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Azimuthal magnetic field distribution in gas-puff Z-pinch implosions
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An experimental study of the magnetic field distribution in gas-puff Z pinches with and without a preembedded
axial magnetic field (Bz0) is presented. Spatially resolved, time-gated spectroscopic measurements were made
at the Weizmann Institute of Science on a 300 kA, 1.6 μs rise time pulsed-power driver. The radial distribution
of the azimuthal magnetic field, Bθ , during the implosion, with and without a preembedded axial magnetic
field of Bz0 = 0.26 T, was measured using Zeeman polarization spectroscopy. The spectroscopic measurements
of Bθ were consistent with the corresponding values of Bθ inferred from current measurements made with a
B-dot probe. One-dimensional magnetohydrodynamic simulations, performed with the code TRAC-II, showed
agreement with the experimentally measured implosion trajectory, and qualitatively reproduced the experimen-
tally measured radial Bθ profiles during the implosion when Bz0 = 0.26 T was applied. Simulation results of
the radial profile of Bθ without a preembedded axial magnetic field did not qualitatively match experimental
results due to magneto-Rayleigh-Taylor (MRT) instabilities. Our analysis emphasizes the importance of MRT
instability mitigation when studying the magnetic field and current distributions in Z pinches. Discrepancies of
the simulation results with experiment are discussed.
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I. INTRODUCTION

Gas-puff Z pinches have been a long-utilized experimen-
tal platform for studying various aspects of plasma physics
and radiation science including astrophysical plasmas, nuclear
fusion, and basic plasma physics [1–3]. In a Z pinch, a cylin-
drical column of plasma is compressed on its central axis
by the J × B force arising from the interaction of a current
pulse with its self-generated magnetic field. The efficacy of
Z pinches for nuclear fusion or high energy-density science
applications depends on proper parametrization of the driving
current and magnetic field, especially for nuclear fusion [1].
Knowledge of the evolution of the spatially varied magnetic
field and current density is essential to achieve a comprehen-
sive understanding of Z-pinch implosions [2–5].

Various techniques have been used in measuring magnetic
fields in Z pinches, each with its respective strengths and
weaknesses. Faraday rotation has produced spatially resolved
magnetic field measurements in Z pinches but requires spa-
tially resolved density measurements and is limited to electron
densities less than ∼1019 cm−3 [6–8]. Proton deflectometry
can provide two-dimensional (2D) maps of magnetic fields in
Z pinches but relies on complex particle tracing simulations
and requires a source of MeV protons to make such measure-
ments [9,10]. Zeeman-based spectroscopic techniques are an
attractive, noninvasive measurement of the magnetic fields in
Z pinches, predominantly limited by spectral line broadening
mechanisms, namely, Stark broadening, which render Zeeman

splitting unresolvable. To overcome this limitation, the po-
larization properties of Zeeman splitting have been exploited
and advanced upon for the past few decades [11–13]. Such
spectroscopic techniques in the visible spectrum have made
recent advancements, yielding additional insight into Z-pinch
dynamics regarding the current distribution in stagnating plas-
mas and the effect of an axial magnetic field on the current
distribution during the implosion phase [13,14].

Z pinches have been known to develop instabilities
known as “kink” and “sausage” modes as well as the
magneto-Rayleigh-Taylor instability (MRTI) [1,2,15]. These
instabilities can be significantly mitigated by applying an ex-
ternal axial magnetic field (Bz0) [1,2,16–19]. Measurements
of the azimuthal magnetic field (Bθ ) have also shown that
an initial axial magnetic field may cause a redistribution of
current to larger radii [14]. Spatially resolved measurements
of Bθ during stagnation (the period during the experiment
characterized by a peak in radiative emission) of gas-puff Z
pinches have shown that only a fraction of the total current
flows within the stagnating plasma and that the overall radial
distribution of Bθ disagrees with magneto-hydrodynamic sim-
ulations [13]. The Z-pinch implosions presented here were
specifically designed to suppress the peripheral low-density
plasma (LDP) effect which can cause such current redistribu-
tion [14].

This paper will add to the body of information gathered
in the aforementioned studies [11–14] to include spatially
resolved measurements of Bθ in oxygen Z pinches with an
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externally applied axial magnetic field. We examine the effect
of the axial magnetic field on the azimuthal magnetic field
distribution within the imploding plasma. The remainder of
the paper is organized as follows: Section II discusses the
experimental setup and briefly describes the magnetohydrody-
namics (MHD) model. Section III compares experimental and
simulation results. Section IV contains concluding remarks.

