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Abstract. Positive radial electric fields have been created at the edge of the TEXTOR tokamak
plasma using an electrode. The electric field induces a thin (67 ~ 1.5 cm), E x B driven layer at the
edge rotating poloidally at 12-20 km/s and featuring high shear. Concomitant changes in the density
and poloidal electric field fluctuations and their cross-phase in the shear layer result in suppression of
radial turbulent particle transport, even at low radial electric field strength. Temperature fluctuations
are reduced, resulting in diminished turbulent heat flux. As turbulent particle transport is quenched,
the particle confinement time 7, increases by a factor of 2 and the energy confinement time 7 by
20%. Turbulent transport accounts for ~50% of the total particle flux. Both the cross-phase and the

density fluctuations are sensitive to the sign of VE,.

1. Introduction

Tokamak plasmas can undergo transitions from
a low energy confinement state (L mode) to a
higher energy confinement state [1] (H mode) sponta-
neously. The transition is accompanied by a negative
radial electric field inside the LCFS and is charac-
terized by a steepening of the edge profiles, or for-
mation of a transport barrier, and a fast reduction
of the H,, signal, corresponding to increased particle
confinement. Similar behaviour to the spontaneous
L-H transition was obtained in the CCT tokamak
[2] by applying an external radial electric field to
the edge plasma by biasing or ‘polarizing’ an elec-
trode and, thus, those experiments suggested that
the radial electric field and induced poloidal rotation
played a crucial role in the L—H transition. Since the
increase in confinement in the spontaneous H mode
was accompanied by a reduction in turbulence levels,
as shown in DIII-D [3] and PBX-M [4], stabilization
of turbulence by E x B shear, a general mechanism,
was proposed [5] as the underlying cause for overall
confinement, a hypothesis supported by early work
at the TEXT [6] tokamak.

The velocity shear stabilization mechanism is now
proposed to be responsible for a series of improved
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confinement regimes in tokamaks such as the H mode
[7] and V-H mode [8] and recent experiments in
TFTR have related the levels of local E x B shear-
ing rates [9] to core transport barriers in reverse
magnetic shear plasmas [10]. Polarization experi-
ments in the TEXTOR tokamak [11, 12] have con-
firmed earlier CCT and TEXT results and signif-
icantly expanded the understanding of the role of
the radial electric field and its bifurcation [13]. More
recent experiments in TEXTOR-94 have shown the
formation of a transport barrier in the plasma edge
[14] as determined by the changes in density profiles
during polarization [15] and have correlated those
changes to the gradients of the radial electric field. A
clear correlation between externally applied electric
fields and a reduction in turbulence levels, without
the gradient influence to cloud the issue, was first
shown by our early work [16].

The existing theories of turbulence stabilization
by E x B shear consider two main approaches, one is
linear stabilization of modes [17, 18] and the other is
decorrelation of turbulence [19, 20]. Both approaches
predict a reduction in transport, although the non-
linear approach does not require total suppression of
the underlying turbulence. In the linear approach,
the effects of E x B shear are mode dependent
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and therefore the details depend on the drive of the
turbulence. Enhanced damping occurs by coupling
unstable and stable modes [18]. In the non-linear
approach, shear can affect non-linearly saturated tur-
bulence and reduce transport by acting on both the
amplitude and the cross-phase of the fluctuations.
In general, the shearing rate 5 must be comparable
to Awp, the non-linear turbulence decorrelation rate
in the absence of E x B shear. Additionally, it has
been noted [21] in non-linear simulations that com-
plete turbulence stabilization is achieved when the
shearing rate v, is of the order of the linear growth
rate ;s of the dominant mode in the plasma. How-
ever, the criterion is approximate and deviations by
factors of 2 are not unusual. The shearing rate in
an E x B driven velocity field is given by the radial
derivative of the velocity, Ve« B,

dVExB
dr

_ ‘(RBQ)Q 0 E,

YExB = ' B %RB@ (1)

written in flux co-ordinates in terms of the major
radius R, the poloidal magnetic field By and the
poloidal flux ¢ [22].

In a tokamak, the radial electric field FE,., the
radial pressure gradient V,.p; and the toroidal v4 and
poloidal vy velocities are related by the radial force
balance, given by the following equation:

E, = 1 V. p; — vg By + vy By. (2)
en;

The radial electric field can thus be created by a
combination of a pressure gradient and a poloidal or
toroidal velocity, which is the case in the spontaneous
L-H transition [23], clouding the issue of causality
and the roles of the various terms. The pressure gra-
dient term, (1/en;)V,p, which is all-important for
the spontaneous L—H transition, is always negative
in these experiments and negligible when compared
with the positive v x B terms in Eq. (2).

