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ABSTRACT

Extended-magnetohydrodynamics (MHD) transports magnetic flux and electron energy in high-energy-density experiments, but individual
transport effects remain unobserved experimentally. Two factors are responsible in defining the transport: electron temperature and electron
current. Each electron energy transport term has a direct analog in magnetic flux transport. To measure the thermally driven transport of
magnetic flux and electron energy, a simple experimental configuration is explored computationally using a laser-heated pre-magnetized
under-dense plasma. Changes to the laser heating profile precipitate clear diagnostic signatures from the Nernst, cross-gradient-Nernst,
anisotropic conduction, and Righi-Leduc heat-flow. With a wide operating parameter range, this configuration can be used in both small and
large scale facilities to benchmark MHD and kinetic transport in collisional/semi-collisional, local/non-local, and magnetized/unmagnetized
regimes.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124144

I. INTRODUCTION

Extended-Magnetohydrodynamics (extended-MHD) is a theo-
retical framework used to evaluate the transport of energy and mag-
netic flux in a plasma. The electrons typically move at a higher speed
than the ions, dominating the transport. Additional terms introduced
by extended-MHD above resistive-MHD include temperature-
gradient-driven transport (such as the Nernst term moving magnetic
fields down electron temperature gradients) and electric-current-
driven transport (such as the Hall term moving magnetic fields with
the flow of charge). For each magnetic transport term, there is a corre-
sponding transport of electron energy; for example, the analog
of Nernst in energy transport is thermal conduction, which moves
thermal energy down temperature gradients.

Extended-MHD terms are anticipated to be important in a wide
range of high energy-density physics (HEDP) experiments. The
Nernst effect limits the performance of magnetized liner inertial fusion
(MagLIF) implosions by demagnetizing the pre-heated fuel.1 The
design of laser-driven pre-magnetized inertial confinement fusion
(ICF) targets2,3 also requires the consideration of these additional
effects.4 Even initially unmagnetized ICF configurations can be
affected by extended-MHD phenomena, with self-generated fields
growing through the Biermann battery process. Simulation studies
have found the Nernst (magnetic fields moving down temperature

gradients) and Righi-Leduc (heat-flow deflected by the magnetic field)
terms to change plasma properties in hohlraums (increasing the
temperature of the hohlraum gas fill5), direct-drive ablation fronts
(changing the perturbation growth6), and at the compressed fusion-fuel
edge (modifying the cooling process7). In addition to ICF, extended-
MHD affects laboratory astrophysics experiments, such as the measure-
ment of magnetic fields generated around laser-foil interactions,8,9 and
is anticipated to also affect 2-spot magnetic reconnection.10

While the impact of extended-MHD is widespread in laboratory
HEDP, many of the effects are yet to be measured directly. Without
experimental verification of the extended-MHD model, uncertainties
remain in the design and analysis of ICF and laboratory astrophysics
studies. A notable exception is the Biermann battery term, with time-
dependent magnetic field generation measured around a laser-foil
interaction,8 in addition to systems exhibiting Rayleigh-Taylor insta-
bility growth.11 In both these examples, the Nernst term significantly
alters the magnetic field distribution, but the experimental complexity
prohibited direct inference of a Nernst velocity to compare with simu-
lations. Other key properties of Nernst advection, such as suppression
of the effect at large magnetizations, also remain unverified.

This paper uses simulations to investigate experimental configu-
rations where thermally driven extended-MHD terms (Nernst, cross-
gradient-Nernst, anisotropic thermal conduction, and Righi-Leduc
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heat-flow) could be measured unambiguously for the first time. An
under-dense laser-driven magnetized plasma is used, allowing for the
thermally driven transport to dominate over the hydrodynamic
motion. Clear diagnostic signatures are sought for each term through
simple modifications to the laser profile. A similar set-up has been used
before without the diagnosis of magnetic field distribution to measure
non-local heat-flow suppression,12 with subsequent kinetic simulations
suggesting that both Nernst and non-locality are important.13 Non-
local transport is outside the scope of this paper, with the plasma
treated using an MHD framework. Changes to the experimental set-up
can then be used to explore different regimes, such as the transition
from extended-MHD to kinetic transport for each of the terms.

This paper is organized as follows: The Appendix re-writes the
traditional Braginskii extended-MHD equations into a form that is
both physically intuitive and simple to implement into an MHD code.
This is then summarized in Sec. II, with each of the relevant transport
terms clearly formed. Section IIIA then outlines an experiment to
measure Nernst cavitation of a magnetic field in an under-dense
plasma, showing simulation results as well as synthetic diagnostics.
This set-up provides a baseline configuration, which is modified to
explore other extended-MHD terms. By changing the laser focus, the
cross-gradient-Nernst twists the magnetic field, as shown in Sec. III B.
Anisotropic thermal conduction is then demonstrated in Sec. III C by
using an applied magnetic field perpendicular to the beam rather than
parallel. Finally, Sec. IIID takes the Nernst experiment but uses a non-
circular laser spot to elucidate the Righi-Leduc heat-flow in the form
of a rotation of the thermal profile.

