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Abstract

Following application of lower hybrid current drive (LHCPpwer, the core toroidal
rotation in Alcator C-Mod L- and H-mode plasmas is found torément in the counter-
current direction, in conjunction with a decrease in thespla internal inductancé,.
Along with the drops iri; and the core rotation velocity, there is peaking of the etect
and impurity density profiles, as well as the ion and electesnperature profiles. The
mechanism generating the counter-current rotation is awkinbut it is consistent with
an inward shift of energetic electron orbits, giving riseatnegative core radial electric
field. The peaking in the density, toroidal rotation (in treunter-current direction)
and temperature profiles occurs over a time scale simildra@urrent relaxation time
but slow compared to the energy and momentum confinemenstiost of these
discharges exhibit sawtooth oscillations throughouthwliie inversion radius shifting
inward during the LHCD and profile evolution. The magnitudéshe changes in the
internal inductance and the central rotation velocity d@rengly correlated and found
to increase with increasing LHCD power and decreasing rleaensity. The max-
imum effect is found with a waveguide phasing of @ launched parallel index of
refraction n~1.5), with a significantly smaller magnitude at 22@,~3.1), and with
no effect for negative or heating (180phasing. These results resemble the current
drive efficiency which scales asLE}/nenHQ. Regardless of the plasma parameters and
launched p of the waves, there is a strong correlation between theiootaglocity
andl; changes, possibly providing a clue for the underlying madm.



I. Introduction

In order for tokamaks to be viable candidates for future dtestate fusion reac-
tors, some variety of non-inductive current drive is neaegsLower hybrid current
drive (LHCD) [1] has been successfully implemented in lowkrctron density plas-
mas [2, 3, 4], and an outstanding issue is the extension teehidensities and under
conditions relevant for reactors [5]. Another approachrfon-inductive current drive
is to take advantage of the bootstrap current [6] generagdtidlarge pressure (den-
sity and temperature) gradients in plasmas with interaaigport barriers (ITBs) [7, 8].
Challenges of this approach involve production of steadjesiTBs (without current
ramping) under reactor relevant conditions (without nalubeam injection) and con-
trol of the barrier foot location. H-mode plasmas with ITBs/ing pressure gradients
in excess of 2.5 MPa/m have been obtained in Alcator C-Mol i@t cyclotron range
of frequencies (ICRF) heating [9, 10, 11, 12, 13, 14]. ITBsehalso been formed
without neutral beam injection in lower hybrid current drigLHCD) and electron cy-
clotron current drive (ECCD) plasmas in other devices [¥,,1I7]. Another issue for
future tokamak reactors is the generation and control aftian velocity profiles for
resistive wall mode (RWM) suppression [18, 19] in the absarfiexternal momentum
input [20].

The areas of LHCD [5], ITB formation [14] without current rging or external
momentum input and self-generated flows [21] are importamponents of the Alca-
tor C-Mod research program, and will all be addressed heflo@ [22] is a compact
(R~0.67 m, ~0.21 m), high field (B <8 T) device which can operate with electron
densities in the range of 10-10°!/m3. Auxiliary heating is provided with up to 6MW
of ICRF power. Dimensionless plasma parameters in thevitig ranges have been
achieved: 0.X gy < 1.8, 0.01< v* < 20 and 170< 1/p* < 500. Non-inductive
current is driven with LH waves injected from an 88 waveguigencher capable of
delivering up to 1.2 MW of power at 4.6 GHz with a parallel indef refraction, n,
in the range of 1.5-4 (waveguide phasing betweehd&td 150), in both the co- and
counter-current direction [5]. Time resolved toroidalatién velocity and ion tem-
perature profiles have been measured with an imaging Johamnspectrometer sys-
tem, from the Doppler shifts and broadening of argon and bu#yium x-ray emission
lines [23]. Central chord rotation velocities also comenira tangentially viewing
von Hamos type x-ray spectrometer. Electron density prefitdution was determined
using a laser interferometer and Thomson scattering systkattron temperature pro-
files were measured using Thomson scattering and a varigBCé&f diagnostics and
x-ray emission profiles were recorded with a diode array.[Z4]rrent density profile
measurements were not available for the discharges pegbhate; information on the
current density comes from the internal inductarigea(measure of the peakedness of
the current density profile), observations of sawtoothgratt and EFIT [25] magnetics
reconstructions.