In the work presented here, the thin (§r = 1.5 cm),
rotating E x B shear layer induced by the elec-
trode is characterized with high spatial resolution
and correlated to the profiles of absolute and nor-
malized turbulent quantities, including the turbu-
lence driven radial particle flux. It is found that
the amplitude of the fluctuations is reduced in the
sheared layer and that fact, coupled to changes in
the cross-phase, results in reduced turbulent trans-
port and improved confinement. It is also found that
low shearing rates are sufficient to affect the fluctua-
tions. This work clearly establishes that the presence
of velocity shear results in a reduction of turbulence
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induced radial particle flux, creating a transport bar-
rier and an increase in particle confinement time. The
polarization experiments greatly enhanced the abil-
ity to study the physics of turbulence stabilization
in tokamaks by providing a high level of control and
accessibility of diagnostics.

2. Experimental apparatus

These experiments were performed in ohmically
heated (OH) plasmas with toroidal magnetic field
B, =2.25 T, plasma current I, = 200 kA and chord
averaged density N0 = 1.0 x 10'® cm™3. The dis-
charge was tailored to reduce the heat flux to the
electrode. The electrode is mushroom shaped and
built of graphite composites 1.5 cm in thickness and
10 cm in diameter, and is introduced to a radius of
41 cm as described in previous work [7]. The ALT-
IT toroidal belt limiter [24] is nominally located at
46 cm, but in these experiments the plasma was
shifted down (1 cm) and out (1 c¢m) to assure that
ALT-IT is the only limiter, resulting in a slightly
reduced (45.5 cm) plasma radius.

The data were obtained using two fast reciprocat-
ing probe arrays [25] featuring five tips. The main
reciprocating probe is located at the outer midplane
of the tokamak and the second probe is located at the
top. TEXTOR edge plasmas are toroidally symmet-
ric due to the ALT-II belt limiter. The data for the
turbulent measurements are digitized at 1 MHz with
a 10 bit digitizer and filtered by low pass 500 kHz
anti-aliasing filters. We find that the power spectrum
decays very quickly with frequency and is significant
only up to 250 kHz, thus a bandwidth of at least
500 kHz is desirable for turbulence measurements.

The voltage is applied to the electrode as a 100 ms
linear ramp starting at 0.9 s and then held constant
for 1.5 s, as shown in Fig. 1(e). The electrode cur-
rent increases linearly until the radial electric field
bifurcation occurs at 1.1 s, resulting in a core den-
sity increase by a factor of 1.5 (Fig. 1(d)) and a
reduction in the electrode current (Fig. 1(e)). The
discharge then progresses to a quasi-stationary state
as shown in Figs 1(c) and (d). The probe enters the
plasma at ¢t = 1.6 s (Fig. 1(a)), sampling the shear
layer, as shown by the increase in floating potential
(Fig. 1(b)). The radial electric field increases with
voltage and eventually bifurcates from a broad pro-
file to a narrow one in the region between r = 43.2
and r = 44.8 cm (Fig. 2), reaching a maximum value
of ~500 V/cm, as discussed in detail in our previous
work [16, 13]. The radial electric field maximum is

Nuclear Fusion, Vol. 40, No. 7 (2000)



Article: Enhanced particle confinement and turbulence reduction

TEXTOR DISCHARGE 69122 Probe Time=1.6 s.

a8
a -

(cm)
I

A

Floating  Position

Plasma

150
100~
50 —

600
400
2001~

Y
i

Voltage (V) Current (A)10%2 (cm-3)Current (kA) Pot. (V)

Electrode Electrode Density

2 3 4

Time (s)

Figure 1. Time traces of a typical TEXTOR polarization discharge

showing the (a) probe position, (b) floating potential measured by the

probe, (c) plasma current, (d) plasma density, (e) electrode current

and (f) electrode voltage. The voltage is applied at about 1.0 s and the

transition occurs at 1.1 s.

marked by a dashed line consistently in all the radial
profiles. Upon bifurcation, the radial conductivity
increases suddenly in a narrow region [13] which,
in the framework of neoclassical theory, is deter-
mined by a delicate balance between viscosity and
ion—neutral friction, both featuring a strong radial
variation in front of the limiter. The radial electric
field bifurcation has a well defined and reproducible
(within 20%) threshold at an electrode voltage V; of
~450 V and an electrode current I.; of ~170 A, as
seen in Figs 1(e) and (f) and Fig. 11. The hill asso-
ciated with the radial electric field is of the order of
1-1.5 cm wide, which is 10-20 times the ion or elec-
tron gyroradius (0.8-1 mm) and of the order of the
poloidal Larmor gyroradius for TEXTOR.

The plasma conditions are labelled consistently
throughout the article. The condition of high par-
ticle confinement and shear after the bifurcation is
labelled ‘H mode’ and the background, unpolarized,
low confinement condition, ‘L mode’. The condition
where the electrode is energized and the plasma is
exposed to some shear is labelled ‘L-H’ if progressing
towards bifurcation and ‘H-L’ if leaving it. The bifur-
cation of the electric field and its timing are identified
by the sudden decrease of the polarization electrode
current and the H,, signal.
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Figure 2. Radial electric field measured by the probe for
L, L-H and H mode conditions. The peak of the electric
field and the shear layer are marked by a dashed line and
a shaded box, respectively.