II. EXTENDED-MAGNETOHYDRODYNAMICS

Magnetic transport in an extended-MHD plasma is explored in
the Appendix, beginning with Braginskii’s formulation of Ohm’s
law.14 The following equation is derived for the change in magnetic
field strength:

@B

@t
¼ �r�

ak

l0e
2n2e

r� Bþr� ðvB � BÞ þ r �
rPe

ene
: (1)

There are only three terms: one for magnetic field diffusion, the
other for advection of the magnetic field at velocity vB, and the
Biermann Battery term as the only source of magnetic flux. The mag-
netic field advection velocity vB is given by

vB ¼ v� c?rTe � c
�
ðb̂ �rTeÞ �

j

ene
ð1þ dc?Þ þ

dc
�

ene
ðj� b̂Þ;

(2)

i.e., the advection is based on the bulk plasma velocity, as well as the
electron temperature gradient and electric current. The c? term is
called the Nernst term, which moves the magnetic field down temper-
ature gradients. The c

�
term is then the cross-gradient-Nernst, mov-

ing the field perpendicular to both the temperature gradient and the
magnetic field. Both c? and c

�
simply decrease with magnetization

xese (see Fig. 8).
The electron temperature gradient and electric current also cause

transport of electron energy. To make the physical connection between
magnetic and energy transport clear, the magnetic field advection
velocity due to electron temperature gradients is shown alongside the
heat-flow due to electron temperature gradients,

vN ¼ �c?r?Te � c
�
b̂ �rTe; (3)

q
j
¼ �jkrkTe � j?r?Te � j� b̂ �rTe; (4)

where there is no field advection parallel to the field lines, as this does
not change the magnetic flux. The thermal conduction perpendicular
to magnetic field lines j? is seen here to be associated with the Nernst
c? term. Comparably, the Righi-Leduc heat-flow j� acts to move
electron energy in the same direction as the cross-gradient-Nernst c

�

moves magnetic flux.
In a similar way, the electric-current-driven magnetic field advec-

tion velocity and energy advection velocity can be written as
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In these simplified forms, a non-dimensional number can be
used to assess if temperature gradients or electric currents dominate
the transport. Assuming that the magnetic field varies over the same
length-scale as the temperature,

N ¼
jvN?j

jvjB?j
¼

cc?seTeenel0
jBjme

�
cc?T

5
2
e

jBj
; (7)

where the dc? factor is dropped as it is only a small correction to the
collisionless current-driven magnitude (Hall). In a regime where ther-
mally driven terms dominate (N � 1), both the thermally driven
magnetic transport and thermally driven electron energy transport
will be significant. In a regime where current-driven terms dominate
(N � 1), both current-driven magnetic transport and current-driven
electron energy transport will be significant.

The Appendix studies more closely the different magnetic field
and electron energy transport terms, comparing the coefficients and
outlining simply how to include these terms in an extended-MHD
code.

III. THERMALLY DRIVEN TRANSPORT EXPERIMENTS

This section outlines a set of simple experiments to verify the
thermally driven magnetic and electron energy transport in Eqs. (3)
and (4). Section IIIA outlines the baseline configuration for measuring
the Nernst velocity, which is then modified in Secs. III B–IIID in order
to allow the other terms to be measurable.

The parameters used in this publication are:

• Gas density q0¼ 0:065 kg=m3.
• Gas composition¼ deuterium.
• Laser energy¼ 50 J with a wavelength of 1:055lm.
• Laser spot spatial profile¼Gaussian with a standard deviation of
75 lm.

• Laser time profile¼ 0:5 ns with a 0:1 ns linear rise.
• Applied magnetic field magnitude B0 ¼ 0� 10 T.

These parameters are realizable in a relatively small-scale facility
and give a reasonable signal for the extended-MHD terms considered
here. There is ample room for moving into different regions of param-
eter space, thereby modifying the transport rates and providing
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additional tests against theory. Lower laser energies (<1 J) are also
expected to give appreciable signals.

The ionized electron density relative to the laser critical density is
small ne=ncr ¼ 0:0190, i.e., the gas is under-dense. The low density
allows for the laser to pass through without depositing significant
amounts of energy; laser energy coupling into the simulation domains
shown here is between 1 and 5% over 1.5mm. Increasing the coupling
(e.g., using a higher density gas) would allow for even lower laser ener-
gies, although this would decrease temperature uniformity along the
laser axis and increase laser refraction effects.

For the chosen parameters, thermally driven transport terms
dominate, i.e., N is large [from Eq. (7)].

The extended-MHD code Gorgon7,15 is used to simulate the con-
figurations, with distinct diagnostic signatures anticipated for each of
the effects. Gorgon is a 2-temperature Eulerian code with laser ray
tracing and absorption by inverse bremsstrahlung. The magnetic
transport is treated as in Eq. (1), using operator splitting between the
advection, diffusion, and generation components. The electron heat-
flow is fully anisotropic, as in Eq. (A21), using a centered-symmetric
algorithm.16 For the configurations in this paper, the spatial resolution
is 0:5lm.

