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Abstract

Several seemingly unrelated effects in Alcator C-Mod Ohiminode plasmas are
shown to be closely connected: non-local heat transporg, twooidal rotation rever-
sals, energy confinement saturation and up/down impuritgileasymmetries. These
phenomena all abruptly transform at a critical value of tbkisionality. At low den-
sities in the linear Ohmic confinement regime, with collisbty v, < 0.35 (evaluated
inside of the g=3/2 surface), heat transport exhibits rmaall behavior, core toroidal
rotation is directed co-current, edge impurity densityfilge are up/down symmetric
and a turbulent feature in core density fluctuations withug to 15 cnt? (kgp, ~ 1)
is present. At high density/collisionality with saturat®&tmic confinement, electron
thermal transport is diffusive, core rotation is in the craurcurrent direction, edge
impurity density profiles are up/down asymmetric and thétigturbulent feature is
absent. The rotation reversal stagnation point (just ensifithe q=3/2 surface) co-
incides with the non-local electron temperature profileemsion radius. All of these
observations can be unified in a model with trapped electrodenprevalence at low
collisionality and ion temperature gradient mode domaonatt high collisionality.



|. Introduction

There are several longstanding mysteries in tokamak refseaxplanation of the
observed edge up/down impurity density asymmetries [1, £],3he mechanism gov-
erning the linear Ohmic confinement (LOC, also known as n&atar scaling) regime
and the transition to saturated Ohmic confinement (SOC, Hepfb, 6, 7, 8, 9, 10, 11,
12,13, 14, 15, 16, 17], and the underlying cause of ‘nonileksctron heat transport’
following cold pulses [18, 19, 20, 21, 22, 23, 24, 25, 26, 2&]recent mystery to
add to this list is the rotation reversal or inversion preces8, 29, 30, 31, 32, 33], in
which the core toroidal rotation abruptly switches direstiwith negligible effect on
other macroscopic plasma parameters. Rotation reversafditite a novel form of
momentum transport bifurcation and have been induced biygdsain the collsional-
ity through the density, plasma current and magnetic fieldceRtly, the connection
among rotation reversals, the transformation from LOC taCS€raturation of elec-
tron density profile peaking and changes in turbulence ckeniatics has been demon-
strated [32, 33, 34, 35]. This connection is extended heirectade ‘non-local electron
heat transport’ and up/down impurity density asymmeti3&3.[A working hypothesis
suggests that many of these observations are consisténtrastsport dominated by
ion temperature gradient (ITG) modes above a critical siolfiality, with trapped elec-
tron modes (TEMS) prevalent below the critical collisidhalln future reactor grade
plasmas, the collisionality will be low so it is important tmderstand TEM domi-
nant regimes. The outline of the paper follows. In Sectiaihél experimental setup is
described and in Section Il the results of the cold pulsesgrpents are shown, includ-
ing time evolution of the electron and ion temperature pesfiand scalings of relevant
plasma parameters with electron density and plasma cui@mtcomitant changes in
the toroidal rotation velocity profiles, energy confinemantl up/down impurity den-
sity asymmetries are also presented. In Section |V othempeter trends are shown,
including turbulence characteristics. A unifying disdassincluding the competition
between CTEM and ITG mode dominance is presented in Sectidolldved by a
summary.

I1. Experimental Setup

This detailed study in Ohmic L-mode plasmas has been peerom the Alca-
tor C-Mod tokamak [37] (major radius R = 0.67 m, typical mimadius of 0.21 m).
The experiments described here were carried out in 5.4 Tedant plasmas, in the
lower single null configuration, with elongation~ 1.6, and upper and lower trian-
gularities of~ 0.29 and~ 0.54, respectively. Electron densities were in the range
from 0.25 to 1.8&10?°/m3, with plasma currents between 0.55 and 1.1 MA (5.9
Oos > 3.2). Electron densities were determined from a two colterferometer, fast
electron temperature evolution using electron cyclotmmission and Zg from visible
bremsstrahlung [38]. Toroidal rotation, ion temperature and argon emigsprofiles
were measured with a high resolution imaging x-ray speattensystem [39, 40], and
electron density and temperature profiles were providedHmymison scattering [38].



