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Steady-State Convection and Fluctuation-Driven Particle Transport in the H-Mode Transition
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Large-scale steady-state convection is found to dominate the particle transport just inside the last

closed fiux surface (LCFS) in Ohmic discharges in the CCT tokamak. Near the limiter radius and in

the scrape-off layer, fluctuation-induced transport is prevalent. At the L-H transition, the convection

pattern near the LCFS is disrupted and a more poloidally symmetric, near-sonic plasma flow develops.

Convective and turbulent particle transport are reduced across the entire edge region, resulting in the

formation of the H-mode edge transport barrier.

PACS numbers: 52.25.Fi, 52.35.Ra, 52.55.Fa, 52.55.Pi

Results from a number of tokamak experiments have
clearly demonstrated a degradation of energy and particle
confinement with increasing auxiliary heating power [I].
This behavior, referred to as "L-mode" scaling, makes
the achievement of a burning fusion plasma more dif-
ficult. The experimental observation of a regime with im-

proved energy and particle confinement (the "H-mode"
regime), first in ASDEX [2] and subsequently in other
tokamaks [3], is thus significant. Recent measurements
in Doublet III-D indicate that a localized radial electric
field develops just inside the last closed flux surface
(LCFS) at the L Htransiti-on [4] and that the density
fluctuation amplitude is reduced [5].

Electrostatic edge turbulence has been shown to be an

important transport mechanism in Ohmic plasmas in the
TEXT tokamak [6] and during auxiliary heating in

ISX-B and DITE [7,8]. It has been suggested that
sheared poloidal plasma flow may locally decorrelate the
turbulent fluctuations and thereby reduce the associated
particle transport [9]. A transport barrier would then be
created in the region of strongly sheared rotational flow.

Here, we present experimental evidence that the edge tur-
bulence and the associated particle transport are modified
across the entire edge plasma region in the H mode.
Furthermore, it is shown that large-scale steady-state
Ex B convection (observed in several devices [10-12] but
often thought to be small or neglected [6]) is also an im-

portant transport mechanism in CCT during the Ohmic L
mode. The radial component of this convective flow

across the LCFS is substantially reduced during the H-
mode phase, providing a second mechanism for the for-
mation of an edge plasma transport barrier.

The results presented in this paper are obtained at a
magnetic field of 0.25 T (q, = 3) with a total plasma
current of 38 kA, a line-averaged density of n =3x10'
cm, a loop voltage of 1.4 V, and plasma major and
minor radii of 148 and 36 cm, respectively. The inside
midplane of the conducting vacuum chamber liner is used
as the limiter, and the gap between the LCFS and the
outside midplane wall is 4 cm. The plasma position is

controlled to within 0.5 cm by means of a fast response
feedback system.

A poloidal Langmuir probe array with 15 poloidal
spacing between probes is used to measure the equilibri-
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FIG. l. (a) Plasma potential, (b) equilibrium density, and

(c) electron temperature profiles on the outside midplane region

during Ohmic 1-mode phase (G), with injected current on but

prior to bifurcation {0),and during the H-mode confinement

regime (0). The density profile steepens and a strong radially
inward electric field develops during the H-mode transition.

um plasma profiles, the steady-state convective transport,
and the turbulence-induced transport over the region 30'
above and below the outside midplane. Each probe as-

sembly (diameter d„=0.5 cm) has two tips measuring
the floating potential fluctuations at two closely spaced
poloidal positions (d=0.3 cm). A third tip, located on

the same field line as one of the floating tips, is biased to
ion saturation current to measure the ion density fluctua-
tions. The fourth probe tip is used as a swept Langmuir
probe.

A biased electrode, inserted to r/a =0.75 (here a is the

plasma minor radius) at a poloidal angle 0=90' above
the outside midplane and a toroidal separation of 105'
from the probe array, is used to induce the CCT H mode
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[13]. Over a 15-ms period, the electrode is biased by an
external power supply to —250 V with respect to the vac-
uum vessel to study the evolution of the edge plasma
transport during the L-H transition. Electron injection
by the electrode causes a radial current of up to 20 A to
Aow to the wall. At a critical value of injected current,
the plasma bifurcates to a new equilibrium characterized
by a strong radially inward electric field E, = —100
V/cm just inside the LCFS and an increased global parti-
cle confinement time [13]. No significant changes in the
plasma current and the loop voltage are observed.

