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ABSTRACT

An X-pinch load driven by an intense current pulse (>100 kA in ~100 ns) can result in the formation of a small radius, runaway com-
pressional micro-pinch. A micro-pinch is characterized by a hot (>1 keV), current-driven (>100 kA), high-density plasma column (near
solid density) with a small neck diameter (1-10 ym), a short axial extent (<1 mm), and a short duration (<1 ns). With material pres-
sures often well into the multi-Mbar regime, a micro-pinch plasma often radiates an intense, sub-ns burst of sub-keV to multi-keV
x rays. A low-density coronal plasma immediately surrounding the dense plasma neck could potentially shunt current away from the
neck and thus reduce the magnetic drive pressure applied to the neck. To study the current distribution in the coronal plasma, a Fara-
day rotation imaging diagnostic (1064 nm) capable of producing simultaneous high-magnification polarimetric and interferometric images
has been developed for the MAIZE facility at the University of Michigan. Designed with a variable magnification (1-10x), this diagnos-
tic achieves a spatial resolution of ~35 um, which is useful for resolving the ~100-ym-scale coronal plasma immediately surrounding the
dense core. This system has now been used on a reduced-output MAIZE (100-200 kA, 150 ns) to assess the radial distribution of drive
current immediately surrounding the dense micro-pinch neck. The total current enclosed was found to increase as a function of radius, r,
from a value of ~50 + 25 kA at r » 140 ym (at the edge of the dense neck) to a maximal value of #150 + 75 kA for r > 225 ym. This cor-
responds to a peak magnetic drive pressure of ~75 + 50 kbar at r ~ 225 ym. The limitations of these measurements are discussed in the
paper.
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I. INTRODUCTION

In many pulsed-power-driven, high-energy-density physics
(HEDP) experiments, implosions are driven via magnetic pres-
sure generated from an axial current in a cylindrical load geom-
etry.' In such a configuration, the magnetic drive pressure can be
expressed as
Bl

— = . 1
2o 81 0

Pmag =

Due to the I*/r* dependence, very high Ppag can be obtained by
delivering a large current, I, to a small radius, r. For example, even
a modest current of only 400 kA delivered to r = 5 ym results in

Pmag = 1 Gbar. Additionally, the amount of Pn,g generated can be
further enhanced if a radial contraction (or implosion) occurs, since
the r is further reduced.

The fact that Pnag increases as r decreases results in a run-
away instability process called the “sausage” instability (or m =0
instability, where m is the azimuthal mode number for the insta-
bility structure). This instability has been observed in a number of
fast z-pinch configurations,”” including gas-puff z-pinches,’ wire-
array z-pinches,”® and dense plasma focuses.” In each case, the
instability is observed in x-ray self-emission imaging as a series of
discrete “bright spots” distributed randomly along the length of the
background pinch column (where the background pinch column is
usually about 1-2 cm long, and each bright spot has an axial extent of
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only about 1 mm or less). These bright spots appear in regions where
intense pinching has occurred—i.e., where the plasma column has
necked down to very small radius (~ ym). These intensely pinched
regions are often referred to as “micro-pinches.”

Because of the immense magnetic pressures generated, it is
desirable to study micro-pinch plasmas for HEDP applications.
However, this is challenging to do because micro-pinch plasmas are
physically small (~ ym), last for very short periods of time (~ ns),
and appear at random locations along the length of the background
pinch column. To better enable detailed studies of micro-pinch plas-
mas, an X-pinch configuration can be used.”” In a typical X-pinch
configuration, two or more fine metal wires are crossed in the shape
of an “X.” This forces the micro-pinch to form where the wires
cross—i.e., where the system radius is smallest and thus the current
density and magnetic pressure is highest. This allows diagnostics
(particularly high-magnification imaging diagnostics) to be focused
on this predetermined location in space.

The X-pinch platform has been used previously to characterize
micro-pinch plasma parameters via x-ray spectroscopy.s‘q Studies
on the 450-kA XP pulser at Cornell University have confirmed that
micro-pinch plasmas are indeed in the HED regime, with electron
temperatures of about 1-3 keV, ion temperatures on the order of
10 keV, and electron densities on the order of 10%2-10%° cm™>,
depending on the wire material used.”” This is equivalent to material
pressures ranging from 10 Mbar to >1 Gbar. Furthermore, using
X-pinch-based x-ray radiography techniques, the dense cores within
the micro-pinch neck-down regions have been imaged with radii as
small as a few microns.”” With all 450 kA delivered to the dense core
at r = 3 ym, we would have Pm.g > 3 Gbar. However, it is possible
that some of the load current flows in low-density coronal plasma
at radii larger than that of the dense core.'”'” This would reduce
the magnetic drive pressure applied directly to the core. Thus, it is
desirable to measure the load current’s radial distribution directly.
By knowing the total current enclosed as a function of radius, I(r),
the radial profiles B(r) and Prag(r) are known via Eq. (1).