Cold pulses were achieved by the rapid edge cooling follgvdaF, injection from

a unique multi-pulse laser blow-off system [41]. Impurignfinement times follow-
ing injections were determined from soft x-ray emissionfipgcevolution. Informa-
tion regarding plasma turbulence was provided by exanunaif density fluctuations
recorded from phase contrast imaging (PCI) and gas puffimga@PI) diagnostics
[38]. Magnetic flux surfaces were determined from EFIT [4&Falations.

I11. Cold Pulse Propagation in SOC and LOC Plasmas, Up/Down I mpurity Den-
sity Asymmetries and the Relation to Rotation Reversals

Thermal transport has been investigated by means of ragiel @abling from im-
purity injection by laser blow-off. Shown in Fig.1 are theng histories of the edge
and core electron and ion temperatures in an SOC dischagd (9.8 MA, g5 ~

4.2, n.=1.3x10?°/m3) with a Cak; injection at 0.800 s. Following the rapid cooling
soc
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Figure 1: Time histories of the electron density, edge sdectemperature, core elec-
tron temperature, edge ion temperature and core ion tetmoperfar an SOC discharge
with a Cak injection at 0.800 s. (r/a) values for the measurementsaiedted by the
numbers in parentheses. Simulations of the electron teahperevolution are shown
by the thin lines in the second and third frames.

of the edge electron temperature was a drop in the core tetopey on a time scale
consistent with the global energy confinement time [16],cltor this discharge was
about 30 ms. The electron temperature evolution at sevadilis shown in Fig.2; a
steady progression of the cold pulse from the edge to thenglaenter is evident. In
this case, the electron thermal transport is well descrityed simple diffusion model
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Figure 2: Time histories of the electron ttésr)nperature aediffit radii for an SOC dis-
charge with a Cafinjection at 0.800 s.

with an electron thermal conductivity (from global anas)sif order 2 M/s. The mod-
eled electron temperature evolution at two radii is showrthgythin lines in Fig.1.
The electron thermal conductivity () profile used in this calculation is shown by the
dashed line in Fig.3. For this SOC regime plasma, there wsmeraodest drops in
the ion temperature, although the time resolution in thiseda not good. In stark
contrast is the behavior in a lower density LOC plasma (5.8.8,MA, (g5 ~ 4.2,
n.=0.6x10?°/m?) with an injection time of 1.000 s, as depicted in Fig.4. &aihg
the edge cooling, there was a rapidrease of the core electron temperature, on a time
scale (5 ms) faster than the diffusive time. This effect is suggestif a short-lived
internal transport barrier (ITB), triggered by the suddecréase of the edge tempera-
ture gradient, which can be modeled with an abrupt drop irctre electron thermal
conductivity [19, 20, 21, 23, 24, 25, 27], and which persistghe duration of the edge
cooling (~30 ms). A model for this transient increase in electron haasport (a drop
in thermal conductivity) is shown in Fig.3, with a 25% dropyin near r/a = 0.3 (solid
to dash-dot lines). The match to the observed electron teahye evolution is shown
by the thin lines in Fig.4. There was also formation of an ITBhe ion temperature,
which developed on a longer time scale; the centralebiched its peak after 35 ms.
The electron temperature evolution at several radii fos ttOC discharge is shown
in Fig.5. The electron temperature drop is seen only in aagaR = 0.808 m (r/a-
0.58); inside of R = 0.784 (r/a- 0.47), the temperatur@creased following the edge
cooling. The evolution of the electron and ion temperatuddiles, demonstrating the
transient ITB for the LOC discharge of Figs.4 and 5, is shawhig.6. Following the
edge cooling at 1.000 s, the electron temperature reacheedk on a fast time scale
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Figure 3: Model electron thermal conductivity for SOC (greashed) and LOC (solid
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Figure 4: Time histories of the electron density, edge sdectemperature, core elec-

tron temperature, edge ion temperature and core ion tetopefar an LOC discharge

with a Cak injection at 1.000 s.
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Figure 6: Electron and ion temperature profiles at threeatharistic times during an
LOC plasma.



