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Abstract

Direction reversals of intrinsic toroidal rotation haveebeobserved in Alcator C-
Mod Ohmic L-mode plasmas following modest electron dengsitjoroidal magnetic
field ramps. The reversal process occurs in the plasmaanténside of the q = 3/2
surface. For low density plasmas, the rotation is in the wwent direction, and can
reverse to the counter-current direction following an @age in the electron density
above a certain threshold. Reversals from the co- to cownteent direction are cor-
related with a sharp decrease in density fluctuations witk X cm~! and with fre-
guencies above 70 kHz. The density at which the rotationrsegeincreases linearly
with plasma current, and decreases with increasing magfiekil. There is a strong
correlation between the reversal density and the densityhith the global Ohmic
L-mode energy confinement changes from the linear to theatetiregime.



|. Introduction

Until recently, plasma rotation and momentum transporokamaks haven't re-
ceived as much attention as particle and energy transpprSjihce velocity shear is
important for its role in reducing turbulence [2, 3] and plesrotation can suppress
deleterious MHD modes [4], it is important to address thepécs. Usually rotation is
generated externally by neutral beam injection, but sineeentum input from beams
is expected to be low in ITER and future devices, other mettereé under consid-
eration. This includes taking advantage of intrinsic riotat the self-generated flow
which arises in the absence of external momentum inputnkitrrotation in H-mode
and other enhanced confinement regimes is generally difecteurrent and has been
found to have a relatively simple global scaling [5], witretMach number propor-
tional to the plasma pressure. In contrast, the intrindiation in L-mode plasmas has
a complicated dependence on plasma parameters [6, 7]. tirrdéation inversions or
reversals have been observed [6, 8, 9, 7, 10], where the nwiresic velocity abruptly
switches direction, with negligible effect on other macmsic plasma parameters. Ro-
tation reversals have been induced with changes in depitytna current, magnetic
field and plasma shape. Since the rotation in L-mode plassmatated to the H-mode
power threshold [6], it's important to understand L-modtation in its own right. The
purpose of the current study is to shed light on this curi@mversal phenomenon. In
section Il the experimental setup on Alcator C-Mod will bedbed, followed by pre-
sentation of reversal time histories, scalings and profitdigion in sections Il and IV.
Observations of turbulence changes during reversals willhown in section V, with
discussion and conclusions presented in section VI.

Il. Experimental Setup

These experiments were performed on the Alcator C-Mod talail], a compact
(R =0.67 m, a~ 0.21 m), high magnetic field (B < 8 T) device with molybdenum
plasma facing components. For the plasma conditions cerexichere, the electron
density was between 0.2 and 2.00°°/m?, the plasma current ranged from 0.4 to 1.4
MA and the toroidal magnetic field was between 2.7 and 7.0 & £2.q95 < 7.2).
Discharges were operated in the lower single null (LSN),argingle null (USN) and
inner wall limited magnetic field configurations, withoutxliary heating. Plasma
elongation ranged from 1.531.69, upper triangularity was between 0.22 and 0.33 for
LSN and from 0.60 to 0.75 for USN, and lower triangularity gas were 0.360.50 for
LSN and 0.28-0.32 for USN. All discharges reported here were in the Ohmindde
confinement regime.

Central rotation velocities were measured using a tang@ntiiewing von Hamos
type x-ray spectrometer [12] and complete core rotatioffilesowere obtained utilizing
an imaging x-ray spectrometer system [13]. For the imagjrsgesn, there is no exter-
nal absolute wavelength calibration; calibration was @i by operating with locked
modes which brake the core rotation [14]. If the rotationfileds not stagnant across
the entire profile (\,-(r) = 0) during a locked mode, then the details of the shapes of
the velocity profiles presented in section IV may be différébdge rotation velocity



profiles were obtained with a charge exchange recombinaf@etroscopy (CXRS)
system [15, 16] using a diagnostic neutral beam (DNB). Ebectlensity and temper-
ature profiles were measured from Thomson scattering [18hsidy fluctuations were
observed with phase contrast imaging (PCI) and reflectarsgstems [15].