II. EXPERIMENTAL SETUP AND MODELING DETAILS

The experiment was carried out at the Weizmann Institute
of Science in Rehovot, Israel. This section will first cover the
driver and diagnostics used in the experiment, then briefly
describe the methodology of spectroscopic determination of
the azimuthal magnetic field, and, finally, detail the magneto-
hydrodynamic (MHD) simulation setup.

A. Experimental setup

The pulsed-power driver consisted of a 16 μF capaci-
tor bank charged to 23 kV and delivered a peak current of
∼300 kA into a plasma load with a rise time of 1.6 μs.
An annular gas-puff system was used to produce a hollow
oxygen gas shell with a ∼38 mm outer diameter and a ∼14
mm inner diameter between an anode-cathode gap of 10 mm.
The injector nozzle also featured a central gas nozzle that
was not used during the experiment presented here. A pair of
Helmholtz coils residing outside of the vacuum chamber were
pulsed 95 ms prior to the start of the plasma current driver to
impose an approximately uniform axial magnetic field of 0.26
T in the load region. An initial axial magnetic field of ∼0.1 T
is expected to significantly improve the pinch stability [20,21].
A long pulse was required to allow the axial magnetic field to
penetrate the vacuum chamber and anode-cathode gap. Prior
to data collection, several (about five) “cleaning” discharges
of the Z-pinch pulsed-power driver were performed to remove
adsorbates from the electrodes to minimize the current loss
from the imploding plasma to a low-density plasma poten-
tially generated by electrode contaminants.

The implosion timescale is around 700 ns after the onset of
the current pulse which was determined using the ultraviolet-
visible emission signal detected with a photodiode and fast
oscilloscope. For each discharge, a B-dot probe located at a
radius of 12 cm, and z = 5 mm, where z = 0 corresponds to
the exit plane of the injector nozzle, was used to infer the
circuital current. A sample current trace and photodiode signal
are shown in Fig. 1.

The diagnostics used in this experiment are shown in
Fig. 2. A visible-near-ultraviolet (UV) imaging spectrome-
ter coupled to a time-gated intensified charge-coupled device
(ICCD) camera was used to determine the azimuthal mag-
netic field using methods reported in the literature [22,23]
and described in Sec. II B. This spectrometer featured a 2400
grooves/mm grating providing a spectral resolution of 0.4 Å
and range from 3775 to 3820 Å. A system of relay optics
and a bifurcated optical fiber array was used to couple the
plasma emission to the spectrometer with a spatial resolution
of ∼0.7 mm in the radial direction. The detector was a time-
gated ICCD using a 30 ns gate time. A separate time-gated
ICCD provided images of visible light emitted by the plasma

FIG. 1. Profile of load current and response of UV-visible photo-
diode. The inductive current notch and peak photodiode signal occur
close to 700 ns. The photodiode peaks at 250 and 555 ns are signals
from timing monitors for the laser and imaging ICCD, respectively.

[24]. This signal was integrated over 5 ns and allowed for
determination of the plasma radius and stability of the plasma-
vacuum boundary. Finally, a second visible-near-UV imaging
spectrometer also coupled to a time-gated ICCD camera pro-
vided spectroscopic data used to determine the ionization state
distribution and a measurement of electron temperature Te.

B. Method of determining Bθ

To measure the magnetic field in Stark-dominated condi-
tions, a Zeeman-based spectroscopic technique utilizing the
polarization properties of line emission parallel to the mag-
netic field was used. In the presence of a magnetic field,
atomic energy levels are split according to

�E = MigLiμBB, (1)
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FIG. 2. Diagram of the experimental arrangement. The elements
are as follows: (a) polarizing beam splitter cube, (b) λ/4 wave plate,
(c) lenses, (d) flat mirrors, (e) spherical mirror, and (f) bifurcated
fiber bundle.
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FIG. 3. Example of a spectral image for Bθ measurement (a).
The rectangles correspond to the positions from which the spectral
sample was taken and correspond to the edge of emission for that
spectral line. Plots of the lineouts are shown for O III (b) and
O VI (c).

