Plasmoid formation and strong radiative cooling in a driven magnetic reconnection experiment
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We present the first experimental study of plasmoid formation in a magnetic reconnection layer undergoing
rapid radiative cooling, a regime relevant to extreme astrophysical plasmas. Two exploding aluminum wire
arrays, driven by the Z machine, generate a reconnection layer (S; ~ 120) in which the cooling rate far exceeds
the hydrodynamic transit rate (Thydro /Teool > 100). The reconnection layer generates a transient burst of >1
keV X-ray emission, consistent with the formation and subsequent rapid cooling of the layer. Time-gated X-ray
images show fast-moving (up to 50kms™!) hotspots in the layer, consistent with the presence of plasmoids
in 3D resistive magnetohydrodynamic simulations. X-ray spectroscopy shows that these hotspots generate the
majority of Al K-shell emission (around 1.6keV) prior to the onset of cooling, and exhibit temperatures (170eV)
much greater than that of the plasma inflows and the rest of the reconnection layer, thus providing insight into
the generation of high-energy radiation in radiatively-cooled reconnection events.

Magnetic reconnection is a ubiquitous process in magne-
tized plasmas, that explosively converts magnetic energy into
heat and kinetic energy [1-3]. In extreme astrophysical sys-
tems, such as black hole accretion disks [4—7], pulsar magne-
tospheres [8—11], and gamma-ray bursts [12—16], strong ra-
diative cooling (e.g. inverse external Compton or synchrotron
cooling) can remove internal energy faster than it is injected
into the reconnection layer [15, 17, 18]. Theory predicts that
this can trigger a radiative collapse — a runaway cooling and
compression process — that generates a dense, cold layer with
a faster reconnection rate [17, 19].

Despite the importance of radiative cooling, there has been
limited laboratory investigation of radiatively-cooled recon-
nection, as it is difficult to achieve cooling rates necessary
for significant cooling on experimental time scales. Previ-
ous magnetically-driven experiments, such as MRX (n, ~
1083 em ™3, T, ~ 10eV, B < 1) [2, 20], have investigated
a variety of reconnection physics [20-23] in a low-density
regime with negligible radiative cooling. In contrast, laser-
driven experiments [24-28] access a strongly-driven 8 >>
1 high-energy-density (HED) regime (1, ~ 10*°cm™3, 7, ~
1000eV) [24]. However, the fully-stripped ions in the recon-
nection layer at these high temperatures [27, 29] prevent line
emission, and the cooling parameter Reool = Thydro / Teool T€-
mains small. Pulsed-power driven reconnection experiments
access a complementary, strongly-driven 8 =~ 1 HED regime
[30]. Experiments on the 1.4MA MAGPIE facility (n, ~
10'8 cm’37 T, ~ 50eV)[30-32] either observed plasmoid for-
mation with minimal cooling at higher Lundquist numbers
Sz, ~ 100 [33], or sudden ion cooling at a lower Sy, < 10 [34].

This Letter presents results from the Magnetic Reconnec-
tion on Z (MARZ) experiments, which generate a radiatively-
cooled reconnection layer by driving a dual exploding wire ar-
ray using the Z machine (20 MA ,300ns rise time, Sandia Na-

tional Labs) [35]. Unlike previous pulsed-power experiments,
the MARZ experiments demonstrate both a high Sy ~ 100
and a high cooling parameter (Rqoo > 100). We make the
first quantitative measurements of reconnection in a strongly
radiatively-cooled regime, using temporally- and spatially-
resolved X-ray diagnostics to measure emission from the re-
connection layer. This is of particular astrophysical signifi-
cance, as radiative emission is the key, and often only, sig-
nature of reconnection in extreme astrophysical objects [15].
We observe the formation and subsequent radiative cooling of
the reconnection layer. Furthermore, the layer exhibits sub-
millimeter-scale fast-moving hotspots that emit most of the
high-energy X-rays from the layer. Radiative resistive magne-
tohydrodynamic (MHD) simulations of the experiment [36]
show that these hotspots are likely to be plasmoids gener-
ated by the tearing instability [37]. These simulations, per-
formed in GORGON [38], implement P ;3 multi-group radia-
tion transport, using emissivities and opacities from SpK [39].
We use these simulations, which are detailed in Ref. [36], to
guide the interpretation of the experimental results in this Let-
ter.

