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Z-pinch experiments with two arrays consisting, respectively, of 32 4-pm- and 6-um-diameter tungsten wires have

been carried out on QiangGuang-1 facility with a current rising up to 1.5 MA in 80ns. At early time of implosion,

x-ray framing images show that the initial emission comes from the central part of arrays, and double clear emission

rings, drifting to the anode and the cathode at 5x10° cm/s and 2.4x107 cm/s respectively, are often produced near

the electrodes. Later, in a 4-um-diameter tungsten wire array, filamentation caused by ohmic heating is prominent,

and more than ten filaments have been observed. A radial inward shift of arrays starts at about 30 ns earlier than the

occurrence of the x-ray peak power for both kinds of arrays, and the shrinkage rate of emission region is as high as

1.7x107 cm/s in a 4-pm-diameter tungsten wire array, which is two times higher than that in a 6-um one. Emission

from precursor plasmas is observed in implosion of 6-pm-diameter tungsten wire arrays, but not in implosion of a 4-

pm-diameter tungsten wire array. Whereas, in a 4-pym-diameter tungsten wire array, the soft x-ray emission shows the

growth of m=1 instability in the plasma column, which is caused by current. The reasons for the discrepancy between

implosions of 4-um- and 6-pm-diameter tungsten wire arrays are explained.
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1. Introduction

Wire array Z-pinches driven by pulsed-power
generators are intense x-ray sources,? which
have important applications in inertial confinement
fusions2~4 and other high energy density studies.:¢
According to a heuristic model,l”) the process of Z-
pinch implosion includes plasma expanding with un-
correlated magnetohydrodynamic (MHD) instability,
plasma merging caused by the global magnetic field,
inward acceleration of the shell and stagnation at the
axis with intense x-ray emission.[®! The x-ray peak
power and pulse duration are greatly suppressed by
the development of Rayleigh-Taylor (R — T') instabil-
ity. To enhance the implosion efficiency of Z-pinches,
a lot of attempts have been made to mitigate the R—T
instability by improving the uniformity and symmetry
of pinch loads. For instance, using a nested array of

fine tungsten wires, the researchers at Sandia National
Laboratories achieved 2MJ of soft x-ray in a 5-ns pulse
with a peak power of 280TW on the Z-machine driven
by a 20-MA current rising in about 80ns.['91] At the
same time, in experiments on the generators driven
by small currents, such as the MAGPIE generator
(1.4 MA in 240ns) and QiangGuang-1 facility (1.5 MA
in 80 ns), much attention has been paid to the plasma
formation and implosion dynamics.['2=17]

To investigate the implosion dynamics of tung-
sten wire array Z-pinch and the characteristics of
x-ray emission, we perform the experiments on
QiangGuang-1 facility, which has a storage energy
of up to 260kJ and can deliver about 80kJ into
pinch loads in 80ns with a discharge current of up
to 1.6 MA.['8] The experimental results show that the
development of instability is very dissimilar to that in

the implosion of arrays with different parameters.
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2. Experimental setup

In our experiments, two arrays consisting, respec-
tively, of 32 4-pm- and 6-pm-diameter tungsten wires
were arranged into a 4-mm-radius circle and located
between electrodes with a 20-mm separation in be-
tween. The experimental arrangement is depicted in
Fig.1. In order to study implosion process, a set of di-
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agnostic equipments were employed. A time-resolved
pinhole camera (2-ns gate time with a 10-ns inter-
val) was used to obtain soft x-ray images, which was
filtered by a 2-pum polypropylene foil and was sen-
sitive to 100eV-10keV photons.
sion bursts were recorded by an x-ray power meter
(XRPM).[19:29) Time-integrated images were obtained
by pinhole cameras with different filters.

The x-ray emis-
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Fig.1. Schematic of experiment arrangement. (a) the r — 6 plane and (b) the r — z plane.

3. Experimental results and anal-

ysis

Figure 2 displays the soft x-ray emission during
the implosion of a 4-pm-diameter tungsten wire array.

