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Motivation

• Plasma in MST rotates toroidally and poloidally without 
external momentum input

• Strong correlation between rotation and magnetic tearing 
fluctuations.
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Motivation

• Plasma in MST rotates toroidally and poloidally without 
external momentum input

• Strong correlation between rotation and magnetic tearing 
fluctuations.

• Can tearing modes generate internal forces and facilitate 
momentum transport?
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Outline

• MST RFP and magnetic tearing fluctuations
• Momentum transport from edge-applied torque
• Relaxation of momentum profile
• Measurement of Maxwell and Reynolds stresses
• Conclusions
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R = 1.5 m, a = 0.5 m
Ip = 600 kA, B = 0.6 T
(200 kA, 0.2 T for probes)
ne = 1x1019 m-3

Madison Symmetric Torus Reversed Field Pinch
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Resistive tearing modes present in RFP.  
Multiple resonances across the plasma radius

1,6 1,7 1,8

0,n
-0.1

0.0

0.1

0.2

0.3

q

0.0 0.2 0.4 0.6 0.8 1.0
r/a

Core modes

m,n

Edge modes

5



0 10 20 30
n

1.5

1.0

0.5

0

Standard   

B
B
(%)

Large fluctuations result in stochastic field and large
energy transport

0

0.5

-1.0

-0.5

1.0

To
ro

id
al

 a
ng

le
/

r/a
1.00 0.6 0.80.2 0.4

It is known that the energy (and particle) transport is high.
What about momentum transport?
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+-

Tool - applying edge torque to plasma via inserted 
biased electrode

Bp
Jr

Fϕ=JrxBp

Externally driven current 
injected || to B and returned
radially to the wall.
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Radial momentum transport is high

• Edge responds almost instantaneously
• Core responds with a delay but much faster than the collisional 

rate.

Measured
Collisional

Almagri et al, 1998

   ν⊥
coll
 ρi

2 / τi  0.6 m2 / s
   ν⊥  a2 / τd 100 m2 / s

Bias Bias
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Reduction of magnetic fluctuations with inductive (transient) 
control of current profile. Field is less stochastic.
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Momentum transport significantly reduced

Bias OFF

Bias ON

difference

Improved confinement

Edge
rotation

Core
rotation

Fast edge rotation.
No change in the core velocity when torque applied.
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Insertion of an isolated limiter does not change rotation
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Limiter 10x10 cm
inserted into plasma so
it intersects B.
No change in rotation.
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Connecting limiter to the wall speeds plasma up
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Intrinsic current topology similar to externally driven
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Limiter collects primarily electrons, 
quasineutrality requires ion current to the wall
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Demonstrated so far:

• Anomalously high ( x100) momentum transport in regime 
with magnetic fluctuations and stochastic magnetic field

• Reduction of magnetic fluctuations results in dramatic 
reduction of momentum transport.

• Rotation can be caused by intrinsic plasma currents.
• What forces govern the magnetic transport? 
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Demonstrated so far:

• Anomalously high ( x100) momentum transport in regime 
with magnetic fluctuations and stochastic magnetic field

• Reduction of magnetic fluctuations results in dramatic 
reduction of momentum transport.

• Rotation can be caused by intrinsic plasma currents.
• What forces govern the magnetic transport? 

• Answer this question by exploring a regime with 
spontaneous bursts of magnetic fluctuations. Varying 
fluctuation amplitude allows us to track the dynamics of the 
associated forces.
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Magnetic activity has both continuous and discrete 
character. Relaxation of current profile
• Current driven tearing modes relax the 

current profile via current transport.
• Instability drive decreases.
• Current profile peaks, the cycle repeats. 

 ∇J

   
j, b, vCurrent

transport
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Magnetic activity has both continuous and discrete 
character. Relaxation of current profile
• Current driven tearing modes relax the 

current profile via current transport.
• Instability drive decreases.
• Current profile peaks, the cycle repeats. 

 ∇J

   
j, b, vCurrent

transport

on axis during a sawtooth crash. The E field strength in-

creases sharply at the sawtooth crash. This is also the time at

which the dynamo electric field, as inferred from measured

magnetic and velocity fluctuations in the edge, is at its peak.