of less than 10 ms, and returned to its pre-injection shajge 80 ms. The electron
temperature profile shown is from 1.011 s (dots), evaluateithd the same phase of
the sawtooth oscillations as the profile just before therlpatse (asterisks). The flex
point of the electron temperature profile was near R = 0.79an(r0.5), marked by
the dotted vertical line. R/ at this location changed from 9.9 before the injection
to 12.0 at 1.011 s. The ion temperature profile evolved on gdotime scale, with a
drop in the edge ion temperature occuring when the coreretet#mperature reached
its peak. The central ion temperature attained its maximinenthe core electron ITB
had disappeared. The normalized ion temperature gradiale length (R/l;) atR =
0.79 m changed from 5.0 before the injection to 7.1 at 1.01%3a@t 1.05 s. For this
discharge, the time resolution of the x-ray spectrometstesy was 6 ms.
Interestingly the electron temperature profile flex poinesy close to the intrinsic
toroidal rotation reversal anchor point, as shown in Figltese velocity profiles were
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Figure 7: Rotation velocity profiles at two different times fa discharge with a dy-
namic rotation reversal.

obtained from a dischargedg~ 4.2) with a dynamic rotation reversal [32] induced by
ramping the electron density from 0.72 to 0:88*°/m3. For this plasma current and
magnetic field, the rotation reversal anchor point and eactemperature flex point
were both located near R = 0.79 m (#a0.5). This suggests a connection, likely
via a collisionality dependence, between the transientfidrBhation (following edge
cooling) in LOC plasmas and the intrinsic rotation reveygalcess. This connection
is further emphasized in Fig.8, showing the time evolutiba discharge with an up-
ward density ramp, which crosses the LOC/SOC boundary.vAtiensity, in the LOC
regime, the core toroidal rotation was directed co-currantl reversed direction (be-
ginning at 1.2 s) at high density in the SOC regime. This 0.8 {(d4s ~ 4.2) plasma
had four Cak injections, at 0.8, 1.0, 1.2 and 1.4 s. The core electron ¢eatpre in-
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Figure 8: Time histories of the electron density (top), adeetron temperature (second
frame), edge up/down forbidden line brightness (third aand core toroidal rotation
velocity (bottom) for a 0.8 MA discharge with a rotation resal. Cak injection times
are shown by the vertical dotted lines.

creased following the cold pulses in LOC (0.8 and 1.0 s), angpkd in SOC at high
density (1.4 s), when the rotation was counter-current.

The ion temperature and toroidal rotation velocity profdégigs.6 and 7 were ob-
tained from the Doppler broadening and Doppler shift of emisfrom H- and He-like
argon, recorded with a spatially imaging high wavelenggohation x-ray spectrom-
eter system [39, 40]. Argon is introduced into dischargegyay puffing to a level
typically of order 10-*n.. Example x-ray spectra of He-like At from the plasma
edge are shown in Fig.9. These spectra, obtained for vieahingds tangent to r/a
0.9, include the resonance line, w (188 -15* 1S, 3949.28 nd), the intercombina-
tion lines, x and y (1s2pP, -1 'S, 3965.99 mh, and 1s2p*P; -1 1S, 3969.40
mA) and the forbidden line, z (1s2}8, -1 1S, 3994.28 k). At the low electron
temperatures of the edge plasma, the upper levels of thessitions were populated
by radiative recombination of H-like argon [43], which wasrb at the plasma center,
and was transported outward on the fast time scale of L-mogberrity confinement
[44, 45, 46]. In the top frame, from an LOC plasma, the speftom the top and
bottom viewing chords have the same intensity, and it mayobeladed that the edge
impurity densities are up/down symmetric. In contrasthmlbottom frame are spectra
from an SOC discharge. The spectrum from the chord viewiegdp of the plasma
is over 2 times brighter than from the bottom viewing chordg& emissivity profiles
of the forbidden line z from the top and the bottom of the maeHhor the 0.8 MA
SOC discharge are shown in Fig.10. There is an enhancemgin¢ @mission from
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T, 0.8 MA SOC plasma.



