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In this paper measurements of momentum and current transport caused by current driven tearing
instability are reported. The measurements are done in the Madison Symmetric Torus reversed-field
pinch #R. N. Dexter, D. W. Kerst, T. W. Lovell, S. C. Prager, and J. C. Sprott, Fusion Technol. 19,
131 !1991"$ in a regime with repetitive bursts of tearing instability causing magnetic field
reconnection. It is established that the plasma parallel momentum profile flattens during these
reconnection events: The flow decreases in the core and increases at the edge. The momentum
relaxation phenomenon is similar in nature to the well established relaxation of the parallel electrical
current and could be a general feature of self-organized systems. The measured fluctuation-induced
Maxwell and Reynolds stresses, which govern the dynamics of plasma flow, are large and almost
balance each other such that their difference is approximately equal to the rate of change of plasma
momentum. The Hall dynamo, which is directly related to the Maxwell stress, drives the parallel
current profile relaxation at resonant surfaces at the reconnection events. These results qualitatively
agree with analytical calculations and numerical simulations. It is plausible that current-driven
instabilities can be responsible for momentum transport in other laboratory and astrophysical
plasmas. © 2009 American Institute of Physics. #DOI: 10.1063/1.3090325$

I. INTRODUCTION

The physics of intrinsic plasma rotation and momentum
transport is of interest in both laboratory and astrophysical
plasmas. In many cases rotation is observed even in the ab-
sence of externally applied torques. It is also observed that
the rate of the radial momentum transport can greatly exceed
that predicted from classical collisional viscosity. A widely
accepted premise is that the flow is driven by fluctuation-
induced stresses !Maxwell and Reynolds" caused by an in-
stability. The specific nature of the instability can vary de-
pending on the type of plasma. For example, while the cause
of intrinsic plasma rotation in a tokamak is not yet fully
understood,1 it is nonetheless believed that the flow is driven
by electrostatic fluctuations.2 Plasma rotation in the reversed-
field pinch !RFP" in the absence of discrete magnetic recon-
nections is attributed to electrostatic fluctuations as well.3,4

In astrophysical accretion disks, the rapid radial transport of
angular momentum is believed to be caused by flow driven
magnetorotational instability.5

Magnetic fluctuations have been long considered as a
plausible candidate for explaining energy, particle, and cur-
rent transport in various magnetic confinement configu-
rations.6–9 In the RFP, magnetic field is strongly sheared and
multiple resonance surfaces exist across the minor radius at
locations where the safety factor q!r"=rB! /RB" is a rational
number m /n, where m is poloidal and n is toroidal mode

number. In the Madison Symmetric Torus !MST" RFP mul-
tiple tearing modes are spontaneously excited at the resonant
surfaces during global reconnection events,10–12 which give
rise to the fluctuation-induced electromotive forces !EMFs"
affecting current dynamics. These EMFs, also called
magnetohydrodynamic13–16 !MHD" and Hall17–19 dynamos,
lead to relaxation and flattening of the parallel current den-
sity profile in MST.20,21

The plasma in the MST RFP rotates spontaneously, and
this rotation abruptly changes during repetitive bursts of tear-
ing fluctuations that cause magnetic field reconnection.22,23

Thus, another mechanism of momentum transport—
fluctuation-induced stresses from current-driven tearing
instability—can exist. Prior measurements made in the MST
RFP found that momentum transport is anomalous and that it
is strongly enhanced by the nonlinear coupling of multiple
tearing modes.23,24

In this paper we provide new experimental evidence for
momentum transport driven by tearing instability. We present
measurements that illustrate the parallel flow profile flatten-
ing during the reconnection events. We also present detailed
local measurements of fluctuation-induced Maxwell and
Reynolds stresses in the plasma edge and the core that drive
this relaxation !in the core, only the Maxwell stress has been
measured". A surprising result is that both stresses are large
and oppositely directed, and their net balance is approxi-
mately equal to the plasma acceleration. In addition, it is
shown that momentum dynamics is closely coupled to the
current dynamics. The fluctuation-induced Maxwell stress
enters Ohm’s law as the Hall dynamo. Both Hall dynamo and
Maxwell stress are shown to be large at the resonant surfaces
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during reconnection events and are responsible for driving
electric current and plasma flow, respectively. We also pro-
vide additional evidence that the multiple global reconnec-
tions are imperative for momentum transport. The previous
experiments demonstrated that momentum transport is small
during reconnection events in the nonreversed RFP plasma
with only the core modes being resonant.23 Here, we have
shown that momentum transport also remains small for the
case of reversed plasma, where both core and edge modes
are resonant, but only the core resonant modes are large,
while the edge modes are small.