To measure the load current distribution immediately sur-
rounding a dense micro-pinch core, we have developed a Faraday
rotation imaging and interferometry system. Faraday rotation diag-
nostics have been fielded on multiple platforms in a variety of
forms."” ' In general, the rotation angle is given by

Agb:VfLB'dl, @)

where V is the Verdet constant, which is material and wavelength
dependent. In some Faraday rotation systems, a piece of material
with a large, known Verdet constant is placed at the probing loca-
tion to obtain measurable rotation angles. Such systems have been
successful in measuring current delivery at relatively large, cm-scale
radii.'”*’ However, due to the small size of the micro-pinch neck, it
is not possible to use such a bulk material. Fortunately, though, due
to the incredibly high magnetic fields in micro-pinch necks, mea-
surable rotation angles can be obtained using only the low-density
coronal plasma as the rotation medium.”"”*

This paper presents the design and demonstration of a high-
magnification Faraday rotation imaging and interferometry diag-
nostic on the MAIZE pulsed power facility at the University of
Michigan.”" ** This system has been developed specifically to mea-
sure the load current’s radial distribution in the low-density coronal
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plasma surrounding the dense core of an X-pinch micro-pinch. The
original goal of this diagnostic was to achieve a spatial resolution on
the order of 10 ym. However, upon designing the system for prac-
tical implementation on MAIZE, the theoretical limit was estimated
to be ~20 ym. Upon implementation, the experimental resolution
turned out to be 25-35 ym (see Sec. II B 2). Though higher reso-
lution is always desirable, the resolution achieved on MAIZE was
found to be useful for resolving the spatial distributions of interest in
the ~100-um-scale coronal plasma region immediately surrounding
the dense micro-pinch core (see Sec. I1I).

Il. EXPERIMENTAL SETUP AND DIAGNOSTIC DESIGN
A. MAIZE X-pinch load design

The standard crossed-wire X-pinch configuration®””” used in
these experiments is presented in Fig. 1. The design consists of anode
and cathode load hardware with interchangeable CuW insert pucks.
The interchangeable pucks support variations in pinch type, wire
number, and crossing angle.

Experiments were run to find load configurations that were
reliable and well suited for coupling with laser probing. The con-
figuration chosen was one with two 25-ym-diameter Ag, Mo, or W
wires, with a wire crossing angle Gopen = 70.6° (see Fig. 1). This con-
figuration gave the greatest repeatability of a clear neck region and
a sharp x-ray burst (implying nominal pinching to minimal radius).
The electrode pucks hold the wires 9.2 mm apart (horizontally), with
an anode-cathode separation of ~12 mm (vertically).

The red box in Fig. 1 indicates the approximate field of view
imaged by the Faraday rotation diagnostic. In the transverse direc-
tion, the field of view was between 2 mm at the highest magnification
and 4 mm at the lowest magnification. Note that the camera sen-
sor used to record the images was not square, but rather 22.2 mm
wide by 14.8 mm tall. Further note that due to the timing jitter in the
experimental equipment, the stochastic nature of when an X-pinch
will achieve its minimum radius, and the fact that X-pinches hold
their minimum radius for only ~1 ns or less, it is unlikely to capture
an image of the pinch at its minimum radius (a few ym); rather, it is
far more likely to image the pinch at a radius of 10-100 ym.

The low-impedance (0.1 Q) MAIZE linear transformer driver
(LTD) operates between 0.25 and 1 MA, with rise times of
100-300 ns, depending heavily on the inductance and resistance of

FIG. 1. In situ photograph within the MAIZE vacuum chamber of a standard X-pinch
load with two 25-um-diameter Ag wires and a wire crossing angle Ogpen = 70.6°.
Also shown are the anode and cathode orientation and the location of the diamond
photoconducting detector (PCD)?6 used to measure the timing of the X-pinch x-ray
bursts filtered for energies >1 keV. The box in red shows the approximate field of
view imaged by the Faraday rotation diagnostic.
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the load. During nominal operation, MAIZE delivers between 300
and 500 kA to an X-pinch load depending on the specific inductance
and resistance of the geometry. However, due to machine issues,
only 100-200 kA were delivered to the load during the experiments
reported herein. This unfortunate circumstance led to sub-optimal
magnetic fields and X-pinch dynamics for Faraday rotation imag-
ing, but even at such low currents, the viability of the diagnostic
is still demonstrated herein, with results expected to improve with
restored nominal current.

B. Faraday rotation imaging
1. Theory

The Faraday effect is the rotation of polarized light while
passing through a medium in the presence of a magnetic field.
In a plasma, the rotation is usually well described by the quasi-
longitudinal approximation'”**

e’

Ad = 8 801112c3 aneB -l ®
where dl is in the direction of laser propagation. This approxima-
tion is valid as long as the electron plasma and electron cyclotron
frequencies remain small compared to the laser frequency. For a
1064-nm laser, this approximation may start to break down below
aradius of 15 ym for I = 250 kA (note that this threshold radius will
increase with increasing current).

