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The time evolution of toroidal rotation velocity profiles has been measured in Alcator C-Mod
[Hutchinsonet al, Phys. Plasmad, 1511 (1994] plasmas using a tangentially viewing x-ray
spectrometer array. The strong co-current toroidal rotation in enhdng€BDA) high confinement

mode H-mode plasmas is observed to propagate in from the edge on a time scale similar to the
energy confinement time. The ensuing steady state rotation velocity profiles in both Ohmic and ion
cyclotron range of frequenci€¢lCRF) heated EDAH modes, which are generated in the absence of
any external momentum input, are found to be relatively flat. These profiles may be simulated by a
simple diffusion model with the boundary condition of an edge rotation, which appears during the
H-mode period. The observed profiles are well matched by the simulations using a momentum
diffusivity of ~0.1 n?/s, which is much larger than the calculated neo-classical value, and the
momentum transport may be regarded as anomalous. The Alcator C-Mod rotation observations have
been compared in detail with the calculations of neo-classical and sub-neo-classical theory, to the
predictions from modeling of ICRF wave induced energetic ion orbit shifts, and to estimates from
turbulence driven mechanisms. The magnitude and scalings of the observed rotation results are in
accord with neo-classical and sub-neo-classical calculations, but the measured momentum
diffusivity is higher than the predictions by a large factor. The prediction of rotation reversal with

a high magnetic field side resonance location for ICRF wave induced ion orbit shifts has not been
observed in the experiments. While the turbulence driven rotation calculations are mostly
qualitative, they represent some of the observed feature20@! American Institute of Physics.
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I. INTRODUCTION ment mode [(-mode discharges are found to have a slight
(~10 km/s) counter-current rotatif,and the magnitude
Rotation and velocity shear play important roles in theand direction are consistent with neo-classical thébigRF
transition to high confinement modéd(mode,' in sup-  and OhmicH-mode plasmas exhibit co-current rotation up to
pression of resistive wall modesind in the formation of 100 km/s, without direct momentum input. Following the
internal transport barrieréITBs)” in tokamak discharges. to H-mode transition, the core rotation rises on a time scale
Even so, there has been considerably less effort addressing order of 7z, the energy confinement time, with a magni-
momentum transport compared to energy and particle transude proportional to the increase in the plasma stored energy
port. In @ majority of tokamak plasmas, the observed toroidahormalized to the plasma currelit(A similar scaling has
rotation is generated externally by tangential neutral beambeen found in Tore Suprd) The rotation reverses direction
injection®~*> Momentum confinement is generally found to when the current direction is revers&dThe magnitude of
be anomalous, with a diffusivity,, , similar to the ion ther-  the rotation is consistent with a core radial electric fiél,
mal conductivity, x;,®~*°> but much larger than the neo- of +10s of kV/m. ForH-mode discharges which evolve
classical diffusivity(viscosity. Despite the fact that there is |TBs, the core rotation velocity anl, change sigr®—=°
no momentum input in Alcator C-Mod plasmas, ion cyclo-  Several attempts to explain the observed rotation in
tron range of frequenciegICRF)'®Y" and Ohmi¢®81°  c_Mod have been made, based on sub-neo-cladsifidcts,
H-mode discharges are found to have substantial spontangERF wave driven fast particle orbit shift mechanisifis>
ous co-current toroidal impurity rotation. Similar observa-and turbulencé®?” Quantitative comparisons of the predic-
tions have been made on other devices such as the Joitibns of each of these theories to the C-Mod observations
European Torus (JET),?*?! COMPASS? and Tore will be made in Sec. IV after a presentation of the measure-
Supra?®~*The Alcator C-Mod rotation results are summa- ments in Sec. Ill. In Sec. Il the experimental setup is de-
rized in the following. Lower single null Ohmic low confine- scribed and conclusions are drawn in Sec. V.