Part of the image at +14.7ns is blocked. The initial
emission comes from the central part of the array and
two elliptical rings appear in the figure. Consider-
ing the 6.5° viewing angle shown in Fig.1(b), one can
confirm that the elliptical shapes of rings are corre-

sponding projections of the circles in the r — 6 plane.
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Fig.2. X-ray pinhole time-resolved camera images of shot 04154. Diameter of the pinhole in
the first five images is $100£10pm, and ¢$30+1pm in the remaining. Time below each image

is measured with respect to the time of peak power measured in XRPM.
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The near-cathode emission ring drifts to the cathode
at an average rate dropping from about 2.4x107 cm/s
between —64.8 ns and —54.8ns, to about 1.5x107 cm/s
between —54.8 ns and —44.8ns. Meanwhile, the near-
anode ring drifts to the opposite side only at one-third
of the rate. As shown in the figure, filamentation is
prominent at —44.8 ns and —34.8 ns and more than ten
filaments come into view. Later, the emission region

shrinks at an average rate of about 1.7x107 cm/s be-
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tween —24.8 ns and —15.3 ns, which is worked out from
Fig.3. The global R — T instability has a character-
istic wavelength of A &~ 0.4mm at —24.8ns, and 10ns
later it develops to A &~ 0.7mm (Fig.4). At —15.3ns,
the size of emission region is 1.6x 13 mm?, and a 5-to-
1 radial convergence is estimated here. The image at
—-5.3 ns shows an m=1 instability with a spatial period
of about 2.2 mm~2.4 mm, which can be clearly seen in
Fig.5 after the image is processed.
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Fig.3. Radial profiles of two images shown in Fig.2 that are integrated over the z-axis.
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Fig.4. Axial profiles of two images shown in Fig.2 that are integrated over the r-axis for a local area.
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Fig.5. The image showing an m=1 instability with
a wavelength of 2.2 mm=a 2.4mm at —5.3ns in a 4-pm
tungsten wire array.

The implosion of an array of 6-um-diameter tung-
sten wires is shown in Fig.6. Because of the smaller
pinholes, the images before —30ns are lighter than
those of shot 04154, and the near-cathode emission
ring is weak at —60.5 ns. The soft x-ray emission of pre-
cursor plasma is observed at —40.5ns and at —30.5 ns,
and the precursor plasma appears to be elongated
along the z-axis to the cathode at an average rate
of about 3.5x107 cm/s. The emission region shrinks
at a rate of about 8 x10% cm/s between ~20.5ns and —
11ns (Fig.7). At —20.5ns, the global R — T instability
has a characteristic wavelength of 0.7 mm, which de-
velops to 1.3mm at —11ns (Fig.8). At —1ns, the size
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of emission region is 1.9mmx13mm, and the radial
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Fig.6. X-ray pinhole time-resolved camera images of shot 04153. Diameter of the pinhole in the
first three images is ¢45+5um, and ¢30+£1pm in the remaining. Time below each image is measured
with respect to time of peak power measured in XRPM.
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Fig.7. Radial profiles of two images shown in Fig.6 that are integrated over the z-axis.
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Fig.8. Axial profiles of two images shown in Fig.6 that are integrated over the r-axis for a

local area.

Figure 9 shows images obtained by the time-
integrated x-ray pinhole cameras with different filters.
The camera filtered by a 5-um Al foil was sensitive to
800eV-1500eV photons and had an aperture of 5 pm.
The camera filtered by a 100-pum Ti foil and a 1-mm
Al foil was sensitive to photons greater than 10keV,

and because of an aperture of 1 mm, the camera could
obtain only shadow images because of relatively large
visual angle for a small hard x-ray emission region.
The images indicate that there exists hard x-ray emis-
sion in shot 04153, but not in shot 04154.
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Fig.9. Time-integrated x-ray pinhole images of shot 04154 (a) and shot 04153 (b). Below
images indicated are the materials of the filters and their thickness.

4. Discussion

In the experiments, the initial emission from plas-
mas is often observed to appear at the central part
of an array, and with double emission rings drifting
to electrodes respectively, the region of emission ex-
tends to the whole array (as shown in Fig.2). The
near-cathode emission circle drifts to the cathode at
a typical rate of (240.5)x107 cm/s, while the near-
anode one at a rate two times slower than the former.
The mechanism of the generation of emission rings and
their behaviours needs further study.