where Mi is the magnetic quantum number of level i, gLi

is the Landé g factor of level i, μB is the Bohr magneton,
and B is the magnetic field strength. In the simplest case of
Zeeman splitting, a spectral line emitted in the presence of a
magnetic field will be split into two lines separated from the
unperturbed wavelength by

�λ = 4.669 × 10−9[MqgLp − MpgLp]λ2
0B, (2)

with �λ measured in Å, where λ0 is the unperturbed wave-
length of the transition in Å, B is the magnetic field strength
in teslas, and p and q are the upper and lower energy lev-
els involved in the transition [25]. The σ+ and σ– Zeeman
components of the spectral line will each be circularly po-
larized with opposite handedness when viewed parallel to
the magnetic field (at the edge of the plasma column). The
optical system shown in Fig. 2 is designed to separate the
σ+ and σ– Zeeman components. A λ/4 wave plate converts
the circularly polarized light into linearly polarized light, and
then the orthogonal linear polarizations are separated with a
polarizing beam splitter cube and subsequently sent to the
high-resolution spectrometer via a bifurcated fiber array. Each
array is comprised of 50 mapped fibers, with each fiber col-
lecting light from a plasma volume 0.7 mm across. As shown
in Fig. 3(a), the signals are symmetrically split on the ICCD.
Figures 3(b) and 3(c) show pairs of spectral lineouts taken
from the O III and O VI transitions, respectively. The signals
shown in Figs. 3(a) and 3(c) are normalized to the maximum
intensity values of the Voigt profile for each polarization.

From each image, a sample lineout is made near the edge
of emission of the plasma where the line of sight is parallel to
Bθ . The sample size in the radial direction for each lineout is
ten pixels, corresponding to the view of one fiber, or ∼0.7 mm
in the plasma. Lineouts are taken from the center of the CCD
image to avoid the effect of vignetting. All emission lines
are then fitted to a Voigt profile, where the Lorentzian con-
tribution accounts for the Stark broadening, and the Gaussian
contribution represents the thermal Doppler and instrumental
broadening. Note that each transition used for this experiment
produces a Zeeman pattern, consisting of several σ+ and σ–
lines, each characterized by a pair of MigLi values. However,
the Zeeman pattern is unresolved, and the spectrometer only
detects two lines for a given ion (one for σ+, one for σ–),
each comprised of all the unresolved lines. An average of
the �MgL values is used to consider the group of unresolved
individual σ lines in Eq. (2). B is then calculated using this
average and the difference in the central wavelength position
of each fitted Voigt profile which corresponds to 2�λ. For
the O III λ = 3791.26 Å transition, a �λ value of 0.090 Å
corresponds to Bθ = 1 T while for the O VI λ = 3811.35 Å
transition, Bθ = 1 T for �λ = 0.076 Å. The uncertainty in the
measurement is determined by the 95% confidence bounds
of the central wavelength positions determined by using the
Voigt fitting.

The spectral range of the diagnostic system is set to
capture both O III 3s 3P2–3p 3D2 at 3791.26 Å and O VI
3s 3S1/2–3p 2P3/2 at 3811.35 Å as shown in Fig. 3. It is im-
portant to note that not all the shots produced O VI lines as
portrayed in Fig. 3. O VI only appeared after 60 ns prior to
stagnation. When both transitions were detected, two lineouts
(one per ionization state) were made for each polarization.
This configuration allowed for a measurable radial distribu-
tion of Bθ . The use of multiple charge states in conjunction
with polarization-based Zeeman splitting has been demon-
strated previously [13,23].

Finally, each Bθ measurement presented in this paper has
been made at one specific axial position in the plasma column.
In lieu of axially resolved measurements, shots were repeated
to collect spectral data from different axial positions ranging
from z = 1 mm to z = 7 mm away from the nozzle, as illus-
trated in Fig. 2.