Synthetic proton deflectometry is used here to diagnose magnetic
field transport. A D3He exploding pusher is taken as the source, produc-
ing mono-energetic protons at 14.7MeV.17 Target-normal sheath acceler-
ation (TNSA)18,19 could also be used. The source offset is taken as
6:3mm with the image plate 120mm from the interaction region. The
source is assumed to be infinitely small, thereby reducing blurring.
Electric field contributions to the proton images are estimated to be small.

A. Nernst

A uniform under-dense (ne � ncrit) plasma is used, with a uni-
form magnetic field applied along the direction of laser propagation.

Simulations are conducted in 2-D cylindrical geometry (r–z).
The laser and magnetic field are applied in the direction –z, which
assumes that the laser is uniform azimuthally (in h).

The laser-heated plasma becomes more transparent to the laser
as the temperature increases, resulting in relatively uniform heating
along the laser axis. Figure 1 shows the electron temperature at 0:5 ns
using the baseline parameters described in Sec. III and a 1T applied field.

Thermal conduction transports heat radially away from the laser
into the cold gas. Nernst advection, which is analogous to the magnetic
field moving with the heat-flow, reduces the field intensity in the laser-
heated region. The demagnetizing effect of the Nernst term is com-
pounded by the increase in Nernst velocity as magnetization decreases,
further enhancing the demagnetization rate. The magnetic field inten-
sity is plotted in Fig. 1. In the regime shown, near complete magnetic
cavitation is observed. The thermal wave corresponds to a discrete
step in magnetic field intensity. The field is compressed at the edge of
the heat front and can resistively diffuse away depending on whether
or not the plasma is initialized as cold in the simulations.

Magnetic fields also move with the bulk plasmamotion (so-called
frozen-in-flow). As the laser-heated region expands, the magnetic field
strength decreases. A definitive measure of the Nernst effect is simpler
if the Nernst velocity is much larger than the hydrodynamic expan-
sion. Figure 1 quantifies the relative impact of Nernst advection by
also showing the magnetic field profile for a simulation without the
Nernst term included. In this case, the Nernst term is clearly

dominating over the hydrodynamic motion. For the case without
Nernst, the magnetic field strength jBj ¼ qB0=q0. Significant hydro-
dynamic motion does not strictly prohibit a measurement of the
Nernst velocity; a simultaneous density measurement can be used to
infer that the magnetic field is not frozen into the flow.

Experimentally, the key measurements to constrain the Nernst
effect involve measuring the field cavitation rate and the decrease in
cavitation with a larger applied field. The field cavitation is diagnosed
synthetically using proton radiography with protons traversing the
system perpendicular to the initial magnetic field axis. Figure 2 shows
proton deflectometry evolution with time. An average over the length

FIG. 1. 2-D cylindrical simulations of the Nernst configuration at 0.5 ns with a 1 T
applied field. (a) Electron temperature with Nernst included. (b) Magnetic field mag-
nitude with the Nernst effect included. (c) Magnetic field magnitude without the
Nernst effect included. The magnetic field cavitation is strongly driven by Nernst
advection.
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of z in Fig. 1 is used. While all protons are deflected by the background
magnetic field, the protons passing through the cavity are deflected
less. This creates distinct regions with higher and lower proton counts
at the cavity edge. The separation distance of these regions, k, indicates
the cavitation region size, which increases with time. The Nernst veloc-
ity can then be inferred through the measurement of @k=@t. The
structure in the proton image at each of the cavitation edges could
then provide more information on the compressed field profile
although this measurement requires a higher resolution. Further infor-
mation can be extracted from the proton radiographs by using a grid
and assuming small proton deflections;20 cylindrical symmetry allows
the path-integrated magnetic field to be calculated.

Combining proton radiographs with Thomson scattering and
interferometry diagnostics can be used to constrain the electron tem-
perature and density; experimental and theoretical Nernst advection
rates can then be compared without the need to estimate plasma prop-
erties from simulations.

The separation distance on the proton radiograph, k, can be
related to the cavitation radius rc by assuming a uniform completely
cavitated cylinder (i.e., fully demagnetized from initial magnetic field
strength B0 to 0T) probed by protons of initial velocity vp undergoing
only small deflections, with the distance from the cylinder to the image
plate as D,

k ¼
eB02rcD

mpvp
: (8)

For an increased background magnetic field, the above relation
predicts that the offset distance increases for a given cavitation radius.
Synthetic proton radiographs at 0.5 ns for varying magnetic field
strengths are shown in Fig. 3. Instead of k increasing, the offset dis-
tance decreases due to Nernst suppression by magnetization. The pro-
ton deposition structure at each cavity edge is more apparent for larger

applied magnetic fields, allowing for a finer resolution of the magnetic
field profile. In particular, an experimental measurement of the non-
local “pre-Nernst” may be possible21 in these regions. If the gas outside
of the heat front remains cold and un-ionized, then the magnetic field
can diffuse away, removing the small-scale structure within the cavity
edges in the proton radiographs.