An outline of the paper is as follows: LHCD discharge timadiigs and parameter
profiles will be presented in Il, followed by scaling studiedll, with a discussion and
conclusions in V.



Il. Observed Rotation Time Histories and Profile Evolution

In order to optimize performance in advanced tokamak ofmerat HCD has been
applied to a variety of different plasma types under a wideapeter range: lower,
double and upper null L-mode target discharges withiBthe range from 3.8 to 6.2
T, currents from 0.6 to 1.0 MA and electron densities from@.4.2 x 10?°/m?, in
addition to H-mode target plasmas. LHCD power levels betw@d and 1.1 MW
have been injected withyrin the range of 1.5-4, both co- and counter-current, includ-
ing pure heating phasing. Shown in Fig.1 are the time hissoof several parameters
of interest for a low density 5.4 T, 0.8 MA L-mode dischargeghMiHCD. Follow-
ing application of 0.8 MW of power between 0.8 and 1.3 s (witlaanched p ~
2.3), there was an increase in the core electron densityeangdrature, a drop in the
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Figure 1. The average electron density, electron temperattHCD power, internal
inductance and central toroidal rotation for a 5.4 T, 0.8 MAnbde discharge.

internal inductance (consistent with a broadening of theecu density profile) and
an increment of the central toroidal rotation velocity ire tbounter-current direction
[26]. (Here a negative velocity corresponds to counteresurrotation.) Modeling in-
dicates that about 250 kA were driven by LH waves in this cabe.time scale for the
change in the velocity is on the order of hundreds of ms, simd the current relax-
ation time ¢cr=1.4&xT.'"5/Z.;; ~ 250 ms), but much longer than the energy [27]
or momentum [28, 29] confinement times35 ms). The time evolutions of the inter-
nal inductance and the toroidal rotation velocity are samisuggesting a connection
between the two quantities. Shown in Fig.2 is a comparisotwofnearly identical



5.4 T, 0.8 MA L-mode target plasmas, with and without 0.4 MWL6fCD power at
a launched p~ 2.3, which highlights the effect of a peaking of the electdamsity,
a broadening of the current density profile and a change ofdtaion velocity in
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Figure 2: A comparison of two similar discharges, with (retld) and without (green
dashed) LHCD. From top to bottom, the electron density, LH&Wwer, internal in-
ductance and central toroidal rotation velocity.

the counter current direction. The change in the interndii@ance between the two
discharges at 1.2 s wasl;~—0.070, while the change in the core rotation velocity
wasAV~—24 km/s. Most C-Mod Ohmic L-mode discharges exhibit counterent
rotation [30, 31]; application of LHCD leads to even strongeunter rotation. The
magnitude of the changes in the internal inductance androtaion velocity depend
on the n spectrum of the launched waves [26]. Shown in Fig.3 is a coismaof two
similar plasmas with different waveguide phasings. Theltisge shown in red had
an n; ~ 1.55 and demonstrated a much larger drop; iand V., than the discharge
shown in green dashed, with - 2.3. This further emphasizes the connection between
the rotation and internal inductance in LHCD plasmas.

A similar counter-current increment in the rotation vetgeivith LHCD is observed
in H-mode target discharges. Shown in Fig.4 are the timets fora 5.4 T, 0.6 MA
double null plasma, which had 1.6 MW of ICRF power deliveretiieen 0.6 and 1.5 s.
The H-mode transition time was 0.69 s, as seen by the ing@adee electron density
and the co-current rotation velocity [32, 33, 9, 29]. Witle tdditional application of
0.9 MW of LHCD power with )y ~ 2.3 between 1.1 and 1.4 s, there was an increment
of the central toroidal rotation in the counter current diren, though the net rotation
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Figure 3: A comparison of two similar discharges with- 1.55 (red solid) and p~
2.3 (green dashed). Same legend as in Fig.2.

was still in the co-current direction. Similarly, there waseduction in the internal
inductance. While the average electron density droppeagulie LHCD pulse, the
profile actually peaked. Although the detailed mechanisvingirise to the changes
in rotation is unknown, it cannot be due to changes excliisiveviscous damping,
since in L-mode plasmas the magnitude of the rotation isergawhile in H-mode it
decreases.