In order to explain the observed electric field increase in the

core, there would need to also be an increase in magnetic

fluctuation amplitude in the core. Of course, a quantitative

measurement of the dynamo electric field would require

other fluctuation measurements as well. However, the corre-

lation of electric field and magnetic fluctuation amplitude in

time would be strongly suggestive of a causal link. Figure

3!a" shows the line averaged fluctuation amplitude of the
radial magnetic field as measured on the chord passing

through the magnetic axis. Analogously to the edge fluctua-

tion measurements made by probes or external magnetic

pickup coils, the amplitude of B̃r is observed to increase in

the core at the crash. Thus, the data supports the hypothesis

that a strongly antiparallel dynamo electric field is driven in

the core by increased core fluctuations.

B. Pulsed parallel current drive

The point of auxiliary poloidal current drive in MST is

to create a more stable profile of the Taylor eigenvalue #
leading to an equilibrium with improved stability to tearing

modes. Experimentally, this is indicated by the drop in tear-

ing mode amplitude as measured by external magnetic

pickup coils and the increase in confinement. It can also be

seen in the plot of the # value in Fig. 9. For the PPCD case,
the region of high # gradient, which begins at r!0.25 m in a
standard discharge, is moved outward in radius (t

!13.5 ms), leaving a relatively flat region over more of the
plasma volume. The reduced # gradient should lead to a

reduction in tearing mode amplitude. The Faraday rotation

measurement of line-integrated m!1 radial magnetic fluc-
tuation amplitude in the core !Fig. 10" also drops during
PPCD. This is consistent with a decrease in magnetic fluc-

tuation amplitudes across the plasma leading to good flux

surfaces and a decrease in stochastic transport. Later in time

!15 ms", the # profile also increases in the core, indicating
the parallel current is increasing in that region.

Figure 11 shows the toroidal current, parallel current,

and poloidal field profiles during PPCD and compares it to

the profile at 0.25 ms before a sawtooth crash. The data was

taken from an ensemble of PPCD shots where the enhanced

confinement period extended from 9 to 20 ms. The current

drive ends at $15 ms, which also corresponds to the time of
the peak core electron temperature. The PPCD profiles

shown are measured at 15.5 ms. Both the toroidal and paral-

lel current profiles show an increase in the core current. Sev-

FIG. 5. The !a" toroidal current, and !b" poloidal magnetic field profiles
before and after a sawtooth crash.

FIG. 6. The !a" #!(J•B/B2) and !b" parallel current profiles before and
after a sawtooth crash.

FIG. 7. q on axis and throughout most of the plasma volume increases after

the crash, though it decreases in the edge.

1084 Phys. Plasmas, Vol. 11, No. 3, March 2004 Terry et al.
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Before reconnection

At reconnection

Brower, Ding,  2002
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Momentum is predicted to relax similarly to current by 
2-fluid extension of Taylor’s paradigm 

    K = A∫ iBdV = A∫ i∇ × AdV

• Single fluid (Taylor, 1974). Current profile relaxes to the minimum 
energy state while conserving the global helicity

current 
relaxation J = λB
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Momentum is predicted to relax similarly to current by 
2-fluid extension of Taylor’s paradigm 

• Two-fluid (Steinhauer, Hegna). Current and momentum profiles relax to the 
minimum energy state while conserving the helicities for each species

   

Ke = Ae ⋅∇ × Ae∫ dV

Ki = Ai ⋅∇ × Ai∫ dV

   As = A + (ms / qs )vs

    K = A∫ iBdV = A∫ i∇ × AdV

• Single fluid (Taylor, 1974). Current profile relaxes to the minimum 
energy state while conserving the global helicity

  J = λ1B current 
relaxation

   nV = λ2B momentum 
relaxation

current 
relaxation J = λB
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Numerical demonstration of flow profile flattening

• Non-linear resistive MHD (DEBS)
• Ad hoc flow profile
• Periodic relaxation events - similar 

to experiment

radial structures to the analytic solutions. Differences in
detail likely arise from the constant  approximation of the
analytics, not true for computation. Both computation and
quasilinear calculations yield a fluid stress 5 times larger
than the Maxwell stress [Figs. 1 and 2(a)]. The nonzero
contribution of h~J! ~Biz arises from the phase between ~Br
and ~Bz around the resonant surface [Fig. 2(b)].

