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Magnetic reconnection is ubiquitous in space and astrophysical plasmas rapidly converting mag­
netic field energy into plasma particles. Among numerous candidate kinetic mechanisms, ion acoustic 
instabilities driven by the relative drift between ions and electrons, or electric current, have been 
long hypothesized to play a critical role in dissipating magnetic energy in collisionless plasmas, but 
their effectiveness and even existence during reconnection remain elusive due to ion Landau damp­
ing and difficulties in detecting on the Debye length scale in the laboratory. Here we report a clear 
identification of sudden onset of ion acoustic bursts by collective Thomson scattering diagnostics 
in the exhaust of anti-parallel reconnection magnetically driven in high-Z plasmas at low beta on 
a novel platform using high-power lasers. The ion acoustic bursts are followed by electron acoustic 
bursts with electron heating and bulk acceleration. These observations are successfully reproduced 
by f D and 2D Particle-in-Cell simulations in which ion acoustic instabilities, driven by current due 
to electron jet in the reconnection exhaust, grow rapidly to form electrostatic double layers. These 
double layers in turn induce electron two-stream instability to generate electron acoustic bursts, dur­
ing which electrons are heated and accelerated in accordance with the measurements. Our results 
demonstrate the importance of ion and electron acoustic dynamics during magnetic reconnection 
when ion Landau damping is ineffective, a condition that may exist in many plasmas including 
near-Earth space, stellar flares, and black hole accretion engines.

Magnetic reconnection is a fundamental physical pro­
cess through which energy is rapidly converted from 
magnetic field to plasma by alternating magnetic topol­
ogy [1, 2], It has been a longstanding challenge to iden­
tify the underlying kinetic mechanisms for efficient dissi­
pation required for the topological change as well as en­
ergy conversion to explain the observed fast reconnection 
in nearly collisionless plasmas in space and astrophysics. 
There has been progress in understanding and confirm­
ing 2D kinetic mechanisms often represented by nongy- 
rotropic pressure tensor [3-6] in the electron diffusion 
regions (EDRs) where field lines break and reconnect. 
Beyond these 2D laminar processes, however, the ki­
netic dissipation mechanisms operating in general 3D are 
still much less understood [7, 8] within or near diffusion 
regions and separatrices [9] that feature strong spatial 
gradients and streaming. They include various plasma 
waves or instabilities, such as whistler waves [10, 11], 
Buneman instabilities [12-14], lower-hybrid drift waves 
(LHDW) [15-22] (due to cross-field gradient [23] or 
cross-field drift [24]), drift kink [25] or kinetic Kelvin- 
Helmholtz [26] instabilities.

Among these 3D candidate dissipation mechanisms, 
unstable ion-acoustic waves (IAWs) [27-30] driven by rel­
ative drift between electrons and ions, or equivalently 
electric current, have attracted considerable interest as 
potential sources for the enhanced resistivity or viscos­

ity that is often used within fluid descriptions as a lo­
cal, current-dependent anomalous resistivity required for 
the sustained Petschek model of fast reconnection [31- 
36]. Despite early pioneering laboratory detection [37], 
however, the importance of IAWs for magnetic reconnec­
tion has been quickly dismissed due to the widely ob­
served high ion temperature (T/Z >Te) in space and in 
the laboratory where IAWs are strongly stabilized by ion 
Landau dumping. Technical difficulties in the laboratory 
in measuring plasma waves in the short wavelengths on 
the order of Debye length have also prevented progress on 
identifying IAWs and understanding their detailed prop­
erties and role in magnetic reconnection.

