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ABSTRACT

Warm dense matter, which can be found in planetary cores, is too dense to be described by plasma theory and too hot to be considered
condensed matter. With no theory describing perfectly how such large quantum systems evolve at macroscopic scales, modeling planetary
evolution is simply out of reach. While recent experiments using high power lasers and heavy ion beams have produced warm dense matter
samples, they do not confine matter long enough to allow for bulk material properties to take hold, precluding the validation of any theories
beyond electron-ion equilibration time. To this end, pulsed-power drivers are required. This approach allows experimentalists to probe mac-
roscopic states of matter where bulk material properties are at equilibrium. High resolution numerical simulations show that a mega-ampere
pulsed-power driver can generate macroscopic samples of warm dense matter, using direct magnetic compression, without any pusher. A
thin coating, deposited onto the material just before the experiment, softens the density gradients responsible for plasma ablation. Starved of
plasma outside the conductors, electrical currents are forced to flow along material surfaces, resulting in a very stable magnetic topology that
yields homogeneous compression above 1 Mbar. Another key aspect is as follows: mega-ampere pulsed power systems are compact enough
to be located next to existing high brilliance x-ray sources, which can probe best the properties of matter under extreme pressure.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086305

I. INTRODUCTION

Dense materials brought to electron volt temperatures are typi-
cally in the warm dense regime. This state of matter is common to
thousands of planets, including gas giants1,2 and large, rocky exo-plan-
ets.3 Yet, we have limited access to warm dense matter. It is difficult
to confine, and its properties are challenging to measure; only x-
rays with energies above 20 keV can be used to probe matter this
dense. Without a precise understanding of its basic properties, like
viscosity or conductivity, planetary evolution cannot be modeled.
Posed as a grand challenge to the prediction of planetary habitabil-
ity, large facilities4,5 have undertaken a series of successful experi-
ments to measure the properties of warm dense matter and
measure its properties.6–10

Only then can bulk material properties11 be compared with theo-
retical models.12–14 A key ingredient to reach bulk equilibrium is con-
finement. At such pressures, macroscopic samples of WDM need to
be produced using pulsed-power drivers. Several methods have been
proposed to reach such states. Flyer plates15 on the Z-machine have
compressed matter up to 4 Mbar using shock waves. However, shock
compression may not lead to equilibrium conditions. Cylindrical
pushers were used more recently to reach 10 Mbar using isentropic
compression.16 Cylindrical geometry also offers excellent diagnostic

access, and Abel inversion techniques can infer the local properties of
matter (e.g., density, temperature,…) from line average measurements.
A mega-ampere class pulsed-power driver generating megabar pres-
sures would be extremely attractive since the machine would be small
enough to be relocated next to a high-intensity x-ray source. However,
using pushers seems prohibitive as they increase the effective mass of
the load and reduce the peak pressure a driver can reach for a given
current. It was shown that slightly increasing the rise time allowed for
larger peak currents, yielding pressures closer to 1 Mbar.17–19

In theory, magnetic anvil cells20 on fast pulsed-power drivers can
produce large samples (100lm) of warm dense matter on relatively
long time scales (200 ns) and at relatively low currents (1 MA) without
the need of a pusher. In high compression ratio experiments (Rinitial/
Rfinal>10), hydrodynamic and magnetohydrodynamic instabilities
tend to perturb symmetry.21 However, the ratios required to produce
warm dense matter are much smaller (Rinitial/Rfinal<10), and instabil-
ities become less severe, especially when coating is present.22,23 In fact,
common cylindrical instabilities, like kink modes, are all but absent of
magnetic anvil cells.24

Perfectly symmetric compression can yield large variations in the
final properties of highly compressed matter. Inhomogeneities can
simply arise when constraints on the magnetic topology are not
enforced, a major impediment in using the field alone to compress
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matter. Plasma ablated by large current densities flowing near material
surfaces allows currents to flow away from a predetermined path, and
the magnetic topology driving the compression diverges from the
topology set by the shape of electrodes. Further, the mechanisms
responsible for plasma ablation can neither be controlled nor be repro-
duced, leading to shot-to-shot variations.

If ablation is not controlled early in the discharge, the compres-
sion is heterogeneous, leading to samples that cannot be diagnosed
correctly using line-average diagnostics. Several methods have been
investigated to regain homogeneous compression with magnetic anvil
cells. A pre-ionized gas puff was initially used to keep currents away
from material surfaces, de facto limiting the initial ablation.24 A low-
density foam surrounding the rod was theorized to limit spurious
current paths, yielding symmetric compression.25 However, recent
experiments have shown that a thin, spray-on dielectric coating26 was
the most effective method at reducing ablation. Aerosol coating is an
attractive approach because of its simplicity.

