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Compression of Plasma to Megabar Range using Imploding Liner
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Axial current discharges were used to implode spherical aluminum shells with thickness tapered to
match the external magnetic pressure. These implosions were used to compress hydrogen plasmas with
an initial pressure.100 bar and an initial temperature.1 eV. The implosion and compressed plasma
effect on a central target were observed radiographically. The target’s radius vs time indicates that the
plasma pressure reaches,1 Mbar prior to liner-target contact. [S0031-9007(99)08774-8]

PACS numbers: 52.55.Ez, 52.50.Lp
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We report on experiments to produce and compress pl
mas to Mbar pressure. Fluid with an isotropic pressu
in the Mbar range may be useful for compressing targe
in fusion experiments, for equation of state experimen
for accelerating small projectiles to hypersonic velocitie
and for other high energy density experiments. Whi
these experiments were not for fusion applications, th
are relevant to magnetized target fusion (MTF), such as
scribed by Lindemuthet al. [1,2], and by Chernyshevet al.
[3]. A variant of these experiments, using magnetize
lower density deuterium instead of unmagnetized, high
density hydrogen, would be an MTF experiment. A num
ber of researchers have suggested the concept of using
ploding liners to compress plasmas (e.g., [4–8]).

We used a capacitor bank (Shiva Star) operated
12 MA and 5 MJ to implode aluminum shells (aka liners
electromagnetically in tapered, quasispherical geomet
achieving peak implosion velocities above 20 kmys in-
ner surface (,10 kmys thickness averaged) [9]. The dis
charge current has a sinusoidal waveform with,9 ms rise
time. Lower velocity (up to 2 kmys), quasispherical solid
liner implosions have also been reported by Golovizn
[10], Chernyshev [11], and Mokhov [12]. Cylindrical im-
plosions of Al shells that were suitable for compressin
plasmas (but without inserted plasmas) were reported
Sherwood [13]. Lower velocity implosions of cylindrica
metal liners, intended for use in compressing magnetiz
plasmas, were reported by Turchi [14].

We have used the present implosions to compres
hydrogen plasma with initial pressure above 100 bars a
initial temperature above 1 eV. We use H that is initiall
hot enough to insure that the sound speed in this flu
will be greater than the velocity of the inner surface o
the imploding solid liner; this avoids shock formation
in the compressed plasma. In these experiments,
prevent magnetization of the plasma, in an attempt
obtain uniform, isotropic fluid pressure. We have obtaine
experimental (radiographic) evidence of compressing t
plasma to pressures,Mbar, prior to contact of the outer
liner with the interior shell.
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The initial H plasma is obtained using a 1 MA, 350 k
coaxial plasma gun and is injected into the interior of
metal shell liner, through a circular array of metal van
to strip away an azimuthal magnetic field [15,16].
discharge of the Shiva Star capacitor bank then implo
the liner.

Plasma injection was observed with auxiliary expe
ments, using chambers similar to the initial interior volum
of the solid liner, but with greater diagnostic access. Dia
nostics included time-gated optical spectroscopy, fast p
tography, and piezoelectric probes. Inductive magne
probes are used to monitor current delivery to the vic
ity of the injection vanes and to confirm the absence o
magnetic field in the chamber. Piezoelectric probe sign
indicate that plasma with pressures up to 100 bars is
jected into the interior of cylindrical solid liners [17]. This
is consistent with 2D-MHD simulations [16,18]. Suc
simulations indicate that plasma at pressures of 170 ba
injected into the interior of our quasispherical liners. O
tical spectroscopy suggests that the plasma temperatu
somewhat higher than 1 eV.

The imploding Al shell is observed with radiography
The effect of the compressed plasma on a cylindrical sh
of Cu, serving as a compression target, is also obser
with radiography. The Al spherical shell is initially 8 cm
in diameter, with a thickness that tapers from 1 to 2 m
from the midplane of the electrode gap to the contacts
the liner at each electrode. The liner is mounted betwe
two conical electrodes of steel. See Fig. 1. The interel
trode gap converges at an included angle of 90± to a mini-
mum value of 1 cm. The Al shell thickness is proportion
to the cosecant squared of the polar angle and is thinn
at a 90± angle from the central axis. To first order, th
taper causes the ratio of magnetic pressure to liner m
per unit area (and the spherically radial acceleration) to
main independent of the polar angle. The result is a no
nally spherical implosion. Radiographs are taken throu
the 0.6 cm thick aluminum outer (return current) condu
tor. The target is a 1 cm tall, 0.34 cm radius, Cu tu
with tapered thickness (0.15 to 0.38 mm). The operat
© 1999 The American Physical Society 2681
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FIG. 1. Liner, electrode, and plasma injection geometry.

parameters of the radiography source are 300 kV, 5 k
30 ns pulse, with a tungsten anode. The spatial resolut
is ,0.2 mm. Radiographs, shown in Fig. 2, show com
pression of the target cylinder prior to contact of its out
surface with the inner surface of the imploding liner. W
can see the reduced exposure indicating the compres
plasma layer between the imploding liner inner surface a
the central target outer surface until less than 0.1ms before
contact of the two surfaces. A series of such radiograp
has enabled estimates of the average acceleration of
inner target surface and the plasma pressure during

FIG. 2. Implosion-plasma compression radiographs show c
tral target compression. The times after the start of current d
charge aret0 throught7: 0.0, 13.48, 13.59, 14.38, 14.44, 14.52
14.61, and 14.73ms, respectively. One can see the reduc
exposure indicating the compressed plasma layer between
imploding liner inner surface and the central target outer s
face until less than 0.1ms before contact of the two surfaces.
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time intervals late in the implosion—compression. Thes
indicate that the plasma pressure reaches,Mbar prior to
contact (see Fig. 3 and Table I).

