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Abstract— We present the analysis of interferometry diag-
nostics with the user-friendly Talbot Numerical Tool (TNT),
a Fourier-based postprocessing code that enables real-time
assessment of plasma systems. TNT performance was explored
with visible and infrared interferometry in pulsed-power-driven
Z-pinch configurations to expand its capabilities beyond Talbot
X-ray interferometry in the high-intensity laser environment.
TNT enabled accurate electron density characterization of
magnetically driven plasma flows and shocks through phase-
retrieval methods that did not require data modification or
masking. TNT demonstrated enhanced resolution, detecting
below 4% fringe shift, which corresponds to 8.7 x 10'° cm™2
within 28 um, approaching the laser probing system limit.
TNT was tested against a well-known interferometry analysis
software, delivering an average resolving power nearly ten
times better (~28 um versus ~210 um) when resolving plasma
ablation features. TNT demonstrated higher sensitivity when
probing sharp electron density gradients in supersonic shocks.
A maximum electron areal density of 4.1 x 107 em™2 was
measured in the shocked plasma region, and a minimum electron
density detection of ~1.0 x 10 em~2 was achieved. When
probing colliding plasma flows, the calculations of the effective

Manuscript received 1 December 2023; revised 5 April 2024;
accepted 13 May 2024. This work was supported in part by the TNT
Code Development was provided by the U.S. Department of Energy
(DOE), in part by the National Nuclear Security Administration (NNSA),
in part by the High Energy Density Laboratory Plasmas under Grant
DE-NAO0003882 and Grant DE-NA0004028, in part by Spanish Ministry
of Science and Innovation Research under Grant PID2022-1376320B-100,
in part by the Conseil Régional Aquitaine (INTALAX), in part by the
Agence Nationale de la Recherche (France) under Grant ANR-10-IDEX-
03-02 and Grant ANR-15-CE30-0011, in part by the NNSA Stewardship
Science Academic Programs under DOE Cooperative through Wire Exploder
Work under Agreement DE-FCO03-02NSA00057 and Agreement DE-
NA0004148, in part by the Colliding plasmas work Agencia Nacional
de Investigacion y Desarrollo (ANID) grants of the Gobierno de Chile
under Grant ANID-Quimal-190011 and Grant ANID-FONDECYT-Regular
1231286. The work of Luisa Izquierdo was supported by the ANID-
Doctorado Nacional under Grant 2023-21230431. The review of this
article was arranged by Senior Editor F. Beg. (Corresponding author:
Maria Pia Valdivia.)

Maria Pia Valdivia is with the Center for Energy Research,
University of California San Diego, La Jolla, CA 92093 USA, and
also with the Physics and Astronomy Department, The Johns Hopkins
University, Baltimore, MD 21218 USA (e-mail: mpvaldivialeiva@ucsd.edu).

Gabriel Pérez-Callejo is with the Departamento de Fisica Tedrica Atémica
y Optica, Universidad de Valladolid, 47011 Valladolid, Spain.

Luisa Izquierdo and Felipe Veloso are with the Instituto de Fisica, Pontificia
Universidad Catélica de Chile, Santiago 7820436, Chile.

Ann Truong, Hanyu Hu, Noah Dilworth, and Simon C. Bott-Suzuki are with
the Center for Energy Research, University of California San Diego, La Jolla,
CA 92093 USA.

Victorien Bouffetier is with the CELLS-ALBA Synchrotron Light Source,
08290 Barcelona, Spain, and also with European XFEL GmbH, 22869
Schenefeld, Germany.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPS.2024.3420910.

Digital Object Identifier 10.1109/TPS.2024.3420910

adiabatic index and the associated errors were improved from
y* =2.6 £ 1.6-1.4 £ 0.2 with TNT postprocessing, contributing
valuable data for the interpretation of radiative transport.
Additional applications of TNT in the characterization of pulsed-
power plasmas and beyond are discussed.

Index Terms— Algorithms, Fourier transforms, instrumenta-
tion and measurement, measurement by laser beam, phase
shifting interferometry, plasma diagnostics.

I. INTRODUCTION

MAGING diagnostics are a useful tool to characterize

samples with high resolution and sensitivity. Laser
probing diagnostics have become a standard diagnostic
in pulsed-power systems [l]. Interferometry can provide
reliable electron density information of Z-pinch configurations
from phase measurements through Fourier methods. Several
interferometry postprocessing codes and algorithms offer
different phase-retrieval capabilities, which must be evaluated
carefully to determine their suitability for each application.
One such example is the Talbot Numerical Tool (TNT), which
enables rapid and accurate phase retrieval in a user-friendly
package.

