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The dynamics of mass transport were observed in a wire array implosion with multiframe laser probing.
Plasma bubbles arise at breaks in the wires. Interferometry shows that the leading edge of the bubbles
brings material to the axis of the array. The speed of this material was measured to be � 3� 107 cm=s
during the wire array implosion. A shock was observed during the collision of the bubbles with the
precursor. The Faraday effect indicates current flowing in breaks on the wires. The current switches from
the imploding mass to the on-axis plasma column at the beginning of the x-ray pulse.
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Multi-Mega-Ampere Z pinches are powerful laboratory
sources of x-ray radiation that have been applied to fusion
research and other areas of dense plasma physics [1,2].
Wire array physics investigations have shown fast progress
in recent years, linked to the study of implosion dynamics,
instabilities, and 3D structures in wire array z pinches
[3–6].

Experiments have demonstrated that the implosion dy-
namics of wire arrays differ from the implosion dynamics
of annular plasma shells [4,6–10]. The wires remain at
their initial positions in the array for the first 50%–80% of
the time of implosion, and the primary implosion begins
when breaks arise on the wires. A snowplowlike model of
implosion was suggested in Refs. [8,9], where a shock
during implosion was seen by x-ray diagnostics. In works
[4,5,11], new details of the implosion phase were observed
by optical and x-ray probing. A broad radial mass distri-
bution during implosion was seen in wire arrays at the
20 MA Z facility [3], where part of the wire mass did not
implode and produced trailing mass at stagnation. Similar
observations were also made at 1–3 MA facilities [4,6,7].
‘‘Bubbles’’ in plasma streams formed at the start of im-
plosion have been observed at different pulsed power gen-
erators as well [4,10–12]. The nonuniform ablation and
formation of bubbles at wire radius discontinuities was
observed in Ref. [13]. Development of induced bubbles
was investigated with a gated extreme ultraviolet (XUV)
pinhole camera. Discontinuities in the wire diameter in-
duced bubbles which initiated the implosion sooner than in
the regular wire array [13].

In this Letter, the detailed dynamics of mass transport
and current in low number wire arrays are described. We
show that bubbles in plasma streams present a method of
mass transport in wire arrays. In the Zebra generator
bubbles were observed in experiments studying the implo-
sion of Al, Cu, Ti, and W wire array loads. Development of
plasma bubbles at gaps formed in the ablating wires, move-
ment of material to the axis, and shock in the precursor

were investigated in Al loads. Interferometry reveals that
the leading edge of the bubbles brings material from wires
to the axis during the implosion. The speed and accelera-
tion of material during the implosion was measured. We
show for the first time that current flows through the wire
gaps, and current in jets that extend from the bubbles to the
precursor formed on axis. The observed implosion dynam-
ics are compared with experiments carried out on the
MAGPIE generator.

The experiments were carried out on the Zebra genera-
tor, which produces a 1 MA current pulse with a rising edge
of �80 ns. Plasma diagnostics include five-frame laser
probing of the Z pinch in three directions [10]. Four frames
of the shadowgraphy cover two probing directions. The
third probing direction includes shadowgraphy, Faraday
rotation diagnostics, an interferometer, and schlieren diag-
nostics all at one temporal location. A short 150 ps laser
pulse provides instant images of the fast moving plasma on
CCD cameras. A ‘‘long’’ (34 ns) train or a ‘‘short’’ (9 ns)
train of equidistant laser pulses was used for probing.
Temporal profiles of the x-ray pulses were recorded with
filtered photo-conducting detectors. The experiments were
carried out with 2 cm tall, 1.6 cm diameter Al wire arrays.
Two load configurations were fielded: 8 wires, 15 �m
diameter (37 �g=cm) and 4 wires, 20 �m diameter
(33 �g=cm). While high wire number is important in
producing high x-ray power [1,2,6] these regimes are not
accessible on 1 MA facilities. However, the same basic
ablation and implosion dynamics is observed from 1–
20 MA [3,6]. The 4-wire experiments certainly are not
optimized for x-ray production, but they allow a clear
view of the wire dynamics from the initial position to the
array axis, and which are expected to be relevant to insta-
bility evolution in higher wire number arrays as well.

