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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 (SL ≈ 120) in which
the cooling rate far exceeds the hydrodynamic transit rate (τhydro=τcool > 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 50 km s−1) 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 1.6 keV) prior
to the onset of cooling, and exhibit temperatures (170 eV) 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.

DOI: 10.1103/PhysRevLett.132.155102

Magnetic reconnection is a ubiquitous process in mag-
netized plasmas, that explosively converts magnetic energy
into heat and kinetic energy [1–3]. In extreme astrophysical
systems, such as black hole accretion disks [4–7], pulsar
magnetospheres [8–11], and gamma-ray bursts [12–16],
strong radiative 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 run-
away 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
reconnection, as it is difficult to achieve cooling rates
necessary for significant cooling on experimental time-
scales. Previous magnetically driven experiments, such as
MRX ðne ∼ 1013 cm−3; Te ∼ 10 eV; β ≪ 1Þ [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 β ≫ 1 high-energy-density (HED) regime
ðne ∼ 1020 cm−3; Te ∼ 1000 eVÞ [24]. However, the fully
stripped ions in the reconnection layer at these high

temperatures [27,29] prevent line emission, and the cooling
parameter Rcool ≡ τhydro=τcool remains small. Pulsed-power
driven reconnection experiments access a complementary,
strongly driven β ≈ 1HED regime [30]. Experiments on the
1.4 MA MAGPIE facility ðne ∼ 1018 cm−3; Te ∼ 50 eVÞ
[30–32] either observed plasmoid formation with minimal
cooling at higher Lundquist numbers SL ∼ 100 [33], or
sudden ion cooling at a lower SL < 10 [34].
This Letter presents results from the magnetic recon-

nection on Z (MARZ) experiments, which generate a
radiatively cooled reconnection layer by driving a dual
exploding wire array using the Z machine (20 MA, 300 ns
rise time, Sandia National Labs) [35]. Unlike previous
pulsed-power experiments, the MARZ experiments dem-
onstrate both a high SL ∼ 100 and a high cooling parameter
(Rcool > 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 reconnection layer. This is
of particular astrophysical significance, as radiative
emission is the key, and often only, signature of recon-
nection in extreme astrophysical objects [15]. We observe
the formation and subsequent radiative cooling of the
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reconnection layer. Furthermore, the layer exhibits sub-
millimeter-scale fast-moving hot spots that emit most of the
high-energy x rays from the layer. Radiative resistive
magnetohydrodynamic (MHD) simulations of the experi-
ment [36] show that these hot spots are likely to be plas-
moids generated by the tearing instability [37]. These
simulations, performed in GORGON [38], implement
P1=3 multigroup radiation 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 Letter.
Figure 1(a) shows the experimental setup, comprising

two 40 mm tall, 40 mm diameter exploding wire arrays,
each with 150 equally spaced 75 μm diameter aluminum
wires. The arrays have a 60 mm center-to-center separation,
with a 10 mm gap between the midplane 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 midplane, where the antiparallel magnetic fields
generate a reconnection layer. The arrays are driven in
parallel by the Z machine; Fig. 1(b) shows the current IðtÞ
measured by a b-dot probe near the load [41], which is
well approximated by IðtÞ ¼ 20 MAsin2ðπ=2 × t=300 nsÞ.
Photonic Doppler velocimetry [42] measured equal current

division between the arrays across multiple shots. The
arrays are overmassed, 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 expected to form a dense
network of oblique shocks due to their azimuthal expansion
[31,34,45]. The plasma flows are highly collisional
(λii ≈ 1–10 nm), strongly driven (MA ≈ 7, MS > 10), and
quasi-2D with minimal variation along z. There is no guide
field, and the ion skin depth (di ≈ 0.1 mm) is small
compared to the reconnection layer width (∼1 mm).
We use inductive probes and visible spectroscopy to

characterize the magnetic field, ion density, and electron
temperature in the outflows from the arrays, which form the
inflows into the reconnection layer. Calibrated inductive
probes [46] are positioned at different radii (5 mm and
10 mm) around the arrays [Fig. 1(a)]. Opposite-polarity
probe pairs with a 1 cm vertical separation are used at each
location for redundancy and to check for the common
mode [47,48]. The magnetic field is determined by numeri-
cally integrating the signals. The magnetic fields BðtÞ
measured at 5 and 10 mm are similar in shape, but
displaced in time [Fig. 1(b)], consistent with the advection
of the field between the probes at a velocity of 140�
30 km s−1 [47].
We use an optical fiber to collect visible radiation from