This paper uses two-fluid simulations to demonstrate that abla-
tion in magnetic anvil cells switches from purely adiabatic expansion
to magnetic compression. In the latter regime, current paths are con-
fined near the material surface and lead to homogeneous compression.
For the first time, our analysis shows that the initial coating of material
surfaces is all it takes to generate macroscopic samples of warm dense
matter where variations in material properties are virtually eliminated.

II. ESTIMATION OF THE OUTFLOW SCALE LENGTH IN
MAGNETIC ANVIL CELLS

When Ohmic heating is the sole source of energy input, the
energy conservation can be written as

Dp
Dt
� c

p
q
Dq
Dt
¼ c� 1ð ÞgJ2: (1)

c is the ratio of specific heats, p is the plasma pressure, J is the current
density, and q is the bulk mass density. D/Dt is the convective deriva-
tive. Radiation effects can also be ignored in our energy balance as no
part of the surface is directly irradiated by intense radiations. Besides
Ohmic heating and radiation, other processes (e.g., heat conduction)
are also neglected. As justified later by numerical simulations, using
constant resistivity across the outflow layer is an acceptable simplifica-
tion. In this case, the current density can be approximated by

J ¼ I
2pad

; (2)

where a is the radius of the sample and d is the skin depth given by

d ¼
ffiffiffiffiffiffiffiffi
2g

xl0

s
: (3)

In this context, x should be interpreted as the rate of electrical energy
injection inside the system, rather than the usual steady state approxi-
mation of a system driven at an angular frequency x. Nonlinear diffu-
sion27 has also been omitted for the sake of simplicity, and its effect in
Z-pinches is usually not negligible.28 It was shown that the skin depth
given by Eq. (3) is a relatively good approximation for a single current
pulse,29 as the one produced by a linear transformer driver (LTD).30

In dominantly axisymmetric systems, the total current I is simply
given by

I ¼ B2pa
l0

: (4)

As a result, the ablated mass density rate following the flow is given by

Dq
Dt
¼ q

1
cp

Dp
Dt
� c� 1

c
x
b

� �
: (5)

Here, b(r) is the kinetic pressure normalized to the magnetic pressure
at the material surface, where r¼ a. Equation (5) is a specialized ver-
sion of Eq. (1) applied to z-pinches, under the assumptions listed
above. If we suppose the flow steady state, we can simplify the material
derivative operator. Using the momentum conservation equation for a
one-dimensional flow

qvr
p

dvr
dr
¼ � 1

p
dp
dr
þ 2

bd
(6)

and the characteristic pressure scale length LP ¼ p dr
dp

��� ���, we can define

two separate regimes. In regimes where the flow mostly expands adia-
batically, the second term on the right-hand side of Eq. (6) is negligi-
ble, i.e., LP�bd/2. As a result, the ablated mass density rate along the
flow leaving the material surface and feeding the plasma surrounding
the sample is given by

Dq
Dt
¼ q

1
cp

Dp
Dt
: (7)

For steady state flows, this equation gives the characteristic mass den-
sity scale length Lq ¼ q dr

dq

��� ��� as
Lq � cLP: (8)

The characteristic mass density scale length is on the order of the pres-
sure characteristic scale length. However, in regimes where b or the
skin depth is small, i.e., LP�bd/2, the ablated mass density rate
becomes

Dq
Dt
¼ �q

c� 1
c

x
b
: (9)

Steady state mass conservation in one dimension

vr
dq
dr
þ q

dvr
dr
¼ 0 (10)

and Eq. (6) produce Lq in this regime

Lq ¼ M2
Ad; (11)

whereMA is the Alfv�enic Mach number. In this regime, the character-
istic scale length depends on the mass density via the Alfv�en wave
speed. While the largest limitation in our approach is the constant
resistivity, we have shown that the ablation flow can be in two distinct
regimes. In the first regime, when LP�bd/2, the ablation flow scale
length follows the pressure scale length. The mass ablation outflow in
this regime is purely controlled by thermodynamics processes, and the
heating rate is the only control knob. In the second regime, LP�bd/2,
mass ablation is ruled by the skin depth (resistivity), the kinetic energy
of the flow, and the magnetic energy. All three parameters depend
upon three quantities that can be controlled ab initio, namely, the
ablated material, the magnetic field strength, via the rod radius, and
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the resistivity of the material. It also shows that it is critical to switch to
the second regime as soon as possible in the discharge to limit the
expansion of the ablated flow. According to Eq. (5), mass density and
resistivity are the most important control knobs.

