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Magnetic reconnection converts magnetic energy into thermal and kinetic

energy in plasma. Among the numerous candidate mechanisms, ion
acousticinstabilities driven by the relative drift between ions and electrons
(or equivalently, electric current) have been suggested to play a critical
rolein dissipating magnetic energy in collisionless plasmas. However,

their existence and effectiveness during reconnection have not been well
understood due toion Landau damping and difficulties inresolving the
Debye length scalein the laboratory. Here we report a sudden onset of ion
acoustic bursts measured by collective Thomson scattering in the exhaust
of anti-parallel magnetically driven reconnection using high-power lasers.
Theionacoustic bursts are followed by electron acoustic bursts with
electron heating and bulk acceleration. We reproduce these observations
with one- and two-dimensional particle-in-cell simulations in which an
electron outflow jet drivesion acoustic instabilities, forming double

layers. These layers induce electron two-stream instabilities that generate
electronacoustic bursts and energize electrons. Our results demonstrate
theimportance of ion and electron acoustic dynamics during reconnection
whenion Landau dampingis ineffective, a condition applicable toarange
of astrophysical plasmas including near-Earth space, stellar flares and black
hole accretion engines.

Magnetic reconnection is a fundamental physical process through
which energy is rapidly converted from magnetic field to plasma by
alternating magnetic topology"*. Magnetic reconnection has been
considered as a key energy release mechanism during solar and stel-
lar flares®, in Earth’s magnetosphere* and during energetic phenom-
enain the distant Universe such as the black hole’s accretion disc™®. It
has been along-standing challenge to identify the underlying kinetic

mechanisms for efficient dissipation required for topological change
as well as energy conversion to explain the observed fast reconnec-
tion in nearly collisionless plasmas in space and astrophysics. There
hasbeen progressinunderstanding and confirming two-dimensional
(2D) kinetic mechanisms often represented by non-gyrotropic pres-
suretensor’ '’ in electron diffusion regions where field lines break and

reconnect. Beyond these 2D laminar processes, however, the kinetic
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Fig.1| Experimental setup and Thomson scattering diagnostics. a, Six UV
beams (purple) are used to irradiate the back plate of the capacitor, driving
currentinthe coils with /.,; = 40-70 kA. The black arrows mark the current
directionsin the coils. FLASH MHD simulation results are overlapped with the
target to show the structure of the magnetic field (red lines) and the out-of-plane
current density (blue) in the y direction. A2w (527 nm) Thomson scattering
beam (green) probes the reconnection exhaust region, 600 pm above the
centre point between the top of the coils. The scattered lightin a volume

60 x 60 x 50 pm?is collected by an f/10 reflective collection system. b, Face-on
view of the reconnection region. The two vertical brown lines are the coilsin a.
Here k, and k, are the wavevectors of the probe beam and collected scattered
light, respectively. The red and blue arrows indicate the wavevectors (k) of the
waves in plasma resonant with the probe and scattered light. The red arrow is
for the wave generating redshifted scattered light, and the blue arrow is for the
wave generating blueshifted scattered light. These k wavevectors arein the
x-zplane and 17° offthe outflow direction. The blue dashed box indicates a
d,x10d;=180 um x 1,800 pm region, in which theion skin depth d, = c/w,;, where
®,;is the Cu'®*-jon plasma frequency. The red lines illustrate the magnetic-field
lines, and the hollow arrow is the direction of electron outflow jet measured by
Thomson scattering in this experiment.

dissipation mechanisms generally operating in three dimensions are
still much less understood™ " within or near diffusion regions and
separatrices” that feature strong spatial gradients and streaming.
They include various plasma waves or instabilities, such as whistler
waves'*, Bunemaninstabilities'* ", lower hybrid drift waves' ¢ (due
to cross-field gradient” or cross-field drift*®), drift kink*® or kinetic
Kelvin-Helmholtz*® instabilities.

