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We present a detailed study of magnetic reconnection in a quasi-two-dimensional pulsed-power
driven laboratory experiment. Oppositely directed magnetic fields (B = 3 T), advected by su-
personic, sub-Alfvénic carbon plasma flows (Vi, = 50 km/s), are brought together and mutually
annihilate inside a thin current layer (§ = 0.6 mm). Temporally and spatially resolved optical di-
agnostics, including interferometry, Faraday rotation imaging and Thomson scattering, allow us to
determine the structure and dynamics of this layer, the nature of the inflows and outflows and the
detailed energy partition during the reconnection process. We measure high electron and ion tem-
peratures (T. = 100 eV, T; = 600 eV), far in excess of what can be attributed to classical (Spitzer)
resistive and viscous dissipation. We observe the repeated formation and ejection of plasmoids,
consistent with the predictions from semi-collisional plasmoid theory.

Magnetic reconnection is the rapid change of magnetic
field topology in a plasma, accompanied by bulk heat-
ing and particle acceleration [1, 2]. Reconnection is a
ubiquitous process which occurs across a vast region of
parameter space, including the collisionless plasmas at
the heliopause [3] and the dense, hot plasmas deep in the
solar convection zone [4, 5]. Understanding of magnetic
reconnection has improved over the years thanks to ded-
icated laboratory experiments. In facilities like MRX [6-
8] and TREX [9] the magnetic energy is much larger than
the other plasma energy components. In contrast, laser-
driven high energy density plasma (HEDP) experiments
are strongly driven — the kinetic and thermal energies
are much larger than the magnetic energy [10, 11], and
reconnection heating is small [12].

In this letter we present experimental studies of HEDP
magnetic reconnection driven by a new pulsed-power
platform. The reconnection layer was created by the
interaction of magnetised plasma flows in a quasi-2D
geometry, which we studied using high resolution, non-
perturbative measurements of the temperature, flow ve-
locity, electron density and magnetic field in the recon-
nection layer. The colliding plasma flows were supersonic
(Mg ~ 1.6) but sub-Alfvénic (M4 ~ 0.7), and therefore
the thermal and dynamic plasma betas (ratio of the ther-
mal or ram pressure to the magnetic pressure) are close
to unity (Ben ~ 0.7, Bayn ~ 0.9). These parameters are
significantly different to those found both in magnetically
driven experiments, such as MRX, and in laser driven ex-
periments, and we believe our experiments are the first
to make a detailed study of this regime. We observed the
formation of a reconnection layer with an aspect ratio of

L/6 > 10, which existed for at least ten hydrodynamic
flow times 0/V;,, where L is the layer half-length and ¢
is the layer half-width (Fig. la). The annihilation of the
magnetic flux caused strong plasma heating in the recon-
nection layer (T; ~ 600 eV, ZT, ~ 600 with T, ~ 100 eV
in a carbon plasma with average ionisation Z =~ 6). The
ion temperature in the layer was more than five times
greater than the kinetic energy of the incoming ions,
consistent with strong reconnection heating. Although
we show that there is a balance between the measured
power flow into and out of the reconnection layer, the
mechanism which converts magnetic energy to thermal
energy is currently unclear, as the time-scales for viscous
or resistive heating are too long to heat the ions or the
electrons.

The experimental setup is illustrated in Fig. 1a, which
is similar to the setup in [13], except that the plasma was
made from carbon rather than aluminium. This carbon
plasma was in a different region of parameter space to
[13], with sub-Alfvénic flows and a significantly reduced
rate of radiative cooling. Reduced cooling allowed this
plasma to attain higher electron temperatures than in
[13], and hence a higher Lundquist number of around
120 (S = LVy/n T2/?, where V4 is the Alfvén velocity
and 7 is the magnetic diffusivity). The interacting plasma
flows were produced by the ablation of material [14] from
two ‘inverse’ cylindrical carbon arrays [15] placed side by
side and driven in parallel by a 1.4 MA, 500 ns current
pulse from the MAGPIE generator [16]. The current was
divided equally between the two arrays — each array con-
sisted of 16 parallel carbon wires (400 ym diameter, 16
mm tall) equally spaced around a circle (16 mm diame-
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FIG. 1. a) Experimental setup with geometry of reconnection
layer. The cutaway on the right array shows the current path.
b) Top view with density map (taken at ¢ = 272 ns after
current start) and Thomson scattering vectors. c) Side view
interferogram.