TNT was developed as a submodule of the Talbot
Interferometry Analyzer (TIA) code [2]. While TIA is a
user-friendly forward modeling code, designed to generate
synthetic X-ray Talbot-Lau deflectometry interferograms, its
last submodule includes of a series of dedicated routines
to postprocess and analyze these interferograms using
automated Fourier signal processing. Specific features have
been integrated to analyze highly dense plasmas generated
by high-intensity lasers. TNT is a standalone version of the
TIA postprocessing module described, adapted to work with
experimental data directly, that is, no forward modeling is
required. Moreover, TNT can postprocess interferometry data
beyond X-ray Moire images, which includes grating phase-
scanning analysis methods [3]. TNT has enabled enhanced
phase reconstruction accuracy in recent high-intensity laser
experiments [4], [5], where steep electron density gradients
were resolved with high diagnostic sensitivity.

The TNT code is developed using MATLAB [6],
a coding language that uses C routines behind its native
functions, permitting rapid calculations. The combination
of C routines within MATLAB functions and fast Fourier
transform algorithms enables quick image processing of large
interferograms, typically delivering transmission, phase shift,
and dark field images in under a minute when run on personal
computers with standard processing capabilities. Therefore,
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TNT can support real-time data analysis to experimental
campaigns that require quick assessment of results. Moreover,
TNT postprocessing can be applied to high repetition rate
systems, and future developments making use of machine
learning algorithms can contribute to advanced data analysis
capabilities.

TNT is a user-friendly tool, which can be operated within a
graphical user interface (GUI), making it accessible for users
who may not be familiar with the coding environment. In its
automatic operation mode, TNT requires minimum user input.
Once the data images are loaded into the code, TNT will detect
the points of maximum intensity in the corresponding Fourier
transforms and associate them with the periodicity of the
fringes. It will then select a region around those peaks based
on the intensity of the surrounding pixels and return Fourier
components associated with different data features (as detailed
further below). Nevertheless, if the user is more experienced
and familiar with the techniques of Fourier analysis, TNT also
includes a manual operation mode, which allows the user to
manually select the desired Fourier peaks by specifying the
region corresponding to each Fourier component, effectively
constraining or relaxing data filtering in the Fourier space.
TNT input allows for several data formats to be loaded
and saved beyond the standard 8-bit dynamic range. This
feature enables higher resolution recording of interferograms,
which can lead to higher diagnostic accuracy since resolution
is limited by the amplitude of the phase curve in Fourier
processing methods.

TNT offers a comprehensive framework for interferometry
data analysis with specific features for X-ray deflectometry.
The TNT user interface enables selection of multiple Fourier
orders. Peaks can be identified and filtered by the code
automatically or manually selected by the user. A full technical
report of TNT data analysis algorithms can be found in Pérez-
Callejo et al. [2]. Nevertheless, a brief summary of the Fourier
analysis performed by TNT is presented here.

A periodic fringe pattern S(x, y) can be expressed as [7]

S(x,y) = A(x, y) + B(x, y)e'?* 1

where (x, y) are the spatial coordinates of a given position in
the image, the first term corresponds to nonperiodic features
related to beam attenuation effects, and the second term is
related to the fringe pattern periodicity and any fluctuations
therein. ¢ describes the wavefront phase.

The TNT algorithm separates Fourier components such that
the main illumination term (A) can be obtained from the Oth
order, while the 1st Fourier order yields the term C = B €'?,
related to the phase. The separation is achieved by selecting
and masking the appropriate peaks in the Fourier space [8],
as detailed further in [4]. By extracting the real and imaginary
parts of log[C], it becomes possible to isolate B and ¢. This
allows TNT to retrieve the amplitude of the wavefront at the
detector plane (A) and its phase (¢).

Interferometry diagnostics generally require a set of images
to account for nonuniform phase profile: a reference image of
the unperturbed interference pattern (i.e., freely propagating
beam) and an object image in which the fringe pattern is
perturbed by the probed sample. Once A, B, and ¢ have been
extracted from the reference and object images, the phase shift
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image can be retrieved from

A} = Pobj — Pref 2

which depicts the phase gradient resulting from the interaction
between the wavefront and the sample.

For optical and infrared light, the refractive index n of a
plasma can be written as

f1-te g L 3)
n = _— X —
ne 2n,

where n, is the critical electron density as determined by
the probing beam wavelength. Note that this approximation
is valid for underdense plasmas where n, < n..

The phase difference between a plasma probing beam and
a beam propagating in vacuum (n = 1) is given by

Aqs:zTn/(n_])dl%Al/nedl 4)

ne

where A is the beam wavelength. Note that the integral is
performed along the probing beam direction of propagation.
Hence, areal electron density can be obtained from (4).

II. TNT ANALYSIS OF PULSED-POWER EXPERIMENTS

Increased diagnostic accuracy can benefit studies related
to ablation dynamics [9] and the development and evo-
lution of electro-thermal and magneto-Rayleigh-Taylor -
instabilities [10]. Thus, TNT can play an important role in
studies supporting magnetized liner fusion (MagLIF) [11],
[12] experiments, providing increased quality data to better
constrain simulation codes and models. Going beyond, X-ray
interferometry can probe a new density regime that may offer
enhanced electron density gradient resolving power [13], [14].

