Radiatively Cooled Magnetic Reconnection Experiments Driven by Pulsed
Power
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We present evidence for strong radiative cooling in a pulsed-power-driven magnetic reconnection experiment. Two
aluminum exploding wire arrays, driven by a 20 MA peak current, 300 ns rise time pulse from the Z machine (Sandia
National Laboratories), generate strongly-driven plasma flows (M4 =~ 7) with anti-parallel magnetic fields, which form
a reconnection layer (S;, ~ 120) at the mid-plane. The net cooling rate far exceeds the Alfvénic transit rate (TCT)(LI / ‘L’Xl >
1), leading to strong cooling of the reconnection layer. We determine the advected magnetic field and flow velocity
using inductive probes positioned in the inflow to the layer, and inflow ion density and temperature from analysis of
visible emission spectroscopy. A sharp decrease in X-ray emission from the reconnection layer, measured using filtered
diodes and time-gated X-ray imaging, provides evidence for strong cooling of the reconnection layer after its initial
formation. X-ray images also show localized hotspots, regions of strong X-ray emission, with velocities comparable to
the expected outflow velocity from the reconnection layer. These hotspots are consistent with plasmoids observed in
3D radiative resistive magnetohydrodynamic simulations of the experiment. X-ray spectroscopy further indicates that
the hotspots have a temperature (170eV) much higher than the bulk layer (< 75eV) and inflow temperatures (about

2eV), and that these hotspots generate the majority of the high-energy (> 1keV) emission.

I. Introduction

Magnetic reconnection, a ubiquitous process in magnetized
plasmas, is responsible for many highly energetic events in
our Universe, such as solar flares and coronal mass ejections
in our solar system,l’3 reconnection events in the coronae of
other stars, in the accretion disks and jets of Young Stellar
Objects (YSOs),*® and in the interstellar medium.””'% Re-
connection occurs when anti-parallel magnetic field lines ad-
vected by plasma flows generate a current sheet, also known
as a reconnection layer. In the current sheet, the frozen-in flux
condition breaks locally, allowing an abrupt reconfiguration
of the magnetic field topology.>!'"!? This process explosively
converts magnetic energy into thermal and kinetic energy in-
side the reconnection layer.

Because of the dissipation of magnetic energy as heat, ra-
diative emission is often the key, and sometimes the only, ob-
servable signature of reconnection in many astrophysical sys-
tems, such as in solar and YSO flares.>!3-15 Reconnection
is also a proposed mechanism to explain the bursts of tran-
sient high-energy radiation observed from extreme relativis-
tic astrophysical objects, such as black hole accretion disks
and their coronae, %1% y-ray bursts,?*2* and pulsar magneto-
spheres and winds.>>~>° In astrophysical systems with strong
reconnection-driven radiative emission, radiative cooling can
be significant enough to rapidly remove internal energy from
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the system. #1323 In particular, radiative cooling becomes im-

portant when the cooling rate T‘;)él dominates the Alfvén tran-

sit rate ‘L'Xl in the reconnection layer, resulting in a large cool-
ing parameter R.oo = ’L'C_Oél / ’L'A_l > 1. Here, Teool = p/[(Y—
1)Peool] is the internal energy density p/(y— 1) divided by the
net volumetric cooling rate Peoor, and T4 = L/Vj j,, Where L is
the layer half-length, ¥ is the adiabatic index, and Vj ;, is the
Alfvén speed, calculated just outside the layer. In this regime,
the plasma cools significantly before being ejected from the
reconnection layer.

The ubiquity of radiative emission in astrophysical plas-
mas has motivated theoretical and numerical investigation
into radiatively-cooled magnetic reconnection.!>-171823,30-41
Building on earlier work by Kulsrud and Dorman,*® Uzden-
sky and McKinney?? presented the first theoretical description
of radiatively-cooled Sweet-Parker-like reconnection. In this
theory, the loss of internal energy via radiative emission cools
the reconnection layer, leading to compression by the up-
stream magnetic pressure. This in turn increases the radiative
emission rate. When an increase in layer compression causes
radiative losses to increase faster than Ohmic dissipation,
rapid runaway compression and cooling of the reconnection
layer occurs; this process is termed radiative collapse.?>° Uz-
densky and McKinney?® showed that the Sweet-Parker recon-
nection rate is modified by a factor equal to the square root of
the density compression ratio A, i.e. E/Vy ,Bin ~ A/ ZSZI/ 2
Here, E and B;, are the reconnecting electric and magnetic
fields respectively. The lower layer temperature results in a
smaller (Spitzer) resistivity 1 ~ T~3/2. Because of the strong



compression (A > 1) and lower temperature (hence, lower
Lundquist number Sz, = V4 ;,L/17), this theory predicts an in-
creased reconnection rate due to radiative collapse.”

Numerical simulations of astrophysical systems in the non-
relativistic resistive MHD regime show evidence for this
cooling-driven compression of the reconnection layer,%4>4
consistent with theoretical predictions. More recently, this
effect has also been observed in radiative-PIC (particle-
in-cell) simulations of relativistic magnetic reconnection,
which model reconnection physics in strongly-cooled ex-
treme astrophysical systems exhibiting synchrotron and/or in-
verse external Compton cooling.'®3=4!" Simulations of cur-
rent sheets unstable to the plasmoid instability in electron-
positron pair plasmas cooled via synchrotron emission have
additionally shown cooling-driven compression of the den-
sity and reconnected magnetic flux inside magnetic islands
or ‘plasmoids’,***’ making them sites of enhanced radiative
emission in the current sheet.>>3°

Despite various numerical studies, experimental investiga-
tion of radiatively-cooled reconnection remains largely un-
explored, in part due to the difficulty in achieving the cool-
ing rates necessary for observing radiative collapse on ex-
perimental time scales.  Yamada, Kulsrud, and Ji pro-
vide a review of major laboratory experiments of magnetic
reconnection.’ The earliest experimental validation of Sweet-
Parker theory in a laboratory experiment was provided by
the Magnetic Reconnection eXperiment (MRX), which gen-
erated a quasi-2D collision-dominated S; > 103 reconnec-
tion layer in a toroidally symmetric geometry.**° MRX,
and other magnetically-driven devices such as TREX,*>!
access a low-density magnetically-dominated regime (n, ~
1012 — 10" ecm™3, 7, ~ 10eV, B < 1) where radiative cool-
ing is negligible. These experiments have provided signifi-
cant insight into a variety of reconnection physics, such as
evidence for strong ion heating,>> two-fluid effects and Hall
reconnection,”>13 as well as magnetic flux pile-up.>!

In contrast to low-f magnetically-driven experiments,
laser-driven experiments of magnetic reconnection provide
access to a strongly-driven > 1 high-energy-density (HED)
regime (1, ~ 10°°cm™3, T, ~ 1000 eV).*>> In these exper-
iments, adjacent sub-millimeter spots on a solid target are
irradiated with an intense Terawatt-class laser beam. The
reconnecting magnetic fields are either self-generated by
the Biermann battery effect,>*>%% or supplied via external
coils>® or laser-driven capacitor coils.®” Laser-driven exper-
iments have provided evidence for two-fluid effects, >899
magnetic flux pile-up,’® and particle acceleration in mag-
netic reconnection.’® However, despite the high operating
pressure, the cooling parameter in these experiments was
small as the plasma ions become fully-stripped at these high
temperatures,>> >’ eliminating strong cooling by atomic tran-
sitions.

Pulsed-power-driven experiments are another class of
strongly-driven 8 =~ 0.1 — 1 HED magnetic reconnection
experiments.®! In these experiments, a strong (~ 1 MA peak
currrent peak currrent) time-varying (100 — 250ns) current
pulse simultaneously drives two cylindrical exploding wire
arrays placed side-by-side.®>%® Each wire array generates
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FIG. 1: (a) In-chamber image of the MARZ load hardware. (b) A
3D schematic of the MARZ load hardware, showing two exploding
wire arrays, each with 150, 75 um diameter aluminum wires. Each
array generates radially-diverging plasma flows (red) with frozen-in
magnetic fields (blue), that generate a reconnection layer at the
x = 0 midplane. (c) Top (xy-plane) view of the load, showing the
arrangement of inductive probes (black), and lines-of-sight of
streaked visible spectroscopy (SVS) [green, blue], X-ray
spectroscopy (XRS?) and side-on X-ray diodes (purple), and the
self-emission gated optical imager (SEGOI) [magneta]. (d) Side
(xz-plane) view of the load, showing the lines-of-sight of the end-on
X-ray diode (green), and the two X-ray cameras (black).



radially-diverging (with respect to the array center) flows of
magnetized plasma, which collide in the mid-plane, generat-
ing a reconnection layer. Experiments on the MAGPIE facility
(ne ~ 108 cm™3, T, ~ 50eV) using aluminum wires demon-
strated cooling of the ions at a low Sy < 10, measured via col-
lective spatially-resolved optical Thomson scattering.®>¢7 Us-
ing lower-Z carbon wires, these experiments accessed higher
Lundquist numbers S; ~ 100,93%* at which plasmoid forma-
tion was observed, unlike in the lower Lundquist number alu-
minum experiments.®>%” However, in these carbon experi-
ments, there was negligible cooling of the reconnection layer,
as the carbon ions were fully stripped.

