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Abstract
Clear evidence for a positive correlation is established between the magnitude of magnetic fluc-
tuations in the lower-hybrid frequency range and enhancement of reconnection rates in a well-
controlled laboratory plasma. The fluctuations belong to the right-hand polarized whistler wave
branch, propagating obliquely to the reconnecting magnetic field, with a phase velocity compa-
rable to the relative drift velocity between electrons and ions. The short coherence length and
large variation along the propagation direction indicate their strongly nonlinear nature in three

dimensions.

PACS numbers: 52.35.Vd, 52.35.Qz, 52.35.Ra, 52.72.+v



Magnetic reconnection [e.g. 1] plays an important role in determining the evolution of
magnetic topology in relaxation processes in high-temperature laboratory plasmas, mag-
netospheric substorms, solar flares, and more distant astrophysical plasmas. Often, mag-
netic reconnection is invoked to explain the observed rapid release of magnetic energy in
these highly conducting plasmas. A central question of magnetic reconnection concerns
why the observed reconnection rates are much faster than predictions by the Sweet-Parker
model [2, 3] based on magnetohydrodynamics (MHD) with the classical Spitzer resistivity.
In this two-dimensional (2D) model, the infinitely small resistivity causes magnetic field to
dissipate only in very thin current sheets, which impede the outflow of mass leading to sig-
nificantly slow reconnection rates. The subsequently proposed Petschek model [4] is based
on standing slow shocks to open up the outflow channel allowing larger mass flows thus the
faster reconnection rates. However, it has been shown later [5, 6] that the Petschek solution
is not compatible with uniform or smooth resistivity profiles. On the other hand, perhaps
not surprisingly, the plasma resistivity can be enhanced due to microinstabilities which are
often active only in the reconnection region where plenty of free energy exists in the form of
a large relative drift between ions and electrons and large inhomogeneities in pressure and
magnetic field. This anomalous resistivity not only can broaden the current sheet to increase
the mass flow and the reconnection rate in the context of the Sweet-Parker model [7] but
also its localization is able to open up the outflow channel for the fast reconnection [7-9].
Alternatively, a recent theory [10] attempts to explain fast reconnection rates based on non-
dissipative terms, notably the Hall term, in the generalized Ohm’s law in a 2D and laminar
fashion.

The underlying microinstabilities [1] for the resistivity enhancement have been considered
to be predominantly electrostatic in nature due to their effectiveness in wave-particle inter-
actions. The primary candidate is the Lower-Hybrid Drift Instability (LHDI) [11], which
has been frequently observed in space plasmas [12, 13]. Recently this instability has been
studied in direct relation with reconnection in laboratory [14] and in space [15, 16]. The
main conclusion of these studies is that the LHDI is active only at the low-3 edge region
of current sheet, but not at the high-3 central region, where the resistivity needs to be
enhanced for fast reconnection. This conclusion is consistent with an earlier theory [17]
which showed stabilization of LHDI by finite plasma [, and also with more recent numerical

simulations [18, 19].



By contrast, much less attention has been paid to electromagnetic fluctuations and their
relation with reconnection, although they have been also regularly observed in space [12]. In
this Letter, we report the first clear experimental evidence for electromagnetic fluctuations
in the lower-hybrid frequency range during fast reconnection in a well-controlled laboratory
plasma, Magnetic Reconnection Experiment (MRX) [20]. The observed waves are identified
as right-hand polarized whistler waves propagating obliquely to the magnetic field. Earlier
laboratory experiments [21] on reconnection have indicated evidence for high-frequency elec-
tromagnetic fluctuations in the electron MHD regime where only electrons are magnetized,
but their roles in the reconnection process were unclear. On the other hand, most plasmas
of interest for the reconnection problem are well into the MHD regime where ions are also
magnetized at least outside of the reconnection region, as in MRX. In one case, magnetic
fluctuations have been interpreted as byproducts of LHDI in space plasmas [15].

In the MRX, magnetic reconnection is driven by reducing currents in two flux cores
whose toroidally symmetric shape ensures the global 2D geometry, as illustrated in Fig.1.
Oppositely directed field lines in the Z direction are pulled together radially, forming a cur-
rent sheet flowing along the 6 direction. All essential parameters needed for characterizing
reconnection are measured by an extensive set of diagnostics [20]. In a previous quantita-
tive study [22], it was shown that the observed reconnection rates can be explained by a
modified Sweet-Parker model including an effective resistivity, determined experimentally
by n* = Ey/js where Ey and jy are toroidal reconnecting electric field and current density,
respectively. In highly collisional plasmas, n* is very close to the classical Spitzer perpen-
dicular resistivity nspitzer [23] wWhile n* > ngptizer When the collisionality is reduced [22], in
correlation with strong nonclassical ion heating [24]. High-frequency fluctuations have been
measured in MRX in order to explore the possibility of the resistivity enhancement due to
microinstabilities in low collisionality regimes. Although the LHDI was identified at the
low-3 edge region of the current sheet, electrostatic fluctuations did not correlate well with
the reconnection process in their temporal and spatial behavior as well as their collisional-
ity dependence, leading to a conclusion that the electrostatic fluctuations do not play an
essential role in the fast reconnection in MRX [14, 25].

