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Caterpillar structures in single-wire Z-pinch experiments
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A series of experiments have been performed on single-wire Z pirith&skA, 20 kV, pulse length

500 ns; Al, Ag, W, or Cu wire of diameter 7.5-5@m, length 2.5 cmh Excimer laser absorption
photographs show expansion of metallic plasmas on a time scale of order 100 ns. The edge of this
plasma plume begins to develop structures resembling a caterpillaraftelythe current pulse
reaches its peak value. The growth of these caterpillar structures is shown to be consistent with the
Rayleigh—Taylor instability of thelecelerating plasma plume front at the later stage of the current
pulse. © 2003 American Institute of Physic§DOI: 10.1063/1.1632535

Wire array Z pinches and the Sandia Z-accelerator havéhis letter, these striations almost always develop rapidly,
produced the most intense x-ray pulses in the worldith originating from the immediate vicinity of the metallic wire,
applications to radiation effects inertial confinement and extending to the core. The initial condition of the wire is
fusion?*® and radiation sciences. These 100—-200 terrawattherefore of prime importance. In previous experiments with
x-ray pulses are generated in an array of 200—-300 wirebower current pulse$;'? with parameters similar to our ex-
driven by multi-MJ, multi-MA pulsed power sources, with periments(~1.5 kA/500 n$, axial structures with very fine
x-ray energy yields in the MJ range. In these experimentsscales were observed, extending to the wire core. In contrast,
intense hydromagnetic activities have been observed. Theske caterpillar structures observed in our experiments always
experiments have been interpreted with magnetohydrodystart late in the current pulse and develop from the plasma
namic simulations and modé&i€ assumed to be seeded by edge, and they do not seem to fit into previous observations.
random density perturbations of unspecified origin. We interpret their occurrence in terms of Rayleigh—Taylor

We have undertaken a modest experimental effort tqR-T) instability. Our analysis is qualitative, and is guided
characterize the gas/plasma of a single-wire Z pinch. Théy the experimental data.
wire, made of Al, Ag, W, or Cu, of diameter ranging from 7.5 The single-wire Z-pinch experimental configuration is
to 50 um and length 2.5 cm, is subjected to a voltage anddepicted in Fig. (a). A bank of six capacitoré2.5 nF each
current pulse(20 kV, 2 kA) with the current rise time of is charged to 17.5 kV, then discharged by a triggered
order 200 ns. Optical diagnostics include emission spectrospark-gap switch through a metal wigypically 25 um
copy with gated image-intensified CCD and resonant laseAl) inside a turbomolecular-pumped vacuum chamber
absorption. As in other recent wofk}? these experiments (~10"°-10° Torr). Voltage and current are monitored at
are performed at-10 A/wire/ns, relevant to the conditions at the points shown in Fig.(&). Optical diagnostics are shown
early times during the first 50 ns of the current pulse in theschematically in Fig. (b). Resonance-absorption photogra-
MA Z-accelerator(~30 A/wire/ng. This is during the so- phy of the wire plasma dynamics is performed utilizing ei-
called current prepulse, which sets up initial conditions forther the 20 ns pulse from a XeCl lag@08 nm or a XeCl-
the main accelerating current pulse. pumped dye laser. The 308 nm excimer laser line overlaps

Our experiments reveal a puzzling phenomenon. Boundthe 308 nm absorption line of aluminum neutral atoms. The
ary perturbations resembling a caterpillar are developed afpatial resolution of the system is 18n. Photos are taken
the outer edge of the still-expanding plasma pldmie Fig.  with fast film and digitized. By adjusting the delay time of
3]. The most unusual aspect of these structures is that thejie laser relative to the current in the wire-plasma discharges,
first appear only after the current reaches the peak value, antle temporal evolution of the plasma dynamics is investi-
their growth rate is relatively mild. In virtually all previous gated. The sensitivity range of resonance absorption diagnos-
wire Z-pinch experiments with high current pulse€s100 tics is approximately 1§ cm™2 line density(for Al),*" or-
kA/100 n9, axial striations and radial jets were observedders of magnitude more sensitive than the diagnostics used in
from the individual wire’*3~1°The difference in these axial previous Z-pinch experiments. Presumably, it is this greatly
perturbations is that they grow violently, most pronouncedmproved sensitivity that allows the velocity measurements
during the current rise. They have mostly been attributed tat the plasma edge, eventually leading to the interpretation of
them=0 (sausage-likeinstability or to the thermal instabil- the caterpillar structures given in this letter.
ity, both in simulations and in speculations on their appear-  The voltage and current measurements for the discharge
ance. Moreover, unlike the caterpillar structures shown irof a 25.um-diameter Al wire are presented in Fig. 2. The
first 60 ns is a resistive phase of wire heating. During this
aElectronic mail: yylau@umich.edu phase, impuritiegprimarily hydrocarbons from oil used in
PSandia National Laboratories, Albuquerque, NM 87185-1193. wire manufacturgare released from the wire. Spectroscopic
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matic illustration of optical diagnostics.