3. General description

of polarized edge plasma

As the electrode is polarized, the edge density
steepens considerably in the region between the
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Figure 3. Profiles of (a) electron density and (b) elec-
tron temperature for L. mode, H mode and low shear
discharges (L-H). The shear layer is shown by a shaded
box and the location of the radial electric field maximum
is marked by the double dashed line.

electrode (at 41.5 cm) and the limiter (at 45.5 cm)
and the temperature profile flattens, as shown in
Fig. 3(b), reflecting increased radiation losses. The
steepening of the density profile (Fig. 3(a)) indicates
the formation of a transport barrier in the narrow
(1.5 ¢cm) region where E, and the velocity shear are
large (Fig. 2). The shear layer is consistently shown
as a shadowed box in all figures. The temperature
inside the barrier is reduced by 40-50%, resulting in a
considerably flattened profile. The combined changes
of the T, and n. profiles result in a mostly unchanged
electron pressure profile up to 45 cm, in contrast with
the marked increase in electron pressure characteris-
tic of a spontaneous H mode.
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Figure 4. Normalized turbulence levels of (a) potential,
(b) density and (c) temperature. The maximum of the
radial electric field is marked with a vertical dashed line.

The normalized density and temperature fluctua-
tion levels are reduced by 40-50% at the shear layer,
whereas the potential fluctuation levels increase by
a factor of ~6, as shown in Fig. 4, partly due to the
decrease in temperature and partly to the presence
of coherent modes. The fluctuation ordering in the
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L mode edge is T, /T, ~ 0.35 > ¢/kT. ~ ii/n ~ 0.25
for these low density OH plasmas. The changes in
the plasma potential and temperature fluctuations
are fairly symmetric about the peak of the electric
field (marked by a dashed line), but the changes in
the density fluctuations and cross-phase are asym-
metric and dependent on the sign of VE,, a result
that will be discussed later.

4. Turbulent particle flux

The turbulent particle flux, T, depends on the
RMS values of the density (7 )1/ 2 and poloidal elec-
tric field (E3)'/2, their coherence Ygn and a, the
fie—Ey cross-phase, as [26]

(Eofir) _ (R2)2{EF)  (Eoiin)

I, = = i
B By (RZ)1/2(Eg)/?
~2\1/2 E2 1/2
— <ne> < 9> Y En COS X (3)
By

where the brackets denote ensemble averaging. We
emphasize that the absolute RMS levels of the den-
sity and poloidal field are the relevant fluctuating
quantities that affect the radial turbulent particle
flux, as seen in Eq. (3), and not the normalized levels.
The density potential cross-power spectrum is the
relevant quantity for frequency space calculations.
Therefore, we have concentrated our discussion on
the aforementioned quantities.

The fluctuation driven particle flux shown in
Fig. 5(d) decreases from 6 x 10 to 0.2 x
10'° cm? s_l, zero for practical purposes, at the
LCFS. The particle flux is essentially quenched in
the region r = 43.5-50 cm and even becomes nega-
tive at r ~ 43.8 cm, which is not the region where
the electric field reaches a maximum but where its
derivative VE, is positive. The reduction in radial
particle flux across the shear layer can be traced to
changes in Ey (Fig. 5(a)), 7 (Fig. 5(b)) and especially
their cross-phase (the coherence is reduced from 0.6
to 0.35), cosa (Fig. 5(c)), and expected as some of
the effects of velocity shear stabilization [27].

The changes in Eg, n and I‘T, although initiated
in the shear layer (notice the L-H traces in Fig. 5),
eventually extend across the entire SOL, as seen in
spontaneous H modes [28]. The non-localization of
the turbulent flux reduction could be connected to
either a reduction of the driving sources of the tur-
bulence by the changes in the profiles and their gradi-
ents or to the stabilization of a radially extended (i.e.
long radial correlation length) turbulence source.

Nuclear Fusion, Vol. 40, No. 7 (2000)

The particle flux can be calculated alternatively in
frequency space in terms of the density and potential
fluctuation cross-power spectra P, 4(w), the poloidal
wavenumber kp(w) and the phase between the
density and potential fluctuations oy, (w) as [29]

Nw) = %/}Pndj(w”kg (w) sin apg (w)dw. (4)

The probe data can be analysed in frequency space
in the framework of Eq. (4) and the results are dis-
played in Fig. 6. The data between the radii r =
43.5 cm and r = 44.5 cm have been used in order to
provide good statistics, with the consequence that
the frequency resolved quantities are averaged over
~0.5-0.7 c¢m, losing radial resolution. An important
observation is that the coherence between density
and potential decreases from a robust 0.6 across
the spectrum (0-500 kHz) in L mode to 0.2-0.4 in
H mode, while the cross-power spectrum becomes
flat and broad and is reduced by a factor of 5—
10. This reduction partially explains the suppres-
sion of radial particle flux as discussed previously.
A significant fraction of the power remains at very
low frequencies (quasi DC) in H mode and coher-
ent modes are sometimes seen at f ~ 40 kHz and
f ~ 70 kHz, bearing nearly half the radial particle
flux. The kg spectrum is linear and its average value
is reduced from 2-3 cm™! in L mode to 1 cm ™! in
H mode, partly due to the large phase velocity of
the turbulence in the layer. The shift in kg is par-
tially responsible for the reductions in [, and Fj.
The phase between density and potential remains
at 1.7 rad (= 7/2) across the spectrum. An impor-
tant result from these data is that the density and
potential fluctuations become decorrelated during
H mode, as shown by the low coherence, resulting in a
significantly reduced cross-power spectrum.