An assessment of whether Nernst or hydrodynamic advection
demagnetizes the plasma can be explored more generally using a sim-
ple comparison of characteristic velocities. The Nernst velocity [from
Eq. (A7)] is �cc?serTe=me. Unlike the near-instantaneous Nernst
velocity, the bulk plasma has inertia and takes time to be accelerated
to a significant velocity by the pressure imbalance. From simple hydro-
dynamics, this velocity can be taken as DtrP=q. By using the fact that
the density is initially uniform (overestimating the impact of hydrody-
namics), the relative magnitude of hydrodynamics to Nernst advection
can be estimated,

jvHydroj

jvN?j
¼

Dt

se

Zme

mi

1

cc?
: (9)

Zme=mi varies little between the choice of gas although deute-
rium gives larger Nernst velocities than hydrogen. cc? is larger (factor
of 10) for high-Z material (see Fig. 8) and decreases with magnetiza-
tion; the more magnetized the plasma, the more the hydrodynamic
motion will play a role (until magnetic pressure becomes important).
Dt=se is a measure of the experiment collisionality, i.e., how many
electron-ion collisions a typical electron undergoes in the time since
the laser was switched on Dt. Therefore, the more collisional (and as a
consequence the more MHD-like) the experiment, the more the
hydrodynamic motion will also play a role in de-magnetizing the
laser-heated plasma.

Further variations in the experiment can be used to test theoreti-
cal predictions. Increasing the laser energy increases the temperature

FIG. 2. Time-dependent synthetic proton radiographs for the Nernst configuration
with an initial magnetic field of 1 T. The Nernst velocity could be measured for the
first time using this technique. While the distance between the edges (k) gives the
cavitation rate, there is also information within the individual edges. The background
magnetic field deflects protons toward the right of this image. The distance has
been re-scaled to the interaction region using the set-up magnification.

FIG. 3. Synthetic proton radiographs for the Nernst configuration at 0.5 ns for 1 T,
5 T, and 10 T applied magnetic fields. Nernst suppression for higher magnetizations
could be measured for the first time using this technique. The background magnetic
field deflects protons toward the right of this image. The distance has been re-
scaled to the interaction region using the set-up magnification, and each field
strength has been re-centered for comparison purposes.
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gradients, which is expected to increase the cavitation rate. Using a
higher Z plasma can increase the Nernst coefficient. In the regime
shown here, increasing the initial density increases the Nernst cavita-
tion rate, primarily because the plasma magnetization lowers.

The transition from MHD-like transport to kinetic-like transport
could be probed by decreasing the laser spot size while keeping the
intensity constant, thereby lowering the spatial scale relative to the
mean-free path. The experiment times should be kept constant to
maintain the same balance of Nernst to hydrodynamics [Eq. (9)].
While the cavitation rate will increase due to larger temperature gra-
dients, the proton images only measure the path-integrated change in
field strength. A proton image scaled in size with the laser radius is
expected, with any differences due to non-local effects.

B. Cross-gradient-Nernst

The cross-gradient-Nernst is a magnetic transport velocity acting
perpendicular to both the temperature gradient and the magnetic field
[Eq. (A8)]. Figure 8 demonstrates that the cross-gradient-Nernst
velocity is large whenever the Nernst velocity is large. However, this
does not necessarily mean that the cross-gradient-Nernst significantly
alters the magnetic field profile. In the previous Nernst configuration,
the cross-gradient-Nernst alters the field profile indistinguishably, as
the plasma profile is effectively 1-D (not changing in h or along the
field lines).

In this section, the laser focus is changed such that the beam
decreases with intensity along its path, giving a hotter plasma further
along the cylindrical axis (high z) and cooler plasma occupying a larger

radius at low z. One standard deviation from the center of the laser
spot, the rays are at an angle of 3.6 degrees to the axis. The electron
temperature profile at 0.5ns is shown in Fig. 4, with labels for the
Nernst and cross-gradient-Nernst directions.

As before, the Nernst effect moves the magnetic field radially out-
ward. The cross-gradient-Nernst, however, acts perpendicular to the
2-D simulation plane, moving the field azimuthally. The equation for
the magnetic field advection velocity vN �

affecting the magnetic field
profile can be expanded from the form in Eq. (1) to

@B

@t

� �

N �

þ ðvN �
� rÞB ¼ �Bðr � vN �

Þ þ ðB � rÞvN �
: (10)

The term on the left-hand side is now the convective derivative,
i.e., how the magnetic field intensity changes moving with the flow.
The first term on the right-hand side is then the field being com-
pressed/rarefied by converging/diverging flows. Both the convective
and compressive terms are zero for the cross-gradient-Nernst in these
2-D simulations, as both the field and velocities are uniform around h.

The final term in Eq. (10) represents the twisting of the magnetic
field and is non-zero here. To demonstrate this, a magnetic field line is
considered in isolation, passing between the heated (low z in Fig. 4)
and unheated regions (large z). At large z, the cross-gradient-Nernst
velocity acting on this field line is zero, as there is no temperature gra-
dient. At low z, cross-gradient-Nernst acts to advect the field line azi-
muthally. Between these two regions, there is necessarily a twist in the
field line, creating a h component. In reality, the dependence of the
cross-gradient-Nernst velocity on magnetization in the twisted region

FIG. 4. Electron temperature and axial/azimuthal magnetic field components for the cross-gradient-Nernst configuration. Along the labeled magnetic field line, the cross-gradient-Nernst
moves out of the page at low Z and is zero at high Z, resulting in a twisted field component.
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results in both a field component into and out of the page in different
regions.