If the magnetic field and electron density profiles are
azimuthally symmetric, and if the areal electron density,
N = [, n.dl, can be measured independently of the magnetic
field (e.g., from simultaneous 2D imaging interferometry), then
Abel inversion allows for the extraction of the full radial magnetic
field profile, B(r). (Note that Abel inversion converts spatial
information from the transverse projection axis, x, to the radial
dimension, r.) However, if the plasma geometry deviates sufficiently
from azimuthal symmetry, or if the data are particularly noisy, then
Abel inversion algorithms may return noisy or nonphysical profiles.
In these scenarios, alternative approximations to Abel inversion
can still preserve critical information about the magnetic field and
current distributions. Following Ref. 15, a simple approximation
of Eq. (3) is

eN
Ao = 8mteomic’ NEB”’ @
where B| = [, B-dl/Lis the average magnetic field along (and paral-
lel to) a ray of laser light propagating through the plasma. Inverting
Eq. (4) gives'>**

5 8mtegmic A¢

N ——— =3.82x 10"
I 83/12 Ne

2 A¢
o (80 )

With By in hand (from a measurement of A¢), and referring to Fig. 2,
it may seem reasonable to calculate the magnetic field radial profile
B(r) =Bg(r) =B,(x=r,y =0) using the approximation B,(x,0)
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FIG. 2. A simplified slice of a cylindrical plasma with an azimuthally symmetric
magnetic field profile, By(r), and electron density profile, ns(r) (arbitrarily repre-
sented by the grayscale shading). The depth of the plasma for a chord of laser
propagation through the plasma column changes with its position along the x-axis
and is denoted as L(x).

However, using this approximation results in Ij,q () values that are
roughly half to one order of magnitude smaller than the true values.
This is because By (x) < By(x,0) = B(r)|,_, for any monotonically
decreasing radial profile.

To improve the approximation for Ie(r), the cylindrical
geometry of the system can be taken into account. This can be done
by first noting the geometrical relationship in the magnetic field

By(xy) = = B(x.y), (7)
X +y

where x is the transverse axis and y is the axis of laser propagation.
Integrating Eq. (7) along a chord that cuts across the plasma column
(see Fig. 2) gives

L(x)/2

- 1
B = — B
1) L(x) fL( )/2
_ fL(x)/2 HOIencl |x|
L(x) L2 2m (xF +y)

arctan [%], (®)

| (xy)dy

where L(x) is the x-dependent chord length and I.,q is the mean
current enclosed along the chord. For a cylindrical plasma column
with an outer diameter of Lo, we have

L(x) = \/Lg - 4x". ©)

Substituting Eq. (9) into Eq. (8) and solving for the mean current
enclosed gives

~ By (x). This would then allow us to calculate the enclosed current 7 ‘B I | VLG - 4x for |x] < Lo
profile using ) o \2
) Tend Hoarctan (i) -1 (10)
r 27x -
encl(r) = 73(7') ~ 7BH (x) . (6) nx BH for |x| > 70
Ho Ho x=r Ho 2
Rev. Sci. Instrum. 95, 043504 (2024); doi: 10.1063/5.0178321 95, 043504-3

Published under an exclusive license by AIP Publishing

1€:9%:91 ¥20¢ Iudy G0


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

For the regions |x| > Ly/2, we have made use of the fact that

lim L(x) ] - 2x. (11)

L(x)=0 arctan [%

Note that in the approximation of Eq. (10), Iena increases monotoni-
cally and nonlinearly with the selection of L. Also note that for small
regions of interest near the cylindrical axis, where x << Lo, the func-
tion L(x) will be nearly constant. In such cases, the approximation
behaves almost as a scalar multiplier, with the corrective magnitude
largely determined by the choice of Lo. The data presented in Sec. I1I
are in this regime where x < Lo.

The error associated with applying the integral approximations
of Egs. (4), (5), and (10) is dependent on the profiles assumed for the
plasma density and the enclosed current. Though the exact distri-
butions are unknown, using reasonable trial distributions to test the
effects on the results allows us to make reasonable statements about
the expected uncertainty. For constant or slowly varying distribu-
tions (e.g., linear ramps), the error is typically within 10%. For more
rapidly varying profiles (e.g., quadratic dependence), the error typ-
ically increases to 20%-40%. Note that for monotonic profiles, the
error lessens with increasing radius. Also note that small deviations
in the choice of Ly (<10%) have small effects on the error (<10%);
however, large deviations can have unpredictable effects. For the sys-
tem error analysis presented in the Appendix, we use a conservative
value of 30% to account for the error associated with applying the

ARTICLE pubs.aip.org/aip/rsi

integral approximations of Egs. (4), (5), and (10), and a value of ~8%
to account for the choice of Lg.