lll. Rotation Reversal Time Histories and Scalings

The complicated dependence of core intrinsic toroidaltimteon electron density
in Ohmic L-mode plasmas has been previously demonstratedpfecific discharge
conditions [6, 7]: 5.4 T, 0.8 MA, LSN and USN. This parametefrisas been expanded
to other plasma currents and magnetic fields in the curremiystShown for compari-
son in Fig.1 is the scaling of the central toroidal rotati@toeity as a function of elec-
tron density for a series of individual 5.2 T, lower singldifluSN) Ohmic discharges
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Figure 1: The central rotation velocity as a function of aggr electron density for
LSN, 5.2 T Ohmic discharges with plasma currents of 0.6 MAtgiland 1.0 MA
(triangles).

at plasma currents of 0.6 and 1.0 MA. For the 0.6 MA casesetiserery little depen-
dence on electron density above Q8?°/m?, and the rotation is in the counter-current
direction, with values around 20 km/s. As the density is lowered below 8.60°°/m3,

the rotation abruptly changes to the co-current direct®imilar behavior is observed
at plasma currents of 1.0 MA, but the density at which thetimtareversal occurs is
higher, around £ 10%°/m3. This reversal of the toroidal rotation direction can be ob-
served dynamically during the course of a single dischaygetitizing density ramps
[8, 7]. Shown in Fig.2 are the time histories of three LSN, %,41.05 MA Ohmic



L-mode discharges (g~3.2) with different upward density ramps. In all three cases
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Figure 2: Time histories of the average electron densitg)(tnd central toroidal ro-
tation velocity (bottom) for LSN 1.05 MA 5.4 T (g = 3.2) discharges with different
density ramps. The dotted horizontal line in the top franpeesents an average density
of 1.07x10?°/m3. Vertical lines indicate the initiation times of the threwersals.

the central toroidal rotation velocity changed frem-10 km/s (co-current) te-—15
km/s (counter-current) as the electron density passedigive-1.07x 10?°/m3. This
rotation reversal usually occurs on a time scale comparaltlee L-mode momentum
confinement time~25 ms) [17, 14], although some reversals develop more slowly
The initiation of rotation reversals is quite sensitivehie talue of the electron density,
as is demonstrated in Fig.3. This plasma experienced twarsals, first from counter-
to co-current begining at 0.666 s, with a slight decreasééndlectron density, and
from co- to counter-current begining at 1.146 s, with a dlidénsity increase. Note
that the scale for the density trace is greatly expanded.oVbeall cycle occured with
a 10% change in the electron density. The hysteresis of theeps is exhibited in
Fig.4, which shows the discharge trajectory in the\iy,,. plane. The magnitude of
the rotation excursion was30 km/s. Whether rotation reversal occurs for a given
density ramp depends upon the value of the rotational toams§. Shown in Fig.5 is
a comparison of the time histories of three 5.4 T LSN discleangith similar density
ramps, but with different plasma currents. Only the disghaat 1.06 MA underwent
a rotation reversal for this particular range of densitfemn 0.9 to 1.2<10%°/m3. For
the lower plasma currents, the density was above the ‘tbidsfor reversal from the
co- to counter-current direction.

Rotation reversals can also be induced by ramping the plasimant or magnetic
field, at fixed electron density. The latter effect is demmtsd in Fig.6 where a com-
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Figure 3: Time histories of the average electron density)(end central toroidal ro-
tation velocity (bottom) for a LSN 1.05 MA 5.4 T ¢g = 3.2) discharge with two
reversals.
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Figure 4: The discharge trajectory in the¥i1,,. plane for the plasma of Fig.3. Points
are separated by 20 ms.
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Figure 5: Time histories of g3 (top frame), average electron density (middle frame)
and central toroidal rotation velocity (bottom frame) fad5 LSN discharges with
plasma currents of 0.64 MA (dotted), 0.80 MA (dashed) ané M@ (solid).

