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Abstract

Direction reversals of intrinsic toroidal rotation haveehebserved in diverted Al-
cator C-Mod Ohmic L-mode plasmas following electron dgnsaimps. For low den-
sity discharges, the core rotation is directed co-curiamd,reverses to counter-current
following an increase in the density above a certain thriesh8uch reversals occur
together with a decrease in density fluctuations with 2 trd kg < 11 cnt ! and fre-
quencies above 70 kHz. There is a strong correlation betiteereversal density and
the density at which the Ohmic L-mode energy confinementgbsfrom the linear to
the saturated regime.



Plasma rotation due to self-acceleration by turbulenceésexample of a class of
macroscopic self-organization problems that includestigen of solar differential ro-
tation, the geodynamo and the general circulation of thamc8pontaneous inversions
in self-accelerated toroidal flows in tokamaks will be cadehere. Self-generated flow
in H-mode and other enhanced confinement regimes is gendiadicted co-current
and has been found to have a relatively simple global scflipgvith the Mach num-
ber proportional to the plasma pressure. In contrast, ttriangic rotation in Ohmic
L-mode plasmas has a complicated dependence on globalgpfzmmmeters [2, 3]. In
fact, rotation inversions or reversals have been obsed/e8, [3], where the core ro-
tation abruptly switches direction, with negligible effen other macroscopic plasma
parameters. Rotation inversions constitute a novel formafhentum transport bifur-
cation. Rotation reversals have been induced with chamgéerisity, plasma current
and magnetic field. A seemingly unrelated phenomenon, wisich long standing
mystery, concerns the progression from the linear Ohmiditement (LOC) regime
to the saturated Ohmic confinement (SOC) regime. This tiansbccurs at a par-
ticular density [6, 7, 8] depending on machine and plasmarpaters. In this paper,
the connection among rotation reversals, the transfoomdtom LOC to SOC, and
changes in turbulence characteristics is examined. Adelof these phenomena are
observed to occur at the same critical density.

A detailed study of intrinsic rotation reversals in Ohmicriede plasmas has been
performed [9] on the Alcator C-Mod tokamak [10] (major raslR = 0.67 m, typical
minor radius of 0.21 m). One method of inducing reversalg/isamping the electron
density [4, 5, 3]. The reversal process is quite sensitithawalue of the electron den-
sity, which is demonstrated in Fig.1. As can be seen by thd Boé in the top frame,
this plasma experienced two reversals, first from the coutdeco-current direction
begining at 0.666 s, following a slight decrease in the etectlensity, and from co- to
counter-current initiating at 1.146 s, with a slight depgitcrease. Positive ¥, de-
notes co-current rotation. These rotation changes witkitleare the same as was seen
in TCV diverted discharges, but opposite to limited plasfda®]. During the rever-
sals, the density profile shape did not change. The overatehgsis cycle transpired
with a 10% change in the electron density. The existence gbtelesis cycle iprima
facie evidence that the inversion is in fact a bifurcation and & @irder transition. The
magnitude of the core rotation excursion, determined frieenRoppler shifts of argon
x-ray lines (which is representative of the bulk ion flow),s¥a30 km/s. Reversals
usually evolve on a time scale comparable to the momenturfineonent time [11]
and occur inside of a particular radius, near the g=3/2 sarf8]. For the discharge
of Fig.1, the reversal developed inside of R = 0.84 m (r/a 5)).With no change in
the rotation profile outside of that location, as can be seethé dashed line in the
top frame. There is a transient change in the rotation in thposite direction at the
plasma edge which might play a role in momentum conserv§@ipiThe total torque
density required to reverse the rotation in the core wast N/n?. This is similar in
magnitude to the measured Reynolds stress torque in DIlaEnpas [12].

The density at which the reversal occurs depends on the plasment. A large
body of C-Mod rotation reversal data is summarized in Figtizre the line average
electron density at the time when the central rotation ketprreverse is plotted as a
function of plasma current for 5.4 T discharges. This cogerange of g5 from 3.0
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Figure 1: Time histories of (a) the toroidal rotation vetgdn the center (solid) and
outside of r/a = 0.75 (dashed), (b) average electron dergsjtgensity fluctuation in-
tensity with kz between 4.2 and 5.6 cm and frequency above 180 kHz and (d) the
poloidal propagation velocity of the turbulence fora 1.1 N T (g)5=3.2) discharge
which underwent two rotation reversals.
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Figure 2: The density at the rotation reversal initiationdias a function of plasma
current for 5.4 T discharges. The line represents the besaifit.



to 7.0. There is a linear increase of the reversal densitly plisma current over a
span of a factor of three. Some of the scatter is because atasith both upward and
downward density ramps have been included. As was seen.ih Higre is a hysteresis
of about 10% in density.

