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Abstract

Following application of lower hybrid current drive (LHCD)power, the core toroidal
rotation in Alcator C-Mod L- and H-mode plasmas is found to increment in the counter-
current direction, in conjunction with a decrease in the plasma internal inductance,li.
Along with the drops inli and the core rotation velocity, there is peaking of the electron
and impurity density profiles, as well as the ion and electrontemperature profiles. The
mechanism generating the counter-current rotation is unknown, but it is consistent with
an inward shift of energetic electron orbits, giving rise toa negative core radial electric
field. The peaking in the density, toroidal rotation (in the counter-current direction)
and temperature profiles occurs over a time scale similar to the current relaxation time
but slow compared to the energy and momentum confinement times. Most of these
discharges exhibit sawtooth oscillations throughout, with the inversion radius shifting
inward during the LHCD and profile evolution. The magnitudesof the changes in the
internal inductance and the central rotation velocity are strongly correlated and found
to increase with increasing LHCD power and decreasing electron density. The max-
imum effect is found with a waveguide phasing of 60◦ (a launched parallel index of
refraction n‖∼1.5), with a significantly smaller magnitude at 120◦ (n‖∼3.1), and with
no effect for negative or heating (180◦) phasing. These results resemble the current
drive efficiency which scales as PLH /nen‖2. Regardless of the plasma parameters and
launched n‖ of the waves, there is a strong correlation between the rotation velocity
andli changes, possibly providing a clue for the underlying mechanism.
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I. Introduction

In order for tokamaks to be viable candidates for future steady state fusion reac-
tors, some variety of non-inductive current drive is necessary. Lower hybrid current
drive (LHCD) [1] has been successfully implemented in lowerelectron density plas-
mas [2, 3, 4], and an outstanding issue is the extension to higher densities and under
conditions relevant for reactors [5]. Another approach fornon-inductive current drive
is to take advantage of the bootstrap current [6] generated by the large pressure (den-
sity and temperature) gradients in plasmas with internal transport barriers (ITBs) [7, 8].
Challenges of this approach involve production of steady state ITBs (without current
ramping) under reactor relevant conditions (without neutral beam injection) and con-
trol of the barrier foot location. H-mode plasmas with ITBs having pressure gradients
in excess of 2.5 MPa/m have been obtained in Alcator C-Mod with ion cyclotron range
of frequencies (ICRF) heating [9, 10, 11, 12, 13, 14]. ITBs have also been formed
without neutral beam injection in lower hybrid current drive (LHCD) and electron cy-
clotron current drive (ECCD) plasmas in other devices [15, 16, 17]. Another issue for
future tokamak reactors is the generation and control of rotation velocity profiles for
resistive wall mode (RWM) suppression [18, 19] in the absenceof external momentum
input [20].

The areas of LHCD [5], ITB formation [14] without current ramping or external
momentum input and self-generated flows [21] are important components of the Alca-
tor C-Mod research program, and will all be addressed here. C-Mod [22] is a compact
(R∼0.67 m, r∼0.21 m), high field (BT≤8 T) device which can operate with electron
densities in the range of 1019-1021/m3. Auxiliary heating is provided with up to 6MW
of ICRF power. Dimensionless plasma parameters in the following ranges have been
achieved: 0.2≤ βN ≤ 1.8, 0.01≤ ν* ≤ 20 and 170≤ 1/ρ* ≤ 500. Non-inductive
current is driven with LH waves injected from an 88 waveguidelauncher capable of
delivering up to 1.2 MW of power at 4.6 GHz with a parallel index of refraction, n‖,
in the range of 1.5-4 (waveguide phasing between 60◦ and 150◦), in both the co- and
counter-current direction [5]. Time resolved toroidal rotation velocity and ion tem-
perature profiles have been measured with an imaging Johann x-ray spectrometer sys-
tem, from the Doppler shifts and broadening of argon and molybdenum x-ray emission
lines [23]. Central chord rotation velocities also come from a tangentially viewing
von Hamos type x-ray spectrometer. Electron density profileevolution was determined
using a laser interferometer and Thomson scattering system, electron temperature pro-
files were measured using Thomson scattering and a variety ofECE diagnostics and
x-ray emission profiles were recorded with a diode array [24]. Current density profile
measurements were not available for the discharges presented here; information on the
current density comes from the internal inductance (li, a measure of the peakedness of
the current density profile), observations of sawtooth patterns and EFIT [25] magnetics
reconstructions.

