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Temporal transition of an externally driven antiparallel asymmetric magnetic reconnection from
collisional slow to collisionless fast regime is observed in a laboratory plasma for the first time. This
transition is initiated when the two-fluid Hall effect begins to dominate over collisional effects at the X
point, characterized by the ratio of electron-ion collision mean free path to current sheet thickness
exceeding unity. Prior to the transition, an enhanced reconnection electric field develops on the low-density
side where electrons are heated both ohmically and by large-amplitude lower-hybrid drift waves (LHDW)
before collisionality at the X-point drop significantly. These LHDWs generate anomalous resistivity
accounting for 30% of the reconnection electric field. The observed time evolution is consistent with the
hybrid collisionless-collisional reconnection scenario relevant to onset of asymmetric reconnection in
natural plasmas.
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Introduction—Magnetic reconnection is a fundamental
physical process responsible for numerous explosive and
energetic phenomena throughout the universe, where mag-
netic energy is rapidly converted into thermal and kinetic
energy of plasmas through the rearrangement of magnetic
topology [1,2]. In nature, reconnection occurs in magnet-
ized plasmas across a wide range of collisionality, from the
collisional solar chromosphere and planet-forming accre-
tion disks to the highly collisionless solar wind and Earth’s
magnetosphere [3–5]. Yet, reconnection proceeds much
faster than predicted from Sweet-Parker models [6,7] in
most cases, a discrepancy often attributed to Hall effects,
plasmoid instabilities, or turbulence [8–11]. A magnetic
energy build-up phase with slow or no reconnection usually
precedes the fast reconnection when stored magnetic
energy is released impulsively [12]. This temporal tran-
sition has significant implications on the onset of recon-
nection, a critical yet poorly explored question [13] directly
relevant to space weather forecast.
It has been well established that Hall effects enables fast

reconnection once the thickness of Sweet-Parker current
layer δSP falls below ion kinetic scales, i.e., ion inertial
length di for antiparallel reconnection and ion sound speed
gyroradius ρs for guide-field reconnection [14–17]. A
dynamic model for the catastrophic transition from colli-
sional slow to collisionless fast reconnection was proposed
by Cassak et al. [14] by recognizing an unstable solution
emerging from dispersive Hall physics [18,19]. More
recently, such transition was identified as a thermodynamic

phase transition in fully kinetic simulations of isolated
reconnecting current layers [20]. For reconnection with
large Lundquist number (S≳ 104), the transition to fast
reconnection can be further facilitated by the formation of
plasmoids, which drives rapid thinning of interplasmoid
current layers down to ion kinetic scales [21,22].
Transitions in reconnection can also be mediated by

various instabilities that are ubiquitously present in currents
sheets, whether reconnecting or not, owing to the abun-
dance of free energy sources [23–25]. Among these, the
lower-hybrid drift wave (LHDW) is extensively studied as a
candidate to generate anomalous resistivity. LHDWs can
lead to electron heating, thereby reducing δSP ∝ η1=2, where
η is the electric resistivity [26–28]. In the nonlinear regime,
large-amplitude LHDWs may indirectly affect the recon-
nection rate by modifying the current sheet equilibrium
[29]. For instance, LHDWs can result in peaked profiles of
current density, which may in turn induces secondary kink
or tearing instabilities that facilitate reconnection [30–32].
Recent fully kinetic 3D simulations demonstrate that
LHDWs can enhance electron mixing and transport across
the separatrices of asymmetric reconnection, potentially
altering the evolution of reconnection [33].
In natural plasmas, reconnection is typically highly

dynamical or externally driven [34]. The applicability of
numerically simulated reconnection transitions remains
uncertain, as such transitions are often initiated through
imposing large perturbations to an idealized initial current
sheet [20,35] that may not necessarily reflect plasma
conditions in nature. Observing the temporal evolution
of reconnection in space plasmas via in situ satellites is also*Contact author: pshi@pppl.gov
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challenging, since the structure crossing time is typically
much shorter than the reconnection evolution time scale
[25,36]. Remote sensing is more suitable for studying
temporal evolution at global scales but is difficult to resolve
dynamics at kinetic scales [37]. In this context, laboratory
experiments serve as an essentially complementary
approach for investigating the dynamics of externally
driven time-varying reconnection under controlled and
reproducible conditions [38–43].
In this Letter, the time-varying reconnection is generated