The radiographs show some instability growth—
somewhat more than in similar implosions with no interio
plasma. These implosions were operated at aggressive
rameters, close to the limiting criteria for material strengt
stabilization [19] and avoiding early bulk melting.

The estimates of plasma pressure are done by obtain
the radius of the outer surface of the target shell at the m
electrode gap, for three successive radiographs (rn0 , rn110 ,
andrn12 at tn0 , tn110 , andtn12). From these three radii, we
obtain the average velocity over two successive time inte
vals, yn,n11  srn11 2 rndystn11 2 tnd and yn11,n12 
srn12 2 rn11dystn12 2 tn11d at timestn,n11  0.5stn 1

tn11d andtn11,n12  0.5stn11 1 tn12d, and the average ac-
celeration an,n11,n12  syn11,n12 2 yn,n11dystn11,n12 2

tn,n11d over the time interval of the three successiv
radiographst

a
n,n11,n12. We then equate the mass pe

unit area of the target shells times the average ac-
celeration a to the average plasma pressureP. This
is true if the target shell thicknessdr ø r, and this
underestimates the average pressureP if dr is not ør.
Initially, dr  2.67 3 1022 cm at the midgap, and
r  3.3 3 1021 cm. Thus, the initial mass per unit area
s0 of the Cu shell at midgap is0.24 gycm2  2.4 kgym2.
Cylindrical convergence causes this to increase asr
decreases:s  s0 sr0yrd (if material density is not com-
pressed). The peak plasma pressure during this inter
should exceed the average.

The error bars in Fig. 3, which are a generous estimate
the radiograph resolution, exceed the spread of position
analysis results for multiple human analysts and analys
Several analyses indicated average pressures from 0.2
0.95 Mbar in the first time interval, and,3 Mbar in the
second. The error bars indicate a larger uncertainty in t
estimated pressure att

a
4,5,6  14.52 ms, and a6 factor of

2 uncertainty atta
5,6,7  14.62 ms.

FIG. 3. Central target compression data (at midelectrode ga
indicate time average plasma pressures (over three data poi
approaching a Mbar,0.1 ms prior to contact of the liner
and target. These seven data points were from three virtua
identical shots; three were from the same shot.
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TABLE I. Summary of the analysis of compressed fluid pressure.

tn rn yn,n11 tn,n11 an,n11,n12 t
a
n,n11,n12 P  sa, Pa

Shot n smsecd (cm) scmymsd smsecd scmmsec22d smsecd s  s0sr0yrd
0 0.0 0.329

1 1 13.48 0.327
1 2 13.59 0.325
2 3 14.38 0.303
3 4 14.44 0.294 0.213 14.48 1.682 14.52 4.6 3 1010

3 5 14.52 0.277 0.356 14.565 9.37 14.62 3.0 3 1011

3 6 14.61 0.245 1.34 14.67
2 7 14.73 0.084
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Possible sources of systematic error include a 2% tol
ance in the electrode gap in the target region (which wou
have the same relative effect on all data points), optic
depth effects which may cause the perceived outer surf
of the target to be within the target shell material, and blu
ring due to velocity times the radiograph exposure du
tion (30 ns). Indeed, there is a slight difference betwe
the specified target radius (0.34 cm), and that perceiv
by static radiographs (0.33 cm). This difference is abo
half the initial shell thickness, and we believe this is du
to optical depth effects. In the incompressible approxim
tion, this should result in the perceived outer surface be
a fixed fraction of shell thickness within the outer surfac
Velocity blurring may cause a radial spread of the image
approximately 0.01 cm forr6, and approximately 0.03 cm
for r7. Such blurring may cause the perceived outer s
face to be at a larger radius than at the center of the
diography exposure time, causing an underestimate of
velocity, acceleration, and external pressure.

The compressed plasma pressure estimated from
compression of the target shell is in the range expected
the observed ratio of initial to compressed volume rat
initial plasma pressure (170 bars), and a plasma spec
heat ratio of approximately 1.4. That is,

P  P0sV0yV dg , g  1.4 .