Figure la shows the experimental setup, comprising two
40mm tall, 40mm diameter exploding wire arrays, each
with 150 equally-spaced 75um diameter aluminum wires.
The arrays have a 60mm center-to-center separation, with a
10mm gap between the mid-plane and the wires. Each array
generates radially diverging plasma flows with azimuthally-
oriented frozen-in magnetic field that is advected with the
flow [31-34, 40]. The outflows collide at the mid-plane,
where the anti-parallel magnetic fields generate a reconnec-
tion layer. The arrays are driven in parallel by the Z ma-
chine; Figure 1b shows the current I(¢) measured by a b-
dot probe near the load [41], which is well approximated
by I(t) = 20MAsin? (7/2 x ¢ /300ns). Photonic Doppler ve-
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FIG. 1: (a) A three-dimensional model of the dual wire array load
and diagnostic setup. (b) Current (purple), X-ray diode signal
(green), and magnetic field at 5Smm and 10mm from the wires (red).
Inset: Simulated X-Ray emission from the reconnection layer,
filtered with 8 um Be, for non-radiative (black) and
radiatively-cooled (orange) cases. X-ray power P* is normalized
using the peak power in the radiatively-cooled simulation.

locimetry [42] measured equal current division between the
arrays across multiple shots. The arrays are over-massed, so
they generate continuous plasma flows from stationary wire
cores throughout the experiment without exploding [43, 44].
The discrete plasma flows from adjacent wire cores are ex-
pected to form a dense network of oblique shocks due to
their azimuthal expansion [31, 34, 45]. The plasma flows are
highly-collisional (4; = 1 — 10nm), strongly-driven (M4 = 7,
Mg > 10), and quasi-2D with minimal variation along z. There
is no guide field, and the ion skin depth (d; =~ 0.1 mm) is small
compared to the reconnection layer width (~ 1 mm).

We use inductive probes and visible spectroscopy to char-
acterize the magnetic field, ion density, and electron temper-
ature in the outflows from the arrays, which form the inflows
into the reconnection layer. Calibrated inductive probes [46]
are positioned at different radii (5mm&10mm) around the
arrays (Figure 1a). Opposite-polarity probe pairs with a 1cm
vertical separation are used at each location for redundancy
and to check for the common mode [47, 48]. The magnetic
field is determined by numerically integrating the signals. The
magnetic fields B(r) measured at 5mm and 10mm are similar
in shape, but displaced in time (Figure 1b), consistent with
the advection of the field between the probes at a velocity of
140+ 30kms™! [47].

We use an optical fiber to collect visible radiation from the
plasma along a path (diameter ~ 4mm) in the xy plane, cen-

tered 8 mm from the wires, to a spectrometer (400 —700nm
range, 1.5nm resolution) coupled to a streak camera (550ns
sweep time) [49]. The spectra show Al-II and Al-III emission
lines. We infer density from the width of the well-isolated
Al-II 466.4nm line, and temperature from the line ratio of
the inter-stage Al-II 466.4nm and Al-III 448.1nm,452.4nm
lines. This is done by fitting synthetic spectra, generated using
PrismSPECT and radiation transport simulations, to the ex-
perimental data [50, 51]. The electron temperature in the array
outflows increases from (1.8 £0.4)eV to (2.1 +:0.4)eV be-
tween 200 — 240ns, and the ion density is 5 — 8 x 107 cm™3.

A filtered X-ray diode viewing the reconnection layer from
the top (vertical green arrow in Figure la) provides time-
resolved measurements of the emitted X-ray power. The §um
beryllium filter transmits photons with energy >1keV. X-ray
emission from the reconnection layer (Figure 1b) exhibits a
sharp peak at 220ns, with a full-width-at-half-maximum of
about 50ns. The signal is reproducible over multiple shots
and viewing angles. The X-ray emission is narrower than the
driving current pulse, and reaches a maximum before peak
current, indicating that this signal is driven by dynamics of
the reconnection layer, rather than the driving current.

We probe the temporal evolution of the reconnection layer
with two ultra-fast X-ray imaging pinhole cameras [52]. The
cameras (4 frames, 10ns exposure) provide a 25 x 12.5mm?
field of view through a 500 um diameter pinhole (magnifica-
tion = 1x, geometric resolution ~ 1 mm), filtered with 2 um-
thick aluminized mylar (>>100eV photons). The cameras view
the reconnection layer with polar angles of 6 =9° and 8 = 12°
respectively, and with azimuthal angles (from the x—axis) of
¢ = 170° and ¢ = 40°, thus viewing both the top and side of
the layer (see Figure la). Figure 2 (a-c) show an elongated,
bright layer with strongly-emitting, localized (~ 1 mm size)
hotspots (indicated by green arrows) between 200 — 240ns.
The intensity of the emission initially increases, peaking at
220ns, and then decreases. Figure 2 shows images from only
one camera (0 = 12°, ¢ =40°); images from the second cam-
era, containing similar features, are in the supplementary ma-
terial. The hotspots move along the y-direction, away from
the center of the layer. From the translation of the hotspots
between 220 — 240ns, we estimate their velocity (Figure 2e),
which shows acceleration from rest to 50 & 20kms~! over
10mm. We show later that this is consistent with the expected
and simulated outflow velocity from the layer.