The plasma potential profile V„(r) is calculated from
the measured floating potential and electron temperature
profiles [14]. During the Ohmic L mode-phase of the
discharge, the plasma potential profile is peaked 1-2 cm
inside the LCFS [see Fig. 1(a)], as seen in other
tokamaks [15]. Beyond this peak, there is a radially out-
ward electric field, E, = 10 V/cm, while radially inward
of this peak, E, = —10 V/cm. The total time-stationary
electric field E causes the plasma to drift at a velocity
given by vE Ex B/B . Typically vE, = 5t D in an Ohmic
discharge (here I D is the electron diamagnetic drift
speed) and hence vE provides an adequate description of
the guiding-center dynamics. During the H mode the
peak in V„(r) moves out to the LCFS, E, becomes more
negative, and I E approaches a value of 0.6c„where c, is

the ion acoustic speed (as shown by an increased poloidal
fluctuation phase velocity).

The edge density profile n(r) steepens in the H mode
[see Fig. 1(b)] while the electron temperature profile
T, (r) is unchanged [see Fig. 1(c)]. Much larger in-
creases in V„n occur when the fueling rate is held constant
[131. Here the line-averaged density is held constant by
reducing the neutral-gas feed rate by a factor of 3-5 in
the H mode. The net plasma fueling rate is then reduced
by a corresponding factor, indicating that the global par-
ticle confinement time has increased (the recycling
coeflicient of the titanium gettered wall is unchanged in
the transition, and ionization sources are much smaller
than V& I and Vl 1 at the edge). The steepened density
gradient, coincident with the strong radial electric field,
then implies the formation of an edge transport barrier
near the LCFS [131.

The plasma potential varies in the poloidal direction in

CCT Ohmic discharges, resulting in a spatially varying
poloidal electric field Es of 10 to 20 V/cm. The top
panels of Fig. 2 show the evolution of vE(r, 8) inferred
from the measured E(r, 8) during the L-H transition,
with E(r, 8) measured on a 0.3-cm spatial scale poloidally
and on a 1-cm scale radially. Large-scale, steady-state
convection patterns (L, =2-3 cm and Ls=20-30 cm)
are observed during the Ohmic L mode. Before the
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FIG. 2. Top panels (a)-(e) show the evolution of the convective velocity vs(r, 8) during the CCT L Htransition. The lower-

panels (f)-(j) show the evolution of the plasma potential distribution V~(r, 8) during the L Htransition. During the O-hmic L mode
( —13 ms), a large-scale eddy pattern exists at the plasma edge and causes significant radial transport. The eddy pattern is gradually
modified as the injected current is increased ( —6 to —

1 ms). At bifurcation (0 ms) a strong poloidal flow develops.
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current is injected, the plasma flows in the ion-diamag-
netic direction in the scrape-off-layer (SOL) region and
flows in the electron drift direction inside r/a = 1.0. The
flow also has significant radial components (10 cm/s(v~„~ 10 cm/s), causing radial particle transport in-

side of and across the LCFS.
There are several possible explanations for the observed

large-scale convection pattern. A magnetic error field of
order bB,/B = 10 can produce magnetic islands of ra-
dial width L, = 5 cm [16],and in turn produce convective
cells of a similar scale size. Measurements in L-mode
plasmas with a slowly ramped plasma current show that
the convective flow profile at the outside midplane de-
pends upon q„suggestive of such islands. During the
Ohmic L mode, the CCT edge plasma is marginally un-

stable to the transverse Kelvin-Helmholtz (K-H) mode
[17]. The antisymmetric E,(r) profile in the L mode [see
Fig. 1(a)] and the associated poloidal flow profile might
then excite a stationary vortex pattern, as observed in

particle simulations [18]. A K-H instability may be less

likely during the H mode due to finite-Larmor-radius
effects produced by the close vicinity of the two shear
flow layers.

The convective flow near the LCFS is gradually
modified as the injected electron current is increased and
the L-H transition is approached. As the inward radial
electric field becomes strong enough, a flow reversal
occurs near the LCFS [see Figs. 2(b)-2(d)l. After the
L-H transition [see Fig. 2(e)], a near-sonic poloidal plas-
ma flow parallel to the electron diamagnetic drift direc-
tion is observed. The radial component of vE is decreased
by a factor of 3-5 during the H mode, indicating the
reduction of radial convection across the LCFS.