Among these three-dimensional (3D) candidate dissipation mech-
anisms, unstableion acoustic waves (IAWs)*>* driven by arelative drift
between electrons and ions (or equivalently, electric current) have
attracted considerable interest as potential sources for enhanced
resistivity or viscosity that are often used within fluid descriptions
as alocal, current-dependent anomalous resistivity required for the
sustained Petschek model of fast reconnection®*°, Despite early pio-
neering laboratory detection, however, the importance of IAWs for
magnetic reconnection has been quickly dismissed due to the widely
observed highiontemperature (T7;/Zz T,) inspace and in the laboratory
where IAWs are strongly stabilized by ion Landau damping. Technical
difficultiesin the laboratory in measuring plasmawaves in short wave-
lengths onthe order of the Debye length have also prevented progress
in identifying IAWs and understanding their detailed properties and
role in magnetic reconnection.

Inthis Article, we present alaboratory platform where reconnec-
tion is magnetically driven at low B by laser-powered capacitor coils*
in plasmas with highmeanion charge (2), namely, T,/Z < T, where T;is
the ion temperature and T, is the electron temperature. The sudden

onset of bursts of IAWs is successfully measured in the exhaust region
by collective Thomson scattering diagnostics. The IAWs are followed
by bursts of electron acoustic waves (EAWSs) with electron heating
and electron bulk acceleration. The corresponding particle-in-cell
(PIC) simulations in one-dimensional (1D) and 2D scenarios show that
IAWs are destabilized by an electron exhaust jet where the relative
drift between ions and electrons is large. IAWs grow rapidly to form
electrostatic double layers, which, in turn, accelerate electrons to
drive two-stream instability generating bursts of EAWs as electrons are
heated. Our results demonstrate the importance of ion and electron
acoustic dynamics causing bursty energy dissipation during magnetic
reconnection whenion Landau dampingisineffective. Implications for
the reconnection process in magnetically dominated plasmas during
stellar flares and accretion onto black holes are discussed.

Reconnection platform with laser-driven
capacitor coils

The presented experiments were performed at the OMEGA laser facil-
ity, Laboratory for Laser Energetics, University of Rochester*’. The
experimental platform is shown in Fig. 1. The capacitor-coil target
is made of a 50-um-thick Cu foil laser cut to the shape of two plates
connected by two wires. The wires, separated by 600 um, are bent
to 600 pm diameter half-circle coils and 500 pm straight legs. The
target pictures are presented in Supplementary Fig. 4. Six beams of
500]1nsultraviolet (UV) (=351 nm) lasers are focused on the centre
of the capacitor’s back plate to drive an 40-70 kA current in the coils
forming an anti-parallel magnetic field. The laser-generated plasmas
diffuseintothe regionbetween the coils, and the X-rays and current also
heat the coils generating the plasmas. The plasmabetween the coils is
magnetized by the coil-driven anti-parallel magnetic field, forming a
reconnection current sheet.

The magnetic field generated by the capacitor-coil targets is
measured using proton radiography**, similar to our previous experi-
ments***~*, The upstream magnetic-field strength is 23-40 Tat 6 ns
after the lasers’ onset. The proton radiographs also show that the
reconnection current sheet exists. The radiographs and analyses are
presented inthe Supplementary Information. To further quantify the
reconnection conditions, we have conducted radiative and non-ideal
magnetohydrodynamic (rad-MHD) simulations using the FLASH code*®
tosimulate the plasma diffusing from the capacitor plates and plasma
emerging from the heated coils due to ohmic heating and X-ray radia-
tion. Supplementary Information details the setup of the non-ideal
rad-MHD simulation. The simulated magnetic-field lines and current
densityat3 ns, overlapped onthetargetinFig. 1a, show thatareconnec-
tion current sheet is formed between the coils. This reconnection cur-
rentsheetlastsuntil 10 ns (Supplementary Fig. 2). The synthetic proton
radiographs (Supplementary Fig. 3d,e) have a current-sheet-induced
central flask-like feature, consistent with the experimental one (Sup-
plementary Fig.3a).