the plasma along a path (diameter ≈4 mm) in the xy plane,
centered 8 mm from the wires, to a spectrometer
(400–700 nm range, 1.5 nm resolution) coupled to a streak
camera (550 ns 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 466.4 nm line, and temperature
from the line ratio of the interstage Al-II 466.4 nm and
Al-III 448.1 nm, 452.4 nm lines. This is done by fitting
synthetic spectra, generated using PrismSPECT and
radiation transport simulations, to the experimental data
[50,51]. The electron temperature in the array outflows
increases from ð1.8� 0.4Þ eV to ð2.1� 0.4Þ eV between
200–240 ns, and the ion density is 5–8 × 1017 cm−3.
A filtered x-ray diode viewing the reconnection layer

from the top [vertical green arrow in Fig. 1(a)] provides
time-resolved measurements of the emitted x-ray power.
The 8 μm beryllium filter transmits photons with energy
>1 keV. X-ray emission from the reconnection layer
[Fig. 1(b)] exhibits a sharp peak at 220 ns, with a full-
width-at-half-maximum of about 50 ns. 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 ultrafast x-ray imaging pinhole cameras
[52]. The cameras (4 frames, 10 ns exposure) provide a
25×12.5mm2 field of view through a 500 μm diameter

(a)

(b)

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 5 and 10 mm from the wires (red).
Inset: Simulated x-ray emission from the reconnection layer,
filtered with 8 μm 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.
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pinhole (magnification¼ 1×, geometric resolution≈1 mm),
filtered with 2 μm-thick aluminized mylar (>100 eV pho-
tons). The cameras view the reconnection layer with polar
angles of θ ¼ 9° and θ ¼ 12°, respectively, and with
azimuthal angles (from the x axis) of ϕ ¼ 170° and
ϕ ¼ 40°, thus viewing both the top and side of the layer
[see Fig. 1(a)]. Figures 2(a)–2(c) show an elongated, bright
layer with strongly emitting, localized (∼1 mm size) hot
spots (indicated by green arrows) between 200 and 240 ns.
The intensity of the emission initially increases, peaking
at 220 ns, and then decreases. Figure 2 shows images
from only one camera ðθ ¼ 12°;ϕ ¼ 40°Þ; images from
the second camera, containing similar features, are in the
Supplemental Material [53]. The hot spots move along the
y direction, away from the center of the layer. From
the translation of the hot spots between 220 and 240 ns,
we estimate their velocity [Fig. 2(e)], which shows accel-
eration from rest to 50� 20 km s−1 over 10 mm. 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

[54] provides time-integrated spatially resolved (along z,
resolution: Δz ≈ 200 μm) spectral measurements (resolu-
tion: ΔE ≈ 0.5 eV) of x-ray emission from the reconnec-
tion layer [see Fig. 1(a)]. Figure 3(a) shows the x-ray
spectrum, which exhibits He-like and Li-like satellite Al
K-shell transitions with energies of about 1.6 keV. These
transitions are labeled in Fig. 3(b), which shows a lineout
of the recorded spectrum averaged over z ¼ 10� 1 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 multiple shots. Although
the spectrum is time integrated, the filtered x-ray diode

(8 μm Be, >1 keV) temporally localizes the spectra
to 220� 25 ns.
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 [Fig. 1(b)] and x-ray cameras (Fig. 2),
provides evidence for formation and radiative cooling of
the layer. The initial rise of the diode signal indicates
increasing density and/or temperature of the layer during
formation. The layer temperature is initially hot enough to
generate >1 keV emission. The sharp fall in the x-ray
emission after 220 ns is consistent 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 220 ns (Fig. 2). Resistive MHD simu-
lations confirm that x-ray emission from the reconnection
layer provides a diagnostic signature of strong radiative
cooling [36]: in the absence of radiative cooling, simu-
lations show that x-ray emission ð>1 keVÞ would continue
to rise due to increasing layer density at a constant, high
temperature, as shown by the black curve in the inset of
Fig. 1(b). However, radiative cooling results in a sharp
decline in the simulated x-ray emission after an initial rise
[orange curve, Fig. 1(b)], similar to the experimentally
measured emission.
To obtain quantitative measurements of temperature and