2. System design

The basis of the diagnostic design is the Faraday rotation sys-
tem fielded on the 1.4-MA, 240-ns MAGPIE generator at Imperial
College London, which consists of two polarimetry channels and a
simultaneous interferometry channel. "’ Figure 3 shows the diag-
nostic as fielded on MAIZE. The probing laser source was an Ekspla
NL122 Nd:YAG laser with a fundamental 1064-nm output of up
to 300 m]J, a frequency-doubled 532-nm beam (125 m]J), and a
frequency-tripled 355-nm beam (80 m]). The single-pulse output
has a duration of 2 ns with a jitter of 0.5 ns. The fundamental
was chosen for the Faraday rotation probe to exploit the greater
polarization rotation that can be expected, since Eq. (3) scales as 2.

Although the laser is capable of supplying 300 m] in the 1064-
nm beam, the laser output was reduced to ~10 m]J in the 1064-nm
beam because the polarization analyzers have damage thresholds
requiring fluences below ~10 mJ/cm?. All laser energies were mea-
sured using a coherent energy meter (J-50MB-LE) calibrated to
within £2% energy uncertainty. The average pulse-to-pulse energy
fluctuation between subsequent laser pulses was ~+1%.

The laser’s output beam diameter is 6 mm. The beam is passed
through a magnifying spatial filter consisting of a 200-uym pinhole
and a 2x magnifying lens pair. The laser output in the fundamen-
tal is >90% linearly polarized. The expanded beam is then passed
through an initial polarizer, denoted by PO in Fig. 3. This polarizer

Laser Room
M1 E
L1
100um f=100mm

Spatial 2
Filter £=200mm

1064nm Nd:YAG Laser

Optics Table 2

LF

LF

MAIZE LTD

N

Optics Table 1

z

Vacuum
Chamber

ND1

P2
P1
L6
75mm
L7
f=
75mm
L5
M4
M3
L3 L4 BS2 ND2
f=750mm f=750mm

Photodiode

FIG. 3. Diagram of optical components and beam paths for the Faraday rotation imaging diagnostic constructed at the MAIZE facility. Diagram not to scale.
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removes the vertical components (relative to the floor) and passes an
almost fully horizontal polarization. The beam is then split by a 10:90
(R:T), non-polarizing beam splitter (Thorlabs BS044, denoted as BS1
in Fig. 3) into a probe beam with 90% of the incident beam energy
and a reference beam with 10% of the incident beam energy. This
10:90 split is used to ensure that the probe beam has sufficient energy
to be split into the Faraday and interferometry channels (beam split-
ters BS2, BS3, and BS4 in Fig. 3) after passing through the vacuum
chamber and the X-pinch plasma.

The vacuum chamber port windows are made of an unknown
material, either fused silica or Kodial glass. These windows were
found to not measurably disrupt the linear polarization of the laser
light. As X-pinches tend to deposit material in the chamber, an addi-
tional, exchangeable/sacrificial layer of commercial borosilicate glass
was used to cover/protect the port glass. Commercial borosilicate
glass was used instead of Lexan panes, as Lexan panes were found to
severely and nonuniformly disrupt the laser polarization.

Upon exiting the vacuum chamber, the beam and scattered
light are collected by an image relay of 1x magnification. For
practical reasons, we placed the initial collection optic outside the
1-m-diameter vacuum chamber. This reduced the acceptance angle
of the primary collection optic to 1.75°. This reduction was justifi-
able as sharp density gradients were expected to exist only in a very
thin transition layer from the dense core plasma to the surrounding
coronal plasma, and thus any loss of light from this transition region
would only minorly perturb our measurement. Furthermore, a sig-
nificant portion of the transition densities are likely above the laser’s
critical density and therefore could not be probed regardless of the
acceptance angle.

The resulting numerical aperture of the system is calculated to
be ~0.03, corresponding to a minimum spatial resolution of ~20 ym.
Tests conducted with a USAF resolution target showed that fea-
tures were clearly resolvable down to 35 ym, marginally resolvable
down to 25 ym, and unresolvable below 25 ym due to diffraction
effects.

After being relayed, the probe beam is split three times via 50:50
(R:T) non-polarizing beam splitters (Thorlabs BS032, denoted as
BS2, BS3, and BS4 in Fig. 3). The first split is such that 50% of the
energy is reflected to the polarimetry channels, while the remain-
ing 50% continues to the interferometry channel. The interferometry
portion of the beam is attenuated with neutral density filters to bet-
ter match the intensity of the reference beam. The attenuated probe
beam and the reference beam are then recombined via BS3. The
signal is then passed through a final magnifying imaging lens and
collected by a 12-bit CCD camera (Canon Rebel XS with all inter-
nal filters removed). The unused portion of the recombined signal is
collected by a photodiode for diagnostic timing.