in a controlled manner by applying an external drive to an
initial broad current sheet. The temporal transition of
reconnection from collisional slow to collisionless fast
regime is initiated when two-fluid effects dominate over
collisional effects, i.e., the ratio of the mean free path of
electron-ion collisions at the X point to the current sheet
thickness exceeds unity. Prior to the transition, plasma on
the low-density upstream side becomes collisionless first,
which is temporally correlated to a significant decrease of
collisionality at the X point. Compared to the collsional
high-density upstream, an enhanced Erec is developed at the
low-density upstream, consistent with the hybrid collision-
less-collisional reconnection scenario [44]. Interestingly,
LHDWs driven by pressure gradient are also detected on
the low-βe (electron plasma beta) side. LHDWs heat
electrons via anomalous resistivity contributing to the
reduction of collisionality on the low-βe side and decreasing
collisionality at the X point, which governs the reconnection
rate in weakly collisional plasmas.
Experimental setup and overview—This experiment is

conducted in the Magnetic Reconnection Experiment
(MRX) device [45]. As shown in Fig. 1(a), deuterium
plasmas and reconnection magnetic field are produced by
toroidal field (TF) and poloidal field (PF) coils embedded
inside the two flux cores. The corresponding current
waveforms are displayed in Fig. 1(b). Antiparallel pull
reconnection occurs during the ramping down phase of the
PF current. The coordinate is defined as follows: R
pointing radially outward, Z along the axial reconnecting
magnetic field, and Y along the out-of-plane direction of
reconnection. The equilibrium field coils provide a static
axial magnetic field to maintain reconnection current
sheets around R ¼ 37.5 cm.
The 2D magnetic probe array consisting of 245 pickup

coils measures three-component magnetic field vector
BðR; ZÞ with spatial resolutions of 2 cm in R and 3 cm
in Z. The reconnection current density is given by
J ¼ ∇ × B=μ0, where μ0 is the vacuum magnetic per-
meability. The reconnection electric field Erec ¼
−ð∂ψ=∂tÞ=2πR, where ψ is the in-plane magnetic flux
function. Electron temperature Te and plasma density ne
are measured by triple Langmuir probes. In the MRX
plasma parameter regime, probe-induced perturbations are
negligible [46], as previously validated against the
Thomson scattering diagnostics [47]. The high-frequency

fluctuation probe is also employed to measure fluctuation
of toroidal electric field δEY and plasma density δne in the
frequency range of 0.1 − 10 MHz [48].
In contrast to the majority of previous laboratory

reconnection experiments, which primarily focused on
quasi-steady-state reconnection [9,49,50], this Letter
emphasizes transient behaviors of reconnection. A two-
step approach is employed to achieve controllable, time-
varying reconnection. First, a weakly reconnecting broad
current sheet is formed by intentionally reducing the
reconnection drive from the PF coil current. Then, a strong
external drive is applied via DCs, which generate an
additional induction electric field EY to further drive
reconnection.

FIG. 1. (a) Schematic representation of the experimental setup
for time-varying magnetic reconnection in MRX. Transient
behaviors with (solid lines) and without (dashed lines, for
reference) external drives: (b) Current of PF (black), TF (blue)
and drive coils (DC, red); (c) half-thickness of current sheets δ;
inset: enlarged view of δ at later time. (d) Reconnection electric
field at the X-point Erec; two vertical gray dashed lines indicate
when the external drive starts and when Erec increases signifi-
cantly. BY profiles of the externally driven (e) and reference (f)
cases measured at t ¼ 334 μs.
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Figure 1(d) shows that Erec is nearly doubled reaching
200 V=m, compared to the reference case without external
reconnection drive (dashed line). Based on the hybrid
Alfvén velocity and reconnecting field defined for asym-
metric reconnection [51], the normalized reconnection rate
is 0.2 for the externally driven case, larger than 0.1 in
reference cases. The reconnection rate in reference cases
agrees with predictions from the Sweet-Parker model [49]
and is thereby characterized as slow. In contrast, externally
driven reconnection proceeds at rates exceeding the pre-
dicted Sweet-Parker rate 0.08.
The faster reconnection rate is supported by the for-

mation of Hall magnetic field BY shown in Fig. 1(e),
suggesting that two-fluid effects dominates [9,52]. For the
asymmetric reconnection, BY structure deviates from the
typical quadrupolar structures, becoming nearly dipolar
[50]. For comparison, the BY profile of the reference case
[see Fig. 1(f)] is generated by the inductive poloidal current
in the counter-helicity reconnection [53], with negligible
signatures of Hall magnetic field.
The half-thickness of current sheets δ is derived by fitting

