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We report on experiments where cylindrical beryllium liners filled with liquid deuterium were
compressed to extreme pressure and density with current pulse shaping. In one set of experiments
the pressure at stagnation is inferred to be & 100 Mbar using penetrating radiography. A peak
liner convergence ratio (initial radius over final radius) of 7.6 was measured resulting in an average
deuterium density of 10 g/cm3 and areal density of 0.45 g/cm2. The stagnation shock propagating
radially outward through the liner wall was directly measured with a strength of ≈ 120 Mbar.
In a second set of experiments the liner was imploded to a peak convergence of 19 resulting in a
density of 55 g/cm3 and areal density of 0.5 g/cm2. The pressure at stagnation in this experiment
is estimated to be ∼ 2 Gbar. This platform enables the study of high-pressure, high-density,
implosion deceleration and stagnation dynamics at spatial scales that are readily diagnosable (R ∼
0.1 − 0.4 mm). Thus, these experiments are directly relevant to both Inertial Confinement Fusion
and the study of material properties under extreme conditions.

The creation and diagnosis of extremely dense objects
at high pressure in the laboratory is of central importance
to the studies of gas giant planets[1–3], astrophysics[3–5]
and inertial confinement fusion (ICF)[6–8]. In this Let-
ter we demonstrate the experimental diagnosis of cold
(T ∼ 5 − 30 eV), high pressure (P ∼ 0.1 − 2 Gbar)
deuterium samples using magnetically driven cylindri-
cal compression. Typically, shock reverberation[9–11],
shock-ramp[12] and isentropic compression[13, 14] of pla-
nar samples by lasers or magnetic drive is used to reach
a diverse array of states in a material sample of inter-
est. However, due to the uniaxial compression, these
techniques are limited in achievable density and pres-
sure. To overcome these limitations, convergent geome-
tries can be used. Shockless magnetically-driven cylin-
drical compression of beryllium liners to ∼ 5 Mbar has
been demonstrated[15]. Magnetic compression of deu-
terium has been proposed in the past[16] and cylindri-
cal compression of deuterium using explosives has been
employed successfully to probe the deuterium Equation
of State (EOS)[17]. Additionally, a spherical compres-
sion platform is currently under development at the Na-
tional Ignition Facility[18]. The cylindrical compression
method presented in this Letter allows a material sam-
ple to be compressed with a level of control not available
using explosives while simultaneously maintaining a stag-
nated state for several nanoseconds for diagnosis. This
opens the possibility of detailed measurements of both
the stagnation dynamics and confinement properties of a
highly converged fuel/liner system, as well as probing of
the EOS of high pressure, high density matter.

An overview of our experiments is presented in Fig.
1. In these experiments, liquid deuterium filled cylindri-
cal Be liners are compressed using the Z pulsed power
accelerator at Sandia National Laboratories[19]. As the
liner begins to move, a shock forms in the deuterium,

TABLE I: Parameters for deuterium compression experi-
ments. For the liner, Ro is the outer liner radius and
AR ≡ Ro/∆R is the aspect ratio. The liner wall thickness
is ∆R = 0.4 mm for all targets. CRmeas is the measured peak
convergence ratio. For the deuterium, ρsimstag and P sim

stag are the
simulated density and pressure at stagnation, respectively.

Z Shot # Ro AR CRmeas ρsimstag P sim
stag

[mm] [g/cm3] [Gbar]

z2574 3.84 9.6 7.5 10 0.1

z2576 3.84 9.6 7.6 10 0.1

z2678 2.4 6 19 55 2

which strengthens as it converges. The shock eventually
strikes the axis of symmetry and reflects back towards
the incoming liner, marking the onset of the deceleration
phase of the implosion. The system stagnates when the
sample and liner briefly come to pressure equilibrium be-
fore rapidly disassembling.

Using penetrating, 6.151-keV radiography[20–22], we
have measured this stagnation process. The reflected
shock is captured propagating outward, through the
liner, after which the liner’s inner surface reaches a min-
imum radius and begins to disassemble. This is the first
time this sequence of events has been captured with ra-
diography in such a way that the dynamics of the inner
surface are still resolvable.

