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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 temperatutel 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 reached Mbar prior to liner-target contact. [S0031-9007(99)08774-8]

PACS numbers: 52.55.Ez, 52.50.Lp

We report on experiments to produce and compress plas- The initial H plasma is obtained using a 1 MA, 350 kJ
mas to Mbar pressure. Fluid with an isotropic pressureoaxial plasma gun and is injected into the interior of a
in the Mbar range may be useful for compressing targetmetal shell liner, through a circular array of metal vanes
in fusion experiments, for equation of state experimentsto strip away an azimuthal magnetic field [15,16]. A
for accelerating small projectiles to hypersonic velocitiesdischarge of the Shiva Star capacitor bank then implodes
and for other high energy density experiments. Whilethe liner.
these experiments were not for fusion applications, they Plasma injection was observed with auxiliary experi-
are relevant to magnetized target fusion (MTF), such as denents, using chambers similar to the initial interior volume
scribed by Lindemutlet al. [1,2], and by Chernyshest al.  of the solid liner, but with greater diagnostic access. Diag-
[3]. A variant of these experiments, using magnetizednostics included time-gated optical spectroscopy, fast pho-
lower density deuterium instead of unmagnetized, highetography, and piezoelectric probes. Inductive magnetic
density hydrogen, would be an MTF experiment. A num-probes are used to monitor current delivery to the vicin-
ber of researchers have suggested the concept of using ifity of the injection vanes and to confirm the absence of a
ploding liners to compress plasmas (e.g., [4—8]). magnetic field in the chamber. Piezoelectric probe signals

We used a capacitor bank (Shiva Star) operated dhdicate that plasma with pressures up to 100 bars is in-
12 MA and 5 MJ to implode aluminum shells (aka liners) jected into the interior of cylindrical solid liners [17]. This
electromagnetically in tapered, quasispherical geometrys consistent with 2D-MHD simulations [16,18]. Such
achieving peak implosion velocities above 20/Asmin-  simulations indicate that plasma at pressures of 170 bars is
ner surface €10 km/s thickness averaged) [9]. The dis- injected into the interior of our quasispherical liners. Op-
charge current has a sinusoidal waveform wih us rise  tical spectroscopy suggests that the plasma temperature is
time. Lower velocity (up to 2 knfs), quasispherical solid somewhat higher than 1 eV.
liner implosions have also been reported by Goloviznin The imploding Al shell is observed with radiography.
[10], Chernyshev [11], and Mokhov [12]. Cylindrical im- The effect of the compressed plasma on a cylindrical shell
plosions of Al shells that were suitable for compressingof Cu, serving as a compression target, is also observed
plasmas (but without inserted plasmas) were reported bwith radiography. The Al spherical shell is initially 8 cm
Sherwood [13]. Lower velocity implosions of cylindrical in diameter, with a thickness that tapers from 1 to 2 mm,
metal liners, intended for use in compressing magnetizeftom the midplane of the electrode gap to the contacts of
plasmas, were reported by Turchi [14]. the liner at each electrode. The liner is mounted between

We have used the present implosions to compress tavo conical electrodes of steel. See Fig. 1. The interelec-
hydrogen plasma with initial pressure above 100 bars anttode gap converges at an included angle ¢ft80a mini-
initial temperature above 1 eV. We use H that is initially mum value of 1 cm. The Al shell thickness is proportional
hot enough to insure that the sound speed in this fluido the cosecant squared of the polar angle and is thinnest
will be greater than the velocity of the inner surface ofat a 90 angle from the central axis. To first order, this
the imploding solid liner; this avoids shock formation taper causes the ratio of magnetic pressure to liner mass
in the compressed plasma. In these experiments, weer unit area (and the spherically radial acceleration) to re-
prevent magnetization of the plasma, in an attempt tonain independent of the polar angle. The resultis a nomi-
obtain uniform, isotropic fluid pressure. We have obtainechally spherical implosion. Radiographs are taken through
experimental (radiographic) evidence of compressing théhe 0.6 cm thick aluminum outer (return current) conduc-
plasma to pressuresMbar, prior to contact of the outer tor. The target is a 1 cm tall, 0.34 cm radius, Cu tube
liner with the interior shell. with tapered thickness (0.15 to 0.38 mm). The operating
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time intervals late in the implosion—compression. These
indicate that the plasma pressure reachdsbar prior to
contact (see Fig. 3 and Table 1).
. Aluminum Liner The radiographs show some instability growth—
% somewhat more than in similar implosions with no interior
Ar plasma. These implosions were operated at aggressive pa-
e rameters, close to the limiting criteria for material strength
Ve stabilization [19] and avoiding early bulk melting.
... Ar = Ar, csc?(6) . .