The early stage of the implosion phase in an Al 8-wire
array is presented in Fig. 1. Two frames of the shadowg-
raphy from one probing direction are separated by 7 ns.
Jets with the period �0:4 mm flow out from lobes on the
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plasma column around the wire, as shown in Fig. 1(a).
Breaks or gaps in the wire cores arise at locations with
smaller diameter or waists. Material is thought to flows
axially out of the waist regions [14]. In Figs. 1(a) and 1(b),
the arrows labeled (1) show development of the implosion
bubble from the wire break. Bubbles in the plasma streams
suggest a burnout of the wire cores and the beginning of the
implosion phase, as suggested in Ref. [8]. In the 8-wire
arrays, breaks on the wire arise �30 ns before the start of
the x-ray pulse, are seen in Fig. 1(e). Figures 1(c) and 1(d)
highlight the development of the bubbles. The average
speed of the leading edge of the bubbles was calculated
from the shadowgrams, discussed in Fig. 3 below. In
Fig. 1(b), the arrow labeled (2) shows plasma beginning
to span the break on the wire. Arrow (3) shows plasma
blown from the gap toward the axis as a secondary bubble,
which indicates current across the wire break.

In Fig. 2(a), the interferogram from an 8-wire array is
shown. The leading edges of the bubbles deliver material
from the wire to the axis. This leading edge can accrete

ablated plasma filling the array before the beginning of
implosion stage. Plasma streams from two wires overlap in
the image shown in Fig. 2(a); therefore the four-wire loads
with a clear inward view from the edge to the axis of the
array were used for the detailed investigation of mass
transport. The arrows labeled (2) in Fig. 2(a) point to
‘‘fingers’’ of trailing material. A significant portion of the
plasma resides in these structures. This material forms
extended streams of the trailing mass [3,4]. The Fig. 2(c)
shows that the plasma density on the leading edge of the
bubble from Fig. 2(b) is ne > 1019 cm�3. The plasma
density inside the large bubbles is below the sensitivity
of the interferometer, ne < 8� 1017 cm�3.

The average radial speed of the leading edge of bubbles
during 7 ns, as measured from the shadowgrams on the
same probing direction, is plotted in Fig. 3(a) as a function
of the initial radial size �r of the bubble. The speed of the
material was measured to be �2–3:5� � 107 cm=s in the 8-
wire arrays and �2–6� � 107 cm=s in the 4-wire arrays. An
acceleration of �2:5–5� � 1015 cm=s2 was measured in
these same wire arrays in the beginning of bubbles move-
ment. Large variation of the speed is seen on the diagram in
Fig. 3(a). Several sources of variation for the bubble pa-
rameters were identified. First, the core of the wire is burnt
out stochastically and bubbles start growing at different
times. Second, the bubbles from one wire can have differ-
ent speeds. Third, large variations in speed are seen from
wire to wire within an array. Variation of bubble parame-
ters leads to a distribution of material arriving to the axis,
with a total delay of �15–20 ns from the beginning to the
end. The delay between the first and the last bubbles reach-
ing the axis may be responsible for the duration of the
rising edge of the generated x-ray pulse. Indeed, the rise
time of the x-ray pulse in 8-wire Al arrays is 15–25 ns on
the Zebra generator [10]. The main x-ray pulse begins
when bubbles bring material and kinetic energy to the
precursor. X-ray radiation was observed in Ref. [13]
when bubbles from induced discontinuities reached the
axis of the array. Plasma residing in the trailing mass
reaches the axis after the maximum of the radiated x-ray
pulse, as observed at high wire number experiments [3,6].

FIG. 2. Interferograms from 8-wire (a) and 4-wire (b) Al
arrays from shots 519 and 541 and the diagram of the electron
plasma density (c) calculated along the dotted line on panel (b).