the top of the plasma between €.8/a < 1.0. This implies that there is an up/down
impurity density asymmetry, with an excess at the top of thsma, in the direction
opposite to the ion B VB drift direction [3, 4]. This enhancement does not depend
on the X-point location (upper versus lower null). In thedhframe of Fig.8 is shown
the time history of the up/down Af+ forbidden line (z) ratio, evaluated from chords
tangent to r/a~ 0.9 viewing the top and the bottom of the plasma. Up until 1.i&s
the LOC regime, the impurity density was up/down symmetiati§ ~ 1); after 1.2 s
in the SOC regime, this ratio was in excess of 2. This edge amtny precedes the
core rotation reversal, occuring at a lower density. Thisipbonset of the up/down
impurity density asymmetry following a slight change in #lectron density suggests
that this is probably not a neo-classical effect.

The relationship among energy confinement, non-local haasport, core toroidal
rotation reversals and particle confinement (includingeedg/down impurity density
asymmetries) is further demonstrated in Fig.11, obtairmad §hot-by-shot scans of the
electron density in 0.8 MA, 5.4 T (g ~ 4.2) discharges. For this value afsqthere is
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Figure 11: The global energy confinement time (top), perchahge in electron tem-
perature at R = 0.78 m following impurity injections (secdnaime), core toroidal
rotation velocity (middle), the inverse density gradietdls length (fourth frame) and
up/down edge impurity brightness ratio (bottom) as a fuomctif electron density for
0.8 MA, 5.4 T discharges.

an abrupt change in the direction of the core toroidal rotatielocity (middle frame)
from co-current below an electron density of 0:827°/m? to counter-current above.
The vertical line indicates this critical density. Also shois the global energy con-
finement time (top frame) and the related transition from L@@ited line, neo-Alcator
scaling [47]) to SOC (dash-dot line, L-mode scaling [48]klisar [32, 33, 35]. Near

10



this same critical density there is also a saturation oftedaadensity profile peaking
[34, 33], as seen in the fourth frame. Shown in the seconddrarthe percent change
of the electron temperature just inside of the profile flexapdR~0.79 m, r/a-0.5
for these conditions, as in Fig.6) evaluated 10 ms follovthngyedge cold pulse. The
temperature inside of this radius increases for densigémabthe rotation reversal and
LOC/SOC threshold, and decreases above the critical geadititical ‘non-local’ cut-
off density has been observed in many experiments [22, 33,T2is emphasizes the
intimate relationship among ‘non-local’ heat transpastation reversals and confine-
ment saturation. The rotation reversal seems to be the rapsitise indicator of the
LOC/SOC transition, since it is easy to detect a change atiost direction, and this
can be determined in a single discharge. In contrast, tatast¢he LOC/SOC tran-
sition density, a complete shot-by-shot density scan okihetic profiles is required.
In the bottom frame of Fig.11 is shown the ratio of the ®r forbidden line, z, bright-
ness taken along lines of sight which are tangent to r/a¥01@ the top and bottom
of the plasma. This brightness ratio is indicative of theeedg/down impurity density
asymmetry [3, 4]. For low density LOC plasmas, the impurignsities are up/down
symmetric, and become asymmetric at higher electron dessitith an impurity den-
sity surplus in the direction opposite to the iorx BB drift direction. The threshold
for this behavior is somewhat lower(.6x 10°°/m?) than the reversal, LOC/SOC and
T. inversion (non-local cut-off) density, perhaps becausgedfiect is only seen at the
plasma edge (rfa0.9), well outside of the T profile flex and rotation reversal anchor
points.

