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I.  Introduction

Very steep internal transport barriers (ITBs) have been observed in all four transport
channels on DIII–D. These ITBs are the most highly localized (width ≤5 cm), simultaneous
transport barriers observed on any machine to date, and have only been observed in dis-
charges with negative central magnetic shear (NCS discharges), at power levels above
~8 MW. On DIII–D, improved ion transport with ITB operation is correlated with reduced
microturbulence levels [1–3], in accord with models of turbulence and transport regulation via
sheared E×B flows [1–6]. However, the improvement in electron transport reported here takes
place with essentially invariant low-wavenumber (0 to ≥2 cm–1) turbulence signals, suggest-
ing that this turbulence may be unrelated to the observed improvement in electron thermal and
particle transport.

On DIII–D it is much more difficult to obtain ITBs in the electron thermal and particle
transport channels than in the ion thermal and angular momentum channels. ITBs in the ion
thermal and angular momentum channels can be obtained with or without NCS operation
[1,4,5], and at low injected power levels ~2.5 MW [5], whereas ITBs in the electron thermal
and particle transport channels are only observed with strongly reversed magnetic shear
(strong NCS) [5–8] and, for particle transport, at power levels above ~8 MW [8]. Transport
barriers in all four transport channels have been previously observed on DIII–D [5], but with
much more modest, and less localized, changes in the gradients of ne and Te than reported
here. Steep, strongly localized gradients in ne have also been previously observed on DIII–D,
but without a strong ITB in the electron thermal channel [8], and with an ITB in Te but not ne
[7].  The previous most localized example of simultaneous core ITBs in the electron thermal
and particle transport channels was observed on JT–60U, but with a less localized transport
barrier in the ion thermal channel [9]. While the improvement in core ion transport on DIII–D
is believed to be understood [1–6], electron thermal transport on DIII-D typically remains
anomalous, and has puzzling features [5–7]. However, there is some evidence that the elec-
tron thermal transport may be governed by high-wavenumber ETG-type turbulence [6,7],
while the data presented here suggest that the electron thermal transport may be independent
of low-wavenumber turbulence.

Operation with steep, highly localized ITBs such as reported in this paper is not necessar-
ily a route to maximum plasma performance. The steep pressure gradients in these discharges
commonly lead to large amplitude internal mode activity and/or loss of stability. Rather, the
significance of the results presented here is that: (a) it is possible to simultaneously produce
dramatically improved transport in all four transport channels and, (b) these plasmas provide
an opportunity to investigate the differing mechanisms governing the formation of ITBs in the
various plasma transport channels. The observation of an ITB in the electron particle transport
channel in these discharges was made possible by a new profile reflectometer system specifi-
cally installed for the purpose [10]. In addition, Thomson scattering coverage has been
extended to the plasma center since the start of operations in 1999 (coverage extended from
0.3≤ ρ ≤1.05 to 0 ≤ ρ ≤1.05) [11].
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II.  ITB Characteristics

An example of simultaneous, highly localized particle, electron and ion thermal transport
barriers is shown in Fig. 1. As can be seen, the three transport barriers illustrated coincide,
and are located somewhat inside the location of the minimum q value, ρqmin~ 0.5. The highly
localized (width <5 cm) regions of steep gradient are immediately apparent in the electron
density and electron and ion temperature profiles. For this discharge, Ip = 1.6 MA, BT =
2.0 T, PNBI = 9.2 MW, in a double-null configuration biased towards the upper-null. As illus-
trated, the q profile is reversed. An example showing the time evolution of the plasma profiles
(transport channels) is shown in Fig. 2, for a different discharge, though with the same plasma
conditions as for Fig. 1. As shown in Fig. 2(a), an ITB is already established in the ion ther-
mal channel by the earliest time shown (1.2 s), and as time evolves the steep gradient region
extends to higher temperatures, but does so without any significant increase in gradient within
the ITB region. At the same time, the profile at radii lying inside the ITB flattens (0 ≤ ρ ≤
0.35). The evolution of
the toroidal rotation fre-
quency, measured for
carbon impurity ions, is
shown in Fig. 2(b), and
closely parallels that of
Ti, though the gradient
region does steepen at
1.5 s. The core electron
density and temperature
profiles in this discharge
were measured by reflec-
tometry  and ECE,
respectively, as this
discharge was obtained
before the new tangential
Thomson  sca ttering
system was installed.
Reflectometers operating
in the ordinary polariza-
tion (O–mode) cannot
measure flat profiles,
which is why the density
profile at 1.2 s is not
indicated for ρ  < 0.25.
Thus, at the earliest time
shown, 1.2 s, the ne and
Te profiles, Fig. 2(c) and
(d), are flat in the plasma
core, but do not exhibit a
very steep gradient in the
region where a clear ITB
has already formed in the
ion temperature and
toroidal rotation. As time
evolves, however, both
the ne and Te  profiles
steepen significantly and
exhibit a localized ITB in
the same region as for the
Ti profile. At 1.5 s, ECE
Te data are unavailable in
the ITB region, due to
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Fig. 1.  Example of the spatial correlation of the particle, electron and ion
thermal transport barriers observed on DIII–D. Profiles are shown for: (a) Ti,
(b) Te and, (c) the q profile, at 1.1 s in discharge 95990. The ne profile is also
plotted in each box (left hand scale). That portion of the ne profile determined
by the profile reflectometer system is indicated by the superimposed open
circles.
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cutoff by the increased
electron density. However, if
the profile volved as in the
similar, but lower density,
discharge illustrated in Fig. 1,
then the Te  profile has
steepened further by 1.5 s.