ter), concentric to a central conductor, and 27 mm apart
from the other array (field line curvature at mid-plane
R. = 13.5 mm). The global azimuthal magnetic field ac-
celerates the ablated plasma outwards. Some of the drive
current switches into the plasma surrounding the wires,
which means that a fraction of the global magnetic field
is advected by the plasma flows into the initially field-
free region surrounding the arrays [17, 18]. A continuous
flow of magnetised plasma [19] was delivered for the dura-
tion of the drive current [20], and reconnection occurred
when the embedded anti-parallel magnetic fields met at
the mid-plane.

The reconnection layer was highly uniform, as can be
seen from laser probing images in Fig. 1b, c¢. An electron
density map in the reconnection (z,y) plane is shown in
Fig. 1b, demonstrating the formation of the elongated
layer. The reconnection layer was also uniform in the out
of plane (z) direction, as seen in the side-on ((x, z) plane)
laser interferogram (Fig. 1c), which justifies treating the
system as quasi-2D for our analysis.

Quantitative measurements of the plasma parameters
in the reconnection layer were made using interferometry,
Faraday rotation polarimetry and Thomson scattering
diagnostics [21]. The experimental results discussed in
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FIG. 2. Electron density maps from laser interferometry, both
from the same shot. a) At 223 ns after current start. b) At 243
ns after current start. In both a) and b) there is an obvious
region of enhanced density (a ‘plasmoid’) inside the reconnec-
tion layer. c) Lineouts of electron density, = positions shown
in a). d) Lineouts of electron density across the reconnection
layer, y positions shown in b).

this paper are highly reproducible. The electron density
distribution in the reconnection (z,y) plane was mea-
sured using a two-frame Mach-Zehnder laser interferom-
etry system (532 nm and 355 nm, same optical path, 0.4
ns pulse length). The interferometry analysis was per-
formed as in [21], and Fig. 2a and Fig. 2b show typical
electron density maps obtained in the same experiment
20 ns apart. An elongated reconnection layer had formed
by t < 180 ns, and at t = 223 ns (Fig. 2a) the outflows
extended for the entire field of view of the diagnostic
(22 mm), with a layer half-width of 6 ~ 0.6 mm. The
layer was formed by the interaction of radially diverg-
ing flows produced by the two arrays of discrete wires.
Close to the arrays, the density was modulated by the
discrete number of wires, but this modulation was signif-
icantly reduced as the flows approached the mid-plane.
Fig. 2¢ shows electron density profiles n.(y) measured
along two lines indicated in Fig. 2a. At z = —3 mm from
the mid-plane ne maz/Ne min ~ 3, while at = —1 mm
the density modulations were negligible. Typical elec-
tron densities in the flow just outside of the layer were
ne = 0.3 — 0.8 x 10'® cm 3.

Fig. 2a and 2b show the presence of a localised ellip-
tical region of enhanced electron density, which we will
call a plasmoid. The plasmoid was seen at y = 2.5 mm at
t = 223 ns, and at y = 5.0 mm at ¢t = 243 ns, which cor-
responds to a propagation speed of V;, =~ 130 km/s. The
presence of plasmoids was reproducible between experi-
ments, but the time and location at which the plasmoids
appeared was stochastic. There was a marked depletion
of electron density just outside of the layer at x ~ 0.7
mm, visible in Fig. 2a and 2b, in the lineouts in Fig. 2d,
and especially evident around plasmoids.

The spatial distribution of the reconnecting mag-
netic field was measured using a Faraday-effect laser-
polarimetry diagnostic [21]. The probing was in the
y-direction, producing images in the (z,z) plane, as in
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FIG. 3. Data from Faraday effect polarimetry, taken at t =
251 ns after current start. a) Rotation angle of the linear
polarisation of the laser beam passing in the y direction. b)
Measured magnetic field profile (blue) and Harris sheet fit
(red). ¢) Electric current density calculated from the Harris
sheet fit.