The experimental results reported here focus on electromagnetic fluctuations, which do
correlate well with fast reconnection. The main diagnostics used are based on four small

magnetic pickup coils mounted inside an electrostatically shielded glass tube. All three com-
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FIG. 1: Experimental setup in MRX for magnetic reconnection which is induced by reducing coil
currents in the “flux cores”. Oppositely directed magnetic field lines is driven towards each other
to form a current sheet flowing in the 6 direction. Inflow and outflow are in the radial (R) and

axial (Z) directions, respectively.

ponents of magnetic field are measured at almost the same location. The probe outputs are
fed into a miniature circuit board, which houses four amplifiers embedded in the probe shaft
near the tip in order to provide noise immunity and impedance matching. The integrated
bandwidth is up to 30 MHz.

Typical raw signals are shown in Fig.2 during a single discharge when reconnection is
induced. High-frequency fluctuations appear in all three components of magnetic field right
after t = 260us when the current sheet is formed, and persist as long as the reconnection
goes on. Spectrograms, which display the fluctuation power in the time-frequency domain,

are shown in the right panels of Fig.2. It is seen that discrete peaks exist in the lower-
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FIG. 2: Traces of typical raw signals during reconnection represented by plasma current (top left
panel). Spectrograms of each signal are also shown on the right panels where fluctuation powers are
color-coded (decreasing power by order of red, yellow, green, blue and white) in the time-frequency

domain. The black lines indicate local frp.



hybrid frequency range and they tend to also vary accordingly with the changes in the local
lower-hybrid frequency fiu = v/feofei, shown as black lines [35]. The spatial profile of the
total fluctuation amplitude ]§] is plotted in Fig.3. The fluctuations have large amplitudes
consistently near the current sheet center with peak ]é |/Bup up to 5%, where By, is the
upstream reconnecting magnetic field. It should be noted that both temporal behavior and
spatial behavior of the magnetic fluctuations are in sharp contrast with the electrostatic
fluctuations [14, 25].

In order to identify the observed electromagnetic waves, it is crucial to measure their
propagation characteristics. Two techniques have been employed for this purpose. The
first one is called the hodogram technique [26], which is based on the tip trajectories of a
fluctuating magnetic field vector measured at a single point in space. For a given frequency,
the condition V- B = 0 can be translated to k- B = 0 where k is the dominant wavenumber
vector, the direction of k can be determined by the right-hand rule B(to) x B(to + 6t) when
f > f.. Power spectra of the fluctuating magnetic field can be constructed in the domain
of frequency and the angle between k and the background By, as shown in Fig.4(left). It is
seen that in the low frequencies, k has a rather large angle (~ 60°) to By with a broad spread
while in higher frequencies, k has a rather small angle (~ 30°) to By with a narrow spread.
In addition, since the k vector has only a small radial component (not shown), k remains
in the Z — 0 plane. Therefore, it is concluded that the observed magnetic fluctuations are
right-hand polarized whistler-like waves propagating obliquely to the magnetic field while

staying within the current sheet.
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FIG. 3: Radial profile of total amplitude of magnetic fluctuations with f > 1MHz at four time

points. The current density profiles (dotted lines) are also shown for reference.
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FIG. 4: Power spectra (color-coded as in Fig.2) for B in the domain of frequency and the angle
between dominant k and By (left) and for By in the domain of frequency and kg (right) at
R = 40cm.

While the direction of k is determined by the hodogram technique, its magnitude or the
wavelength is determined by a second technique using the phase shift measured between
two spatial points. Two glass tubes, each containing a pickup coil, are mounted to a probe
shaft with a distance of 7 mm between their axes. Each signal is fed to a single-channel
version of the miniature in-shaft amplifier [14]. The phase shift along the 6 or Z direction
is measured to construct power spectra in the domain of frequency and ky [Fig.4(right)]
or kz (not shown). It is found that the magnetic fluctuations propagate mainly in the
—0 direction, along which electrons drift, but not in the Z direction. The phase velocity,
Von = (3.4 £0.8) x 10°m/s calculated from the slope of the black line in Fig.4(right), is
reasonably consistent with the relative drift velocity Vy = ja/en = (2.5 £ 0.9) x 10°m/s,
where n is the plasma density.