BZðRÞ to Harris current sheet profiles. Figure 1(c) shows
that a thinner current sheet is formed in the externally
driven fast reconnection with δ=de ≈ 9, where de is the
electron inertial length, smaller than δ=de ≈ 14 in the
reference case at t ¼ 334 μs. The additional current sheet
thinning is temporally correlated with the increase of Erec.
The former δ=de ratio is typical for Hall reconnection in
MRX, though larger than predictions from numerical
simulations [54]. Furthermore, the fast reconnection rate
in externally driven case is consistent with the higher
magnetic energy conversion rate [55] thanks to both larger
EY and JY indicated by the thinner current sheet.
However, the enhancement of Erec exhibits a significant

delay ∼13 μs relative to the external reconnection drive,
denoted by gray dashed lines in Fig. 1(d). This delay cannot
be explained by the typical magnetic diffusion time of an
external electromagnetic field (∼120 μs). Dynamics proc-
esses have to be considered, as previously suggested but not
yet explored [56]. This motivates careful examination of the
temporal transition from collisional slow to collisionless fast
reconnection thanks to the novel reproducible experimental
platform. The following Sections are organized by address-
ing two questions: What is condition for initiating sub-
stantial Erec increase and how is this condition achieved?
What are responsible dynamic processes for the observed
transition?.
Collisionality reduction—To assess the role of collision-

ality in regulating reconnection rate, we present in Fig. 2(a)
the temporal evolution of Erec and the ratio of electron-ion
collision mean free path λmfp to δ at the X point. The
significant enhancement of Erec occurs once λmfp=δ exceeds
unity at t ¼ 326 μs, suggesting that low collisionality is a
necessary condition for the fast reconnection rate. This is
consistent with previous MRX experiments [16,57,58] in

that fast reconnection arises when two-fluid effects domi-
nate over collisional effects. During the fully developed
Hall reconnection at t ¼ 340 μs, the effective resistivity
ηeff ¼ EY=JY ≈ 300 μΩm, larger than the perpendicular
Spitzer resistivity of 100 μΩm, suggests dominance of
collisionless or kinetic effects for fast reconnection in the
collisionless regime. Note that no upstream magnetic flux
pileup [59] is observed during the reconnection transition.
It is worth noting that the controlling parameter λmfp=δ is

effectively equivalent to the more commonly used quantity
di=δSP in our experiment regime [16]. Under the condition
of ion temperature Ti ¼ Te, and ion beta βi ≈ 1,
di=δSP ≈ ðmi=4me=SÞ1=4ðλmfp=δÞ1=2. The first term is esti-
mated to be 1 − 1.5, indicating that the transition condition
λmfp=δ ≥ 1 agrees with di=δSP ≥ 1 within a factor of 2. The
collisionality parameter λmfp=δ is preferable in experiments
as it relies solely on directly measurable quantities whereas
di=δSP depends on generalized Sweet-Parker models,
specific to realistic boundary and plasma conditions [49].
Distinct from previous results based on quasi-steady-

state reconnection, this is the first laboratory observation, to
our best knowledge, of the temporal correlation between
collisionality and reconnection transition. Interestingly, a
similar temporal transition from collisional slow reconnec-
tion to collisionless fast Hall reconnection was reported in a
fully kinetic simulation of isolated collisional current sheets
[20]. In contrast, current sheets are not thermodynamically

FIG. 2. Temporal evolution of (a) Erec (black), λmfp=δ at the
X-point (blue), and (b) λmfp=δ on the low-βe inboard side with
LHDWs (red) and the high-βe outboard side without LHDWs
(gray). The black dashed line at 326 μs indicates that Erec
increases significantly once λmfp=δ at the X point passes unity.
The red and blue dashed lines both at ∼321 μs show collisionality
at the X-point decreases more significantly when λmfp=δ at the
lower density side increases above unity.
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isolated in our experiment because electromagnetic energy
is continuously fed into current sheets from external coils.
This implies that the transition from slow collisional to
collisionless fast reconnection may be a universal process
of current sheets, dictated by internal plasma dynamics,
rather than solely depending on external drives [12].
However, transition to fast reconnection occurs differ-