Fig. 1c. Fig. 3a is a polarogram, which shows the angle
of rotation of the linear polarisation of the probing laser
beam (1053 nm, 5 J, 1 ns), obtained at ¢ = 251 ns, 8
ns after the electron density map in Fig. 2b. The rota-
tion angle was fairly uniform in the z direction, and had
opposite signs on opposite sides of the mid-plane, with
a maximum absolute value of ~ 1°. To determine the
line averaged magnetic field By (z), we used this polaro-
gram and a line integrated electron density map, which
was obtained by interferometry (Fig. 1c) using the same
probing laser beam as the polarimetry [21].

Fig. 3b shows the profile of B, (z) (blue line) averaged
in the z-direction over 1.5 mm around z = 0 mm. The
measured magnetic field is well approximated by the Har-
ris profile B, (z) = By tanh(xz/d) (red dashed line, [22])
with By = 3 T, and we find the layer half width is
0 = 0.6 mm, consistent with the electron density mea-
surements. Overall, the measured structure of the mag-
netic field is consistent with annihilation of the magnetic
flux in the reconnection layer, and there is no evidence
of flux pileup outside the reconnection layer. We ob-
served two additional signatures of magnetic reconnec-
tion: strong heating of the plasma and fast outflows
along the reconnection layer with velocities exceeding
V4. The plasma temperature and flow velocities were
measured using a Thomson scattering (TS) diagnostic,
which recorded the ion feature of the scattering spectra
simultaneously from fourteen spatial locations along the
probing laser beam (Fig. 1b). The focused laser beam
(532 nm, 3 J, 8 ns pulse length, beam width ~ 100 pm)
propagated in the (z,y) plane through the centre of the
reconnection layer, and the scattered light was collected
in the same plane, at angles of 45° and 135° to the laser
beam (ko1 & ko 2 respectively), as shown in Fig. 1b (see
[21] for more details). The two resultant scattering vec-
tors (ks ; = ko,; — kin) give Doppler shifted spectra sen-
sitive to velocity components (dw; = V -kg ;) in the z or
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FIG. 4. Thomson Scattering measurements taken at ¢t = 232
ns after current start. a) Inflow velocity. b) Electron and ion
temperatures. Spatial error-bar shown for first data point. c)
Calculated power flow into and out of the reconnection layer.

y directions only (ko1 & ko 2 respectively), and the spec-
tra were fit using theoretical form factors to infer velocity
and temperature [23, 24].

Typical results of the TS measurements are shown in
Fig. 4, where we present spatial profiles of the inflow
velocity (V;, Fig. 4a) and of the electron and ion tem-
peratures (Fig. 4b). The scattering volumes (200 pm
spot size) were separated by 420 um along a chord which
passed through the origin at an angle of 22.5° to the
y axis, giving a 5.9 mm field of view (Az = 2.3 mm,
Ay = 5.5 mm). Outside of the reconnection layer (z ~ 1
mm) the flow was predominantly perpendicular to the
layer (V,, = 50 km/s), and the same V, was also mea-
sured further upstream, at z ~ 3 mm. Inside the re-
connection layer, Fig. 4a shows that the inflow velocity
gradually decreased from V, ~ +50 km/s at |z| = 1 mm
to zero in the centre of the layer. Over the same spa-
tial scale there was a significant increase in the electron
and ion temperatures (Fig. 4b). In the upstream flow
T; <50 eV and ZT, =~ 60 eV (corresponding to T, = 15
eV for Z = 4, determined by a non-local thermodynamic
equilibrium (nLTE) ionisation model [25]). In the recon-
nection layer the temperatures were significantly higher,
reaching T; ~ 600 eV and ZT, =~ 600 eV (T, = 100
eV, Z = 6 in nLTE). The ion temperature measured in
the reconnection layer was much larger than the kinetic
energy of the ions (E; = m;V?/2 = 150 eV) entering
the layer, and so clearly the measured ion temperature
cannot be explained by the thermalisation of the inflow
kinetic energy alone.