In this paper, we present results from the Magnetic Re-
connection on Z (MARZ) experiments, which build on pre-
vious pulsed-power experiments and simultaneously demon-
strate both a high S; ~ 120 and a high cooling parameter
Reool ~ 50. The MARZ experimental platform generates a
radiatively-cooled reconnection layer by driving a dual ex-
ploding wire array using the Z machine (20 MA peak cur-
rent, 300 ns rise time, Sandia National Labs).68 The recon-
nection layer undergoes strong cooling, which is character-
ized by the rapid decline in X-ray emission generated from
the layer. Furthermore, high-energy emission from the layer
is dominated by localized fast-moving hotspots, which are
consistent with magnetic islands produced by the plasmoid
instability3®*%47 which were seen in three-dimensional resis-
tive magnetohydrodynamic simulations of the experiment.%’
These experiments provide the first quantitative measure-
ments of reconnection and plasmoid formation in a strongly
radiatively-cooled regime, and directly characterize the high-
energy radiative emission from the reconnection layer, using
temporally- and spatially-resolved X-ray diagnostics. This, as
mentioned earlier, is of particular astrophysical significance,
because of the generation of high-energy emission in recon-
necting astrophysical systems, !+

Two- and three-dimensional radiative resistive magnetohy-
drodynamic (MHD) simulations of the MARZ experiments
were previously reported in Ref. 69. The simulations were
performed using GORGON — an Eulerian resistive MHD
code with van Leer advection.””’! The simulations imple-
mented both volumetric radiative loss and Pj;3 multi-group
radiation transport, using spectral emissivity and opacity ta-
bles generated by the atomic code SpK.”? Line emission dom-
inated in the simulations, providing strong cooling of the re-
connection layer. Key results from these simulations are sum-
marized as follows — (1) strong radiative cooling (Rl ~
100) drove radiative collapse of the current sheet, resulting
in decreased layer temperature and strong compression; and
(2) the current sheet was unstable to the plasmoid instabil-
ity, forming strongly-emitting plasmoids in the reconnection
layer, which eventually collapsed due to radiative cooling.®”
In this paper, we additionally compare our experimental find-
ings with results from these simulations. Our previous paper’3
provided details on the X-ray diagnostic results from these ex-
periments; this present paper not only expands on the X-ray
results, but also contributes results from additional diagnos-
tics, providing context and further characterization of these
experiments.

This paper is structured as follows. In §II, we describe the
load hardware and the experimental diagnostics. Results from
the experiments are described in §11I, while analysis of exper-
imental data and discussion of key results, including radiative
cooling and plasmoid formation, are provided in §IV. Finally,
we outline key conclusions and future work in §V.

Il. Experimental and Diagnostic Setup
A. MARZ Load Hardware

Figure 1(a-b) show the load hardware. The load consists
of two cylindrical exploding arrays, each with 150 equally-
spaced, 75 um diameter aluminum wires. The array diameter
is 40mm, and the array height is 36 mm. The center-to-center
separation between the arrays is 60mm, giving a 10mm dis-
tance between the wires and the mid-plane. Both wire arrays
are over-massed, so they generate continuous plasma flows
throughout the experiment without exploding.”*”> A scaled
experiment that matched the current per wire and driving mag-
netic field of the MARZ experiment was reported in Ref. 75,
using a single planar wire array on the | MA COBRA ma-
chine. Results from these experiments show good ablation
from 75 pm diameter Al wires, with no closure of the inter-
wire and the cathode-wire gaps.”

The Z machine®® drives a 20 MA peak, 300ns rise time
current pulse through the load, which has an inductance of
about 2.5nH. When current flows through the wires, the wires
heat up resistively, and the wire material vaporizes and ionizes
to create low-density coronal plasma surrounding the dense
wire cores. Current density is concentrated within a thin skin
region which generates coronal plasma around the station-
ary cores. The driving magnetic field points azimuthally in-
side the cathode-wire gap of each array, and rapidly drops
to zero outside the array.’® The global jx B force, there-
fore, accelerates the coronal plasma radially outwards from
each array, and the ablated plasma streams supersonically and
super-Alfvénically into the vacuum region outside the arrays.
The ablating plasma advects magnetic field from inside the
cathode-wire gap to the outside, resulting in radially-diverging
flows of magnetized plasma.”’ The plasma flows from each
array advect frozen-in magnetic field to the mid-plane, where
the field lines are anti-parallel and generate a reconnection
layer (see Figure 1).

Three MARZ shots (MARZ1, MARZ2, and MARZ3) have
been conducted on the Z machine so far. Each shot was fielded
with identical load hardware and driving conditions, and an
evolving set of diagnostics, as detailed in §II B.

B. Diagnostic Setup

Figure 1(c-d) show the diagnostic setup. We catego-
rize the diagnostics into current, inflow, and reconnection
layer diagnostics. Current diagnostics, which include B-dot
probes in the magnetically insulated transmission line (MITL)
of the Z machine and Laser Photonic Doppler Velocimetry
(PDV), monitor current delivery to the load. Inflow diag-
nostics, which include inductive probes and streaked visi-
ble spectroscopy, characterize the plasma ablating from the
wires, which in turn, form the inflows into the reconnection
layer. Finally, the reconnection layer diagnostics character-
ize the plasma in the current sheet, and consist of filtered X-
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FIG. 2: (a) Averaged current measured by B-dot probes in the
magnetically insulated transmission line (MITL) of the Z machine
for two different shots (MARZI - red; MARZ2 - blue). The peak
current is about 21 MA, and the rise time is about 300ns. (b)
Current measured by Photonic Doppler Velocimetry (PDV) in the
east (solid) and west (dashed) arrays, showing equal current division
between both arrays on all three shots.

ray diodes, X-ray imaging, and time-integrated X-ray spec-
troscopy. We provide more details on each diagnostic below.

1. Current Diagnostics

Dual-polarity B-dot probes in the MITL of the Z machine
monitor the load current.”® These probes are calibrated, and
their signals are numerically integrated to determine the cur-
rent. PDV’%7 is used to monitor the current delivered to
each individual wire array. PDV tracks the velocity of a cop-
per flyer plate which forms a section of the central conductor
of each array, which accelerates due to the driving magnetic
pressure.’® A comparison of the measured flyer plate velocity
with 1D-MHD simulations is used to calculate the delivered
current. Each array contains 4 separate PDV probes which
record the flyer plate velocity at different azimuthal locations
around the central conductor. The MITL B-dots and PDV are
routinely fielded on the Z machine to characterize power flow;
details of these systems are provided in Ref. 78.

2. Inductive probes

We position inductive probes at multiple radial locations
around the wire arrays to measure the time- and space-
resolved magnetic field advected by the plasma ablating from
the wires. Each inductive probe consists of a single-turn loop
created by connecting the inner conductor of a coaxial cable
(2 mm outer diameter) to the outer conductor.®® In MARZ1,
inductive probes were positioned at radial distances of 5 mm,
8 mm, 11 mm, and 14 mm from the wires, with the normals
to the wire loops parallel to the azimuthal magnetic field. In
MARZ2 and MARZ3, the probes were at 5 mm, 10 mm, and
20 mm. The probes at different radii are at different azimuthal
locations (see Figure 1c); however, the azimuthal variation in
the measured magnetic field is expected to be small due to
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cylindrical symmetry.””31-83 We position two probes of oppo-
site polarity at each location, separated vertically by 1 cm (see
Figure 1d). This allows us to eliminate the contribution of
electrostatic voltages via common mode rejection.®!83 Each
probe is calibrated before use, and we numerically integrate
the signals to determine the magnetic field.

3. Streaked Visible Spectroscopy

Streaked visible spectroscopy (SVS)’®8* makes measure-
ments of visible emission spectra from the plasma, along paths
in the xy plane, as shown in Figure lc. Optical fibers col-
lect and transmit light to a spectrometer (I m McPherson
Model 2061 scanning monochromator; 140 mm x 120 mm,
50 G/mm, 6563 A blaze diffraction grating) and a streak cam-
era (Sydor streak camera; SI-800 CCD) setup. The tip of each
fiber (Oz Optics, LPC-06-532-105/125-QM-0.8-1.81CL) con-
sists of a MgF, anti-reflection coated collimating lens (f =
1.85mm, NA = 0.22). The beam divergence is 57 mrad, re-
sulting in a spot diameter of about Smm at the center of
the collection volume. The spectral range and resolution of
the system are 300nm and 1.5nm respectively. The sweep
time is about 550ns, and the temporal resolution is 0.3 ns. In
MARZ1, we simultaneously record emission from the plasma
ablating from the backside of the arrays at 8 mm and 17 mm
from the wires (green line in Figure 1c), using separate SVS
systems. In MARZ3, the visible spectroscopy line-of-sight
(LOS) includes plasma ablating from both arrays and the
plasma in the reconnection layer (blue line in Figure Ic),
along y = 26.5mm and y = 34 mm.

4. Visible Self-Emission Imaging

In MARZI, we positioned an additional inductive probe
with a 10 mm long 1 mm diameter glass rod attached to its
tip, at 15mm from the wires (hereafter, referred to as the
‘T-probe’) (see Figure Ic). It provides an extended obsta-
cle that creates a detached bow shock when the flow inter-
acts with the probe. We observe the bow shock using a self-
emission gated optical imager (SEGOI).”® SEGOI is an 8-
frame camera that records 2D self-emission images in the vis-
ible range (540-650nm) on 8 separate micro-channel plates
(MCPs). We record images between 320-367 ns, with a 7 ns
inter-frame time, 1 ns exposure, and a 8 mm diameter field of
view. SEGOI also captures a 1D streak image (sweep time
= 300-400 ns) along a line parallel to the T-probe axis, 2 mm
below the probe.

5. X-Ray Diodes

Silicon diodes’® record the X-ray power generated from
the reconnection layer. In MARZ1 and MARZ2, the diode
viewed the reconnection layer from the side (side-on). The
diode was filtered with 2 um of aluminized Mylar (Figure 1c).
The T = 0.5 transmission cut-off for this filter is at about
100eV. In MARZ3, the diode viewed the reconnection layer
from the top (end-on) [Figure 1d], and was filtered with 8 um-
thick beryllium. The 7' = 0.5 cut-off is at roughly 1keV. Each
diode has a 22.5 um active layer and a nominal 0.6 mm diam-
eter. The diode response is 0.276 A/W.
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FIG. 3: (a) Inductive voltage signals from probes placed at radial
distances 5, 8, 11, 14, and 15 mm from the wires in MARZ1.
Signals are delayed with respect to one another due to the transit
time of the magnetic field advected by the plasma between the
probe locations. (b) Time-resolved magnetic field measurements at
different radii around the array in MARZI. (c) Magnetic field
measurements in MARZ3.