FIG. 1. Two frames of the shadowgraphy (a), (b) and (c), (d)
from shots 511 and 514, the timing diagram (e) from shot 511,
and the direction of probing in Al 8-wire arrays (f). The delay
between frames is 7 ns. Arrows in diagram (e) present a temporal
position of frames (a), (b): (1) is the current pulse and (2) is the
x-ray pulse.

FIG. 3. (a) Dependence of the average speed of the leading
edge on the initial radial size of bubbles from three shots with Al
8-wire arrays. (b) Dependence of the radial (1) and axial (2) size
of bubbles with time. Every point is averaged for 4 bubbles from
one wire in shot 540.

PRL 97, 125001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
22 SEPTEMBER 2006

125001-2



Four frames of the shadowgraphy were analyzed to
measure acceleration of material imploding from one
wire in the 4-wire array. The leading edges of bubbles
were identified and tracked in the four images. Average
results for four bubbles with similar initial size are pre-
sented in plots (1) and (2) in Fig. 3(b). It is seen in diagram
(1) that the leading edge of the bubbles accelerates mainly
in the beginning of movement, over several nanoseconds.
The acceleration is reduced, or absent, in the last half of the
implosion. An axial expansion of bubbles presented in
diagram (2) also shows acceleration in the beginning of
movement. Saturation of the axial expansion occurs when
sides of the neighboring bubbles merge.

The Faraday rotation diagnostic [15,16] was applied to
study magnetic fields and current during implosion.
Polarizers in the Faraday channel were mismatched at 3�

to differentiate directions of the rotation of the polarization
plane. Jets flowing from the leading edge of the bubble to
the precursor were seen on the interferograms and schlie-
ren images. The Faraday effect indicates radial current in
these jets. Faraday and schlieren images also show jets in
bubbles flowing out from the gap in the wire.

Complementary pairs of the Faraday image and the
shadowgram show the Faraday effect in Fig. 4. The shad-
owgram in Fig. 4(a) shows a collision of the bubbles with
the precursor. The edge of the undisturbed precursor is seen
in the middle of the shadowgram where the bubble has not
yet reached the edge of the precursor. Bubbles in the top
and in the bottom of the image collide with the precursor at
a speed � 3� 107 cm=s. Lineouts in Fig. 4(c) from the
shadowgram show that the bubbles colliding with the

precursor have steep leading edges. The Alfven velocity,
VA, in the Al plasma column, with the electron density
ne � 1019 cm�3 and B � 0:3 MG [16] is�107 cm=s. The
speed of sound, Vs, in this plasma column is �0:5�
107 cm=s. The measured speed of material during the
implosion is 2– 4 times more than VA and Vs. Therefore
collision of the bubbles with the precursor produces a
shock. This shock can be an effective mechanism of
plasma heating.

The Faraday image presented in Fig. 4(b) shows mag-
netic fields in the side edges of the bubbles and, presum-
ably, illustrates a moment when current switches from the
remnant plasma near the initial wire position to the pre-
cursor. The images of Fig. 4 were collected at the begin-
ning of the main radiated x-ray pulse rise.

The observed dynamics of the mass transport helps to
determine dominant physical mechanisms involved in the
implosion. Plasma acceleration in bubbles can be produced
by the Lorentz force of the global magnetic field and by the
Amperian hoop force in the current-carrying plasma loop.
The current in the precursor of Al 8-wire array was esti-
mated as 0.1–0.2 MA [16], which suggests that the current
in one wire is �0:1 MA. Suppose a plasma column in-
cludes�70% of the initial wire mass and is stretched in�4
times in the bubble. Interaction of the magnetic field,
created by the loop [17] with the current in the loop, gives
rise to the Ampere force, which acts in the radial direction.
For a plasma loop 1 mm of diameter with 0.1 MA current,
the Ampere force produces plasma acceleration �4�
1015 cm=s2. The Lorentz force in the magnetic field of
an 8-wire array, integrated by the Biot-Savart formula,
produces plasma acceleration �1:3� 1015 cm=s2, which
is smaller than the observed accelerations presented here.
Together, these two forces can accelerate plasma to a speed
of�3� 107 cm=s during�4–6 ns, which is in agreement
with experimental data. Before the formation of bubbles,
discontinuities on the plasma column produce strong local
magnetic field [5,12]. The Lorentz force creates initial
curvature in the plasma column and predetermines the
direction of plasma acceleration. The formation of a bubble
at a wire core break is shown in Fig. 1(a) by arrow (1). In
this region, the Lorentz force pushes plasma to the axis of
the array and the plasma bubble is blown inward.