Figure 4 shows the Bz and Bh magnetic field components at
0.5ns. The Nernst advection still occurs, lowering the axial field
strength in the laser-heated region. A Bh field develops, up to a peak of
0.8T. While this is small compared to the 5T applied field, the twist-
ing occurs in the same region depleted of the axial field by regular
Nernst advection, resulting in a peak twisting angle of 15�.

The cross-gradient-Nernst velocity changes sign when the mag-
netic field is applied in the opposite direction, but the resulting Bh

component is independent of the initial applied magnetic field.
While Nernst and cross-gradient-Nernst are significant in the

same configuration, it is possible to measure Bh independent of the
cavitated field by probing with protons along the laser axis. Figure 5
shows the synthetic proton radiograph with the source situated at
þz. The relative path-integrated strengths of the positive/negative
Bh could be determined by looking at the outer/inner portions of
the radiographs.

C. Anisotropic thermal conduction

A configuration is now explored to assess the transition from
unmagnetized thermal conduction to highly magnetized conduction.
The same conditions as the Nernst configuration are used (uniform
under-dense laser-heated plasma with a background magnetic field),
but with the magnetic field applied perpendicular to laser propagation.
In Cartesian geometry, the laser is along –z and the magnetic field is in
the x direction. The radial thermal conduction wave from the laser
core is anisotropic, with thermal conduction in y suppressed due to
magnetization and heat-flow in x uninhibited.

Figure 6 shows 2-D x–y slices of the electron temperature profile
at 0.5 ns for various applied field strengths. The laser-heated region is
hotter for the 5T case (340 eV compared to 260 eV for 1T), as thermal
cooling along y is reduced. The peak magnetization at this time is only
xese 	 1 for the 1T case, corresponding to thermal conductivity sup-
pression j?=jk 	 1=3. For the 5T case, the peak magnetization is
xese > 10, with j?=jk 	 0:01. While magnetization does not directly

change the thermal conductivity along field lines (jk), the hotter core
plasma results in greater heat-flows along x for higher magnetizations,
increasing the heating radius. At 0.5 ns, the aspect ratio of the outer
heat front is only 1.04 for 1T, increasing to 1.51 for 5T.

The anisotropic temperature profile can be diagnosed through
self-emission (if the density remains relatively unperturbed) or by
Thomson scattering. The relative extent of the heated region along y
and x (along with a measurement of the peak temperature) will help
constrain the analytical form for thermal conductivity magnetization.

FIG. 5. Synthetic proton image at 0.5 ns for the cross-gradient-Nernst configuration
using a proton source at þz. The images have been re-scaled to the interaction
region using the magnification.

FIG. 6. Electron temperature profiles at 0.5 ns with the laser propagating into the
page and a magnetic field applied along x. As the applied magnetic field is
increased, the heat-flow anisotropy increases.
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As with the Nernst configuration, a clear diagnostic signature
here is aided by the lack of hydrodynamic motion. A relation similar
to 9 can be derived by comparing the hydrodynamic speed to the ther-
mal conduction speed (rearranging perpendicular thermal conduction
into the form @Ue=@t ¼ r � ðUevj?Þ, where vj? ¼ jc?serTe=me),

jvHydroj

jvj?j
¼

Dt

se

Zme

mi

1

jc?
: (11)

This is a variant on the P�eclet number, relating advective and dif-
fusive effects. It is no surprise that Eqs. (9) and (11) give near-identical
constraints on the experiment for hydrodynamics to be of secondary
significance, as the thermal conduction and Nernst are inherently
related. In fact, it is important to note that the Nernst effect will play a
significant role in this configuration. If Nernst advection is larger than
simulations anticipated, the plasma will become less magnetized,
allowing larger perpendicular thermal conductivities. This could be
erroneously interpreted as a different dependence of jc? on xese.
Therefore, further proton measurements in this configuration are
valuable to avoid such misunderstandings. The Nernst configuration
in Sec. IIIA is preferred for diagnosing magnetic transport, as it avoids
the complications of anisotropy by keeping the plasma uniform
around the laser axis.

Kinetic effects will also play a role in this configuration. In the
Nernst experiment, heat-flow can be kept in the MHD regime through
magnetization (as measured under similar experimental conditions12).
Here, the heat-flow along the field lines will be dominated by electrons
with a mean-free-path on the order of the temperature scale length,
requiring kinetic modeling. For a more appropriateMHD comparison,
the laser radius can be increased while keeping the intensity constant
[to give the same Dt=se for Eq. (11)].

D. Righi-Leduc

Righi-Leduc heat-flow is in the same direction as the cross-gradi-
ent-Nernst velocity, for an applied magnetic field in the same direction
as the laser propagation, it acts around the azimuthal direction. In the
cross-gradient-Nernst configuration (Sec. III B), no azimuthal varia-
tions in plasma/magnetic field profile are required as the magnetic
field can twist. The heat-flow, however, only changes the electron tem-
perature profile for variations in h. Therefore, a non-circular laser spot
is required to bring about a clear diagnostic signature from Righi-
Leduc. Here, a square spot is considered.