Typically, interferometry analysis methods require image
contrast enhancement, careful selection of specific regions of
interest (ROI), and/or masking specific areas within the ROI.
Most codes perform a sinusoidal fit to the periodic fringe
data, which imposes restrictions related to fringe contrast and
intensity levels within the ROI to be processed. This is relevant
in Z-pinch experiments, where multiple spark discharges
(common in the operation of pulsed power drivers) may affect
the background intensity profile. This should be considered in
context with acquisition capabilities of the imaging system,
in addition to detector quantum efficiency. In contrast, TNT
operates directly in the Fourier space, by identifying the
spatial frequency of the fringes and masking the frequencies
directly. This makes TNT particularly powerful when dealing
with broken fringes due to nonuniform intensity profiles,
a common issue encountered in experimental interferometry
data. Note that broken fringes are also highly periodic, and
so their signal is encoded in the Fourier transform around the
corresponding Fourier peak. This simplifies data processing
significantly, since the code does not follow fringes, but rather
looks at a reduced area in the Fourier space. By comparing the
Fourier transform of the probed object and a reference image,
absolute fringe deviations are easily obtained. The algorithm
is described in more detail in [4].

To highlight TNT phase-retrieval capabilities for pulsed-
power experiments, data analysis from Mach—Zehnder
interferometry diagnostics will be presented for two Z-pinch
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configurations as follows. An exploder wire configuration
was probed with an infrared laser system to investigate
magnetically induced plasma currents and shocks. TNT speed
and ease of use were first evaluated considering phase shift
reconstruction of raw interferograms. A full experimental
view of exploder array features and the interaction region
between low-density plasma flow and a solid obstacle is
presented. A thorough description of plasma features explores
postprocessed data accuracy. TNT phase-retrieval capabilities
are compared with a standard interferometry analysis code to
evaluate performance in context of sensitivity and resolution.
A second Z-pinch configuration, designed to study the
interaction region between a plasma jet generated by a wire
array and a laser-produced plasma plume, is presented. A code
comparison is presented for areal electron density retrieval.
An evaluation of TNT performance is presented considering
the ability to resolve important plasma features and obtain
accurate measurements relevant to plasma dynamics studies.

III. PLASMA FLOW AND SHOCK STUDIES USING WIRE
EXPLODER CONFIGURATION

Plasma flow and shock dynamics can be investigated
in pulsed-power experiments involving a wide variety of
Z-pinch configurations [15], [16], [17]. Inverse wire arrays
are useful and well-known platforms that enable hydrodynamic
flow studies in the high-energy density regime [18], [19]. Bott-
Suzuki et al. [20] demonstrated supersonic shock formation
(M ~6) in an exploder wire platform, where a quasi-uniform,
large-scale hydrodynamic flow was accelerated by Lorentz
forces. These Z-pinch platforms can help determine shock
formation conditions and evolution in context of plasma flow
dynamics. Considering that enhanced diagnostic resolution
and sensitivity can better highlight specific Z-pinch features
(e.g., ablation flares) and high density gradient (e.g., shock
interaction region), TNT performance was assessed through
the analysis of exploder array data.

A. Two-Wire Exploder: An Experimental Platform for
Plasma Flow and Shock Studies

Wire exploder Z-pinch configurations provide a useful
platform to study plasma flow dynamics in a simple
configuration. In a two-wire exploder, shock formation and
evolution is determined by experimental parameters that can be
easily controlled or modified, thus enabling systematic studies.
The two-wire exploder configuration studied was constructed
with 150-um-diameter tungsten wire load and loop obstacle.
A schematic can be found in Fig. 1 as well as pictures
highlighting electrodes and current monitors.

The two-wire exploder was driven by the Bertha pulser
(~200 kA, ~I1.1 us rise time) [21]. The current flowing
through each return post was monitored with two independent
Rogowski coils. The total current through the load was
calculated from these two measurements. Fig. 2 shows the
current traces obtained in a typical shot. The total current
signal indicates that a peak value of 180.8 kA was reached
1.05 us after current start. The plot also shows the diode signal
that was used to determine diagnostic laser probe start time.

Wire obstacle
\ Wire load
« Rogowski

Fig. 1.
obstacle wires, electrodes, and current probes. Bottom: Top-down (left) and
side-on (right) angled views.

Wire exploder configuration. Top: Schematic showing load and
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Fig. 2. Current signals from individual Rogowski coil voltages (Ig; and

IR2) and the corresponding total current (/g14+r2). Interferometry timing was
given by laser diode signal.

B. Full-View Assessment of the Plasma System

Plasma dynamics were characterized through time-
resolved infrared Mach—Zehnder interferometry (Nd:YAG
laser, 1064 nm, 6.5 ns). An interferogram was recorded
0.71 ps after current start, with time resolution given by
laser pulselength. Fig. 3 shows a color-enhanced version
of the image recorded with magnified view insets to better
showcase the interference pattern. Note that the period of the
interference pattern and its curvature vary within the image,
and thus, nonuniformity must be considered in data analysis
and interpretation.