C. MHD simulations

Calculations were performed with TRAC-II, a 2D az-
imuthally symmetric radiation magnetohydrodynamic (MHD)
code [26]. In Lagrangian codes such as TRAC-II, mesh tangling
can become problematic if MRTI growth is significant. For
this reason, the simulations were run in one-dimensional (1D)
Lagrangian mode and were driven by the experimentally mea-
sured current waveform. TRAC-II uses the quotidian equation
of state model (QEOS) [27]. The QEOS model reduces to
the ideal gas law for high temperatures (T � Tmelt) and low
densities (ρ � ρsolid). The Lee-More model [27] is used for
electrical and thermal conductivities. The Lee-More model for
a plasma approximates the Spitzer resistivity with corrections
that depend on the magnetic field, the chemical potential, and
ionization fraction. A single-group radiation model is used
with tabular Rosseland and Planck opacities. The initial gas
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density profiles used in the simulations were scaled from
interferometric measurements of argon gas puffs, the process
of which is described in Ref. [28]. Since mass density pro-
files were not characterized for O2, MHD simulations were
initialized assuming a similar profile structure. To estimate
the appropriate initial density profile, the argon measured
profile was scaled so that the simulated peak compression
time approximately matched the stagnation time observed in
experiment. This was achieved with an initial linear mass
density of ∼1.2 × 10−5 g/cm.

III. RESULTS AND DISCUSSION

This section will cover the results obtained from both the
experimental data and MHD simulations. Section III A will
contain results focusing on the implosion dynamics. Section
III B will cover the evolution of Bθ at the outer plasma radius,
and Section III C will present experimental and simulated
results of the radial distribution of Bθ .

A. Implosion dynamics

The images obtained from the time-gated ICCD provided
measurements of the outer plasma radius in the visible range
and instability growth over the course of the implosion. An
example of such images is presented in Fig. 4, where the top
four images featured the applied axial magnetic field, and the
bottom four did not. Qualitatively, the images for the case with
initial axial magnetic field (Bz0) show no significant growth
of current driven instabilities or the magneto-Rayleigh-Taylor
instability and present a roughly uniform plasma column near
stagnation. On the other hand, instability growth is clearly
apparent in images where Bz0 = 0. The absence of instabil-
ity mitigation reduces the shot to shot reproducibility of the
implosion.

Combining data from dozens of shots provides an evolu-
tion of the radius for all observed z positions with and without
external applied B field, as shown in Fig. 5. Measurements
of the outer plasma radius were made by axially integrating
the intensity from z = 3 to 9 mm from the anode to avoid
edge effects observed near the injector nozzle at z < 3 mm.
The outer plasma radius is defined by the full width at half
maximum intensity of the horizontal lineout of the image.
These data are compared with the one-dimensional simulation
results from TRAC-II. The simulation peak compression (the
point in time during the simulation characterized by a mini-
mum outer radius) occurred at 682 and 673 ns for cases with
and without Bz0, respectively. The experimentally determined
stagnation times agreed well with the simulations, occuring at
697 ± 15 ns in the cases with Bz0, and 660 ± 15 ns without.
The times reported in Fig. 5 are referenced to the stagnation
time for each respective shot. Note that the peak photodiode
signal coincides with the minimum plasma radius to within
10 ns.

The simulations with Bz = 0 show a minimum radius of
∼0.5 mm, a significantly lower value than measurements
made near stagnation time. Measurements of the plasma ra-
dius taken from several shots within ±25 ns of stagnation
produced an average value of 2.9 ± 1.2 mm (1 σ ) for Bz0 = 0
and 3.2 ± 1.1 mm (1 σ ) for Bz0 = 0.26 T. Considering that
the measurements of the outer plasma radius were made with
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FIG. 4. Images obtained from the time-gated ICCD for eight
shots, each taken at different times relative to the pinch. The top
four images correspond with Bz0 and the bottom four without Bz0.
The z = 0 mm position corresponds to the edge of the nozzle injector
(anode).

∼6 mm axial integration, any present instability structures
were averaged over when determining the outer plasma radius
from the images. Since the 1D simulations cannot incorpo-
rate instabilities present in the experiment, the compression
is overestimated, resulting in the smaller minimum radius.
Overall, the implosion dynamics is well captured by the
1D simulations considering the overall implosion trajectory.
However, the measured outer radius is consistently larger
than simulation predictions by 1.25 mm on average between
−60 and 0 ns. While the evolution of the plasma dynamics
is overall well reproduced by the TRAC-II simulations, it is
important to keep this discrepancy in mind when comparing
Bθ measurements to simulations in Sec. III C. Comparison
between experimental data and simulation results suggests
that some additional effects, besides counterpressure of Bz,
are slowing down the plasma implosion. Additionally, the
uncertainty in the estimated initial mass density profile used
to initialize the simulations may be partly responsible for the