Figure 7 shows a 2-D x–y slice of the electron temperature profile
at 0.5 ns with the laser and magnetic field propagating out of the page.
The square laser spot edges are aligned with x and y, with ray powers
set to a Gaussian of the maximum between x and y. The Righi-Leduc
heat-flow rotates the electron energy profile. The rotated profile could
be measured using self-emission or Thomson scattering. Reversal of
the applied magnetic field direction swaps the rotation direction.

To further understand the rotation, an analytical form for the
change in electron energy due to Righi-Leduc can be derived.
Assuming that the magnetic field direction is constant [e.g., b̂
¼ ð0; 0; 1Þ here] and with Z¼ constant, the rate of change of electron
energy density is given by22

@Ue

@t

� �

j�

¼ b̂ � rTe �rxese½ 

@jc

�

@xese

neTese

me
: (12)

For the initially uniform density and field, frozen-in-flow gives
jBj=ne ¼ constant. Therefore, if the magnetic field is frozen into the
flow (i.e., ignoring Nernst and cross-gradient-Nernst), this relation is
zero (as xese � T3=2jBj=ne). In reality, the movement of the magnetic
field relative to the bulk plasma allows gradients in xese. These mag-
netization gradients then reduce/enhance the Righi-Leduc heat-flow
and result in accumulation/rarefaction of electron energy. The
response of Righi-Leduc heat-flow to the magnetization depends on
the sign of @jc

�
=@xese, with @jc

�
=@xese > 0 for xese � 0:1 and

@jc
�
=@xese < 0 for xese � 0:1. In the highly magnetized plasma

simulated here, Righi-Leduc heat-flow reduces when it enters more
magnetized regions.

Assuming uniform ne (i.e., looking at time-scales over which the
thermal evolution dominates over the hydrodynamic motion),

@Ue

@t

� �

j�

¼ b̂ � rTe �rjBj½ 

@jc

�

@xese

neTes
2
ee

m2
e

: (13)

For a square laser pulse, the temperature initially peaks in h along
y¼ x and y ¼ �x. This results in Nernst demagnetization of those
regions, increasing the Righi-Leduc heat-flow. With the prevailing
heat-flow traveling clockwise, the upstream heat-flow from the demag-
netized region is increasing, while the downstream heat-flow is slow-
ing down. This rotates the temperature profile clockwise, and the
process continues.

The interplay between Righi-Leduc and Nernst has been studied
theoretically and computationally for a similar regime23 although the

FIG. 7. Electron temperature profile in x–y with the laser and magnetic field (3 T)
applied out of the plane. A square laser spot is used to enforce a temperature varia-
tion around h, which allows the Righi-Leduc heat-flow to modify the temperature
distribution. The standard deviation of the square laser spot is shown with a dashed
white line.
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cross-gradient-Nernst was not included. While Figure 7 predomi-
nantly shows rotation of the temperature profile, higher applied mag-
netic field strengths result in instability growth, which is in agreement
with conditions for the onset of the magnetothermal instability.23

IV. CONCLUSION

A magnetized under-dense platform has been outlined for the
measurement of extended-MHD effects. The diverse operating range,
low laser energies, and relatively symmetric behavior make the base
configuration suitable for measuring the Nernst velocity and its sup-
pression at larger magnetizations for the first time. Magnetic field cavi-
tation down the laser axis grows with time and can be diagnosed using
proton deflectometry. In a regime where the Nernst velocity is much
larger than the hydrodynamic motion, the proton measurement alone
can be used to estimate the effect. Otherwise, a simultaneous measure-
ment of plasma density and temperature can be used to give a Nernst
estimate independent of simulations.

The laser spatial profile was then modified to show the effect of
other extended-MHD terms. By allowing an angle between the heating
beam and the applied magnetic field, the cross-gradient-Nernst can
twist the field, allowing diagnosis independent of the regular Nernst by
proton probing down the laser axis.

Anisotropic thermal conduction can then be demonstrated by
using a magnetic field perpendicular to the heating beam, with heat
flowing faster along the field lines. By modifying the applied field
strength, the transition between unmagnetized and highly magnetized
regimes can be investigated.

Finally, Righi-Leduc heat-flow was shown to be important when
using a square laser spatial profile, with azimuthal heat-flows rotating
the electron energy profile. Applying the magnetic field in the opposite
direction then reverses the rotation direction. This regime could also
be used to observe the magnetothermal instability for the first time.23

Laser plasma instabilities could hinder the measurement of
extended-MHD terms. The regime in this paper is estimated to be a
factor of 20 above the ponderomotive filamentation threshold.24

Filamentation could create locally hot regions where Nernst transport
is high. The local spikes in temperature could slow the cavitation rate,

as the field can be trapped between two hot regions. The strong axial
gradients will also increase the twisting of the field by the cross-
gradient-Nernst term. Ponderomotive filamentation could be mitigated
by lowering the laser wavelength,24 while changes in the laser intensity
and resultant plasma temperature must ensure that Nernst transport
still dominates over hydrodynamic expansion. Magnetization of
under-dense plasmas is also expected to increase thermal filamenta-
tion,25 but in all regimes tried, the simulations remained unaffected.