5. Turbulent heat flux

Cross-field heat transport can be expressed [30],
omitting species indexes (e and 7), as the sum of con-
vective and conductive, classical (¢) and anomalous
(~) terms,

I S -
Qiot = qc + §TFT‘C + Qcond + Qconv

3 3 (TE
- qC + 2TFTC + - < B¢9>

r,.T (5)

N W

+

l\')

where 7 and T are the average density and temper-
ature and I',. is the radial particle flux. The overbar
denotes averaged quantities and the brackets denote
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Figure 5. Radial profiles of (a) Eg, (b) 71, (c) cosa and (d) radial turbulent flux. The L > H values are
somewhat in between the steady state ones, showing partial stabilization before bifurcation and a strong

effect confined to the shear layer.

ensemble averaging. The anomalous conducted heat
flux can be written in terms of the temperature fluc-
tuations T, poloidal field fluctuations Ey and their

cross-phase angle a7 as
5 3_(TEy)
Qcond = snN—F)
2 By
3 (TYVHENY (BT
2 By (T2)1/2(E)1/?
3 (T2V1/2(F2)1/2
= —ﬁ—< ) "*{E) veT cosafT, (6)
2 By

The turbulent particle flux, 'y, was defined in
Eq. (3).

An important result of this work [31] is that tem-
perature fluctuations are found to be reduced by a
factor of 1.5-2 in the weaker shear conditions (100,
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200, 400 V) and by a factor of 2 after the bifurcation
to H mode (450 V) as shown in Fig. 7. Normalized
temperature fluctuations (Fig. 4(c)), which are simi-
lar for weak and strong shear conditions, are reduced
by a factor of ~2. The experimental results can
be understood by considering a simple model for
the response of electron temperature fluctuations to
the potential. The temperature fluctuation, T, under
advection of the mean temperature gradient by the
E x B velocity, is governed by

(0/0t+ Vor—'9/00 + B~'V¢ x b- V — x| V)T
=B Y 1 (0¢/00)dT /dr (7)

where x| is the parallel thermal conductivity, Vj is
the poloidal E x B shear flow, ¢ is the fluctuating
electrostatic potential and b is the unit vector in the

Nuclear Fusion, Vol. 40, No. 7 (2000)
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Figure 6. Cross-power spectrum (top), coherence (mid-
dle) and radial particle flux (bottom) shown versus fre-
quency for frequencies of up to 400 kHz. High (H) and low
(L) confinement discharges are compared. The location
and existence of coherent modes are highlighted.

direction of the magnetic field. If T is governed by
a collective excitation whose linear growth rate is
wins and whose radial mode width is W, the linear
temperature response becomes:

¢ dT

B 1=

T — rof dr
(wins + Z%Wm/?“ - XHWQmQ/RQqQLﬁ + AwD)

(8)

where m is the poloidal mode number, L;l =
q~'dq/dr is the scale length of the safety factor g
and R is the major radius. The second to fourth
terms of the denominator are the E x B shearing
rate, the rate of parallel thermal conduction and the

non-linear decorrelation rate, respectively. In a situ-
ation where the parallel thermal conductivity term
is significantly larger than the growth rate, non-
linear decorrelation rate or maximum value of the
flow shear term, increases of flow shear lead to lit-
tle change in temperature fluctuations because par-
allel thermal conduction dominates the response. On
the other hand, suppression of T should be observed
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Figure 7. Radial profile of temperature fluctuations.
The apparent increase in the SOL during H mode is a
diagnostic artefact due to reduced T, and resulting loss
of signal to noise ratio.

if the shearing rate becomes larger than any of the
other rates in the response. The terms in Eq. (7)
can be estimated by considering resistive pressure
gradient driven turbulence, which is an appropriate
edge model for these plasmas and has been studied
extensively in the context of shear induced transport
reduction. The growth rate and mode width are given
by

Wins = [K(m/r)Len*/*Pyp, /2 B~1]?/3
and
W = [Lipmn*sPs(m/r) 2 B~4!/6

where k is the magnetic field curvature, Ly, =
RqL,r~! is the magnetic shear scale length, 7 is the
resistivity, P} is the mean pressure gradient and py,
is the mass density. For the edge of the TEXTOR
tokamak, the poloidal wavenumber m/r is 1-2 cm ™1,
R =22m, Ty = 50 eV, n = 2.5 x 10'? cm~3,
B=18T, Pj/nT =1cm ! and Ly 2 2R = 4.4 m.
For m/r = 1 cm™!, the growth rate is 10° s~! and
the parallel thermal conduction is 5 x 10* s~!. From
measurements, Awp = 5 x 10° s~1. All of these are
less than wpxp = V{Wm/r = 10° s71, indicating
that temperature fluctuations should be reduced, as
observed.