This platform is versatile, allowing for different cur-
rent pulse shapes to control the strength of the initial
shock launched into the sample. This control over the
deuterium conditions in-flight allows us to tailor the stag-
nation state (i.e., thermally dominated or Fermi degen-
erate). Example magnetic pressure histories for the two
different sets of experiments discussed here are shown in
Fig. 1(c). The grey line is from the convergence ratio
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FIG. 1: (a) Drawing of the Be liner and the final electri-
cal feed. (b) Top-down view of the experiment showing the
backlighter geometry. The 6.151-keV x-rays generated at the
source propagate through the liner and are collected by the
crystal which focuses them through an aperture onto the de-
tector (not shown). (c) Magnetic pressure histories for the 100
Mbar, CR = 7.6 experiments (gray dashed) and the Gbar,
CR = 19 experiments (black solid). (d) Detail view of the
radial PDV probe with two of the six fibers shown. The con-
ical mirror directs the “send” laser light toward the liner and
the “receive” light back into the fibers. (e) Schematic of the
shock structure showing light reflected off of both the shock
and liner, allowing vS and vL to be measured simultaneously.

7.6 (CR ≡ Rinner
init /Rinner

final ), 100 Mbar experiments. This
pulse was designed to produce an isobaric stagnation pro-
file at a relatively large radius (∼ 500 µm). The black
line shows the current pulse for the Gbar experiment,
which was designed for a degeneracy pressure dominated
stagnation at CR = 19.

Figure 2 shows two of the four images taken from
across shots z2574 and z2576 where identical targets and
pulse shapes were used (see Table I for experimental pa-
rameters). Figures 2 (a) and (b) show the transmission
radiographs converted to optical depth (OD), where OD
is the natural log of the transmission. By Abel inverting
the OD (assuming a constant opacity of 2.24 cm2/g[23]),
we obtain the density maps presented in Figs. 2 (c) and
(d).

The liner’s inner surface is clearly visible in these im-
ages. Figures 2(c) and (d) show a liner that is remarkably
cylindrically symmetric and straight at the time of stag-
nation. Though the magneto Rayleigh-Taylor (MRT)
instability[24] is present, and can be seen quite dramat-

ically on the outer surface of the liner, feedthrough to
the inner surface remains small. This experiment was
designed and optimized by performing one- and two-
dimensional simulations using the ALEGRA code[25].
The resulting density maps from the 2D simulation are
shown in Fig. 2 (e) and (f). Comparing the simulated
and measured density maps, we can see that the loca-
tion and density of the liner’s inner surface are in good
agreement, though the evolution of the MRT instability
on the outer surface is somewhat different.

The experimental density maps are used to determine
the liner’s inner radius as a function of time using each
side of the image. The results are shown in Fig. 3 , where
the squares indicate the mean and the error bars repre-
sent the standard deviation along the height. Also shown
are the 1D simulated liner inner radius and velocity for
comparison. The agreement between measurement and
simulation is generally quite good, with the largest dis-
crepancy appearing late in time, when the experimentally
measured radius increases faster than predicted by sim-
ulation. This is not surprising, as the instabilities not
captured in 1D grow and cause the liner to break apart
reducing its ability to confine the deuterium.

The minimum radius is measured to be Ri = 452 ±
21 µm, giving a peak convergence ratio of CR = 7.6. Be-
cause the targets are constructed with solid metal end
caps, the deuterium cannot escape on the time scale
of the implosion. Thus, we estimate the average deu-
terium density and areal density at minimum radius to
be 〈ρ〉 = 10 g/cm3 and 〈ρr〉 = 0.45 g/cm2. This was
achieved with a peak current of 12 MA, requiring only 6
MJ of electrical energy stored in the Z accelerator’s Marx
capacitors.

The simulated liner velocity shows a sudden, impul-
sive deceleration just before the time of the first radio-
graph, due to the reflected shock from the axis striking
the deuterium/liner interface. Indeed, looking at the abel
inversion of the first radiograph (Figure 2 (c)) a discon-
tinuous increase in density is observed within the liner
wall. Taking lineouts of the density (Fig. 4 (a)) the dis-
continuity is seen traveling radially outward. A linear
approximation to these points gives a shock velocity of
uS ≈ 30 km/s (see Fig. 4(b)). The post-shock beryllium
density is ρ2 ≈ 16 g/cm3, while the unshocked beryllium
has ρ1 ≈ 8 g/cm3. The unshocked Be is moving radially
inward at the implosion velocity (v1 ≈ −25 km/s from
simulation). Using the Rankine-Hugoniot relations, we
find the pressure change across the reflected shock

∆P = u2
1ρ1

(
1− ρ1

ρ2

)
≈ 120 Mbar, (1)

where u1 = us − v1 is the unshocked fluid velocity in the
frame of reference moving with the shock.