In this Article, we present a novel laboratory plat­
form where reconnection is driven magnetically at low-/? 
by laser-powered capacitor coils [38] in high-Z plasmas 
where Ti/Z «Te. Sudden onset of bursts of IAWs is suc­
cessfully measured for the first time in the exhaust region 
by collective Thomson scattering diagnostics. The IAWs 
are followed by bursts of electron acoustic waves (EAWs) 
with electron heating and bulk acceleration. The corre­
sponding Particle-in-Cell (PIC) simulations in ID and 
2D show that IAWs are destabilized by electron exhaust 
jet where relative drift between ions and electrons are 
large. IAWs grow rapidly to form electrostatic double 
layers which in turn accelerate electrons to drive two- 
stream instability generating bursts of EAWs while heat-
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FIG. 1. Experimental setup. Six UV beams are used to irra­
diate the back plate of the capacitor, driving current in the 
coils with /coii ^40 — 70 kA. FLASH MHD simulation results 
are overlapped in (a) to show the structure of the magnetic 
field (red lines) and the out-of-plane current density (blue) 
in the (/-direction. A 2iv (527 nm) Thomson scattering beam 
(green) probes the reconnection exhaust region, 600 pm above 
the center point between the top of the coils. The scattered 
light in a volume 60 x 60 x 50 pm3 is collected by an //10 re­
flective collection system. k0 and ks in (b) are the wave vectors 
of the probe beam and the collected scattered light. The red 
and blue arrows indicate wave vectors (fc) of waves in plasma 
resonant with the probe and the 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’s are in the x — y plane and 17° 
off the outflow direction. The blue dashed box indicates a 
di x 10di = 180 pm x 1800 pm region, in which di = c/ivpi.

ing electrons. Our results demonstrate the importance of 
ion and electron acoustic dynamics causing bursty energy 
dissipation during magnetic reconnection when ion Lan­
dau damping is ineffective. Implications for 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 on the 
OMEGA laser facility at the Laboratory for Laser En­
ergetics, University of Rochester [39]. The experimental 
platform is shown in Fig. 1. The capacitor-coil target is 
made of a 50 pm thick C-u foil. The coils have a 600 pm 
diameter and 500-pm-length legs, and are separated by 
600 pm. Six beams of 500 J 1-ns UV (A = 351 nm) lasers 
are focused on the center of the capacitor’s backplate to 
drive a ~ 40 — 70 kA current in the coils. A reconnection 
current sheet can be formed between the capacitor coils.

The magnetic field generated by the capacitor-coil tar­

gets is measured by using proton radiography [40-42]. 
The upstream magnetic field strength is ~ 23 - 40 T 
at 6 ns after the lasers’ onset. The proton radiographs 
also show the center feature indicating the reconnection 
current sheet [41]. To further quantify the reconnec­
tion conditions, we have conducted radiative and non- 
ideal magnetohydrodynamic (rad-MHD) simulations us­
ing the FLASH code [43] to simulate plasma diffusing 
from the capacitor plates and the plasma emerging from 
the heated coils due to Ohmic heating and x-ray radia­
tion. The supplemental materials detail the setup of the 
non-ideal rad-MHD simulation. The simulated magnetic 
field lines and the current density at 3 ns, overlapped 
on the target in Fig. 1(a), show that a reconnection cur­
rent sheet is formed between the coils. This reconnection 
current sheet lasts until 10 ns, as shown in Fig. S2. The 
synthetic proton radiographs shown in Fig. S3 have a cen­
tral flask-like feature due to the current sheet, consistent 
with the experimental one.

The Thomson scattering probe laser (A = 527 nm, 
150 J energy, 3.7 ns square pulse, 60 pm spot size) is 
focused at 600 pm above the center between the top of 
the coils as shown in Fig. 1. In this experiment, due 
to the low density (ne ~ 5x 1018 cm"8) in the scatter­
ing volume, the electron density fluctuations scattering 
the light have k ~ k0 = 2?r/527 nm-1 in the direction 
17° from the outflow direction (+z) shown as the fc’s in 
Fig. 1(b).

