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Two dynamics modes in planar wire
array 7Z pinch implosion
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Two dynamics modes, named short ablation mode and long ablation mode, are observed in implosion experiments

of planar wire array Z pinch on ‘QiangGuang-I’ facility utilizing an optical streak camera. The long ablation mode has

a lagged trajectory compared with the short ablation mode. For shot 10035 in a short ablation mode, the initial time of

K-shell radiation is consistent with the interaction time for ablation plasma arriving at the centre of wire array, while

for shot 10038 in long ablation mode, the initial time of K-shell radiation is about 10 ns earlier. In the two modes,

the partial ablation plasma could traverse the wire array plane and then collide in the centre to form a dense plasma
column with a diameter of 2.2 mm for shot 10035 and 1.5 mm for shot 10038.
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1. Introduction

The first planar wire array load design was used to
study the ablation dynamics of wire and the formation
of precursor plasma. The study of imploding planar
wire array as a powerful radiation source has been per-
formed on Zebra facility with a peak current of 1IMA
and rise time of 100 ns at the University of Nevada,
Reno (UNR).[12 The long pulse experiments of planar
wire array Z pinch performed on microsecond GIT-12
facility at the Institute of High Current Electronics
at Tomsk (Russia) showed that the K-shell radiation
was about twice that from the cylinder wire array.®!
Recently, experiments for tungsten planar wire array
related to inertial confinement fusion (ICF), K-shell
radiation of Al planar wire array, dynamics of wire ar-
ray have been performed on Saturn accelerator with
a peak current of 3 MA and rise time of 100 ns at
Sandia National Laboratory.!4!

The dynamics of planar wire array is an impor-
tant factor imposing on the instability control and
radiation yield and is also a determining factor for
rise time of the first X-ray pulse. The wire dynam-
ics model (WDM) was developed to describe the dy-
namics behaviours of planar and nested wire arrays.®!
Some imploding parameters, such as implosion time
and kinetic energy, were estimated using this model.
In this model, the approximation of inelastic collision
was used. The outer array could penetrate the inner
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array and stagnate in the centre of wire array in nested
wire array imploding experiments.[®7] Although the
damp effect on the outer plasma moving in is stronger
than the nested wire array load, the penetration phe-
nomenon is directly observed in the implosion phase
of planar wire array utilizing an optical streak cam-
era in our imploding experiments for planar wire ar-
ray on ‘QiangGuang-I’ facility with a peak current of
1.30 MA and rise time of 108 ns at Northwest Insti-
tute of Nuclear Technology. Two different dynamics
modes, named the long ablation mode and the short
ablation mode, observed in our experiments, will be
discussed and compared with the wire dynamics model
in this paper.

2. Introduction to wire dynamics

model

If the return current path is represented by a con-
ducting cylinder can, the dynamics equation can be
written in the most compact form.!®8! The accelera-
tion of the n-th wire can be written as
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where x,, is the position of the n-th wire, ug is the
vacuum permeability, u, is the wire mass per unit
length, N is the total wire number in wire array, a
is the radius of current return can (¢ = 33.5 mm for
‘Qiang Guang-I’ facility). Equation system (1) rep-
resents the mutual attraction between wires and the
repulsion from return currents.

The approximation of inductive current partition
is used in this paper. The current through each wire
can be determined by Egs. (2) and (3) to be
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where r, is the radius of wire and A is a constant that
represents the value of the magnetic vector potential
at the wire surface.

An approximation of inelastic collision will be
used (see Ref. [5]). When the distance between two
wires approaches some critical value, where r, = 10-ry,
in this paper, they merge into a single wire. In a col-
liding stage, the mass and the momentum keep con-
served. Under this assumption, the total wire number
decreases in imploding phase.

3. Experimental results and dis-

cussion

The power exponent of piecewise sine function
(Eq. (4)) is used to fit the load current 1445 acquired
by Rogowski coil with a radius of 22.5 cm (see Fig. 1).
The K-shell radiation is measured by the Au cathode
XRD, which is 1.19 m apart from the load, with a filter
of 15 um-polyethylene + 2.5 um-mylar + 0.4 pm-Al.
The soft X-ray radiation is measured by the Al cath-
ode XRD, which is 2.20 m apart from the load, with
a filter of 2.5 pm-mylar. The synch is used to obtain
the time of streak image with respect to X-ray wave-
form. The Al planar wire array load parameters of
shot 10035 and shot 10038 are as follows: wire num-
ber is 10, array width 8 mm, array length 20 mm,
wire diameter 15 pm, wire mass 4.77 pug/cm and peak
current 1.30 MA.

a2 [T
sin (2>
I . Tt
—_— = S | —
IO 27’2 ’

sin® Lt ,
27’1

0 <t <60 ns,

60 <t < 90 ns, (4)

90 <t < 108 ns,

where Iy = 1.30 MA, 7 = 108 ns and 75 = 150 ns.
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Fig. 1. Load current 1445 waveform and its fitted curve.

The time relationship among streak camera im-
age, X-ray, load current and synch is shown in Figs. 2
and 3. The optical length and the time of signal spent
in the cable have been deducted.
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Fig. 2. Relationship among streak camera image, X-ray
and current for shot 10035.
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Fig. 3. Relationship among streak camera image, X-ray
and current for shot 10038.
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The time zero is determined by the intersection
between the line connecting the 90% and 10% points
of the current waveform and time axis. The implosion
time is defined by the time interval between time zero
and the time of X-ray peak. The ablation time is de-
fined by the time interval between time zero and the
time of beginning of the implosion.