We now generalize the discussion to a more realistic situation,
using the code PERSEUS,31 and show how mass density and resistivity
impact the ablation outflow in magnetic anvil cells. The resistivity will
be taken as constant or follow a simplified version of Lee-More-
Desjarlais.32,33 Unlike regular MHD codes, which use an artificial resis-
tivity in the vacuum region, the Hall effect and electron inertia limit
electrical currents in PERSEUS simulations. It is primordial to use
electron physics to capture more accurately the ablation outflow since
its expansion is sensitive to the physics taking place at the plasma-
vacuum interface. We used 50 grid cells across the material sample in
this simulation, corresponding to a resolution of 10lm. PERSEUS is a
two-fluid code with one single ion species, and it cannot differentiate
between the rod and the coating. We supposed that the compression is
done on HADES,34 a compact pulsed-power device using LTDs to
generate 1 MA in 150ns in small inductance loads. The current rise
follows

I ¼ Ipeaksin
p
2
t
tr

� �
exp � t

td

� �
; (12)

where Ipeak¼ 1 MA, tr¼150ns, and td¼ 6 tr.
The initial uncoated aluminum rod has a 600-lm diameter. The

coated rod has a diameter of 500-lm and a 100-lm thick coating. The
mass density of the coating is four times less than the aluminum mass
density. First, we look at the case where resistivity is constant across
the whole domain, taken as 10�7 Xm. In this case, the Hall effect and
electron inertia keep the current from flowing inside the vacuum.35

Roughly halfway through the current rise, Fig. 1(a) shows that the
ablation layer expanded by 0.2mm with no coating, compared to
0.075mm when a coating is present. The mass density change at the
edge of the rod is the only difference in both simulations. There is little
change when including the Lee-More-Desjarlais resistivity, as shown
in Fig. 1(b).

Figure 2 shows the ablation scale length from Eq. (11) at two dif-
ferent times. At the earliest time (t¼ 48 ns from Fig. 1), there is
already a noticeable difference in both ablation scale lengths, with the
coated rod having the smallest one. At later times (t¼ 56 ns and
64 ns), the difference widens. The ablation scale length of the bare
sample is on the order of 6lm, across a layer that is 200lm wide,
near the surface of the sample. The ablation scale length of the coated
sample is 2lm, across a region spanning 80lm around the aluminum
rod. By delaying the ablation, the coating allows the field to be strong
enough to overcome the ram pressure of the ablated plasma. The abla-
tion layer simply stops expanding and gets compressed against the
rod. A thinner ablation layer keeps electric currents at smaller radii,
further strengthening the field, compared to the cases where no coat-
ing is present. Simulations clearly show that the ablation scale length
Lq is larger when conductors are not coated.

III. MAGNETIC ANVIL CELLS USING THIN COATINGS

The generation of warm dense matter using pulsed-power driv-
ers, while promising, has seen some setbacks. The biggest problem
comes from the ablation plasma, which generates spurious current
paths around the sample. These uncontrolled current channels are not

only nefarious to the quality of the compression but can also generate
plasmas hot enough to clamp the ablation in the first regime, using
magnetic pressure to compress a hot plasma, instead of the material
sample. As a result, understanding how the coating impacts the abla-
tion layer can greatly improve the quality of the compression obtained
by magnetic anvil cells. Using PERSEUS, we now model a complete
magnetic anvil cell in two dimensions, including the top and bottom
electrodes, using the current waveform delivered by HADES. While
the current rise follows the same time evolution, we have now
decreased the overall resolution to 70lm to accommodate the larger
simulation volume. The model is shown in Fig. 3, albeit in three
dimensions for clarity.

