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The prepulse current is an effective way to optimize the load structure and improve the implosion quality of the
Z-pinch plasma. Investigating the strong coupling between the preconditioned plasma and pulsed magnetic field

is essential for the design and improvement of prepulse current. In this study, the mechanism of the prepulse
current on the Z-pinch plasma was revealed by determining the two-dimensional magnetic field distribution
of preconditioned and nonpreconditioned single-wire Z-pinch plasma with a high-sensitivity Faraday rotation
diagnosis. When the wire was nonpreconditioned, the current path was consistent with the plasma boundary.

When the wire was preconditioned, the distributions of current and mass density presented good imploding axial
uniformity, and the imploding speed of the current shell was higher than that of the mass shell. In addition,
the mechanism of the prepulse current suppressing the magneto-Rayleigh-Taylor instability was revealed,
which formed a sharp density profile of the imploding plasma and slowed the shock wave driven by the

magnetic pressure. This discovery is essential and instructive for the design of preconditioned wire-array Z-pinch

experiments.

DOI: 10.1103/PhysRevE.107.055201

I. INTRODUCTION

Z pinch is a process that involves the implosion of a
cylindrical plasma that is subject to a radial J x B force de-
rived from a pulsed current. This process is considered as
the most effective method for simulating a strong pulsed soft
x-ray radiation environment in the laboratory, with potential
applications in areas such as inertial confinement fusion, lab-
oratory astrophysics, and high-energy-density physics [1-5].
To achieve a stagnant state with high density and temperature,
it is essential to maintain symmetry and stability during the
implosion process of the Z-pinch plasma. However, the emer-
gence of the magneto-Rayleigh-Taylor instability (MRTI)
significantly undermines the quality of the implosion [6].

Mass density regulation has been suggested and imple-
mented to enhance stability during the implosion process. The
use of a prepulse current, which involves a small current pulse
before the main current, has proven to be an effective method
for optimizing the load structure and improving implosion
quality [7]. Lorenz et al. [8] used a prepulse current (10 kA,
180 ns) to preheat a carbon fiber Z pinch, and found that a
prepulse current can delay the implosion time and increase
the x-ray yield and electron temperature. Harvey-Thompson
et al. used a two-stage linear array configuration to introduce
a prepulse current in the Z-pinch experiment of a cylindri-
cal aluminum linear array. Preconditioning can suppress the
ablation stage and axial inhomogeneity [7,9]. Furthermore,
experiments involving one-wire, two-wire, and wire-array Z
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pinch were carried out on the “Qin-1" facility, a double-pulse
current generator used to investigate the dynamics of precon-
ditioned load [10,11]. The influence of the time delay between
the prepulse and main current on the mass distribution was
also experimentally studied.

However, prior studies on preconditioned Z-pinch plasma
have mainly focused on plasma density distribution, dynamic
behavior, and instability changes. The strong coupling be-
tween the plasma and pulsed magnetic field is a key problem
in Z-pinch plasma, and serves as the basis for further improv-
ing the quality of Z-pinch implosion [12-17]. The specific
mechanism by which the prepulse current affects magnetic
field and mass distribution, thereby altering the dynamic be-
havior in Z-pinch plasma, has not yet been fully understood.

This study focused on investigating the two-dimensional
(2D) magnetic field distributions of preconditioned and non-
preconditioned single-wire Z-pinch plasmas using Faraday
rotation diagnosis. The current distributions at different radii
were calculated and analyzed under two distinct conditions.
Additionally, the study discussed the impact of the prepulse
current on implosion dynamics and plasma parameters.