e The estimates of plasma pressure are done by obtaining
the radius of the outer surface of the target shell at the mid-
electrode gap, for three successive radiographs,+1,
andr, 4, att,, t,+1, andt,+,). From these three radii, we

Electrodes

/ j \ obtain the average velocity over two successive time inter-
30 Vaned Orifices Liner Must Move Across vals, vy 1 = (ras1 — r")/(t”“_ — 1n) AN V1042 =
for Plasma Injection and Seal Orifices (Fn+2 = Tas1)/(tns2 — ty+1) @t timest, ,41 = 0.5(z, +

twt+1) N7, 41 042 =0.5(t,+1 + 1,42), and the average ac-

FIG. 1. Liner, electrode, and plasma injection geometry. Celeration a, ,+in+2 = WUn+1n+2 = Vnn+1)/(Tnt1042 —

) T.n+1) Over the time interval of the three successive
parameters of the radiography source are 300 kV, 5 kAradiographsT;‘nH”H. We then equate the mass per
_30 ns pulse, with a tungsten anode._ Thg spatial resolutiofyit area of fhe’target shelr times the average ac-
is ~0.2 mm. Radiographs, shown in Fig. 2, show com-cejerationa to the average plasma pressube This
pression of the target cylinder prior to contact of its outerig trye if the target shell thicknes8r < r, and this
surface with the inner surface of the imploding liner. We , qerestimates the average pressRri 87 is not <r.
can see the reduced exposure indicating the compressprqtia"y’ Sr =267 X 102 cm at the midgap, and
plasma layer between the imploding liner inner surface and — 33 « 190! ¢m. Thus, the initial mass per unit area
the central target outer surface until less thanfslbefore o of the Cu shell at midgap 1824 g/cm? = 2.4 kg/m?.
contact of the two surfaces. A series of such radiographéy”ndrica| convergence causes this to increaseras
has enabled estimates of the average acceleration of thg reasesr = oo (ro/r) (if material density is not com-

inner target surface and the plasma pressure during tW;S’ressed). The peak plasma pressure during this interval
should exceed the average.

The error bars in Fig. 3, which are a generous estimate of
the radiograph resolution, exceed the spread of positional
analysis results for multiple human analysts and analyses.
Several analyses indicated average pressures from 0.24 to
0.95 Mbar in the first time interval, and3 Mbar in the
second. The error bars indicate a larger uncertainty in the
estimated pressure &f s = 14.52 us, and a* factor of
2 uncertainty atsg; = 14.62 us.

target outer radius vs time
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FIG. 2. Implosion-plasma compression radiographs show cen- time, microsec

tral target compression. The times after the start of current dis-

charge are, throughr;: 0.0, 13.48, 13.59, 14.38, 14.44, 14.52, FIG. 3. Central target compression data (at midelectrode gap)
14.61, and 14.73s, respectively. One can see the reducedndicate time average plasma pressures (over three data points)
exposure indicating the compressed plasma layer between tlaproaching a Mbar~0.1 us prior to contact of the liner
imploding liner inner surface and the central target outer surand target. These seven data points were from three virtually
face until less than 0.Ls before contact of the two surfaces. identical shots; three were from the same shot.
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TABLE I. Summary of the analysis of compressed fluid pressure.

Iy I'n Un,n+1 Thn+1 Ann+1,n42 Tg,n+l,n+2 P = O'a,Pa
Shot n (useq (cm) (cm/ us) (useg (cmusec?) (useq o = oo(ro/r)
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 X 100
3 5 14.52 0.277 0.356 14.565 9.37 14.62 3.0 x 101
3 6 14.61 0.245 1.34 14.67
2 7 14.73 0.084