An approach to study kinetic instabilities in reconnection is
provided by combining a laser-driven capacitor-coil reconnection
platformwith collective Thomson scattering. Collective Thomson scat-
tering diagnoses the spectrum of the density fluctuations in plasmas,
which may be due to the microturbulence induced by kinetic insta-
bilities*~". It can also diagnose the Stokes and anti-Stokes scattering
of natural resonances in plasmas, such as IAWs and electron plasma
waves (EPWs). Since the plasma parameters determine the spectrum
of the IAW- and EPW-induced scattering, Thomson scattering is fre-
quently used to diagnose the plasma’s density, temperature, mean
ioncharge, flow speed, electron-ion relative drift and non-Maxwellian
distribution®%,

In this experiment, we recorded the Thomson scattering spec-
trogram of a probe laser (1 =527 nm, 150 J energy, 3.7 ns square pulse,
60 pm spot size) focused at 600 um (-3d;) above the centre between
the top of the coils (reconnection x line) (Fig. 1). As shown in Fig. 1b,
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Fig.2| Thomson scattering data and analysis. a,b, Narrowband (IAW) (a) and
broadband time-resolved (b) Thomson scattering (TS) at t = 7-10 ns. The IAW
resonant peaksin a are highly asymmetric (grow from10:1t0100:1). ¢, Spectrum
at7.1ns, before the IAW bursts (along the vertical dashed lineina), is shown as
the blue line and compared with the synthetic TS spectra. The green dashed
synthetic spectrum can reproduce the asymmetry of the IAW peaks, which is
calculated with electrons streaming relative to ions with drift velocity v, = 0.17v,,
(electron thermal velocity) along the k direction (Fig. 1b, red arrow). In addition
to the electron drift, aninhomogeneous flow velocity with Av =2 x10*m s = y;
(ionthermal velocity) in the scattering volume can broaden the IAW peak

(red solid line) to match the experiment. A plasma without a drift but with
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aninhomogeneous flow velocity would generate a symmetric IAW spectrum
(orangeline). The spectrogramin b is from the broadband spectrometer and
shows both EAW resonance (dash-dotted line) and IAW feature (dashed line).

d, Spectrumat 9 ns (vertical dashed line in b) is plotted as the blue line with a
fitted synthetic spectrum (red solid line). A two-stream electron distribution
(red solid linein theinset (f,)) is needed to reproduce the strong EAW signal. The
-vdirectionis along the redshifted k (Fig. 1b). The velocity at the valley of the
distribution (-0.023c) matches the EAW’s phase velocity (0.025c¢). For reference,
aMaxwellian distribution (dashed red line in the inset) would generate the red
dashed spectrum.

the directions of the probe-light and scattered-light collector deter-
mine the wavevector k of the measured density fluctuations or natural
resonances since k =k, — k, or k =k, - k,. Here k is in the direction
17° from the outflow direction (+x) and k = k, = 211/527 nm™. To infer
the exhaust plasma’s parameters, we fit the synthetic Thomson scat-
tering spectra to the measured spectra. The synthetic spectrum is
calculated using equation (2). The least-squares fit suggests that the
plasma in the exhaust region has electron density n, =5 x10®¥ cm™,
electron temperature 7,=200-300 eV, mean ion charge Z=18 and
flow velocity v =1.5-3.5 x 10° m s}, which roughly matches the Alfven
speed (1.2-2.0 x10°m s™).

Ion and electron acoustic bursts and electron
heating

Thomsonscattering from IAWs reveals that current-driveninstabilities
develop at 7 ns. The narrowband spectrometer captured the asym-
metric (10:1) IAW Stokes and anti-Stokes peaks. The scattering signals
grow from the thermal level by three orders of magnitude to extremely
intense, bursty and asymmetric (-100:1) IAW peaks during 7-8 ns. This
isshowninFig.2a, asasign of theion turbulence induced by an unsta-
ble IAW®.. The asymmetry in the IAW Stokes and anti-Stokes peaks is
the feature of the drift between electrons and ions, which differs the
electron Landau damping rates for IAWs in the two directions®*’. As
showninFig.2c, the Thomson scattering spectrum lineout before the
IAW bursts (Fig. 2a, dashed line) can be reproduced in the synthetic
spectrum (Fig. 2¢, green dashed line) when electrons (n, =5 x 10" cm™,
T.=200 eV) are drifting with vy = 0.17y/T./m. relative to ions
(T;=400 eV, Z=18). This electron outflow speed is ~5v, and ~0.060,..