The average implosion time is defined as the phase
time from the start of currents to occurrence of peak
power measured by XRPM. Two kinds of arrays ex-
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hibit variant implosion times. The implosion time is
on average 20 ns shorter in a 4-pym-diameter tungsten
wire array than in a 6-pm one (as shown in Fig.10).
On the other hand, obvious radial inward shifts of
both arrays begin at about 30 ns earlier than the oc-
currence of the x-ray peak power measured by XRPM.
This means that the ablation of wires into plasma in
a 4-pm-diameter tungsten wire array takes a shorter
time than in a 6-pm one. Obviously, this results from
the smaller line mass density (78ug/cm) in a 4-pm-
diameter wire array. It seems that ablation rates of
the wires in both kinds of arrays are identical. How-
ever, implosions of both arrays take almost the same
time of 30 ns from the start of shrinkage to the x-ray
peak power.
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Fig.10. Typical waveforms of load current together with the waveforms of x-ray power measured
by XRPM. (a) 4-pm-diameter tungsten wire array, (b) 6-um-diameter tungsten wire array.

For the different arrays, the developments of in-
stabilities show different characters. In the implosion
of a 4-pm-diameter tungsten wire array, filamenta-
tion is prominent, and this is caused by ohmic heating
which leads to an azimuthal instability.?!! When the
plasma exerted by a force J x B converges to the

axis and a plasma column comes into being, the cur-

rent passing through it is still rising up and lasts a
relatively long time. This leads to an obvious m=1
instability as shown in Fig.5. However, the scenario
is not exactly the same in the implosion of a 6-um-
diameter tungsten wire array. On initiation, wires are
ablated into plasma corona due to ohmic heating, and
the current passes through the corona. Being exerted
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by J x B, a fraction of corona plasma begins to con-
verge to the axis, and an observable precursor plasma
is gradually formed (as shown in Fig.6). Meanwhile,
dense cores of wires are still heated by thermal con-
duction from the hot plasma corona. This phase lasts
20 ns that is longer than that in a 4-pgm-diameter tung-
sten wire array. In this longer time, R — T instability
develops on a larger scale (A ~ 0.7mm at —20.5ns,
A = 1.3mm at -11ns), hence, it is fiercer than in a
4-pm-diameter tungsten wire array. Owing to the suf-
ficient development of R — T instability, the average
imploding rate is much slower and a smaller radial
convergence is gained than in implosions of a 4-um-
diameter tungsten wire array.

The time-integrated x-ray pinhole images show
that bright spots are distributed along a distorted line
in shot 04154 (a 4-um-diameter tungsten wire array),
and there is no hard x-ray emission observed. While
in shot 04153 (a 6-um-diameter tungsten wire array),
a majority of bright spots are distributed along a
straight line, and there are three spots where the emis-
sion of hard x-ray (above 10keV) takes place. These
suggest that when the plasma column is formed on
the z-axis, the kink instability is noticeable and its
development achieves a vicious twist on the column in
a 4-pm-diameter tungsten wire array, which destroys
the ideal pinch of the column and baffies the genera-

tion of hard x-ray. This is consistent with the analyses
in the above sections.

5. Conclusions

The implosions of two arrays consisting, respec-
tively, of 32 4-um- and 6-pum-diameter tungsten wires
show dissimilar characters on QiangGuang-1 facility.
In a 4-pm-diameter tungsten wire array, the smaller
line density leads to an obvious filamentation and a
relatively fast implosion, during which the R—T insta-
bility is suppressed effectively and a higher implosion
rate is obtained. Meanwhile, an m=1 instability takes
place on the plasma column before the occurrence of x-
ray peak power, and this destroys a preferable pinch of
plasma. Whereas, in a 6-pum-diameter tungsten wire
array, the ablation of wires into plasma takes longer
time and precursor plasma appears at the axis. Hence,
the global R—T instability develops fiercely and leads
to a humble implosion rate and a modest radial con-
vergence. It seems that the array consisting of 4-pm-
or 6-um-diameter tungsten wires is not optimal. Com-
pared with the previous work,!'®! we conclude that, in
the sense of x-ray power and yield, arrays with mod-
erate parameters, such as a 5-um-diameter tungsten
wire array, are optimal for QiangGuang-1 facility.
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