In this section, all rods have a diameter of 1mm and a length of
5mm. As before, we first use an aluminum rod devoid of coating.
Figure 4(a) shows a small portion of the computational domain, cen-
tered on the bare rod. The left side of Fig. 4(a) shows the current den-
sity, and the right side shows the ion number density, both on the
logarithmic scale. In regions where the ablation has been quenched
numerically, by setting surface flows to 0, the current remains close to

FIG. 1. (a) The initial density profile, shown on the log10 scale (left axis), can be
easily compared with the same profile, 48 ns later. The ablated material region
(r> 0.6 mm) has well expanded into the vacuum. However, when a coating is pre-
sent, the expansion region is thrice as narrow compared to the case where no coat-
ing was used. The resulting current density, plotted on the linear scale (right axis),
is higher and is 30% closer to the axis of symmetry, yielding a magnetic pressure
almost twice as high. This case used a constant resistivity of 10�7X/m throughout
the domain. (b) We observe enhanced expansion in the outmost layers of the
ablated material when using Lee-More-Desjarlais resistivity.
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the top and bottom electrode surfaces. However, ablation is free to
occur in the rest of the simulation, and substantial currents flow in the
vacuum region, wandering away from the rod. At this advanced stage,
just at peak compression, the rod shows three distinct necks, spread
over 5mm along the rod axis. Plasma fingers have developed away
from the rod surface, protruding inside the vacuum region.

We now cover the rod with a thin coating, 70lm thick. This
coating is 4 times less dense than aluminum, and the code computes
the electrical resistivity of the coating from the Lee-More-Desjarlais
model of aluminum, but with a mass density four times lower than
solid aluminum. The simulation results are presented in Fig. 4(b),
taken at the same time as Fig. 4(a). Now, the current is localized inside
the rod. However, ablation is still present, and plasma fingers are
developing next to the rod surface. The rod is not fully compressed at
this time since the system is heavier. The ratio of the coating by rod
volumes is 2 d/r, where d is the coating thickness and r is the rod

FIG. 2. The ablation scale length Lq as computed by PERSEUS, using Lee-More-
Desjarlais resistivity, at 48 ns, 56 ns, and 64 ns into the current rise, well before
implosion. The scale length is clearly smaller when a coating is used and
decreases more rapidly in time as the current increases.

FIG. 4. Current density (left) and number density (right) for (a) no coating, (b)
70lm coating, and (c) 140 lm coating 147 ns after the current starts.

FIG. 3. A schematic view of the magnetic anvil cell. All sizes are in millimeters. The
coating is not drawn to scale.
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radius. This corresponds to approximately 30% for this system, yield-
ing a mass increase of 8% compared to the first case. When the coating
is 140lm thick, in Fig. 4(c), the ablation is completely quenched, and
no current flows outside the rod. The magnetic field topology is now
controlled by the initial geometry of the system. The ablation has been
eliminated, and we can expect compression that is more homogeneous
than with thinner coatings or when the coating is missing. However,
the rod mass has increased by 16%, and the rod at this time is far from
fully compressed. As expected from the previous case, the increase in
mass has slowed down the pinch, and the coating becomes a limiting
factor in the final properties that we can expect for warm dense
matter.

Figure 5 now looks at maximum compression, when both rods
are coated. When the coating is 70lm thick, the rod, shown in Fig.
5(a), is fully compressed in 160ns. There is very little plasma sur-
rounding the rod. However, the low-density plasma is sufficient to

allow the current to flow throughout the volume surrounding the rod.
The highest current densities flow well outside of the compressed rod,
reminiscent of the current distribution of Fig. 4(a). The edge of the rod
near solid density [shown in dark orange on the right of Fig. 5(b)] is
clearly not straight, hitting to inherent inhomogeneities inside the
warm dense matter sample. While the coating was effective at limiting
the ablation initially, it is clearly not thick enough to be considered
very effective. When the coating thickness is doubled, Fig. 4(c) shows
greater improvements. Looking now when the rod is fully compressed,
we seem to have also a large volume filled with a low-density plasma.
However, two subtle differences should be noted. First, the current
flows mostly inside the rod. This is best seen by looking at regions
where the current density is 1011 A/m2 (i.e., brightest yellow) on the
left of Fig. 5(c). Most of the current is still confined near the axis. We
shall also emphasize that there are two clear gaps free of currents
between both electrodes. All the current must flow through the rod to
travel from the anode to the cathode. This is clearly not true in the
other two cases. Second, the above-solid density region is virtually
straight along the axis.

While these differences may impact the quality of the compres-
sion, they seem to be minor enough to barely matter. Yet, ablation
occurring late triggers instabilities only when the current is decaying,
and the strength of the magnetic field reduced. With thick coatings,
most of the compression occurs in an environment devoid of spurious
current paths. When currents start to deviate from the prescribed
geometry, it is well after the current peak. As a result, coating only
postpones instabilities, rather than eliminating them.

