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Application of lower hybrid (LH) current drive in tokamak plasmas can induce both co- and counter-
current directed changes in toroidal rotation, depending on the core g profile. For discharges with g, < 1,
rotation increments in the countercurrent direction are observed. If the LH-driven current is sufficient to
suppress sawteeth and increase g, above unity, the core toroidal rotation change is in the cocurrent
direction. This change in sign of the rotation increment is consistent with a change in sign of the residual
stress (the divergence of which constitutes an intrinsic torque that drives the flow) through its dependence

on magnetic shear.

DOI: 10.1103/PhysRevLett.111.125003

The benefits of rotation and flow shear for tokamak
performance are well known. Rotation can suppress dele-
terious MHD modes whereas velocity shear can break up
turbulent eddies leading to an improvement in confine-
ment. Toroidal rotation is often driven externally through
neutral beam injection, but beam torque is expected to be
small in future fusion devices, so other methods for rota-
tion drive are necessary. One possibility is to take advan-
tage of self-generated flow in enhanced confinement
regimes [ 1], but this process relies on plasma performance,
which makes for a complicated control knob. Another
approach is to utilize radio frequency waves (ion cyclotron,
electron cyclotron, and lower hybrid), although the mecha-
nisms of direct generation of rotation are not well under-
stood. Ion cyclotron range of frequencies mode conversion
flow drive has been demonstrated [2], and rotation effects
from electron cyclotron heating have been seen [3].
Toroidal rotation changes due to lower hybrid (LH) waves
have also been observed [4—10], with velocities in both the
co- and countercurrent directions. Even in plasmas with
good core absorption of LH waves, the mechanism for
rotation drive is not clear. Candidates include direct mo-
mentum input from the waves (calculated to be low [7]),
electron orbit loss [4], trapped electron pinch effects [11],
resonant electron radial drift [12,13], and less direct causes
such as the turbulent equipartition pinch [8] or through
modification of the g profile [9,10]. A challenge of these
accounts is to explain the rotation changes observed in both
directions. To this end, this Letter compares the response
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of rotation to the g profile in Alcator C-Mod, Tore Supra,
and JET LH current drive (LHCD) plasmas.

Shown in Fig. 1 is a comparison of core toroidal rotation
velocity time histories for two discharges with LHCD
(~ 0.8 MW, with parallel index of refraction n| = 1.6)
at line averaged densities of (n,) = 0.7 X 10*°/m? and
magnetic fields of 5.4 T from Alcator C-Mod (R=0.67m,
a ~ 0.21 m), with plasma currents of 0.91 MA (g95s=3.7)
and 0.42 MA (gqs = 7.7). For the higher current case, there
was change in core rotation (from the initial +20 km/s) in
the countercurrent direction of ~30 km/s, which evolved
on a current relaxation time scale (100s of ms), considerably
longer than the momentum confinement time (10s of ms).
For the lower current case, there was an increment of
~30 km/s in the cocurrent direction, from an initial
velocity of about —50 km/s. The 0.91 MA discharge had
sawtooth oscillations throughout the duration of the lower-
hybrid range of frequencies wave injection, whereas the
sawteeth in the 0.42 MA plasma were stabilized beginning
at 0.97 s.

Velocity profiles in C-Mod determined from x-ray
imaging spectroscopy [14] for high and low plasma current
discharges with (n,) = 0.7 X 10?°/m?3, before and during
injection of ~0.8 MW of LHCD power, are shown in
Fig. 2. For the 0.71 MA Ohmic target plasma, the profile
is relatively flat, with a cocurrent velocity around
+20 km/s across the profile. For the 0.42 MA Ohmic
target plasma, the profile is strongly countercurrent in the
core and has a steep gradient region just inside of the

© 2013 American Physical Society
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FIG. 1 (color online). Time histories of the LHCD power, loop
voltage, and core toroidal rotation velocity for 5.4 T discharges
from Alcator C-Mod, with plasma currents of 0.91 MA (green
dashed line) and 0.42 MA (solid red line).

midradius. The profiles are similar during the LHCD,
becoming slightly countercurrent in the core. The particu-
lar shape evolution of the high current discharge, which
changes sign in the core region, suggests that these profiles
are not the result of a momentum pinch effect, which could
only alter the profile shape but not reverse the direction.
There is no change in the profiles outside of the midradius
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FIG. 2 (color online). Toroidal rotation spatial profiles before
(green triangles) and during (red squares) LHCD for 0.42 MA
(left) and 0.71 MA (right) C-Mod discharges.