Fig. 4 presents the data obtained from TNT postprocessing
of the raw data shown in Fig. 3. In this case, unaltered images
were loaded to TNT and neither masks are used nor specific
areas are selected in the data analysis process. The entire
phase-retrieval procedure, from image loading to data storage,
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Fig. 3. Interferogram of the two-wire exploder plasma load. Insets show
two magnified sections. Image contrast has been modified in this figure for
viewing purposes.

S

Fig. 4. Results from TNT postprocessing of raw interferograms: (a) Phase
shift. (b) Corresponding areal electron density color map.

took less than a minute to complete.! Fig. 4 presents phase
and areal electron density maps generated from interferometry
data postprocessing of Fig. 3, demonstrating that TNT can
efficiently provide a complete view of the probed system
without the need to alter the interferometry images.

'As an example, the TNT data analysis takes less than a minute when
executed on a Ryzen 7 laptop, with 12 GB of RAM, and on an Intel(R)
Core(TM) i5-6500 CPU at 3.20 GHz, with 16 GB of RAM.
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The results shown in Fig. 4 demonstrate that the TNT
code is robust; it can work with images containing sharp
interfaces and heavily attenuating or otherwise solid objects
(e.g., electrodes). The latter is especially relevant to data
analysis of Z-pinch configurations. Pulsed-power experimental
schemes are often constricted by vacuum chamber size
and electrode geometry, making diagnostic field of view a
challenge. Notably, TNT postprocessing did not use masks
nor was it necessary to it modify the raw interferogram data
in any way, which is not the case for most interferometry
analysis codes. While the phase map obtained with TNT shows
nonzero values within solid objects [Fig. 4(a)], disambiguation
is possible by inferring electrode and wire locations from
reference images. It is understood that the values assigned
to electrode and wire locations hold no physical meaning
since these areas experience no phase shift. Indeed, said
values average to zero within measurement error, noting
that this may also serve as means to assess the level
of uncertainty associated with the phase maps retrieved.
Additional details and further numerical analysis will be
presented in a future publication addressing TNT code
capabilities and limitations for experimental configurations
beyond pulsed-power applications.

C. TNT Phase-Retrieval Accuracy

Distinctive features of dense Z-pinch dynamics, such as
wire expansion and ablation flares, can be identified in the
phase shift image obtained through TNT postprocessing and its
corresponding areal electron density image [Fig. 4(b)]. In wire
array systems, wire core heating and expansion are expected
as current goes through the wires. Nonuniform mass ablation
is observed along the wires and periodic plasma streams can
be identified along their outer surface. These plasma streams
carry mass away from the wire. In the experiment, low-
density plasma surrounds the wire cores. Wire diameters of
919 4+ 47 pum and 825 £ 38 um were determined for the left
and right wires, respectively.

The discrepancy in wire expansion is explained by
independent current measurements (Fig. 2), where Iz, =
99 kA was calculated for the left wire and Iz, = 73 kA was
calculated for the right wire. In this case, the current flow
asymmetry is significant enough to impact plasma dynamics,
which may be inferred from the data shown in Fig. 4(b).
According to Z-pinch dynamics [1], [20], higher areal electron
densities are expected near the wires. An average areal electron
density of 6.01 & 0.35 x 10'7 cm™2 was determined for the
area surrounding the wires defined by rgg = 75 um to
Texpanded = 133 um [Fig. 4(b)]. Assuming axial symmetry
around the wire, electron densities above 2.3 x 10* c¢cm™3
were computed for an effective wire radius of ~133 um. Thus,
plasma electron density values ~45% of critical density could
be obtained at the wire surface, based on TNT postprocessed
data.

Note that the accuracy of postprocessed interferometry
data depends on the ability to distinguish consecutive fringes
within the smallest spatial unit. Furthermore, the minimum
and maximum detectable fringe shift values are determined by
several factors including diagnostic limitations (e.g., critical
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density, spatial resolution from optical system, and detector
dynamic range), probed object properties (e.g., dimensions
and composition), and combinations thereof. For example,
low and/or nonuniform probe beam intensity can lead to
poor fringe contrast, which is detrimental to phase-retrieval
accuracy. Data analysis codes may address these issues
differently. The unique data processing approach provided by
TNT has been optimized to achieve high diagnostic sensitivity
and resolution. Since TNT works directly in the Fourier
space, the resolution limit depends on Fourier peak selection.
It is important to note that TNT does not perform sinusoidal
fitting, hence no artificial smoothing is introduced by the
phase-retrieval algorithm. This has major implications in the
quality of data obtained. In combination with highly sensitive
diagnostics, the code can detect subperiod fringe shifts with
improved data accuracy.