BURSTS OF ION AND ELECTRON ACOUSTIC 
WAVES AND ELECTRON HEATING

The Thomson scattering from the ion-acoustic waves 
(IAW) reveals that current-driven instabilities develop at 
7 ns.The narrowband spectrometer captured the asym­
metric (10:1) IAW-resonant peaks which grow from ther­
mal level by three orders of magnitude to extremely 
asymmetric (~100:1), intense, and bursty IAW peaks 
during 7-8 ns. This is shown in Fig. 2(a), as a sign of 
the ion turbulence induced by unstable IAW [44]. The 
asymmetry in the IAW Stokes and anti-Stokes peaks is 
due to the electrons drifting relative to ions. As shown in 
Fig. 2c, the Thomson scattering spectrum lineout before 
the IAW bursts (along the dashed line in Fig. 2a) can 
be reproduced in the synthetic spectrum (green dashed 
line in Fig. 2c) when electrons (ne = 5 x 1018 cnV3, Te = 
200 eV) are drifting with vd = 0.17 y/Te/me relative to 
ions (T; = 400 eV, Z = 18). The IAW-resonant peak is 
broader than the synthetic spectrum (green dashed line) 
without considering the inhomogeneous flow velocity, but 
can be reproduced by including an inhomogeneous flow 
velocity in the scattering volume with Av = 2 x 104 m/s. 
The synthetic spectrum is calculated assuming the res­
onant wave is stable and the density fluctuations are in 
thermal level. However, based on the electrostatic dis-
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FIG. 2. (a) (b) Time-resolved Thomson scattering (TS) at t = 7 — 10 ns. The IAW resonant peaks in (a) are highly asymmetric 
(grow from 10:1 to 100:1). The spectrum at 7.1 ns, before the IAW bursts, along the vertical dashed line in (a) is plotted in 
(c) as the blue line and compared with the synthetic TS spectra. The green dashed synthetic spectrum in (c) can reproduce 
the asymmetry of the IAW peaks, which is calculated with electrons streaming relative to ions with va = 0.17% along the 
k-direction (red arrow) in Fig. lb. In addition to the electron drift, an inhomogeneous flow velocity with Ay = 2 x 104 m/s~ Vj 
in the scattering volume can broaden the IAW peak, shown as the red solid line, to match the experiment. A plasma without 
a drift but with an inhomogeneous flow velocity would generate a symmetric IAW spectrum, shown as the orange line, (b) is 
the spectrogram from the broadband spectrometer showing both the EAW resonance and the IAW feature. The spectrum at 9 
ns (along vertical dashed line of (b)) is plotted in (d) with a fitted synthetic spectrum (red solid line). A two-stream electron 
distribution, shown as the solid line in the inserted plot, is needed to reproduce the strong EAW signal, —v direction is along 
the redshifted k in Fig. lb. The velocity at the valley of the distribution (—0.023c) matches the EAW’s phase velocity (0.025c). 
For reference, a Maxwellian distribution, shown as the dashed line in the inserted figure, would generate the dashed spectrum.

persion equation,

1 -
wpe 2' ( vd

pi
\V2Ti/mi

= 0, (1)

to the square of the density fluctuation. As shown in 
Fig. 3(b), before the first spike, the TS IAW signal ex­
ponentially grows with an 0.025 ns e-folding time, about 
40% of the calculated IAW growth rate. The intensity 
of the IAW scattering is 3 orders higher than that when 
no burst presents near 5 ns, indicating that the fluctua­
tion amplitude (Sn/n at k = 2n/527 nm-1) is ^30 times 
higher than the thermal level.

where Z' is the derivative of the plasma dispersion func­
tion [45], the plasma with this strong electron drift 
is unstable to IAW, and the maximum growth rate is 
17 ns-1 (1.4 x 10~4ivpe, and 0.058 ns e-folding time) at 
k = 0.33/Ad- This IAW growth agrees with exponen­
tial growth of the scattering signal, which is proportional