6. X-Ray Imaging

We image the reconnection layer using two time-gated
ultra-fast X-ray imaging (UXI) cameras.’® The cameras pro-
vide a 25 x 12.5mm? (1025px x 512px) field of view through
a 500pm diameter pinhole (magnification = 1x, geometric
resolution ~ 1 mm). The cameras view the reconnection layer
with polar angles of 8 = 9° and 6 = 12° with respect to the
z-axis (see Figure 1d), and with azimuthal angles (from the
x—axis) of ¢ = 170° and ¢ = 40° (not shown in Figure 1),
thus viewing both the top and side of the layer. The pinholes
are filtered with 2 um thick aluminized Mylar, which filters out
photons with energies < 100eV. Each camera records 4 im-
ages with a 20 ns inter-frame time, and a 10 ns exposure time.
Data from this diagnostic is only available for MARZ3.

In addition to time-gated imaging, we record time-
integrated X-ray images of the reconnection layer, using two
pinhole cameras viewing the layer from the top with polar an-
gles of roughly 5°. Pinhole diameters of 300 um and 500 um
are used. Each camera has 3 pinholes of the same diameter
but different filtration that generate three images (magnifica-
tion =~ 0.5, resolution ~ 450 — 750um) of the reconnection
layer on a 64 mm x 34 mm image plate.

7. Time-integrated X-Ray Spectroscopy

An X-ray scattering spectrometer (XRS?)’®% with a

spherically-bent quartz crystal provides time-integrated
spatially-resolved (along the out-of-plane z direction, resolu-
tion: Az = 200um) measurements of X-ray emission spectra
from the reconnection layer. The range and spectral resolu-
tion of the spectrometer in the MARZ experiments were 1.5-
1.9keV and AE ~ 0.5eV respectively. We record the X-ray
spectrum on an image plate (Fuji TR), filtered with a 11um
thick beryllium filter. Data was recorded in either of two con-
figurations — (1) 150 mm radius crystal, crystal-to-target sep-
aration = 800mm, and a 8 um kapton filter on the spectrometer
entrance slit; and (2) 200 mm radius crystal, crystal-to-target
separation = 500mm, and no kapton filter. Configuration 1
was used for MARZ1 and MARZ2, while configuration 2 was
used for MARZ3.

Ill. Results

We describe the experimental results from our diagnos-
tics in this section. In MARZ2, damage to one of the ar-
rays during installation produced results which were unrepro-
ducible. Therefore, we show results primarily from MARZ1
and MARZ3, with some exceptions.

A. Current Measurements

Figure 2a shows the averaged current measured by the
MITL B-dot probes in MARZ1 and MARZ2. The Z machine
consistently delivered a peak current of roughly 21 MA, with
a rise time of about 300 ns across the two shots. The shot-to-
shot variation in the delivered current was < 5%.

Figure 2b shows the current measured by the PDV diagnos-
tic for all three shots. We show the averaged current for the
east (solid line) and west (dashed line) arrays in each shot.
Figure 2b shows equal current division between the arrays.
As expected, the shape of the current pulse measured by PDV
matches that of the current measured by the MITL B-dots.
The peak value in each array is roughly 10 MA, showing neg-
ligible current loss between the MITL and the load. Current
measurements by the MITL B-dot probes are not available for
MARZ3, but the PDV measurements in Figure 2b show that
the current delivered to the load in this shot was consistent
with the other two shots.

B. Magnetic Field and Velocity in the Inflow Region

Figure 3a shows the voltage signals from probes in
MARZI1. We only show the inductive component of the sig-
nals V =0.5(V; —V_), determined from common mode rejec-
tion of signals from the two opposite-polarity probes at each
location. The signals in Figure 3a are all similar in shape, but
displaced in time, which is expected due to the advection of
the frozen-in magnetic field by the plasma between the loca-
tions of the probes.’”’#3 We note that the probes are placed on
the side of the arrays opposite to that of the reconnection layer
(as shown in Figure 1), so they measure the ‘unperturbed’
magnetic field in the inflow, not affected by reconnection.

We numerically integrate the signals in Figure 3a to deter-
mine the magnetic field, as shown in Figure 3b. The advected
magnetic field increases with time, due to a rise in the driving
current, and decreases with distance from the wires, consistent
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FIG. 4: (a) Inductive voltage signals from probes placed at 5 mm and 8 mm from the wires in MARZ1, showing delay between the signals.
(b) Estimate of the average flow velocity between 5-8 mm from the time delay of the inductive probe signals in MARZ]1. (c) Inductive voltage
signals from probes placed at 5 mm and 10 mm from the wires in MARZ3. (d) Estimate of the average flow velocity between 5-10 mm from
the time delay of the inductive probe signals in MARZ3. The error bar in velocity is derived from propagating the uncertainties in the probe
separation and the transit time, while the error bar in time represents the time interval over which the velocity is calculated.

with previous measurements in exploding wire arrays.””-31-83

In Figure 3b, two separate probes at 5Smm from the wires
record the magnetic field from different arrays. Both probes
exhibit similar magnetic fields, consistent with equal current
splitting between the arrays, as described in §IIT A.

Figure 3c shows the magnetic field recorded in MARZ3.
The recorded magnetic field is slightly larger than that in
MARZI1. Here, inductive probes measuring the magnetic field
from the two arrays at 20 mm from the wires show identical
magnetic fields, consistent with equal current splitting. We
note that in MARZ3, the two opposite-polarity probes at 5 mm
recorded significantly different signals. The signal on the bot-
tom probe was consistent with the expected field magnitude
(based on measurements in MARZ1), while the other was
anomalously high. Therefore, we discard the anomalous sig-
nal and only report data from one probe at 5 mm in Figure 3c.

Finally, we note that probes measuring the advected mag-
netic field from different arrays at the same radial distance
in MARZ2 measured significantly higher advected magnetic
field on the west array, despite equal current splitting observed
in Figure 2b. The west array was partly damaged during in-
stallation on this shot, and the probes were measuring the
magnetic field from the damaged section of the array.

The delay in the voltage signals between probes at different
locations provides an estimate of the average flow velocity.®3
Figure 4a shows the voltage signals recorded by probes in
MARZI1 at Smm and 8 mm respectively. The signals show
several identifiable features, indicated via circles in Figure 4a.
By tracking the transit time of these features, we estimate
the flow velocity, as shown in Figure 4b. The flow veloc-
ity is roughly 110kms~!, consistent with flow velocities pre-
viously recorded in pulsed-power-driven wire arrays.®-¢ In
Figure 4c, we show the inductive probe voltage measurements

at 5 mm and 10 mm from the wires for MARZ3, together with
the estimated flow velocity in Figure 4d. On this shot, the
recorded flow velocity varied between 100 —200kms .

C. Measurements of Visible Spectra in the Inflow

Figure 5 shows streak images of the visible emission spec-
tra collected at 8 mm and 17 mm from the wires respectively
in MARZI1. Note that these spectra are from the side of the
wire arrays opposite the reconnection layer (see Figure 1c).
We have applied corrections to these spectra for distortions
by streak camera optics, timing corrections for spectral differ-
ences in photon transit delay over the fiber length, as well as
relative intensity corrections due to the wavelength-dependent
response of the spectrometer.®* Wavelength calibration and
instrument broadening (about 1.5 nm) were determined using
preshot images of 458 nm and 543 nm laser lines recorded by
each SVS system.

The streak camera first records emission at roughly 90 ns
for the 8 mm system (Figure 5a). This corresponds to an av-
erage flow velocity of roughly 90kms~! between the wire
and probe locations; the estimated velocity is consistent with
that estimated from inductive probe measurements (Figure 4).
Compared to the spectra at 8 mm, emission at 17 mm is first
recorded later at roughly 140 ns, corresponding to an average
velocity of roughly 120kms~! (Figure 5c). Finally, by inte-
grating the spectral intensity in wavelength space, we find that
the temporal evolution of intensity [7(A)dA (which depends
on the plasma density) roughly matches that of the advected
magnetic field shown in Figure 3.

Figure 5(b and d) show lineouts of the streak images at dif-
ferent times, each averaged over 10ns. The spectra at both
radial locations show well-defined Al-II and Al-III emission
lines, which correspond to transitions in singly- and doubly-
ionized aluminum respectively. Later in time, continuum
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FIG. 5: Streaked visible spectrum recorded (a) 8 mm from the wires and (c) 17 mm from the wires in MARZ]1. (b) The visible spectrum at
t =200, 220, 240 &320ns at 8 mm from the wires. (d) The visible spectrum at r = 280, 320, 360 &400ns at 17 mm from the wires. These
spectra are averaged over 10 ns. Identified emission lines are shown in (b) and (d). (e) Streaked visible spectrum in MARZ3. The diagnostic
line of sight includes plasma in the reconnection layer and that ablating from the wires. (f) The visible spectrum at ¢ = 150, 220, 250 & 350ns
averaged over 10 ns. The Al-II 624 nm line appears as an absorption feature.

emission begins to dominate over line emission. This occurs
at around 300 ns and 450 ns for the 8 mm and 17 mm obser-
vations respectively. Late in time, the spectra also exhibit
absorption features corresponding to Al-II and Al-III transi-
tions, as indicated in Figure 5. We use the Al emission lines
to estimate time-resolved values of ion density and electron
temperature in the inflow region. This analysis, performed
using collisonal-radiative and radiation transport modeling, is
described in §IV B.

In MARZ3, the diagnostic LOS included plasma in the re-
connection layer and that ablating from both wire arrays, as
shown in Figure 1c (blue line). The spectra, shown in Fig-
ure 5(e-f), are similar to that recorded in MARZ1 (Figure 5),
with well-defined AI-II and AI-III emission features. How-
ever, between 150-350 ns, the Al-II 624 nm transition, which
appears as an emission line in Figure 5(a-d), now appears as
an absorption feature in Figure 5(e-f). We discuss the origin
of this absorption feature in §IV B.