The temporal evolution of V~(r, 8) as measured on a
large (10 cm) poloidal scale and a narrow (I cm) radial
scale is depicted in Figs. 2(f)-2(j). ln the Ohmic L
mode, an L point in the flow distribution is observed
slightly above the outside midplane at r/a =0.95, sug-

gesting the presence of a large-scale eddy at the plasma
edge. As the transition to the H mode occurs, the L point
first moves out to r/a =1.0 [Fig. 2(g)l and then moves
downwards. After the bifurcation, the L point disappears
and a uniform poloidal plasma flow develops that is

characteristic of the H mode.
The edge plasma turbulence also exhibits a number of

changes during the L-H transition. The strong radial
electric field causes a large Doppler shift in the average
frequency (by more than a factor of 5) of the Auctuating
density and potential. The absolute density fluctuation
level is reduced from the electric field layer out to the
wall [see Figs. 3(a) and 3(b)]. However, the equilibrium
density is also reduced across this region as noted earlier.
As a result, the normalized density fluctuation level n/(n&

is nearly unchanged near the radial electric field layer
[see Fig. 3(c)]. The poloidal electric field fluctuation lev-

el, however, is reduced substantially across the entire
edge region [see Fig. 3(d)]. The radial turbulent particle
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FIG. 3. Turbulence levels and transport in the CCT edge
and SOL plasma in the Ohmic L mode (a), with biasing but be-
fore bifurcation (0), and during the H mode (0): (a) dc Aoat-

ing potential profiles; (b) absolute ion saturation current Auc-

tuation levels; (c) normalized ion saturation current Auctuation
levels; (d) Auctuating poloidal electric field levels; (e) radial
turbulent particle Aux; and (f) radial turbulent drift speed.
During the L-0 transition, significant changes in Ey, (ni, ), and
(ni, &/(n& occur across the entire edge region.

flux I, and the radial turbulent drift speed I „/(n) are also

both reduced across the entire edge region as the rotation
rate is increased [see Figs. 3(e) and 3(f)]. Both I „and
f,/(n) are reduced by a factor of 3-5 from the values
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found during the Ohmic phase. The changes in the tur-
bulence are not localized to the narrow region where the
strong radial electric field or sheared rotation occur, as
observed in TEXT [19).

During the Ohmic confinement phase, the time for
electrostatic turbulence to transport plasma across the
edge density gradient can be estimated as ra=(n&L„/
I,= 200 ps, where L„ is the edge density gradient scale
length. The parallel transit time is rt=qR/c, =200 ps,
where q is the safety factor and R is the major radius.
The turnover time of the large-scale eddy pattern seen
during the Ohmic regime is estimated as r„i=Le/
(vg) = 200 ps, where L& is the circumference of the eddy
and (vs) is the eddy rotation speed. The time for the
plasma to complete one poloidal rotation is re= 2tra/

(vE,)=400 ps. Hence during the Ohmic confinement
phase, ra= ri= r„,& rtt The .rapid radial transport of
plasma can then overcome parallel equilibration Aows, al-

lowing significant pressure variations to occur on a mag-
netic Aux surface (along with corresponding parallel
reconnecting flows) [20), and should lead to significant
poloidal transport asymmetries [21].

In the H mode, re= 50 ps in the region of strong po-
loidal plasma flow. The Auctuation-driven transport is re-
duced and hence rs is increased (rs ) I ms). The paral-
lel transit time ri is unchanged from the Ohmic value.
The shear decorrelation time for the large-scale eddy pat-
tern is estimated as r,h„. , -LeL, ,/vttL„-5 ps, where L,
and Ltt are the radial and poloidal scale lengths of the
convection pattern and vtt and L,, are the H-mode poloidal
velocity and the velocity gradient scale length. Thus the
rapid Aow prohibits the formation of the slowly moving
large-scale vortices (hence r,« is no longer a relevant
time scale in the H mode). In the H mode, re« rs, r i so
that pressure variations on magnetic surfaces near the
LCFS are eliminated by the poloidal plasma flow. The
elimination of Vip implies that vr is also reduced or elim-
inated in the H mode. As a result, the residual transport
in the H mode should be nearly poloidally symmetric.
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