parison is shown of the time histories of two LSN dischargegs&MA and fixed den-
sity, one of which had a ramp down and then up of the magnetit fiehe discharge
with the magnetic field ramp, from 4.5 T to 3.0 T and back to 4.&t & relatively con-
stant density, experienced a rotation reversal duringahgrdown, and a return to the
original rotation velocity after the upward ramp. The diagde trajectory in the 43-
V1. plane for the plasma with the magnetic field ramp (solid ImEig.6) is shown in
Fig.7. In this case there is very little hysteresis sinceréversals initiated atgg~3.0
for both downward and upward magnetic field ramps. The olverabnitude of the
velocity cycle was-35 km/s. The reversal density depends both on the magndtc fie
and plasma current independently. Shown in Fig.8 is a coisgraof the time histo-
ries of two 0.8 MA upper single null (USN) discharges, witm#ar downward density
ramps, at magnetic fields of 5.4 and 4.1 T. In these cases tagoro changed from
counter-current to co-current as the density was rampechddihe reversal for the
higher magnetic field plasma occured later in time, at a ladesrsity. A related com-
parison is presented in Fig.9, for 4.1 T USN discharges ampéacurrents of 0.8 and
0.6 MA. For the lower current discharge, the reversal oaddaer in time, at a lower
density; this is consistent with the trend shown in Fig.1.

A large body of rotation reversal data is summarized in Figvhere the electron
density at the time when the central rotation began to revisrplotted as a function
of plasma current, sorted for different magnetic fields. 5@rT discharges, there is a
linear increase of the reversal density with plasma curmegat a factor of three. These
points are a mix of LSN, USN and limited discharges; magneticfiguration does
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Figure 6: Time histories of 0.8 MA LSN discharges with (splichd without (dashed)
a magnetic field ramp. Same layout as in Fig.5.
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Figure 7: The discharge trajectory in thgseV 1., plane for the plasma shown by the
solid lines in Fig.6. Points are separated by 20 ms. Arrowgate temporal direction.
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Figure 8: Time histories of 0.8 MA USN discharges at 5.4 T (@@ and 4.1 T (solid).
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Figure 9: Time histories for two 4.1 T USN discharges, at 08 {dolid) and 0.6 MA
(dashed).
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Figure 10: The density at the rotation reversal initiatione as a function of plasma
current for 5.4 T (asterisks), 3.0 T (squares) and 7.0 T (dizas) discharges. The
solid line is the best fit to the 5.4 T data, while the dotted lias a slope of unity.

not seem to affect the reversal density. Some of the scatteedause plasmas with
both upward and downward density ramps have been inclugetas has been seen
in Fig.4, there is a hysteresis of about 10% in density. ldetuin the 5.4 T data set
are discharges with reversed magnetic field and plasmarguygkown by the smaller
asterisks). These reversals occur at electron densitiggtiimguishable from those with
normally oriented current and field. The sense of the rel®isahe same, switching
from the co-current direction at lower density to counterrent at higher density. Also
included on the plot is the best fit line for the 5.4 T pointdi(§aand a nearly identical
dotted line which has a slope of unity and passes throughrtgmoA similar trend is
apparent for 3.0 T plasmas, although there is an offsetedmcthe same plasma cur-
rent, lower magnetic field discharges have a slightly highbeersal density. Similarly,
the 7.0 T points are slightly below the 5.4 T values. This sstg/that g5 may be a
better scaling parameter. Shown in Fig.11 is the densithastart of the reversal as
a function of the inverse of the rotational transform q, fdfedent toroidal magnetic
fields. For diverted discharges, 34chas been used, while for limited plasmas, 1/q(a)
has been taken. There is a distinct increase of the revegsailtgl with increasing 1/q,
although since the lower field points are slightly lower, dinel higher field points are
slightly higher than the 5.4 T values, it indicates that tineerse magnetic field de-
pendence is weaker than the plasma current dependencepdihids emphasized in
Fig.12, a plot of the reversal density as a function of tambithagnetic field at fixed
plasma current. The best fit curve is proportional to’B, weaker than the 1/B de-
pendence of 1/q. The best expression for the relationshipdam the reversal density,
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Figure 11: The density at the start of the rotation reversa &unction of 1/q (1/g;
for diverted discharges) for 7.0 T (diamonds), 5.4 T (astes), 4.1 T (dots), 3.5 T
(triangles) and 3.0 T (squares) discharges. The dotteddjpesents 3.5/q, which is a
good approximation to the 5.4 T points.