Possible sources of systematic error include a 2% tolereussed more completely in a future paper. Even if there
ance in the electrode gap in the target region (which wouldvere no increase in fluid pressure until this boundary were
have the same relative effect on all data points), opticatrossed, subsequent compression of the remaining trapped
depth effects which may cause the perceived outer surfadtiid to a layer~ a mm thick around the target would ap-
of the target to be within the target shell material, and blurproach a Mbar pressure. This would be 0.5 Mbar for a
ring due to velocity times the radiograph exposure dura®.25 cm radius, 1-mm-thick fluid layer, with 170 bar pres-
tion (30 ns). Indeed, there is a slight difference betweersure at the closure of the injection orifices.
the specified target radius (0.34 cm), and that perceived Radiation losses are expected to be small, because
by static radiographs (0.33 cm). This difference is abouthe hydrogen is optically thick initially, and more so
half the initial shell thickness, and we believe this is dueduring compression [20—22]. If one considers the
to optical depth effects. In the incompressible approximabremsstrahlung and recombination power densities,
tion, this should result in the perceived outer surface bein@, = (1.69 X 10732)n27%5 W/cm?, and P,. = (4.6 X
a fixed fraction of shell thickness within the outer surface.1073")n27,% W/cm?® (where n, T, = electron density
Velocity blurring may cause a radial spread of the image ofn cm™3, electron temperature in eV, and no heavy impuri-
approximately 0.01 cm forg, and approximately 0.03 cm ties assumed), and compares them to the black body power
for r7. Such blurring may cause the perceived outer surper unit area, one requires very small radius fluid elements
face to be at a larger radius than at the center of the rdor them to be comparable. That is, the optical depth
diography exposure time, causing an underestimate of thfer the initial fluid (~10%° cm™3, ~1 eV), is ~0.01 cm,
velocity, acceleration, and external pressure. and it shrinks more rapidly than the fluid volume radius.

The compressed plasma pressure estimated from thehis depth is~ nanometers when the fluid volume is
compression of the target shell is in the range expected fa@ompressed to a few tenths of tmAlthough radiation
the observed ratio of initial to compressed volume ratioJosses are small, the radiation effects include vaporization
initial plasma pressure (170 bars), and a plasma specifiaf boundary surfaces very soon after the fluid temperature
heat ratio of approximately 1.4. That is, reaches~5 eV [20,22]. One can estimate this fluid

o - temperature usin@ = To(Vo/V)? ™!, whereTy, ~ 1 eV.

P = Po(Vo/V)", v =14 This suggests thaf” reaches~5 eV ~ 1 us prior to
This specific heat ratio accounts for the ionization energyiner-target contact, and-10 to 20 eV in the~0.1 us
and radiation losses in the plasma [20]. 2D-MHD simu-prior to liner-target contact. The radiation heating of
lations, using the cod®AcH2 [18], give similar results, the Cu target is expected to produce a vapor exhaust
without assumptions on the specific heat ratio, but treatingressure that remains small compared to fluid pressure.
ionization, radiation, and thermal conduction losses. Thé&or example, when the fluid volume is compressed to a
initial plasma volume is approximately6 cm’. Justafter 2 mm layer around the Cu target, whose radius is now
closure of the orifice by the liner implosion, the remaining~0.28 cm, the fluid volume is~0.4 cn?, the fluid pres-
fluid volume is approximately4 cnm®. 2D-MHD simu-  sure, temperature will be-0.8 Mbar, ~11 eV, assuming
lations (usingmMACH2) indicate that the fluid pressure in- y = 1.4 behavior applies. This corresponds to a radiation
creases during this closure, despite some limited outfloypower density of~1.5 X 10° W/cn?, which vaporizes
through the injection orifices. The calculated fluid pres-2.4 X 10° g/cn?sec of Cu, resulting in an exhaust
sure inside the volume enclosed by the electrodes and thressure of 20 kbar (assuming an exhaust velocity of
liner is approximately 1000 bars when the inner surfacé800 nysec, due to a vaporization temperature of 0.25 eV).
of the liner has passed the inner boundary of the injectiofhis estimated exhaust pressure is much less than the fluid
orifices. Perhaps the limitation on outflow is due to fluid pressure. Such estimates indicate that the total number of
inertia, fluid pressure, and magnetic pressure upstream @fu atoms evaporated from the Cu targeti$% of the
the injection orifices. At any rate, this paper is primarily number of fluid (H) atoms. The vast majority of these are
empirical, and these (and similar) simulations will be dis-evaporated in the last0.1 us before liner-target contact.
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