ThelAW resonant peakis broader than the synthetic spectrum, assum-
ing that the flow velocity is uniform in the scattering volume, but the
broader peak can be reproduced by including the inhomogeneity of
the flow velocity with Av =2 x10* m s, which may be induced by a
spatial gradient of the flow velocity or turbulence. The synthetic spec-
trum calculation assumes that the resonant wave is stable and the
density fluctuations are at the thermal level. The scattering signals are
atthethermallevel at theinitial stage before the IAW bursts. However,
based on the electrostatic dispersion equation,

w/k

1— Wpe Z,(w/k—vd)_ Wi Z’(
2k2Te/me ~ \\[2T,/m,) 2K*Ti/mi \\2T,/m;

) =0, (@

where Z’ is the derivative of the plasma dispersion function®, the
plasma with such strong electron drift is unstable to the IAW, and the
maximum growth rate is 17 ns™ (1.4 x 10w, and 0.058 ns e-folding
time) at k= 0.33/Ap, (Ape =/ Te/m./w,). The wavelength is six times
shorter than the electrons’ mean free path, which suggests that colli-
sions are unimportant for IAW growth. This theoretical IAW growth
rate agrees with the exponential growth of the scattering signal, which
is proportional to the square of the density fluctuation 6n%(w, k). As
shown in Fig. 3b, during the growth of the first spike, the IAW signal
rises exponentially with 0.025 ns e-folding time or 3.3 x 10w ,. growth
rate, which is almost two times the calculated IAW growth rate. The
agreementbetween the density fluctuation (scattering signal) growth
rate and calculated IAW growth rate also confirmed the electron drift
speed. In addition, the peak intensity of the IAW scattering is three
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Fig.3 | Time evolution of IAW and EAW signals. a, IAW and EAW Thomson
scattering signalsin the dashed (IAW) and dash-dotted (EAW) regions in Fig. 2b.
Bursts of IAWs and EAWs are shown at around 7-8 ns. b, Zoomed-in plot of ain the
log,, scale to show the growth phase of the IAW signal, which s fitted by an
exponential function with e-folding time of 0.025 ns (3,200w;el), agreeing with
the IAW growth rate, that s, y = 1.4 x 10 *w,,., where w,,. is the electron plasma
frequency. ¢, Cross-correlation of the IAW and EAW signal shows a strong
correlation between the IAW and EAW. The IAW leads the EAW by

0.12ns=1.5x 1040);;. d, Fourier transform of the 7-8 ns signal shows that both
IAW and EAW signals are oscillating with an amplitude peak frequency at 7 GHz.
This frequency matches the lower hybrid frequency in a20 T magnetic field.

orders of magnitude higher than that when no burst presentsnear 5 ns,
indicating that the fluctuation amplitude (6n.(w, K) at k = 211/527 nm™)
is~30 times higher than the thermal level.

With about 0.12 ns delay from IAW bursts (Fig. 3c), a scattering
peak appears with an ~13 nm redshifted wavelength (Fig. 2b), corre-
sponding to a phase velocity of 0.025c =1.24/ T./m., which is close to
the electron thermal speed and matches the EAW’s phase velocity. The
EAW scattering peaks are also observed in the earlier stage of the recon-
nection (Fig. 4). The appearance of the EAW scattering peak requires
anon-Maxwellian velocity distribution with aflat or positive slope near
the thermal speed to avoid Landau damping or stimulate waves. The
red solid line (Fig. 2d, inset) shows the two-stream distribution that
produces the synthetic spectrum with a strong EAW peak (red solid
line). The velocity at the valley of the distribution matches the phase
velocity of the EAW peak. The spectrum may allow other distributions
tofit. Here we choose atwo-stream distribution toreduce the complex-
ity of the distribution function.