1.2

1.0r

0.6

n (10®/m?)

,l |
0.4 B 4

0.2+ B
0.71< Ip <0.82 MA

00L .« v v 1
0 2

4
B, (T
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plasma current and magnetic field can be writteB%f/1,,=2.8 with n. in 10°°/m?, B
in T and I, in MA. A simple approximation for the 5.4 T points isays=3.5.

IV. Rotation Reversal Profile Evolution

In the previous section, time histories and parameterrsgslof the toroidal rota-
tion at the plasma center were shown; in this section theuéeol of the entire rotation
velocity profile during reversals will be examined. ShownFig.13 are the rotation
velocity profiles at different times for the discharge shdwrthe dotted lines in Fig.2,
which underwent the reversal process between 1.3 and 1.Aesddshed curve repre-
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Figure 13: The toroidal rotation velocity profiles at di#éet times for the 1.05 MA,
5.4 T (g5 = 3.23) LSN discharge shown by the dotted lines in Fig.2. Bdsh
line, 1.10-1.28 s; dotted line, 1.321.34 s; dash-dot line, 1.36L.38 s; solid line,
1.42-1.60 s. The vertical dotted lines indicate the locationshefdq = 1, 3/2 and 2
surfaces. Typical statistical error bars are shown.

sents the rotation velocity profile before (1-10.28 s) the reversal, and is co-current
in the core. The solid line indicates the velocity profileeaffl.42-1.60 s) the rotation
inversion and is counter-current over most of the profileoTmtermediate profiles are
also shown. The reversal occured inside of R = 0.835 m-()/@), which corresponds
to the location of the q = 3/2 surface; the profile was unchdrgeanchored outside
of this location. The velocity profile inside of the g = 1 sudawas relatively flat due
to sawtooth oscillations, as has been seen on TCV [8, 9, 18§ riagnetic axis for
this discharge was at R = 0.683 m and the last closed flux suffaCFS) was at R =
0.894 m. The radial electric field at R = 0.76 m for this plasiarged from about +5
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kV/m before the reversal to aroundl5 kV/m afterwards. Compared to the toroidal
rotation velocity profiles, there was very little change lire lectron temperature and
density profile shapes before and after the reversal, asrsiowig.14, a situation
which has also been documented in TCV plasmas. There wagha dénsity rise for
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Figure 14: The electron temperature (top frame) and defsdstom frame) profiles
from Thomson scattering before (asterisks, 1135 s) and after (dots, 1.49.55 s)
the rotation reversal for the discharge of Fig.13.

this discharge from 1.1 to 1.6 s but the overall profile shdped gradients, see Fig.27)
remained unchanged.

In order to determine if the anchoring position of the raiativelocity profile at
R = 0.835 m in Fig.13 during the core reversals is fixed at tbastion or is tied
to the location of the q = 3/2 surface, discharges with défiferg profiles have been
investigated. Shown for comparison in Fig.15 are the vgjqaiofiles at different times
for the 0.8 MA, 5.4 T (g5 = 4.67) USN discharge shown by the dashed lines in Fig.8,
which underwent a rotation reversal between 0.9 and 1.1 & cEhtral rotation was
counter-current before the reversal and switched to ceeatiafterwards. In this case
the reversal occured inside of R = 0.805 m, which for thisliisge also corresponds
to the location of the q = 3/2 surface. These profiles were atamored outside of q =
3/2 before and after the reversal, and were relatively flatlgiimes inside of g = 1. The
magnetic axis was at R = 0.676 m and the LCFS was at R = 0.888 enqdéstion of
the role of the g profile shape in the reversal process hasdmgnessed by examining
the calculated profiles from EFIT [18] reconstructions. Arngarison of the inverse
magnetic shear gradient scale lengthg/(R = 5/q) for the discharges of Figs.13 and
15 is shown in Fig.16. The profile shapes are a little differegar the g=3/2 surface
but the magnitudes at that location are similar, with R/L. As seen in the top frame,

12
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Figure 15: The rotation velocity profiles at different tinfes the 0.80 MA, 5.4 T (g5
= 4.67) USN discharge shown by the dashed lines in Fig.8. &hthe, 0.76-0.90
s; dotted line, 0.981.00 s; dash-dot line, 1.641.06 s; solid line, 1.121.32 s. The
vertical dotted lines indicate the locations of the q = 1,&#@ 2 surfaces.