The measurements of the propagation characteristics described above are made at the
outer edge of the current sheet (R=40cm) where the fluctuations have only moderate am-
plitudes (see Fig.3) and stay relatively coherent within the probe separation. At the current
sheet center where the fluctuation amplitude peaks, the measurements of k have not been so
successful due to extremely short coherence lengths. The coherence v = |B1Bj|/(|B:]|Ba|)
between signals By and By rapidly decreases to the noise level when the separation is larger
than 0.5—1.5 cm, suggesting their strongly nonlinear nature. (For comparison, the wave-
length measured at R =40cm in the same 6 direction is ~ 5cm for f=10MHz.) Furthermore,
it is found that the fluctuation amplitude varies substantially along the 6 (current) direc-

tion, breaking the 2D axisymmetry of the current sheet and consequently the reconnection



process. Further detailed measurements indicate that the fluctuation amplitude tends to
correlate with the local Vy.

The next important question concerns how the observed magnetic fluctuations are re-
lated to the resistivity enhancement, and thus the fast reconnection process in MRX. It is
consistently found that the fluctuation amplitudes are sensitive to plasma density or equiv-
alently the collisionality. For example, when the density is reduced from ~ 5 x 10*m~3 to
~ 2 x 10"m™3, | B| increases from 0.1 G (close to the noise level for the measurements) to
~ 1 G, as shown in Fig.5. Since the resistivity enhancement also strongly depends on the
plasma collisionality [22] (Fig.5), a clear positive correlation between magnetic fluctuations
and resistivity enhancement is established, as shown in Fig.6 [36].

Given the experimental data described above, it is clear that the observed electromag-
netic waves are caused by microinstabilities driven by free energy stored in the reconnecting
current sheet, in the form of large V4 and/or large inhomogeneities. Since essentially no elec-
trostatic fluctuations are detected concurrently, the observed magnetic fluctuations cannot
be simply byproducts of LHDI, which is driven by inhomogeneities, propagating primarily
perpendicular to the field. In addition, magnetic fluctuations due to LHDI are dominated
by their component along By while experimentally all three components have roughly the
same amplitude (see Fig.2). The waves also cannot be described as whistler waves driven
by electron temperature anisotropy [27], which propagate mainly along By.

Many observed key features of the magnetic fluctuations, however, are consistent with
the so-called Modified Two-Stream Instability (MTSI) in the high-g limit [11, 28-31]. In
contrast to LHDI, MTSI is driven only by a large relative drift across the magnetic field
in homogeneous plasmas. In the low-3 limit, both LHDI and MTSI behave similarly [32].
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FIG. 5: Density dependence of By amplitude at the current sheet center and resistivity enhance-

ment.
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FIG. 6: Resistivity enhancement versus fluctuation amplitude of By at the current sheet center.

When £ is large (2 1), LHDI is stabilized [17] while MTSI remains unstable but the Alfvén
speed Vj replaces the ion sound (or thermal) speed as the critical speed for V4. The resultant
waves are largely electromagnetic and right-hand polarized whistler-like waves propagating
obliquely to the field with V,, ~ V4 [28]. Under certain conditions similar to those at the
current sheet in MRX such as § 2 1 and V3/Vy 2 5, the waves are unstable only at certain
propagation angles to the field [30, 31]. However, the discrete peaks in the frequency spectra
(Fig.2) cannot be explained by these theories, which were based on the slab geometry. Global
eigenmode calculations taking into account the boundary conditions, as have been done for
LHDI [33, 34], may explain the discrete frequency peaks.

Quantitative estimates of resistivity enhancement due to these fully nonlinear waves as
described above are not straightforward. Nonetheless, examinations of each term in the
generalized Ohm’s law reveal that the turbulent Hall term due to the magnetic fluctuations
could be sufficiently large to balance the reconnecting electric field if the measured coherence
lengths are used as the perpendicular scale length. Other candidates, such as off-diagonal
terms in the pressure tensor, can also possibly provide required effective friction between
electrons and ions as a result of wave-particle interactions.

In summary, a detailed experimental study in MRX has established, for the first time, a
clear and positive correlation between magnetic fluctuations in the lower-hybrid frequency
range and fast reconnection in the low-collisionality regimes. The waves have been identi-
fied as right-hand polarized whistler waves, propagating obliquely to the reconnecting field,
with a phase velocity comparable to the relative drift velocity. These waves are consis-
tent with the modified two-stream instability driven by large drift speeds compared to the

Alfvén speed in high-# plasmas. The short coherence length and large variation along the



propagation direction indicate their strongly nonlinear nature. Quantitative understanding
of the effects of these waves on the resistivity enhancement, and thus reconnection rates,
requires further experimental efforts to directly measure relevant terms in the generalized
Ohm’s law. Theories and numerical studies of linear and nonlinear characteristics of current-
driven microinstabilities using proper models and boundary conditions in 3D should provide
much-needed physical insight.
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