An outline of the paper is as follows: LHCD discharge time histories and parameter
profiles will be presented in II, followed by scaling studiesin III, with a discussion and
conclusions in IV.
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II. Observed Rotation Time Histories and Profile Evolution

In order to optimize performance in advanced tokamak operation, LHCD has been
applied to a variety of different plasma types under a wide parameter range: lower,
double and upper null L-mode target discharges with BT in the range from 3.8 to 6.2
T, currents from 0.6 to 1.0 MA and electron densities from 0.4to 1.2× 1020/m3, in
addition to H-mode target plasmas. LHCD power levels between 0.4 and 1.1 MW
have been injected with n‖ in the range of 1.5-4, both co- and counter-current, includ-
ing pure heating phasing. Shown in Fig.1 are the time histories of several parameters
of interest for a low density 5.4 T, 0.8 MA L-mode discharge with LHCD. Follow-
ing application of 0.8 MW of power between 0.8 and 1.3 s (with alaunched n‖ ∼
2.3), there was an increase in the core electron density and temperature, a drop in the
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Figure 1: The average electron density, electron temperature, LHCD power, internal
inductance and central toroidal rotation for a 5.4 T, 0.8 MA L-mode discharge.

internal inductance (consistent with a broadening of the current density profile) and
an increment of the central toroidal rotation velocity in the counter-current direction
[26]. (Here a negative velocity corresponds to counter-current rotation.) Modeling in-
dicates that about 250 kA were driven by LH waves in this case.The time scale for the
change in the velocity is on the order of hundreds of ms, similar to the current relax-
ation time (τCR=1.4a2κTe

1.5/Zeff ∼ 250 ms), but much longer than the energy [27]
or momentum [28, 29] confinement times (∼35 ms). The time evolutions of the inter-
nal inductance and the toroidal rotation velocity are similar, suggesting a connection
between the two quantities. Shown in Fig.2 is a comparison oftwo nearly identical
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5.4 T, 0.8 MA L-mode target plasmas, with and without 0.4 MW ofLHCD power at
a launched n‖ ∼ 2.3, which highlights the effect of a peaking of the electrondensity,
a broadening of the current density profile and a change of therotation velocity in

0.6 0.8 1.0 1.2 1.4 1.60.45
0.50

0.55

0.60

0.65

0.70

1
0

2
0
/m

3

n
e

0.6 0.8 1.0 1.2 1.4 1.6

1.38
1.40
1.42
1.44
1.46
1.48

l
i

∆ l
i

0.6 0.8 1.0 1.2 1.4 1.60.0
0.1

0.2

0.3

0.4

M
W LH

0.6 0.8 1.0 1.2 1.4 1.6
t (s)

-40

-30

-20

-10

k
m

/s

V
Tor

(0)

∆V

Figure 2: A comparison of two similar discharges, with (red solid) and without (green
dashed) LHCD. From top to bottom, the electron density, LHCDpower, internal in-
ductance and central toroidal rotation velocity.

the counter current direction. The change in the internal inductance between the two
discharges at 1.2 s was∆li∼−0.070, while the change in the core rotation velocity
was∆V∼−24 km/s. Most C-Mod Ohmic L-mode discharges exhibit counter-current
rotation [30, 31]; application of LHCD leads to even stronger counter rotation. The
magnitude of the changes in the internal inductance and corerotation velocity depend
on the n‖ spectrum of the launched waves [26]. Shown in Fig.3 is a comparison of two
similar plasmas with different waveguide phasings. The discharge shown in red had
an n‖ ∼ 1.55 and demonstrated a much larger drop inli and VTor than the discharge
shown in green dashed, with n‖ ∼ 2.3. This further emphasizes the connection between
the rotation and internal inductance in LHCD plasmas.

A similar counter-current increment in the rotation velocity with LHCD is observed
in H-mode target discharges. Shown in Fig.4 are the time histories for a 5.4 T, 0.6 MA
double null plasma, which had 1.6 MW of ICRF power delivered between 0.6 and 1.5 s.
The H-mode transition time was 0.69 s, as seen by the increases in the electron density
and the co-current rotation velocity [32, 33, 9, 29]. With the additional application of
0.9 MW of LHCD power with n‖ ∼ 2.3 between 1.1 and 1.4 s, there was an increment
of the central toroidal rotation in the counter current direction, though the net rotation
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Figure 3: A comparison of two similar discharges with n‖ ∼ 1.55 (red solid) and n‖ ∼
2.3 (green dashed). Same legend as in Fig.2.

was still in the co-current direction. Similarly, there wasa reduction in the internal
inductance. While the average electron density dropped during the LHCD pulse, the
profile actually peaked. Although the detailed mechanism giving rise to the changes
in rotation is unknown, it cannot be due to changes exclusively in viscous damping,
since in L-mode plasmas the magnitude of the rotation increases, while in H-mode it
decreases.