An X-ray spectrometer with a spherically-bent crystal [53]
provides time-integrated spatially-resolved (along z, resolu-
tion: Az =~ 200um) spectral measurements (resolution: AE ~
0.5 eV) of X-ray emission from the reconnection layer (see
Figure 1a). Figure 3a shows the X-ray spectrum, which ex-
hibits He-like and Li-like satellite Al K-shell transitions with
energies of about 1.6keV. These transitions are labeled in
Figure 3b, which shows a lineout of the recorded spectrum
averaged over z = 10+ I mm. We show the X-ray spectrum
from the same experimental shot as the diode signal and X-ray
images; however, this spectrum is reproducible across multi-
ple shots. Although the spectrum is time-integrated, the fil-
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FIG. 2: (a-c) Time-gated X-ray images (10ns exposure) of the
reconnection layer, showing hotspots (green arrows) inside a bright
elongated layer. (d) Synthetic X-ray image of the layer obtained by
post-processing a 3D simulation at 220ns with X-ray emission and
radiation transport modeling [36]. (e) Velocity of the hotspots inside
the reconnection layer. The solid line is a linear fit to the hotspot
velocity, and dashed orange line is the simulated outflow velocity in
the reconnection layer, averaged between 200 — 250ns.
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tered X-ray diode (§um Be, > 1keV) temporally localizes the
spectra to 220+ 25ns.

Combining the spatial, temporal, and spectral measure-
ments of the X-ray emission provides information about the
evolution of the reconnection layer. The narrow burst of X-
ray emission from the layer, as recorded simultaneously by the
diode (Figure 1b) and X-ray cameras (Figure 2), provides evi-
dence for formation and radiative cooling of the layer. The ini-
tial rise of the diode signal indicates increasing density and/or
temperature of the layer during formation. The layer tem-
perature is initially hot enough to generate >1keV emission.
The sharp fall in the X-ray emission after 220ns is consistent
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FIG. 3: (a) Time-integrated X-ray spectra from the reconnection
layer showing Al K-shell emission. Red crosses show the position
of the He-« inter-combination line. (b) X-ray spectrum averaged
over z = (10£ 1) mm [white line in (a)] showing He-like and Li-like
satellite transitions (black), and calculated spectrum from the
SCRAM and radiation transport model for 170eV, 1 x 108 cm=3
hotspot density, and 0.5 mm hotspot size (grey dashed).

with a rapidly cooling reconnection layer. X-ray images of the
layer exhibit a similar intensity evolution as the diode, with a
maximum intensity around 220ns (Figure 2). Resistive MHD
simulations confirm that X-ray emission from the reconnec-
tion layer provides a diagnostic signature of strong radiative
cooling [36]: in the absence of radiative cooling, simulations
show that X-ray emission (> 1keV) would continue to rise
due to increasing layer density at a constant, high tempera-
ture, as shown by the black curve in the inset of Figure 1b.
However, radiative cooling results in a sharp decline in the
simulated X-ray emission after an initial rise (orange curve,
Figure 1b), similar to the experimentally-measured emission.

To obtain quantitative measurements of temperature and
density in the reconnection layer from the X-ray spectra in
Figure 3 during the onset of radiative cooling, we use non-
local thermodynamic equilibrium spectral emissivities and ab-
sorption opacities generated using SCRAM [54] to model
radiation transport [55] along the diagnostic line-of-sight.
SCRAM includes spectral line broadening effects, and in-
corporates photo-pumping by assuming cylindrical geometry
with diameter of 1 mm. These radiation transport calculations
constrain the composition of the emitting plasma: because of
the higher opacity of the He-o resonance transition compared
to the other lines in Figure 3b, it is strongly damped in ho-
mogeneous layers of length > I mm. Therefore, only sub-
millimeter-sized hotspots, strongly emitting in the Al K-shell,
can account for the similar measured intensities of the He-«
resonance and inter-combination (IC) lines. The experimen-
tal spectrum is best matched by the emission from localized,
dense hotspots of size < 1mm and 7, ~ (170 £ 30)eV, em-
bedded within a colder, less dense reconnection layer. An ex-
ample spectrum calculated assuming emission from a single
hotspot of size d = 0.5 mm, temperature 7, = 170eV, and ion
density n; = 1 x 10" cm™3 in a non-emitting non-absorbing
layer, is shown by the dashed curve in Figure 3b, and repro-
duces the line ratios and line widths of the experimental spec-
trum. The model includes the effect of source and instrument
broadening, but neglects Doppler shift, which is <0.25eV, as
calculated from the hotspot velocities (in Figure 2e). Radia-
tion transport also provides an upper limit of about 75eV on
the layer temperature, to prevent over-damping of the He-«
resonance line generated from the hotspots. This model is fur-
ther supported by X-ray images of the layer (Figure 2), which
show brightly-emitting hotspots < 1 mm in size inside the less
brightly-emitting reconnection layer. Figure 3a further shows
that the hotspots form contiguous structures, elongated along
zby ~ 10mm.