In addition, the spectra exhibit features associated with the
coatings on the optical components. The streak images show
a stray Na-I line at roughly 485 nm early in time, as well as
a strong Na-I absorption feature later in time. These features

are not generated by the aluminum plasma, but are instead
stray features generated from the optical coatings in the sys-
tem. These stray features appear at around the same time in
all streak images.

D. Bow shock Imaging

Figure 6 shows an optical self-emission image of the T-bar
probe at 346 ns. A bow shock, which appears as a curved re-
gion of enhanced emission, forms around the T-probe. Shock
formation around the T-probe provides visual confirmation of
wire array ablation and generation of supersonic flow. Multi-
frame self-emission images, as well as the 1D streak image
of the bow shock, show that the shock front remains invari-
ant in time between 300-400 ns. The shock angle, determined
from the derivative of the shock front position (red curve in
Figure 6), asymptotes to about 30°.

E. X-Ray emission from the reconnection layer

We now present results from the reconnection layer diag-
nostics, which characterize the temporal, spatial, and spectral
properties of X-ray emission from the reconnection layer.
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FIG. 6: Gated optical self-emission image of a bow shock around
the T-probe. The bow shock exhibits a Mach angle of about 30°.

1. X-Ray diodes

The X-ray diodes characterize the temporal evolution of X-
ray emission from the reconnection layer. Figure 7 shows the
signals from the side-on (blue, grey) and end-on (red) diodes.
All three diode signals exhibit a peak in X-ray emission at
about 220 ns. For the side-on diodes, which measure > 100eV
photons, the emission first ramps up around 150ns, and the
full-width-at-half-maximum (FWHM) of the signal is about
80 —90ns. Similarly, the signal from the end-on diode, which
records comparatively harder X-rays with energy > lkeV,
initially ramps up around 200ns, and exhibits a FWHM of
roughly 50ns. The X-ray emission peaks around 220 ns on all
diodes, and then falls sharply. The shape of the X-ray emis-
sion is much sharper than that of the driving current pulse,
which peaks about 100ns after the peak in X-ray emission
(see Figure 2). This shows that the emission feature is related
to the dynamics of the current sheet, rather than the driving
current. In addition, the diodes consistently record a small
emission feature at about 100ns. This feature may be related
to the initial arrival of plasma at the mid-plane.
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FIG. 7: X-ray power emitted from the reconnection layer as
measured by the side-on (blue, gray) and end-on diodes (red).

2. Time-gated X-ray Imaging

Figure 8(a-b) shows time-gated images of the reconnec-
tion layer recorded in MARZ3. Camera A (polar angle 6 =
9°, azimuthal angle ¢ = 170°) recorded images between 190-
250 ns at 20ns intervals, while camera B (6 = 12°, ¢ = 40°)
recorded images between 180-240 ns, again at 20ns intervals.
Images from both cameras show an elongated layer of bright
emission. The intensity of (> 100eV) X-ray emission in-
creases initially, consistent with the formation of the recon-
nection layer, and falls thereafter. Along with the brightness
of the emission, the width of the emitting region (along x)
also decreases with time. Peak emission is recorded between
210 —220ns. By 250 ns, the emission has fallen significantly,
and the layer is no longer visible on the X-ray cameras.

The X-ray images provide information about the spatial dis-
tribution of emission from the reconnection layer. Emission is
highly inhomogeneous — Figure 8(a-b) shows sub-millimeter
scale regions of enhanced emission embedded within the less
brightly emitting layer. The intensity of emission from the
hotspots is > 10 times higher than the average intensity from
the rest of the layer. The presence of emission hotspots indi-
cates localized regions of plasma with higher temperature or
density relative to the rest of the layer.

These hotspots, indicated via green and yellow arrows in
Figure 8(a-b), can be observed in images from both cam-
eras to travel away from the center of the layer. We track
the translation of the hotspot centroids between successive
frames to estimate their velocities. Figure 9 shows the es-
timated hotspot velocity calculated using images from cam-
era A between 220-240ns (green), and from camera B be-
tween 190-210 ns (yellow). The hotspot velocities are consis-
tent between both cameras. Hotspots accelerate along the £y-
direction, away from the center of the layer. Hotspot velocity
increases from Okms~! to about 50kms~! over a distance
of roughly 10 mm. We will show in §IV F that the observed
hotspot velocity is consistent with the expected velocity of the
outflows from the reconnection layer.

3. Time-integrated X-ray Imaging

Figure 8c shows a time-integrated X-ray image of the re-
connection layer. The image is recorded with a 300 um diam-
eter pinhole, filtered with 2 um aluminized Mylar, identical to
the time-gated X-ray cameras in §IIIE2. Figure 8c shows
an elongated region of bright emission. The extent of the
emission region in the y—direction is about 60 mm, while the
FWHM along the x—direction is 1.6 +0.5mm. The FWHM of
the emitting region was determined by fitting a Gaussian func-
tion to the intensity variation along x at different y—positions.
Here, we only show one of the recorded time-integrated X-ray
images; however, the features of the image in Figure 8c are
consistent with the other images recorded in the experiment.

4. X-ray spectroscopy

Figure 10(a-b) show the time-integrated spectrum of the
X-ray emission from the reconnection layer for MARZI
and MARZ3. Emission lines with energies 1570-1600eV
were observed in both shots. Although the output is time-
integrated, the end-on diode signal (filtered with 8 um Be),
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FIG. 8: (a-b) Time-gated X-ray images (10ns exposure time) of the reconnection layer at between 180-250 ns, recorded using camera A (top
row) and camera B (bottom row). X-ray images show brightly emitting hotspots (green and yellow arrows) embedded in an enlonged layer.
(c) Time-integrated X-ray image of the reconnection layer. The image was recorded with a 300 um diameter pinhole, filtered with 2 pm
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FIG. 9: Hotspot velocity estimated from the translation of the
hotspots in the X-ray images of the reconnection layer. Green
circles show velocity estimated from Camera A (220-240 ns), while
yellow diamonds are for Camera B (190-210 ns). Solid lines show
linear fits to the data. Dashed red line is the simulation outflow
velocity from the reconnection layer. The uncertainties are
determined from the spatial resolution (= 1 mm) and the exposure
time (10 ns) of the cameras.

which measured > 1keV X-ray emission (see Figure 7),

shows that the spectrum was generated around 220 £ 25 ns.

Lineouts of the recorded spectrum averaged over z = 10+
0.5mm and z = —10 = 0.5mm are shown in Figure 10(c-d).
‘We label the Al K-shell emission lines, which include He-like
and Li-like satellite transitions. The He-like lines correspond
to transitions in Al-XII ions (2 bound electrons, Z = 11). Iden-
tified He-like lines include the He-a resonance line (1598 eV),
the He-a inter-combination (IC) line (1588¢V), and He-«
resonance lines with 3p and 3d spectator electrons (1594 eV,
1596eV). The He-o resonance line (2p1P1 — 1s5'Sp) repre-
sents a transition to the ground state 'Sy from the next high-
est energy state 'P; of the singlet system, while the inter-
combination transition (2p°P; — 1s5'Sy) occurs between the
upper term of the triplet system 3P; and the lower term of the
singlet system !S(.837 The transitions shielded by spectator
electrons appear at energies lower than the resonance transi-
tion. In the recorded spectra, the He- o resonance and IC lines
exhibit roughly similar intensities, while the He-a transitions
with spectator electrons have lower intensities.
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FIG. 10: (a-b) Time-integrated X-ray emission spectra recorded in MARZ1 and MARZ3. (c-d) Lineouts of the X-ray spectra at z = 10mm
(red) and z = —10mm (blue), showing Al K-shell emission lines. These include the He-a resonance and inter-combination (IC) lines, the
He-« transitions with spectator electrons, and the Li-like satellite transitions. Shaded regions represent the standard deviation of the spectra
inside the integration window.

The spectra additionally exhibit Li-like satellite lines.
Satellites are transitions from doubly excited states, typi-
cally populated via dielectronic recombination.?’” The Li-j
(1574.2¢eV), Li-k (1575.0eV), and Li-1 (1574.3 V) lines have
similar upper (1s2p?) and lower (1s?2p') electronic config-
urations. However, they represent transitions between dif-
ferent combinations of the upper D5/ 3/, and lower P35 15
terms in the doublet system, i.e. these are transitions from
upper to lower states with the same orbital angular momen-
tum (L =2 — L = 1) but different total angular momen-
tum (] : D5/2 — P3/2, k: D3/2 — P1/2,1 : D3/2 — P3/2).86’87
The Li-j,k,1 satellites thus have similar energies, and we
do not resolve them as separate lines in this experiment.
The Li-q (1580.0eV: [152p2s]?P; ), — [15*2s]%S)/>) and Li-
r (1579.6eV: [1s2p2s] 2Py, — [15725]2S) ) satellites also
have similar energies and remain unresolved in Figure 10.

The intensity and spectral position of the recorded lines ex-
hibit modulations along the z-direction. This can be observed
in Figure 10, which shows a higher intensity of the lines for
z < Omm. In Figure 10b, red crosses indicate the position
of He-a IC line; the spectral position varies with z, and the
magnitude of this deviation is < 1eV. We discuss potential
reasons for the observed modulation in a later section.

Although we only show data from MARZ1 and MARZ3
in Figure 10, results from MARZ2 also exhibit the same
emission lines, and the line ratios are consistent with that in

MARZ1 and MARZ3. In §IV E, we use the line ratios of the
observed He-like lines and Li-like satellites to constrain the
density, temperature, and homogeneity of the emitting plasma
in the reconnection layer.

IV. Discussion of Results

A. Current and Magnetic Field Measurements

In §IIT A, we observed equal current division of the MITL
current between the two wire arrays. In addition, inductive
probes measuring the advected magnetic field from separate
arrays at the same radial distance (5 mm in MARZ1, 20 mm in
MARZ3) recorded similar magnetic field strength, consistent
with equal current splitting (Figure 3).