053205-4



AZIMUTHAL MAGNETIC FIELD DISTRIBUTION IN … PHYSICAL REVIEW E 103, 053205 (2021)

(a)

(b)

0

2

4

6

8

10

12

14

-300 -200 -100 0

)
m

m( suidar a
msalp retu

O

time (ns)

Bz = 0.26 T Expt

TRAC-II

0

2

4

6

8

10

12

14

-300 -200 -100 0

)
m

m( suidar a
msalp ret u

O

time (ns)

Bz0 = 0 T Expt

TRAC-II

FIG. 5. Implosion trajectories for cases with and without initial
axial magnetic field. Each data point is taken from a separate shot and
axially integrated between 3 and 9 mm from the anode. The horizon-
tal error bars correspond to the 5 ns integration time of the detector
while the vertical error bars account for the resolution limitation of
the imaging camera. The solid curves represent the motion of the
outer plasma radius from the TRAC-II simulation results.

discrepancy between experimental and simulated implosion
trajectories.

B. Evolution of azimuthal magnetic field

This section discusses the evolution of the azimuthal mag-
netic field at the outer edge of the plasma, corresponding
with the radii discussed in Sec. III A and shown in Fig. 5.
The evolution of the measured azimuthal magnetic field (Bθ )
is shown in Fig. 6 for the cases with and without Bz0 and
compared to the values of Bθ calculated using Ampere’s law:
Bθ = μ0I/2πro where I is the circuital current measured with
the B-dot probe and ro is the measured outer plasma radius as
defined by the outermost radial position at which the spectro-
scopic measurement could be made. The horizontal position
of the measured values of Bθ corresponds to the time relative
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FIG. 6. Evolution of Bθ at the outer plasma radius for the cases
(a) with a preembedded axial magnetic field and (b) without a pre-
embedded axial magnetic field. The expected (Ampere’s law) curve
represents the range of calculated values of Bθ based on the B-dot
measured current and outer plasma radius at the time of the Bθ mea-
surement. The horizontal error bars correspond to 30 ns integration
time of the detector.

to stagnation at which the spectral measurement was taken.
For ease of viewing, the range of calculated Bθ values are
presented as wide gray curves shown in Fig. 6. All data points
presented in Fig. 6 were calculated using a spectral outline
taken within 0.5 mm of the measured outer plasma radius.

While we can see in Fig. 6 that many points agree with
the expected results, indicating that all of the current is
flowing within those radial positions, several experimental
values of Bθ remain lower than calculated. It is possible that
a fraction of the current is carried by peripheral plasma at
radii greater than the apparent plasma-vacuum boundary at
which the spectroscopic measurement was made. It has been
seen in Refs. [11,13,23] that there exists a radial ionization
state distribution. The charge-state distribution observed in
our plasmas shows that higher ionization states reside at
larger radii. As the implosion progresses, the ionization state
distribution evolves, and emission from O VI is observed in

053205-5



N. AYBAR et al. PHYSICAL REVIEW E 103, 053205 (2021)

Bθ measurements past 60 ns prior to the stagnation time with
or without initial Bz0, as seen in Fig. 6 (red square data points).
The O VI emission also provided Bθ values similar to the ones
expected according to Ampere’s law, while O III emission
mainly shows points below the expected Bθ values. However,
when only O III was observed on the Bθ spectrometer, the
spectrometer dedicated to Te measurement detected O IV and
O V lines at radii beyond the apparent outer edge of the
plasma. This observation indicates that a plasma composed
of higher ionization states at larger radii is carrying part of
the current, which explains the lower than expected Bθ values
found for O III in Fig. 6. Note that the highest “expected”
values shown in Fig. 6(b) are less than the highest expected
values in Fig. 6(a), even though a smaller minimum radius is
expected where Bz0 = 0. This is due to the fact that the data
collected for cases where Bz0 = 0 were not taken as close to
stagnation as some of the Bz0 = 0.26 T data.

In cases where O VI is apparent on the Bθ measurement,
the measured values of Bθ inferred from the O VI emission
line are in good agreement with the calculated values until
within ∼20 ns of the pinch, indicating that the current is, in
those cases, fully flowing within the outer edge defined by the
imaging camera until times near stagnation where potential
higher ionization states might exist.