There is very little change [4, 5, 9] in the density, temper@ator q profiles (and
other macroscopic parameters) during the reversal proedske there is a drastic
transformation in the toroidal velocity profiles inside b&tq=3/2 surface. There are
also significant changes in the character of density fludost Shown in Fig.3 are dis-
persion plots of density fluctuations from the phase conimaaging (PCI) diagnostic
[13] before (0.608 s) and after (0.859 s) the first core ralakthe discharge shown
in Fig.1. The PCI signal is provided by a continuousJ/J@ser beam which passes
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Figure 3: Dispersion plots S(k,f) of turbulence before 0886, counter-currentrotation,
left panel) and after (0.859 s, co-current rotation, rigimigl) the first rotation reversal
in the discharge shown in Fig.1.

through the plasma vertically. The PCI technique is semsiid fluctuation spectra
with a finite wavenumber perpendicular to the beam to the component of k along
the major radius. There are distinct lobes With|>2 cm~! for frequencies above 100
kHz which are apparent when the rotation is directed coeruiin. <1x 10?°/m3) but



which are not present when the rotation is counter-current {x 10°°/m?). The cor-
relation between the appearance of these features andéutiati of the core toroidal
rotation velocity is clearly demonstrated in the third feof Fig.1, which shows the
time history of fluctuation intensity with X between +4.2 and +5.6 cm and with
frequencies above 180 kHz. The total power in the densityifaton signal (nor-
malized to the average electron density) is clearly obsktwencrease when the fast
lobes are present. Shown in Fig.4 is the conditional spec8(k,f)/S(f) of the differ-
ence between spectrograms at 0.859 s (co-current) and ©(668nter-current), which
demonstrates the distinct structure of the lobes, ki extending from 2 to above
11 cnv! for frequencies greater than 70 kHz. The slope of these riesitndicates
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Figure 4: Conditional spectrum, S(k,f)/S(f), of the diface between dispersion plots
from 0.859 s (co-) and 0.608 s (counter-).

a poloidal phase velocity of = w/ky = 2xflk gsin( ~ 3.8 km/s, wherg is the an-

gle the PCI viewing chord makes with the magnetic flux surfstcine location of the
measurement ¢k= kzsin¢ owing to the reciprocal vector nature of the wavenumber).
Both positive and negativegkspectral lobes speed up simultaneously in both propa-
gation directions. This strongly suggests that (due toitreihtegration) these lobes
are collected from two spatial locations along the PCI chiyain the top and bottom



of a flux surface, where they suffer the same Doppler shifsediby the local radial
electric field. Since the slopes (phase velocities) of thelokes are the same (within
5%), this suggests that the poloidal flux surface where teasioriginates is up-down
symmetric to within a similar degree. For this dischargehvain upper triangularity
of 0.30 and a lower triangularity of 0.44 at the separattiis implies that the lobes
reside inside of R =0.84 m (r/a=0.75, ik 0.96), which is also inside of the reversal
radius. These features were not observed with gas puff mgagireflectometry at the
plasma edge, providing further evidence that the relevaanges in turbulence are in
the plasma core. The time evolution of the poloidal propagatelocity of the lobes
is shown in the bottom frame of Fig.1 and is well correlatethvtie co-current core
toroidal rotation speed. For these featuregi;kis between 0.15 - 0.7, which is in the
range of trapped electron mode (TEM) turbulence. Fluabmatioriginating from the
top or the bottom of the plasma may be isolated with the PQ@ribatic [13] through
the use of masking. By utilization of this technique, it watetmined that these fea-
tures propagate in the ion diamagnetic drift direction mleéboratory reference frame.
However, due to substantial Doppler shift from plasma rotein the ion direction, the
propagation direction of these features in the plasma fiameknown.

In order to address the question of what can cause the tbroi@dion to switch
direction while other macroscopic parameters remain umgbd, it is informative to
examine the momentum flux. The momentum flux is proportionghe Reynolds
stress, which can be written as the sum of three terms [14]

-X¢6V¢/8I’ +Vpvy +11I7¢°

respectively proportional to the momentum diffusivity, the momentum pinch ¥
and the residual stre§$§" . To see that the Reynolds stress determines the momen-
tum flux, note that the convective flux-((V,72)(V,)) is necessarily vanishing in the
absence of core particle sources. Neoclassical conwitsito the momentum flux are
well known to be negligible and higher order nonIineari(vezs(ﬁIZ%)) are subdom-
inant. The Maxwell stress and finite effects have been ignored sinBg <0.29 for
these plasmas. A reversal in intrinsic rotation requirédseeia change in sign of Mv,

at the last closed flux surface or a change in sign of the rak#dess, and the resulting
intrinsic torque, 8,11"%. (x, is positive definite and cannot change sign.) For both
ion temperature gradient (ITG) and TEM instabilities, thevtilent equipartition pinch
[15] is directed inward and cannot change sign. An addititimermoelectric pinch