The advected magnetic field, however, does not reproduce
the shape of the driving current, but instead exhibits a slower
initial rise, followed by a faster ramping up later in time. This
happens at around 320 ns for the 5 mm probes in MARZ1 and
MARZ3, as seen in Figure 3(b and c). This effect was also
observed in simulations of the experiment, and was found to
be a consequence of a change in the wire ablation due to heat-
ing of the wire cores.®” In the simulations, the wire cores cool
initially, but eventually begin to heat up due to re-absorption
of emission generated by the surrounding plasma. The hotter
cores are more conductive, and restrict the transport of mag-
netic field into the plasma flow from the cathode-wire gap.
Although this effect is an important consequence of radiation



transport observed both in the experiment and simulations,®’

we note that the rise in the magnetic field occurs well after the
onset of strong cooling in the experiments (around 220 ns), as
discussed later in §IV D.

B. Density and temperature in the inflow region

We estimate the ion density n; and electron temperature 7,
in the inflow to the reconnection layer by performing least-
squares-fitting of synthetic spectra to the measured visible
spectroscopy data shown in Figure 5(a-d). The synthetic spec-
tra I are generated by solving the steady-state radiation trans-
port equation (Equation 1)%® along the spectrometer’s line-
of-sight (LOS) s [see Figure 1], using spectral emissivity
€»(ni, T,) and absorption opacity &, (n;,T.) values calculated
by PrismSPECT.%’

5l (8) = € (s) — U ($)1p(s) (H)
The PrismSPECT model uses a steady-state non-local ther-
modynamic equilibrium (nLTE) model with Maxwellian free
electrons. The PrismSPECT calculations additionally assume
a zero-width plasma with no background radiation field; com-
parison of finite width PrismSPECT simulation results with
the zero-width results show that the effect of background ra-
diation is negligible in this regime.”

As shown by the green line in Figure 1c, the diagnostic LOS
samples plasma ablating from only one array in MARZ1. To
solve radiation transport, we assume constant electron tem-
perature along this LOS s. Previous experimental measure-
ments in exploding wire arrays show little spatial variation in
the temperature due to high thermal conductivity in pulsed-
power-driven plasmas.”! Because the density falls with radial
distance from the wires,?-8? we expect density along the LOS
to peak at the center and fall towards the edges. The rocket
model provides a simple description of the variation of mass
density generated from wire arrays:’*+%?

(=)

Here, r is the radial location around the wire array, Ry =
20mm is the radius of the wire array, and V is the abla-
tion velocity. A Gaussian function n;(s,t) = ng(t)exp[(s —
50)%/20(t)?], with peak value no(¢) and standard deviation
o(t) is a good approximation to the expected density along
s calculated from Equation 2. Here, sq is the center of the di-
agnostic LOS. Furthermore, using the measured value of the
flow velocity V ~ 110kms~! (see Figure 4), we constrain the
value of o(¢) for our analysis, reducing the number of un-
knowns for fitting.

Figure 11a shows a synthetic fit (orange) to the measured
spectrum (black) for the Al-II and Al-III inter-stage lines be-
tween 440-480nm at 220 & 5ns, collected at 8 mm from the
wires in MARZI1. The synthetic fit reproduces the experi-
mental spectrum well. Ion density is sensitive to the width
of the well-isolated Al-II 466 nm line, and electron tempera-
ture is sensitive to the line ratio of the inter-stage Al-II 466 nm
and Al-IIT 448 nm and 452 nm lines. Temperature variations
modify the relative population densities of the Al-II and Al-
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FIG. 11: (a) A least-squares fit of synthetic data (orange) generated
from radiation transport and Prismspect simulations to the
experimental spectrum (black) at + = 220 &+ 5ns for visible spectra
collected at §mm from the wires. (b) Temporal variation of electron
temperature (black) and ion density (blue) in the inflow region
determined by fitting synthetic spectra to the visible spectroscopy
data collected at 8 mm from the wires. The error bar in time
represents the interval over which the spectra are averaged. The
uncertainties in density and temperature are reported to within 25%,
based on model error reported in previous literature.>-%*

IIT ionization states. Increasing the temperature therefore in-
creases the relative intensity of AI-III lines, while the Al-II
lines become weaker, and completely disappear for tempera-
tures 7, > 4eV, thus placing an upper bound on the electron
temperature.

The time-resolved ion density and electron temperature de-
termined from this analysis at § mm from the wires are shown
in Figure 11b. The electron temperature increases from about
1.8eV at 160 ns to 2.6 eV later in time at 280 ns. The density
remains roughly constant, varying between 5 — 8 x 10'7 cm 3
between 160-280 ns. After this time, continuum emission
dominates, and synthetic spectra indicate that the disappear-
ance of the line emission is consistent with a rise in the ion
density n; Z 3 x 10" cm~3 and temperature 7, 2 3eV. The
increasing density is also consistent with the increasing total
emission [ /(A)dA measured at this time in Figure Sa.

Further from the array, at 17 mm from the wires (Fig-
ure 5d), the electron temperature is found to be roughly 2 eV
between 220-380ns, and the ion density is lower, at about
2 —6x 107 cm™3 further away from the wires. This shows
that the temperature remains roughly constant in the plasma
flows, while the density falls with radial distance from the
wires, as expected due to divergence.

Finally, we perform synthetic spectral and radiation trans-
port modeling to better understand the absorption features
observed in MARZ3 [Figure 5(e-f)], which samples plasma
emission and absorption along a chord that includes both ar-
rays and the layer plasma (blue line in Figure 1c). We model
the plasma from each array with a Gaussian density (same

n; [em=3]



peak value ng and variance %) and a homogeneous tempera-
ture Tp. The layer is modeled as a region of thickness 1.5 mm
with ion density #;, and temperature 77. A thickness of 1.5mm
is chosen to match the width of the layer estimated from time-
integrated X-ray imaging (§IIIE 3). A parametric study was
performed by varying the layer density and temperature, and
the synthetic modeling shows that the layer acts as a con-
tinuum backlighter, generating emission that is absorbed by
the array plasma between the layer and the collection optics.
The synthetic modeling allows us to qualitatively compare the
layer density to the array density through inspection of emis-
sion and absorption features. When the the layer density ny
is comparable to the peak array plasma density ng, the higher-
opacity Al-II 624 nm line appears as an absorption feature,
whereas the other Al lines appear as emission features, which
is what is seen in the experiment. For layer densities much
greater than the array plasma density, all of the Al lines appear
as absorption features, whereas for layer densities less than
the array density, all Al lines are emission features. There-
fore, the presence of the Al-II 624 nm absorption feature in
our experimental spectra [(Figure 5(e-f)] is consistent with
the layer density being similar to the array plasma density
at this location (y = 26.5mm), which is far away from the
center of the layer. Spectra collected further downstream in
MARZ3 (y = 35mm) only show emission features and no ab-
sorption features, indicating that the layer density decreases
as the plasma flows away from the center of the reconnec-
tion layer, consistent with resistive MHD simulations of the
experiment.%’

C. Bow Shock Analysis

The measured Mach angle of the bow shock around the
T-probe (Figure 6) can provide information about the Mach
number in the inflow region. The estimated Mach angle u of
the shock is about t ~ 30°, which corresponds to an upstream
Mach number of about My, = 1/sin(u) ~ 2. The shock stand-
off distance, estimated from the width of the emission region
at the leading edge of the probe, is about 0.2mm. The negli-
gible change in the shock structure between 300-400 ns also
indicates that the Mach number remains roughly constant.

The resistive diffusion time of the magnetic field through
the obstacle and the stagnated plasma is about 7, ~
(1mm)?/fglass + (0.2mm)?/fplasma ~ 0.1 — Ins, which is
smaller than the hydrodynamic time L/V = 5ns. Here, we es-
timate the magnetic diffusivity Jpiasma using Spitzer resistivity
calculated with a temperature of 7, =~ 2 — 10eV. The flow ve-
locity at this time V(t = 350ns) ~ 200kms~! is determined
from the transit time of the plasma to the T-probe. Since the
hydrodynamic time is comparable to the diffusion time, de-
coupling of the magnetic field and the plasma can result in hy-
drodynamic shock formation.!8> From the sonic Mach num-
ber Ms =V /Cs ~ 2 and the measured flow velocity, we esti-
mate the ion sound speed Cs ~ /ZT, /m; ~ 100kms~'. How-
ever, this results in an estimated temperature of ZT, ~ 2keV,
which is three orders of magnitude larger than the measured
temperature in the inflow region from visible spectroscopy.

If, on the other hand, we assume that the shock is magneto-
hydrodynamic and magnetically dominated 8 < 1, then My =

12

V /V4, and the expected Alfvén speed is V4 ~ B/,/pliy ~
100kms~!. In §IVF, we show that the plasma 8 ~ 0.1 in
the inflow region. From the measured value of the magnetic
field (B = 3 T) at this time, the estimated ion density from
the shock shape is 2 x 10'©cm™3, which is an order of mag-
nitude lower than the expected density inferred from visible
spectroscopy. We note that this is an upper bound on the den-
sity estimate from the shock shape, because the probe would
measure a higher compressed magnetic field for MHD shock
formation.

Therefore, the observed shock shape does not match the in-
flow conditions measured using inductive probes and visible
spectroscopy. A potential cause of this discrepancy could be
the generation of photo-ionized plasma from the probe sur-
face, because of the harsh X-ray environment provided by the
Z machine. Photo-ionized plasma at the T-probe tip may in-
crease the post-shock pressure, creating a larger shock angle.
Further investigation of this mismatch will require direct mea-
surements of the post-shock density and temperature, and will
be pursued in future experiments.

D. Radiative Cooling and Generation of High-Energy
Emission from the Reconnection Layer

The X-ray diode signals (Figure 7) and the X-ray cameras
(Figure 8) both show a transient burst of high-energy X-ray
emission from the reconnection layer. The initial rise in X-ray
emission is consistent with increasing density and/or tempera-
ture of the reconnection layer during the formation stage. The
temperature in the layer is initially high enough to generate
high-energy X-rays with energies > 1keV. The subsequent
fall in X-ray emission after 220 ns is consistent with rapid ra-
diative cooling of the layer. The temporal change of X-ray
intensity measured by the diodes also matches the intensity
evolution observed in the X-ray images (Figure 8).