The anomalous conducted electron heat profile,
and its change with shear, can be calculated from
Eq. (6) by using the measured values of T., Ep and
. and assuming a strong T.-Ey correlation (i.e.
Y7 COS aPT = 1). The calculated heat flux, shown
in Fig. 8(a), is an upper limit for sheared plasmas (H)
and accurate for the L conditions since a strong T,
E, correlation has been documented for non-sheared
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plasmas in a variety of tokamaks [32, 33]; therefore,
the value of ;4 cosa®T in H mode could only be
reduced further by velocity shear effects. Even this
upper limit shows a factor of 4 reduction in the con-
ducted heat flux for strong E x B shear, (Fig. 8(a)),
a result from reductions in 7, (Fig. 7) by a factor
of 2-3 and in Ey by a factor of 3 across the shear
layer. The anomalous convected electron heat flux
(Fig. 8(b)) also decreases in the shear layer as a result
(Egs (3) and (5)) of reductions in Ey (Fig. 5(a)) by
a factor of 3 and in 7, cos a, which becomes nega-
tive at 43.7 cm (Fig. 5(c)), and causes a change in
flux direction. The conduction term is larger than the
convection term by a factor of 7-10 in L mode con-
ditions and, if quenched, should become an energy
barrier generator.

The power balance for these discharges is summa-
rized in Table 1. The difference between the input
and radiated powers P;, and P (7%) is convected
and conducted across the LCFS. The total power
Pg carried across the LCFS by the sum of turbulent
clectron convection PS¢, and conduction P¢ . if
assumed uniform over the cross-section, can account
for ~60 and ~18% of the total in L and H mode
plasmas, respectively. If an equal ion contribution is
assumed and added [32], then Pit® ~ 120% (OH)
and ~36% (H mode) of the total power. Therefore,
anomalous heat transport accounts for the power bal-
ance in L mode, but not in H mode, conditions.
Insight is obtained by considering the power con-
vected by the total particle flux inferred from H,,
PHa  which compares well with P& in L mode
conditions but is much higher in H mode condi-
tions. Once the dominating turbulent particle flux
is quenched, other sources of transport that are sig-
nificant (~40%), but unknown, become apparent and
are in agreement with the discussion in Section 10. If
transport reductions were limited solely to the parti-
cle flux in TEXTOR (i.e. no reduction in conducted
heat flux) the total heat flux would experience only
a slight decrease from 194 to 160 kW and mimic the
results where a particle barrier, and not an energy
barrier, was observed [34].
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Figure 8. Radial profiles of (a) the conducted and
(b) the convected radial heat flux. The conducted heat is
4-10 higher than the convected heat.

6. Poloidal velocity
and shearing rate

To establish a unequivocal correlation between
the reduction of turbulence and the mechanism of

Table 1. Power balance for the discharges considered (All powers are in kilowatts)

Mode P, Pmd Py, — Pmd ﬁ)ceonw ceand F)Ye’ ﬁ;’+e
L 250 87 163 17 80 97 194

H 281 187 94 0.22 16 16.22 32.5
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Figure 9. Measured phase velocity for bifurcated polar-
ized discharges (filled symbols) and background (L) dis-
charges. The turbulence propagates in the ion diamag-
netic drift direction. The uncertainty in radius for the
phase velocity is ~0.5 cm and stems from the need
to average over a time long enough to provide good
statistics.

velocity shear stabilization, clear and precise mea-
surements of the sheared velocity profile and the
turbulence profiles are required. The velocity of the
poloidally rotating layer can be measured directly
from the phase velocity of the turbulence and impu-
rity spectroscopy, and is correlated to that inferred
from experimental measurements of the radial elec-
tric field. The phase velocity of the turbulence can
be calculated from the following (basically linear)
dispersion relation:

w Aw 27Af
KV Vi ®)
This is deduced from the conditional probability
spectrum s(k|lw) as defined by Beall et al. [35] and
obtained with a two point technique in the region of
large radial electric field and averaged over ~0.5 cm
to improve the statistics. We obtain a profile of
poloidal velocity, shown in Fig. 9, which peaks at
a speed of ~12 km/s and compares favourably (due
to profile averaging effects) with the value of 19 km/s
calculated from the peak value of the measured radial
electric field. Poloidal rotation measurements made
using the Doppler shift of the CII line at the plasma
with ~2 c¢m resolution, possibly resulting in underes-
timated velocity values, indicate poloidal rotation in
the E x B direction at ~7 km/s, as shown in Fig. 10.
The measured poloidal rotation velocity corresponds
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Figure 10. Poloidal velocity from Doppler shift of the
CII line. A rotation, up to 7 km/s, is apparent as soon as
the electric field bifurcates at 1.15 s. The radii shown
denote the diagnostic chords only. The radial resolu-
tion of the diagnostic is lower than the width of the
shear layer; thus the equivalent of spatial averaging is
performed.

to Mach 0.3 for the conditions in this discharge
(deuterium, if T; = T, = 30-40 eV).