157

q,, = 3.23

1.0F E
= 08F E
x”0.6F E

0.4F 3
02F q,, = 4.67 E
0.0t . . ) 1
0.70 0.75 0.80 0.85
R (m)

Figure 16: Inverse magnetic shear gradient scale length prifiles for the discharges
of Fig.13 (top) and Fig.15 (bottom), before (dashed) aner4#olid) the rotation rever-
sals. The vertical dotted lines indicate the locations efgh3/2 surfaces. The vertical
bar (bottom frame) gives a sense of the uncertainty in thd ERIculations.
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there was no change in,Ibefore and after the rotation reversal.

Information on the rotation velocity profile near the plasatge during the rever-
sal process is available on a very small number of dischatgdsig.17 are shown the
time histories for four 0.64 MA inner wall limited dischaig@hich all had a magnetic
field ramp down to 3.0 T. The main difference between thesenpds was the electron
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Figure 17: Time history comparison of four 0.64 MA limitedsdharges.

density. The highest density discharge (dash-dot lindsipérd counter-current rota-
tion during this time interval while the lowest density pies (dashed lines) rotated in
the co-current direction. The two intermediate densitgliisges, shown by the solid
and dotted lines, experienced rotation reversals from ®uto co-current, with the
slight downward density ramps. The core rotation velociyfifes at selected times
for these four discharges are shown in Fig.18. The profilésrbddashed lines) and
after (solid lines) the reversals are shown in the secondtlaindl frames; for the top
and bottom frames, there were no inversions. Once agaimeteesals occured inside
of the q = 3/2 surface and were anchored outside, and theaiotatofiles were also
relatively flat inside of g = 1. Rotation velocity profiles sigte of q = 2 are available
for the discharge shown by the solid lines in Fig.17. Showifign19 are the time
histories of the toroidal rotation at four locations, R =@060.856, 0.867 and 0.881
m, for the plasma shown by the solid lines in Fig.17. The slatielin Fig.19 indicates
the core rotation reversal, passing through zero velo¢ity@&86 s. The velocity time
histories near the plasma edge are shown by the symbols. dfeeretation, from the
CXRS system, was only available during the diagnostic m¢bam pulses, indicated
in the bottom of the figure. At R = 0.856 m, there was a trangienhter-current spike
in the rotation as the central velocity passed through zarbptherwise, the edge ro-
tation was the same before and after the core reversal. Ta@seno change at all

14
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Figure 18: The rotation velocity profiles for the dischargé$-ig.17, in order of de-
scending density. Top frame, the dash-dot lines of Fig.&¢psd frame, the dotted
lines of Fig.17; third frame, the solid lines of Fig.17; lmott frame, the dashed lines
of Fig.17. The profile times are indicated. Shown by the vattdotted lines are the
locations of the g = 1, 3/2 and 2 surfaces.
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Figure 19: The toridal rotation velocity as a function of érat R=0.690 (solid line),
0.856 (dots), 0.867 (diamonds) and 0.881 (asterisks) mihioisolid line plasma of
Fig. 17. At the bottom are shown the diagnostic neutral bealseg.
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in the velocity at R = 0.881 m. The edge velocity profiles fdsthischarge before,
during and after the reversal are shown in Fig.20. The edgilgs were flat immedi-
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Figure 20: The edge velocity profiles at t = 0.77 (dotted li&B4 (dashed), 0.86
(solid), 0.87 (dash-dot) and 0.93 s (dash-dot-dot-do} liWertical dotted lines indicate
the locations of the g =2 and 3 surfaces.