To examine the nonlinear evolution of a single mode (as
well as the multimode case), we again employ the DEBS
code [15], but with an ad hoc momentum source F"r#
added to the momentum equation. The source is added to
generate flow. The transport is then determined by plasma
fluctuations. The effect of the forces on the flow during the
nonlinear phase of a single mode computation with Pm $
0:01 is shown in Fig. 3. The flow profile is flattened around
the resonant surface, as for the analytical calculations. The
flow flattens very rapidly, in about 1000th of a viscous
diffusion time (or 0.05 resistive diffusion times). Separate
computation in which the flow is chosen to be dominantly
perpendicular or dominantly parallel (to the equilibrium
field) reveals that both flows are flattened similarly.

Computation with multiple tearing modes, as occurs in
the RFP, reveals the additional effects of nonlinear mode
coupling. The simulation is begun with F"r# $ 0 (with
S $ 5! 104, Pm $ 10, aspect ratio R=a $ 1:66 and ra-
dial, azimuthal, and axial resolutions nr $ 200, n! $ 16,
and nz $ 128, respectively). After reaching a quasistation-
ary RFP state, F"r# is switched on at t="R $ 0:085 with a
profile F"r# $ const. The radial structure of the force is

such that the axial flow profile would become parabolic in
the absence of fluctuation-induced stresses. The tearing
fluctuations undergo a repetitive sawtooth cycle, as shown
in Fig. 4(a). After the force is applied the flow builds,
saturating at Vz $ 0:06VA [Fig. 4(b)]. However, the flow
is strongly influenced by the sawtooth oscillations of the
fluctuations. Flow profiles for two times, t1 and t2, are
shown in Fig. 4(b). As is seen, the flow becomes flatter
in the core at time t2 when fluctuations are large. The
flattening arises from the Lorentz force from tearing fluc-
tuations, shown in Fig. 5(a) for time t2. The Reynolds stress
is small since the flow fluctuations are reduced by viscos-
ity. The Lorentz force arises from multiple tearing modes,
as shown in Fig. 5(b) for core-resonant m $ 1 modes and
the edge-resonant m $ 0 mode.

The observed momentum transport is much more rapid
than would occur without fluctuations. The time scale for
flattening is about one-tenth of the viscous diffusion time.
Moreover, this comparison understates the effect of the
tearing stresses. To isolate the effect of the tearing modes,

(a)

(b)

r

FIG. 2. (a) Axial fluid stress %h ~V &r ~Viz and axial Lorentz
force h~J! ~Biz from linear single mode computations (# $ 1);
(b) radial structure of cos"$#, where $ is the phase between ~Br
and ~B'

z with Pm $ 0:01 [h~J! ~Bi $ 1
r (rj ~Bzjj ~Brj cos"$#)0]. The

vertical line denotes the location of the resonant surface.

FIG. 3. Radial profile of axial flow (averaged over axial and
azimuthal directions) for a single mode in its initial state (dashed
line) and nonlinear state (solid line).

with momentum 
source      

t t1 2

(a)

(b)

FIG. 4. (a) Total volume integrated magnetic fluctuations!!!!!!!!!!!!!!!!!!!!!!!!
1=2

R
B2
rdv

q
versus time. (b) Plasma flow profiles for times t1

and t2.

PRL 99, 075003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
17 AUGUST 2007

075003-3

Ebrahimi, Mirnov et. al. 2007
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Numerical demonstration of flow profile flattening

• Non-linear resistive MHD (DEBS)
• Ad hoc flow profile
• Periodic relaxation events - similar 

to experiment

radial structures to the analytic solutions. Differences in
detail likely arise from the constant  approximation of the
analytics, not true for computation. Both computation and
quasilinear calculations yield a fluid stress 5 times larger
than the Maxwell stress [Figs. 1 and 2(a)]. The nonzero
contribution of h~J! ~Biz arises from the phase between ~Br
and ~Bz around the resonant surface [Fig. 2(b)].

To examine the nonlinear evolution of a single mode (as
well as the multimode case), we again employ the DEBS
code [15], but with an ad hoc momentum source F"r#
added to the momentum equation. The source is added to
generate flow. The transport is then determined by plasma
fluctuations. The effect of the forces on the flow during the
nonlinear phase of a single mode computation with Pm $
0:01 is shown in Fig. 3. The flow profile is flattened around
the resonant surface, as for the analytical calculations. The
flow flattens very rapidly, in about 1000th of a viscous
diffusion time (or 0.05 resistive diffusion times). Separate
computation in which the flow is chosen to be dominantly
perpendicular or dominantly parallel (to the equilibrium
field) reveals that both flows are flattened similarly.