The amplitude of the IAWs and EAWs during the bursty period
(7-8 ns) is shown to be modulated at a frequency of -7 GHz (Fig. 3d),
closetothelower hybrid frequency (v/fiefi) at B=20 T. One candidate
to explain such observations is the modified two-stream instability?°>*
driven by the electron outflow jet perpendicular to the local magnetic
field in the exhaust region. The modified two-stream instability can
generate electric-field fluctuations nearly parallel to the current, which
may modulate the IAW as well as the generation of EAW bursts. Waves
near the lower hybrid frequency were often observed in the magneto-
spheric multiscale (MMS) mission® and the magnetic reconnection
experiment”®, and have been suggested to mediate energy dissipation.
Thismodulation near the lower hybrid frequency suggests instabilities
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Fig.4 | Thomsonscattering data for EPWs and EAWs in the early stage. a, Time-
resolved Thomson scattering (TS) shows the features of EPWs and EAWs. The
onset of UV lasers is at 0 ns. b, Comparison between the measured TS spectrum
att=2.9 nsand the synthetic TS spectra with Maxwellian electrons (electron
temperature T, =300 eV, dashed line) versus non-Maxwellian electrons (solid
line). ¢, Velocity distribution functionsf,. The non-Maxwellian distribution (solid
line) is constructed with secondary components (n, =1.15x10® cm™, T,=75eV)
counter-streaming with —1.2vy, 3000y and +1.10;, 300,y relative to a steady component
(n.=2.7x10® cm™, T, =75 eV). Here v, is the electron thermal velocity and vy, 300ev
isthe velocity when the temperature is at 300 eV. The —v directionis along the
redshifted k (Fig. 1b). This non-Maxwellian distribution with counter-streaming
secondary components is required to match the measured spectrumsince it
avoids Landau damping near the EAW phase velocities by reducing the velocity
slope. The EAW phase velocities are marked with a dashed line corresponding to
the EAW at 539 nm and a dash-dotted line for the EAW at 517 nm.

like modified two-stream instability may affect the electron outflow,
but further studyisneeded to characterize therole of this lower hybrid
modulation.

Electron heating is also captured since the electron temperature
increases by 60% during IAW and EAW bursts. Electron temperature is
measured fromthe separationbetween the IAW’s Stokes and anti-Stokes
peaks, which is proportional to the ion acoustic velocity as
Aw =~ 2k\/ZT,/m;. Compared with the wavelength separation between
IAW peaks before the wave bursts (7.0 ns), this separationis 25% larger
after the IAW and EAW bursts (8.5 ns).

One-dimensional local PIC simulation

To understand the bursts of the correlated IAWs and EAWSs, we have
used a 1D electrostatic PIC code® to simulate the thermal electrons
(initial electron temperature T, = 320 eV) drifting relative toions with
avelocity vy = 0.5/ Teo/m., Which is higher than the measured drift
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Fig. 5| Reproduction of IAW and EAW by 1D PIC simulation. a,b, Electron
density dispersion plots before (¢ = 1,206(0;61) and during the EAW bursts

(t= 1,550w;§), where w, is the electron plasma frequency. Wavenumber kis
normalized by 1/d. (electronskin depth d, = ¢/w,.). The red dashed line is the
dispersion relation with phase velocity v,y, = 1.3y/T./m,, where Tis the electron
temperature and m, is the electron mass. ¢,d, Electron densities in the x-v, phase
space at the times shownina (c) and b (d). The double layer starts to form at
t=1,206w,; in c. After forming the double layer at t=1,550w,, ind, the electron
holes are generated due to the two-stream instabilities downstream of the double
layer. These electron holes are moving in the +x direction with a velocity of
1.3y/T./m,, forming the EAW bursts shownin b.

speed (~ 0.174/Too/m.) to accelerate the process. In this simulation,
the drifting electrons induce anion acoustic instability and generate
adouble layer at x = 5d.. This process agrees with the previous PIC®
and Vlasov simulations®*.

The AW and EAW bursts are reproduced in the 1D PIC simulation
(Fig. 5). The dispersion plot (Fig. 5b) shows that the EAW burst has a
phase velocity of ~ 1.34/T,o/m. with a broadband frequency of
~0.1-1.0w,.. This phase velocity roughly agrees with the experimentally
observed EAW phase velocity (~ 1.24/T./m.). This EAW corresponds to
the phase-space holes shown in Fig. 5d, since the holes are centred at
almost 4/T./m. and move forward with that speed. These electron
holes originate from the electron two-stream instability downstream
ofthedoublelayer. This double layer reflects low-energy electrons and
accelerates high-energy electrons that can overcome the potential
well, resultingin a two-stream distribution, which has been discussed
in previous Vlasov simulations®. Their simulation also shows that with
arealistic mass ratio, the double layer occurs ~ 10‘*0:)561 after the peak
of the IAW fluctuations. The delay between the IAW peak and double-
layer generation is consistent with the observed 0.12 ns = 1.5 x 104w;§
delay between the IAW and EAW bursts.