With about 0.12 ns delay from the bursts of the IAW 
(see Fig. 3(c)), the EAW appears with spectra red-shifted 
by ~13 nm wavelength, corresponding to a phase velocity 
of 0.025c ~ 1.2y/Te/me. This EAW peak can be repro­
duced with a two-stream distribution shown in Fig. 2(d). 
The red solid line in the inserted figure is the two-stream
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FIG. 3. (a) IAW and EAW Thomson scattering signal in
the dash-boxed (IAW) dash-dot-boxed (EAW) region shown 
in Fig. 2(b). Bursts of IAW and EAW are shown around 7 
- 8 ns. (b) IAW signal before the first burst fitted by an 
exponential function with e-folding time 0.025 ns (3200 Wpe ), 
agreeing with the IAW growth rate, 7 ~ 1.4 x 10~4wpe. (c) 
Cross-correlation of the IAW and EAW signal shows a strong 
correlation between IAW and EAW. IAW is leading EAW 
by 0.12 ns ~ 1.5 x lO4^^1. (d) The 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 a 20 T 
magnetic field.
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FIG. 4. (a) and (b) Electron density dispersion plots before 
(t = 1206cVpe) and during the EAW bursts (t = 1550w^4). 
The red dashed line is the dispersion relation with vph = 
1.3 sjTe/m-e. (c) and (d) are the electron phase spaces at the 
times of (a) and (b). (c) shows the double layer starts to
form at t = 1206tvpe1. (d) After forming the double layer at 
t = ISSOtVpe1, the electrons holes are generated due to the 
two-stream instabilities. These electron holes are moving in 
the +x direction with a velocity of 1.3 ^/Te/me, forming the 
EAW bursts shown in (b).

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 amplitude of IAW and EAW during the bursty 
period (7-8 ns) is shown to be modulated at a frequency 
of ~7 GHz (Fig. 3d), close to the the lower-hybrid fre­
quency (i/Zce/ci) at B = 20 T. One candidate to explain 
such observations is the Modified Two-Stream Instabil­
ity (MTSI) [24] driven by the electron outflow jet per­
pendicular to the local magnetic field in the exhaust re­
gion. The MTSI can generate electric field fluctuations 
nearly parallel to the current, which may modulate the 
IAW and the generation of EAW bursts. Waves near the 
lower-hybrid frequency were often observed in the MMS 
(Magnetospheric Multi-Scale) mission [e.g. 46] and the 
MRX (Magnetic Reconnection Experiment) [e.g. 16] and 
have been suggested to mediate energy dissipation. This 
modulation near the lower-hybrid frequency suggests the 
instabilities like MTSI may affect the electron outflow 
but further study is needed to characterize the role of 
this lower-hybrid modulation.

Electron heating is also captured since electron tem­
perature increases by 60% during the bursts of IAW 
and EAW. Electron temperature is measured from the 
separation between the IAW’s Stokes and anti-Stokes 
peaks, which is proportional to the ion-acoustic veloc­
ity as Aiv ~ 2ky/ZTe/mi. This IAW peak separation 
increases by 25% before (7.0 ns) and after (8.5 ns) the 
IAW and EAW bursts.

ID LOCAL PARTICLE-IN-CELL SIMULATION

To understand the bursts of the correlated IAW and 
EAW, we have used a ID electrostatic particle-in-cell 
code [47] to simulate the thermal electrons (initial elec­
tron temperature Te0 = 320 eV) drifting relative to ions 
with a velocity vd = 0.5y/Teo/me.

The bursts of IAW and EAW are reproduced in the 
ID PIC simulation, as shown in Fig. 4. The dispersion 
plot Fig. 4(b) shows that the EAW burst has a phase 
velocity of ~ 1.3y/Teo/me with a broadband frequency 
of ~ (0.1 - 1) cCpe. This phase velocity roughly agrees
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FIG. 5. Results of the 2D reconnection PIC simulation with 
riii/riie = 1600 at 10400 iv^1. (a) The entire profile of the 
background electron current in ^-direction (Jx = ene>bsvx) 
with magnetic field lines, (b) A cropped region of the back­
ground plasma’s ion density in the outflow region (red dashes 
in a). The double layers, shown as the ion cavities, are cy­
cled in red. (c) Electron phase space profile along z = — 74de 
crossing the double layers at x = 765 and 825 de.

with the experimentally observed EAW’s phase velocity 
~ 1.2y/Te/me. In the phase space shown in Fig. 4(d), 
this EAW corresponds to the phase space holes orig­
inated from the electron-two-stream instability in the 
downstream of a double layer generated by the unsta­
ble IAW. This double layer reflects low-energy electrons 
and accelerates high-energy electrons that can overcome 
the potential well, resulting in a two-stream distribu­
tion. This process has been discovered in Vlasov sim­
ulations [48], which also shows that, with realistic mass 
ratio, the double layer occurs ~ lO4^1 after the peak 
of the IAW fluctuations, which is consistent with the ob­
served 0.12 ns ~1.5x 104cCpp4 delay between the EAW 
and IAW bursts.