D. Evaluation of Phase-Retrieval Sensitivity

Diagnostic data processing techniques must be optimized to
take full advantage of their inherent sensitivity and resolution.
Considering the current state of laser-based interferometry
diagnostics for Z-pinches, improved data analysis methods
were pursued. In the above, it was shown that TNT can
easily support quick data processing in systematic studies of
Z-pinches. To test TNT performance, a direct comparison
of postprocessed data quality was made against IDEA [22],
a software designed for fringe analysis and phase data
reduction that has been widely used by the pulsed-power
community. A small region at the center of Fig. 3 was
selected considering areas with no discernible broken fringes
and sufficient signal level where minimum and maximum
amplitudes could be distinguished within the interference
pattern.

Fig. 5 presents the fringe map obtained from TNT
postprocessing of cropped raw reference and object image sets
of a region showing plasma flow near the wire, indicated by
dashed box in Fig. 4(b). Two different fringe shift maps were
retrieved with IDEA using the same interferometry image set.
IDEALI labeling (Fig. 5, center) shows the fringe shift map
retrieved using minimum filtration in the Fourier domain to
preserve information and maximize resolution. However, the
reconstructed image shows three areas that suffered from the
so-called 2-Pi uncertainty (red dotted circles), as the algorithm
failed to properly identify the corresponding original fringe
position in the reference image. As consequence, an over-
or underestimation equivalent to at least one full fringe
period may be expected. IDEA?2 indicates a second retrieval
in which problem areas were masked within the software
(red dotted squares). Increased filtration in the Fourier space
was required, leading to resolution loss, as observed when
comparing fringe shift maps. Note that masking introduces
data loss in the masked region but it does not necessarily
solve the 2-Pi uncertainty issue, which is illustrated by
ineffective masking at the top of the IDEA1 and IDEA2
images. Moreover, additional data uncertainty is introduced
from fringe shift underestimation, evidenced by lower fringe
shift values assigned to the regions away from the wire (right).

TNT

IDEA1

IDEA2

0.2 0.5 0.8 1.1 1.4
Fringe Shift
Fig. 5. Fringe shift maps obtained with TNT and IDEA for a small

area at the center of Fig. 3. IDEA processing was done for two different
masked areas and Fourier peak selections. Line-outs were taken at two radial
positions perpendicular to the direction of ablation flare expansion. White
dashed lines indicate R/ and R2 positions (closer and farther away from the
wire, respectively). Periodic ablation flare structures are indicated by arrows
and the flow direction is indicated by 6.

It is important to consider that while masking and
Fourier space filtration may be performed to overcome 2-Pi
uncertainty, this is often detrimental to diagnostic sensitivity
due to poor resolution and reduced detection dynamic range.
In addition, optimal region of interest selection depends
strongly on user experience with the code. IDEA offers script
capabilities that may help with this selection; nevertheless,
user expertise is needed to recognize how mask or area
selection might produce artificial fringe discontinuities or,
in some cases, it may induce new problem regions. Often,
the analyzed area must be severely reduced to avoid potential
misinterpretations, particularly near edges.

Ablation flare information is typically extracted from
radiography diagnostics, a well-established technique in
Z-pinch experimental studies [23], [24]. Although radiographs
may be useful for certain experimental applications, forward-
fitting methods and plasma properties assumptions are required
for precise data analysis and electron density retrieval. This
motivates further developments in interferometry diagnostic
techniques through improved data postprocessing methods.
Ablation flare structure (indicated by arrows in Fig. 5) was
analyzed considering phase shift line profiles averaged over
20 pixels. Line-outs were taken perpendicular to the plasma
flow direction, as defined by the angle 6 between the ablation
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Fig. 6. Line-outs from differential phase shift maps retrieved with TNT

and IDEA, corresponding to data from Fig. 5. The plots show ablation flare
structures are less prominent away from the wire.

flares and the wire, for two different positions, as indicated by
thin long white dashed lines in Fig. 5.

Ablation flares can be identified from phase shift line-outs
(Fig. 5). TNT, IDEA1, and IDEA?2 traces are shown in Fig. 6.
Individual ablation flare position and local density may be
inferred from phase shift line-out peaks considering amplitude
and width, as these are related to phase change sensitivity
and spatial resolution, respectively. Profiles from both the radii
indicate that TNT enables enhanced diagnostic sensitivity with
increased spatial resolution. Several peaks within the TNT
line-out cannot be distinguished from IDEA1 and IDEA2
traces. Moreover, when comparing IDEA1 and IDEA2, it is
clear that masking ambiguous regions within an image may
reduce phase amplitude and spatial resolution. Note that
masking is often required in IDEA phase unwrapping. In turn,
the TNT code can better assess fringe position avoiding
masking altogether. With TNT, a minimum fringe shift of
~4%, can be detected within 3 pixels. This is equivalent to an
areal electron density lower limit detection of 8.7 x 10'> cm™2
(4) within ~28 um, close to the optical system resolution limit
estimate of ~20 pm. In contrast, IDEA line-outs show that 4%
fringe shift can be measured within 8 pixels, that is, ~74 um
are required achieve the same level of sensitivity. Recall that
these results have higher uncertainty, as shown in Fig. 5 and
discussed above. Moreover, phase retrieval with IDEA has an
associated average resolving power equivalent to 177 pm, here
defined as the minimum spatial unit necessary to distinguish
two separate peaks. When attempting to overcome the 2-pi
uncertainty through data masking and increased Fourier
filtering in IDEA, a 5% fringe shift was measured within
13 pixels, which is equivalent to a minimum measurement
of 1.1 x 10'® cm~? within ~121 pm. Note that the additional
filtering and masking came at the cost of average resolving
power, which increased from ~121 to 214 um with IDEA,
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almost an order of magnitude larger than the average resolving
power provided by TNT (~121 wm).