The shearing rate 7, calculated with Eq. (1) by
using the experimental poloidal velocity profile was
compared with the non-linear decorrelation rate of
the turbulence Awp inferred from the autocorre-
lation function [6] R(r,r) = (z(¢t,r)z(t + 7,7)) of
the fluctuating ion saturation current in a region
where the E x B shear is near zero. We find that
s ~ 1 x10%2 s7! =~ Awp = 9 x 10° s71; therefore
the shearing rate imposed on the plasma edge is of
the order of that needed to stabilize the turbulence
in TEXTOR.

Our calculations then localized the shear layer
with 2 mm accuracy and established by three dif-
ferent methods that the shearing rate is high and
of the order of 1 x 10°. Furthermore, correlation of
the shear layer with the profiles of turbulent quan-
tities has established that the turbulence is initially
modified most strongly at the location of the layer
although the effects are later spread to the entire
SOL, probably by non-linear effects.

7. Curvature and low shear effects
High resolution profile measurements were taken

in plasma conditions before the electric field bifur-
cation, at the bifurcation and during well-defined

1405



J. Boedo et al.

150
Background: 66112, 661@0, 65500 ' !

65511
100} 66118, 65510

lei (A)

sof o 65505

0 L L UL Xodo
00 05 10 15 20 25 3.0 35 40
Time (s)

Figure 11. Times at which the fast probe was inserted
in the plasma superimposed on a plot of electrode current
against time. The five digit numbers refer to particular
TEXTOR plasma discharges.

H modes by varying the probe insertion time to
different times during the discharge, as shown in
Fig. 11. Two distinct radial profiles for each quantity,
separated by ~80 ms, are obtained for each probe
insertion corresponding to the inward and outward
strokes. The profiles of plasma parameters and tur-
bulent quantities for a family of polarized discharges
are shown in Figs 2, 3, 4, 5 and 7. The following
features are notable in those profiles:

(a) Modest shear. Before electric field bifurcation:
When a voltage is applied to the electrode but no
transition has yet occurred (the L-H case), the radial
electric field features a broad profile peaking at
~100 V/cm and therefore a modest shear is present,
as discussed in detail in previous work [16]. The data
is in a region where VE, < 0 or ~0. The data show
no strong features in the shear layer:

e A reduction of ~30% in Ey levels is seen
(Fig. 5(a)) across the shear layer and the whole
SOL.

e A reduction of ~40% in 7 levels is observed
(Fig. 5(b)) in the shear layer, no change in the
SOL.

e A slight increase in ygy, cos a occurs in the shear
layer (Fig. 5(c)), no change in the SOL.

e The combination of the variations above result in
a reduction of I', by a factor of ~2 (Fig. 5(d))
over the shear layer and a very slight reduction in
the SOL.

(b) High shear. After electric field bifurcation:
During this phase, the electric field has reached
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values of 500 V/cm and its peak is located at
~44.1 cm. Zones where VE,. > 0 or VE, < 0 can
be easily identified, the errors on the second deriva-
tive of E, are too large to draw conclusions and
we will strongly qualify the hints in the data. The
data become clearly asymmetric on the shear layer,
featuring:

e A reduction by a factor of 3 occurs in Ep levels
across the shear layer and SOL.

e An increase in 7 levels over those of L. mode occurs
where VE, > 0 and possibly E/ > 0, but a signif-
icant reduction occurs where VE, > 0 and possi-
bly E!' < 0, while a mild reduction occurs where
VE, <0 and possibly E/ < 0. No change is seen
in the SOL.

e The cross-phase vg, cosa is affected across the
shear layer and the SOL and becomes negative
in the region VE, > 0 and E! =~ 0, resulting
in inward particle flux over a narrow region at
r ~ 43.8 cm. (Fig. 5(c)).

e The combination of the variations above results
in an overall suppression over the shear layer and
the SOL. Most importantly, the flux is reversed at
r = 43.8 cm.

It can be concluded that low shearing rates are suf-
ficient to significantly affect, and reduce, the fluctu-
ations and the particle flux in the shear layer and
that a transport barrier precedes the electric field
bifurcation, in agreement with observations [15] that
the density and total number of particles start to
rise well before the L-H transition. The FLQ*EQ Cross-
phase plays a crucial role in reducing turbulent radial
particle fluxes, verifying the motivation behind some
theoretical models [27]. Most importantly, the sensi-
tivity of f/n, i and the cross-phase, particularly the
sign change of the cross-phase, to the sign of VE,
provides solid evidence in support of theoretical work
including shear and its derivatives as a phase alter-
ing [27] mechanism. Note that the change in cosa
is dependent on the sign of V4 instead of the pre-
dicted [36] V{2 for resistive pressure gradient driven
turbulence in low shear conditions.