measurementgo be reported in a separate artjcinow that

these impurities emit strong plasma line radiati@nll) be-

fore significant metalAl) plasma emission is observed. The
voltage and current traces show a discontinuity at about 6
ns; after this time, the resultant plasma discharge becom
primarily inductive, as shown by the 90° phase lag betwee
voltage and current. The current reaches its peak at abolit
250 ns,(zero crossing of voltageThe current reverses sign

at 500 ns(voltage maximum ) S .
Figure 3 shows a sequence of 308 nm excimer lasefurrent, nor during the current's rise time. Figure 3 shows no
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FIG. 2. Voltage and current measurements for the discharge of a2l

wire.
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FIG. 3. Sequence of XeCl las€308 nm, 20 nsabsorption photographs of
wire plasma discharge as a function of time.

absorption photographs as a function of time during the wire
plasma discharge. It can be seen that the diameter of the
dense aluminum plasma core expands rapidly with time as
the current increases, until 260 ns. In the region of falling
current after the peak360 ns photp the core expansion
slows down, and irregularities begin to be seeded along the
length of the plasma boundary. Outside the opaque core re-
gion, one observes a corona sheg@tarting at 360 nswith
the evolving instability showing radial fingers. After 360 ns,
the core boundary begins to lose its integrity, as shown by
the density striations, which become more visible and as-
sume the caterpillar structure between 460 and 600 ns. A
sharp edgéat 460 n$is presumably a limb-darkened feature
due to chordal attenuation through the edge of an expanding
cylindrical corona. A plot of the measured density striations’
inner and outer radii versus time is shown in Figa)4defi-
nitions of these radii are shown in Fig(b4. Also shown in
Fig. 4(a) is the mean radius, which we take to be the bound-
ary of the unperturbed plume front. Note that the plume
front’s expansion velocity decreases beyond 300 ns.

The caterpillar structures show up only during the later
ime, after the current reaches its peak value. They show up
ar wires of different materials and sizes. Their ubiquity and

rprogressive growth suggest that they are caused by a hydro-

agnetic instability. Among the well-known hydromagnetic
instabilities, them=0 sausage mode driven by the current is
ruled out because the growth does not occur at the peak

evidence of then=1 kink mode. Kelvin—Helmholtz insta-
bility is unlikely either because of the apparent lack of mul-
tivelocity streams at the interface. This leaves the R—T insta-
bility.

We argue, subsequently, that the R—T instability qualita-
tively matches the observed evolution of the caterpillar struc-
tures. During the rise time of the current, one envisions that
the metallic plasma plume front is accelerated radially out-
ward by the resistive energy deposition. In this phase, the
direction of acceleration, in the lab frame, is from the heavy
fluid (metallic plasmainto a light fluid (vacuum, or low-
density plasmpaand the interface is R—T stable. After the
current reaches its peak value, the metallic plasma plume
slows down. Thus, the direction of acceleration in this latter
phase, in the lab frame, is from the light flujdacuum, or
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25 unity, regardless of the stabilizing mechanism. We remark

« Outer Radius y thz_it even with the “fire-polishin_g" effect, the_ dispersion re-
lation y=(gk)Y?—kv, would yield the maximum growth

X rate given by Eq(1) with p=0.5, regardless oi,(>0),
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which is the velocity measuring the ablation rifte.

We estimateg=5.7x 10° m/s’, by comparing the decel-
eration of the plume front velocity from 300 to 600 ns
[Fig. 4(a)]. With A=0.00025m, we havé,=27/A=2.5
(a) X 10f‘ m~ 1. Using these values @ g, andkp, in Eq. (1), we

obtain y,=0.9x10" s~ 1. Thus, in 300 ns, the amplitude of
0 100 200 300 400 500 600 700 the R—T instability increases by a factoresf’= 15, which is
Time (ns) on the order of magnitude of the growth in the caterpillar
size from 300 to 600 ns, as shown in Figa) Note that this
represents a mild R—T growth.

We may even estimate the initial boundary perturbation
(siy) that seeds the R—T growth. Roughly, the boundary per-
turbation[s(t)] at timet is related to the initial perturbation
(at timet;,) by s(t)~s, exd vn(t—tin)]. From Fig. 4b), we
taket=560 ns, at whicts=470um (= separation between
the outer and mean radiusAssuming that R—T instability
begins att;,=260 ns(Fig. 2), and usingy,=0.9x10" s 1,
we then obtain the initial perturbation at the onset of the R—T
instability to bes;,=31 um, which is on the order of, but
larger than, the initial wire diameter.
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