The article is organized as follows. In Sec. II a short
summary of two-fluid relaxation theory is presented. In Sec.
III MST experimental setup and measurement techniques
are described. Section IV reports measurements of the
fluctuation-induced Hall dynamo. In Sec. V measurements of
the momentum transport and fluctuation-induced forces are
presented. Section VI contains discussion and Sec. VII pro-
vides conclusions.

II. PLASMA RELAXATION IN RFP

A. Current profile relaxation

Current profile flattening is one of the key predictions of
Taylor’s relaxation theory—under an assumption of global
helicity conservation the plasma state with the minimum en-
ergy has a uniform j% /B profile, where B is the magnetic field
and j% is the current density component parallel to the mag-
netic field.25 Likewise, three-dimensional resistive MHD
simulations show that when the magnetic fluctuations are
larger, the current profile is flatter,13 a trend consistent with
Taylor’s conjecture. The experimentally measured dynamics
of the current profile evolution in MST agrees with this
prediction—the current profile flattens at the reconnection
event.20,21

The driving forces for these phenomena have been asso-
ciated with the fluctuation-induced intrinsic EMF or dynamo.
The generation and sustaining of the mean field-aligned elec-
tric current is present in many laboratory and astrophysics
plasmas. In particular, it is known that in the RFP the simple
Ohm’s law is not satisfied !E##j" in the discharges with
large magnetic fluctuations and that some noninductive cur-
rent drive mechanism must exist.15,26 It is especially evident
in the vicinity of the RFP reversal surface, where the mag-
netic field and the plasma current become almost entirely
poloidal while the externally applied inductive electric field
has only the toroidal component. Moreover, the electric field
and field-aligned current are antiparallel in the plasma edge
during global reconnection events.

In the framework of the two-fluid MHD, the current dy-
namics are governed by the generalized Ohm’s law that can
be written in the form27

E + v $ B = #j +
j $ B

ne
−

$Pe

ne
−

me

e

dve

dt
. !1"

Here, E is the electric field, B is the magnetic field, j is the
total current density, Pe is the electron pressure, v is the ion
fluid velocity, ve is the electron fluid velocity, n is the plasma
density, # is the plasma resistivity, me is the electron mass,

and e is the electron charge. The last three terms on the right
hand side !RHS" of Eq. !1", the Hall term, gradient of the
electron pressure, and electron inertia represent the two-fluid
effects beyond the standard MHD description. It has been
recently theoretically demonstrated that two-fluid physics
play an important role during magnetic reconnection
process28,29 and the Hall effect has been experimentally ob-
served in the magnetospheric30 and laboratory31 current
sheets.

After representing each of the quantities in Eq. !1" as a
sum of its mean value and a nonaxisymmetric fluctuating
component !denoted by the tilde", averaging over a magnetic
flux-surface !denoted by &. . .'", and taking the component
parallel to the equilibrium magnetic field, the parallel mean-
field Ohm’s can be written as14

#j% = E% + &ṽ $ B̃'% −
1
ne

&j̃ $ B̃'% , !2"

where j% = &j%' is the mean current density and E% = &E%' is the
mean parallel electric field. The second term on the RHS is
the fluctuation-induced MHD dynamo and the third term is
the Hall dynamo. Here, the electron inertia term has been
neglected because it is small, and the parallel pressure gra-
dient term has vanished upon the flux-surface averaging.

The MHD dynamo was measured in Refs. 15, 16, and 32
and was found to be significant in the core as well as at the
periphery of the plasma. However, it was shown in Ref. 16 to
be small in the vicinity of the reversal surface, suggesting
that other effects, in particular, the fluctuation-induced Hall
dynamo, may be important. Indeed, later experimental mea-
surements of the Hall dynamo in the core of the RFP plasma
by laser Faraday rotation diagnostic found that it is signifi-
cant at the q=1 /6 resonant surface.18,19 In this paper, we
show the Hall dynamo to be large at the edge, near the re-
versal surface, during reconnection.