High-density plasma streams, indicated by the arrows in
Fig. 5, are observed along the wire length and moving radially
away from the wires. The well-defined ablation flares have an
average wavelength of 209.7 £ 30.7 um, determined by sine
wave fits of line-outs extracted from TNT phase shift maps and
its corresponding error, noting that this value exceeds spatial
resolution. In comparison, wavelengths of 0.25 mm were
measured by Lebedev et al. [15] in a wire array configuration
considered to be in the large interwire-gap regime. The results
obtained through TNT methods agree with this value when
considering statistical error and system resolution.

An areal electron density of ~4.9 x 10'® cm™2 was
determined ~1 mm away from the wire (Fig. 5). Note that
the small fraction of wire material expanding away from the
wires are surrounded by a low-density plasma background,
which is below the areal density detection limit of the order
of 105 cm™2. The low-density plasma background is easy
to distinguish from the ablation flares in the TNT phase
map. Note that the ablation structures are more difficult to
distinguish far away from the wire. This is explained by a
decreasing local magnetic field as plasma moves away from
the wire. This results in lower Lorentz force compression.
and consequently, lower areal and local electron density. High
diagnostic sensitivity is required to accurately resolve these
structures, as the density ratio between the plasma streams and
the low-density background increases when moving away from
the wire. From Fig. 5, the low-density plasma background has
an areal electron density corresponding to 3%—-42% of ablation
flare measured values. High diagnostic sensitivity was thus
demonstrated, where increased accuracy and phase change
sensitivity is achieved with TNT in comparison to IDEA.

E. Resolving Steep Density Gradients With TNT

As mentioned above, accurate plasma flow characterization
is relevant to shock studies [19], [20]. In the two-wire exploder
configuration, the presence of an obstacle along the path of
the ablated plasma flow gives way to a supersonic shock [20],
forming a well-defined Mach cone. Therefore, steep density
gradients are expected near the wires and the plasma shock.
Fig. 7 presents a smaller region of interest chosen within Fig. 4
to better highlight shock features with TNT postprocessing.

The supersonic shock can be described by the Mach number
defined by the cone aperture. The ablation flare direction
determines the Mach cone half opening angle, calculated to
be 47.5° + 6.2°. Thus, M = 2.48 £ 0.33 was calculated.

Fig. 8 presents areal electron density line-outs taken along
the cone’s axis of symmetry at three different positions,
separated by 1 mm starting at the tip of the obstacle, which
were averaged over 50 um. The three positions are indicated
by dashed lines in Fig. 7.

The highest areal electron density value was measured 1 mm
away from the obstacle, reaching an areal electron density of
~4.1 x 10'7 cm~2, decaying to a minimum detectable value of
~ 10" ¢m~? within ~810 wm. These results demonstrate that
TNT is capable of high sensitivity probing of sharp electron
density gradients, such as those found in supersonic shocks.
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Fig. 7. Shock and plasma flow areal electron density retrieved with TNT.
Mach cone opening angle (dash lines) is shown along with areal density
line-out positions (dotted lines).
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Fig. 8. Areal electron density line-outs taken 0.6, 5.2, and 8.7 mm from the
shock front, averaged over 50 pm.

IV. CHARACTERIZATION OF CONICAL WIRE ARRAY
JET AND PLASMA PLUME COLLISION

In a recent experiment, collisional shocks were induced
through the interaction between a plasma jet emitted by a
conical wire z-pinch array and a laser-produced plasma [25].
To understand the physics that governs the interaction region,
density measurements are a key element to evaluate the
relevance of different plasma processes such as strong radiative
cooling or magnetic field compression [26]. For instance, the
increase in density due to the shock-mediated interaction can
provide valuable information related to the plasma adiabatic
index. In addition, the size of the region with augmented
density is used as scale length of the interaction region, which
is useful when assessing the collisionality regime. Therefore,
accurate measurements of electron density with enhanced
resolution and sensitivity are crucial.