(r/a ~0.5) with LHCD [5,6]. Similar rotation profile
behavior has been seen in JET [7,10] and Tore Supra
LHCD plasmas. This anchoring of the profiles in the
vicinity of the midradius is reminiscent of what is observed
during Ohmic rotation reversal [15].

It is a challenge to understand what causes these
bidirectional rotation changes with LHCD. This observed
bidirectionality seems to rule out direct momentum input,
since the waves are launched in the same direction in
both cases. The input torque from LH waves [7,12],
RnyPry/c ~ 0.002 Nm (for the cases shown in Fig. 1),
is directed countercurrent. To address this rotation incre-
ment direction issue, an examination of rotation character-
istics has been performed during a dedicated shot-by-shot
plasma current scan.

The change or increment in the core rotation velocity in
C-Mod (the difference in the time averaged velocity at the
end of the LHCD pulse, 1.2-1.3 s, and the pre-LHCD
phase, 0.7-0.8 s) as a function of plasma current, for a
series of similar 5.4 T C-Mod discharges with n, = 0.7 X
10%°/m3 and LHCD power between 0.75 and 0.9 MW, is
shown in the bottom panel of Fig. 3. The change in steady-
state rotation with LHCD varies strongly with plasma
current, going from ~ +30 km/s at the lowest current
(0.32 MA, ¢95 = 9.6) to around —30 km/s at the highest
current (0.91 MA, ggs = 3.7). There is a stagnation point
for Ip ~ 0.6 MA (q¢5 = 5.5) for these particular target
plasma conditions, where application of 0.8 MW of
LHCD power has little effect on the central rotation. The
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FIG. 3 (color online). The core toroidal rotation velocity as a
function plasma current for 5.4 T C-Mod discharges with
n, = 0.7 X 10°°/m?3, during the Ohmic phase before LHCD
(top). The change in the central toroidal rotation velocity during
LHCD as a function of plasma current (bottom).
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TABLE I. Number of discharges, showing the correlation
between sawteeth and rotation increment direction with
LHCD, for low-density L-mode target plasmas from C-Mod.

Sawteeth No sawteeth
Corotation 0 89
Counterrotation 146 8

Ohmic heating power before LHCD for these discharges
ranged from 0.39 MW at 0.32 MA to 1.04 MW at 0.91 MA.
The zero crossing point for these discharges is very close to
the intrinsic rotation reversal critical density and current
[15-17], suggesting a possible connection between this bi-
directional rotation change with LHCD and intrinsic Ohmic
rotation reversals. As shown in the top panel of Fig. 3, the
intrinsic rotation velocity of the Ohmic (pre-LHCD) target
plasma also depends strongly on the plasma current [10,17]
in this current scan. The core toroidal rotation varies from
—60 km/s at the lowest I value to +20 km/s at the highest
value, and this intrinsic Ohmic rotation switches direction at
~0.7 MA for this electron density and magnetic field, an
example of the rotation reversal phenomenon [15-18]. The
rotation profile anchoring shown in Fig. 2 and the similarity
between the LHCD rotation bidirectionality and intrinsic
Ohmic rotation reversal critical points suggest that the two
phenomena may be related.

The cause of the flip in rotation direction for Ohmic
plasmas is thought to be due to a reversal in sign of the
residual stress [19] II, due to a change of domination from
trapped electron modes to ion temperature gradient (ITG)
modes above a critical collisionality (v.) [15-17]. 11, is
the component of the momentum flux not proportional
to the velocity or its gradient, whose sign depends on the
underlying turbulent modes. The divergence of II, is the
intrinsic torque density. II, is also a function of the gra-
dient of the current density profile [19-23] and, in princi-
ple, can switch sign through changes in the current density
profile by externally driven current via LH waves.