We also observe a sharp fall in X-ray emission from the re-
connection layer in radiative resistive MHD simulations of the
MARZ experiment.®® In the simulations, radiative collapse of
the current sheet, characterized by a sharp fall in the layer
temperature and a simultaneous rise in density, begins around
200ns after current start. In Figure 12a, we plot synthetic
diagnostic data, calculated from simulations, of the filtered
X-ray emission generated from the reconnection layer as a
function of time. The filtered X-ray emission is generated by
post-processing the simulation results using radiation trans-
port modeling in XP2.%° We spatially integrate the output in-
tensity, and filter it using transmission curves for both 8 um
Be and 2um Mylar, in order to match the diode filters in the
experiment. In Figure 12a, we additionally show the expected
X-ray emission (filtered with 8um Be) for the case with no
radiative cooling.

In the absence of radiative cooling, X-ray emission from
the layer would continue to rise, as the layer density ramps up
in time at a consistently high temperature > 100eV. In the
radiatively-cooled case, however, the emission peaks and then
falls sharply, similar to that in the experiment. The tempera-
ture in the layer is initially > 100eV, which is high enough
to generate > 1keV X-rays. However, the subsequent fall in
X-ray emission occurs due to radiative collapse of the layer,



which rapidly cools as the density increases. The simulations
therefore confirm that the rapid fall in X-ray emission is an
experimental signature for strong radiative cooling of the re-
connection layer. Figure 12a also shows that the FWHM of
the harder (> 1keV) emission is shorter than that of softer
> 100eV emission, similar to that in the experiment. This
is expected, since as the temperature of the emitting plasma
falls, the spectral distribution of the emitted radiation shifts to
lower energies. Thus, the higher-energy emission falls earlier
than the lower-energy emission.

Simultaneous measurements of X-ray emission by the 8 um
Be and 2 um Mylar filtered diodes in the experiment (Fig-
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FIG. 12: Synthetic diagnostics from simulations of the MARZ
experiment: (a) Filtered X-ray emission from the reconnection layer.
The emission is filtered with 8 um Be (red) and 2 um Mylar (blue) to
match the diode filters in the experiment. The black curve shows the

expected X-ray emission (filtered with 8 um Be) for the simulation

with no radiative cooling. (b) X-ray emission from the layer filtered
with 8 um Be. Plasmoids primarily generate high-energy > 1keV
emission from the layer. (c) Filtered emissivity of the aluminum

plasma generated using Spk tables. (d-g) Synthetic X-ray images of

the reconnection layer, filtered with 2 um Mylar, and using the same
line of sight as X-ray camera B in Figure 8. X-ray emission from

the layer decreases with time due to radiative cooling.
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ure 7) provide constraints on the temperature of the emitting
plasma. Figure 12c shows the emissivity of an aluminum
plasma with ion density 5 x 10'® cm™3 as a function of the
plasma temperature, calculated using the atomic code Spk.”>
Spk uses a nLTE model and includes line, recombination, and
bremsstrahlung emission.%° The unfiltered emissivity exhibits
a smaller peak around 7 =~ 50eV; the emissivity is lower be-
tween 50-100 eV, and increases for T > 100eV. The smaller
peak results from L-shell line emission of photons with ener-
gies of 100 —300eV, while the increased emission at temper-
atures 7 > 100eV is due to higher energy > 1keV Al K-shell
emission. We also show the emissivity filtered using X-ray
transmission tables for 8 um Be and 2 um Mylar in Figure 12c.
The 8 um Be filter significantly attenuates radiation with ener-
gies < 1keV, whereas the 2 ym Mylar filter exhibits a smaller
window of transmission around photon energies ~ 200eV.
Therefore, the filtered emissivity through 2 um Mylar is sig-
nificant for temperatures 7 > 25eV, while for 8§ ym Be the
signal is only significant for temperatures 7 > 100eV.%

The different responses of the filtered diodes shown in Fig-
ure 12c allows us to constrain the temperature of the emitting
plasma. Initially, in region A (see Figure 7), where neither
diode records any signal, we expect the plasma temperature
to be T < 25¢V. In region B, where the Mylar diode records
signal, while the Be diode does not, the temperature of the
emitting plasma is constrained to be 25 < T < 100eV. In C,
where both diodes simultaneously record signals, the temper-
ature must be 7 > 100eV. Similarly, the expected tempera-
ture is 25 < T < 100eV, and T < 25¢eV in regions D and E
respectively. Therefore, the diode signals indicate an initial
heating of the reconnection layer to temperatures > 100eV,
followed by a sharp fall below T < 25eV due to radiative
cooling. We show later that the expected temperature at the
time of peak emission (region C), is consistent with results
from X-ray spectroscopy analysis in §IV E.

The diodes collect time-resolved emission integrated over
the entire reconnection layer. The time-gated X-ray images
(Figure 8) complement this measurement by providing spatial
resolution at discrete times. These images were also filtered
with 2um Mylar, and at around 190-200 ns both the layer
and hotspots generate emission in the spectral range trans-
mitted by the Mylar filter, indicating both the hotspots and
the layer have T > 25eV. Later in time (230-240 ns), the
hotspots remain bright, while emission from the layer has sig-
nificantly decreased. This indicates that the layer has cooled
to T < 25eV, while the hotspots have remained above 25eV,
such that the signal on the Mylar filtered diode is dominated
by hotspot emission. By 250 ns, there is no emission recorded
on the X-ray camera or the Mylar filtered diode, consistent
with both the hotspots and the layer cooling to 7' < 25eV.

Figure 12(d-g) show synthetic X-ray images of the recon-
nection layer generated from post-processing the 3D simula-
tion results in XP2 between 190-250ns. The synthetic im-
ages are filtered with 2pm Mylar, and use the same LOS
as X-ray camera B in the experiment (see Figure 1d). As
observed in Figure 12(d-g), emission from the reconnection
layer falls as a result of radiative cooling, consistent with
the experimental images in Figure 8. The synthetic im-



ages also show hotspots of emission within the elongated re-
connection layer, similar to that in the experiment. These
hotspots correspond to the position of magnetic islands or
plasmoids in the simulations, which are generated by the
tearing instability.*-°7 The plasmoids appear as localized re-
gions of enhanced emission due to their relatively higher elec-
tron density and temperature.®” Enhanced emission from plas-
moids has also been reported in relativistic-PIC simulations of
extreme astrophysical objects.>

The majority of the high-energy emission is generated by
the plasmoids in our simulations because of their higher tem-
perature. This can be observed in Figure 12b, which shows
X-ray emission from the reconnection layer filtered with § um
Be. Emission recorded by the 8 um Be filtered diode in the
experiment may thus be dominated by higher energy emis-
sion from the hotspots with temperature 7 > 100eV. This is
further supported by the analysis of X-ray spectroscopy from
the experiment, which is provided in the following subsection.

E. Analysis of X-Ray Spectroscopy

We estimate the temperature and density of the plasma in
the reconnection layer by comparing the measured spectra
shown in Figure 10 with synthetic spectra. We use the atomic
code SCRAM to generate nLTE spectral emissivity €q(n;, )
and absorption opacity 0t (n;,T,) tables,”® which are then
used to solve the radiation transport equation®® (Equation 1)
along the diagnostic LOS to model the output intensity spec-
trum. For this analysis, SCRAM includes spectral line broad-
ening effects (Stark and thermal Doppler), and incorporates a
background radiation field by assuming a homogeneous cylin-
drical plasma of diameter I mm. A characteristic length of
1 mm is chosen because it is comparable to the width of the
X-ray emission region, as observed in X-ray images of the re-
connection layer (Figure 8, Figure 8c). The contribution of
scattering to the total opacity is expected to be small in this
regime, and is thus, excluded from the SCRAM calculations.

The SCRAM results show that Al K-shell lines do not
appear for temperatures below 60eV. Furthermore, as ex-
pected for inter-stage transitions,?” the relative emissivities
of the Li-like satellites and He-like lines are strong func-
tions of temperature. Li-like satellites exhibit higher emis-
sivities at lower temperatures, whereas the emissivity of He-
like lines dominates at higher temperatures. The He-a reso-
nance transition exhibits much higher emissivities and opac-
ities compared to the other He-like lines, consistent with the
relatively higher probability of the resonance transition.3¢-%7
At T, = 100eV, the Li-j,k,I satellites and the He-« resonance
line have similar emissivity values; however, the opacity of
the He-o resonance line is several orders of magnitude higher
than both the Li-like satellites and other He-like lines. For in-
stance, at n; = 1 x 1018 cm—3 and 7, = 100eV, the attenuation
length scale @' for the He-o resonance line is about 0.1 mm,
while that for the other He-like lines and Li-like satellites is
> 10mm. Therefore, due to the high opacity of the He-a
resonance line, radiation transport calculations are required to
accurately model the spectral intensity of the emission from
the reconnection layer.

To solve the 1D radiation transport problem along the di-
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FIG. 13: Corner plot of solutions which match the line ratios of (A)
He-o IC / He-o Resonance (blue), (B) He-o IC / Li-j Satellite
(red), and (C) He-a IC / He-o¢ with 3p spectator (green). (b, d, and
e) show the 2D scatter plots for n;, T, and d; (a, ¢, and f) show the
probability density distributions of these values for valid solutions.
Solid lines represent contours enclosing 90% of the solutions. (g)
Radiation transport model for emission from a single hotspot with
emissivity €y and opacity oy, embedded in a homogeneous layer
with &7 and opacity . (h) Comparison of synthetic spectra with
the experimental spectrum (z = 10mm, MARZ3). Both synthetic
spectra are calculated for 7 = 170eV and n; = 1 x 10'8cm=3, but
using sizes of d = 0.5mm (red) and d = 5mm (blue) respectively.

agnostic LOS, we first assume emission from a plasma of
length d with homogeneous ion density »; and electron tem-
perature 7. Values of n;, T, and d are then randomly sampled
from uniform distributions to find solutions that match within
20% the experimentally observed line ratios. The model in-
cludes the effect of source and instrument broadening, but ne-
glects Doppler shift, which is < 0.25eV, as calculated from
the hotspot velocities in Figure 9. In particular, we compare
three different line ratios shown in Figure 10d — (A) He-o IC
/ He-a Resonance (blue), (B) He-o¢ IC / Li-j Satellite (red),
and (C) He-o IC / He-a with 3p spectator (green). Figure 13
shows a corner plot of the solutions that individually satisfy
these line ratios at z = 10mm in MARZ3 (see Figure 10d).
The corner plot shows one and two-dimensional projections
of the three-dimensional parameter space —-Figure 13(b, d,
and e) are 2D scatter plots for solutions, while Figure 13(a,c



and f) show the probability distribution functions for the val-
ues of n;, T and d of the solutions. The solid contours in
Figure 13(b, d, and e) enclose 90% of the solutions. The in-
tersection of the solutions for these line ratios constrains the
properties of the emitting plasma.

