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Measurement of the Hall Dynamo Effect during Magnetic Reconnection
in a High-Temperature Plasma
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The fluctuation-induced Hall electromotive force, (8] X 8B)/ n.e, is experimentally measured in the
high-temperature interior of a reversed-field pinch plasma by a fast Faraday rotation diagnostic. It is
found that the Hall dynamo effect is significant, redistributing (flattening) the equilibrium core current
near the resonant surface during a reconnection event. These results imply that effects beyond single-
fluid MHD are important for the dynamo and magnetic reconnection.
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Magnetic reconnection and self-generation of magnetic
field are two coupled processes widespread in both labo-
ratory and astrophysical plasmas. Many explanations for
magnetic field generation, the dynamo effect, rely upon
the simultaneous occurrence of reconnection. Over the
past several decades the dynamo has been treated mainly
as a single-fluid MHD phenomenon. However, there are
also processes beyond MHD that can produce dynamo
effects. In this Letter, we present experimental observa-
tion of the Hall dynamo—a dynamo effect that arises
from the Hall term in two-fluid theory. The observations
also establish the importance of the two-fluid Hall effect
in magnetic reconnection (or plasma relaxation [1]).

The two-fluid physics of dynamo and reconnection is
captured by generalized Ohm’s law [2]
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where 7, is the electron density, e is electron charge, and
P, is electron pressure. J, E, v, B, n are the plasma current
density, electric field, ion velocity, magnetic field, and
resistivity. Both reconnection and dynamo are generated
by spatial (and possibly temporal) fluctuations in the
various fields contained in the two-fluid description. The
parallel mean-field Ohm’s law is constructed to isolate
the different dynamo mechanisms. We decompose each
quantity into mean and fluctuating parts, and take the
ensemble average of the parallel component of Eq. (1) to
yield
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where & denotes a fluctuating quantity, () denotes a mean
or ensemble-averaged quantity, the inertial term (dJ/dr)
is negligible, and all other quadratic terms driven by
density and electron pressure fluctuations vanish upon
ensemble averaging. We note that mean current (right-
hand side) can be driven by two fluctuation-induced
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terms: the MHD dynamo (second term on left-hand
side) arising from the correlation of magnetic and veloc-
ity fluctuations, and the Hall dynamo (third term) arising
from the correlation of the magnetic and current density
fluctuations.

In the reversed-field pinch (RFP) laboratory plasma,
the current profile undergoes a sawtooth (or relaxation)
oscillation characterized by a slow peaking of current
profile followed by a rapid flattening. It is well known
that during a plasma relaxation event the current density
is not balanced by the electric field (first term on the left-
hand side). During relaxation, corresponding to the crash
phase of a sawtooth oscillation, the current density profile
is altered by fluctuations arising from tearing instabil-
ities. Nonlinear MHD theory provides a detailed expla-
nation for the current profile relaxation based on the
MHD dynamo [1,3]. However, recent analytical, quasi-
linear calculation suggests that the Hall dynamo may be
important [4]. Computation of Hall dynamo for astro-
physical application [5] and laboratory plasma [6] also
indicates that there are situations where the Hall dynamo
could be significant.

We report here measurements of the Hall dynamo in
the Madison Symmetric Torus (MST) RFP experiment.
Prior measurements in the extreme edge of MST (the
outer 10%, beyond the reversal surface) with probes
have shown that the MHD dynamo is strong [7], while
the Hall dynamo is weak [8]. However, it was also ob-
served that the MHD dynamo becomes weak for deeper
probe insertion. We have now measured the magnetic field
and current density fluctuations (and their spatial distri-
bution) in the hot plasma core using a high-speed laser
Faraday rotation diagnostic. We find that the Hall dynamo
is significant and acts to reduce the core mean current
during a sawtooth crash when the current density profile
relaxes toward a minimum energy state. These results
indicate that effects beyond single-fluid MHD may be
important for the dynamo and reconnection.
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FIG. 1. Dynamics of (a) equilibrium current density at the
magnetic axis, (b) inductive equilibrium electric field, and (c)
local current density fluctuation near the resonant surface for
(1, 6) mode during plasma relaxation event (sawtooth crash).