This specific heat ratio accounts for the ionization ener
and radiation losses in the plasma [20]. 2D-MHD sim
lations, using the codeMACH2 [18], give similar results,
without assumptions on the specific heat ratio, but treat
ionization, radiation, and thermal conduction losses. T
initial plasma volume is approximately176 cm3. Just after
closure of the orifice by the liner implosion, the remainin
fluid volume is approximately54 cm3. 2D-MHD simu-
lations (usingMACH2) indicate that the fluid pressure in
creases during this closure, despite some limited outfl
through the injection orifices. The calculated fluid pre
sure inside the volume enclosed by the electrodes and
liner is approximately 1000 bars when the inner surfa
of the liner has passed the inner boundary of the inject
orifices. Perhaps the limitation on outflow is due to flu
inertia, fluid pressure, and magnetic pressure upstream
the injection orifices. At any rate, this paper is primari
empirical, and these (and similar) simulations will be di
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cussed more completely in a future paper. Even if the
were no increase in fluid pressure until this boundary we
crossed, subsequent compression of the remaining trap
fluid to a layer, a mm thick around the target would ap
proach a Mbar pressure. This would be 0.5 Mbar for
0.25 cm radius, 1-mm-thick fluid layer, with 170 bar pre
sure at the closure of the injection orifices.

Radiation losses are expected to be small, beca
the hydrogen is optically thick initially, and more so
during compression [20–22]. If one considers th
bremsstrahlung and recombination power densiti
Pb  s1.69 3 10232dn2

eT0.5
e Wycm3, and Prc  s4.6 3

10231dn2
eT20.5

e Wycm3 (where ne0Te  electron density
in cm23, electron temperature in eV, and no heavy impu
ties assumed), and compares them to the black body po
per unit area, one requires very small radius fluid eleme
for them to be comparable. That is, the optical dep
for the initial fluid (,1020 cm23, ,1 eV), is ,0.01 cm,
and it shrinks more rapidly than the fluid volume radiu
This depth is, nanometers when the fluid volume i
compressed to a few tenths of cm3. Although radiation
losses are small, the radiation effects include vaporizat
of boundary surfaces very soon after the fluid temperat
reaches,5 eV [20,22]. One can estimate this fluid
temperature usingT  T0sV0yV dg21, whereT0 , 1 eV.
This suggests thatT reaches,5 eV , 1 ms prior to
liner-target contact, and,10 to 20 eV in the,0.1 ms
prior to liner-target contact. The radiation heating o
the Cu target is expected to produce a vapor exha
pressure that remains small compared to fluid pressu
For example, when the fluid volume is compressed to
2 mm layer around the Cu target, whose radius is no
,0.28 cm, the fluid volume is,0.4 cm3, the fluid pres-
sure, temperature will be,0.8 Mbar, ,11 eV, assuming
g  1.4 behavior applies. This corresponds to a radiati
power density of,1.5 3 109 Wycm2, which vaporizes
2.4 3 105 gycm2 sec of Cu, resulting in an exhaus
pressure of 20 kbar (assuming an exhaust velocity
800 mysec, due to a vaporization temperature of 0.25 eV
This estimated exhaust pressure is much less than the fl
pressure. Such estimates indicate that the total numbe
Cu atoms evaporated from the Cu target is,1% of the
number of fluid (H) atoms. The vast majority of these a
evaporated in the last,0.1 ms before liner-target contact
2683
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These estimates are conservative in that they ignore
temperature gradient and opacity effects that reduce
radiant flux incident on the Cu target (and electrode a
liner) surface. Possible initial impurities caused by th
injection of the plasma through the orifice-vane structu
would have to be,103 of the plasma particle number to
double the plasma radiation, which would have a sm
effect on the above estimates. While time-gated optic
spectroscopy showed no evidence of such impurit
[15–17], vacuum ultraviolet spectroscopy would be mo
likely to succeed in observing such impurities [20–22
Such initial impurities will substantially limit the heating
and pressure increase of the compressed plasma if t
exceed a few tenths of a percent.

The fluid volume at the center of the first time interva
for the average acceleration measurement (14.52ms) is
,0.4 cm3. This volume is an,2 mm layer around the Cu
target. Several analyses of the radiographic data indic
average fluid pressure of 0.24 to 0.95 Mbar in this tim
interval. This corresponds to a fluid pressure volum
product PV , 9.6 to 38 kJ. The initial fluidPV was
,3 kJ. The ratio ofPV g (for g  1.4) at 14.52ms vs
initial is ,0.25 to 1, for these pressure estimates. Th
estimated radiation energy loss rate at this time, us
the estimated fluid temperatures,11 eVd, assuming black
body radiation, and using the Cu target surface area
,3 3 109 W. We can expect radiation losses of sever
hundred J in the late stages of fluid compression. At th
time, the liner kinetic energy is,1 MJ [9].

Experiments with such a target and no injected plasm
but with injection ports, and with magnetic probes outsid
the target, indicate no target compression and no injec
field. Thus, target compression, which is observed in im
ploding shell-plasma compression experiments, is presu
ably due to the compressed H pressure.

We have used an electromagnetically imploded liner
compress an unmagnetized, dense, H plasma, and obta
radiographic evidence that this plasma was compresse
,Mbar pressure. With our existing laboratory arrang
ment, we are in an excellent position to evaluate critic
problems with magnetized target fusion concepts. In p
ticular, the question of contamination of amagnetized,hot
hydrogen plasma by high-Z material from the liner (and
electrodes) may be answered.
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