II. EXPERIMENT AND SPECTROMETER DESCRIPTION
dpaper BI1 3, Bull. Am. Phys. Sod8, 18 (2003.

Yinvited speaker. The observations presented here were obtained from the
9Present address: Archimedes Technology Group, San Diego, CA. Alcator C-Mod tokamak, a compactmajor radius R,
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=0.67 m, typical minor radiug=0.21 m), high magnetic d 19

field (Br=8T) device with strong shaping capabilities and EP_ Fﬁ(rDrAEP
all metal plasma facing components. Auxilliary heating is | o
available with 3 MW of ICRF heating power at 80 MHz, With P=nim;V,,, and where the momentum diffusivity,,
which is coupled to the plasma by 2 two-strap antennas. FdP @ ffée parameter to be determined. Subject to the boundary
the discharges described here, the hydrogen minority heatin?’n_d't'onS of an edge rotation/o, which is present only
was with O«r phasing, and there was no momentum input duringH mode

An additional 3 MW of ICRF power are available from a Vy(at)=Vo, t__pststy

variable frequency, variable phase four-strap antenna; for th
cases described here, this antenna was operated at both
and 78 MHz with 0sm-0-7r phasing, again with no momen- . . : .
tum input. Previous off-axis toroidal rotation measurement spatially anq temporqlbyD¢, the toroidal r'otatlon velocity,
from the Doppler shifts of argon x-ray lines on Alcator .¢>(r’t)’ profile evolution may be determined from a solu-
C-Mod were from x-ray spectrometers with only a slight tion to
toroidal view!® so only large rotation velocities could be d

seen, and then only with poor time resolution. The x-ray §V¢_D¢
crystal spectrometer system has now been modified with o )
three fully tangential views, vertically displaced to provide Vid an expansion in Bessel functions. An example of the
three points on the rotation profile. The three spectrometeréSults of this modeling is shown in the bottom of Fig. 2,
have views which are tangent R=0.685 m, with chords on  WhereD, was determined to be 0.1%s, with 7,~75 ms.

the mid-plane and vertically displaced by 0.09 and 0.18 m,'I'he simulation reproduces well the_ propagation in from t_he
respectively. With the mapping to the outboard horizonta€dge, the resultant_steady_ flat profiles, an_d th_e_ ov_erall time
mid-plane, the profile coverage is |ta=0.0, 0.3, and 0.6. scale for the evolut|op. This _momentumz diffusivity is much
The central chord spectrometer observes thiéAty, dou-  larger than the classical estimétev,~ p{/;~0.003 nf/s

blet while the off-axis spectrometers monitor the'®rfor-  (the neo-classical value is even smalland the observed
bidden line,z.1® These three rotation measurements are auglomentum transport may be considered as highly anoma-
mented by the velocity of magnetic perturbations associatetpus. & result seen in many tokamak experiments.

with sawtooth oscillations recorded with an array of fast

pickup coils!® This provides rotation information at th® |\, coMPARISONS WITH THEORY

=1 surface, which is typically neara~0.2. Electron den-

sity profiles were determined by Thomson scattering and The C-Mod rotation observations in Ohmic-mode
from the visible continuum using a high spatial resolutionplasma&® have previously been compared to the predictions
imaging charge coupled device system. Electron temperatuief neo-classical theorf. The calculated magnitude, direction
profiles were determined from Thomson scattering and fronfcounter-current and independence on the mass of the im-
electron cyclotron emission. Magnetic flux surface recon{urity ions were found to be in agreement with the experi-

=0

Eﬁ)is the minor radiusand with the assumption@bserved
in the electrong of a flat ion density profile and constant

9? 19

TNyt ==V, |=0
a2 e oo 0

structions were provided from therT8 code. ment for discharges with a lower single null. Upper single
null and limited plasmas have substantial counter-current ro-
tation, ~ — 40 km/¢* and for these configurations, the mag-

lIl. OBSERVED ROTATION PROFILE EVOLUTION IN nitude is not in good agreement with neo-classical theory. In