The outflow velocity V,, along the layer was measured
in a different TS scattering geometry. The laser passed
along the reconnection layer, and the scattered light was
collected in the Z direction, such that the velocity mea-
sured was V = (V, + V,)/v2. In 2D geometry V, is
zero, and so we infer V,, = 130 km/s at y = 5 mm, con-
sistent with the plasmoid propagation velocity inferred
from Fig. 2.



TABLE I. Plasma parameters in the inflowing plasma and
reconnection layer.

Parameter Ne Z\V,, (Vy)| By| Ti| Te|c/wpi| Aii
Units (cm™?) (km/s) | (T)|(eV)|(eV)]| (pm) | (um)
Inflow |3 x10'7| 4 50 | 3| 50| 15| 700| 3
Layer |6 x10'7| 6| (130)| -| 600| 100| 400| 30

The measured and derived plasma parameters relevant
to reconnection are summarised in Table I. We observed
the formation of a reconnection layer which existed for
much longer (>200 ns) than the characteristic hydrody-
namic time (§/V;,, = 12 ns). Using the measured plas ma
parameters, we find that the thermal pressure in the layer
was balanced by equal contributions from the magnetic
and ram pressures in the flow. The magnetic field pro-
file is well approximated by the Harris model, consistent
with the annihilation of magnetic flux inside the recon-
nection layer, but two surprising results warrant further
discussion:

1. The inflow velocity (V,, = 50 km/s), imposed by the
large dynamic beta of the reconnecting flows, is much
faster than the standard Sweet-Parker [26, 27] model
predicts (V4 ~ 70 km/s, S=120 [28], V4/S'? ~ 7
km/s) and the outflows are significantly super-Alfvénic.
These velocities are however consistent with the gener-
alised Sweet-Parker model of Ji et al. [29], which includes
compressibility effects and the difference in pressure be-
tween the upstream and downstream regions. In our ex-
periments the outflows expand into the vacuum and the
predicted outflow speed ([29], eqn. 6) is

Vy:,/Vj+2Ci2)A=14O:|:4km/s, (1)

where C; 4 = \/(ZT. +T;)/m;. This velocity closely
agrees with TS measurements of 130 km/s. The inflow
speed is predicted to be ([29], eqn. 5, modified to account
for ionisation inside the layer):

0 n L on

Vo= <Vyn—j + n_16—t2> =31+4km/s, (2)
where n; is the ion density at the edge of the layer
(x = £0.6 mm) and ny is the ion density at the centre
of the layer (z = 0 mm). We calculate the ion densities
using n. from Fig. 2a and Z from TS, and we estimate
Onz /0t using electron densities measured in the same ex-
periment with At = 20 ns, significantly less than the out-
flow transit time (Fig. 2a & b). The velocity predicted
by eqn. 2 is close to the measured velocity.

2. Both the electrons and ions were heated signif-
icantly during the reconnection process. The overall
power balance is shown in Fig. 4c, which shows agree-
ment within experimental error between the power into
and out of the reconnection layer. The powers are cal-
culated by multiplying each energy density in the inflow

or outflow regions (Ey,ag = B?/2p0, Ekin = nim;V?/2,
Eino = 3kpnaTn/2) by LVyh (inflow) or 6V,h (out-
flow), where h = 16 mm is the height of the reconnec-
tion layer. The overall power balance in Fig. 4c sug-
gests that in the outflow P4 is negligible within the ex-
perimental uncertainty of the other energy components,
which is consistent with the (collisional) Sweet-Parker
model, Pragout = Pmag,in/S =~ 0.01P4gn — this is
unlike collisionless reconnection, where detailed studies
have shown the outflow magnetic energy to be significant
[7, 8].