ately before (0.77 s) and after (0.93) the reversal, anthiyigo-current; these profiles
match with the core profiles in the third panel of Fig.18. Theedamum of the transient
counter-current rotation spike was at R = 0.86 m, close tajtizsurface; the profile
was anchored outside of g=3. The LCFS was at R = 0.90 m. It ikmon if this
transient rotation spike is universal. This behavior, apuf momentum near the q=2
surface in the direction opposite to the final core rotatioedaion, has been seen on
at least one other discharge. Shown in Fig.21 are the rota#tocity time histories at
four radial locations, R = 0.683 m (the plasma center), R 0./ (near g=1), R =
0.830 m (near g=3/2) and R = 0.849 m (near g=2) for the disehafd-ig.13. Inside
of q=1, reversal from the co- to counter-current directisevident. Near q=3/2, there
was no change during the core reversal. Near the q=2 surflaees was a transient
spike in the direction opposite to the final core rotatiorediion, similar to what was
seen in Fig.19. Itis possible that this transient rotatiols@ plays a role in momentum
conservation.

V. Turbulence Changes During Reversals

As was shown in Figs.14 and 16, there was very little changjegnlensity, temper-
ature or q profiles (or other macroscopic parameters), vihdee was a drastic trans-
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Figure 21: Time histories of the toroidal rotation velocityR = 0.683 m (solid), R =
0.757 m (dotted), R = 0.830 m (dashed) and R = 0.849 m (dagHatdhe discharge
of Fig.13.

formation in the toroidal velocity profiles following thetation reversals. Significant
changes in the character of density fluctuations have akso deserved during rotation
reversals. Shown in Fig.22 are dispersion plots of densittdiations from the PCI di-
agnostic before and after the core reversal of the disctsrgen in Figs.13 and 2 (dot-
ted lines). There are distinct lobes witti|>2 cm~! for frequencies above 100 kHz
which are apparent when the rotation was directed co-cubenwhich disappeared
after the reversal. Shown in Fig.23 is the difference betwbe two spectrograms of
Fig.22 which demonstrate the clear structure of the lob&sciware distinct withk |

> 2 cmr ! for frequencies above 70 kHz. The ‘slope’ of this featureaparent phase
velocity, is 2rf/k r~3 km/s. This structure extends up tg410 cn ! and kzp; is in
the range from 0.15 to 0.7. The feature with positiyeHas a larger intensity than that
with negative l;. The direction of propagation is unknown at this time. Thaatbire
is not visible at the plasma edge with the gas puff imagingmtstic. Since the pos-
itive and negative slopes in Fig.23 are the same, this aldicates that this structure
exists in the plasma interior where flux surfaces are synimetifhe time evolution
of these features is shown in Fig.24, which depicts the sitgof fluctuations above
180 kHz as a function of time and sorted by.kor the fluctuations (above 180 kHz)
with kgr~+5 cm !, there was an abrupt drop in intensity shortly after the ceversal
begins. This drop is not due to a Doppler shift out of the obeton range. For k
~—5 cm! fluctuations, there was a lingering decay and a slight upshifavenum-
ber magnitude. In order to highlight the correlation betwé®e rotation reversal and
this structure in the density fluctuations, the evolutiorttaf turbulence intensity for
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frequency (kHz)
intensity[(10'® m?/cm™)?/kHz]
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frequency (kHz)
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Figure 22: Dispersion plots of turbulence before (1.30 ) afiter (1.45 s) the rotation
reversal in the discharge shown in Fig.13.

frequency (kHz)
intensity[(10'® m?/cm™)?/kHz]

Figure 23: Difference between the two dispersion plots gt &, before (1.30 s) and
after (1.45 s) the rotation reversal.
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Figure 24: The intensity of density fluctuations above 18 kibrted by k, as a
function of time for the discharge of Figs.13 and 22.

the three discharges of Fig.2, with; ketween+4.2 and+5.6 cnt! and frequency
above 180 kHz, is compared to the core velocity time hissdrié=ig.25. There was an
abrupt drop in the fluctuation intensities in these featatesut 40 ms after the rotation
reversals began. The general rise of the fluctuation levefisre the reversals is due
to the upward ramps of the electron density in all three disgds, with the strongest
ramp shown by the solid curve.