The above results can be discussed in the frame-
work of the existing theoretical and numerical sim-
ulation background. Initial theoretical work focused
on the effects of the sheared flow on the fluctuation
levels only [5], but more recent numerical simula-
tions [37] on resistive pressure gradient turbulence
(RPGDT) demonstrated reduced transport due to
modification of the cross-phase by shear and, most
importantly, curvature in the poloidal E x B flow.

Nuclear Fusion, Vol. 40, No. 7 (2000)



Article: Enhanced particle confinement and turbulence reduction

Further work [27], also on RPGDT, demonstrated
analytically that both flow shear and curvature can
affect the cross-phase as well as the fluctuation lev-
els, but the effect was independent of the sign of the
first or second derivative and only valid for weak
shear conditions. Furthermore, other work [38-40]
has demonstrated that the sign of the curvature of
the E x B velocity is relevant under certain condi-
tions. It is to be noticed that much of the existing
work is mode specific and valid only in the weak shear
limit, therefore, no general result is available.

8. Particle and energy confinement

The reduced turbulence induced radial particle
transport and turbulence occurs concomitantly with
a large (x1.5) density increase and a reduction in
recycling, suggesting increased particle confinement.
Quantitative measurements of H,, are used to calcu-
late the particle confinement time 7, and its temporal
variation by:

(a) Including poloidal and toroidal variations of
recycling using 2-D images obtained by an abso-
lutely calibrated CCD camera.

(b) Measuring the recycling at the polarizing
electrode.

We first examine the influence of the electrode on
the recycling by comparing otherwise identical dis-
charges (69111 or 65497, 69113 and 65498) with and
without the electrode inserted. The H,, signal at five
different locations is unchanged within an 8% sensi-
tivity level, indicating that the electrode is not act-
ing as a significant source of recycling. Furthermore,
the H, emission at the electrode, monitored using
a CCD camera, increases 100% during the electrode
current ramp-up while all other H, signals remain
unperturbed, indicating that the electrode holds less
than 4% of the recycling. Once the transition occurs,
the H, signal from the electrode decreases by about
50%, as seen in Fig. 12.

The H,, emission in TEXTOR during polarization
has been analysed with a calibrated CCD camera [41]
observing the ALT-II limiter. The camera signal is
integrated over a large area, including an entire lim-
iter blade and parts of the wall, to increase the signal
to noise ratio and to account for the contribution of
extended poloidal ‘halos’, which have been shown to
contain about 50% of the signal in low plasma den-
sity discharges such as these. We infer 7, increases of
100%, from 35-40 ms in the L mode to 80-90 ms in
H mode, as shown in Fig. 13. Note that 7, already
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Figure 12. Evolution of signals from the H, emis-
sion from the limiter (top) and the polarization elec-
trode (bottom) and comparison with the electrode cur-
rent (middle). The traces corresponding to the discharge
with no voltage are labelled with open symbols and those
corresponding to the polarized discharge are labelled with
filled symbols.

increases by 50% before the bifurcation, but the extra
recycling taken by the electrode is bound by 8%. We
conclude that 7, is already increasing before the tran-
sition occurs, consistently with the observed precur-
sor reduction of radial turbulent flux.

It has been shown [11] that 7 increases (by 30%)
in these experiments after the bifurcation of the elec-
tric field. We have evaluated 7g by integrating the
pressure profiles (assuming T; = T,) and including
the contribution from the density time dependence
as

E
TE = 7dE
m dt
The polarization power is reduced to 21-35 kW
after the transition due to the low electrode cur-
rent (30-50 A at 700 V) and therefore contributes
only 10-15% to the total power (about 260 kW).
We expect most of this power to be deposited,
and also dissipated, in the edge and SOL without

(10)
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Figure 13. Traces of the electrode current I; versus
time for V,; = 0, 300 and 700 V are superimposed on
measurements of 7, (error bars of 25%) from He. In the
bifurcated discharge, 7, increases before the bifurcation
of the electric field at 0.9 s.

contributing significantly to the plasma energy con-
tent. The energy confinement time for TEXTOR
OH discharges follows a linear scaling between 75 =
1.1 x 107 7,0a" 8 RZ3 (in seconds) and 7 = 7 x
10’22ﬁeaR8qcyl with line averaged density as shown
in Fig. 14 (squares). The energy confinement times
Tg, obtained for electrode biased discharges includ-
ing and neglecting the bias power 7z, are in the range
of 40-60 ms and surrounded with boxes in Fig. 14
(this family of polarized discharges features slightly
higher confinement times, and follow a slightly bet-
ter scaling, due to better wall conditioning). The lin-
ear scaling is also followed in polarized discharges
and thus the increase in energy confinement time
observed during polarization (20%) can be explained
solely by the density increase resulting from the
enhanced particle confinement.

