉/year and
velocity 200 km/s is
embedded in an
initially axial (z)
magnetic field. (A)
(x-z) mass density
(log10 r in g cm−3) at
time 20 years. Black
lines: magnetic field
lines; dashed contour:
plasma of temperature
≥70 eV. (B) X-ray
emission synthesized
(see methods) from the simulated plasma of (A) (counts/s in each pixel with size of 1 AU). (C) X-ray emission image of HH154 as detected by the
Chandra telescope. The color map ranges from white (no emission) to red. The stationary emission feature that is the brightest zone in the image, and
that is located ~60 to 80 AU away from the star (located by the red dot at the tip of the green arrow), has a luminosity and a distance to the source that is
consistent with the simulated bright region located at 70 AU in (B).

RESEARCH | REPORTS



Laser-irradiated cones create collimated plasma flows 
9 

expanding 
plasma 

plasma jet collimates 
on-axis 

θc~80° 

90-µm-thick 
plastic cone 

τ~10 ns 
E~200-300 J 

~600 µm spot 
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x 
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Optical diagnostics and proton radiography 
characterized plasma flows 
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Interferometry 

Shadowography/
Schlieren 

Probe Beam 

|Bmax| ~5 T Long Pulse 
10 ns, ~600 µm spot 



Collimated jets formed at varying drive energies 
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Free electron density is reduced at lower energies, 
but bulk jet characteristics are roughly constant: 
- collimated diameter is ~500 µm 
- average axial velocity is ~45 µm/ns 



Complete disruption of the collimated jet was observed 
with an applied 5-T B-field along the jet axis 
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Ø  A tapered hollow cavity is observed in processed interferograms 

Ø  The cavity wall is ~300 µm thick and tapers from ~3 mm to ~2 mm in diameter 



Simulations* of similar systems predict cavity formation 
prior to magnetized jet collimation 
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collimation of a (magnetically or thermally driven) wind
is the consequence of the inertia of a dense, toruslike
circumstellar envelope, which focuses the flow in the polar
direction, forming prolate, wind-blown cavities, and jets
[28–31]. Our results show for the first time that an axial
magnetic field can in fact mimic the action of a structured,
dense envelope, and that the complex physics of jet colli-
mation can be directly accessed in the laboratory.

Finally, the third phase corresponds to the propagation
of the jet, which undergoes one or more expansions and
compressions that may also lead to the further generation
of shocks (interesting similarities exist with jets in ultrafast
accelerative flames in obstructed channels [32]). An ex-
ample of such a refocusing event can be seen in Fig. 2(e),
where the contour lines tracing the magnitude of the
magnetic field show a new region of compression at the
tip of the jet (z! 23 mm). Figure 2(f), which illustrates
the plasma properties in the jet, shows the profiles on axis,
at 26 ns, of the axial velocity, electron and ion tempera-
tures, and mass density. The shock-heated jet has relatively
low densities, and thermal equilibration between the ions
and electrons is slow, leading to decoupled temperature.
The jet emerging from the conical shock is aligned with the

magnetic field and it is potentially susceptible to firehose
instability, which may disrupt the flow through long (axial)
wavelength, helical-like distortions (e.g., Ref. [33]). The
condition of growth requires anisotropic pressures, Pk "
P? > B2=4!, where the parallel Pk and perpendicular P?
pressures generally include both the thermal pressure, and
the ram pressure due to the bulk motion of the flow ("v2).
For the highly supersonic, field-aligned flows of interest
here, the parallel pressure is Pk ! "v2, and the stability
condition, assuming an isotropic thermal pressure, reduces
to M2

A " #=3> 1, where MA is the Alfvenic Mach num-
ber, and # is the ratio of thermal to magnetic pressure.
Although this is only marginally met in the jet’s core, the
presence of a dense, strongly magnetized plasma at larger
radii, may provide the apparent stabilization of the flow
[33]. Figure 3 shows a three-dimensional view of the flow
at 25 ns. The axial structure consists of alternating regions
where the radius of the flow, rfðzÞ, and curvature of the
magnetic field lines change from convex to concave.
In the regions where the plasma is radially bulging out, a
Rayleigh-Taylor type filamentation instability can develop,
with the conditions for its growth being similar to those of
a theta pinch [34,35]. In particular, the growth rate, !, for

FIG. 2 (color online). Color maps correspond to the logarithmic density in g cm"1. Panels (a), (c), and (e) show a cut through the
middle of the computational domain in the xz plane. Contour lines in panel (a) correspond toMma ¼ 1 (dashed) andMma ¼ 10 (solid).
Velocity vectors are shown in panel (c), while in panel (e) the contours are for the magnetic field intensity in MG. Panel (b) is a zoom
over the conical shock region depicted in (c), and shows additionally the region where the flow is submagnetosonic, Mma < 1 (dashed
line). Panel (d) is a cut perpendicular to the jet at z ¼ 17 mm. Panel (f) shows the profiles on axis of density, "& 106 (g cm"3), axial
velocity, vzðkm=sÞ, and ion and electron temperatures (eV).