Computation with multiple tearing modes, as occurs in
the RFP, reveals the additional effects of nonlinear mode
coupling. The simulation is begun with F"r# $ 0 (with
S $ 5! 104, Pm $ 10, aspect ratio R=a $ 1:66 and ra-
dial, azimuthal, and axial resolutions nr $ 200, n! $ 16,
and nz $ 128, respectively). After reaching a quasistation-
ary RFP state, F"r# is switched on at t="R $ 0:085 with a
profile F"r# $ const. The radial structure of the force is

such that the axial flow profile would become parabolic in
the absence of fluctuation-induced stresses. The tearing
fluctuations undergo a repetitive sawtooth cycle, as shown
in Fig. 4(a). After the force is applied the flow builds,
saturating at Vz $ 0:06VA [Fig. 4(b)]. However, the flow
is strongly influenced by the sawtooth oscillations of the
fluctuations. Flow profiles for two times, t1 and t2, are
shown in Fig. 4(b). As is seen, the flow becomes flatter
in the core at time t2 when fluctuations are large. The
flattening arises from the Lorentz force from tearing fluc-
tuations, shown in Fig. 5(a) for time t2. The Reynolds stress
is small since the flow fluctuations are reduced by viscos-
ity. The Lorentz force arises from multiple tearing modes,
as shown in Fig. 5(b) for core-resonant m $ 1 modes and
the edge-resonant m $ 0 mode.

The observed momentum transport is much more rapid
than would occur without fluctuations. The time scale for
flattening is about one-tenth of the viscous diffusion time.
Moreover, this comparison understates the effect of the
tearing stresses. To isolate the effect of the tearing modes,
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FIG. 2. (a) Axial fluid stress %h ~V &r ~Viz and axial Lorentz
force h~J! ~Biz from linear single mode computations (# $ 1);
(b) radial structure of cos"$#, where $ is the phase between ~Br
and ~B'

z with Pm $ 0:01 [h~J! ~Bi $ 1
r (rj ~Bzjj ~Brj cos"$#)0]. The

vertical line denotes the location of the resonant surface.

FIG. 3. Radial profile of axial flow (averaged over axial and
azimuthal directions) for a single mode in its initial state (dashed
line) and nonlinear state (solid line).

with momentum 
source      

t t1 2
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FIG. 4. (a) Total volume integrated magnetic fluctuations!!!!!!!!!!!!!!!!!!!!!!!!
1=2

R
B2
rdv

q
versus time. (b) Plasma flow profiles for times t1

and t2.

PRL 99, 075003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
17 AUGUST 2007

075003-3

Ebrahimi, Mirnov et. al. 2007

• (1) Flow profile flattens at the peak 
of the fluctuations
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Numerical demonstration of flow profile flattening

• Non-linear resistive MHD (DEBS)
• Ad hoc flow profile
• Periodic relaxation events - similar 

to experiment

radial structures to the analytic solutions. Differences in
detail likely arise from the constant  approximation of the
analytics, not true for computation. Both computation and
quasilinear calculations yield a fluid stress 5 times larger
than the Maxwell stress [Figs. 1 and 2(a)]. The nonzero
contribution of h~J! ~Biz arises from the phase between ~Br
and ~Bz around the resonant surface [Fig. 2(b)].

To examine the nonlinear evolution of a single mode (as
well as the multimode case), we again employ the DEBS
code [15], but with an ad hoc momentum source F"r#
added to the momentum equation. The source is added to
generate flow. The transport is then determined by plasma
fluctuations. The effect of the forces on the flow during the
nonlinear phase of a single mode computation with Pm $
0:01 is shown in Fig. 3. The flow profile is flattened around
the resonant surface, as for the analytical calculations. The
flow flattens very rapidly, in about 1000th of a viscous
diffusion time (or 0.05 resistive diffusion times). Separate
computation in which the flow is chosen to be dominantly
perpendicular or dominantly parallel (to the equilibrium
field) reveals that both flows are flattened similarly.