Evidence for the role of the current density profile is
suggested by changes in sawtooth behavior. LHCD

TABLE II.

plasmas that had sawtooth oscillations showed counter-
current velocity increments, whereas in the cocurrent rota-
tion increment discharges, the sawteeth were suppressed
due to a significant change in the g profile. Table I summa-
rizes the sawtooth behavior for a database of 243 low
density target C-Mod plasmas with LHCD. No coincre-
ment discharges exhibited sawtooth oscillations whereas
all sawtoothing discharges underwent countercurrent rota-
tion changes. Only a few counterincrement plasmas were
without sawteeth. LHCD discharges without sawteeth also
experienced cocurrent rotation increments in JT-60U [4],
EAST [8], JET [10], and Tore Supra. A summary of the
LHCD rotation parameters from various tokamaks is
shown in Table II. The first column gives the rotation
increment direction following LHCD.

Current density profiles for C-Mod plasmas have been
determined from magnetics calculations constrained by
motional Stark effect observations [24,25] enabled by a
diagnostic neutral beam. The inverse rotational transform
g, magnetic shear (§ = r/qdq/dr), and magnetic shear
scale length (L, = Ryq/8) profiles, for three discharges
from Fig. 3 with plasma currents of 0.32, 0.58, and
0.91 MA, evaluated between 1.14 and 1.24 s, are shown
in Fig. 4. For the 0.91 MA plasma (which was sawtoothing
throughout the LHCD pulse), the g profile (top frame)
increases monotonically, with g, well below 1 at the
magnetic axis. The zero crossing at 0.75 m is consistent
with the measured sawtooth inversion radius. For the
0.32 MA case, the g profile is flat in the core, with a value
just under 2; for the 0.58 MA plasma, g, ~ 1.3. This is
consistent with the lack of sawtooth oscillations for these
latter two discharges. Another difference between these
cases is the nmagnetic shear (middle frame);
for the 0.91 MA plasma, § at r/a ~ 0.3 was about 0.5,
for the 0.58 MA case, the core § was near 0.2, and for the
0.32 MA discharge, § in the core was close to O.
Interestingly, all three § profiles converge near the mid-
radius, which is close to the rotation profile stagnation
point shown in Fig. 2. For the 0.91 MA plasma, the mag-
netic shear scale length L, (bottom frame) at R = 0.75 m
(r/a~0.3) was ~1.5m whereas for the 0.58 MA

Machine and operational parameters for LHCD experiments in L-mode plasmas on

various devices. The column identified as AV indicates the rotation increment direction relative
to the plasma current. The column marked Sawtooth indicates whether or not there were

sawtooth oscillations.

Device AV n,(10°/m3) g5 Sawtooth I (MA) B (T) R (m) Reference
C-Mod counter 0.6-1.2 <5 y 0.8 5.4 0.67 [5,6,9]
C-Mod co 0.4-0.6 6-10 n <0.6 54 0.67 [9]
EAST co 0.08 10 n 0.25 2 1.8 [8]
JET co 0.20 4.4 n 2 2.8 2.96 [7,10]
JET counter 0.21 4.1 y 2 2.5 2.96 [10]
JT-60U co 0.04 6.2 n 1.2 3.6 34 [4]
Tore Supra co 0.47 39 n 0.7 22 2.34

Tore Supra counter 0.58 39 y 1.2 3.9 2.34

125003-3
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FIG. 4 (color online). The inverse rotational transform ¢ (top),
magnetic shear § (middle), and magnetic shear scale length L
(bottom) profiles for 0.32 MA (red solid line), 0.58 MA (purple
dash-dotted line), and 0.91 MA (green dashed line) C-Mod dis-
charges with LHCD (1.14-1.24 s). Typical error bars are shown.
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FIG. 5 (color online). The change in the core rotation velocity
with LHCD (1.14-1.24 s) as a function of L, near r/a ~ 0.3 for
C-Mod discharges.

discharge was ~3 m. For the low current case, the core §
hovers ~0, which gives rise to large values of Lg; L, ~
20 m at R = 0.75 m for the 0.32 MA plasma.