The polarimetry portion of the probe beam is then split by BS4
into the two polarimetry channels, which each contain a final magni-
fying imaging lens and polarization analyzer (Thorlabs LPNIR100-
MP2). The polarization analyzers have a high extinction ratio (>107)
and a high acceptance angle (£20°). The analyzers are counter
rotated to each other to +0 from the extinction angle. The extinction
angle is determined in situ each time the diagnostic is assembled by
mapping the full transmission profile in 1° increments. This is done
to account for any background rotation introduced within the opti-
cal path. Having the two counter rotated polarimetry channels has
the benefits of (1) reducing the effects of pinch self-emission and (2)

ARTICLE pubs.aip.org/aip/rsi

removing the double valued nature of measured rotations above 6,
which is seen in systems with a paired polarimetry and shadowg-
raphy channel. This does come at the expense of being unable to
clearly identify shadowgraphy effects. Both signals are finally col-
lected by 14-bit CCD cameras (Canon Rebel XSi with all internal
filters removed). The CCDs of both the Faraday and interferom-
etry channels were additionally filtered with 1064-nm line filters
(Edmund Optics No. 39-364, denoted as LF in Fig. 3) to reduce
image contamination from broadband self-emission.

Though designed for use with X-pinch micro-pinches at high
magnification, the system shown in Fig. 3 can be easily converted to
low magnification operation by removing the magnification lenses
and moving the CCD cameras to the image plane of the relay lenses.
However, even running at 1x magnification, the diagnostic is limited
in probing size to a maximum of 20 mm in diameter, due to the size
of the probe-reference beam splitter.

3. Simulated rotation profiles

Operation of the Faraday diagnostic at high sensitivity requires
the analyzers to be rotated to the optimal offset angle based on the
expected range of rotation. However, while designing this diagnostic
(prior to doing any experiments), the current and density distri-
butions surrounding the micro-pinch cores were unknown, and
thus the relative magnitudes of the expected rotations were initially
unknown. Therefore, simulated Faraday rotation images were gen-
erated to test the effects of various current and density distributions
and to estimate the likely rotation angles.

While the overall magnetic and density profiles of X-pinches
are complicated and vary between experiments, a basic approxima-
tion can be made by assuming that the neck region, or any subsection
of the neck region, can be described by a cylindrically symmetric
region composed of a critically dense neck that sharply transitions
to coronal plasma. The magnitude of the rotation angles that might
be observed can then be calculated by imposing varied density and
current profiles within this geometry.

Figure 4 shows a selection of rotation profiles through the
parameter spaces explored. Figures 4(a)-4(c) show the effects of
constant, linear, and exponential electron density profiles with
the full drive current contained within the dense neck plasma.
Figures 4(d)-4(f) show the effects of a constant electron density in
the coronal plasma and the current now being partitioned between
the dense neck and the coronal plasma with 90%, 50%, and 10% of
the drive current within the neck plasma and the remaining current
being linearly distributed in the surrounding coronal plasma. Each
plot is normalized to a coronal electron density of 2 x 10'® cm™
at the edge of the neck. This value is roughly the average value of
what initial interferometry results had indicated. Regardless of the
exact variants considered, simulations within the range of expected
parameters produced similar maximal rotation values. Taking into
account self-emission effects, this provided an initial value for the
analyzing polarizers of <10° for expected densities of 10'® cm™ and
a current of 150 kA. For the experiments reported herein, analyzer
offset angles of 5° or less were found to provide the highest sensitiv-
ities, which is roughly in line with the simulated estimates. Note that
the rotation angle is linear with current. Therefore, having greater
current at equivalent densities would improve the signal strength
and thus the signal-to-noise ratio for a given density profile.
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FIG. 4. (a)—(c) Simulated Faraday rotation profiles with the entire current enclosed
within the central dense plasma column and (a) constant, (b) linear, and (c) expo-
nential electron density distributions in the surrounding coronal plasma. (d)—(f)
Simulated Faraday rotation profiles of a constant electron density distribution in
the coronal plasma and (d) 90%, (e) 50%, and (f) 10% of the total drive current
contained within the dense neck plasma and the remaining current being linearly
distributed in the surrounding coronal plasma. The line out of each simulated rota-
tion profile is plotted in black along with the location of the edges of the central
dense neck plasma. All plots were normalized with a coronal plasma density of
2 x 10" cm~3 at the edge of the neck and a total current of 150 kA.

lll. EXPERIMENTAL RESULTS

For each X-pinch experiment, nine images are produced by the
diagnostic: a pre-shot image, an image taken during the experiment,
and a post-shot image for each of the polarimetry channels and the
single interferometry channel. Figure 5 shows example interfero-
metric images, while Fig. 6 shows the corresponding polarimetric
images. For these sets of images, the analyzer angles were set to
+3.5°. In general, magnifications were about 7.5-8x, corresponding
to approximately 0.66 ym per CCD pixel. Note that these pixel res-
olutions are higher than the achievable optical resolution, but they
are still desirable for reducing what would be an extraneous field of
view on the sensor and for easing image registration and alignment
when processing the images.