MST is a device with major radius Ry, = 1.5 m, minor
radius @ = 0.52 m, discharge current 350 ~ 400 kA, line-
averaged electron density 71, ~ 1 X 10" m~3, and elec-
tron temperature 7,, ~ 300 eV. MST plasma is confined
by the toroidal magnetic field By, and comparable
poloidal magnetic field B,. Safety factor ¢(r) =
L [B(l,(r)/Bg(r)] = 0.2 on the magnetic axis and mono-
tomcally decreases toward plasma edge where it reverses
sign. Magnetic fluctuations in MST have a broad spec-
trum but are dominated by core resonant tearing modes
with poloidal, toroidal mode numbers m = 1, n = 5-10,
respectively. Typically, the core resonant (1, 6) mode has
the largest amplitude and will be the focus of this Letter. |

Magnetic field, magnetic field fluctuations, and current
density fluctuations are measured by a fast (up to ~1 us)
Faraday rotation diagnostic [9] where 11 chords (chord
separation ~8 cm) probe the plasma cross section verti-
cally. MST discharges display a sawtooth cycle in many
parameters. Prompt reduction of the current density J at
the magnetic axis during a typical plasma relaxation
event is shown in Fig. 1(a). All measured quantities in
parallel Ohm’s law are ensemble averaged over these
reproducible sawtooth events. The induced toroidal elec-
tric field during relaxation is shown in Fig. 1(b), where
E, =~ E, for plasma core. This electric field is given by
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where V; is the loop voltage measured at the plasma
surface and the second term is obtained by measurement
of equilibrium dynamics [10]. The current density profile
changes much faster (~ 100-200 ps) than a resistive
diffusion time in the island [7x ~ uo(w/m)?/m ~
160 ms, where w is island width]. The induced electric
field force is much greater than the collision force (nJ,
where 7 ~2~4X 1077 Qm™'). A magnetic fluctua-
tion-induced electromotive force is believed necessary
to balance Ohm’s Law and redistribute the mean current
during the relaxation event..

In cylindrical coordinates, the Hall dynamo ex-
pression (8] X BB>///n e can be rewritten by using V e
8B=0, VXG&B=puydJ, and taking a flux sur-
face average of the fluctuations where (iéb;0b;) =
(1/442) f%” [57i8b,6b;d0 dp=0,1=r,0, ¢. This re-
sults in a simplified expression for the parallel component
of the Hall dynamo in terms of (8b,,8b,) near the reso-
nant surface (k o B= “By+ 5By =0):
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where | correlation. In the following, each of these measurements
will be discussed.

By mR\27 By By \2 First, current density fluctuations are measured di-
A= f[l + (nrs ) }_ f[l + <B_9) } rectly by Faraday rotation. It has previously been estab-
B mR\27 B B.\2 lished [11] that the current fluctuation between

A, =21 - =20 (=2 polarimeter chords is

B nrg B By

and B, By, and B are the known equilibrium toroidal,
p0101dal and total magnetic field. The (X 8b, 2 réb,) term
is found to be small in experiments where 8by(ry) ~ 0and
B4 = By near the resonant surface as will be discussed
later.

To investigate the role of the Hall dynamo ((6] X
5B) ///n.e) on the mean current density profile, we require
measurement of (1) the local current density fluctuation,
0jg (2) magnetic field fluctuation 6b,, and (3) their
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where ¢y is a constant, =cp [n, 8B e di ~

crit, [ 8B e dl is the fluctuating Faraday rotation signal,
X1, X, are impact parameters of the selected chord pair,
and 71, is mean electron density. The above equation
holds true for the central six polarimeter chords where
the density fluctuations are negligible due to the small
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density gradient in the core and the m = 1 nature of the
perturbation [11,12]. This line-averaged measure of the
current fluctuation (81) can then be inverted to obtain
the local current density perturbation, &;4(r) by asym-
metric Abel inversion [12,13]. Since the measured helical
current fluctuation is localized near the resonant surface
g=1/6(ke EO = (), the temporal dynamics of the local
current density fluctuation 8, can be directly measured
by the pair of chords nearest the resonant surface, as
shown in Fig. 1(c) for (1, 6) mode. Using this approach,
it is determined that the current density fluctuation am-
plitude reaches 8j,/Jy ~ 5—6% at the sawtooth crash
with radial extension = 8§ cm.