In Figs. 2 and 3, the plasma implodes towards
the centre of the wire array at ¢ = 40 ns for shot
10035, while ¢ = 52 ns for shot 10038. The abla-
tion time of shot 10038 is about 12 ns longer than
that of shot 10035. The synchronizing accuracy is less
than 1 ns. The slit of the streak camera can only fo-
cus in a narrow region of load and the ablation along
The region of shot 10035
burns through earlier and subsequent implosion forms.
Compared with the region of shot 10035, the region of
shot 10038 has a lower ablating rate and the implod-

ing plasma acts as trailing plasma, which is similar to
[9,10]

the axis is not uniform.

the phenomenon of cylinder wire array Z pinch.
It is noted that the ablating plasma can traverse the
semi-plane and collide in the centre of the wire array
for both long ablation mode and short ablation mode.
The dense plasma column forming in the array centre
is similar to the precursor plasma column observed in
the cylinder wire array Z pinch. Due to larger cur-
rent passing through, the ablating rate of outer wire
is higher than inner wire. The normalized current of
the nth wire g, is defined as

I,-N
= . 5
g 7 (5)

The current distribution through each wire dur-
ing the whole stage, is computed by Egs. (1)—(3) and
shown in Fig. 4.
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Fig. 4. Normalized current g, according to the inductive
current partition.

According to the inductive current partition, the
normalized current of the outermost wire is about 1.9

times that of the innermost wire (N = 10). The ablat-
ing rate of the n-th wire is proportional to the square
of the current,['!) that is to say, the majority of the
ablating plasma comes from the outer wire. So the ab-
lating plasma in planar wire array Z pinch will receive
a strong resisting force when crossing the array plane
compared with that produced in cylinder wire array.
The time of the ablating plasma arriving at the array
centre is about 15 ns before the X-ray peak for shot
10035, while 3 ns for shot 10038. The time difference
with respect to X-ray peak is equal to the ablating
time difference according to the streak images.

For shot 10035 with short ablation mode, the ini-
tial time of soft X-ray, which is consistent with the
beginning time of implosion, is earlier than that of K-
shell radiation corresponding to the time of ablating
plasma arriving at the array centre. The implosion
time deduced by both X-ray peak and streak image
is 70 ns. The streak image of shot 10038 is obviously
lagged compared with that of shot 10035. The implo-
sion time is 68 ns obtained by X-ray peak, while 78 ns
by streak image. The initial time of K-shell radiation
is 9 ns earlier than the time of ablating plasma arriv-
ing at the array centre. The radiation pulse shapes are
also quite different, 4 peaks for shot 10038 and double
peaks for shot 10035.

The trajectories derived from the streak images
and computed by WDM are shown in Fig. 5.
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Fig. 5. The trajectories derived by streak image and com-
puted by WDM.

The imploding velocity is 1x10° m/s for shot
10035 and 1.6x10° m/s for shot 10038. The implo-
sion time computed by WDM is about 75.5 ns, with
the total mass of wire array participating in the im-
ploding phase. This time is shorter than that of the
long ablation mode and longer than that of the short
ablation mode, which indicates indirectly that only
partial mass participates in the implosion phase. In
order to prove this point further, the two-dimensional
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(2D) optical framing image diagnostic system needs
to be developed. The streak camera and framing
camera should be accurately arranged in geometry,
thereby fulfilling the requirement of the sub-mm ab-
lating wavelength.

The diameter of the ablating plasma located on
the array center decreases with time, see as Fig. 6.

o
1o’
T

a + shot 10035
94l - shot 10038

20
16
121

0.8

04r

Diameter of traversing plasma/mm

50 54 58 62 66 70 74 78
t/ns

Fig. 6. Variation of diameter of ablating plasma located
in the centre of array with time.

In Fig. 6, the initial diameter of ablating plasma
is 2.2 mm for shot 10035 and 1.5 mm for shot 10038.
The ablating plasma from outer wire continues col-
liding with the dense plasma column resulting in the
mass accumulation in the array centre. The diame-
ter will decrease if the momentum pressure is greater
than the thermal pressure. In the long ablation mode,
the plasma with some density may exist in the array

centre before the ablating plasma arriving. The free
length of plasma is in inverse proportion to the den-
sity, so the initial diameter of the long ablation mode
is thinner than that of the short ablation mode.

4. Conclusions

Both the long ablation mode and the short ab-
lation mode with different trajectories and radiation
pulse shapes are observed in planar wire array 7
pinch experiments. In the two modes, partial ablating
plasma can traverse the array plane and collide in the
array centre to form a dense plasma column. That is
to say, there are both the colliding mode and the pene-
tration mode in planar wire array Z pinch. The exper-
imental results indicate that not all the array masses
participate in the implosion phase. The phenomena
observed in our experiments are beyond all the models
known to us. In order to optimize the radiation shape
and yield, the dynamics of planar wire array needs
to be researched further. To develop a phenomenal
model to describe the main physical stage of planar
wire array Z pinch is one of the research subjects in
our plan.

The streak camera has only one-dimensional spa-
tial resolution along the slit. In order to diagnose
the spatial modulation of ablation, an optical framing
camera with 2D spatial resolution will be developed in
our next experimental campaign. Some density diag-
nostic methods, such as laser probe and x-pinch probe,
are also considered in our research plan.
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