Some of the lowest density target discharges develop lool@dkes, which causes
the rotation to stop [29]. Shown in Fig.5 is a plasma with agrage electron density of
5.5x10'/m?3 at the time of the initiation of LHCD. The internal inductanand core
rotation velocity both dropped at first, but as a locked moeeetbped at 0.93 s, as
seen on the magnetics trace, the rotation velocity haltddteere was an increaseiin
Similar behavior has been reported from ASDEX [34]. Modeking is well known to
cause rotation braking [35, 36] but why this affects the entidensity profile, as seen
in the increase of the internal inductance, is not clearr@neonfinement is known to
degrade with locked modes and it may be that fast electrofim@ment also degrades;
this loss of fast electrons leads to a reduction of curreiredr

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

unchanged. Similar behavior is seen in the electron andeimpérature profiles, with
a peaking occurring inside of R = 0.755 m during LHCD. Befol¢dD, the velocity
profile is rather flat and close to stagnant, while during LH@i2 profile is strongly
centrally peaked in the counter-current direction. DuridCD, 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 inversionirdzbth before and during
LHCD. A flattening of the rotation velocity profile inside dfi¢ 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 LHGi»wer at
a launched p~ 1.55 is shown in Fig.7. During LHCD, the central velocity cead
55 km/s in the counter direction, and there were no sawtostlilations at this time.
Peaking in all profiles was observed inside of R = 0.77 m, iatitigy a close relationship
between the particle, momentum and energy channels.

I1l. Scalings

Parameter scans of target plasma density, LHCD power anéguide phasing
have been undertaken in order to optimize performance. 8howrig.8 are results
from a shot to shot power scan with a launchgdwn2.3 into 0.8 MA, 5.4 T target
plasmas. In the top frame is the density peaking factor,dlie of the central density
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Figure 5: A LHCD plasma with a locked mode, which develope@.@8 s, as seen in
the second panel, which represents the difference betvigeal $evels on two partial
flux loops.
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Figure 7: Electron density, rotation velocity and ion temgpere profiles, with the same
legend as in Fig.6.

to that at r/a = 0.7; there is a steady increase in the densiiipg with LHCD power.
Similar behavior is seen in the ion temperature, as showmenmiddle frame; the
change in the central ion temperature (compared to the pi€E.level) also increases
with injected power. In the bottom frame is the magnitudehef thange in the central
rotation velocity (always in the counter-current direafipcomparing before and during
LHCD, and there is a similar scaling with power. The vertigahds of points near the
power level of 0.44 MW are due to variations in electron dgn8hown in Fig.9 are the
same three peaking parameters as a function of electroityléorsa series of 0.8 MA,
5.4 T discharges at fixed power (0.42 to 0.47 MW) withn2.3. For all three of these
parameters, there is a decrease with increasing electraitgeThe velocity scalings
of Figs.8 and 9 have been combined, including additionalM¥g 5.4 T discharges
with nj ~ 2.3 LHCD, and are presented in Fig.10, which shows the changee
central rotation velocity as a function of power normalizedthe electron density.
This figure unifies the trends with LHCD power and electrongitynand suggests a
similarity to the current drive efficiency, which scales g@me way. Similar behavior
in the density and temperature profile peaking also holds.

As is evident from Figs.1-5, the changes in internal indacgsand rotation veloc-
ity are well correlated, regardless of plasma conditionkaanched p. This point is
emphasized in Fig.11 which shows the magnitude of the chiartbe rotation velocity
as a function of the change in(as defined in Fig.2), for a large number of discharges,
regardless of plasma or LHCD parameters. The points in thisdirepresent a range
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Figure 8: Density peaking factor (top), change in the cémndratemperature (middle)
and the change in the central rotation velocity (bottom) amation of LHCD power.

of electron density from 0.4 to 1.2 102°/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 td MW, with a
variety of magnetic configurations. The points are sortedalbmched p between~
1.5 and 3.1. For waves directed counter-current, wjthnn—1.5 and—2.3, there is
very little effect.