Finally, it is important to note that during this experiment
we did not observe significant differences between expected
and measured Bθ for the case with initial Bz0 = 0.26 T and for
the case without Bz0, as can be seen in Fig. 6. However, in
Ref. [14] the effect of the axial magnetic field on a similar
experiment has shown a stark contrast between discharges
with and without Bz0. The results shown in Ref. [14] indi-
cate that a low-density peripheral plasma was responsible for
current loss in the imploding plasma. According to Ref. [14],
the low-density peripheral plasma may have been the result
of discharged material introduced from the pulsed Helmholtz
coils within the vacuum chamber. It was noted that placing
the Helmholtz coils outside of the vacuum chamber helped
to mitigate the development of low-density peripheral plasma
and the subsequent current losses. To minimize such losses,
the data gathered for the present paper were collected using
outwardly located Helmholtz coils. As a result, we observed
no significant difference between the measured and expected
values of Bθ both with and without Bz0 = 0.26 T. In addition
to the location of the Helmholtz coils, performing several
“cleaning” discharges of the Z-pinch current driver both with
and without Bz0 can help to liberate and remove contaminants
present on the surfaces of the current driver electrodes which
is also important in mitigating current losses.

C. Radial distribution of azimuthal magnetic field

To further understand the current distribution in imploding
gas-puff Z pinches, we utilize the ionization state distribu-
tion to construct a radial profile of the azimuthal magnetic
field. Between ∼80 and ∼20 ns prior to stagnation, we have
simultaneously observed emission from O III 3s 3P2–3p 3D2

and O VI 3s 3S1/2–3p 2P3/2 whose edge of emission appeared
at different radii. Figure 7 shows the experimental Bθ values
for a given shot at different radial positions compared with
simulated Bθ radial distributions. Each color corresponds to
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FIG. 7. Measured (dashed lines with points) and simulated (solid
lines) radial profiles of the azimuthal magnetic field for various
points in time for experiment and simulation with (a) axial magnetic
field and without (b). The wide band of the gray curve denoted as
“Ampere’s law” is such to account for the range of current values
measured for all discharges. Circular points were measured from O
III, while square points were measured from O VI.

a point in time relative to pinch, both for experiment and
simulations. The wide gray curve represents the expected Bθ

according to Ampere’s law for the range of current values
associated with each data point and values of the outer plasma
radius. The dashed lines in Fig. 7 connect two measured
values obtained from the same shot.

In all presented cases, the outer plasma radius as measured
by the imaging camera typically lies between the emission
edges of O III and O VI, with the latter almost always located
further out. Note that for each of the cases shown, the outer-
most measurement taken at the edge of the O VI emission
corresponds to the value expected at that radius given the
B-dot current measurement using Ampere’s law.

In the case with an externally applied axial magnetic
field [Fig. 7(a)], the measured Bθ profiles are lower than the
simulated values for each given time and systematically ap-
pear at greater radii, resulting in an apparent time shift
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between measured and simulated profiles in Fig. 7(a). For
example, the measured profile at −30 ns (red data points)
matches the simulation profile around −60 ns. The simula-
tions have been shown in Sec. III A to overpredict axially
averaged plasma compression at times between −70 and 0 ns.
Because of this overestimation, the simulated plasma radius
is smaller than the measured values, and the corresponding
values for Bθ are necessarily overpredicted. Since all of the
measured radial profiles of Bθ were taken later than −70
ns, this discrepancy between simulation and experiment is
apparent for all profiles shown in Fig. 7(a). Looking past
this discrepancy, the measured Bθ data accurately follow the
same profiles as the simulation results. Overall, this means
that the physics of these pinches with Bz0 are well captured
by 1D MHD calculations. Implosions with Bz0 = 0.26 T also
indicate a high degree of azimuthal symmetry and an accurate
model of magnetic diffusion.

Experimental data confirm a high degree of azimuthal
symmetry where Bz0 = 0.26 T. Values of Bθ measured at
the opposite azimuth differed on average by only 18% for
discharges where Bz0 = 0.26 T and differed on average by
32% with no axial magnetic field. It should be noted that
the emission intensity is highly asymmetric when Bz0 = 0,
often resulting in a higher uncertainty of Bθ measured from
the opposite azimuth. In addition, the model of magnetic
diffusion is further verified by agreement between experimen-
tal and simulated resistivity values. Mass averaged resistivity
values obtained from 1D simulations were of the order 1 ×
10−5 � m, while the Spitzer resistivity value for the estimated
plasma temperature of 10 eV during the implosion phase of
the experiment was 1.8 × 10−5 � m. Line intensity ratios of
O III to O V transitions provide an estimate of Te between 8
and 12 eV during the implosion phase based on Saha equilib-
rium. The skin depth associated with this resistivity value and
the current driver frequency is ∼5.2 mm, in good agreement
with the apparent current sheath thickness presented by the
measured Bθ profiles.