B. Two-fluid relaxation

Single-fluid Taylor relaxation theory has been general-
ized for the two-fluid !ion and electron" case.33,34 The two-
fluid relaxation theory assumes that electron and ion helici-
ties are conserved separately. It predicts that the minimum
energy !fully relaxed" state corresponds to the field-aligned
electrical current and plasma momentum !normalized to the
mean magnetic field" that are constant across the plasma
radius,

j%/B = %1, !3"

and

nV%/B = %2. !4"

Equation !3" represents the relaxation of the parallel current
profile first described by Taylor25 and has been reviewed
above. Similarly, Eq. !4" describes the relaxation of the par-
allel plasma momentum profile.

The parallel momentum balance equation can be repre-
sented in a fashion similar to the parallel Ohm’s law #Eq.
!2"$,
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&
%V%

%t
= &j̃ $ B̃'% − &&Ṽ · $Ṽ'% . !5"

Here, the term on the left hand side is the ion inertia !V%

= &V%' is the mean parallel velocity, &= &&' is the mass den-
sity". The terms on the RHS are the fluctuation-induced Max-
well and Reynolds stresses, respectively. The pinch term
&&̃Ṽr'%V% /%r and terms associated with pressure, viscosity,
etc., are estimated to be small and have been omitted.

It is of importance that the Maxwell stress also contrib-
utes to the dynamics of the plasma parallel electric current by
entering the mean-field parallel Ohm’s law as the Hall dy-
namo term &j̃$ B̃'% / !ne". This suggests that the dynamics of
the parallel electric current and the parallel plasma flow are
closely coupled. Analytical calculations and MHD numerical
simulations indeed predict relaxation of the parallel momen-
tum profile from current driven reconnection similar to re-
laxation of electrical current.35 This work presents first ex-
perimental measurements of this phenomenon.

III. MST REVERSED-FIELD PINCH AND DIAGNOSTICS

The RFP is a toroidal plasma confinement configuration
similar to a tokamak, but with a relatively weak toroidal
magnetic field, which reverses its sign near the plasma edge.
The MST RFP has a major plasma radius R=1.5 m, and a
minor radius a=0.5 m.36 The experiments described in this
article have been conducted in the regime of relatively low
plasma current Ip=200–250 kA !maximum value achieved
in MST is (600 kA", which allowed routine operation of
insertable probes at the plasma edge. The other plasma pa-
rameters are as follows: the line-averaged plasma density n
)1$1013 cm−3, the reversal parameter, defined as the ratio
of the edge to volume-averaged toroidal magnetic field, F
*B!!a" / &B!'V=−0.2, and the pinch parameter, defined as
the ratio of the edge poloidal field to the volume averaged
toroidal field, '*B"!a" / &B!'V=1.7.

MST plasmas exhibit quasiperiodic relaxation oscilla-
tions !sawteeth", illustrated in Fig. 1, with a period of several
milliseconds. Sudden bursts of global resistive tearing modes
resonant inside the plasma occur at global reconnection
events. The bursts are accompanied by the increase in the
toroidal magnetic flux #Fig. 1!a"$ and rapid change in the
core plasma rotation #Fig. 1!b"$. Modes resonant at the re-
versal surface !with poloidal number m=0" are especially
prominent #see Fig. 1!d"$ and they form a distinct reconnec-
tion layer as was established in Ref. 37. This observation has
lead to the suggestion that fluctuation-induced forces play
important role in the current dynamics.

To measure the quantities in Eq. !4" we employ several
diagnostics with improved spatial and temporal resolutions.
The plasma density profile is measured with a multichord
laser interferometer.38 The plasma bulk ion velocity in the
core is measured with a Rutherford scattering diagnostic.39

To construct the parallel flow velocity both poloidal and to-
roidal velocities are needed. Currently, only poloidal mea-
surements are available with the existing Rutherford scatter-
ing setup. However, past measurements22,24 indicate that the
toroidal plasma velocity is very close to the toroidal phase

velocity of the locally resonant tearing mode. Therefore, the
mode rotation velocity, measured with a 64-coil edge toroi-
dal array, is used as a proxy for the toroidal plasma flow in
the core.