The connection between the core magnetic shear scale
length and direction of rotation increment is illustrated in
Fig. 5 where the change in the core rotation velocity with
LHCD (1.14-1.24 s) is shown as a function of the average
value of L, near r/a ~ 0.3 for C-Mod discharges. There is
an abrupt change in the LHCD rotation increment, going
from counter- to co-, near L, ~ 2.3 m, exhibiting a thresh-
old behavior. The point for the cocurrent change 0.32 MA
discharge with L; ~ 20 m is off scale. Typical error bars
are shown. A related threshold is seen as a function of the
central inverse rotational transform, as is illustrated in Fig. 6,
where the change in core rotation frequency is shown
depending on ¢(. The null in Aw is close to gg ~ 1. The
use of the rotation frequency allows for direct comparison
with the results from other devices; also shown in Fig. 6 are
points from EAST [8], JET [10], and Tore Supra, which fit
well with those from C-Mod. These points generally occupy
two quadrants in this operational space: countercurrent rota-
tion increments for plasmas with g, < 1 and cocurrent for
qgo > 1. The change in rotation direction near ¢y~ 1
appears to be independent of electron density, both from a
comparison of these results from different devices and from
dedicated experiments at C-Mod.

These changes in the g profiles are significant, because
the structure of the residual stress I1, [20-22] (which gives
rise to an intrinsic torque via V - II,) and the turbulent
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FIG. 6 (color online). The change in the core rotation fre-
quency with LHCD as a function of g,. Dots: C-Mod,; asterisks:
Tore Supra; diamonds: JET; and square: EAST.
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acceleration [26] both depend sensitively on the magnetic
shear § and mode structure via ion-acoustic coupling.
In particular, both these drivers of intrinsic rotation require
symmetry breaking so as to set a finite value of
(k Lk”ICi)kIz), necessary for intrinsic torque. Here, the
bracket refers to a spectral average. To this end, the intrin-
sic torque can change noticeably [27] as ¢’ and § drop and
q"" increases. The effect of g profile modification on the
residual stress need not occur via a mode change at all.
For example, Ref. [27] shows that a decrease in shear and
an increase in ¢ profile curvature may alter the basic
symmetry-breaking mechanism for the same basic (ITG)
mode. It is evident that a change in symmetry breaking can
easily result in a change in sign of the residual stress.
Furthermore, the intrinsic torque for the normal magnetic
shear and “flat ¢”* cases can differ significantly, although
this may be an understatement. For weak shear (flat ¢
profiles), nonresonant modes become increasingly impor-
tant. Recent work [28] has characterized the structure of
nonresonant modes and noted that they are best thought of
as extended convective cells, with little, if any, similarity to
the familiar resonant modes. Further studies [29] have
revealed that these nonresonant modes make a substantial
contribution to the turbulent heat flux. Thus, there is every
reason to expect that the nonresonant modes play an impor-
tant role in the nondiffusive radial flux of toroidal momen-
tum and the associated Reynolds stress (7,7 4). Studies of
the effect of nonresonant modes on momentum transport are
ongoing and will be discussed in future publications. For
now, it should be emphasized that the change in intrinsic
torque as LHCD-induced current increases and ¢(r) flattens
is quite likely related to the contributions of nonresonant
modes. Previous work on turbulence-driven intrinsic torque
has ignored the effect of nonresonant modes.

In summary, LH waves have been introduced into L-mode
target plasmas, resulting in velocity changes in both the co-
and countercurrent directions. For observations from several
tokamaks with LHCD, the rotation direction depends on the
resulting changes in the g profile, with corotation increments
seen in plasmas with gy > 1, and countercurrent changes
with gy < 1. This effect likely results from changes in the
intrinsic torque (divergence of the residual stress) through
changes in the current density profile.

The authors thank M. Yoshida, S. Koide, and Y. Shi for
information regarding LHCD rotation, N. Fisch for
enlightening discussions, and the Alcator C-Mod opera-
tions and LH groups for expert running of the tokamak.
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No. DE-FC02-99ER54512 and in part by an appointment
to the U.S. DOE Fusion Energy Postdoctoral Research
Program administered by ORISE. This work supported
by EURATOM and carried out within the framework of
the European Fusion Development Agreement. The views
and opinions expressed herein do not necessarily reflect
those of the European Commission. This work was done
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