Some of the lowest density target discharges develop lockedmodes, which causes
the rotation to stop [29]. Shown in Fig.5 is a plasma with an average electron density of
5.5×1019/m3 at the time of the initiation of LHCD. The internal inductance and core
rotation velocity both dropped at first, but as a locked mode developed at 0.93 s, as
seen on the magnetics trace, the rotation velocity halted and there was an increase inli.
Similar behavior has been reported from ASDEX [34]. Mode locking is well known to
cause rotation braking [35, 36] but why this affects the current density profile, as seen
in the increase of the internal inductance, is not clear. Energy confinement is known to
degrade with locked modes and it may be that fast electron confinement also degrades;
this loss of fast electrons leads to a reduction of current drive.

The increases in density and temperature, and drops in rotation during LHCD oc-
cur in the very core of the plasma [26]. Shown in Fig.6 are the density, velocity and
temperature profiles for the discharge of Fig.1 at two different times, before (0.75 s)
and during (1.15 s) LHCD. There is a peaking of the electron density profile inside of
R = 0.775 m (r/a∼ 0.4) during LHCD, while outside of this radius the profile remains
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Figure 4: Parameter time histories for an ICRF H-mode discharge with LHCD. Same
legend as in Fig.1.

unchanged. Similar behavior is seen in the electron and ion temperature profiles, with
a peaking occurring inside of R = 0.755 m during LHCD. Before LHCD, the velocity
profile is rather flat and close to stagnant, while during LHCD, the profile is strongly
centrally peaked in the counter-current direction. DuringLHCD, the sawtooth inver-
sion radius moves inward to R∼ 0.73 m from the target location of R∼ 0.76 m. All
of the profiles are relatively flat inside of the inversion radii both before and during
LHCD. A flattening of the rotation velocity profile inside of the sawtooth inversion
radius has been observed in TCV plasmas [37, 38].

A set of profiles for a 0.8 MA, 6.2 T discharge with 0.8 MW of LHCDpower at
a launched n‖ ∼ 1.55 is shown in Fig.7. During LHCD, the central velocity reached
55 km/s in the counter direction, and there were no sawtooth oscillations at this time.
Peaking in all profiles was observed inside of R = 0.77 m, indicating a close relationship
between the particle, momentum and energy channels.

III. Scalings

Parameter scans of target plasma density, LHCD power and waveguide phasing
have been undertaken in order to optimize performance. Shown in Fig.8 are results
from a shot to shot power scan with a launched n‖ ∼ 2.3 into 0.8 MA, 5.4 T target
plasmas. In the top frame is the density peaking factor, the ratio of the central density
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Figure 5: A LHCD plasma with a locked mode, which developed at0.93 s, as seen in
the second panel, which represents the difference between signal levels on two partial
flux loops.
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Figure 7: Electron density, rotation velocity and ion temperature profiles, with the same
legend as in Fig.6.

to that at r/a = 0.7; there is a steady increase in the density peaking with LHCD power.
Similar behavior is seen in the ion temperature, as shown in the middle frame; the
change in the central ion temperature (compared to the pre-LHCD level) also increases
with injected power. In the bottom frame is the magnitude of the change in the central
rotation velocity (always in the counter-current direction), comparing before and during
LHCD, and there is a similar scaling with power. The verticalbands of points near the
power level of 0.44 MW are due to variations in electron density. Shown in Fig.9 are the
same three peaking parameters as a function of electron density for a series of 0.8 MA,
5.4 T discharges at fixed power (0.42 to 0.47 MW) with n‖ ∼ 2.3. For all three of these
parameters, there is a decrease with increasing electron density. The velocity scalings
of Figs.8 and 9 have been combined, including additional 0.8MA, 5.4 T discharges
with n‖ ∼ 2.3 LHCD, and are presented in Fig.10, which shows the changein the
central rotation velocity as a function of power normalizedto the electron density.
This figure unifies the trends with LHCD power and electron density, and suggests a
similarity to the current drive efficiency, which scales thesame way. Similar behavior
in the density and temperature profile peaking also holds.

As is evident from Figs.1-5, the changes in internal inductance and rotation veloc-
ity are well correlated, regardless of plasma conditions orlaunched n‖. This point is
emphasized in Fig.11 which shows the magnitude of the changein the rotation velocity
as a function of the change inli (as defined in Fig.2), for a large number of discharges,
regardless of plasma or LHCD parameters. The points in this figure represent a range
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Figure 8: Density peaking factor (top), change in the central ion temperature (middle)
and the change in the central rotation velocity (bottom) as afunction of LHCD power.

of electron density from 0.4 to 1.2× 10 20/m3, toroidal magnetic field from 3.8 to 6.2
T, plasma current from 0.6 to 1.0 MA and LHCD power from 0.4 to 1.1 MW, with a
variety of magnetic configurations. The points are sorted bylaunched n‖ between∼
1.5 and 3.1. For waves directed counter-current, with n‖ ∼ −1.5 and−2.3, there is
very little effect.