Figure 6(d) shows a plot of the rotation angle calculated from
the box-filtered polarograms of Figs. 6(b) and 6(c), normalized to
their post-shot background polarograms, one example of which is
presented in Fig. 6(a). Using the post-shot background for normal-
ization is preferred over using the pre-shot background because the
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FIG. 5. Interferometry data for an example two-wire, 25-um-wire-diameter, Ag
X-pinch experiment: (a) pre-shot interferogram; (b) interferogram; (c) the areal
density calculated from (a) and (b). The density range shown (~10'6-10"" cm=2)
is typical for standard 2-wire X-pinches on MAIZE.

presence of the wires in the pre-shot background leads to numeri-
cal artifacts in the region of interest. Following Ref. 15, the rotation
angles were calculated from the polarograms via

1[Es(xy) [Is+(xy)  Is-(x,y) | tan(6)
A(p(x’y)_Z[Es(x,y){lm(x,y)_IB(x,y)} 5 ] (12)

where the subscripts “S” and “B” refer to the shot and background
values of the laser energy (or image intensity), and the subscripts

+” and “-” refer to the polarimetry channels with their analyz-
ers rotated by + the selected angle 6. In Fig. 6(d), the measured
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FIG. 6. Polarimetry data from the example two-wire, 25-um-wire-diameter, Ag
X-pinch experiment: (a) post-shot polarimetry background; (b) smoothed channel
1 polarogram; (c) smoothed channel 2 polarogram; and (d) the Faraday rotation
image calculated from (a)—(c). The dashed box in (d) denotes the region used for
producing the enclosed current profile of Fig. 7 and the magnetic pressure profile
of Fig. 8. The solid lines within the dashed box in (d) denote the centerline and
edge of the dense core.

angles range mainly within +1° and were not close to exceeding
B = +3.5°. This would not be an issue, regardless, as the dual channel
polarimetry removes the double valued nature of the rotation when
determined by Eq. (12). Rather, this simply indicates that the sensi-
tivity may be slightly improved by setting the analyzers to a slightly
smaller value of | + 6.

Note that the images in Figs. 5 and 6 appear slightly defocused.
This is likely due to some combination of edge diffraction, motional
blurring due to time-integration over the 2-ns laser pulse, a shal-
low depth-of-field, and a slight optical misalignment. Reducing the
time-integration would require a new laser, while the depth-of-field
could be extended in future experiments by reducing the aperture
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of the collection lens. However, reducing the aperture of the collec-
tion lens would likely exacerbate the diffraction effects. Thus, in the
future, coherent ray-tracing simulations should be run (and confir-
matory experimental tests should be performed) to find the optimal
f-number for the system. Regarding the edge diffraction apparent in
the images of Fig. 6, we note that the diffraction pattern generated
is influenced by the shape of the dense plasma neck at the time of
the image. When using these data to extract 1D radial profiles, the
diffraction pattern shows up as an oscillatory component superim-
posed onto a mean value. Fortunately, in regions of interest closer
to the neck edge (i.e., where the rotation angle is relatively large),
the amplitude of the oscillatory component is small enough relative
to the mean value that we can still extract radial distributions (or at
least their general trends) with reasonable quantitative accuracy.

For processing the interferograms, we made use of the Magic2
code developed at Imperial College London from the original
MAGIC code.”””" Essentially, this required the preprocessing of a
background interferogram and an experimental interferogram with
single-pixel, black fringe traces on a white background. Any unused
portions of the image, such as regions blocked by dense plasma, were
masked in gray. These preprocessed interferograms were loaded into
the code, and the user was asked to label the fringes on both inter-
ferograms. Magic2 then interpolated between the labeled fringes and
returned the resulting fringe shift map. The extracted fringe shift
map was then converted to areal density [e.g., Fig. 5(c)]. Refer to
the Appendix in Ref. 32 for more information on the Magic2 code
and its methods.

Here, we note that processing the interferograms was exces-
sively challenging due to a low fringe density and to large portions of
the images being unusable because of the dense X-pinch plasma scat-
tering or attenuating the probe beam. Higher fringe density would
have improved the spatial resolution of the computationally deter-
mined areal density; however, the trade-off between fringe density
and sensitivity would have reduced the sensitivity of the interfer-
ogram to below the noise threshold. From the interferogram of
Fig. 5(b), it is seen that fringe shifts remain small until very close
to the neck. This implies that much of the neck region is devoid
of sufficient plasma density for measurable rotation angles, except
where plumes of density exist or where the magnetic field strength
becomes large enough (e.g., at small radius) to utilize the minimal
density present.

For both the interferometry and polarimetry data, Abel inver-
sion was attempted to account for the cylindrical geometry of the
system. However, the low sampling density of the fringe shifts and
the edge diffraction within the rotation angle profile resulted in noisy
or nonphysical inverted profiles. Therefore, B was calculated using
Eq. (5) with our measured values of A¢ and N.. The sampled rota-
tion and areal density values were first interpolated to smooth the
profiles before being combined into an averaged By profile. The
enclosed current was then calculated from Eq. (10) using an estimate
Of L().