density in the reconnection layer from the x-ray spectra
in Fig. 3 during the onset of radiative cooling, we use non-
local thermodynamic equilibrium spectral emissivities and
absorption opacities generated using SCRAM [55] to
model radiation transport [56] along the diagnostic line
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FIG. 2. (a)–(c) Time-gated x-ray images (10 ns exposure) of the
reconnection layer, showing hot spots (green arrows) inside a
bright elongated layer. (d) Synthetic x-ray image of the layer
obtained by postprocessing a 3D simulation at 220 ns with x-ray
emission and radiation transport modeling [36]. (e) Velocity of
the hot spots inside the reconnection layer. The solid line is a
linear fit to the hot spot velocity, and dashed orange line is the
simulated outflow velocity in the reconnection layer, averaged
between 200 and 250 ns.
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Li-like q, r
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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-α intercombination line. (b) X-ray spectrum
averaged over z ¼ ð10� 1Þ 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
170 eV, 1 × 1018 cm−3 hot spot density, and 0.5 mm hot spot size
(gray dashed).
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of sight. SCRAM includes spectral line broadening effects,
and incorporates photopumping 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-α reso-
nance transition compared to the other lines in Fig. 3(b),
it is strongly damped in homogeneous layers of length
>1 mm. Therefore, only sub-millimeter-sized hot spots,
strongly emitting in the Al K shell, can account for the
similar measured intensities of the He-α resonance and
intercombination (IC) lines. The experimental spectrum is
best matched by the emission from localized, dense hot
spots of size <1 mm and Te ≈ ð170� 30Þ eV, embedded
within a colder, less dense reconnection layer. An example
spectrum calculated assuming emission from a single hot
spot of size d¼ 0.5 mm, temperature Te ¼ 170 eV, and ion
density ni ¼ 1 × 1018 cm−3 in a nonemitting nonabsorbing
layer, is shown by the dashed curve in Fig. 3(b), and
reproduces the line ratios and linewidths of the experi-
mental spectrum. The model includes the effect of source
and instrument broadening, but neglects Doppler shift,
which is <0.25 eV, as calculated from the hot spot
velocities [Fig. 2(e)]. Radiation transport also provides
an upper limit of about 75 eV on the layer temperature,
to prevent over-damping of the He-α resonance line gene-
rated from the hot spots. This model is further supported by
x-ray images of the layer (Fig. 2), which show brightly
emitting hot spots <1 mm in size inside the less brightly
emitting reconnection layer. Figure 3(a) further shows that
the hot spots form contiguous structures, elongated along z
by ∼10 mm.
To constrain the density (ni), temperature (Te), and size

(d) of the hot spots for which the experimental x-ray
spectrum is valid, we uniformly and randomly sample
values of ni, Te, and d to obtain solutions that match within
20% the experimentally observed line ratios. Comparing
the relative intensities of the He-α IC with the Li-j satellite
line and He-αwith 3p spectator transition constrains Te to a
narrow band around ð170� 30Þ eV, and provides an upper
bound of ∼5 × 1018 cm−3 on the hot spot ion density.
Assuming that the hot spot density lies between the upper
bound of ni ≤ 5 × 1018 cm−3 and the lower bound of ni ≥
5 × 1017 cm−3 (inflow density from visible spectroscopy),
this sampling constrains 0.3 ≤ d ≤ 0.5 mm.
We also observe hot spots in synthetic x-ray images

produced from 3D resistive MHD simulations of the

experiment [36] [Fig. 2(d)]. In these simulations, plasmoids
that grow from random perturbations in the current sheet
via the tearing instability, are hotter and denser than the rest
of the layer, and therefore generate intense Al K-shell x-ray
emission [36]. Figures 2(a)–2(d) show qualitative agree-
ment in the layer structure between the experiment and
simulation, showing hot spots of diameter <1 mm em-
bedded in a thin, less brightly emitting layer. The exper-
imentally measured hot spot velocity is also consistent with
the simulated velocity in the outflows from the reconnec-
tion layer, as seen in Fig. 2(e). The plasmoid instability in
the simulations occurs at Lundquist numbers below the
canonical critical value S�L ∼ 104, suggesting a departure
from the original tearing theory [37,57]. This discrepancy
may arise from compressibility, nonuniform plasma resis-
tivity, 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 modu-
lation in the axially resolved x-ray spectrum [Fig. 3(a)],
where the spectral positions of the lines exhibit modula-
tions of up to 1 eV along z. Ray tracing calculations
[54] show that these deviations correspond to 1 mm
x-displacements in the source position, 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
experimentally determined parameters in the layer inflows
(array outflows) right before onset of radiative cooling
(220 ns). The magnetic field is averaged from probe
measurements at 5 and 10 mm, while ni and Te are from
visible spectroscopy. From these, we estimate the thermal
pressure p, adiabatic index γ ≈ 1.2 [56], and the Alfvén
VA ¼ B=

ffiffiffiffiffiffiffi

μ0ρ
p

, and sound speeds CS ¼
ffiffiffiffiffiffiffiffiffiffi

γp=ρ
p

. We
assume Ti ≈ Te as the estimated energy equilibration time
τE ≈ 2 ns [58] is smaller than the hydrodynamic time
τhydro ¼ L=V ≈ 70 ns. Values of effective ionization Z̄ in
Table I are calculated for the given ni and Te using a
Thomas-Fermi model [38,59], the results of which agree
well with PrismSPECT and SCRAM calculations.
The layer inflows are super-Alfvénic (MA ≈ 7); conse-

quently, we expect magnetic flux pile-up to generate shocks

TABLE I. Plasma parameters in the preshock inflow, postshock inflow, and reconnection layer at 220 ns. Values in bold are measured
experimentally, while other values are estimated/inferred.