2D GLOBAL PARTICLE-IN-CELL SIMULATION

In addition to the ID local PIC simulation showing 
the unstable IAW-generated double layer and EAWs, our 
2D PIC reconnection simulation also confirms the double 
layer generation in the outflow region when cold back­
ground plasma is present. In the 2D reconnection sim­
ulation with cold background plasma, double layers in 
the outflow are developed and create non-Maxwellian and

broadened distributions in the double layer downstream. 
Figure 5(a) is the in-plane current map and magnetic 
field lines in the entire simulation domain. The ion den­
sity profile in the outflow region is shown in Fig. 5(b), in 
which the double layers are presented as the ion cav­
ities cycled in red. The electron phase space profile 
crossing the double layers at z = -74de is plotted in 
Fig. 5(c). As shown in the phase space profile, upstream 
of the double layers, the electrons are drifting relative 
to ions, which can destabilize IAW forming double lay­
ers. In the downstream, the distribution is broadened 
and shows a non-Maxwellian distribution with double 
peaks. Besides the current-driven unstable IAW, ion- 
ion acoustic instability [49] is also shown in the region 
with two-streaming ions (x ~ 500de in Fig. 5b), espe­
cially in the 100 and 400 mass ratio cases. However, this 
ion-ion acoustic instability only creates strong density 
perturbations; no non-Maxwellian distribution is seen in 
electron phase space. In the meanwhile, the double lay­
ers and the non-Maxwellian distribution in the down­
stream are persistent with different 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 
can result in energy dissipation in the outflow region.

DISCUSSION AND OUTLOOK

In summary, our low-/? magnetic reconnection experi­
ments 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 MMS [50], THEMIS (Time His­
tory of Events and Macroscale Interactions during Sub­
storms) [51], and PSP (Parker Solar Probe) [52] when 
a population of cold ions exist in the background and 
their Landau damping is ineffective. These observations 
suggest that the current-driven instabilities can lead to 
a bursty magnetic field energy release. As our ID and 
2D PIC simulations reveal, this energy dissipation pro­
cess involves IAW-formed double layers producing two- 
streaming electrons downstream, which induces the elec­
tron two-stream instability. This rapidly heats the elec­
trons, braking the electron outflow jet. Such a double- 
layer-induced electron two-stream instability may also 
explain the origin of the EAWs observed by MMS [53].

This dissipation process in the reconnection exhaust re­
gion is confirmed in our experiment; whether this process 
can occur in the current sheet region needs further study. 
A similar mechanism has been observed in the current 
sheet of a 3D PIC simulation with a strong guide field, 
in which Buneman instability [12] leads to a formation 
of double layers and triggers electron two-stream insta­
bility [14]. In ID simulations, the Buneman-instability-
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generated double layer also creates ion and electron phase 
space holes [54, 55]. However, without a guide held or 
with a weak guide held, the electrons would be deflected 
out of the current sheet within a short period, which is 
shown in 3D simulations with a finite guide held [56]. The 
non-steady electron stream in the current sheet may in­
terrupt the instabilities’ growth. The growth of IAW and 
double layer needs ^103 - lO4^1, as suggested by our 
experiment. In addition to the time needed, Vlasov sim­
ulation and previous particle simulations [57] all demon­
strate that generating the double layer requires a large 
system size (> 500ADe). Future experiments and large- 
scale 3D simulations are needed to study the current 
sheet region.