Computation with multiple tearing modes, as occurs in
the RFP, reveals the additional effects of nonlinear mode
coupling. The simulation is begun with F"r# $ 0 (with
S $ 5! 104, Pm $ 10, aspect ratio R=a $ 1:66 and ra-
dial, azimuthal, and axial resolutions nr $ 200, n! $ 16,
and nz $ 128, respectively). After reaching a quasistation-
ary RFP state, F"r# is switched on at t="R $ 0:085 with a
profile F"r# $ const. The radial structure of the force is

such that the axial flow profile would become parabolic in
the absence of fluctuation-induced stresses. The tearing
fluctuations undergo a repetitive sawtooth cycle, as shown
in Fig. 4(a). After the force is applied the flow builds,
saturating at Vz $ 0:06VA [Fig. 4(b)]. However, the flow
is strongly influenced by the sawtooth oscillations of the
fluctuations. Flow profiles for two times, t1 and t2, are
shown in Fig. 4(b). As is seen, the flow becomes flatter
in the core at time t2 when fluctuations are large. The
flattening arises from the Lorentz force from tearing fluc-
tuations, shown in Fig. 5(a) for time t2. The Reynolds stress
is small since the flow fluctuations are reduced by viscos-
ity. The Lorentz force arises from multiple tearing modes,
as shown in Fig. 5(b) for core-resonant m $ 1 modes and
the edge-resonant m $ 0 mode.

The observed momentum transport is much more rapid
than would occur without fluctuations. The time scale for
flattening is about one-tenth of the viscous diffusion time.
Moreover, this comparison understates the effect of the
tearing stresses. To isolate the effect of the tearing modes,
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FIG. 2. (a) Axial fluid stress %h ~V &r ~Viz and axial Lorentz
force h~J! ~Biz from linear single mode computations (# $ 1);
(b) radial structure of cos"$#, where $ is the phase between ~Br
and ~B'

z with Pm $ 0:01 [h~J! ~Bi $ 1
r (rj ~Bzjj ~Brj cos"$#)0]. The

vertical line denotes the location of the resonant surface.

FIG. 3. Radial profile of axial flow (averaged over axial and
azimuthal directions) for a single mode in its initial state (dashed
line) and nonlinear state (solid line).
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FIG. 4. (a) Total volume integrated magnetic fluctuations!!!!!!!!!!!!!!!!!!!!!!!!
1=2

R
B2
rdv
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versus time. (b) Plasma flow profiles for times t1

and t2.

PRL 99, 075003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
17 AUGUST 2007

075003-3

Ebrahimi, Mirnov et. al. 2007

• (1) Flow profile flattens at the peak 
of the fluctuations

• (2) Multiple, nonlinearly coupled 
modes greatly enhance 
momentum transport in 
comparison with a single mode
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Numerical demonstration of flow profile flattening

• Non-linear resistive MHD (DEBS)
• Ad hoc flow profile
• Periodic relaxation events - similar 

to experiment

radial structures to the analytic solutions. Differences in
detail likely arise from the constant  approximation of the
analytics, not true for computation. Both computation and
quasilinear calculations yield a fluid stress 5 times larger
than the Maxwell stress [Figs. 1 and 2(a)]. The nonzero
contribution of h~J! ~Biz arises from the phase between ~Br
and ~Bz around the resonant surface [Fig. 2(b)].

To examine the nonlinear evolution of a single mode (as
well as the multimode case), we again employ the DEBS
code [15], but with an ad hoc momentum source F"r#
added to the momentum equation. The source is added to
generate flow. The transport is then determined by plasma
fluctuations. The effect of the forces on the flow during the
nonlinear phase of a single mode computation with Pm $
0:01 is shown in Fig. 3. The flow profile is flattened around
the resonant surface, as for the analytical calculations. The
flow flattens very rapidly, in about 1000th of a viscous
diffusion time (or 0.05 resistive diffusion times). Separate
computation in which the flow is chosen to be dominantly
perpendicular or dominantly parallel (to the equilibrium
field) reveals that both flows are flattened similarly.

Computation with multiple tearing modes, as occurs in
the RFP, reveals the additional effects of nonlinear mode
coupling. The simulation is begun with F"r# $ 0 (with
S $ 5! 104, Pm $ 10, aspect ratio R=a $ 1:66 and ra-
dial, azimuthal, and axial resolutions nr $ 200, n! $ 16,
and nz $ 128, respectively). After reaching a quasistation-
ary RFP state, F"r# is switched on at t="R $ 0:085 with a
profile F"r# $ const. The radial structure of the force is