is comprised of oppositely directédn andV T, pieces and thus is usually negligible
[16]. In addition, the edg&/n andVT,; do not change during the reversal process.
Similarly, the sign of the Coriolis pinch [17] can changeyoifithe density profile gra-
dient changes sign. The density gradient definitely doestmarnge sign following the
rotation reversal [9], so the flow pinch most likely does nialypa role in the reversals.
The residual stress can change sign depending on the nédtilme enderlying turbu-
lence, such as by a switch in the mode propagation direclibis is becasue the sign
of the residual stress, and thus that of the intrinsic torgrepredicted to flip when the
propagation direction of the turbulence in the plasma frah@ges [18]. One example
would be a change of wave propagation from the electron diaetic drift (EDD) di-
rection (electron drift waves or TEMS) to the ion diamagadtift (IDD) direction (ion
drift waves or ITG modes) as the density exceeds a critigalstiold [18]. A switch



in the turbulence propagation from the EDD to the IDD directhas in fact been ob-
served in Alcator C discharges [19] at a particular denaityg, such a change from TEM
(or ETG) to ITG turbulence domination has been invoked tdarghe transition in
global energy confinement from the linear (LOC, neo-Alcptotthe saturated Ohmic
confinement regime [19]. Similarly, the appearance of i@ndignetic drift direction
propagating turbulence has been observed in TEXT [20]/DI21] and ASDEX Up-
grade [22] plasmas following the transformation from LOCSOC. Interestingly, the
reversal density 0f-0.8x10%°/m? for 5.4 T, 0.8 MA C-Mod discharges (Fig.2) is very
close to the density separating the linear energy confineragime from the saturated
confinement regime for Ohmic discharges (Fig.1 of [8]). T¢vsnection is empha-
sized in Fig.5 which shows (a) the global energy confinemard {from magnetics)
and (b) the core toroidal rotation velocity as a function let&on density for a series
of individual 0.62 MA, 5.2 T discharges. The density of théatmn reversal is very
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Figure 5: The global energy confinement time (a), centraittal rotation velocity
(b), inverse density gradient scale length at R=0.79 m (d)tha central T/T; ratio
(d) as a function of average electron density for a series@f WA, 5.2 T (g)5=5.0)
discharges.

close to the density which separates the linear increaskbabenergy confinement



from the saturated confinement regime, arounck@&°/m? for these operating con-
ditions (see Fig.2). Changes in particle transport alsaioatthis density. R/}, the
inverse density gradient scale length (c) from Thomsonesgaty profiles (evaluated at
R=0.79 m, inside of the rotation reversal radius for theseltirge conditions [9]) also
makes an abrupt change at the same density. In the LOC relg@iasy 0.6< 10°°/m?,
the density profile peaks up with increasing electron dgngitthe SOC regime, the
density profile shape remains constant with increasingiyje@ver this density range,
the ratio (d) between the electron and ion temperatures ilyoaries, indicative of
an increase in ion heating due to stronger collisional fearfeom electrons to ions. At
the reversal density the ratio of/T; at the plasma center changed frorh.35 (at low
density) to<1.35 (at high density), but in a continuous fashion.

A comparison of the rotation reversal density and the tteomsdlensity from the lin-
ear to saturated Ohmic confinement regimes for severalatigetconditions is shown
in Fig.6. There is an excellent correlation between theseduantities over a factor
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Figure 6: The rotation reversal density as a function of thadition density between
linear and saturated energy confinement. Magnetic fieldpkasina currents for each
point are listed. The dotted line has a slope of unity.

of two in density. The connection among rotation reversalanic confinement satu-



ration, density profile peaking and turbulence changes eamified by the following
ansatz. At low density, where the core toroidal rotation is in theaorent direction,
and where Ohmic energy confinement, coupling between eleztind ions, and den-
sity profile peaking all increase with increasing densityuoulence feature withk
between 2 and 11 cm, consistent in nature with TEM instabilities, is present.aA
critical density, this high k turbulent feature disappeéte core rotation reverses due
to a change in sign of the intrinsic torqueé)(I1"¢*), and global energy confinement
and density profile peaking saturate, possibly due to a chtmgredominance of ITG
modes in the turbulence spectrum. This scenario is consigtith previous obser-
vations on Alcator C, TEXT, DIlI-D and ASDEX Upgrade (but tvithe addition of
rotation measurements on C-Mod).

In summary, direction reversals of intrinsic toroidal taia have been observed
in diverted Alcator C-Mod Ohmic L-mode plasmas following dest electron density
ramps. The reversal occurs in the plasma interior, insidh®fy = 3/2 surface. For
low density plasmas, the rotation is in the co-current dioec and reverses to the
counter-current direction following an increase in thecelen density above a certain
threshold. Reversals from the co- to counter-current toeare correlated with a
sharp decrease in density fluctuations with 2¢m ke < 11 cnm ! and frequencies
above 70 kHz. For low density operation with co-currenttiots this corresponds
to the conditions where TEMs are expected to be excited. Emsity at which the
rotation reverses increases linearly with plasma curréhéere is a strong correlation
between the reversal density and the density at which tHmg@hmic L-mode energy
confinement changes from linear to saturated.
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