In Fig. 4(b), the blue circles show the shock front posi-
tion from the simulation. The simulated shock velocity is
lower than measured, suggesting a lower shock pressure.
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FIG. 2: (a)- (b) Transmission radiographs converted to optical depth with times indicated. Red lines indicate the region
over which the image was averaged for shock analysis. (c)-(d) Be mass density profiles reconstructed using the Abel inversion
technique. Images (a) and (c) are obstructed by an object partially blocking the beam path. (e)-(f) Mass profiles at the
indicated times from 2D simulation.
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FIG. 3: Measured inner liner radius as a function of time
compared to the simulated liner radius and velocity.

Indeed, the immediate simulated post-shock pressure in
the Be is 80−90 Mbar at the time of the first radiograph.
As the shock reverberates in the deuterium, the pressure
increases to 115 Mbar at the time of the last radiograph,
in excellent agreement with the experimentally inferred
pressure.

We have modified this platform to achieve higher
density and pressure at stagnation by lowering the in-
flight adiabat of the sample. This experiment was de-
signed to achieve a degeneracy dominated stagnation
with nearly uniform density profile at a pressure of
Pstag ≈ 2 Gbar and density of ρ ≈ 55 g/cm3. This is
accomplished by modifying the magnetic pressure his-
tory (Fig. 1(c)) and liner radius (Table I) to achieve a
lower in-flight adiabat.

We now consider the initial radially inward propagat-
ing shock in the deuterium during the early stages of the
implosion. Photonic Doppler Velocimetry (PDV)[26] was
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FIG. 4: (a) Be density lineouts (see red lines in Fig. 2(c)-(d))
showing the liner inner surface and the shock front. Blue lines
show the simulated Be and deuterium density. (b) Measured
shock position as a function of time with linear fit giving
uS ≈ 30 km/s. Blue circles indicate the position of the shock
front in the 1D simulation.

used to measure the velocity of the liner’s inner surface
as well as the shock in the deuterium as a function of
time during the implosion phase. Knowing both of these
quantities allows us to determine the average post-shock
state of the deuterium in flight, which is used to monitor
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FIG. 5: Pressure vs. density plot showing the measured tra-
jectory through phase-space for both the 100 Mbar (red) and
Gbar (blue) experiments during implosion, ending when the
deuterium shock strikes the PDV probe. Simulated aver-
age pressure and density are also shown for the 100 Mbar
(dashed red) and Gbar (dashed blue) experiments. The prin-
cipal Hugoniot and isentrope are shown for reference. Grey
dashed lines indicate the deuterium state when the liner re-
flection is lost.

the change in sample adiabat. The probe, shown in Fig.
1(d), is similar to that used by Dolan et al.[27], except
that the flat turning mirror is replaced with a conical one
allowing measurements to be made at 6 equally spaced
azimuths.

From Fig. 1(e) we see the unshocked state is char-
acterized by density ρ1 and the shocked medium is ap-
proximated by 〈ρ2〉. The initial volume and density are
known, and therefore, by integrating vS and vL to obtain
the shock and liner positions, respectively, we can calcu-
late 〈ρ2〉. With this, the mean post-shock pressure can
be estimated using the shock jump conditions.

The results of this analysis are shown for the two dif-
ferent experiments in Fig. 5. The solid lines show the
experimentally unfolded average pressure vs. density tra-
jectory for the 100 Mbar experiments in red and the Gbar
experiment in blue. In both experiments, the reflection
from the liner is lost at a density of ≈ 0.9 g/cm3 and
a pressure of ≈ 0.4 Mbar (indicated by the dashed gray
lines). This loss of signal is likely due to an increased
reflectivity of the shock front and/or an increase in ab-
sorptivity of the post-shock state. Above this, the simu-
lated liner velocity is used in the analysis. Representative
error bars are shown, derived by summing the contribu-
tions in quadrature due to uncertainty in the position of
the shock when it first becomes reflective, the index of
refraction of deuterium, and the extraction of the veloc-
ity histories from the raw PDV data. The thin dashed
lines show the average post-shock density and pressure
extracted from 1D simulations.

From this plot, it is seen that the deuterium adiabat is
lower in the Gbar than the 100 Mbar experiment. In the
Gbar experiment, the latest measurable state of the deu-

terium is 〈ρ2〉 = 1.35 g/cm
3

and 〈P2〉 = 0.8 Mbar. At
the same average density in the 100 Mbar experiment,
the sample is at a pressure of 〈P2〉 = 1.9 Mbar. Using
the relation Pi = αiρ

γi
i , where αi is the sample adiabat

in experiment i, we can estimate the reduction in adiabat
as the ratio of the average pressures above, assuming the
adiabatic index, γ, is the same in each case. This gives a
reduction in adiabat of αGbar/α100 Mbar ≈ 0.4.