such that the axial flow profile would become parabolic in
the absence of fluctuation-induced stresses. The tearing
fluctuations undergo a repetitive sawtooth cycle, as shown
in Fig. 4(a). After the force is applied the flow builds,
saturating at Vz $ 0:06VA [Fig. 4(b)]. However, the flow
is strongly influenced by the sawtooth oscillations of the
fluctuations. Flow profiles for two times, t1 and t2, are
shown in Fig. 4(b). As is seen, the flow becomes flatter
in the core at time t2 when fluctuations are large. The
flattening arises from the Lorentz force from tearing fluc-
tuations, shown in Fig. 5(a) for time t2. The Reynolds stress
is small since the flow fluctuations are reduced by viscos-
ity. The Lorentz force arises from multiple tearing modes,
as shown in Fig. 5(b) for core-resonant m $ 1 modes and
the edge-resonant m $ 0 mode.

The observed momentum transport is much more rapid
than would occur without fluctuations. The time scale for
flattening is about one-tenth of the viscous diffusion time.
Moreover, this comparison understates the effect of the
tearing stresses. To isolate the effect of the tearing modes,
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FIG. 2. (a) Axial fluid stress %h ~V &r ~Viz and axial Lorentz
force h~J! ~Biz from linear single mode computations (# $ 1);
(b) radial structure of cos"$#, where $ is the phase between ~Br
and ~B'

z with Pm $ 0:01 [h~J! ~Bi $ 1
r (rj ~Bzjj ~Brj cos"$#)0]. The

vertical line denotes the location of the resonant surface.

FIG. 3. Radial profile of axial flow (averaged over axial and
azimuthal directions) for a single mode in its initial state (dashed
line) and nonlinear state (solid line).
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FIG. 4. (a) Total volume integrated magnetic fluctuations!!!!!!!!!!!!!!!!!!!!!!!!
1=2

R
B2
rdv

q
versus time. (b) Plasma flow profiles for times t1

and t2.

PRL 99, 075003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
17 AUGUST 2007

075003-3

Ebrahimi, Mirnov et. al. 2007

• (1) Flow profile flattens at the peak 
of the fluctuations

• (2) Multiple, nonlinearly coupled 
modes greatly enhance 
momentum transport in 
comparison with a single mode

• (3) Both Maxwell and Reynolds 
stresses are responsible
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How everything is measured

MST 

Rutherford
scattering! "#$%&'(#)&*%+,-$%*%./,

! 0-/1%$'#$2&,3+//%$4.5 6 7#(#42+( '(#)
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Bulk flow velocity is measured in the core and in the edge with high 

temporal and spatial resolution
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(1) Experiment - parallel flow profile flattens during 
reconnections

• The core parallel flow slows down, the edge speeds up
• Transport of parallel momentum across the plasma.
• Much faster than classical diffusion
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(1) Experiment - parallel flow profile flattens during 
reconnections

• The core parallel flow slows down, the edge speeds up
• Transport of parallel momentum across the plasma.
• Much faster than classical diffusion
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(2) No momentum transport from a single mode

• Edge mode is large
• Core mode is large
• Large momentum transport

• Numerical modeling - momentum transport from a single mode 
is much lower than when multiple, non-linearly coupled modes 
are present.
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(2) No momentum transport from a single mode

• Edge modes are small
• Core modes are large
• No momentum transport

• Edge mode is large
• Core mode is large
• Large momentum transport

• Numerical modeling - momentum transport from a single mode 
is much lower than when multiple, non-linearly coupled modes 
are present.
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What forces govern the ion momentum balance?

Reynolds Maxwell

   
ρ ∂V
∂t

= −ρ〈 v∇ v〉 + 〈j× b〉

Consider a simplified balance equation:
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Maxwell and Reynolds stresses are large but oppositely directed

!"#$%&'(

(3) Maxwell and Reynolds stresses are large

• Both Maxwell and Reynolds stresses are much larger than the inertial term.
• Maximum at the reversal surface.
• They are in the opposite directions and balance each other.

  −ρ〈 v∇ v〉
 
ρ ∂V

∂t

  〈
j× b〉

N/
m

3
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Conclusions

• Internally resonant tearing modes affect the momentum 
transport. Shown by analytical and numerical simulations, 
and measurements.

• Relaxation of momentum profile is measured
• Non-linear coupling of multiple modes is important
• Driving forces - fluctuation induced Maxwell and Reynolds 

stresses. Both are large and balance each other.
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Future addition - toroidal CHERS view and toroidal NBI

CHERS
diagnostic NB Existing poloidal

view chords

New toroidal
view chords

NBI
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