In addition, we employ several other diagnostics for
edge plasma measurements. The poloidal and toroidal com-
ponents of the bulk plasma flow at the edge are measured by
a Mach probe, which consists of four current collectors bi-
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FIG. 1. !Color online" Time traces of the !a" toroidal flux, !b" toroidal
velocity of the m=1, n=6 core resonant mode, !c" voltage across the toroi-
dal gap in the shell, !d" edge m=0 !toroidal modes 1(n(4" tearing mode
amplitude, !e" core m=1 !toroidal modes 5(n(15" tearing mode ampli-
tude measured by the 64-coil edge toroidal array during flat top of the
plasma current in the standard MST discharge !Ip=200 kA, F=−0.2, and
'=1.7".
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ased negatively with respect to a reference tip.40 The local
radial plasma velocity is measured with an insertable optical
!Doppler spectroscopy" probe.41

The magnetic field is measured with a magnetic probe
composed of six magnetic coil triplets separated spatially
by 1.65 cm.40 The magnetic coils are made from miniature
!(5$3$3 mm3" chip inductors and have an effective coil
area of 9.15 cm2. The coils are protected from harsh plasma
environment by the boron nitride enclosure. The signals
measured by the coils are amplified and integrated to obtain
the magnetic field. The overall frequency response of the
circuit is (250 kHz, which is sufficient for the accurate
measurements of the tearing modes, which frequencies are
typically below 50 kHz.

The induced electric field in the edge has been obtained
from the poloidal surface loop voltage !toroidal gap voltage"
Vtg corrected for the flux change inside the torus but outside
the radius of the electric field measurement,

E%!r" =
Vtg

2)r
−

1
r

%

%t
+

r

a

Bt!r!"r!dr!. !6"

The contribution of the first term on the RHS is dominant.
The equilibrium current density has been determined from
Ampere’s law by measuring the gradients of the magnetic
field,

j% =
1

*0
, 1

R

%Br

%!
−

%Bt

%r
- . !7"

IV. OHM’S LAW AND HALL DYNAMO
AT THE EDGE

The expression for the Hall dynamo in Eq. !2" can be
further simplified by !a" expressing the current density fluc-
tuations using Ampere’s law *0j̃=$$ B̃ and magnetic flux
conservation $ · B̃=0, !b" performing the flux-surface aver-
aging and taking into account that %!¯" /%" and %!¯" /%!
components of the Maxwell stress !"-poloidal, !-toroidal di-
rections" vanish after the flux-surface average, and !c" utiliz-
ing the fact that the mean magnetic field is primarily in the
poloidal direction near the toroidal magnetic field reversal
surface. As a result, the parallel component of the Hall dy-
namo term in the cylindrical coordinates can be expressed as

−
1
ne

&j̃ $ B̃'% = −
1

*0ne
, %

%r
+

2
r
-&B̃rB̃"' . !8"

As can be seen from Eq. !8", evaluation of the Hall dynamo
at the edge requires measurements of the correlation product
of two fluctuating quantities at two radially separated loca-
tions. In the MST edge, this has been accomplished with a
magnetic probe as described above.

The temporal variation of the Vtg voltage spike across
the toroidal gap in the vacuum vessel !one-turn poloidal volt-
age" during the reconnection events !Fig. 1" provides refer-
ence points in time at which the signal reaches its maximum.
Correlation analysis has been done relative to these time
points and flux-surface averaging has been performed over
several hundred reconnection events. Since plasma is rotat-

ing in the laboratory frame and the reconnection events occur
randomly in time, the flux-surface averaging implied in Eq.
!2" is equivalent to the conditional averaging over an en-
semble of reconnection events, because measurements per-
formed at a single spatial location are randomly distributed
over the flux surface.

The time waveforms of the three terms in Ohm’s law
measured at a radial location r /a=0.83 near the toroidal field
reversal surface are illustrated in Fig. 2. The t=0 moment
corresponds to the maximum of the voltage spike at the tor-
oidal gap. The large change in the inductive electric field E%

at the reconnection event is balanced by the fluctuation-
induced Hall dynamo #Eq. !8"$. The parallel !poloidal" cur-
rent is generated at the edge during reconnection events, but
the change in the resistive term is much smaller than in either
the electric field or the Hall dynamo terms. The resistivity is
taken to be the classical parallel Spitzer resistivity and is
calculated using typical edge plasma parameters: the electron
temperature Te=30 eV and the effective charge Zeff=2. Dur-
ing reconnection, the edge current is flowing in the direction
opposite to the electric field and is driven by the Hall dy-
namo. Before the reconnection event, the phase between the
radial and poloidal fluctuation components of the magnetic
field is close to ) /2 so that the Hall dynamo term is small
after flux-surface averaging. At the reconnection event the
phase between the radial and poloidal magnetic field compo-
nents deviates from ) /2 !and the amplitudes of the magnetic
fluctuations also increase" which gives rise to the Hall dy-
namo term.