By changing the laser spot radius and keeping the intensity con-
stant, the experiment could be scaled into the non-local transport
regime, increasing the relevance of the measurements to laser-plasma
interaction regimes in ICF drive5,6,26 and MagLIF pre-heat.1 A further
investigation of this transition will be the subject of a further publica-
tion comparing kinetic and MHD results.

The configuration outlined could also be modified to study the
current-driven transport terms [Eqs. (5) and (6)]. By comparing the
Nernst velocity andHall velocity [Eq. (7)], it is clear that a largermagnetic
field would be suitable, which both suppresses the Nernst and increases
the electron current. While recent advances in magnetic field generation
would allow for access to this regime,27–29 an initially uniform magnetic
field does not result in an electric current. Hydrodynamic motion is
required to first perturb the magnetic field distribution, increasing the
experiment complexity. While the laser drive will naturally change the
field distribution to cause an electric current, further perturbation of this
field by the current-driven transport terms will have to be disentangled
from the hydrodynamicmotion by a comparisonwith the density profile.
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APPENDIX: EXTENDED-MAGNETOHYDRODYNAMICS
SIMPLIFICAITON

1. Magnetic transport

The transport of magnetic flux in a plasma is typically written
as an induction equation of the form14

@B

@t
¼r�ðv �BÞ�r�

j�B

nee
�r�

a � j

n2ee
2
þr�

b �rTe

e
þr�

rPe

nee
;

(A1)

where the terms on the right-hand side represent bulk fluid advec-
tion, the Hall term, resistivity, thermally driven transport, and
Biermann battery generation. The tensor transport coefficients a

and b are those defined by Epperlein and Haines,30 with compo-
nents parallel and perpendicular to the magnetic field.

While Eq. (A1) fully describes the transport of magnetic fields
in an extended-MHD plasma, the consequences of the equation are

FIG. 8. The dependence of the c magnetic transport coefficients on xese for Z¼ 1

(solid line) and Z ¼ 1 (dashed). c
�
, the cross-gradient-Nernst transport coeffi-

cient, is approximately equal to or larger than the regular Nernst coefficient, c? for

all magnetizations. Data are taken from Ref. 30.
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not immediately clear. Here, the equation is re-written into a physi-
cally intuitive form, where each term acts to advect, diffuse, or gen-
erate the magnetic field. This form is also simpler to implement
into a code, with clearly defined stability criteria.

The thermally driven magnetic transport term is expanded as

@B

@t

� �

b

¼ r� ðbkb̂ðb̂ � rTeÞ þ b?b̂ � ðrTe � b̂Þ þ b
�
b̂ �rTeÞ;

(A2)

where b̂ is the magnetic field unit vector. This equation can be rear-
ranged using the vector triple product [b̂ðb̂ � rTeÞ ¼ rTe � b̂
�ðrTe � b̂Þ] and the fact that r� bkrTe is zero (bk is a constant
for a given ionization) to give4

@B

@t

� �

b

¼r� �
b
�

ejBj
rTe�B�

bk�b?

ejBj
ðb̂�rTeÞ�B

 !

: (A3)

These terms are now in the common advection velocity form
r� ðv� BÞ. Therefore, the thermally driven magnetic transport
can be completely described as an advection of the magnetic field
with velocity vN ¼ vN? þ vN �

. Using a tensor transport coefficient
c further simplifies the equations, where

cc? ¼
b
�

xese
; (A4)

cc
�
¼

bk � b?

xese
; (A5)

cc ¼ c
me

se
: (A6)

The superscript c represents the dimensionless form of the
coefficient, which is only dependent on the Hall parameter (xese)
and the plasma ionization state Z. The magnetic field advection
velocities are then

vN? ¼ �
b
�

ejBj
rTe ¼ �c?rTe; (A7)

which is called the Nernst velocity and

vN �
¼ �

bk � b?

ejBj
ðb̂ �rTeÞ ¼ �c

�
ðb̂ �rTeÞ; (A8)

which is the cross-gradient-Nernst velocity.4 The Nernst velocity can

equally be written as vN? ¼ �c?b̂ � ðrTe � b̂Þ (i.e., removing the
component parallel with the magnetic field). Note the change in sub-
scripts from b to c, which is to make clear that the Nernst velocity

(?) acts perpendicular to the magnetic field [in the b̂ � ðrTe � b̂Þ
direction], while the cross-gradient-Nernst (�) acts perpendicular to
both the driving term (in this case rTe) and the magnetic field. A
clear benefit of re-writing the transport coefficients is the simple com-
parison of term magnitudes. As only the advection velocity compo-
nent perpendicular to the magnetic field changes the field

{½
@B
@t 
vN

¼ r� ðvN � BÞ ¼ 0 for vN parallel to B}, both terms are only

significant when the temperature gradient has a component perpen-
dicular to the magnetic field. The ratio of the Nernst and cross-gradi-
ent-Nernst velocity magnitudes is simply,

jvN?j

jvN �
j
¼

c?
c
�

: (A9)

Figure 8 plots the Nernst and cross-gradient-Nernst coefficients
against magnetization for Z¼ 1 and 1, showing that the cross-
gradient-Nernst coefficient is similar in magnitude in low magnetiza-
tions (	30% lower for Z¼ 1) and is larger at high magnetizations.30

This suggests that in all cases where the Nernst velocity is large, the
cross-gradient-Nernst velocity should also be evaluated. Another
advantage of the c formulation is the simple monotonically decreasing
behavior of the two coefficients with magnetization.

