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Results from the first measurements of a core plasma poloidal rotation velocity (v�) across internal
transport barriers (ITB) on JET are presented. The spatial and temporal evolution of the ITB can be
followed along with the v� radial profiles, providing a very clear link between the location of the steepest
region of the ion temperature gradient and localized spin-up of v�. The v� measurements are an order of
magnitude higher than the neoclassical predictions for thermal particles in the ITB region, contrary to the
close agreement found between the determined and predicted particle and heat transport coefficients [K.-
D. Zastrow et al., Plasma Phys. Controlled Fusion 46, B255 (2004)]. These results have significant
implications for the understanding of transport barrier dynamics due to their large impact on the measured
radial electric field profile.
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The internal transport barrier (ITB) regime is an ad-
vanced operation scenario presently studied on JET with
a view to its extension to next step, large fusion devices. A
great deal of progress has been made in recent years in the
theoretical modeling [1–5] and experimental control [6–8]
of ITBs. However the underlying mechanisms for ITB
formation and sustainment are not yet fully understood.
Turbulence suppression in the region of the ITB is thought
to be controlled by the interaction of different physical
mechanisms of which there are several commonly studied
aspects. These include a sheared E�B flow that stabilizes
ion or electron temperature gradient modes or trapped
electron modes [9–11] (and references therein). Another
important factor is thought to be the q profile: (a) a low or
negative magnetic shear influences the growth rate of the
instabilities [3,6–12], (b) the low order rational q surfaces
favorably stabilize E� B flow shear [3,10,11], and
(c) strongly reversed q helps � stabilization [13,14].
Additional factors that have also been considered include
the ion to electron temperature ratio (Ti=Te) [10,11,15],
strong electron density gradients [2], and turbulence driven
self-generated zonal flows [16–18]. The focus for this
Letter is on turbulence suppression through sheared E�
B flow with the evolution of measured core plasma v� and
radial electric field (Er) profiles in the barrier region on
JET. Using the force balance equation, Er can be written as

Er �
rp
neZ
� v�B� � v�B� (1)

where p is the ion pressure, Z the ion charge number, e the
elementary charge, n is the ion density, v� and v� are the
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ion toroidal and poloidal rotation velocities, respectively,
and B� and B� are the poloidal and toroidal magnetic
fields. This expression for Er is valid for each of the
different fuel and impurity ion species individually. On
JET the pressure profile and rotation velocities are mea-
sured using charge eXchange recombination spectroscopy
(CXRS) [19,20] for the carbon ions and all quantities in
Eq. (1) in this study refer to C6� ions. The poloidal CXRS
system simultaneously records spectra along six viewing
chords [19,21], which are selected on a shot-to-shot basis.
For the studies of ITB plasmas the midplane radii of the
channels are in the range Rmid � 3:30–3:65 m. The angle
between the chords of the poloidal system and the toroidal
(poloidal) direction is about 80� (15�), whereas the angle
between the beam line and observation direction is about
75�. The toroidal rotation velocity is measured by a toroi-
dal CXRS system (with purely toroidal view). For the
calculation of v� the toroidal component is subtracted
from the total measured velocity along the poloidal lines
of sight [19,21]. The poloidal CXRS system views the
pinis 4 and 6 of the octant 4 neutral beam and the toroidal
CXRS system views the pinis 6 and 7 of the octant 8
neutral beam.