Second, the magnetic fluctuation amplitude spatial
profile can be obtained by integrating the current fluc-
tuation. However, in order to determine more precisely
the magnetic and current density fluctuation profiles, we
have developed a simple fitting routine where it is as-
sumed that the resonant current density fluctuation profile
has the form 8,(r) = j,exp{—[(r — r,)/w]*}, with j,
(amplitude), r, (resonant surface location), and w (width)
serving as free parameters. Each is determined by mak-
ing a best fit to the measured fluctuating Faraday rotation
profiles. Once the fluctuating current density distribution
is identified, the magnetic fluctuation spatial profile can
be obtained by using V X 6B = uy6J, V ® 6B = 0, and
V e §J = 0 in a cylindrical geometry. Determination of
the magnetic fluctuation spatial profile for a specific mode
(m, n) is accomplished by integrating above equations
with assumption 8j; < 6j, and boundary condition
6b,(a) = 0. Therefore, a modeled Faraday rotation fluc-
tuation for a specified current profile yM(j,, r, w) =
cp [n,(r)(8D,sind + 6bycosf)dz can be constructed
for each chord by minimizing x?> =% {[¢; —
I o o WP/ 07} + {[8b} (@) = by(@)}P/0?} with re-
spect to the free parameters (j,, r,, and w). For this
expression, o;, o are measurement error, by (a) is mea-
sured by magnetic coils mounted inside the vessel, and
bg” (a) is a modeled value. In the minimization procedure
we specify j,, ry, w and obtain both the magnetic field and
current density fluctuation profiles. The measured
Faraday rotation fluctuation profile and best fit result are
shown in Fig. 2 for the (1, 6) mode. Further details of the
analysis procedure will be published elsewhere.

The resulting magnetic field fluctuation and current
density fluctuation spatial profiles for the dominant,
core resonant, (1,6) mode are shown in Fig. 3. Un-
certainty due to the fitting procedure and experimental
error is also estimated. Radial magnetic field fluctuations
are observed to extend continuously through the rational
surface indicating their resistive nature. Poloidal mag-
netic fluctuations change sign across the resonant surface,
which is in qualitative agreement with previous meas

density fluctuation (8j,/Jy ~ 4.5%)
17 cm where the (1, 6) mode resona,

045002-3

surface is located

— 0.20 o Faraday Fluct.
® 0.15 — Fitting
2. 0.10
0.05
2
o 0.00 . | L .
-20 0 20 40
X [cm]

FIG. 2. Faraday rotation fluctuation amplitude for different
chords for (1,6) mode. Circles represent measured Faraday
rotation fluctuation. Solid line is fitting result.

based on equilibrium magnetic field measurements. The
fluctuating current channel radial width is approximately
8 = 3 cm. Amplitude, radial width and location are all
consistent with the direct current density fluctuation
measurement discussed earlier. Near the resonant surface,
measurements show 8by(r;) ~ 0, (3b,/dr) <K (dby/dr),
and B, = By, justifying the simplification made in
Eq. (4).

Although the radial structure is localized, the m = 1
perturbation is distributed poloidally over a large region
making the mode global. For a global mode, the multiple
polarimeter chords can be used to spatially resolve the
perturbed current profile. The current sheet width is much
greater than the resistive skin depth (~ 0.2 cm) and is
comparable to the ion skin depth (c¢/wy) ~ 10 cm in
MST where w,; is ion plasma frequency . Therefore,
magnetic reconnection associated with mean current
transport in MST occurs much faster than a resistive
time. The measured fluctuation profiles are consistent
with tearing mode theory where the current perturbation
is local and the magnetic fluctuation is global.