To constrain the density (n;), temperature (7;), and size
(d) of the hotspots for which the experimental X-ray spec-
trum is valid, we uniformly and randomly sample values of
n;, T,, and d to obtain solutions that match within 20% the
experimentally observed line ratios. Comparing the relative
intensities of the He-o« IC with the Li-j satellite line and
He-or with 3p spectator transition constrains 7, to a narrow
band around (170 & 30)eV, and provides an upper bound
of ~ 5x 10" cm™ on the hotspot ion density. Assuming



TABLE I: Plasma parameters in the pre-shock inflow, post-shock
inflow, and reconnection layer at 220ns. Values in bold are
measured experimentally, while other values are estimated/inferred.

n; T, Z By Vx(Vy) Va Cy
[cm3] [eV] [T] [km/s] [km/s] [km/s]

Pre-shock 0.8 x10™ 1.9 1.9 39 140(-) 20 5
Post-shock 6x10'® 30 8.0 30 20() 50 30
Layer 6x10® 60 103 - -(72) - 50

that the hotspot density lies between the upper bound of
n; < 5% 10" cm~3 and the lower bound of n; > 5 x 1017 cm 3
(inflow density from visible spectroscopy), this sampling con-
strains 0.3 <d < 0.5mm.

We also observe hotspots in synthetic X-ray images pro-
duced from 3D resistive MHD simulations of the experiment
[36] (Figure 2d). In these simulations, plasmoids which grow
from random perturbations in the current sheet via the tear-
ing instability, are hotter and denser than the rest of the layer,
and therefore generate intense Al K-shell X-ray emission [36].
Figure 2(a-d) show qualitative agreement in the layer structure
between the experiment and simulation, showing hotspots of
diameter < 1 mm embedded in a thin, less brightly emitting
layer. The experimentally measured hotspot velocity is also
consistent with the simulated velocity in the outflows from
the reconnection layer, as seen in Figure 2e. The plasmoid
instability in the simulations occurs at Lundquist numbers be-
low the canonical critical value S} ~ 10%, suggesting a depar-
ture from the original tearing theory [37, 56]. This discrep-
ancy may arise from compressibility, non-uniform plasma re-
sistivity, or density perturbations introduced by the discrete
wires [36]. The simulations further show that the presence of
plasmoids does not increase the reconnection rate above the
radiatively-cooled Sweet-Parker prediction [17].

These 3D simulations show that the plasmoid position in
the xz-plane varies along z, due to the MHD kink instability
[36]. We see preliminary evidence for this modulation in the
axially-resolved X-ray spectrum (Figure 3a), where the spec-
tral positions of the lines exhibit modulations of up to 1eV
along z. Ray tracing calculations [53] show that these devia-
tions correspond to 1 mm x-displacements in the source posi-
tion, comparable to the simulated kink instability amplitude.

Using these experimental measurements, we calculate key
parameters for the inflows and the reconnection layer using
simple analytical models. Table I summarizes the experimen-
tally determined parameters in the layer inflows (array out-
flows) right before onset of radiative cooling (220ns). The
magnetic field is averaged from probe measurements at 5 and
10mm, while »n; and T, are from visible spectroscopy. From
these, we estimate the thermal pressure p, adiabatic index
y~ 1.2 [55], and the Alfvén V4 = B/,/Hliop and sound speeds
Cs = +/yp/p. We assume T; ~ T, as the estimated energy
equilibration time 7g ~ 2ns [57] is smaller than the hydrody-
namic time Thydro = L/V = 70ns. Values of effective ioniza-
tion Z in Table I are calculated for the given n; and 7, using a
Thomas-Fermi model [38, 58], the results of which agree well

with PrismSPECT and SCRAM calculations.