Stagnation radiography was also employed on the Gbar
experiment to confirm the predicted stagnation radius.
We were unable to measure the reflected shock dynam-
ics, but radiographs were obtained just before and near
the time of minimum radius, the latter of which is shown
in Fig. 6(a). While the backlighter provides a snapshot
of the dynamics only during the time it is on, the detector
is not time-gated. Therefore, emission from the target it-
self can contaminate the image. On this shot, due to the
high pressure and convergence the target pinched, pro-
ducing several bright spots that contaminated the images
significantly (regions of negative OD). This makes quan-
titative analysis of the liner density difficult and prone to
large errors. Pinching suggests late-time instability de-
velopment; however we see good integrity of the liner’s
inner surface where it is visible, comparable to the lower
pressure experiments. In Fig. 6(a), some curvature of
the column is evident, indicating a very long wavelength
asymmetry. Nevertheless, this does not appear to ad-
versely affect the compression.

Despite the self-emission, the region of maximum op-
tical depth (the limb), which corresponds to the liner’s
inner surface, is still visible through the regions of low
liner ρR caused by the MRT instability. Lineouts were
taken from the two cleanest portions of the image after
a best-effort background correction was applied, shown
in Fig. 6(b). The location of the limb is shown for each
lineout (dashed lines). The smallest inner liner radius is
Ri = 105 µm, corresponding to CR = 19, giving radially
averaged 〈ρD〉 = 55 g/cm3 and 〈ρDR〉 = 0.5 g/cm2, in
excellent agreement with the simulated stagnation condi-
tions. By averaging the radius obtained in these two rel-
atively clean regions, we obtain a mean stagnation radius
of Ri = 120 µm, giving an average stagnation density of
ρD = 47 g/cm

3
(±25%).

Two-dimensional simulations were performed pre shot
and again after the experiments were conducted using the
measured load current and changing nothing else. The
resulting pressure and density are shown in Fig.6(c). The
simulated density map at stagnation was post-processed
to obtain the optical depth as a function of radius; this is
shown in Fig. 6(b) as the thin red line (scaled arbitrar-
ily for clarity). The location of the limb is in very good
agreement with the blue line, indicating excellent agree-
ment with the measured deuterium compression. How-
ever, the simulated profile is substantially wider. By
measuring the width from 10− 90%, we find that the ex-
perimental width is ≈ 60 µm while the simulated width
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FIG. 6: (a) Radiograph, converted to OD, of a Be liner stagnating at Pstag ∼ 2 Gbar. (b) Lineouts of the OD with colors
corresponding to the locations of the respective horizontal lines in (a). Units of OD are arbitrary due to the unknown level
of self-emission. Vertical lines denote the location of peak OD corresponding to the location of the inner liner surface. The
simulated OD is included (thin red line), scaled for clarity. (c) Results of the 2D simulation taken at the time corresponding
to the radiograph in (a). Left side corresponds to the log of pressure in Mbar. Right side corresponds to the log of density
divided by the initial density of liquid deuterium (0.17 g/cm3).

is ≈ 100 µm. This may be in part due to the background
correction, but is most likely due to discrepancies in the
simulated evolution of the MRT instability and the re-
sulting redistribution of mass.

By examining the simulated pressure and density we
can estimate the experimental conditions achieved. The
deuterium density ranges from 30 g/cm3 on axis to
65 g/cm3 at the liner/deuterium interface. The pres-
sure is very uniform across the sample at 2.25 Gbar. The
temperature peaks on axis at ≈ 80 eV and decays to just
a few eV at the liner wall, corresponding to a mass av-
erage of T = 10 eV. This gives a mass averaged plasma
parameter Γ = ze2/akBT ≈ 6, indicating the deuterium
is strongly coupled at stagnation.

It has long been known that magnetic compression
can produce extreme pressure if current can reliably be
brought to small radius. These experiments show that
it is possible, and quite practical, to do this. We have
demonstrated a platform that allows the study of dy-
namics of stagnating systems at conditions relevant to
ICF, and at spatial scales that are straightforward to
diagnose. Additionally, with improved diagnostic tech-
niques, this platform can allow off-hugoniot studies of the
EOS of deuterium as well as other materials. Advanced
diagnostics, such as x-ray Thomson scattering, can be
employed to characterize the in-flight post-shock state
as well as the stagnation state of the material sample,
providing unprecedented access to these extreme condi-
tions. Furthermore, samples like this can, in principle,
be used to study other properties of compressed matter,
such as charged particle stopping powers, x-ray opacities,
and atomic kinetics.
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