The resistive magnetic transport term in Eq. (A1) is typically
expanded as

@B

@t

� �

a

¼ �r�
ak

e2n2e
b̂ðb̂ � jÞ þ

a?

e2n2e
b̂ � ðj� b̂Þ �

a�

e2n2e
b̂ � j

� �

:

(A10)

Using the same methodology as for the thermally driven terms,
this can be re-arranged into the form of magnetic field advection
velocities. In this case, however, the parallel term contains an addi-
tional resistive component, as r� ðak=l0e

2n2eÞj 6¼ 0,

@B

@t

� �

a ¼ �r�
ak

l0e
2n2e

r� B

� �

þr

� ð
a? � ak

e2n2e jBj
j� b̂ �

a�

e2n2e jBj
j

� �

� BÞ; (A11)

where the first term on the right is diffusive. The latter two terms
become collisional current-driven transport velocities vjB ¼ vjB? þ vjB�.
A new tensor transport coefficient d is also used here to simplify the
equations,

dc? ¼
ac
�

xese
; (A12)

dc
�
¼

ac? � ack

xese
; (A13)

d ¼ dc
1

ene
: (A14)

The magnetic field advection velocities are then

vjB? ¼ �
a�

e2n2e jBj
j ¼ �d?j; (A15)

vjB� ¼
a? � ak

e2n2e jBj
j� b̂ ¼ d� j� b̂ : (A16)

The collisionless Hall term from Eq. (A1) can also be manipu-
lated into a velocity,

vHall ¼ �
j

ene
; (A17)

i.e., the magnetic field moves with the bulk electron motion rather
than the ion population. The resistive advection velocities from Eqs.
(A15) and (A16) are clearly related to the Hall term and will be
referred to as the collisonal corrections to the Hall term. Figure 9
compares the magnitude of dc? and dc

�
for Z¼ 1 and 1, with both

monotonically decreasing for increasing magnetization.
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Overall, the magnetic transport equation can be re-written as
in Eq. (2).

In this rewritten form, each term is simple to implement in an
MHD code, where advection and diffusion operations are common-
place. The stability limits are also clear, with the CFL condition for
the advection in 1-D,31

Dtadvection �
Dx

jvBj
; (A18)

and the Von Neumann stability limit for the diffusion

Dtdiffusion �
Dx2l0e

2n2e
2ak

: (A19)

It is interesting to note that the remaining transport coeffi-
cients in the re-written induction equation have a simple depen-
dence: increasing with Z, maximum at zero magnetization, and
monotonically decreasing for increasing xese (apart from the ak
term, which is constant).

2. Thermal transport

The electron heat-flow equation is14

@Ue

@t

� �

q ¼ �r � q
e
¼ �r � �j � rTe �

Ue

ene
b � j�

Ue

ene
j

� �

:

(A20)

The first term on the right-hand side represents the thermal
conduction, then electro-thermal terms, and finally the heat-flow
associated with the flow of charge. The thermal diffusion compo-
nent can be expanded as

q
j
¼ �jkb̂ðb̂ :rTeÞ � j?b̂ � ðrTe � b̂Þ � j� b̂ �rTe: (A21)

The first term represents the heat-flow along magnetic field lines,
which remains unchanged by magnetization. The second term is the
heat-flow perpendicular to the field and decreases monotonically with
magnetization. The final term is the Righi-Leduc heat-flow, which

represents the heat-flow deflected by the magnetic field into the direc-
tion perpendicular to both the magnetic field and the temperature
gradient.

By using simplified operators, the connection between ther-
mally driven electron energy transport and magnetic transport can
be made clear. Here, rkTe ¼ b̂ðb̂ :rTeÞ and r?Te ¼ b̂ � ðrTe

� b̂Þ are used. The magnetic field advection velocity due to temper-
ature gradients can be re-written alongside the flow of electron
energy due to temperature gradients, as in Eqs. (3) and (4).

The current-driven heat-flows are best understood by using
the velocity of the electron population relative to the ions, �j=ene.
The change in electron energy due to the current [last two terms in
Eq. (A20)] can then be written as:

@Ue

@t

� �

j þ vj � rUe ¼ �Uer � vj; (A22)

vj ¼ �
j

ene
� bkb̂ b̂ �

j

ene

� �

� b?b̂ �
j

ene
� b̂

� �

� b
�
b̂ �

j

ene
;

(A23)

i.e., the electron energy moves with the electron population relative
to the ions, with collisional corrections. The comparison with the

magnetic transport becomes even more clear by using j
k
¼ b̂ � ðb̂ � jÞ

and j
?
¼ b̂ � ðj� b̂Þ. The current-driven velocities transporting the

magnetic field and electron energies are then written as in Eqs. (5)
and (6).
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