EDA H-MODE PLASMAS the case ofH-mode plasmas, the observed scaling of the

rotation, proportional to the inverse of the plasma

Plasma parameter time histories for a typical enhancedurrent!’'825%s in qualitative agreement with the scalings
D, (EDA) H-modé® plasma are shown in Fig. 1. This 5.4 T, of neo-classical theor/. The magnitude of the rotation is
0.8 MA discharge entered mode at 0.657 s following ap- proportional to the radial electric field, which is not calcu-
plication of 2 MW of 80 MHz ICRF power at 0.6 s. The lated in a self-consistent manng@eft as a free parameter
usual signatures oH mode were seen in the rise of the and the rotation measurements can be used to iBfer
stored energy and electron density in conjuction with signifi-which is a common practice in many tokamak experiments.
cant co-current toroidal rotation. The rotation velocity profile For C-Mod, it is typically in the range of 10—30 kV/m in
evolution for this discharge is shown in the top frame of Fig.the core of H-mode discharges and-10 kV/m in ITB
2. The rotation increase was first seenr&=0.6 (purple  plasmag®°In spite of these areas of agreemémhich may
diamond$ immediately following theH-mode transition. be fortuitous, the large discrepency in the calculated and
The rotation subsequently propagated into the interior andheasured momentum diffusivity indicates that another pro-
settled into a flat profile after 150 ms or €** This profile  cess is dominating momentum transport, to levels well above
time development is suggestive of the evolution of an edgaeo-classical. Furthermore, the ordering assumed in the
source of momentum governed by a diffusive process. original neo-classical derivation is violated, since the tem-

The evolution of the toroidal rotation velocity profile in perature gradient scale length is less than the ion gyro-radius
EDA H-mode plasmas has been simulated using a simpl& the edge of C-ModH-mode discharges. This ordering has
source-free momentum transport mdféin cylindrical co-  been properly treated in the sub-neo-classical th&#,
ordinate$ which also provideg&, from an ambipolarity constraint. The
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FIG. 3. (Color) Time histories for an Ohmic discharge which had an ELM-
FIG. 1. (Color) Time histories for an EDA4-mode plasma generated with 2 free H-mode period from 1.10 to 1.24 s, and an EBiAmode period from

MW of ICRF power. From top to bottom the plasma stored energy, centralj 30 to 1.49 s. From top to bottom are the plasma stored energy, central

electron density, central electron temperatube, brightness and central  ejectron density, toroidal magnetic field, plasma currBntbrightness, and
toroidal rotation velocity. The waveform of the ICRF pulse is shown in central toroidal rotation velocity.

green in the middle frame.

toroidal rotation velocity profile may also be determined and
is proportional to the temperature gradient. The sub-neo-

6 classical theor}t correctly predicts the magnitude, direction
> B I and scaling for the observed rotation in many Ohmic
“E- 4 H-mode discharges. However there are some plasmas where
5 3
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FIG. 2. (Color The time evolution of the toroidal rotation velocity at four
spatial locations for the discharge of Fig. 1 is shown in the top frame. The 0.87 0.88 0.89 0.90 0.91 0.92
argon x-ray Doppler shift measurements féa=0.0, 0.3, and 0.6 are de- H {m}

picted by the red dots, green asterisks, and purple diamonds, respectively.

The rotation from sawtooth pre-cursors at e 1 surface,r/a~0.2, is FIG. 4. (Color) Edge electron temperature profiles for the discharge of Fig.
shown by the black crosses. Representative error bars are depicted. In tBeRed asterisks are from the ELM-freemode at 1.2 s and green dots are
bottom frame are simulations of the x-ray data wit=0.1 nt/s. from the EDAH mode at 1.4 s.
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FIG. 5. (Color) A comparison of two discharges with 1.5 MW of ICRF
power at 70 MHz, with on-axis absorptio@.5 T, greeh and with the
resonance on the high field side & Ry)/a~—0.4(4.0 T, red. From top . - . .
to bottom are the plasma stored energies, ICRF waveforms, and centr§fScharge of Fig. @bottom is shown in red.
toroidal rotation velocities.