As seen in Figure 13b, which shows a scatter plot of the
ion density against temperature, solutions for the B (red) and
C (green) line ratios constrain 7, to a narrow band around
T ~ 170+ 20eV, and provide an upper bound of about n; <
5x 10"8cm™3 on the ion density (indicated via the black
dashed line). These bounds are determined from the intersec-
tion of these solutions. The size of the plasma d is poorly con-
strained from these line ratios, since line ratios B and C are for
the optically thin lines, and optical depth (0 (n;, T, )d) thus
has a limited effect. Figure 13(d and e) also clearly show over-
lapping solutions at 7 ~ 170 +£20eV and n; <5 x 10'8¢cm 3

~

respectively, but exhibit a wide range of possible values for d.

The size of the emitting plasma can, however, be con-
strained through solutions for line ratio A (blue). Line ratio A
is the relative intensity of the He-o IC compared to the higher
opacity He-« resonance line, which is a strong function of op-
tical depth. This line ratio is well satisfied for a wide range of
T, n; and d; however, from Figure 13d, we observe that for
temperatures 7 = 170 £20eV that satisfy line ratios B and C,
line ratio A is only satisfied for d < 0.8 mm (indicated via the
black dashed line). If the size of the emitting plasma exceeds
this value, we can no longer satisfy all line ratios simultane-
ously because of over-damping of the high-opacity He- reso-
nance line. Notably this value for d is significantly lower than
the length of the reconnection layer observed in Figure 8c,
which implies that only a small region of the layer is con-
tributing to the the emissivity and opacity of the system for
these photon energies.

This is further illustrated in Figure 13h, which compares
two synthetic spectra to the experimental spectrum at z =
10mm (MARZ3). Both synthetic spectra are calculated for
T = 170eV and n; = 1 x 108 cm ™3, but using sizes of d =
0.5mm (red) and d = Smm (blue) respectively. As expected,
the synthetic spectrum for d = 0.5 mm reproduces the line ra-
tios and line widths of the experimental spectrum well. The
synthetic spectrum for d = Smm reproduces the relative in-
tensities of the Li-like satellites and the He-o IC and spec-
tator transitions, but fails to reproduce the He-o¢ resonance
line. This analysis therefore indicates that Al K-shell emis-
sion from the reconnection layer is predominantly generated
by sub-millimeter size hotspots in the layer. This is fur-
ther supported by the X-ray images of the layer (Figure 8)
that show the presence of strongly-emitting hotspots of size
< 1mm, as well as by the simulations, which show strong
localized emission of > 1keV photons from the plasmoids
(Figure 12b). Assuming that the hotspot density lies between
the upper bound of 1; < 5 x 10'8cm™ and the lower bound
of n; >5x 1017cm’3, which is the inflow density from visi-
ble spectroscopy (Figure 11), we find, from Figure 13e, that
0.3 <d < 0.5mm, consistent with the plasmoid widths ob-
served in simulations.®’

The maximum temperature achievable due to the thermal-
ization of the plasma kinetic energy by shock heating is only
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about Ty = [(miV2)/2]/(Z+1)(y—1)/(y+1)* = 50eV.%7
The temperature of the hotspots measured from X-ray spec-
troscopy 7, ~ 170eV is larger than this value, thus showing
that shock compression cannot account for the heating ob-
served in the experiment.

To estimate an upper bound on the bulk temperature of
the layer, we consider a simple model that includes a sin-
gle hotspot of size d embedded in a homogeneous layer with
emissivity & and opacity og, as shown in Figure 13g. Radi-
ation transport solutions for this model indicate that the bulk
layer temperature must be less than about Ty < 75eV. At
around Ty ~ 75eV, contribution from the layer is not neg-
ligible and modifies the spectral intensity from the hotspots;
however, solutions that satisfy the line ratios in the experiment
are still possible. At higher layer temperatures, the He-« res-
onance line becomes strongly absorbed by the layer, and the
experimental spectrum can no longer be reproduced.

Figure 10 shows that the hotspots form elongated structures
of length ~ 10 mm along z. The above analysis was repeated at
multiple z-positions for the different shots. Although bounds
on the inferred hotspot density, temperature, and size show
slight variations along z, the values remain largely consistent.
This is unsurprising because the same Al K-shell lines are ob-
served at different z and the line ratios remain largely similar,
despite small modulations, as seen in Figure 10. The mod-
ulation in the spectral position of the lines is unlikely to be
caused by Doppler shift — as mentioned before, the maxi-
mum Doppler shift expected is 0.25 eV, which is smaller than
the 1eV modulation seen in Figure 10. The spectral modu-
lations could be a result of modulations in the position of the
hotspots in the object plane along x. Deviations in the source
position can lead to deviations in the position of the lines
recorded on the image plate. From ray tracing simulations,®’
the observed deviation in spectral position corresponds to a
roughly 1 mm deviation in the position of the hotspots. This
deviation is comparable to the amplitude of the modulations in
the plasmoid position generated by the MHD kink instability
in the 3D simulation of the experiment.® Thus, the spectral
deviation of the lines along z may be a preliminary indication
of the MHD kink instability of the plasmoids.

F. Cooling Rate

Our analysis of the experimental data in the previous sec-
tions has provided quantitative estimates of the plasma prop-
erties. In this section, we use these experimental results to fur-
ther characterize the net cooling rate in the reconnection layer
at the time of peak X-ray emission (¢ = 220ns, see Figure 7).

The temporal evolution of the reconnection layer temper-
ature depends on the relative magnitudes of the terms in the
internal energy equation:*’

P .
5. (p) +V-(pev) =i~ pY-v+ VW T—Puy (3)

Here, pe = p/(y—1) is the internal energy density, V -
(pev) is the advective term, n|j|2, —pV-v, and Vv : T are
the compressional, resistive, and viscous heating terms re-
spectively. Lastly, P,,; is the volumetric radiative loss from
the layer. We estimate the order-of-magnitude of these terms



TABLE I: Estimated magnitudes of terms in the energy equation
for the reconnection layer

Term Estimate Value [Wm™3]
nljP? 1 (Bin/MoSsp)* 2 x 1013
—pV-v PL(Vin/0sp — Vour /L) 6 x 10'
Vv:t U (Vin/8sp)? 1x10°
V- (peV) |(pinVin/ 8sp — pLVou /L)/(y—1)| 3 x 10"
Praq Equation 4 1x10'8

based on the plasma parameters in the layer and in the inflow,
as shown in the second column of Table I. Here, B;,, pi, and
Vi, are the magnetic field, thermal pressure, and velocity in the
inflow just outside the layer, and p; and V,,,,; are the layer pres-
sure and the reconnection outflow velocity. The half-length
and the half-width of the layer are denoted by L and & respec-
tively. Lastly, 1 and u are the (Spitzer) resistivity and plasma
viscosity, %’ while ¥ is the adiabatic index.??

To determine the net cooling rate, we require estimates of
the inflow and layer parameters listed above. In our previous
paper, Ref. 73, we presented approximations of these param-
eters at 220ns, in addition to other key parameters such as
the reconnection rate V;,/V,, = 0.3, the Lundquist number
Sp ~ 120, and the Sweet-Parker layer width 8sp ~ 1.4mm.
A detailed discussion of how these parameters are estimated
from the experimentally measured quantities is provided in
Appendix A.

Using the quantities listed in Table II (Appendix A), we
now estimate the relative magnitudes of the terms in the en-
ergy equation (see Table I). As observed in the third column
of Table I, Ohmic heating, compressional heating, and net en-
thalpy advection into the layer, are estimated to have simi-
lar magnitudes, whereas the contribution of viscous heating
is small. The Ohmic dissipation rate 17,2 ~ 2 x 10 Wm~3
is roughly half the estimated magnetic energy injection rate
per unit volume into the layer (B2,/1o)Vin/(28sp) ~ 5 x
10°Wm™3. We also note that comparing the conductive
heat flux —xVT ~ k(T — T;,)/Osp with the advective flux
DPinVin/(y— 1) along the x—direction shows that conduction
losses from the layer to the upstream inflow are expected to
be small (Geond x/Gadvx < 0.1). Here, k is the parallel thermal
conductivity in the layer, which is a function of the layer den-
sity and temperature 7,9 and 7}, is the inflow temperature.

We estimate the radiative loss rate P,y from the layer by
solving the radiation transport equation (Equation 1) for an
isotropically emitting and absorbing medium.5%%

3 [4mey 2 -
Prad:4R/%|:l+Tg){(l+Tw)e Tw—l} d(l) (4)

Here, &4 and o, are the spectral emissivities and opacities
respectively, and T, = 20,»R is the optical depth. R is the
characteristic distance traveled by the radiation leaving the re-
connection layer, which we approximate using the volume-to-
surface area ratio R = (1/8sp +2/L)~! of a cuboidal slab of
width 28sp, and height and length 2L. Spectral emissivity and
opacity values for the estimated layer temperature and density
are determined from SpK.”” The radiative loss rate calculated
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using Equation 4 is Paq ~ 10" Wm™3, which is significantly
larger than the total heating rate Pjeq ~ 101 Wm™3, calcu-
lated from the sum of the Ohmic, compressional, viscous,
and enthalpic terms provided in Table I. The dimensionless
cooling parameter is Rcool = C_Oél / r;l ~ 50 at 220 ns. Here,
Tcool = PL/[(’)/_ 1)(Pmd _Pheat)] ~ 6ns and 74 = L/VA,irz ~
300ns are the net cooling and Alfvén transit times respec-
tively. We thus expect the plasma to cool before being ejected
out of the layer, which is consistent with the strong cooling
inferred from the X-ray diagnostics of the reconnection layer
(see §SIVD).