IV. Discussion and Conclusions

Counter-current rotation during LHCD implies that the eddilectric field is neg-
ative in the core region [26]. [Eprofiles before and during LHCD for the discharge
of Figs.1 and 6 are shown in Fig.12., as determined from the radial force bal-
ance equation using the measured argon toroidal and pofotdéion velocity profiles,
with the measured argon pressure profiles, and calculatedi&h and poloidal mag-
netic fields. In this case,Bs dominated by the toroidal rotation velocity term. Before
LHCD, the core radial electric field is close to zero, whilgwiHCD, there is a strong
negative k which peaks at a value 6f13 kV/m near r/a = 0.3. A negative corg B-
dicates that there is an inward shift of electron orbits (ooatward shift of ion orbits).
The fast electrons generated by LHCD experience an incieagg and hence an in-
crease in their curvature drift velocity, whose sign is stit their orbits contract [26].
These fast electrons slow down through collisions on flufages radially inward of

10
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Figure 9: Peaking parameters (as in Fig.8) as a functionegften density at fixed
LHCD power.

the ones on which they were born, which constitutes a radiakaot and results in a
negative E. Another possible mechanism for the negative cqoresB& resonant trapped
particle pinch [39], which results from the canonical amguhomentum absorbed by
the trapped electrons which interact with the LH waves. &ite resonant particles
are relatively collisionless, the added momentum cannathbdily lost, and they are
forced to drift radially inward.

While these fast electron models may explain the directich@bbserved rotation,
whether they can account for the velocity profile evolutiomet scale and magnitude of
E, remains an open question. The time scale for the chandesund Vi, is of order
of the current relaxation time (Figs.1-3). The time devetent of the local quantity
V1.:(0) is found to lag behind that of the global quantfityas shown in Fig.13, which
is a discharge trajectory in th&l; - AV(0) plane. The points are shown for every 20
ms.

The profile (velocity, density and temperature) shapes aotuon time scales
of LHCD discharges have many similarities to ICRF (and Ohrfi® plasmas in C-
Mod. In particular, the counter-current increment in thatimn and the density profile
peaking look very similar in both cases, as demonstratedgri#. In the ICRF case
(which entered H-mode at 0.71 s) the ITB began to developat §). after the plasma
was in H-mode. Following this time there was an increaseerdmsity peaking factor
and a counter-current trend in the core rotation velocign\similar behavior is seen
in the LHCD case. For LHCD however, the changes in the demsitytemperature

11
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profile shapes may simply be due to the inward shift of the sathitinversion radius
(Fig.6) and not due to ITB formation. Shown in Fig.15 are tihesgure and pressure
gradient profiles before and during LHCD for the discharg€igk.1 and 6. As can be
seen, there is only an inward shift of the maximum pressuadignt location and only a
very small increase in the gradient magnitude. TRANSP [#0{fations indicate that
there is at most a 20% reduction in the core thermal condtctfter application of
LHCD. These two points would suggest that the peaking of émsity and temperature
profiles during LHCD is not due to ITB formation, or if it is aiB, it is a very weak
one.

In summary, substantial counter-current rotation has lodserved in LHCD dis-
charges. The magnitude of the rotation is core localizediaagases with LHCD
power, decreases with electron density and decreasesheiti) of the launched waves.
The negative core radial electric filed is consistent withiravard shift of fast electron
orbits. The rotation evolves on a time scale similar to theent relaxation time but
slow compared to the momentum confinement time. The rotasiavell correlated
with changes in the internal inductance, and peaking of tte electron density, as
well as ion and electron temperatures.

Similar effects have been observed with LHCD applied to IGREted H-mode
target plasmas. Shown in Fig.16 are rotation velocity peefat three different times
during the discharge of Fig.4. The grees are from the Ohmic L-mode target plasma
(0.6-0.7 s) and indicate a mainly flat counter-current iotaprofile. The purple aster-

12
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