PRL 110, 025002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

11 JANUARY 2013

025002-3

*Ciardi et al. PRL 110 (2013) 
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Simulations* of similar systems predict cavity formation 
prior to magnetized jet collimation 
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Ø  Purely expanding plasma 

Ø  Cavity bounded by shock 
envelope 

Ø  Radial collimation (pinching) 

Ø  “frozen-in” magnetic field 
compresses at the shock  

Ø  Standing conica l shock 
collimates a jet beam 

collimation of a (magnetically or thermally driven) wind
is the consequence of the inertia of a dense, toruslike
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dense envelope, and that the complex physics of jet colli-
mation can be directly accessed in the laboratory.

Finally, the third phase corresponds to the propagation
of the jet, which undergoes one or more expansions and
compressions that may also lead to the further generation
of shocks (interesting similarities exist with jets in ultrafast
accelerative flames in obstructed channels [32]). An ex-
ample of such a refocusing event can be seen in Fig. 2(e),
where the contour lines tracing the magnitude of the
magnetic field show a new region of compression at the
tip of the jet (z! 23 mm). Figure 2(f), which illustrates
the plasma properties in the jet, shows the profiles on axis,
at 26 ns, of the axial velocity, electron and ion tempera-
tures, and mass density. The shock-heated jet has relatively
low densities, and thermal equilibration between the ions
and electrons is slow, leading to decoupled temperature.
The jet emerging from the conical shock is aligned with the

magnetic field and it is potentially susceptible to firehose
instability, which may disrupt the flow through long (axial)
wavelength, helical-like distortions (e.g., Ref. [33]). The
condition of growth requires anisotropic pressures, Pk "
P? > B2=4!, where the parallel Pk and perpendicular P?
pressures generally include both the thermal pressure, and
the ram pressure due to the bulk motion of the flow ("v2).
For the highly supersonic, field-aligned flows of interest
here, the parallel pressure is Pk ! "v2, and the stability
condition, assuming an isotropic thermal pressure, reduces
to M2

A " #=3> 1, where MA is the Alfvenic Mach num-
ber, and # is the ratio of thermal to magnetic pressure.
Although this is only marginally met in the jet’s core, the
presence of a dense, strongly magnetized plasma at larger
radii, may provide the apparent stabilization of the flow
[33]. Figure 3 shows a three-dimensional view of the flow
at 25 ns. The axial structure consists of alternating regions
where the radius of the flow, rfðzÞ, and curvature of the
magnetic field lines change from convex to concave.
In the regions where the plasma is radially bulging out, a
Rayleigh-Taylor type filamentation instability can develop,
with the conditions for its growth being similar to those of
a theta pinch [34,35]. In particular, the growth rate, !, for

FIG. 2 (color online). Color maps correspond to the logarithmic density in g cm"1. Panels (a), (c), and (e) show a cut through the
middle of the computational domain in the xz plane. Contour lines in panel (a) correspond toMma ¼ 1 (dashed) andMma ¼ 10 (solid).
Velocity vectors are shown in panel (c), while in panel (e) the contours are for the magnetic field intensity in MG. Panel (b) is a zoom
over the conical shock region depicted in (c), and shows additionally the region where the flow is submagnetosonic, Mma < 1 (dashed
line). Panel (d) is a cut perpendicular to the jet at z ¼ 17 mm. Panel (f) shows the profiles on axis of density, "& 106 (g cm"3), axial
velocity, vzðkm=sÞ, and ion and electron temperatures (eV).

PRL 110, 025002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

11 JANUARY 2013

025002-3

*Ciardi et al. PRL 110 (2013) 

Inward 
Force 

Fr ≈ jθBz

Induced 
Current 



Cavity formation in our experiments  
appears similar to previous predictions 
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Different plasma parameters and initial conditions 
yielded similar behavior. 

Cone 
Target 

Flat 
Target 

T 
[eV] ~1 ~400 

V 
[µm/ns] ~50 ~100 

Rem ~1 ~100 

β ~1 ~1 

Ø  Purely expanding plasma 

ü  Cavity bounded by shock 
envelope 

ü  Radial collimation (pinching) 

Ø  “frozen-in” magnetic field 
compresses at the shock  

? Standing conical shock 
collimates a jet beam 



Central jet disruption and shock envelope formation 
may be simply caused by induction 
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B = 5 T Ø  Induced toroidal current acts to 
oppose the change in flux 

Ø  Direction of radial velocity sets the 
direction of toroidal current 

 

jθ (r) = −
2π
η

Bzvr∫ dr

The J×B force did not permit axial collimation but still 
formed an envelope from the radially expanding plasma 

Fr ≈ jθBz



Cavity formation is very sensitive to the plasma-β 
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In the stellar analog to these systems, collimated outflows 
from the star may be disrupted by the background field. 



Scaled experiments provide a complimentary technique 
to investigate some astrophysical systems 
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Ø   High-power laser facilities provide a unique opportunity to generate 
physical conditions similar to those in various astrophysical systems 

Ø   Laboratory results are directly scalable when similarity and geometric 
conditions hold between the two systems 

Ø   Experiments also allow for detailed benchmark comparisons with 
numerical calculations in relevant dynamic regimes 