The first shot considered (No. 61352), is a typical ITB
plasma with negative central shear in which deuterium and
tritium gas fueling was used [22]. For this discharge
13 MW of neutral beam injection, 4 MW of ion cyclotron
range of frequency, and 2 MW of lower hybrid heating
were applied. The Ti profiles for time slices during the
formation and radial expansion of the ITB are shown in
Fig. 1(a). The ITB criterion for this shot is shown in
3-1 © 2005 The American Physical Society
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Fig. 2(a) to further illustrate the temporal and spatial
evolution of the transport barrier. The ITB criterion is
defined here as when the local dimensionless Larmor
radius (��T), with ��T � �S=LT (the ratio of the Larmor
radius at the sound speed, �S, and the local temperature
gradient scale length, LT), exceeds a critical value of 0.014
as described in [23]. The spatial location of three of the
CXRS viewing channels are indicated in Figs. 1(a) and
2(a). The radial extent of the intersection of the CXRS
channels and the beam injection is about 8 cm for the inner
chords and decreases to about 5 cm for the outer chords.
This spatial resolution is determined by the line integration
through the finite beam injection volume and the finite spot
size of the optical fibres at the intersection with the beam.
The corresponding v� time traces for each of these chan-
nels are shown in Fig. 2(b). The value of v� for the line of
sight at the magnetic midplane Rmid � 3:33 m increases in
the positive (electron diamagnetic) direction, from 7 to
20 km=s during the time that the channel views the center
of the steep Ti gradient (t� 4:0–5:1 s). As the barrier
moves outwards (t > 5:1 s) the relative location of the v�
measurements change with respect to the Ti gradient, and a
strong positive increase in v� is picked up by the adjacent
CXRS channel (Rmid � 3:40 m), increasing from 7 to
40 km=s. The innermost channel (Rmid � 3:33 m) simul-
taneously measures v� to change sign and spin-up to
�25 km=s in the ion diamagnetic direction, resulting in a
strong shear in poloidal rotation. The value of v� along the
outermost channel, with a view outside the Ti gradient
region (Rmid � 3:46 m) is constant at about 7 km=s
throughout the discharge. In the final phase of the ITB
evolution, the steep Ti gradient moves inwards once again
at t� 7:0 s. As this happens v� at Rmid � 3:40 m returns
to its initial value of �7 km=s and v� at Rmid increases
back to 25 km=s in the electron diamagnetic direction.

A temperature correction has been included in the
analysis for the v� measurements. This correction com-
prises both a term for the energy dependence of the
charge exchange cross section using the approach of
von Hellermann [24] and a correction for gyro-orbit mo-
tion during the finite lifetime of the exciting state [25],
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FIG. 1 (color online). Radial Ti profiles during the evolution of
the ITB for (a) No. 61352 and (b) No. 58094. The vertical lines
show the locations of the CXRS channels for v� measurements.
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starting from the analytic expressions in [26], integrated
along the CXRS lines of sight on JET. The energy depen-
dence of the CX cross section has the largest implications
on the measured profiles; for the innermost v� chord
(where the Ti is the highest and thus these effects are the
most important) the noncorrected velocity is up to 100%
higher (in the positive direction). After correcting for the
apparent line shift due to the gyro-orbit motion, the result-
ing experimental v� values are an additional 25% more
negative.

Measurements of v� are also presented for a second shot
(No. 58094) in which more centrally viewing CXRS chan-
nels were used, as indicated in Fig. 1(b). In this plasma the
central Ti was higher than in the previous example, with
values up to 24 keV in the center [Fig. 1(b)]. The temporal
and spatial evolution of the ITB along with the three v�
channels covering the gradient region (from Rmid �
3:28 m to Rmid � 3:46 m are shown in Figs. 3(a) and
3(b). The measurements show v� to increase strongly to
�75 km=s for the channel at Rmid � 3:34 m, when the
central Ti reaches it highest values. This channel views
the inner edge of the steep Ti gradient during this time. The
innermost channel at Rmid � 3:28 m is located in a less
steep part of the Ti gradient and shows a smaller negative
increase to �40 km=s. The channel at Rmid � 3:46 m,
which views the foot of the barrier, does not show any
significant change in v�.

Reflectometry measurements obtained in the O-mode
polarization for a probing frequency (36.9 GHz) are shown
in Fig. 4 for this shot (No. 58094). The radial position of
the cutoff layer for the probing frequency (39.6 GHz) and
two other close frequencies (38.1 and 41.1 GHz) are shown
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FIG. 2 (color online). (a) The ITB criterion and the locations
of three of the v� channels in the region of the steep temperature
gradient. (b) Time traces of v� at the three different CXRS radii
shown in Fig. 2(a), with the error bars represented by the dotted
curves.
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FIG. 3 (color online). (a) ITB criterion for shot No. 58094 and
the locations of the CXRS channels for v� measurement.
(b) Time traces of v� measured at the three different radii shown
in Fig. 3(a).
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in Fig. 4(a). The spectrogram computed from a sliding fast
Fourier transform (FFT) of the reflected signal and the
spectrogram integrated over the whole frequency range
are depicted in Figs. 4(b) and 4(c), respectively. A reduc-
tion in the fluctuation level during t � 5:0–5:6 s and after
t � 6:0 s can be seen, corresponding to the two time
intervals with large negative v� excursions in the vicinity
of the reflecting layer [as shown in Fig. 3(b)]. For the shot
No. 61352, a reduction in the turbulent fluctuations was
also observed during the increase in v�.