ently between low and high density sides of upstream with a
density ratio reaching 5. As shown in Fig. 2(b), the inboard
λmfp=δ on the low-βe side exceeds unity at t ¼ 321 μs (red
dashed lines), coinciding with a more rapid reduction of
collisionality at the X point, i.e., when the slope of λmfp=δ at
the X point increases significantly [blue dashed line in
Fig. 2(a)]. Note that the electron convection time from the
inboard upstream to the X point is about 1 μs, within the
temporal resolution of measurements. So, no measurably
significant delay is expected between red and blue dashed
lines, further supporting the causality link between colli-
sionality reduction on the low-βe side and at the X point.
But at the same time, outboard plasmas remain collisional,
λmfp=δ ≈ 0.2 at t ¼ 321 μs mainly due to the higher density,
and finally reach unity toward 340 μs. The reconnection
with vastly different upstream collisional conditions is in the
so-called “hybrid collisional-collisionless” regime, recently
demonstrated in laser reconnection experiments by colliding
two types of laser-ablated plasmas [44].
Reconnection in the hybrid regime manifests as non-

uniform spatial profiles of Erec along R (the inflow
direction) at t ¼ 324 μs, see Fig. 3(b). Erec reaches
120 V=m on the collisionless inboard side, ∼1.5× that
on the collisional outboard side. For reference, no consid-
erable Erec variation along the inflow direction is measured
at t ¼ 310 μs (during slow collisional reconnection) and
t ¼ 334 μs (during typical fast collisional reconnection).
Eventually, the hybrid collisionless-collisional reconnec-
tion evolves into a quasi-steady-state at t ¼ 344 μs, as
evidenced by the relatively uniform Erec within the narrow
current sheet. Therefore, the reduction of inboard collision-
ality lead to this hybrid regime, serving as an intermediate
phase during the transition from slow collisional to fast
collisionless reconnection, where large Erec develops on the
low-βe side first and then penetrates into the high-βe side.
LHDWs and associated electron heating—Now, we

investigate the direct plasma response to the external drive

to elucidate its contribution to the collisionality reduction
on the low-βe side. Figure 4(a) shows that δEY emerges
shortly after the application of external reconnection drive.
For comparison, such fluctuations are absent in the refer-
ence case without external reconnection drive. As is shown
in Fig. 4(b), the fluctuation frequency is approximately
1.5 MHz ∼ ð0.2–0.3ÞfLH, where fLH is the lower-hybrid
frequency. The maximum δEY amplitude 50 V=m reaches
> 50% of Erec.
The spatial and temporal evolutions of fluctuation

amplitude are presented in Figs. 4(c)–4(f) to help identify
the origin of fluctuations. Prior to the application of
external reconnection drive, at t ¼ 308 μs, the plasma
density profile (blue squares) is relatively uniform and
fluctuation amplitudes jδnej < 0.02ne are negligible.
External EY induces larger radial inflow EY=BZ, leading
to the formation of a pronounced density gradient at
t ¼ 316 and 320 μs. As denoted by black dashed lines,
the amplitude peaks of δne align with the locations of the
strongest ne gradient, instead of the center of current sheets.
The fluctuation amplitude jδnej decreases as the density

gradient diminishes at t ¼ 334 μs, even though the recon-
nection current density jJY j continues to increase. This
spatial and temporal correlation between fluctuation ampli-
tude and density gradient demonstrates that the observed

FIG. 3. Toroidal electric field EY profiles at different times,
t ¼ 310 μs (a), 324 μs (b), 334 μs (c), and 344 μs (d).

FIG. 4. Top panel: (a) high-frequency fluctuation δEY with
(black solid line) and without (black dashed line, for reference)
external drives; (b) Spectrogram of δEY with the overlaying white
line denoting half of the lower-hybrid frequency. Same to Fig. 1,
two vertical gray dashed lines denote when the external drive
starts and when Erec increases significantly. Bottom panel: the
spatial profiles of plasma density fluctuation amplitude jδnej
(black squares), plasma density ne (blue squares), and reconnec-
tion current density jJY j (magenta circles) and their temporal
evolution at t ¼ 308 μs (c), 316 μs (d), 320 μs (e), and 334 μs (f).
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fluctuations are electrostatic LHDWs driven by the dia-
magnetic drift present on the low density side, agreeing
well with previous experiments [60]. The measured elec-
tron diamagnetic drift velocity 30 km=s is larger than the
ion sound speed 15 km=s, a condition favorable for
exciting LHDWs [26]. This is also consistent with the fast
LHDW growth rate ∼0.3ωLH, where ωLH ¼ 2πfLH, pre-
dicted by a local quasilinear LHDW model [61].
The emergence of LHDWs is one direct consequence of