A. Platform for Plasma—Plasma Interactions

Conical wire arrays have demonstrated production of axial
outflows in the form of a collimated plasma jet [27].
Considering a set of dimensionless parameters provided

Solid

Conical wire/V

array load

Laser produced
plasma o ¥ Solid
target
| Anode ||| Anode |
Conical wire
array plasma
Cathode

Fig. 9. Plasma-plasma interaction experiment schematic. Top: 3-D schematic
with no plasma sources. Bottom: 2-D representation of conical wire array
outflow interacting with a laser-produced plasma plume propagating in the
perpendicular from the target.

by Euler similarities in magnetohydrodynamics, this plasma
jet has been used as a laboratory astrophysics counter-
part for Herbig-Haro objects [27], [28]. To mimic the
interaction of such jets with background plasma ambient,
a laser-produced plasma plume was generated in the jet
propagation region. This simple configuration gives way to
an experimental platform for systematic plasma interaction
studies involving two different and separate plasma sources,
and thus, their density and temperature can be controlled
independently.

A conical wire array was driven at ~400 kA in ~350 ns
by the Llampudken pulsed-power generator [29] to generate a
plasma jet. The conical wire array is composed by 16 equally
spaced aluminum wires of 40-um diameter each and 15-mm
length. The array diameters at the cathode and anode are
set at 8 and 25 mm, respectively. A flat aluminum target
was used to produce a second plasma source. The target
was located above the array and perpendicular to the anode,
which includes a metallic lid with a 2-mm central hole.
The anode design constrains the outflows’ emission from the
array allowing only the jet to propagate upward. The lid
is geometrically designed to avoid direct impact of ablation
flares (from the wires in the array) with the aluminum target.
At nearly half of the maximum current (#~200 ns), the target
was irradiated by a 80-mJ, 2 x 10'© W/cm? laser pulse.
The plasma plume generated by the laser—target interaction
propagated perpendicular to the plasma jet axis. The conical
wire array plasma outflow and the laser-produced plasma
front interact in the region above the anode, as shown
in Fig. 9.
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Fig. 10. (a) Interferogram of the interaction between a plasma jet and a
plasma plume. The green line shows the region where the density jump will
be analyzed. Areal plasma density map generated by (b) IDEA and (c) TNT.
The white lines in (b) indicate areas that must be masked in IDEA processing.
Dashed white lines in (c) indicate the unmasked target area.

B. Improved Plasma Adiabatic Index Determination From
TNT Phase Retrieval

A visible Mach—Zehnder interferometer (6 ns, 532-nm
laser) characterized the plasma interaction region. A filtered
CMOS camera recorded the interferograms with 8-bit dynamic
range and ~4 pum pixel size. The images were processed
using IDEA [22], a software that provides spatially resolved
phase maps of selected masked areas within an image.
To further test TNT phase-retrieval processing accuracy, the
same interferometry sets were processed using both the codes.

Fig. 10 presents the color areal density maps obtained by
processing the same plasma interaction interferometry data
with IDEA and TNT. The color scales in both the images show
an increase in areal density in the plasma interaction region.

IEEE TRANSACTIONS ON PLASMA SCIENCE

This increase in density is attributed to the formation of a
collision-mediated layer. Further details on plasma dynamics
and the physics processes involved in the plasma interaction
can be found in [25]. However, in Fig. 10 spatial oscillations
are observed in the density map, but only for TNT data.
Although this is evidence of enhanced TNT phase-retrieval
sensitivity, there is no argument to ascribe those variations
to real density variations. On the contrary, these are ascribed
to irregularities in probing beam intensity distribution. Often,
diffraction patterns are produced as the laser propagates
through the optical beam path before entering the vacuum
chamber, a common occurrence in pulsed-power laser probing.
Similarly, IDEA failed to resolve two important regions
adjacent to the masks indicated by the white (continuous line)
boxes in Fig. 10: 1) the Z-pinch jet region near the anode
(which is also the region of higher density) and 2) the laser-
plasma plume near the target.

In IDEA, an adequate mask selection is crucial, otherwise
fringe shifts may be either misinterpreted or phase unwrapping
cannot be performed altogether. When tight masks were
applied to the anode and the target in Fig. 10(b), the
density profiles obtained in the areas surrounding these
masks offered incorrect plasma dynamics interpretation.
Consequently, masks extended beyond the anode and target
surfaces to avoid misinterpretation of spatial changes in plasma
density. While more accurate phase unwrapping is achieved,
some information is lost in the vicinity of the masked areas.

Conversely, this issue did not arise in TNT, where phase
unwrapping does not require masking of any kind. It is worth
noting that in these opaque regions, TNT will deliver fringe
shift values associated with noise, as shown in the dashed
white box in Fig. 10(c). Therefore, phase map interpretation
by the user relies on correctly identifying solid and otherwise
attenuating objects, where no fringes are present, and thus,
no fringe shifts are expected. An improved spatial resolution
in the interaction region was obtained from the TNT phase
shift map. While the interaction zone in Fig. 10(b) exhibits
nearly uniform density, TNT reveals a larger density peak
in the central region of the interaction zone, closer to the
target. In addition, TNT reveals higher densities near the
target, as expected in the laser focus region. The discrepancies
between IDEA and TNT results are ascribed to edge effects
near masked areas when processing interferogram data with
IDEA.