Similar density scans have been carried out for 5.4 T plagh@$5 (g5 ~ 5.8)
and 1.1 MA (g5 ~ 3.3); the results for the 0.55 MA cases are summarized irlEig.
For 0.55 MA plasmas at 5.4 T, the critical rotation reversaisity is at 0.6 10°°/m?
(middle frame), shown by the vertical line. This is similatie density of confinement
saturation (top frame), the non-local cut-off density (setframe) and the density for
saturation of electron density profile peaking (fourth f@mThe critical density for
the appearance of the up/down impurity density asymmetitgn frame) is again
somewhat lower than the rotation reversal density. Theesponding results for 1.1
MA plasmas are shown in Fig.13. For this plasma current @aTh.the rotation rever-
sal density is at 1.1410°°/m3 (vertical line), which aligns fairly well with the density
for energy confinement and density profile peaking saturatfdnce again, the onset
for the up/down impurity density asymmetry occurs at a lodemsity. In contrast to
the lower current cases however, the non-local cut-off illersnot well defined (be-
tween 1.24 and 1.3610°°/m?), and certainly occurs at a slightly higher density than
the rotation reversal. This difference (only about 10%) émsity is demonstrated in
Fig.14, which was from a 1.1 MA discharge with a density raamd three Cafin-
jections, at 0.8, 1.1 and 1.4 s. Even though the rotation badrsed sign by 1.3 s
(bottom frame), the core electron temperature still inseglafollowing the cold pulse
at 1.4 s. This indicates that at this high plasma currentetisea slight difference in the
critical densities for rotation reversal and non-localofit The results of Figs.11-13
are summarized in Fig.15, showing the critical densitiesdtation reversal, non-local
cut-off (transient el TB formation), the LOC/SOC transitiand edge up/down impurity
density profile asymmetry formation, which all increasdwgtasma current. These ef-
fects all occur at a fixed collisionality/{ o« n. gg5s = constant). The rotation reversal

11
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and LOC/SOC transition are well correlated [32, 33, 34, 35];s the electron tem-
perature non-local cut-off at the lower currents. For tHeMA case (g5~3.3), the
non-local cut-offftemperature inversion/transient ef@sists to a higher density after
the rotation reversal and confinement saturation. The wpidmpurity density asym-
metry follows the same trend but appears systematicallj@vear density. This may
be because this effect transpires near@®, while the rotation reversal and transient
elTB occur more towards the plasma interior. Finally, thesel relationship between
rotation reversals and electron temperature inversioli@afimg cold pulses is further
emphasized in Fig.16, which shows the the rotation reversetor points and electron
temperature profile flex points (as shown in Figs.6 and 7) asetibn of 1/G5. Both

of these locations coincide, and move outward with incregplasma current; outward
movement of the T profile flex point with increasing 14g has also been observed in
ASDEX Upgrade plasmas [25]. These positions are just insidbe gq=3/2 radius as
calculated from magnetics reconstructions using EFIT.réfento gauge the accuracy
of the g=1 calculations from EFIT, the measured sawtootkrgien radii are shown
for comparison.

V. Other Characteristics near the LOC/SOC Transition

Other relevant parameters of interest have been examinedhimection with the
LOC/SOC transition, non-local heat transport and rotatewersals. Shown in Fig.17
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Figure 16: Radial locations of the q=3/2 surfacesj, rotation reversal anchor point
(dots), electron temperature profile flex point (boxes),teatt inversion radius (dia-
monds) and g=1 surface (plus signs) as a function aof;1/q

are the impurity confinement time, the electron and ion teatpees, and & as a
function of electron density for 5.4 T, 0.8 MA (g~ 0.24) discharges. This should
be compared with Fig.11. There is no abrupt change in anyasitiparameters at the
rotation reversal critical density (shown by the vertidak), unlike the quantities in
Fig.11. In contrast to the global energy confinement time gllobal impurity confine-
ment time, determined from the decay of Ca emission follgwijections using the
soft x-ray diode arrays, is rather insensitive to electrensity, although there may be
a minimum near the critical density. The electron and iongeratures smoothly con-
verge as the density is raised, and their ratio is about Itt®atritical density for these
conditions. Zg also drops smoothly with increasing density, and at thesttiam has
a value of~3.8 for these 0.8 MA discharges. The dominant intrinsic iritf@s which
contribute to Zg are boron and molybdenum. Comparable parameter scansifor 1.
MA discharges are shown in Fig.18. Similar behavior is seethfe impurity confine-
ment times, temperatures angiZalthough the temperature ratio ang;zare slightly
lower at the transition since the electron density is highiée corresponding plot for
0.55 MA plasmas is shown in Fig.19. In this case the values.gfahid the tempera-
ture ratio are higher since the rotation reversal occurd@wer electron density. The
results of these parameter scan for the three differeninalasirrents are summarized
in Fig.20. Itis clear from the top two frames that at the catitransition density for
each current, the electron to ion temperature ratio apdafe not at fixed values. In
contrast, the ratio &/T.2 (which figures into the collisionality) at the critical détys
seems to depend only very weakly on plasma current. The vallihese parameters
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Figure 17: The impurity confinement time (top), the electeord ion temperatures
(second frame), the electron to ion temperature ratiodfinime) and Z; as a function