Figure 3 illustrates the radial profiles of the resistive
term #j% −E% and the Hall dynamo averaged over 0.15 ms at
the peak of the reconnection event. These two terms balance
each other near the toroidal magnetic field reversal surface,
which is located at r /a=0.83, but the balance is violated
away from the reversal surface. This result is consistent with
previous measurements, suggesting that MHD dynamo is
also operating in the plasma edge.16 The Hall dynamo spatial
behavior is opposite to that of the MHD dynamo: It is small
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FIG. 2. Ohm’s law during a dynamo event cycle near the reversal surface
!r /a=0.83". The fluctuation-induced Hall dynamo balances the electric
field, while change in the #j% term is small. Rapid oscillations on the time
waveforms indicate the uncertainty of the measurements.
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at the plasma edge and reaches its maximum in the vicinity
of the reversal surface where the MHD dynamo vanishes.
The spatial extent of the Hall dynamo is of the order of few
centimeters, which is consistent with earlier measurements
of the Hall dynamo obtained in the core of the MST RFP,
near the q=1 /6 resonant surface.18

The importance of the two-fluid effects has been also
emphasized in a quasilinear calculation of the Hall dynamo,
driven by the two-fluid tearing instability, performed in Ref.
17. There, the Hall dynamo term is shown to appear due to
zero phase shift between Br and B" in contrast to ) /2 phase
in the single-fluid MHD. The Hall dynamo dominates the
contribution from the MHD dynamo near the resonant sur-
face in agreement with the experiment. However, the experi-
mental results show a much broader spatial scale for the Hall
dynamo than what the quasilinear theory predicts which is
likely to indicate the significance of nonlinear dynamics.

V. PARALLEL MOMENTUM TRANSPORT

The time evolution of the parallel plasma velocity at
three radial locations through a reconnection event is pre-
sented in Fig. 4!a". The initially different parallel flow ve-
locities become nearly equal at the peak of reconnection,
which indicates relaxation of the flow profile. The measure-
ments were conditionally averaged over hundreds of recon-
nection events. The time scale of the relaxation is of the
order of 0.1 ms, which is much faster than calculated from
collisional viscosity !0.1 s". Similar conclusions were made
in earlier experiments23,24 investigating momentum transport
from externally applied torque.

The parallel momentum nV% exhibits a similar behavior.
Figure 4!b" presents the evolution of the radial profile of the
parallel momentum normalized by the magnetic field
amplitude—Eq. !4". The momentum profile flattening is the
most pronounced in the plasma core, while the changes at the
edge are small. This is similar to the incomplete relaxation of
the parallel current profile observed in these reconnection
events.20 Presumably, the strong effect of the boundary con-

ditions j%!a"=0 and n!a"=0 that exist in experiment and that
are not accounted for by simple relaxation theory plays a role
here.

The strong momentum transport observed at the recon-
nection depends on whether or not nonlinear coupling be-
tween the core resonant m=1 and edge-resonant m=0 tearing
modes occurs. This is illustrated in Fig. 5, which shows the
change in the core rotation depending on the appearance of a
large m=0 edge mode. Occasionally, there are events in

0.75 0.80 0.85 0.90 0.95 1.00
r/a

0

5

10
(V
/m

)

ηj||−E||

−<j B>||/ne
~
x
~

FIG. 3. Edge radial profiles of the resistive term !diamonds" and the Hall
dynamo !triangles" averaged over 0.15 ms at the peak of the reconnection
event. The dashed line shows the location of the reversal surface.
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FIG. 4. !a" Parallel velocity at three radial locations. !b" Radial profile of the
parallel momentum evolution normalized by the magnetic field before
!squares" and during !circles" the reconnection event in MST.
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FIG. 5. Amplitudes of !a" edge m=0, n=1 mode, !b" core m=1, n=6 mode,
and !c" core plasma rotation. When m=0 mode is not excited !dashed
curves" there is no change in the core plasma rotation.
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which only the m=1 mode grows, but the m=0 mode ampli-
tude remains small !dashed curves". The momentum trans-
port is observed to be large only when both the m=1 and
m=0 modes grow to large amplitudes !solid curves". These
results further extend an earlier observation that momentum
transport is small in the nonreversed plasma discharges with-
out the edge-resonant m=0 mode.23