Acceleration of the leading front slows when the radial
size of the bubble reaches 1–2 mm as shown in Fig. 3. It
can be explained if the majority of the current switches
back to remnant plasma at the initial position of the wire or
if the bubble snowplows ablated plasma filling the array
before the implosion stage. The Faraday diagnostic and
secondary bubbles show that a significant part of current
flows in plasma on the initial position of the wire. Plasma
in gaps on the wire is seen on shadowgrams and interfero-
grams. Plasma is blown from the gaps again by the Lorentz
and Ampere forces. Arrow (2) in Fig. 1(d) points to a small
secondary bubble inside the large bubble. A typical elec-

FIG. 4. The shadowgram (a), the Faraday image (b), and the
timing diagram (d) of the implosion of the Al 4-wire array (shot
541). The arrow in diagram (d) represents the temporal position
of the frame, (1) is the current pulse, and (2) is the x-ray pulse.
Diagram (c) presents outlines from leading edges (1, 2) and the
precursor (3) from the appropriate rectangles 1, 2, and 3 in the
shadowgram (a).
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tron plasma density of �1019 cm�3, with a radial size of
1–1.5 mm, was measured in the gap in the wire core of the
4-wire array by interferometry and could support current at
this location. The Faraday diagnostic shows magnetic
fields and current � 0:1 MA across the wire break in the
4-wire array at a time near the current maximum.

Laser probing of Cu loads in the Zebra generator showed
dynamics similar to the dynamics observed in the Al loads,
but in the Cu wire arrays, plasma streams bring more
material at the ablation stage. Bubbles snowplow ablated
material and accretion of material could decelerate the
leading edge of bubbles. Observed dynamics are similar
in the implosion of 4–32 wires that leads to the assumption
that this physics can be applied qualitatively to larger
generators. Implosion bubbles become smaller and more
regular in 24–32-wire arrays.

The implosion dynamics observed in the Zebra genera-
tor display similar plasma ablation and implosion mecha-
nisms as those observed at the MAGPIE generator [4,18].
In MAGPIE experiments, loads with up to 64 wires are
imploded from the same diameter as the Zebra experiments
due to the longer current rise times and higher accumulated
energy available for experiments. Prior to implosion, jets
from the wires in MAGPIE experiments display an axial
period of�0:5 mm [8], similar to Zebra experiments [10].
Implosion in MAGPIE begins in the same manner as in
Zebra experiments, with asymmetric ablation of the wire
cores resulting in breaks and bubbles accelerating to the
axis (Fig. 5). The MAGPIE implosion was recorded with
optical streak photography and XUV framing images.

Like the Zebra probing images, the optical streaks in
Fig. 5(b) show that the bubbles have an initial high accel-
eration, followed by a near constant velocity implosion at
0.85–1 on the x-axis. The XUV images show that the

bubbles rapidly increase in axial size and merge to form
a spatial wavelength �4� the initial axial period. An
increase in emission seen at the front of the bubbles is
consistent with the accumulating mass that had been ab-
lated from the wires prior to implosion. ‘‘Cleared out‘‘
regions are seen in the wake of the snowplow. The gen-
erally higher wire numbers in MAGPIE experiments often
lead to the implosion of adjacent wires producing a snow-
plow sheath. As seen at the start and rise time of the x-ray
pulse in Zebra experiments, the start and rise time of the x-
ray pulse in the MAGPIE experiments coincide with the
arrival of the material at the precursor [18].
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FIG. 5. (a) XUV framing imaging of 8� 10 mm Cu array on
MAGPIE, midway through implosion. (b) optical streak image
of array, normalized to implosion time.
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