Information on density fluctuations from reflectometry igdable on selected dis-
charges. For the 88 GHz channel of this system, the cutoSitleis at 0.96<10?°/m?
and for the 60 GHz channel, the cutoff is at 0:4%?°/m3. For a particular 5.07 T
discharge with a plasma current of 0.75 MAg{c- 4.56), the reversal density (line
averaged) was 0.8510°°/m3. Since the density profile for this plasma was centrally
peaked (p(0) = 1.35¢<10?°/m?), it happens that the cutoff density for the 88 GHz chan-
nel was at R = 0.80 m, just inside of the q=3/2 surface, whiée@® GHz channel was
viewing the plasma edge. Shown in Fig.26 is the complex spgietm time evolution
from the 88 GHz channel for this discharge, which underwatotation reversal from
the co- to counter-current direction begining at 1.11 s.r&leas a distinct drop in the
‘positive’ frequency fluctuations from the 88 GHz channethas time, whereas there
was no change in the signal from the outer 60 GHz channel.stigports the observa-
tion that the reversal process occurs inside of the g=3faseir How this manifestation
of density fluctuation behavior is related to the mode of Bgs unknown.

VI. Discussion and Conclusions
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Figure 25: Density fluctuation intensities above 180 kHzaitd +4.2 cnT! < kp <
+5.6 cnT! (top frame) and core rotation velocities (bottom frame) d&sration time
for the three discharges of Fig.2.

Frequency [KHz]

Figure 26: Core rotation velocity (top) and complex spegtam from the 88 GHz
reflectometer channel (bottom) for g;64.56 plasma which had a reversal at 1.11 s.
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In order to address the question of what can cause the tdmaitédion to switch
direction while other macroscopic parameters remain umgéd, it is informative to
examine the momentum flux. The momentum flux can be writteh@sum of three
terms [19], one proportional to the momentum diffusivijty, the momentum pinch
V p and the residual streg§®*. A change in sign of any of these could give rise to a
change in direction of the toroidal rotation velocity,, is not likely directly involved
in the reversal process because it is positive definite andatachange sign. For both
ion temperature gradient (ITG) and trapped electron mo@)instabilities, the tur-
bulent equipartition pinch [20] is directed inward and canochange sign unless the
density gradient changes sign. Similarly, the sign of thadlie pinch [21] can change
only if the density profile gradient changes sign. As showRim14 (and in Fig.27),
the density gradient definitely does not change sign folhgwthe rotation reversal.
For ITG turbulence, the thermoelectric pinch [20] can bé&esitinward or outward,
depending on the mode propagation direction and the proxitmilinear marginality.
However, this is only expected to play a role for large terapge gradients, such as
in an H-mode pedestal, and is probably not important for ¢eneode reversals. For
TEM turbulence, the thermoelectric pinch can change sigoddain combinations of
the values of the temperature and density gradient scadghefil 9]. However, the ob-
served gradient scale lengths do not change before andladteeversals (see Figs.14
and 27), so this is also an unlikely explanation. The tentpezaand density gradients

rla
0.2 0.4 0.6 0.8

251
20F ]

15F e

RI/L.
.

10F ]

0.70 0.75 0.80 0.85
R (m)

Figure 27: The inverse electron temperature (top) andmiectensity (bottom) gradi-
ent scale lengths before (dashed) and after (solid) thé@ateeversal for the discharge
of Figs.13 and 14. The vertical dotted line indicates thafion of the q=3/2 surface.

used in Fig.27 were taken from smooth fits to the profiles offglt can be concluded
that the momentum pinch most likely does not play a role irréiversal process.
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The residual stress can change sign depending on the nédtine underlying tur-
bulence, such as by a change in the mode propagation dimec@ine example would
be a change of wave propagation from the electron diamagaedt direction (electron
drift waves) to the ion direction (ion drift waves or ITG m&)as the density exceeds
a critical threshold [22]. Such a change from TEM (or ETG) T&lturbulence domi-
nation has been invoked to explain the transition in globalgy confinement from the
linear (neo-Alcator) to saturated Ohmic confinement regif28]. In fact, the reversal
density of~0.8x10?°/m? for 5.4 T, 0.8 MA discharges (Fig.10) is very close to the
density separating the linear energy confinement reginm tlee saturated confine-
ment regime for Ohmic discharges (Fig.1 of [23]). This cartion is emphasized in
Fig.28 which shows the global energy confinement time (froagnetics) and the core
toroidal rotation velocity as a function of electron denditr the series of 0.62 MA,
5.2 T discharges shown in Fig.1. The density of the rotatbwersal is very close to the
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Figure 28: The global energy confinement time (top) and eétdroidal rotation ve-
locity (bottom) as a function of average electron densityefgeries of 0.62 MA, 5.2 T
(q95=5.0) discharges. The vertical dotted line indicates thesiy which separates co-
and counter-current rotation.