The IAW-type turbulence may be important for stellar 
hares and other plasmas where magnetic reconnection is 
prevalent, including those of black hole accretion engines. 
During the initial transient phase of stellar hares, elec­
trons are heated to high temperatures, and ions could re­
main cold and evade detection [58]. This condition favors 
destabilizing IAWs to dissipate current and thus mag­
netic free energy via electrostatic double layers, in turn 
triggering EAW and further heating electrons. Type- 
Ill and type-U radio emission [59] could be generated 
by electron beams out of double layer structures. Other 
two-temperature plasmas, in which the electrons may be 
much cooler than ions, may exist in strongly magnetized 
black hole accretion disk corona [60] or regions within 
collisionless accretion hows [61, 62]. Here, the relative 
drift between electrons and ions can be sufficiently large 
compared with the electron thermal speed to overcome 
ion Landau damping due to simultaneous low density 
and low electron temperature (or equivalently electron 
/3 < 1), and thus unstable IAW or the related Bune- 
man instabilities may be viable mechanisms to efficiently 
dissipate magnetic energy.

METHODS

In the methods section we present the setup of the 
Thomson scattering diagnostics, the calculation of the 
synthetic Thomson scattering spectrum and the pa­
rameters of the ID and 2D PIC simulations. The 
FLASH radiative-non-ideal magnetohydrodynamic sim­
ulations and the proton radiography used to confirm the 
existence of reconnection are presented in the supplemen­
tal materiel.

Collective Thomson scattering

In this experiment, a f/10 reflective collection system 
60° off the probe’s axis [63] collects the Thomson scatter­
ing of the probe light from a 60 x 60 x 50 pm3 volume near 
the focus. A narrowband (7 nm window) and a broad­
band (320 nm window) streaked spectrometers tempo­
rally and spectrally resolved the collected scattering light. 
The streak window is 5 ns. The narrowband spectrome­
ter covers the light scattered by ion-acoustic waves. The 
spectrometer spectrometer can show the spectrum peaks 
scattered by ion-acoustic waves, electron-acoustic waves, 
and electron plasma waves. The timing of the probe is 
changed for each shot to cover the entire reconnection 
process.

To forward fit the measured Thomson scattering spec­
trum, we calculated synthetic power spectrum in Fig. 6 
and Fig. 2 based on the model which has also been used 
in Ref. [64, 65]. The synthetic power spectrum is

f (A,) oc
2tt 1 + Xi /e(

k 1 + Xe + Xi k)

Xe
2

f. clio
1 + Xe + Xi J i W d\s

(2)

S. Z. would like to thank Dr. Qing Wang for fruitful 
discussions. We acknowledge the OMEGA laser facil­
ity staff at the Laboratory for Laser Energetics. The 
experiment was conducted at the Omega Laser Facility 
with the beam time through the National Laser Users’ 
Facility (NLUF) (or the Laboratory Basic Science) un­
der the auspices of the U.S. DOE/NNSA by the Uni­
versity of Rochester’s Laboratory for Laser Energetics 
under Contract DE-NA0003856, and the DOE Office of 
Science under the HEDLP program with award number 
DE-SC-0020103. The FLASH code used in this work was 
in part developed by the DOE NNSA-ASC OASC-R Flash 
Center at the University of Chicago. The authors would 
like to acknowledge the OSIRIS Consortium, consisting 
of UCLA and 1ST (Lisbon, Portugal) for providing access 
to the OSIRIS 4.0 framework supported by NSF AC-I- 
1339893.

where w = w0 — ivs is the angular frequency of the fluc­
tuations scattering the probe light (cv0, k0) and generat­
ing the scattered light (cus,ks), and /e,i(i’) are the elec- 
tron/ion velocity distributions reduced to ID along k di­
rection. The electron and ion susceptibilities are given
by

Xe,i(w,&) civ
Wpe,i fcd/e,i/dv 
k2 co — kv (3)

Electron acoustic wave resonance in Thomson 
scattering

Figure 6(a) shows the time evolution of the Thomson 
scattering spectrum from the broadband spectrometer, 
and the spectrum at 2.9 ns is shown as the blue line in 
Fig. 6(b). In addition to the resonant peaks scattered



7

12 3 4
Time (ns)

- Exp 2.9 ns
- 5e18 non-Maxw.
- 6e18 300 eV Maxw.