A similar analysis can be used to estimate the cooling
time for the hotspots, which are at a a higher temperature of
Thotspot = 170€V. The radiative cooling rate estimated from
Equation 4 is about Prag hotspot ~ 10'* Wm ™, roughly an order
of magnitude higher than that in the rest of the layer. The ra-
diative cooling time Teool = Photspot/ (¥ — 1)/ Prad hotspot = 215.
We note that in calculating this cooling time, we have not in-
cluded the heating rate, therefore this value represents a lower
bound on the cooling time. As mentioned in §1V D, we reiter-
ate that cooling of the hotspots, which are at a higher temper-
ature at this time, is primarily due to high-energy (> 1keV)
X-rays, while that for the rest of the layer, which is colder, is
dominated by softer X-rays. In future experiments, we aim to
use time-resolved density and temperature measurements to
characterize how the estimated cooling time compares to the
time-evolution of the hotspot and layer properties.

V. Conclusions

We present results from a strongly-radiatively cooled
pulsed-power-driven magnetic reconnection experiment. Un-
like previous pulsed-power-driven experiments, which ei-
ther achieved strong cooling without plasmoid formation at
low Lundquist numbers (S; < 10),°%%7 or insignificant cool-
ing with plasmoid formation at higher Lundquist numbers
(Sz. ~ 100),539 here we simultaneously achieve strong cool-
ing Reoor > 1 and plasmoid formation at S; > 100. Using a
suite of current, inflow, and reconnection layer diagnostics,
as described in §IIB, we obtain the following key results:
(1) X-ray emission from the reconnection layer, as measured
by the X-ray diodes and time-gated X-ray cameras, rises ini-
tially and then falls sharply, consistent with rapid cooling of
the layer (see §IV D). A similar effect is seen in radiative re-
sistive magnetohydrodynamic simulations of the experiment,
which show that X-ray emission would simply continue to
rise without radiative cooling.° (2) The reconnection layer
exhibits sub-millimeter size localized regions of strong X-ray
emission (see §IIT E 2). These hotspots are consistent with the
presence of plasmoids generated by the tearing instability in
our simulations,® which generate strong X-ray emission due
to their higher electron density and temperature compared to
the rest of the layer. (3) These hotspots generate the major-
ity of the high-energy X-ray emission from the layer; this is
supported by X-ray images of the layer, and by X-ray spec-
troscopy, which shows that the measured X-ray spectra can be
best explained by emitting regions of size < 1 mm (see §IV E).
The generation of high-energy emission predominantly from
the plasmoids is also observed in the simulations, as shown in



Figure 12.

Using the measured quantities, we infer key physical and
dimensionless parameters describing the plasma in the inflow
region and the reconnection layer in §IV F. The estimated val-
ues of layer density, temperature, and size are consistent with
bounds determined from experimental diagnostics. Finally,
using these inferred quantities, we compare the various terms
in the energy equation (Table I), and show that radiative loss
is expected to dominate the total heating rate inside the recon-
nection layer (Rcoo1 ~ 50). This further supports the strong
cooling observed in the experiment.

Strong radiative cooling is expected to result in radia-
tive collapse of the current sheet, similar to that in the
simulations.” In future experiments, we will further charac-
terize the collapse of the reconnection layer at later times us-
ing time-resolved measurements of the density, size, and com-
pression of the layer. Our current experiments additionally
provide preliminary evidence of the 3D modulations in the
structure of the plasmoids, and future experiments will further
probe this 3D structure using time-resolved laser imaging.

The results in this paper provide insight into a regime
of magnetic reconnection that has not been previously ex-
plored in laboratory experiments. Our detailed measure-
ments of the entire reconnection process provide high-
quality data for benchmarking atomic codes and radiative-
magnetohydrodynamic simulations. Our findings on the gen-
eration of transient X-rays bursts from the layer, and the lo-
calization of the high-energy emission within the plasmoids,
are relevant to understanding observations of reconnection in
remote and extreme astrophysical environments. Finally, the
MARZ platform exhibits rich radiative physics, allowing for
the investigation of radiation transport and cooling effects in
HED plasmas beyond their relevance to magnetic reconnec-
tion.
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A. Appendix A

In this Appendix, we provide a detailed discussion of how
the parameters required to calculate terms in the energy equa-
tion (Equation 3) can be estimated at t = 220ns, which is the
time of peak X-ray emission. Based on the measured val-
ues of ion density n;, electron temperature 7, (see §IV B),
magnetic field B, and flow velocity V (see §IIB?2) in the
inflow region, we find that the inflows are super-Alfvénic
(Mp =V V4 = 7). We reiterate that these quantities are mea-
sured on the side of the array opposite the reconnection layer.
Therefore, by taking advantage of the azimuthal symmetry of
the outflows from the arrays (which form the inflows to the
layer), we diagnose the inflow conditions, unaffected by the
reconnection process. Other relevant quantities, such as the
thermal pressure p = (Z+ 1)n;T,, adiabatic index 7,88 sound

speed Cs = /yp/p, thermal B = p/(B*/2uo) and kinetic
Biin = pV?/(B*/ o) betas, the ion skin depth d;,'% ion-ion
collisional mean free path 2;;,'% and the ion-electron energy
equilibriation time 7z,'% in this inflow region can be calcu-
lated from these measured parameters, and are shown in col-
umn 1 of Table II.



TABLE II: Plasma parameters at the time of peak X-ray emission
(220 ns). Bold values are measured experimentally, while others are
estimated/inferred. In column 1, we report values of n;, T, and Z
from visible spectroscopy analysis at 8 mm from the wires (see
§IV B), magnetic field from averaging the values recorded by the
inductive probes at 5mm and 10mm in MARZ3 (Figure 3c), and the
flow velocity is estimated from the transit time of the magnetic field
between the two probes (Figure 4d). Parenthetical values show
bounds from X-ray spectroscopy (§IV E)

Parameter Pre-shock Post-shock Reconnection

Inflow Inflow Layer

n;[x10"8 cm3] 0.8 6 6(<5)

T, [eV] 1.9 30 60 (<175)

V4 2 8 10

By [T] 3.9 30 -

p [MPa] 0.6 300 700

V, [km/s] 140 20 -

Vy [km/s] - - 72

V4 [km/s] 20 50 -

Cs [km/s] 5 30 50

B 0.1 0.8 -

Bxin 60 0.1 -

Y 1.2 1.1 1.1

d; [mm] 0.7 0.1 0.1

Aii [nm] 20 1 1

St - - 120

TE [ns] 2 1 1

Super-Alfvénic inflows have previously been shown to gen-
erate shock-mediated magnetic flux pile-up upstream of the
reconnection layer, dividing the inflow into pre-shock and
post-shock pile-up regions.”:9267-101 In simulations of the
MARZ experiment, magnetic flux pile-up results in fast per-
pendicular MHD shocks upstream of the reconnection layer.®
Although we do not have diagnostics in MARZ1-3 to directly
diagnose shock formation, we expect shocks to form upstream

of the layer based on previous experimental work®>¢7 and

20

simulations®® with strongly driven inflows. Ref. 73 estimates
the parameters in the post-shock inflow region by solving the
Rankine-Hugoniot jump conditions, the solution to which is
a function of the upstream My, plasma beta 3, and adiabatic
index 7. The plasma parameters in the pre-shock and post-
shock inflow regions are listed in the first and second columns
of Table II.

The plasma properties in the post-shock pile-up region
set the inflow conditions just outside the reconnection layer.
Ref. 73 uses two additional assumptions, both supported by
simulation results, to approximate properties in the reconnec-
tion layer — (1) the reconnection layer exists in pressure bal-
ance with the post pile-up inflow region; and (2) at 220ns,
the layer mass density is roughly equal to that in the post-
shock inflow region. The first assumption simply states that
the kinetic p;,V;2 /2, magnetic B?,/2 and thermal p;, pres-
sures just outside the reconnection layer must be balanced by
the thermal pressure p;, inside the layer. The second assump-
tion argues that the temperature of the layer 77, has not fallen
enough at 220ns to cause a significant increase in the layer
density relative to the inflow density. The estimated plasma
properties in the reconnection layer are listed in the third col-
umn of Table II.

We note that the estimated layer temperature at this
time is Ty, =~ 60eV, which is consistent with the upper
bound (T, pux S 75€V) determined from X-ray spectroscopy
(8IVE), and the predicted ion density is n; ~ 6 x 10"¥cm ™3,
slightly greater than the upper bound of 7; <5 x 10'8cm™3)
from X-ray spectroscopy. The estimated Lundquist number is
Sp = LV, /1 = 120, and the predicted Sweet-Parker layer half-
width is 8sp ~ L(S)'/? ~ 1.4mm,>'! which is comparable to
the FWHM= 1.6 = 0.5mm of the X-ray emission region ob-
served in the time-integrated image of the reconnection layer
(Figure 8c). We approximate the layer half-length L = 15mm,
using half the radius of curvature of the magnetic field lines at
the mid-plane. Lastly, an estimate of the reconnection rate
is determined by comparing the post-shock inflow velocity
Vin = 20kms™! to the outflow velocity V,,, ~ 72kms~!, es-
timated by extrapolating the linear trend in the hotspot ve-
locity observed in Figure 9. The inferred reconnection rate
at this time is Vi, /Vp =~ 0.3. This is roughly comparable
to the expected reconnection rate from Sweet-Parker theory

s, 2 ~0110
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