These results clearly
demonstrate the different time
scales for the formation of the
ITBs in the four transport
channels; the ion thermal and
angular momentum channels
track each other closely, while
the particle and electron ther-
mal channels also closely cor-
respond (in this case), but de-
velop after the ion and angular
momentum ITBs. High levels
of internal coherent mode ac-
tivity in this discharge pre-
clude accurate transport anal-
ysis. However, the abrupt, lo-
calized changes in profile
gradients evident in Figs. 1
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Fig. 2.  Example of profile time evolution, illustrating differences in
ITB development. Profiles are shown at 1.2 s (chain-dashed line), 1.4
s (dashed line) and 1.5 s (solid line) for: (a) Ti, (b) carbon toroidal
rotation, (c) ne and, (d) Te, for  discharge 95989.

and 2 can be taken to correspond to localized changes in the transport coefficients, and
indicate the formation of internal transport barriers.  Profile gradients at the location of the
core transport barriers are similar to, or exceed, those observed at the plasma edge during H–
mode operation. For example, ∇ Ti for the profile shown at 1.5 s in Fig. 2(a) has a maximum
value of ~250 keV m–1, which exceeds typical H–mode edge ∇ Ti by a factor of 2–3, while
LTi is short, ~5 cm. Finally, the conditions under which simultaneous ITBs are obtained
closely correspond to conditions previously noted for obtaining electron thermal and particle
transport barriers, i.e. strong NCS and (on DIII–D) PNBI  ≥ 8 MW [5–9]. However, why
localized, steep ITBs should sometimes be observed in the particle transport, but not electron
thermal transport channel, and vice versa, and sometimes in all four transport channels
simultaneously, is not fully understood.

III.  Turbulence Characteristics

All improved transport regimes on DIII–D have been correlated with decreased local tur-
bulence and turbulence induced transport [3], consistent with theoretical models of turbulence
regulation via sheared E×B flows. In particular, core microturbulence is observed to decrease
in NCS discharges, coincident with the first formation of ITBs [2]. In some of the highest per-
formance discharges the core microturbulence is observed to decrease to the noise level of the
FIR scattering and BES (beam emission spectroscopy) systems [2]. However, finite fluctua-
tion levels are still present and detectable by the reflectometer systems on DIII–D. In the dis-
charges shown in Figs. 1 and 2, the FIR scattering system indicates that core microturbulence
is reduced, as in previous work. However, measurements with homodyne reflectometer chan-
nels indicate that the low-wavenumber (0 to ≥ 2 cm-1) turbulence remaining after the forma-
tion of the core ion thermal and angular momentum transport barriers does not decrease dur-
ing the subsequent formation of the very steep electron density and temperature profiles, in
agreement with measurements on JT–60U [12].  As shown in Fig. 3(c), the frequency inte-
grated rms level of the turbulence signal from a density layer of 4.4×1019 m-3 is essentially
unchanged from shortly after 1.3 s, when the channel begins to reflect, until 1.5 s.  Yet, as
shown in Fig. 2(c) and (d), the ne and Te gradients steepen significantly during this time
period; Ln, for example, changes from 28 cm at 1.4 s to 5 cm at 1.5 s. This suggests that the
remaining low-wavenumber core turbulence is not driven by the evolving ne and Te profiles.
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The level of E×B shear just
inside the ITB location for the
discharge shown in Fig. 3 is the
second largest observed on DIII–D
to date, and varies strongly with
radius, yet the reflectometer
turbulence signal is invariant as the
probing density layer moves through
varying levels of E×B  shear. The
high level of E×B shear is, however,
consistent with the speculation, for
which there is some evidence [6,7],
that electron thermal transport may
be governed by high-wavenumber
ETG-type turbulence, suppression of
which requires larger E×B shearing
rates than for ITG modes [6,7]. A
further challenge to theory is that
linear stability calculations for the
core plasma region inside the ITB
frequently show no unstable modes
[6,7], whereas finite residual turbu-
lence is measured. Finally, also
shown in Fig. 3(a) and (b) are edge
Dα emission and an edge reflectome-
ter signal, respectively. The edge
reflectometer channel shows a
characteristic decrease in turbulence

Time (s)
1.51.3 1.4

Dα (a.u.)

Edge (0.7x1019 m–3) turbulence
signal level (a.u.)

(b)

Core (4.4x1019 m–3) turbulence
signal level (a.u)

(c)

(a)

2.0

2.0

1.0

1.0

2.0

4.0
L–mode

H–mode

Fig. 3.  Time evolution of: (a) divertor Dα  emission, (b)
frequency integrated rms turbulence signal level for an edge
(ne = 0.7×1019 m–3) reflectometer channel and, (c) rms
turbulence signal for a higher density (ne = 4.4×1019 m–3)
core channel, for the same discharge illustrated in Fig. 2. The
core signal remains essentially unchanged despite substantial
steepening of the density profile during the period shown (Ln
changes from 28 cm at 1.4 s to 5 cm at 1.5 s). By contrast,
the edge turbulence signal shows a clear decrease at each of
three L–H transitions.

signal [3] coincident with several transient periods of H–mode operation as denoted by the
drops in the Dα  emission. That the core channel does not respond to the changes in edge
turbulence allows us to rule out contamination of the desired core O–mode signal by
unwanted reflections from the edge X–mode layer, or contamination from the edge in general
as an explanation for these results.
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