the external reconnection drive, which introduces a free
energy source of strong density gradient. LHDWs are
capable of generating anomalous resistivity to heat elec-
trons, further reducing the electron-ion collisionality
[23,27]. Motivated by this, we examine the radial profiles
of Te as a function of time presented in Fig. 5. Before the
application of external reconnection drive at t ¼ 308 μs
when LHDWs are absent, Te ≈ 2.5 eV and 3.5 eV on the
inboard (R < 35 cm) and outboard (R > 40 cm) sides,
respectively. At t ¼ 320 μs, Te on the inboard side, where
LHDWs exist, is increased by 1.5 − 2 eV, larger than the
Te increase of ∼1 eV on the outboard side. Because of
lower ne, electron βe ∼ 0.2 at the inboard LHDW side is
much lower than βe ∼ 1 on the outboard side. The addi-
tional Te increase of 0.5 − 1 eV at the low-βe side suggests
the localized electron heating associated with LHDWs.
At t ¼ 334 μs when LHDW amplitude has significantly

attenuated, the Te profile becomes dominated by recon-
nection-driven heating around the X point. This is a typical
signature of fast reconnection in MRX, which is also
supported by the generation of the Hall magnetic field
[50]. Notably, Te on the low-βe side reduces by ∼1 eV in
the absence of LHDWs, larger than the outboard Te
reduction. This asymmetry of Te reduction further supports
that LHDWs contribute to localized electron heating
at t ¼ 320 μs.
Discussion—To confirm the contribution of LHDW to

electron heating, we calculate the anomalous resistivity
termDY ¼−hδneδEYi=hnei¼−0.5cosθðjδnej=hneiÞjδEY j,
where h…i denotes the temporal average of plasma
quantities over several LHDW periods, θ ¼ 15° is

the phase difference between δEY and δne. The resulting
DY ≈ 6 V=m is not negligible, 30% of the Ohmic electric
field η⊥JY ≈ 20 V=m. Correspondingly, hδEYi exceeds
50% of mean Erec. The anomalous electron heating power
density from LHDWs PLHDW ¼ hδj · δEi ∼ JYDY ≈
1.2 MW=m3 assuming the electron velocity fluctuation
primarily comes from the first order of E ×B drift and
perpendicular hδjY δEYi dominates based on the local
LHDW model with collisions [61]. PLHDW is comparable
to the classic Ohmic heating power density ∼4 MW=m3,
suggesting that both LHDWs and Ohmic heating play
important roles in the observed electron heating. For an
order of magnitude estimation, the expected Te increase
attributed to LHDWs is ΔTe ∼ PLHDWτE=ðkBneÞ ∼ 0.3 eV,
qualitatively in agreement with measured Te increase of
0.5 − 1 eV, where the electron energy confinement time
based on simple random walk model τE ¼ τeiZ2

0=λ
2
mfp ∼

2 μs, Z0 is half the distance between two flux cores and τei
is the electron-ion collision time.
Since electrostatic LHDWs are primarily localized at the

low-βe side, they are generally not considered to directly
alter anomalous resistivity at the X point to influence
reconnection rate. Nevertheless, LHDWs may influence
Erec at the X point indirectly via modifying equilibrium
profiles of current sheets [32]. In this experiment, the
localized electron heating associated with the anomalous
resistivity generated by LHDWs contributes to the reduc-
tion of collisionality in the low-βe upstream region. This
results in the development of larger Erec in the low-βe
collisionless upstream of hybrid collisionless-collisional
reconnection. The heated electrons at the low-βe side can be
transported to the X point via convection or electron mixing
[33], further reducing the collisionality at the X point,
which initiates the fast kinetic reconnection.
Considering Ohmic heating also contributes significantly

to the electron heating at t ¼ 320 μs, it remains an open
question to which extent LHDWs contributes to the
reduction of collisionality at the X point. In addition to
the electron heating, LHDWs of large amplitude may
influence the electron dynamics and facilitate electron
transport to the X point by electron mixing, as demon-
strated in one fully kinetic 3D simulation [33].
Given that LHDWs are capable of heating and trans-

porting electrons in quiet current sheets in the absence of
active reconnection, LHDWs may play important roles in
the onset of reconnection [32]. Laboratory studies of
transient reconnection can potentially become essential
complementary to recently launched space plasma missions,
e.g., Tandem Reconnection and Cusp Electrodynamics
Reconnaissance Satellites, primarily targeting temporally
and spatially varying reconnection [62,63].
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