FIG. 7. (Colon The ion diamagnetic drift frequency; , (divided by 27)
for the EDA plasma of Fig. 6top) is shown in green, and for the ELM-free

. . . _tron temperature profiles for these two time periods were
the agreement Is not so 9090'? one such case is shown n F'Hearly identical, as shown in Fig. 4. Equatid) of Ref. 31
3. Th'? partmula;r Ohmic d|scharge had an edge Iocallze‘i;vould predict the core toroidal rotation velocities to be the
mode free(ELM-free) H-mode period between 1.1 and 1.25 o5 0 “which is not observed. Apparently there is another
s, which demonstrated strong co-current rotatied0 km/s,

and an EDAH-mode period between 1.3 and 1.5 s, which
had substantially lower rotationy 10 km/s. The edge elec-
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factor during these two differerti-mode periods which is
governing the rotation. Similar to the standard neo-classical
theory, the momentum diffusivity in the sub-neo-classical
theory is also much below the observed value.

Another attempt to explain the co-current rotation in
ICRF heatedH-mode discharges is through the toroidal
torque provided by the radial electric field due to orbit shifts
of high energy ions generated by ICRF wav&s® A par-
ticular prediction of some of these theorfe® is that the
rotation should switch direction to counter-current with the
ICRF resonance located on the high magnetic field side
(HFS). To test this prediction, the resonance location has
been moved by varying the toroidal magnetic figld®
Shown in Fig. 5 is a comparison of twé-mode discharges
produced by 1.5 MW of ICRF power at 70 MHz. For the
plasma shown in green, the resonance was on the magnetic
axis for 4.5 T and there were the usual characteristics of
stored energy increase and co-current rotation. The discharge
shown in red(4.0 T) exhibited very similar co-current rota-
tion even though the resonance location w&s—Ry)/a
~—0.4 on the HFS, in contrast to the predictions. Operation
with the ICRF resonance outside @f/a|=0.5 led to the
discovery of ITB plasmas in C-Motf:?° however. The simi-
larities in the rotation observatiorimagnitude and scalings
in Ohmic and ICRF heateti-mode plasmas also suggest
that it is not an ICRF wave or fast particle effect.

An alternative approach to explain the spontaneous gen-
eration of rotation is based on turbulence. Fluctuation in-
duced toroidal stre$$can give rise to toroidal rotation and

FIG. 6. (Color) A comparison of toroidal rotation velocity profiles in the
EDA H-mode plasma of Figs. 1 and 2 at 0.9(tsp) and an ELM-free
H-mode dischargébottom. The solid curves are proportional t@{)>2
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the direction of the rotation depends upon the mode fremuch larger than the neo-classical value, and the momentum
guency spectrum, which may explain the reversal of the obtransport may be regarded as anomalous. The similarity be-
served rotation in going frorh to H mode. If the Doppler tween observations in Ohmic and ICRF healtéanode dis-
shifted mode frequency is of order of the ion diamagneticcharges suggests that the rotation is not due to ICRF effects.
drift frequency,w] , the calculated velocity profile is pre- In fact the prediction of certain ICRF orbit shift models that
dicted to have a shape proportional to the temperature prdhe rotation direction should switch to counter-current with
file, raised to the 5/2 powé¢Eq. (15) of Ref. 36. Thisis not the wave resonance on the high magnetic field side has not
what is observed in the profile for the EDA-mode dis- been observed in the experiments. Certain features of the
charge shown in Figs. 1 and 2, as can be seen in the topxperimental rotation observations are in qualitative agree-
frame of Fig. 6. The observed flat rotation profile is com-ment with theoretical predictions based on turbulence effects.
pared to the measured electron temperature shape raised to

the 5/2 power, and the agreement is not good. One chara@CKNOWLEDGMENTS

teristic of EDA H-mode plasmas is the appearance of the

; 5-47
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