IV. Discussion and Conclusions

Counter-current rotation during LHCD implies that the radial electric field is neg-
ative in the core region [26]. Er profiles before and during LHCD for the discharge
of Figs.1 and 6 are shown in Fig.12. Er was determined from the radial force bal-
ance equation using the measured argon toroidal and poloidal rotation velocity profiles,
with the measured argon pressure profiles, and calculated toroidal and poloidal mag-
netic fields. In this case Er is dominated by the toroidal rotation velocity term. Before
LHCD, the core radial electric field is close to zero, while with LHCD, there is a strong
negative Er which peaks at a value of−13 kV/m near r/a = 0.3. A negative core Er in-
dicates that there is an inward shift of electron orbits (or an outward shift of ion orbits).
The fast electrons generated by LHCD experience an increasein |v‖| and hence an in-
crease in their curvature drift velocity, whose sign is suchthat their orbits contract [26].
These fast electrons slow down through collisions on flux surfaces radially inward of
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Figure 9: Peaking parameters (as in Fig.8) as a function of electron density at fixed
LHCD power.

the ones on which they were born, which constitutes a radial current and results in a
negative Er. Another possible mechanism for the negative core Er is a resonant trapped
particle pinch [39], which results from the canonical angular momentum absorbed by
the trapped electrons which interact with the LH waves. Since the resonant particles
are relatively collisionless, the added momentum cannot bereadily lost, and they are
forced to drift radially inward.

While these fast electron models may explain the direction ofthe observed rotation,
whether they can account for the velocity profile evolution time scale and magnitude of
Er remains an open question. The time scale for the changes inli and VTor is of order
of the current relaxation time (Figs.1-3). The time development of the local quantity
VTor(0) is found to lag behind that of the global quantityli, as shown in Fig.13, which
is a discharge trajectory in the∆li - ∆V(0) plane. The points are shown for every 20
ms.

The profile (velocity, density and temperature) shapes and evolution time scales
of LHCD discharges have many similarities to ICRF (and Ohmic) ITB plasmas in C-
Mod. In particular, the counter-current increment in the rotation and the density profile
peaking look very similar in both cases, as demonstrated in Fig.14. In the ICRF case
(which entered H-mode at 0.71 s) the ITB began to develop at 0.85 s, after the plasma
was in H-mode. Following this time there was an increase in the density peaking factor
and a counter-current trend in the core rotation velocity. Very similar behavior is seen
in the LHCD case. For LHCD however, the changes in the densityand temperature
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profile shapes may simply be due to the inward shift of the sawtooth inversion radius
(Fig.6) and not due to ITB formation. Shown in Fig.15 are the pressure and pressure
gradient profiles before and during LHCD for the discharge ofFigs.1 and 6. As can be
seen, there is only an inward shift of the maximum pressure gradient location and only a
very small increase in the gradient magnitude. TRANSP [40] simulations indicate that
there is at most a 20% reduction in the core thermal conductivity after application of
LHCD. These two points would suggest that the peaking of the density and temperature
profiles during LHCD is not due to ITB formation, or if it is an ITB, it is a very weak
one.

In summary, substantial counter-current rotation has beenobserved in LHCD dis-
charges. The magnitude of the rotation is core localized andincreases with LHCD
power, decreases with electron density and decreases with the n‖ of the launched waves.
The negative core radial electric filed is consistent with aninward shift of fast electron
orbits. The rotation evolves on a time scale similar to the current relaxation time but
slow compared to the momentum confinement time. The rotationis well correlated
with changes in the internal inductance, and peaking of the core electron density, as
well as ion and electron temperatures.

Similar effects have been observed with LHCD applied to ICRFheated H-mode
target plasmas. Shown in Fig.16 are rotation velocity profiles at three different times
during the discharge of Fig.4. The green×s are from the Ohmic L-mode target plasma
(0.6-0.7 s) and indicate a mainly flat counter-current rotation profile. The purple aster-
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Figure 13: A LHCD plasma trajectory in the−∆li - −∆V(0) plane. The points are
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tion (1.3-1.4 s) and demonstrate the prospect of velocity profile shape control without
neutral beam injection. This latter ability may be important in future devices.
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velocity (bottom) for an ICRF ITB discharge (green dashed) and LHCD plasma (solid
red).
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