of electron density for 0.8 MA discharges. The vertical $iradicate the rotation
reversal density for this current.
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at the critical density are shown in Fig.21 as a function gsl(cxl,). Z.g at the criti-
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Figure 21: Zg (plus signs)y. x 10 evaluated at the reversal radius (dots), the elec-
tron to ion temperature ratio (triangles) and the ratig/Z.? (asterisks) at the critical
density for rotation reversal as a function of gi/q

cal density drops noticably as the plasma current is raisbile the temperature ratio,
Z.s/T.? and the collisionality,, (= 0.0118 q R 0 Zeg/T.2 €5, with n, in 102°/m3,
R in mand T, in keV), evaluated at the critical radius, are weak fundiohgy;. At
the critical densityy,, ~ 0.35, T./T; ~ 1.2 and Zg/T.2 ~ 0.8/ke\2.

Turbulence changes at the LOC/SOC transition [49, 50, 15d during rotation
reversals [32, 33, 35] have been well documented. For C-NExhpas, a strong feature
in density fluctuations suggestive of a trapped electrona{®@&M), with ky above 10
cm! (kgp, extending to 1.0), is present in the core of LOC regime disgds and
which abruptly disappears after the transition to the SQfinre, with collisionality
above a critical value. An example case of the conditionatspm S(kf) from PCI
of the difference in dispersion plots between the LOC phasel(08x 10°°/m3) and
the SOC phase (r1.13x10?°/m?) of a 0.9 MA discharge (with a very slight density
ramp) is shown in Fig.22. There is a strong feature which iy pnesent in LOC
plasmas which extends beyongl k 10 cnt!. Complementary information from the
edge plasma is available from GPI, and an example is showigi&3; which consists
of conditional spectra of density fluctuations from gas fpn&ging views just inside
of the last closed flux surface (LCFS). In the top frame, frodiseharge in the LOC
regime, there is a clear feature with negatiye Which indicates a poloidal phase ve-
locity of ~2 km/s, in the ion diamagnetic direction in the lab frame. @CSplasmas
(lower frame), a different feature appears, which has aghkeatocity of ~5 km/s in
the electron diamagnetic direction in the lab frame. Thiidates that there are also
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Figure 22: Conditional spectrum of core density fluctuatisom PCI of the difference
between spectra from the LOC and SOC regime phasesfa 8.9 plasma.

changes in edge turbulence at the LOC/SOC transition.

During the transient ITB formation following cold pulsesli®@C plasmas, there is
a transient down/up edge impurity density asymmetry. Shiowig.24 are the time
histories of the argon forbidden line brightnesses atra9 from views of the top and
bottom of the LOC plasma of Fig.4. Immediately after the Cafjection at 1.000 s
there was an increase in the brightness from the bottom gflttsma, followed by a
decrease in the top brightness. This transient is oppasitetsteady up/down impurity
density asymmetry observed in SOC plasmas. This behavidd@plasmas is not due
to changes in the argon source, since the forbidden linasittedepends on the H-like
argon density, which must come from outward transport o @gon, and therefore
must be due to a change in transport. An interesting feasutteei delay in the drop in
signal from the top of the plasma compared to the rise at tkterino

V. Discussion

Rotation reversals on C-Mod occur withgage constant [32, 33, 35]. Confinement
saturation on many devices (with similar aspect ratio) app® occur with the product
NgysR ~ constant [35], which is consistent with, ~ constant, since for C-Mod at
least, Z#/T.? is constant at the transition, as shown in Fig.21. Simi)aig non-
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local cut-off on several machines is observed withsRj~ constant as demonstrated
in Fig.25, which is a plot of the product of the non-local cofit-density and g5, as
a function of major radius R. Except for the RTP point, thendrdollows 1/R; it’s

50:\\\\
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N
o
T

10F

0.0 0.5 1.0 15 2.0 2.5
R(m)

Figure 25: The product of the non-local cut-off densitylys as a function of machine
major radius. The solid curve is proportional to 1/R.

possible that for RTP plasmas.#T.2 was different than the values from the other
devices.