500 550
Wavelength (nm) V/V.. (300 eV)

reduce the slope near the thermal speed shown as the red 
solid line in Fig. 6(c). The corresponding synthetic scat­
tering spectrum is calculated following Ref. [65], which 
is shown as the red solid line in Fig. 6(b), matches the 
measured spectrum. This three-component velocity dis­
tribution is similar to the observed ring-core distribution 
in 2D PIC simulations of reconnection [66], in which the 
ring in the outflow-out-of-plane phase space (vx —vy) re­
duces to two counter-streaming beams in vx. This ring 
structure is likely produced by the reconnected magnetic 
field (By) turning the accelerated electrons [67]. Similar 
ring-core distribution has also been observed by MMS in 
the reconnection exhaust region [5, 6].

ID PIC simulation

The simulation was performed in a 2ttc/ujpe periodic 
domain with a reduced ion mass m;/me = 100 and a 
lower ion temperature T[ = 20 eV to keep the ion ther­
mal speed lower than the IAW’s phase velocity. The sim­
ulation domain contains 256 cells and 128 particles per 
cell. To mimic the induction electric field that would arise 
from the dissipation of the bipolar magnetic field, we have 
added an external electric field Ex = 10~5roeciVpe/e to 
the electric field calculated by the Poisson equation for 
advancing the particles’ velocity.

FIG. 6. (a) Time-resolved Thomson scattering (TS) shows 
features of electron plasma waves (EPW) and electron acous­
tic waves (EAW). The UV lasers onset at 0 ns. (b) Compari­
son between the measured TS spectrum at t = 2.9 ns and the 
synthetic TS spectra with Maxwellian electrons (Te = 300 eV, 
dashed) vs. non-Maxwellian electrons (solid). The velocity 
distribution functions are plotted in (c). The non-Maxwellian 
distribution (solid line in c) is constructed with two secondary 
components (ne = 1.15 x 1018 cnf3, Te = 75 eV) streaming 
with —1.2uth,300eV and +l.lut.h,300eV relative to a steady elec­
tron component (ne = 2.7 x 1018 cnf3, Te = 75 eV). —v direc­
tion is along the redshifted k in Fig. lb. This non-Maxwellian 
distribution reduced the slope near the phase velocities of the 
EAWs, marked with a dashed line corresponding to the EAW 
at 539 nm and a dash-dotted line for the EAW at 517 nm. The 
non-Maxwellian component is required to match the data.

by electron plasma waves (EPW) usually seen in laser 
plasma experiments, the Thomson scattering spectrum 
also shows resonant peaks with lower wavelength shift 
('-■-TO nm) indicating the non-Maxwellian distribution in 
the reconnection exhaust. These shorter wavelength res­
onant peaks are caused by EAWs with phase veloci- 
ties near the electron thermal velocity ve th = y/Te/me, 
which would be Landau damped if the electron veloc­
ity distribution were Maxwellian, as shown in the red 
dashed line in Fig. 6(b). To reproduce the EAW peaks, 
we modified the distribution function by combining two 
counter-streaming beams with the steady component to

2D PIC simulation

The 2D PIC simulations use OSIRIS code [68, 69] with 
Harris current sheet [70] and a cold background plasma 
with density profile as

U'bg(^) — 0.3??'Q
T
.2

I — tanh ( N ~ 2£y
V 0.5L Jr (4)

where m is the peak density of the Harris current sheet 
and L = 20de. This simulation setup is similar to the cold 
background simulation described in Ref. [71]. The Har­
ris current sheet has hot ions with Ilhams = 5Te,hams- 
The background plasma is initialized with Tijbg = Te,bg = 
Te,harris/25. The simulation has a 2100de x 350de box size 
in 6144 x 1024 cells. The boundaries are periodic in x di­
rection. The z direction boundaries are reflective for par­
ticles and conductive for electric field. The anti-parallel 
magnetic field is in x direction with Bx = B0 tanh(z/L), 
where L = 20de and Bo/eme = cvce = 0.5cvpe. The mass 
ratio was scanned with m;/me = 100,400 and 1600. A 
long-wavelength perturbation [72] with 0.01% amplitude 
is included to initialize reconnection.
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