There are various interpretations for Ly based on known para-
meters. The first is that there will be a maximal Ly for which the
extracted current trace will match the amplitude captured by the
anode Rogowski coil, as it would not be possible to have greater cur-
rent to the load. The second is that for any fully enclosed current
surrounded by a region devoid of further current density, the mag-
netic pressure profile should decay as 1/7?, and the current enclosed
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FIG. 7. Current enclosed as a function of radius from the center of the X-pinch neck calculated using a length scale of Ly = 2500 ym. The shaded region bounded by the
dotted line gives the calculated errors in the enclosed current measurement. Plotted for reference in red is the 133 kA of load current measured by the anode Rogowski coil
on MAIZE at the time of the Faraday rotation imaging. Note that the anode Rogowski coil resides at a radius of 11 cm.

profile should be constant with 7, even in vacuum. However, Faraday
rotation imaging is not possible for probed regions containing only
vacuum (or sufficiently low plasma density). The radius above which
the plasma density becomes too low for a Faraday rotation signal to
be obtained will result in nonsensical magnetic pressure and current
enclosed values, often appearing as regions of large amplitude noise
at large radius. The transition from expected radial dependence to
regions of large amplitude noise often occurs abruptly at a particular
radial location. Thus, we may use this transition point to specify a
minimal Ly. (Recall that L is twice the radius of where this transi-
tion occurs, since in our approximation, Ly is defined as the diameter
of the plasma column.) If no transition point is visible within the
radial field of view (~1500 ym), then an assumption for Ly can be
made from a reasonable point of decay in the magnetic pressure
curve. Alternatively, if the interferometry data show plasma density
beyond the Faraday rotation imaging region of interest (as is the case

for the experiments presented herein), then the interferometry data
should be used to choose Ly based on the radial location where the
density profile transitions to a rapidly decaying signal with increas-
ing radius. This was the procedure used to determine the value of
Lo = 2500 ym for the results presented in Figs. 7 and 8. This value
for Loy also resulted in our profile amplitudes matching the mean
amplitudes obtained from much noisier and chaotic Abel inversion
attempts. This agreement with Abel inverted signals (though crude)
provides supporting evidence for our choice of Ly and increases our
confidence in our approximations.

Figure 7 shows the average current enclosed as a function
of distance from the center of the plasma neck for the X-pinch
images shown in Figs. 5 and 6, calculated using a length scale of
Lo = 2500 um. This profile shows that the current enclosed in the
dense plasma column at r < 120 ym is only ~40%-50% of the total
load current delivered, which was ~133 kA at the time of imaging (as
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FIG. 8. Magnetic drive pressure as a function of radius from the center of the X-pinch neck calculated using a length scale of Ly = 2500 ym. The shaded region bounded by

the dotted line gives the calculated errors in the drive pressure measurement. The overlaid dashed red line shows a fit with a 1/r? dependence. Note that a 1/r? dependence
is expected to occur outside of the radius in which 100% of the total drive current is enclosed [cf. Eq. (1)].
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measured by MAIZE’s anode Rogowski coil that resides at a radius
of 11 cm). The enclosed current then increases to relatively constant
values of approximately 85%-100% at r > 210 ym. This implies that
roughly 40%-60% of the total drive current is distributed within
the coronal plasma surrounding the dense core. Loss of measure-
ment fidelity (e.g., edge diffraction effects) is the likely cause of
the dip in the current enclosed trace of Fig. 7, and the increase in
the current enclosed appears reasonably linear with radius if the
dip is ignored. At larger distances from the neck (r > 325 ym), the
inferred current enclosed takes on nonphysical values from regions
with lower signal-to-noise ratios in the Faraday rotation images.
This is denoted by the shaded region labeled “Low Signal Region”
in Figs. 7 and 8. To improve the signal-to-noise ratios, the current
enclosed profile is averaged vertically along the neck [see the region
of interest within the dashed box in Fig. 6(d)]. This comes at the
expense of increasing the minimal resolvable neck radius. Hence, the
shaded region in Fig. 7 that is denoted as “Plasma Neck + Noise” is
slightly broader than the minimal diameter seen in Figs. 5(b), 5(c),
and 6(b)-6(d).

Finally, Fig. 8 shows the magnetic drive pressure radial pro-
file that corresponds to the current enclosed profile of Fig. 7. The
Prmag(r) profile plotted in Fig. 8 was calculated using Eq. (1), with
I = Ipa(r). Due to the low drive current and large radius of mea-
surement in this experiment, the maximum magnetic pressure mea-
sured reached only ~75 kbar (at a radius of about 225 ym). Also
plotted in Fig. 8 is the 1/+* curve derived from assuming that the total
current measured by the MAIZE Rogowski coil is contained within
the dense plasma column. As can be seen, the curve matches the data
reasonably well at radii >210 ym. This is encouraging because a 1/7*
dependence is expected to occur outside of the radius in which 100%
of the total drive current is enclosed [cf. Eq. (1)].