These two examples demonstrate a clear link between
the existence of an ITB and large, localized excursions in
v� on JET. A limited spatial coverage of the core region for
poloidal rotation measurements (Rmid � 3:30 m, mostly
corresponding to � � 0:3) and the fact that the barrier is
often formed more centrally than the innermost viewing
time [s]
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FIG. 4 (color online). Reflectometry measurements of
(a) radial position of the cutoff layer for three frequencies,
(b) sliding FFT spectrogram of the reflected signal and
(c) integrated spectrogram.
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chord, combined with a modest time resolution of 50 ms,
means that it is not possible to resolve the question of
causality between the ITB formation and v� excursions
on JET. However, it is clear that the increase in v� persists
throughout the duration of the barrier, and in this respect
differs from the poloidal rotation precursors observed on
the tokamak fusion test reactor (TFTR) [27,28]. As shown
in Fig. 2, after the ITB disappears (t > 9:0 s) v� along the
three inner chords relaxes back to pre-ITB values.

For the trace tritium plasma (No. 61352), the tritium
transport coefficients, both the diffusion coefficient (DT)
and the convective velocity (vT), were also determined and
compared with their neoclassical estimations in [29]. A
strong reduction in the particle transport coefficients was
seen in the barrier region, to the neoclassical level for DT
and slightly above for vT . The ion heat diffusivity �i was
also found to reach the neoclassical level. The comparison
between the CXRS measurements of v� and the neoclas-
sical predictions for impurity and main ions by NCLASS

[30] is shown in Figs. 5(a) and 5(b). The NCLASS predic-
tions of v� are for thermal particles. The transport codes
JETTO and TRANSP have been used to simulate the plasmas
and both the measured and calculated v� profiles are
compared at a single time slice during the barrier for the
two shots described above. At the location of the negative
dip in the neoclassical predictions, at around � � 0:35
(Rmid � 3:33 m), the largest negative v� values are mea-
sured. There appears however, to be a significant difference
in absolute values of almost an order of magnitude. The
positive increase for the channel around � � 0:45 (Rmid �
3:40 m) in discharge No. 61352, measured in the middle of
the Ti gradient, is not reproduced by the NCLASS calcula-
tions. Comparison of the experimental profiles to the pre-
dictions for the main ion v� [Figs. 5(a) and 5(b)] shows
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FIG. 5 (color online). (a) and (b) Comparison of measured v�
profiles with neoclassical predictions for the thermal particles by
NCLASS for the two discharges during the ITB. (c) and (d) Er
profiles calculated using Eq. (1), with the measured v� values
(stars) and the NCLASS v� predictions (solid line) and measured
toroidal and pressure gradient components.
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relatively good agreement in absolute value for the excur-
sion in the negative direction. The cause for the difference
between measured and calculated v� is at present unclear;
one possibility for this is that the effect of the parallel flow,
driven by the fast beam ions, is not included in NCLASS

[31,32]. However, for No. 58094 large differences between
measured and calculated v� exist despite a constant beam
power during the barrier evolution. The changes in beam
deposition profile during the ITB evolution show no clear
correlation with the evolution of the measured v�. In
addition, large impurity ion v� values were reported in
[32] during quiescent H-mode discharges on DIII-D,
with similar values of central Ti to the JET ITB shots
shown here.

Using the experimental v� values instead of the neoclas-
sical predictions in the calculation of the total Er field
[from Eq. (1)], results in a significant difference in the
region of the barrier, as is shown in Figs. 5(c) and 5(d)].
Outside the ITB (Rmid > 3:40 m) there is good agreement
between the JETTO output and the fully experimental Er. In
the region of the steep pressure gradient however, the shear
in Er is significantly larger when the experimental v�
values are used instead of the NCLASS predictions, suggest-
ing that the stabilizing shear in the E�B flow is in fact
stronger than the calculations predict. The poloidal term
(v�B�) in Er in these examples has the same order of
magnitude as the large toroidal term (v�B�), which origi-
nates from the external momentum input by unidirectional
neutral beam injection.

In conclusion, high poloidal rotation velocities closely
related to barrier dynamics have been identified on JET,
about an order of magnitude larger than the neoclassical
predictions for thermal particles. The v� excursions are in
different rotational directions, depending on the location of
the measurement relative to the barrier. The time intervals,
during which a reduction in turbulent fluctuations are
observed, coincide with the large excursions in v�. The
values of Er in the barrier region are also considerably
different if the measured v� profiles are used instead of
neoclassical calculations, possibly affecting the calculation
of the q profile.
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