In the case with no axial magnetic field, the measurements
and simulations do not, in general, agree. The radial distri-
bution inside the plasma does not follow the same shape as
the case with the preembedded axial magnetic field and is not
consistent between discharges. Nonmonotonic distributions of
Bθ have previously been observed in implosions without axial
magnetic field stabilization in Ref. [13] where it has been
proposed that this observation may be due to flaring of the
plasma caused by instability structures. While this may be the
case in the experiment presented here, such large flaring seen
in Ref. [13] was not observed for the discharges presented in
Fig 7(b). In our experiment, it is not certain that the diagnostic
method is entirely valid where MRTI is present.

This diagnostic technique assumes that the magnetic field
is parallel to the line of sight. The validity of this assumption
requires that the data are taken at the edge of the emission of
a particular line. It is important to remember that all measure-
ments presented here are integrated along the line of sight.
In cases where hydrodynamic instabilities are present, it is
conceivable that the complex three-dimensional structure of
such instabilities may lead to collection of emission from
plasma protruding at adjacent azimuthal positions, partially
invalidating this important assumption.

In addition, spatial gradients may induce a nonhomoge-
neous charge-state distribution affecting the current path. In
fact, in one case shown in Fig. 7(b), at −28 ns, the charge-
state distribution is reversed, with O III appearing at a larger
radii than O VI. In this case, the peak magnetic field strength
appears at a smaller radius than the measured outer radius. A
possible explanation for this phenomenon, assuming that the
measurement is valid, is that hydrodynamic instabilities cause
regions of plasma to displace one another, not only reversing
the charge-state distribution locally, but transporting magnetic
flux inward, creating an inverted magnetic field distribution on
the spatial scale of the measurements (∼3 mm). Furthermore,
the MRT instability structure will likely result in an axially
dependent radial distribution of the current, and thus of Bθ ,
where MRT structures are pronounced. More experimental
data would be required to investigate this interesting phe-
nomenon further. For example, duplicating diagnostic systems
to simultaneously measure Bθ from multiple azimuthal posi-
tions would provide more clear information on the azimuthal
asymmetry.

IV. CONCLUSION

Gas-puff Z-pinch experiments with and without an initial
axial magnetic field were performed at the Weizmann Institute
of Science where the evolution of the azimuthal magnetic field
distribution was measured using a polarization-based spectro-
scopic technique. All measurements were spatially resolved
along the radius, integrated along the line of sight and time
gated.

The measured evolution of Bθ at the outer plasma radius
gave valuable insight about the current distribution, confirm-
ing work from previous studies that nearly all the current flows
within the plasma radius defined by the higher ionization state
emission which is not always visible with diagnostics such as
a simple imaging camera. Our results show the importance
of defining the ionization distribution over time in Z-pinch
plasma experiments in order to determine the current distri-
bution more accurately.

We compared the measured Bθ radial distribution with
and without initial magnetic field and showed that better
qualitative agreement between the MHD simulations and ex-
perimental results is found in the implosions where Bz0 =
0.26 T than where Bz0 = 0 T. Still, we observed an apparent
discrepancy between the experimental data and the simula-
tions due to the overestimation, by the latter, of the plasma
compression in the final ∼70 ns of the implosion. However,
the measured Bθ profiles without Bz0 were not well repro-
duced by the simulations since the inhomogeneity of the
plasma caused by instabilities is not produced in 1D simula-
tions. In such cases, the analysis of Bθ measurements becomes
increasingly complex and may require more data to accurately
capture the plasma dynamics. While the implosion trajectories
exhibit good reproducibility both with and without Bz0, the
contrast between the clear behavior of the Bθ radial distribu-
tion when Bz0 is applied and its low reproducibility without
Bz0 emphasizes the importance of stabilization in Z-pinch
implosions for such measurements. Further investigation will
require 2D simulations to address the development of MRTI
and its effect on the magnetic field distribution in the plasma.
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