The layer inflows are super-Alfvénic (M4 ~ 7); conse-
quently we expect magnetic flux pile-up to generate shocks
upstream of the layer, dividing the inflow into pre-shock and
post-shock regions, as observed in the simulations [36] and
previous experiments [31, 34, 59, 60]. We estimate the post-
shock conditions from analytical solutions of the Rankine-
Hugoniot equations for a fast, perpendicular MHD shock
[61, 62], which increases the density and magnetic field, and
decreases the inflow velocity, by a factor of about 8. Estimated
values in the post-shock inflow are shown in Table I.

To estimate the parameters in the reconnection layer, we
assume: (1) a pressure balance exists between the layer and
the post-shock inflow; (2) right before onset of cooling, there
is little compression of the layer, such that n; is roughly equal
inside and just outside the layer in the post-shock inflow. Both
assumptions are expected from theory [17], and supported by
simulations [36]. The estimated layer temperature and ion
density at this time are therefore 60eV and 6 x 10'8cm™—3.
The temperature is below the upper bound (7, < 75eV), while
the density is close to the upper bound (7; < 5 x 108 cm~3)
determined from X-ray spectroscopy.

We extrapolate the linear velocity trend in Figure 2e to
y=L (L= 15mm, 0.5x field line radius of curvature at the
mid-plane), and estimate the layer outflow velocity V,, ~
72kms~!'. We have assumed that the plasmoids have a ve-
locity similar to bulk layer velocity, since they are advected
along +y by the plasma outflows [37, 56, 63]. The esti-
mated outflow velocity closely matches the magnetosonic ve-
locity Viys = (VZ,,+C2 ;)% ~70kms ™! (computed from the
Alfvén speed outside the layer Vj4 i», and the sound speed in-
side the layer Cs; ), which is the theoretical outflow velocity
from the reconnection layer [21, 33]. The estimated Lundquist
number is Sy, = LV, /1 ~ 120, and the predicted Sweet-Parker
layer width is 8sp ~ L(S;)~"/? ~ 1.4mm [1, 2]. This width
is much larger than both the estimated ion-ion mean free
path (A; ~ 2nm) and the ion skin depth (d; ~ 0.1 mm), in-
dicating high collisionality, and justifying the use of resis-
tive MHD models. Using the post-shock inflow velocity
Vi, =~ 20kms~!, we infer the reconnection rate at this time
Vin/Vour /= 0.3, which is roughly comparable to the Sweet-

Parker rate SZI/Z ~0.1[1].

Finally, we make order-of-magnitude estimates of the dom-
inant terms in the layer power balance. The estimated Ohmic
and compressional heating are Po ~ 1 j2 ~ N[Bin/(8spto)]> ~
105Wm™3 and Peomp ~ pVin/8sp ~ 101Wm=3.  Viscous
heating and thermal conduction are negligible. We estimate
the radiative loss from the layer by solving the radiation trans-
port equation along a mean chord with a length approximated
as the volume-to-surface area ratio of a rectangular slab of
width 28 and length 2L [36]. Using emissivities and opacities
from SpK [39], the resulting loss rate is Pryq ~ 108 Wm™3,
corresponding to a cooling parameter R, ~ 400 at 220ns.
The experimentally-measured hotspot temperature and den-
sity provide an upper bound on the cooling rate Prad, hotspot ~



10" Wm™3. Cooling therefore dominates heating within the
reconnection layer, consistent with the strong cooling ob-
served in Figure 1(b) & Figure 2(a-c).

In summary, we present the first experimental evidence of
strong radiative cooling in a pulsed-power-driven reconnec-
tion experiment with Sy > 100. The key results are:

1. The reconnection layer exhibits millimeter-scale fast-
moving hotspots with strong X-ray emission, consistent with
the presence of magnetic islands generated by the plasmoid
instability in 3D resistive MHD simulations (Figure 2).

2. The majority of the high-energy X-rays are generated by
these hotspots, which exhibit a temperature (about 170eV)
higher than both the inflow (about 2eV) and bulk layer tem-
perature (<75eV) (Figure 3).

3. The reconnection layer undergoes strong radiative cooling,
characterized by the rapid decrease in X-ray emission from
the layer (Figure 1b, Figure 2).

Strong cooling is necessary to trigger radiative collapse of
the reconnection layer. Future experiments will characterize
the plasma properties during this radiative collapse, using
time-resolved measurements of the layer width, temperature,
density, and outflow velocity. The findings in this Letter
are of particular relevance to the generation of radiative
emission from reconnection-driven astrophysical events, and
to the global dynamics of reconnection in strongly-cooled
systems. These experiments also provide a novel platform for
the investigation of radiative effects in HED and laboratory
astrophysics experiments, and for validation of radiation
(magneto-)hydrodynamic and atomic codes.
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