Besides that, Fig. 10(c) shows nonzero density correspond-
ing to a larger area of the laser-produced plasma plume.
In this case, the extension of the plasma plume reaches
almost the entire width of the image, which is not the case
in Fig. 10(b). This is a direct consequence TNT ability to
detect smaller fringe shifts in contrast to IDEA. Since TNT
enables the detection of lower densities, a more comprehensive
analysis of the laser plasma plume and the position of the
interaction region is enabled. The plasma plume size obtained
agrees with previous self-emission observations in similar laser
plasmas. [30].

A closer analysis of the interaction region was performed
using the areal electron density profiles presented in Fig. 11,
indicated by a green line in Fig. 10(a). Postprocessed data
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Fig. 11.  Areal electron density line-out measured for both the images in

the same region. Shaded areas correspond to error associated with minimum
fringe shift resolution.

indicate that in the preshock region (z < 3 mm), the
measured areal density is close to the minimum achievable
for the diagnostic technique and software capability. This
is particularly relevant when evaluating the density increase
induced by the shock using the dimensionless quantity
Q= nbosshock g7 i nPM* 41 which provides information
on the effective adiabatic index y* of the plasma [26]. With a
minimum detectable fringe shift of ~12.5% for IDEA phase
unwrapping, a density increase of Q2 = 2.2 £ 1.3 is obtained,
indicating an effective adiabatic index of ¥z, = 2.6 = 1.6.
With this large uncertainty, it is not possible to properly assess
the physical processes occurring in the shock. On the contrary,
the minimum detectable fringe shift of ~4% was determined
for TNT postprocessed data, providing a density increase of
© = 5.5 %+ 1.6, corresponding to yiyp = 1.4 & 0.2. Note that
the variation in adiabatic index calculations, as determined
by each method, significantly alters the interpretation of the
physics within the interaction region. The interpretation of
radiative transport is challenging when considering shock
layer adiabatic index calculations from IDEA. On the other
hand, the TNT method enables higher precision, leading
to the determination that the shock layer is predominantly
radiative and is primarily influenced by radiation [26]. This
observation can be complemented by additional diagnostics,
such as self-emission images, which will be explored in future
publications.

V. DISCUSSION/SUMMARY

We presented applications of a postprocessing tool for
interferometry diagnostics in the visible and IR domain to
study pulsed-power driven plasmas. Electron density mapping
of plasma interactions was performed for two Z-pinch
configurations: 1) supersonic shocks from exploder wires and
2) collision between a plasma jet from a conical wire array
and an ablating plasma front from laser—target interaction.

High diagnostic precision was achieved with TNT anal-
ysis when investigating the development of magnetically
induced and laser-produced plasmas. Ablation structures

were characterized with improved resolution, stemming from
high diagnostic sensitivity coupled with advanced phase-
retrieval numerical methods provided by TNT. This is
especially relevant when considering that ablation flare
wavelength is typically extracted from radiography [23], [24].
Extracting precise areal electron density from propagation-
based radiography diagnostics is challenging as forward-fitting
methods and plasma opacity assumptions are required. In turn,
refraction-based imaging offers a direct way to determine
density gradients through phase shift measurements, as shown
in the above.

TNT processing shows higher sensitivity to spatial varia-
tions when compared with a standard interferometry analysis
tool widely used in the pulsed-power community. The superior
diagnostic sensitivity and resolution enabled by TNT led
to increased accuracy in the determination of important
plasma parameters such as the effective adiabatic index.
Considering that accurate areal electron density mapping
is seldom obtained from interferometry data due to phase-
retrieval limitations, this is an important outcome. Even when
phase retrieval with current interferometry analysis tools is
possible, those rarely take full advantage of the diagnostic
system capabilities. The versatility and robustness of TNT data
analysis can address this long-standing limitation in Z-pinch
diagnostics, which stands to benefit pulsed-power research and
the plasma community at large.

VI. CONCLUSION

We presented TNT as a user-friendly tool for accurate
interferometry analysis that optimizes diagnostic sensitivity
and resolution. Rapid phase-retrieval and in situ assessment
capabilities were demonstrated. Notably, the ability to
quickly obtain a global areal electron density picture in
real-time can be extremely helpful during experimental
campaigns. Efficient assessment of plasma conditions can
inform parameter changes needed to achieve experimental
goals in a timely fashion. This unique TNT feature may
support high repetition rate experiments requiring fast data
analysis with high accuracy, Beyond, this capability can
potentially contribute to machine learning schemes, which
will further increase diagnostic data processing speed and
provide bulk experimental data necessary to benchmark
simulation codes, for example. Further details and technical
descriptions of TNT code capabilities will be discussed in a
future publication presenting in depth comparisons of TNT
performance against several interferometry data analysis tools
in the analysis of X-ray and optical interferometry data from
various platforms.
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