The results of this paper suggest a unified explanation afrabgeemingly dis-
parate elements of Ohmic L-mode confinement phenomenaldggh is summarized
in Table I. Central to this unification is the idea that aboveritical collisionality,
electron-ion collisional thermal coupling will become fitient to trigger the excita-
tion of ion temperature gradient (ITG) modes, causing asitemm from collisionless
TEM (CTEM) to ITG dominated turbulence. For this to occure ttoupled power
must be comparable to the power transported by CTEMs. Eeaéor this CTEM
to ITG transition includes changes in both macroscopicrpatars and in fluctuation
characteristics, and the explanation of several othetteefllows directly. First, the
disappearance of electron 'non-locality’ phenomena in S©& consequence of the
fact that electron thermal power transfer exceeds powespart, effectively elimi-
nating any electron transport dynamics. In the SOC regifre power is carried by
neo-classical processes and by ITG modes, so that any catiyoshould appear in
the ion channel [52]. This may not be visible due to time neoh constraints. Sec-
ond, rotation reversal results as a consequence of a chauige sign of the turbulent
residual stresdI"¢*, the gradient of which sets the intrinic torqud!*® is predicted
to change sign with the turbulent propagation directior] [68. electron to ion dia-
magnetic, as CTEM goes to ITG), consistent with the obsemvatf reversal. Third,
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phenomenon explanation

LOC to SOC transition change from CTEM to ITG dominance

Change of turbulence propagation directipichange from CTEM to ITG dominance

Electron non-locality and cutoff Transient CTEM ITB, suppressed by collisional coupling
Rotation reversal Change irlI"* with switch from CTEM to ITG

Saturation in density profile peaking unclear, CTEM to ITG?

Up/down impurity density asymmetry up/down asymmetry in ITG intensity due to zonal flow shearing

Table 1: Summary of observed phenomena and commonality.

density profile peaking is observed to saturate at the CTEWGdransition [54]. This
is inconsistent with the behavior of the convective pagtiitlix, which is predicted to
be outward for CTEM but inward for ITG (i.e. flips sign with meg@ropagation direc-
tion). The disparity may likely be due to a strongly enharntcedulence level, and thus
diffusivity, in the ITG regime. An enhanced diffusivity clollovercome a reversal in
the convective velocity. Fourth, an up/down impurity degnasymmetry develops with
SOC. This may be a consequence of the appearance of robGstutbulence driven
zonal flows, which develop in the SOC regime. Gyro-kinetindations suggest that
ITG driven zonal flows are larger scale, and more temporahemnt, than CTEM
zonal flows [55]. In the SOC case, a coherent zonaBEshear should develop, and
then cause a coherent eddy shift and tilt (position spand)ttaus an up/down asymme-
try (in ballooning space). An up/down asymmetry in turbekeimtensity should then
leave a footprint as an up/down asymmetry in impurity dgn€iomparative Doppler
backscattering studies of zonal flows in the LOC and SOC regiimay be used to test
this hypothesis.

V1. Conclusions

In summary, the appearance of 'non-local’ heat transpante ¢oroidal rotation
reversals, Ohmic energy confinement saturation, edge wp/gopurity density asym-
metries and turbulence changes appear to be related. Betwitical value of the
collsionality, in the LOC regime, electron heat transpsrnion-local’, the core intrin-
sic rotation is directed co-current and the edge impuritysitg profiles are up/down
symmetric. Above this critical collisionality, in the SO€gime, electron heat transport
is diffusive, the rotation is counter-current and the edgpurity density profiles are
up/down asymmetric. These results are consistent with agehin turbulence domi-
nation from CTEMSs to ITG modes above a critical collisiohali
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