From Fig. 4c it is clear that the annihilation of the
magnetic field is the primary source of heating and accel-
eration for the electrons and ions, but the mechanism for
this energy transfer is unclear. We can calculate the time
scale for viscous heating of the ions as 7,5 = 800 ns [30],
using V;, = 0 km/s outside the layer (z = £0.6 mm), and
assuming that the ions are heated from 50 eV to 600 eV
by viscous heating alone. The time scale for significant
viscous ion heating to occur is too long for our exper-
iment, and so the ion heating is anomalous. The elec-
trons are also anomalously heated: the expected electron
temperature can be estimated from the Ohmic heating
alone, because the other terms in the energy equation,
such as radiative cooling, ion-electron energy exchange
and parallel heat conduction [31], are not significant on
the experimental timescale. We therefore solve:

30n.T.
2 Ot

= 775pj2 (3)

using the Spitzer-Braginskii resistivity ng, o Te_3/ % and
the current density shown in Fig. 3c, and find that the
time to heat electrons from 15 eV to 100 eV is 7,..s = 350
ns. This time scale is also too long — Spitzer-Braginskii
resistivity cannot significantly heat the electrons during
this experiment.

In other experiments, anomalous resistivity [6] and vis-
cosity [30] — as might arise from particle scattering from
waves driven by, for example, the lower-hybrid drift or
the ion-acoustic instabilities — have been invoked to ex-
plain high ion or electron temperatures. In our experi-
ments we observe T; ~ ZT, and C; o ~ Ueq (Ueq is the
electron drift velocity, j = encueq) which are common
criteria for the development of such instabilities. The
presence of kinetic instabilities will be investigated using
Thomson scattering in future experiments.

Another possible explanation for the anomalously high
ion and electron temperatures is the plasmoid insta-
bility. We observe plasmoids in electron density maps
(Fig. 2a & b), and multiple plasmoids in fast-frame op-
tical self emission imaging (Fig. 5, and also in the sup-
plementary video https://goo.gl/0jqA4lM). A tentative
explanation is that our experiment, with S = 120 and
L/d; = 18, sits in the semi-collisional regime of the plas-
moid instability (eqn. 5, [32]). The plasmoid instability
breaks the current sheet into numerous smaller sheets;
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FIG. 5. Plasmoid formation and dynamics in three optical self
emission images from the same experiment, 5 ns exposure, 20
ns between frames. The location of one plasmoid in each
frame is indicated with a white arrow.

in MHD, this is known to enable the rapid and efficient
conversion of magnetic energy to thermal and kinetic en-
ergy [33]. Tt is unknown whether this enhanced heating
should be observed in the semi-collisional regime.

Plasmoids have recently been observed in experi-
ments on TREX [9] and MRX [34], but in a parame-
ter regime in which no plasmoids are predicted to form.
In contrast, in the semi-collisional regime the theoret-
ical linear growth time of the plasmoid instability is
(L/d;)8/'3S=T/"3L/V ~ 30 ns and the number of plas-
moids predicted is (d;/L)Y/*3S'/26 /21 ~ 3 [35]. This
growth rate is consistent with the presence of plasmoids
in this experiment, as the instability could grow on the
experimental time-scale. The number of plasmoids ex-
pected in the linear regime (unresolved in this experi-
ment) is consistent with the number we resolve in the
non-linear regime. Our results thus open up the study
of plasmoids in a new and distinct region of reconnection
parameter space.

In summary, we have presented the first experimen-
tal evidence for magnetic reconnection in a pulsed-power
driven experiment in which Sgyn ~ Bin ~ 1 and My ~
0.7. Colliding flows produce a well-defined, large aspect
ratio reconnection layer, which persists for more than ten
hydrodynamic crossing times. In this layer we observe
the annihilation of magnetic flux and the acceleration
and heating of the plasma. Compressibility and pressure
balance effects explain the fast inflows and outflows, and
the measured power flowing into the layer is well matched
by the measured power flowing out. The ion and electron
temperatures are anomalously high, with the ion temper-
ature significantly larger than the electron temperature.
These high temperatures may be due to the plasmoid in-
stability that we observe or, alternatively, to anomalous
resistivity and viscosity triggered by kinetic instabilities.
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