density which separates the linear increase in global greemgfinement from the satu-
rated confinement regime, around 88*°/m3 for these conditions. This relationship
holds for discharges at different plasma currents as wetoparison of the rotation
reversal density and the transition density from the lineagaturated Ohmic confine-
ment regime, for several different plasma conditions, isvahin Fig.29. There is a
very good correlation between these two over a factor of twddnsity, suggesting a
common underlying mechanism. Unfortunately the propagatirection of the feature
which is present during the co-current rotation (Fig.23 hat yet been determined. If
this propagates in the electron diamagnetic drift diretctibhen the co-current plasma
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Figure 29: The rotation reversal density as a function otthesition density between
linear and saturated energy confinement. Magnetic fieldpkasina currents for each
point are listed. The dotted line has a slope of unity.

rotation and linear energy confinement would be consistéht@TEM domination of
the turbulence at low density.

Other parameters which are known to have an effect on theriyimteturbulence,
and might be involved in the confinement regime change aratioot reversal pro-
cess have been considered. For the discharges of Fig.28,wlas a monotonic drop
in Z.¢¢, the electron and ion temperatures, and the temperatucewdh increasing
density, as can be seen in Fig.30. The values.gf &nd the ratio of T/T; were 2.8
and 1.35, respectively, when the rotation switched fromto@ounter-current and the
global energy confinement made the transition from the titeesaturated regime. This
continuous behavior through the ‘transition’ density isamtrast to the abrupt changes
which occur with the rotation and energy confinement. FoMAdischarges, with a
higher reversal density, the values faf/T; and Z;; at the reversal and confinement
change were somewhat lower, 1.26 and 2.1, respectively.

The strong correlation between rotation reversals, confare regime change and
turbulence behavior suggests that all three are intimagthted. The feature of Fig.23
is only apparent when the rotation is in the co-current dioecand the energy con-
finement is in the linear regime, and then disappears wherothgon switches to the
counter-current direction and the energy confinement atdsr The rotation reversal
is most likely associated with a change in sign of the regisimass when this structure
disappears.

Open guestions which need to be addressed include: How issmtoim conserved
during the reversal process? What is the role of the q=3/2aseff Why does the
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Figure 30: Z (top), the electron (dots) and ion (triangles) temperatgneiddle) and

T./T; ratio (bottom) as a function of average electron densityHerseries of 0.62 MA,

5.2 T discharges shown in Fig.28. The vertical dotted lirBaates the density which
separates co- and counter-current rotation.

reversal density scale with plasma current? Is there a atiomebetween the reversal
density, the density of confinement saturation and the minindensity in the L-H
power threshold? What determines the magnitude of the legitein density? What
determines the magnitude of the reversal velocity? Reggttlie last question, there is
some evidence that the magnitude of the reversal is largdodier toroidal magnetic
field plasmas. Shown in Fig.31 is the magnitude of the reVerdacity change as a
function of toroidal magnetic field.

In summary, direction reversals of intrinsic toroidal tiida have been observed in
Alcator C-Mod Ohmic L-mode plasmas following modest elentdensity or toroidal
magnetic field ramps. The reversal process occurs in thenglasterior, inside of the
g = 3/2 surface. For low density plasmas, the rotation is enab-current direction,
and can reverse to the counter-current direction followangncrease in the electron
density above a certain threshold. Reversals from the coetmter-current direction
are correlated with a sharp decrease in density fluctuatigiiskz>2 cm~! and fre-
quencies above 70 kHz. The density at which the rotationrsegeincreases linearly
with plasma current, and decreases with increasing magfietil. There is a strong
correlation between the reversal density and the densityhith the global Ohmic
L-mode energy confinement changes from the linear to theatetiregime.
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