II. EXPERIMENTAL SETUP

The experiments were carried out on the Qin-1 pulsed
generator (450 kA, 400 ns) at Xi’an Jiaotong University.
The generator featured an independently triggered prepulse
current generator (15 kA, 40 ns) [18]. The time-resolved dy-
namic behaviors of the Z-pinch plasma were recorded through
laser shadowgraphy diagnostics using a streak camera and
a continuous laser. During the experiments, a 532-nm laser
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FIG. 1. Experimental setup for shadowgraphy (CCD1), Faraday
rotation (CCD2, CCD3), and interferometry (CCD4). CCD: Charge-
coupled device; PA: Polarization analyzer; DM: Dichroic mirror;
RM: Reflect mirror; BS: Beam splitter. The enlarged part is the
structure of the load consisting of an anode, a single wire, and a
cathode.

was utilized for the Mach-Zehnder interferometer to measure
the electron density [19]. A 1064-nm laser was employed for
Faraday rotation and shadowgraphy, as shown in Fig. 1.

Two Faraday channels and one shadowgraphy channel
were constructed using two nonpolarized beam splitters and
one reflector. The Faraday channels were analyzed using
high extinction ratio polarizers (LPVIS100-MP2; Thorlabs) to
measure the Faraday rotation distribution [20]. Furthermore,

Current Voltage

a second polarization of the probe laser was achieved by
exploiting the distinct reflectance or transmission efficiencies
of the p and s components as they pass through the beam
splitters. This conversion of the original small rotation angle
into a larger angle increased the measurement sensitivity of
the Faraday rotation [21].

III. EXPERIMENTAL RESULTS

Z-pinch experiments involved using a single 30-um silver
wire with a height of 2 cm. The results obtained with and
without the prepulse current are presented in Fig. 2, including
the electrical signals and streak camera images. The shad-
owgraphy images at different moments from distinct shots are
shown in Fig. 3. When only the main current was applied to
the load, the wire expanded first and then imploded slightly
at around 150 ns according to the streak camera image. The
x-ray signal was measured at approximately 210 ns along
with no implosion observed from the streak camera. It in-
dicated that the implosion was axially inhomogeneous and
was consistent with shadowgraphy images. The 2D shadow-
graph images showed the sausage structure with imploding
and nonimploding regions along the axial direction. It was
related to different initial heating rates at the axial locations,
which would cause a slight fluctuation in thickness at various
positions along the axial axis.

When a prepulse current was applied to the load, the
wire underwent heating and vaporization, eventually forming
a core-coronal structure. The wire core experienced uncon-
strained expansion with a velocity of approximately 3 km/s.
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FIG. 2. (a), (c) Waveform of current (gray), voltage (red), and pin signal (blue) of a single wire Z pinch without the prepulse current (shot
No. 220331) and with the prepulse current (shot No. 220340), respectively. The x axis represents time, and the time of the main current is 0.
The enlarged picture shows the prepulse current. (b), (d) Captured streak cameras image of 30-um single silver wire in shot No. 220331 and
shot No. 220340, respectively. The yellow solid lines with arrows mean the moment of applied current and the red solid lines with arrows mean
the moment of radiation. The x axis represents time while the y axis represents radius. The original location of the wire is r = 0.
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FIG. 3. (a)-(f) Shadowgraphy images captured from different shots when only the main current was applied. The numbers indicate the
time interval between the photo moment and the main current: (a) 130 ns—No. 220330, (b) 162 ns—No. 220331, (c) 205 ns—No. 220334,
(d) 235 ns—No. 220335, (e) 270 ns—No. 220333, and (f) 235 ns—No. 220336. (g)—(1) Shadowgraphy images captured from different shots
when the prepulse current and main current were applied. The numbers indicate the time interval between the photo moment and the main
current: (g) 125 ns—No. 220340, (h) 146 ns—No. 220343, (i) 178 ns—No. 220312, (j) 203 ns—No. 220337, (k) 240 ns—No. 220327, and (1)
274 ns—No. 220322. The longitudinal and horizontal axes in these images represent the z axis and radius, respectively.