ni [cm−3] Te [eV] Z̄ By [T] VxðVyÞ [km=s] VA [km=s] CS [km=s]

Pre-shock 0.8 × 1018 1.9 1.9 3.9 140ð−Þ 20 5
Post-shock 6 × 1018 30 8.0 30 20ð−Þ 50 30
Layer 6 × 1018 60 10.3 � � � −ð72Þ � � � 50
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upstream of the layer, dividing the inflow into preshock and
postshock regions, as observed in the simulations [36]
and previous experiments [31,34,60,61]. We estimate the
postshock conditions from analytical solutions of the
Rankine-Hugoniot equations for a fast, perpendicular
MHD shock [62,63], which increases the density and
magnetic field, and decreases the inflow velocity, by a
factor of about 8. Estimated values in the postshock inflow
are shown in Table I.
To estimate the parameters in the reconnection layer, we

assume: (i) a pressure balance exists between the layer and
the postshock inflow; (ii) right before onset of cooling,
there is little compression of the layer, such that ni is
roughly equal inside and just outside the layer in the
postshock 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 60 eV and 6 × 1018 cm−3. The temperature is
below the upper bound (Te ≲ 75 eV), while the density is
close to the upper bound (ni ≲ 5 × 1018 cm−3) determined
from x-ray spectroscopy.
We extrapolate the linear velocity trend in Fig. 2(e)

to y ¼ L (L ¼ 15 mm, 0.5× field line radius of curvature
at the midplane), and estimate the layer outflow velocity
Vout ≈ 72 km s−1. We have assumed that the plasmoids
have a velocity similar to bulk layer velocity, since they are
advected along �y by the plasma outflows [37,57,64]. The
estimated outflow velocity closely matches the magneto-
sonic velocity VMS ¼ ðV2

A;in þ C2
S;LÞ0.5 ≈ 70 km s−1 (com-

puted from the Alfvén speed outside the layer VA;in, and the
sound speed inside the layer CS;L), which is the theoretical
outflow velocity from the reconnection layer [21,33].
The estimated Lundquist number is SL ¼ LVA=η̄ ≈ 120,
and the predicted Sweet-Parker layer width is δSP ≈
LðSLÞ−1=2 ≈ 1.4 mm [1,2]. This width is much larger than
both the estimated ion-ion mean free path (λii ≈ 2 nm) and
the ion skin depth (di ≈ 0.1 mm), indicating high colli-
sionality, and justifying the use of resistive MHD models.
Using the postshock inflow velocity V in ≈ 20 km s−1, we
infer the reconnection rate at this time V in=Vout ≈ 0.3,
which is roughly comparable to the Sweet-Parker rate
S−1=2L ≈ 0.1 [1].
Finally, we make order-of-magnitude estimates of the

dominant terms in the layer power balance. The estimated
Ohmic and compressional heating are PΩ ∼ ηj2 ∼
η½Bin=ðδSPμ0Þ�2 ∼ 1015 Wm−3 and Pcomp ∼ pV in=δSP ∼
1016 Wm−3. Viscous heating and thermal conduction are
negligible. We estimate the radiative loss from the layer by
solving the radiation transport equation along a mean chord
with a length approximated as the volume-to-surface area
ratio of a rectangular slab of width 2δ and length 2L [36].
Using emissivities and opacities from SpK [39], the resulting
loss rate is Prad ∼ 1018 Wm−3, corresponding to a cooling
parameter Rcool ∼ 400 at 220 ns. The experimentally

measured hot spot temperature and density provide an
upper bound on the cooling rate Prad;hot spot ∼ 1019 Wm−3.
Cooling therefore dominates heating within the reconnec-
tion layer, consistent with the strong cooling observed in
Figs. 1(b) and 2(a)–2(c).
In summary, we present the first experimental evidence

of strong radiative cooling in a pulsed-power-driven
reconnection experiment with SL > 100. The key results
are: (1) The reconnection layer exhibits millimeter-scale
fast-moving hot spots with strong x-ray emission, consis-
tent with the presence of magnetic islands generated by the
plasmoid instability in 3D resistive MHD simulations
(Fig. 2). (2) The majority of the high-energy x rays are
generated by these hot spots, which exhibit a temperature
(about 170 eV) higher than both the inflow (about 2 eV)
and bulk layer temperature (<75 eV) (Fig. 3). (3) The
reconnection layer undergoes strong radiative cooling,
characterized by the rapid decrease in x-ray emission from
the layer [Fig. 1(b), Fig. 2].
Strong cooling is necessary to trigger radiative collapse

of the reconnection layer. Future experiments will charac-
terize 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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