IV. CONCLUSIONS

A Faraday rotation imaging diagnostic has been designed and
fielded on the MAIZE LTD facility with simultaneous polarimet-
ric and interferometric imaging. The diagnostic has been fielded
with magnification values ranging from 4 to 8x with sufficient
sensitivity to measure low areal densities (~10"7 cm™2) in the coro-
nal plasma surrounding the dense micro-pinch neck. Despite low
currents leading to small rotation angles of less than 2°, the diag-
nostic had the sensitivity required to readily detect rotation sig-
nals in this range. Having demonstrated sufficient magnification
and sensitivity to both density and rotation around an X-pinch
micro-pinch, the primary goal of the diagnostic to extract enclosed
current profiles and magnetic drive pressure profiles has been
achieved.

Experiments with higher drive currents restored on MAIZE
(2500 kA) will increase the diagnostic’s signal-to-noise ratios, which
will extend and improve the diagnostic’s output; however, this may
not significantly improve the minimal measurable radius. If mea-
surements can be made down to a neck radius of ~30 ym (the
present system resolution), and if all of the current remains close
to the dense core (within 30 ym of the neck edge), then we may
be able to directly measure a magnetic drive pressure of >10 Mbar
[cf. Eq. (1)].

To improve the system, a new sub-ns laser source could be
acquired, as the present 2-ns laser probe limits the minimum radius
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that can be measured to 50-100 um due to temporal averaging and
motional blurring. This is because the primary neck cascade (implo-
sion) occurs in $2 ns, with high convergence existing for only a
fraction of that time. To reduce diffraction effects, we could use
a shorter wavelength laser for the polarimetry channels, since the
diffraction-limited spatial resolution scales with A. For example, we
could use the laser’s 532-nm harmonic beam instead of its 1064-
nm fundamental beam. This may improve the diffraction-limited
spatial resolution by a factor of 2, but doing so is only useful if suf-
ficient rotation angles can be sustained for adequate signal-to-noise
ratios, since the rotation angle (our desired signal) scales with A2 [see
Eq. (3)]. Other potential improvements include relocating the pair of
image relay optics to sit fully or partially within the MAIZE vacuum
chamber. This would further reduce diffraction effects while also
increasing the collection angle for light refracted from steep den-
sity gradients. In turn, this would improve our ability to resolve the
plasma density and magnetic field closer to the neck edge. We also
note that the addition of a dedicated shadowgraphy channel could
help with identifying spurious issues arising from steep density gra-
dients. These improvements to the system, coupled with synthetic
diagnostic output from advanced plasma simulations, will allow for
better verification of the enclosed current and magnetic pressure
distributions close to the dense core in future studies.
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APPENDIX: ERROR PROCEDURE FOR ENCLOSED
CURRENT AND MAGNETIC PRESSURE

The error bounds presented in Figs. 7 and 8 were derived
primarily as estimates of the experimental error following normal
error propagation in quadrature assuming fully independent error
sources. From Eq. (10), the error in the enclosed current is depen-
dent on the error in the average parallel magnetic field, By (x), and
the error in the transverse projection axis, x. The error in the projec-
tion axis is separated into two terms dependent on the projected axis
and the length scale parameter, Lo. The error in the enclosed current
can be simplified to the form

05 2 2 2 L
\ (ﬂ) +C1(%) +C2(%) for|x|<—0,
BH Lo X 2

Lend _
Iencl O# 2 2 L
2 +(%) for|x| > =2,
\ B H X 2
(A1)
where the coefficients are defined as
2
L 2x
C=|-——7+—~1], A2
! (L2 Larctan(ZLx)) (42)
2
2x 4x*
CG=|—-75-++—~-—=1, A3
2 (L arctan(i) L’ ) (a3

and where L = \/L? — 4x*. To include an estimate of the error asso-
ciated with applying the integral approximations of Egs. (4), (5), and
(10), a conservative estimate of 30% error is then convolved with the
error calculated from Eq. (A1). From Eq. (1), the error bounds of the
enclosed current profiles give the error in the magnetic pressure.

The error in the radial projection axis, x, is found directly from
the average of the spatial scale errors found for each image; it is a
constant relative error. From Eq. (5), B (x) is dependent on the areal
density, N., and on the Faraday rotation angle, A¢. Thus, the error
equation for By (x) is

I
By

(A4)

The error in the areal density is calculated from the uncertainties in
the measurements of the fringe shifts and the fringe periods. From
Eq. (12), the error in the Faraday rotation angle is a function of the
laser energy ratio between the background and shot images, the error
in the analyzer angle, and the error in the pixel overlap between the
two polarimetry channels. The overlap error was estimated by cal-
culating the average standard deviation from shifting the channels
relative to each other in the x, y, xy, and —xy directions by a set
number of pixels.
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