The coronal plasma expanded at a higher and indiscernible
velocity. The time interval between the main pulse and the
prepulse is 600 ns. Once the primary current was initiated,
the expanding coronal plasma experienced a deceleration and
implosion. The compressed coronal plasma transformed into
a dense shell, exhibiting snowplow implosion characteristics,
which were observed at around 130 ns. The dense shell and the
wire core collided and imploded in unison, finally coming to a
stagnation at approximately 210 ns. According to shadowgra-
phy images shown in Figs. 3(g)-3(i), there is almost no MRTI
in the early stages of implosion. After 170 ns, the instability
emerged, with an amplitude of approximately 0.1-0.3 mm.
At 203 ns, the amplitude increased to 0.3—0.6 mm and subse-
quently grew rapidly, reaching an amplitude of approximately
0.8-1.5 mm by 240 ns. Overall, the amplitude of the MRTI
exhibited exponential growth throughout its development.
Figure 4 presents the typical results of the Faraday images,
shadowgraphy images, and interferometry obtained during
shot No. 220330 at + = 130 ns when only the main current
was applied. Measurements of the electron density and Fara-
day rotation at the edge of the nonimploding region enabled
the calculation of the magnetic field. The magnetic field was
measured to be 8 T at r = 0.5 mm, indicating that the current
inside the dense shell was approximately 22 kA, which ac-
counted for less than 20% of the total current. The remaining
80 kA of current was mainly distributed in the radial range of
0.57-0.94 mm, with a width of approximately 0.4 mm. The
use of laser interferometry was unable to measure the electron
density at the edge of the imploding or neck region, suggesting
that the current sheath was located within the plasma column.
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FIG. 4. The measured results of Faraday diagnosis at t = 130 ns
in shot No. 220330, including (a) Faraday image in Faraday channel
1, (b) Faraday image in Faraday channel 2, (c) shadowgraphy image,
(d) interference image and calculated distribution of (e) phase shift,
(f) Faraday rotation (°), and (g) magnetic field (T). The load was
a 30-um single silver wire with a height of 2 cm. Different colors
in (e)—(g) represent the amplitude of corresponding parameters. The
horizontal and longitudinal axes represent the radius and the z axis,
separately.
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FIG. 5. (a) The measured results of shadowgraphy and interfer-
ometry at = 320 ns when solely the main pulse was applied. The
shadow images and interference images are symmetrical about the
axis. The horizontal and longitudinal axes represent the radius and
the z axis, respectively. (b) Calculated averaged value of current at
different radii in the dashed red frame in Fig. 4(a) at + = 130 ns and
in Fig. 5(a) at r = 320 ns. The solid and dashed green lines represent
the current measured by the Rogowski coil at 130 and 3207nbsp;ns,
respectively.

Notably, the current connection between the imploding and
nonimploding regions indicated a zipperlike structure of the
current path.

Furthermore, the dissimilarity between the imploding and
nonimploding regions can be elucidated by examining the
current distribution profiles. Specifically, the imploding region
possesses a thinner current sheath and smaller radius, result-
ing in a larger J x B force. Assuming a sheath thickness of
0.1 mm for the imploding region, the total Lorenz force of the
imploding plasma region was 67.8% greater than that of the
nonimploding region [22]. This axial discrepancy was caused
by the varying distribution radii of the current, which can
be attributed to the disturbed initial heating of the wire at
different positions.

In Fig. 5(a), the plasma image after stagnation at
t = 320 ns is depicted, where the imploding area results in a
disconnection between the expanding plasma. It is interesting
to understand the current path with the gaps in this region.
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The electron density and magnetic field distributions were
detectable at this moment, and the results showed that 70%
of the total current was mainly distributed beyond a radius of
1.8 mm, which was the same as the radius of the adjacent
expanding area. Therefore, it can be inferred that the cur-
rent path was consistent with the yellow solid line shown in
Fig. 5(a). In Fig. 5 (b), a comparison of the current distribution
between the current shell during the implosion process and
the disconnected region after stagnation is presented. It can
be observed that the current would redistribute from a smaller
radius to a larger radius in this process, which is likely caused
by the change of electron density.