The expressions for the fluctuation-induced stresses can
be simplified to be made more suitable for measurements.
Using the procedure described in the Sec. IV #Eq. !8"$, the
parallel !poloidal at the RFP edge" component of the Max-
well stress in the cylindrical approximation can be repre-
sented as &j̃$ B̃'% =1 /*0!% /%r+2 /r"&B̃rB̃"', and the Reynolds
stress as &Ṽ ·$Ṽ'% = !% /%r+2 /r"&ṼrṼ"'. The expression for
the Reynolds stress is derived under an assumption of flow
incompressibility $ ·V=0. This assumption is widely used
for tearing modes and is confirmed through numerical simu-
lations. The radial derivative in the Maxwell stress was cal-
culated in a single shot utilizing the radially separated mag-
netic triplets. For the Reynolds stress, the optical and the
Mach probes were moved radially between shots.

The time evolution of all three terms in Eq. !5" measured
at the toroidal field reversal surface !r /a=0.83" is shown in
Fig. 6. The Maxwell and Reynolds stresses are individually
large and approximately balance each other with a difference
in the order of the ion inertia term. The same behavior is
observed at all radii across the plasma edge region—Fig. 7.

VI. DISCUSSION

The experimental observations exhibit many similarities
with analytical findings and numerical simulations.35 In par-
ticular, it is observed in numerical simulations that momen-
tum transport is greatly enhanced in the presence of multiple
tearing modes. It has been also observed that the effect of
multiple, nonlinearly coupled tearing modes is not merely
the superposition of independent, radially separated resonant
modes. The nonlinear mode coupling leads to the change in
the phase between the fluctuation quantities in the Maxwell

and Reynolds stresses, therefore strengthening the turbulent
stresses. Artificial suppression of the m=0 mode in compu-
tations leads to the suppression of the nonlinear coupling. In
this case the plasma evolves to a quasi-steady-state without
sawtooth oscillations and momentum transport is greatly re-
duced, much like in the experiment.

The measurements performed at the MST edge are con-
sistent with the measurements in the core. The Maxwell
stress is measured by laser Faraday rotation,42 which is ca-
pable of measuring magnetic fluctuations. It is observed that
the Maxwell stress in the core is much larger than the inertial
term !Fig. 8". The Reynolds stress has not yet been measured
in the core. It has also been shown that the Hall dynamo,
which is directly related to the Maxwell stress, balances the
parallel electric field during reconnection in the core. The
reason for the strong increase of the Hall dynamo at the
reconnection event has been attributed to the change of the
phase between the current density and magnetic field fluc-
tuations due to nonlinear mode coupling.18,19

The observation that the individual fluctuation-induced
Maxwell and Reynolds stresses are much larger than the ion
inertia is somewhat surprising. The reason might be related
to the above mentioned coupling of the momentum transport
to the current density transport. This coupling stems from the
common fluctuation-induced Lorentz force entering both the
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cate experimental uncertainty.
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momentum balance equation !as Maxwell stress" and Ohm’s
law !as Hall dynamo". Thus, a large Hall dynamo !that re-
laxes the current density profile" would also produce a strong
effect on plasma momentum. If the plasma has a preferred
flow profile !e.g., mandated by flow effects on tearing insta-
bility", then a strong, opposing Reynolds stress would need
to arise. Work is in progress to reproduce the interplay be-
tween the two large fluctuation-induced stresses through
two-fluid MHD simulations, including the resistivity and vis-
cosity that match the experiment.

VII. CONCLUSIONS

In summary, rapid parallel momentum transport from
current driven tearing instability is observed in the MST
RFP. It is established that tearing modes transport momen-
tum and that the transport is strongly enhanced through non-
linear mode coupling. The Maxwell and Reynolds stresses
are measured by probes in the edge and are found to be
individually large, but oppositely directed, with the differ-
ence in the order of the ion inertia. The Hall dynamo has
been also measured in the edge and balances the parallel
electric field in Ohm’s law. The momentum dynamics is
shown to be closely coupled to the current dynamics. The
Maxwell stress enters the parallel Ohm’s law in the vicinity
of the resonant surfaces !as the Hall dynamo" and drives the
parallel current profile relaxation. This mechanism could
play a role in tokamaks during periods of strong MHD ac-
tivity. In addition, these results have connections to astro-
physics. For example, considerable momentum transport is
expected to exist in accretion disks formed around black
holes. Momentum transport from current-driven tearing in-
stability can be an alternative to the standard theory of trans-
port from flow-driven magnetorotational instability.
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