Two-dimensional global PIC simulation

In addition to the 1D local PIC simulation showing the unstable
IAW-generated double layer and EAWs, our 2D PIC reconnection simula-
tion also confirms the double-layer generation in the outflow region
when cold background plasmais present. In the 2D reconnection simu-
lationwith cold background plasma, double layersin the outflow region

aredeveloped and create non-Maxwellianand broadened distributions
inthe double layer downstream. Figure 6a shows the in-plane current
map and magnetic-field lines in the entire simulation domain. The
double layers are presented by the ion density cavities in the outflow
region (Fig. 6b, red circles). These density cavities can present double
layers because the cavities coexist with the ion phase-space holes in
this simulation, consistent with the Vlasov simulation®*. The electron
phase-space density profile crossing the double layers at z=-74d, is
plottedinFig. 6¢. Asshowninthe phase-space density profile, upstream
ofthe doublelayers, the electrons are drifting relative to theions, which
candestabilize the IAW forming the double layers. In the downstream
region, the distribution is broadened and shows a non-Maxwellian
distribution with double peaks. Besides the current-driven unstable
IAW, ion-ion acoustic instability® is also shown in the region with
two-streaming ions (x = 500d,; Fig. 6b), especially in the 100 and
400 mass ratio cases. However, this ion-ion acoustic instability only
creates strong density perturbations; no non-Maxwellian distribution
isseeninthe electron phase space. Meanwhile, the double layers and
downstream non-Maxwellian distribution are persistent with differ-
ent mass ratios. The observation of the current-driven double layers
and the induced non-Maxwellian distribution confirm that with cold
background plasmas, the current-driven IAW bursts canresultinenergy
dissipationinthe outflow region. The amount of magnetic energy dissi-
pated through this channel may depend on the plasma conditions such
as ZT,/T;,, m/m,, plasma f3, electron . and system size, which requires
further comprehensive studies.

Discussion and outlook

In summary, our low- magnetic reconnection experiments using
laser-driven capacitor coils exhibit current-driven IAW bursts, followed
by EAW bursts with electron heating in the exhaust region.

The location and wave direction are consistent with the IAWs
observed by the MMS mission®®, Time History of Events and Macro-
scale Interactions during Substorms mission® and Parker Solar Probe
mission®® when a population of cold ions exists in the background,
and their Landau damping is ineffective. The MMS mission observed
IAWsin the outflow region with wavevectorsinthe direction along the
magnetic-field lines®, consistent with our observations. The Parker
Solar Probe mission observed that the triggered IAWs coincide with
the core electron heating®®. These observations suggest that the
current-driveninstabilities canlead to abursty magnetic-field energy
release. Asour 1D and 2D PIC simulations reveal, this energy dissipation
processinvolves IAW-formed double layers producing two-streaming
electrons downstream, which induces the electron two-stream insta-
bility. This rapidly heats the electrons, braking the electron outflow
jetin the ion-diffusion region. Such a double-layer-induced electron
two-streaminstability may also explainthe origin of the EAWs observed
by the MMS mission®’.

This dissipation process in the reconnection exhaust region is
confirmed in our experiment; whether this process can occur in the
current-sheet region needs further study. A similar mechanism has
beenobservedinthe current sheet ofa3D PIC simulation withastrong
guide field, in which Buneman instability'® leads to the formation of
doublelayers and triggers electron two-stream instability'®. In 1D simu-
lations, the Buneman-instability-generated double layer also creates
ionand electron phase-space holes’*”", However, without aguide field
orwithaweak guide field, the electrons would be deflected out of the
current sheet within a short period, which is shown in 3D simulations
with afinite guide field”. The non-steady electron streamin the current
sheet may interrupt the growth of instabilities. The growth of IAW and
double layer needs ~103—104w;§, as suggested by our experiment. In
addition to the time needed, Vlasov simulation and previous particle
simulations®® demonstrate that generating the double layer requires
alarge system size (>500A4,,). Future experiments and large-scale 3D
simulations are needed to study the current-sheet region.
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magnetic-field lines, where background electrons with density n., have an
average velocity in the x direction (v,). b, Cropped region of the background
plasma’sion density (n;, normalized by the peak density of the Harris current
sheet n,) in the outflow region (red dashes ina). The double layers, shown as the
ion cavities, are circled in red. ¢, Electron density profile in the phase space of the
x-direction velocity and x axis (v.,—x) along z = =74d, crossing the double layers at
x=765d.and 825d,, where d. = c/w,. is the electron skin depth.