When the wire was preconditioned, the shadowgraphy
and interference images of two typical phases including
implosion and stagnation were shown in Fig. 6. In the
implosion phase, an axially uniform plasma column was
formed and a current shell with a width of 1 mm was detected
on the outer surface of the plasma at 125 ns after the main
current, as illustrated in Fig. 6(a). The plasma exhibited
no notable MRTI and underwent implosion, leading to the
formation of a dense shell with a distinct boundary in the
shadowgraphy image. The phase shift in the interference
image was chiefly concentrated at the boundary of the dense
shell, with a maximum phase shift of 1.9, corresponding to
an areal electron density of 8 x 10'7 cm~2. Furthermore, the
findings indicated that 60% of the total current was occupied
by the plasma outside the dense shell.

In the stagnation phase, the shadowgraphy image at 203 ns
is shown in Fig. 6(b). The minimum radius of the high-density
plasma was 0.3 mm and the implosion mass had significantly
improved compared to the condition without the main current.
The interference images revealed that the electron density
on the surface of the high-density plasma was insufficient to
present a noticeable phase shift. These results indicate that the
current was more concentrated in the stagnation phase, and
the current in most axial areas was distributed on the surface
of the stagnant plasma.

Additionally, the development of MRTI results in mea-
surable areal electron densities in some areas. The Faraday

r[mm]

FIG. 6. (a),(b) The measured results of shadowgraphy and interference images during implosion (t = 125 ns, shot No. 220340) and
stagnation (r = 203 ns, shot No. 220337), respectively, when both the prepulse and the main pulse were applied. The white line in (a) represents
the dense shell. Shadowgraphy and interference images are symmetrical about the axis. (c) Calculated averaged current and areal electron
density at different radii within the dashed red frames in (a) and (b). The dotted line represents the simulated results at # = 125 ns using Helios
[23]. The dashed and solid green lines represent the current measured by the Rogowski coil at # = 125 and 203 ns, respectively.
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FIG. 7. (a) The example of interference images from two directions. (b) The measured areal atom density of interference 1 (blue dashed
curve) and interference 2 (blue dotted curve) when the time interval of prepulse current and photograph is 600 ns. The solid red line represents
calculated mass density using Abel inversion and the error is caused by slight azimuthal asymmetry. The dashed green line represents the fitted
line of calculated mass density when » > 1.13mm. (c) Calculated results of the Helios compared with the experimentally measured results. The
ratio means the percentage of internal current inside the radius where it is located to total current. The red solid curve represents the radius of
the boundary of the 90% current while the red dashed curve represents the radius of the boundary of the 30% current of the simulation results.
The blue round dots represent the radii of the boundary of the 90% current while the blue triangle dots represent the radius of the boundary of
the 30% current of the experimental results. The green line shows the boundary of streak camera image.

diagnostic results for this “spike” area revealed that most
of the current is located within a radius of 0.8-1.05 mm.
Figure 6(c) shows the current distribution of the imploding
area in the implosion and of the “spike” area at stagnation.
Assuming the cylindrical structure of the plasma, in the im-
ploding phase, averaged current density in the radial range
of 1.5-2.5 mm is 8.75kA/mm?2. In the stagnation phase,
the current density in the radial range of 0.8-1.05 mm is
106.68 kA / mm?Z. Therefore, the current density on the surface
of the high-density plasma increased significantly during the
implosion process.