Finally, the phase between 6/, and 8b, can be obtained
by ensemble averaging. In MST, rotation of the low-n
magnetic modes transfers their spatial structure in the
plasma frame into a temporal evolution in the lab frame.
Since the magnetic modes are global, for convenience w,

120+ w=8cm
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FIG. 3. (a) Radial and poloidal magnetic fluctuation spatial
profile for dominant (1, 6) mode, (b) corresponding current
density fluctuation spatial profile. Vertical dashed line indicates
(1, 6) mode resonant surface.
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FIG. 4. (a) Dynamics of Hall dynamo (solid line) and in-
ductive electric field (dashed line) during magnetic relaxation
(t = 0 denotes sawtooth crash). (b) Hall dynamo spatial profile
for (1,6) mode. Data ensemble averaged over 380 sawtooth
events. Vertical dashed line indicates resonant surface.

8jg(ry) and &b, for the specified mode. For tearing
modes, the perpendicular magnetic perturbation has a
constant phase over minor radius [3,4], which has been
verified by probe measurements in lower temperature
plasmas. The measured Hall dynamo increases dramati-
cally prior to the sawtooth crash, reaching ~50 *
10 V/m as shown by the solid line in Fig. 4. This occurs
because the phase difference between the fluctuating cur-
rent and magnetic field deviates from 90° (by 10°) while
their amplitudes increase. Away from the sawtooth crash,
the Hall electric field (averaged over time window —2 to
—1 ms) is relatively small ( ~ 1.75 = 0.5 V/m). At this
time, the current density fluctuation has a near 90° phase
difference with the magnetic fluctuations, although both
0j4 and &b, are nonzero.

The Hall dynamo driven current in the core is found to
oppose the mean current. From Fig. 4(a) it is observed
that the large Hall electromotive force is comparable to
the induced electric field and acts to suppress equilibrium
current during plasma relaxation. The resistive force, nJ,
is small compared to both the induced electric field and
the Hall dynamo during the sawtooth crash. This direct
measurement of a substantial Hall dynamo in a high-
temperature laboratory plasma indicates that two fluid
effects are necessary to understand plasma relaxation.

The fluctuating current §j, peaks at the resonant sur-
face and hence the Hall dynamo has a maximum there as
well. As shown in Fig. 4(b), the width is ~8 cm. This is
estimated by using Eq. (4) and assuming the current
fluctuation phase is spatially constant. The Hall dynamo
is spatially localized to the region of the resonant surface
and an additional dynamo mechanism may be required to
balance the induced electric field elsewhere. Such a pic-
ture is qualitatively consistent with quasilinear theory [4]
which predicts a localized Hall dynamo and a more
diffuse MHD dynamo away from the resonant surface.
However, the measured width is much greater than that
predicted. This implies that magnetic field fluctuation
nonlinear dynamics play an important role in Hall dy-
namo. The relative contributions of different dynamo
mechanisms (e.g., the Hall and MHD dynamo) across
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the whole plasma cross section remains to be determined
by future experiments.

The Hall dynamo on MST appears to be strongly
influenced by nonlinear mode-mode interaction within
a broad mode spectra in the RFP [e.g., coupling between
(1,6), (1,7), and (0,1) modes] [1]. The nonlinear coupling
of modes primarily alters the phase relation between
fluctuating current and fluctuating magnetic field. In non-
reversed plasma discharges where the m = 0 resonant
surface is removed, we find the Hall dynamo decreases
significantly, suggesting nonlinear mode coupling is in-
deed important.

In summary, we have measured the current density
fluctuation and magnetic field fluctuation spatial profile
in a high-temperature plasma by using a fast laser-based
Faraday rotation diagnostic. These fluctuations have char-
acteristics consistent with expectations for resistive tear-
ing modes. The Hall electromotive force along the mean
magnetic field direction, (6J X 6B)//n,e, is found to be
significant near the mode resonant surface. The Hall
dynamo acts to reduce mean current density in the core
and balances the inductive electric field induced at a
sawtooth crash. These experiments establish that effects
beyond single-fluid MHD are important for the dynamo
and magnetic reconnection.
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