The IAW-type turbulence may be important for stellar flares and
other plasmas where magnetic reconnection is prevalent, including
those of black hole accretion engines. During the initial transient phase
of stellar flares, for example, electrons are heated to high temperatures,
and ions could remain cold and evade detection”. This condition
favours destabilizing IAWs to dissipate current and thus magnetic
free energy via electrostatic doublelayers, inturn triggering EAWs and
further heating electrons. Type-Ill and type-U radio emissions™ could
be generated by electron beams out of the double-layer structures.

Other low-electron-f two-temperature plasmas, in which the
electrons may be much cooler than the ions, may exist in strongly
magnetized coronae of black hole accretion discs® or regions within
collisionless accretion flows®”. Here the relative drift between the
electrons andions can be sufficiently large compared with the electron
thermal speed to overcomeion Landau damping due to the simultane-
ouslowdensity and low electron temperature (or equivalently, electron
B <1), and thus, unstable IAWs or the related Buneman instabilities
may be viable mechanisms to efficiently dissipate magnetic energy.

Inthis context, we note that the observed current-driven unstable
IAW provides a collisionless coupling of ions and electrons: during
the current-driven unstable IAW, the magnetic energy is converted
into ion energy in IAWs and eventually forms the double layer that
providesan electric potential. The double layer stores bothion kinetic
energy and electric potential energy, which is then transferred to the
electronkineticenergy by accelerating electrons that pass through the
double-layer potential well, and heating electrons by the two-stream
instability. In standard two-temperature accretion models used to
explain curiously quiescent accretors, therate of couplingbetweenions
and electronsisassumed to be purely Coulomb collisional coupling or

freely parameterized®”. In these models, accretion produces low lumi-
nosity whentheionsacquiring free energy from viscosity are unable to
transfer their energy to radiating electrons on an accretion timescale.
Whether a collisionless faster-than-Coulomb coupling exists in these
contexts has been along-standing open question because the answer
can dramatically affect the paradigm as to why these sources appear
soquiescent. Assuch, it will beimportant to quantify how the specific
mechanism that we have identified scales to the astrophysical contexts
in future work.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41567-023-01972-1.
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Methods

Here we present the setup of the Thomson scattering diagnostics,
calculation of the synthetic Thomson scattering spectrum, and the
parameters of 1D and 2D PIC simulations. The FLASH radiative non-ideal
MHD simulations and the protonradiography used to confirm the exist-
ence of reconnection are presented in the Supplementary Information.

Collective Thomson scattering

In this experiment, an f/10 reflective collection system 63° off the
probe’s axis™ collects the scattered light from a 60 x 60 x 50 pm?
volume near the focus. Narrowband (7 nm window) and broadband
(320 nm window) streaked spectrometers temporally and spectrally
resolve the collected scattering light. The streak window is 5 ns. The
narrowband spectrometer covers the light scattered by the IAWs. The
broadband spectrometer can show the spectrum of the light scattered
by the EAW, EPW and merged IAW peaks. The timing of the probe is
changed for each shot to cover the entire reconnection process.

Collective Thomson scattering is used to diagnose the plasma
conditions since the spectrum of the scattered light is sensitive to the
plasma’s density, temperature and velocity™. In this experiment, the
electron density and temperature are given by least-squares fitting of
the synthetic spectrum to the measured spectrum of the EPW reso-
nances (Fig. 4a). With the measured T, and n, values, we fit the IAW
resonance peaks to diagnose the meanion charge (2) andion tempera-
ture T;, because the separation between the IAW peaks is determined
by the IAW’s phase velocity (1/ZT./m;) and the width of the peaks and
the peak-to-trough ratio are determined by T.. The Z= 18 ion charge
also agrees with the FLYCHK”” simulation. The shift of the IAW peaksiis
due to Doppler shift, which gives the flow velocity. The asymmetry of
the IAW peaks is used to calibrate the relative drift between the elec-
trons and ions since the drift can induce different electron Landau
dampingrates onthe IAWsintwo directions. The plasmais collisionless
for Thomson scattering since the electron mean free pathisone order
of magnitude larger than the probe’s wavelength.