IV. DISCUSSION

In the initial stages of implosion, the plasma column did
not display obvious MRTI. To explore the suppression of
instability, the areal atom density of the preconditioned Ag
wire was measured using two interferometers, with the angle
between them set at 45 ° to ensure cylindrical symmetry. Abel
inversion was employed with a Fourier series [23] and the
calculated mass density is shown in Fig. 7(a). The density
profile changed rapidly beyond the radius of 1.13 mm ac-
cording to the fitted line with a 95% confidence interval.
This density is consistent with the power-law density profile
[24,25]. This stratified plasma layer slows down the shock
wave driven by the magnetic pressure and outer interface
simultaneously, which is also consistent with the decrease
in implosion acceleration shown in the streak camera image.
This implies that the effective gravity vector g is directed
from the magnetic field (massless fluid) to the plasma, thus
suppressing the development of MRTT in the early stage of
implosion. Concurrently, there are stratification structures that
likely arise from resistivity perturbations during the explosion
and provide initial seeds for instability development [26].
Therefore, when the radius of the plasma column was smaller
than 1.13 mm, the MRTI could not be suppressed by the
density profile and began a rapid development.

In order to gain a deeper understanding of the implo-
sion process with preconditioning, the Helios was employed

to calculate the implosion process of the core-coronal
structure using a one-dimensional and two-temperature re-
sistive magnetohydrodynamics model [27]. Radiation multi-
group diffusion under a cylindrical coordinate Lagrangian
grid was adopted. The equations of state and opacity were
computed with the PRISM-PROPACEOS 8.0.0 program, while the
Spitzer model was employed to determine thermal conductiv-
ity and resistivity. The initial density profile was substituted
with the fitted results shown in Fig. 7(b). The calculated
current distribution during the implosion stage aligned well
with the measured results in Fig. 6(c). Detailed results of
the current distribution are shown in Fig. 7(c). The current
shell shows a trend similar to that of the outer plasma shell
observed in the streak camera image. The velocity of implo-
sion surpassed that of the plasma shell, causing an increase in
current density. Interestingly, our findings reveal no evidence
of current redistribution at stagnation which was observed in
gas-puff and wire-array Z pinches [28-30]. This observation
could be attributed to the fact that, following preconditioning,
the majority of mass is involved in the implosion process,
thereby leading to an extremely low plasma density and a
substantial resistivity outside the stagnated plasma.

The error in this experiment can be attributed to two main
factors. The first factor is the impact of azimuthal asymme-
try and plasma instability on the magnetic field and current
distribution. Through analyzing the azimuthal asymmetry in
the implosion process using two-angle shadowgraph, it was
found that the average error of the radius was 3% with the
prepulse and 11% without the prepulse. The second factor
is the fluctuation in the laser energy. An index computed from
the intensity of the captured images was utilized to determine
the rotation distribution. Therefore, it is crucial to accurately
determine the relationship between the rotation angle o and
the index. For this purpose, a polarizer was employed for
calibration. The measured value of the index at each pixel
exhibited some variation within a particular range when the
simulated rotation angle was the same. The pixel distribu-
tions conformed to a normal distribution, and the average
error introduced in the diagnostic process was 10% [31].
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Thus, the average measurement error falls within the range of
13%—-20%. Furthermore, minor-scale disturbances would not
significantly affect the measured current path in the plasma.

V. CONCLUSIONS

In summary, this study utilized Faraday rotation to ex-
perimentally measure the 2D magnetic field distribution of
single-wire Z pinches with and without preconditioning. The
2D current path under the condition of MHD instabilities was
investigated. Also, the regulation process and mechanism of
prepulse current on Z-pinch plasma were clarified. The pre-
conditioning of the single-wire load significantly affects the
dynamics and current distribution of the plasma. When only
the main current was applied to a single silver wire, the plasma
showed sausage instabilities, and the current displayed a no-
ticeable radial component at different axial positions rather

than following the path of least inductance. Moreover, the
current in the imploding region redistributed from a small to
a large radius after stagnation. When the load was precon-
ditioned, homogeneous core-coronal plasma was formed and
imploded similarly to a snowplow. During the shell implosion
process, the implosion velocity of the current shell exceeded
that of the dense shell, consistent with simulation results. Ad-
ditionally, the prepulse current can suppress and delay MRTIs
by rapidly modifying the density profiles of the load.
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