9. The relevance of turbulence driven
flux in tokamak plasma

Turbulent particle transport has been commonly
identified as the dominant mechanism for radial par-
ticle transport [28, 42, 43] across the LCFS, sup-
ported by observations that particle confinement and
turbulent transport in TEXT [42] and TEXTOR [43]
follow the same scaling with various plasma parame-
ters such as density and current. The measured tur-
bulent flux during L mode in our experiments cor-
responds to 7, of 29 ms, close to the 35 ms inferred
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Figure 14. Measurements of 7 for L mode (before
polarization) and H mode, with and without inclusion
of the polarization power Pg, are shown in the boxes.
Data from an OH density ramp (with different wall con-
ditioning) and a family of linear scalings with density are
shown for comparison. An increase of 20% appears if the
polarization power P, is not included.

from H,, and therefore it explains the confinement
within error bars. Upon transition to H mode, the
turbulent particle flux is reduced by a factor of ~10-
100 at the LCFS, allowing other sources of particle
transport to become dominant. We can then evalu-
ate the relative strength of electrostatic turbulence
as a source of radial particle transport.

An estimate of the strength of the turbulent trans-
port can be obtained by using the measured 7, and
turbulent particle fluxes. The integral of the total
radial particle flux over the LCFS should equal the
total number of particles N divided by the particle
confinement time 7, for both the L mode and the
H mode condition:

fI‘L dA Nm’f

[Tt A~ Nuh =
From our experiments

Ny ~14Np, 7l ~2r)

and

/ FH A ~ % / FLdA < / T Other 4. (12)

The total particle flux across the LCFS is a sum
of the turbulent I, and other (neoclassical, mag-
netic turbulence induced flux, £ x B convected flux
and any other known or unknown sources), dubbed
L Other particle fluxes integrated over the LCFS. We
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will assume that ([T9%"erdA), ~ ([T dA)g,
i.e. the only significant difference in the radial flux
between L mode and H mode is the difference in the
turbulent flux,

(JTrdA) + (JTP"erdA), 2
(f I‘TOtherA)H T 14
__ JThdA
= F= (f F?therdA)L ~ 0.42 (13)

F is the ratio of turbulent flux to other fluxes, so it
follows that electrostatic turbulence induced trans-
port is nearly 34% of the total flux. Thus, turbulent
transport is not the only source, although a domi-
nant one, of transport at the LCFS.

A discussion of how the measured turbulent trans-
port is consistent with the expected sources and total
radial fluxes is in order here. Firstly, note that the
measured radial turbulent fluxes do not increase with
radius (but decrease by a factor of 2-4) over the mea-
sured range and secondly note that the flux at the
LCFS is enough (if symmetry is assumed) to explain
particle confinement. Poloidal variations in turbulent
flux, coupled with parallel transport and poloidally
asymmetric sources and density profiles, are then
required to reconcile the observations. Poloidal vari-
ations of the turbulent and quasi-steady-state (or
DC) E x B convected fluxes have been observed in
TEXTOR [43, 16] and CCT [44], with the turbu-
lent flux peaking at the outer midplane and waning
inboard. These facts, coupled to the observation that
poloidal asymmetries exist in the particle sources and
in the density profiles in TEXTOR [41], point to a
paradigm of edge transport where poloidal asymme-
tries in radial transport, particle sources and sinks
coexist, yet turbulent transport is a dominant chan-
nel. A good candidate for an alternative source of
particle transport in the edge plasma is the station-
ary or low frequency convective E x B flux, which is
of the order of the turbulent flux.

10. Conclusions

We have shown that an externally induced pos-
itive radial electric field has the effect of reducing
turbulence induced radial particle and heat trans-
port, with the larger effects concentrated within the
layer of high E x B shear. The reduction in tur-
bulence induced radial particle transport is mainly
due to concomitant changes in the amplitudes of Ey
and 7 and a de-phasing of the Ey and 7 fluctua-
tions. The de-phasing is important, resulting in a
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sign change in the turbulent flux. The reduction in
turbulent transport results in a factor of 2 increase
on 7, and translates to a large density gain, suggest-
ing as well that turbulence transport is a dominant
mechanism in the edge, yet not the only one. We
confirm an increase in 7g which is due to the den-
sity rise via the neo-Alcator dependence of 7 on
density in these ohmic discharges and can therefore
be indirectly traced to the increase in particle con-
finement. The absolute density fluctuation levels and
especially the Ey—# cross-phase show an unexpected
dependence on the sign of the velocity shear. The
initial local reduction of turbulence levels and de-
phasing quickly extends over the edge and SOL and
becomes non-localized. The electrostatic turbulent
flux in frequency space is suppressed across all mea-
sured frequencies, except during the appearance of
coherent modes that drive a significant fraction (30—
40%) of the remaining transport. It is to be noted
that the turbulence and radial particle transport are
already affected at modest shear, before the bifurca-
tion in radial conductivity, showing that partial sta-
bilization of turbulence is possible. This result is con-
sistent with the observed pre-bifurcation increase of
particle confinement in TEXTOR. Our results thus
offer clear evidence of the velocity shear stabilization
mechanism and that turbulent particle transport is
a dominant loss mechanism in the plasma edge.
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