To forward fit the measured Thomson scattering spectrum, we
calculated the synthetic power spectrum (Figs. 2 and 4) based on the
model summarized elsewhere®. The synthetic power spectrum for
arbitrary velocity distributions is

o o (1 2) [l ()
227 X 2 @ dw (2)
s 1+x:+xi‘fi(2) d_/ls’

where @ = w, - w, is the angular frequency of the fluctuations scatter-
ing the probe light (w,, ko) and generating the scattered light (w,, k),
andf,;(v) are the electron/ion velocity distributions reduced to one
dimension along the k direction. The electronandion susceptibilities
aregiven by

W7 KO, /0U
K w-—kv’

Xea@.0) = f dv 3

EAW resonance in Thomson scattering

Figure 4a shows the time evolution of the Thomson scattering spec-
trum from the broadband spectrometer, and the spectrumat2.9 nsis
shown in Fig. 4b (blue line). In addition to the Stokes and anti-Stokes
scattering of the EPW usually seen in thermal plasmas, the Thomson
scattering spectrumalso shows resonant peaks with alower wavelength
shift (<10 nm), indicating the non-Maxwellian distributionin therecon-
nection exhaust. These shorter-wavelength resonant peaks are caused
by EAWs with phase velocities near the electron thermal velocity
Uern =/ Te/me, whichwould be Landau dampedif the electron velocity
distribution was Maxwellian (Fig. 4b, red dashed line). To reproduce

the EAW peaks, we modified the distribution function by combining
two counter-streaming beams with the steady component to reduce
the slope near the thermal speed (Fig. 4c, solid red line). Figure 4b (solid
line) shows the fitted scattering spectrum calculated based on
equation (2). This three-component distribution is similar to the
observed ring-core distribution in reconnection PIC simulations’, in
which theringinthe outflow out-of-plane (v,~v,) phase space reduces
to two counter-streaming beams in v,. This ring structure is probably
produced by the reconnected magnetic field (B,) turning the acceler-
ated electrons’. Similar ring-core distribution has also been observed
by the MMS mission in the reconnection exhaust region®°.

One-dimensional PIC simulation

Thesimulation was performedina2nc/w,. (21d,) periodicdomain with
areducedionmass m/m. =100 and aloweriontemperature 7;,=20 eV
to keep theion thermal speed lower than the IAW’s phase velocity. The
simulation domain contains 256 cells and 128 particles per cell. To sus-
taintheelectrons streamingin the simulation with limited size, we have
added an external electric field £, = 10~ m.cw)./e to the electric field
calculated by the Poisson equation for advancing the particles’ velocity.

Two-dimensional PIC simulation
The 2D PIC simulations use OSIRIS code®*®! to simulate a Harris cur-

rent sheet® and a cold background plasma initialized with a density
profile as
—-2.0L
Nye(2) = 0.3n, [% + %tanh <|Z|W)] 4)

where n, is the peak density of the Harris current sheet and L =20d..
This simulation setup is similar to the cold background simulation
described elsewhere®. This setup allows a low ion temperature in the
outflowregion to avoid ion Landau damping for IAWs. The Harris cur-
rentsheet has hotions with T, i = 5T jarris- The background plasmais
initialized with T;,, = T, p, = T, yaris/25. The anti-parallel magnetic field
isin the x direction with B, = Btanh(z/L), where By/em, = w.. = 0.5w,.
A long-wavelength perturbation®* with 0.018, amplitude is included
to initialize the reconnection. The simulation has a 2,100d, x 350d,
box size in 6,144 x 1,024 cells. The boundaries are periodic in the x
direction. The z-direction boundaries are reflective for particles and
conductive for the electric field. The mass ratio has been scanned for
m;/m,=100,400 and 1,600.

Data availability
The experimental Thomsonscattering spectrograms are available on
request from the corresponding authors.

Code availability

The synthetic Thomson scattering calculation code is available on
request from the corresponding authors. The 1D electrostatic PIC
simulation code is available in ref. ¢>. The OSIRIS 4.0 PIC simulation
codeisavailable to authorized users by signing memoranda of under-
standing with the OSIRIS Consortium, consisting of IST and UCLA.
FLASH rad-MHD code is available at https://flash.rochester.edu. The
calculation code for the plasma dispersion relation is available in the
PlasmaDispersionRelation repository via GitHub at https://github.
com/xiaoshulittletree.
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