It is possible to measure quantitatively the impact of the coating
on the quality of the warm dense matter sample by looking at the dis-
tribution of temperature vs. density for a volume limited to 1mm
above and below the midplane. The dynamics is clearly more disrup-
tive near the electrodes. However, the properties do not have to be
measured there. When using a pure z-pinch setup, devoid of coating,
Fig. 6 shows a narrow dispersion in density, but a rather wide disper-
sion in temperature. It is very common for z-pinch pulsed-power

FIG. 5. Current density (left) and number density (right) for (a) 70lm coating at 160 ns
after the current starts and (b) 140lm coating 180 ns after the current starts.

FIG. 6. Distribution of the temperature vs. the number density of the sample at
maximum compression for three different coating thicknesses at maximum
compression.
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systems to develop electrothermal instabilities where the current flows
in hotter, less resistive regions, giving rise to temperature conditions
far from homogeneous. While small scale instabilities are not resolved
in our simulation, the physical mechanisms responsible for current
channeling are present in the MHD equations, and the direct effect is
a relatively wide temperature distribution. When the rod is initially
coated, the spread in temperature diminishes. A 70lm thick coating
reduces the distribution to þ/–0.05 eV. A thicker layer brings the dis-
tribution to a mere 0.025 eV. The temperature drops with the increas-
ing coating thickness. Starting at 0.6 eV, the temperature falls to
0.45 eV for the thinner coating down to 0.37 eV for the thicker coating.
We have decided to keep the rod diameter the same in all three cases.
As the coating thickness increases, the sample becomes heavier and
the implosion is slower. We can recover high temperature by reducing
the aluminum rod diameter slightly as we increase the coating
thickness.

Given that the Coulomb coupling parameter

Ce ¼
e

4p�0T
4pne
3

� �1=3

(13)

is directly proportional to 1/T, where T is the temperature in V, but
only proportional to ne

1/3, large variation in temperature is more prob-
lematic than large variation in number density. This is also true for the
Fermi degeneracy parameter

U ¼ �h2p2

2eTme

3ne
p

� �2=3

: (14)

A bare sample implosion gives a coupling that varies between 85 and
116 across the whole sample, while the degeneracy varies between 150
and 330. The thickest coating greatly reduces variations in Coulomb
coupling, swinging between 168 and 183, and degeneracy, at 770
þ/–30. We have assumed a constant ionization factor Zeff¼ 3 in our
computations. Clearly, the control of ablation also tightens the varia-
tions for these dimensionless parameters. It is important to note that
simulations used the perfect gas approximation as the equation of state
to minimize nonlinearities throughout compression. While the final
pressure might be overestimated, this method gives ground to good
comparison between all three cases presented in Fig. 6.

IV. CONCLUSIONS

The compression of the material sample required to obtain
homogeneous and macroscopic samples of warm dense matter
requires controlled conditions that preclude the growth of instabilities
capable of mixing different states of matter together. While experi-
mental evidence suggests that purely 3-dimensional instabilities can be
mitigated since the convergence ratio is low, it was shown that 2-
dimensional instabilities are still problematic for magnetic anvil cells
when plasma ablation is present. Recent work showed that a thin coat-
ing effectively reduced the ablation of material surfaces of magnetic
anvil cells, opening the way to study warm dense matter using pulsed-
power generators. Without ablation, the current is forced to flow along
the material surface, constraining magnetic fields to adopt a well-
prescribed topology.

In this paper, we introduced a mass density scale length that
highlights the impact of the plasma beta, resistivity, and mass density
on the ablation rate. Two-fluid simulations using PERSEUS

demonstrate that ablation is visibly reduced when the mass density of
the coating is 4 times less than the mass density of the bulk material.
The quality of the compression improves with the thickness of the coat-
ing. Thicker coatings tend to produce properties which are more homo-
geneous than thinner coatings. However, thicker coatings also limit the
final temperature. Numerical simulations indicate that varying the mass
density and the thickness of the coating can be an effective method to
control the temperature of the sample at full compression.

In conclusion, we demonstrated numerically that a thin coating
on material surfaces can greatly improve the quality of warm dense
matter samples generated using pulsed-power generators. While one-
fluid simulations usually give results that are more optimistic than
experiments, two-fluid simulations show better predictive capabilities,
especially in capturing plasma ablation.36 While microscopic effects
are perturbative and cause simulations to behave differently compared
to experiments, it is important to remember that pulsed-power genera-
tors produce very large quantities of warm dense matter where micro-
scopic effects should average out to what can be described as material
properties at the mesoscale, the main reason for using pulsed-power
generators in the first place.
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