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Particle transport has been studied in the Tore Supra tokamak by using modulated ion cyclotron res-
onance heating to generate perturbations of density and temperature. For the first time, a reversal of the
particle convective velocity and a strong increase in the turbulent particle flux have been clearly observed.
When the mixed critical gradient ζc ¼ R=LT þ 4ðR=LnÞ ¼ 22 is exceeded, the particle flux increases
sharply and the convective velocity reverses from inward to outward. These observations are in agreement
with quasilinear, gyrokinetic calculations. The critical gradient corresponds to a transition from an insta-
bility driven by the ion temperature gradient to the onset of another instability caused by trapped electrons.
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Particle transport is a key issue in magnetized fusion
plasmas. Understanding its mechanism is essential for
the design of future fusion reactors [1]. Experiments in
tokamaks show that, in addition to transport from binary
collisions (neoclassical transport), small-scale turbulence
due to instabilities (so-called anomalous transport) plays
an important role in both particle and heat transport.
Theoretical work has identified thresholds for density
and/or temperature gradients at which the ion temperature
gradient (ITG) mode and trapped electron mode (TEM) are
destabilized [2]. In tokamaks, particle convection driven by
the ITG is always inward, while particle convection driven
by TEM can be outward via the thermodiffusion term [2].
This difference is used in present experiments for identify-
ing the turbulence modes. It has been experimentally dem-
onstrated that the particle convective velocity is turbulent
and much larger than the value predicted by the collisional
neoclassical theory [3]. In the steady state and without a
central particle source, the particle transport can be charac-
terized by the density peaking factor. Indeed, this param-
eter can be directly linked to the ratio between the inward
convective velocity V and the outward particle diffusivity
D. As shown in JET and ASDEX-U, the density peaking
factor decreases with increasing collisionality [1,4].
However, measurements made in steady state conditions
cannot determine unique values for V and D, but a pertur-
bation experiment can be an effective way to do this [5,6].
In HL-2A, a spontaneous particle transport barrier has been
evidenced in experiments with supersonic molecular beam
injection [7]. In Tore Supra, ion cyclotron resonance heat-
ing (ICRH) modulations in the minority heating scenario
have been used to investigate particle transport.
Experimental results and the comparison with a quasilinear
gyrokinetic turbulent transport model [8] are reported in
this Letter.
The plasma parameters in the present experiments are

the following: major radius R ¼ 2.4 m, minor radius

a ¼ 0.72 m, magnetic field B0 ¼ 3.3 T, and plasma cur-
rent Ip ¼ 1.0 MA. The ICRH launched power is about
2 MW, and the ICRH power is modulated at 1 Hz with
a duty cycle of 50%. Only L-mode plasmas with ICRH
are considered in this work.
Figure 1 shows the time evolution of the main parameters

of a typical discharge with ICRH modulation. The electron
temperature is measured by an electron cyclotron emission
radiometer. The line-averaged density is measured by a far
infrared interferometer. As shown in Fig. 1, the central elec-
tron temperature Te0, the line-averaged electron density nel,
and the stored energy Wdia are modulated by the ICRH
power. All these modulations are in phase with the
ICRH modulation. During the ICRH phase, no new mag-
netohydrodynamics instability is observed, except that the
sawteeth become larger. It should be noted that the density
perturbation is likely to be generated by an influx of gas
due to the additional heating of the boundary with
ICRH. The electron density profile is measured by two
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FIG. 1 (color online). Typical discharge with ICRH modulation.
(a) Time evolution of the plasma current IP and the stored energy
Wdia. (b)Timeevolutionof the line-averagedelectrondensitynel, the
central electron temperature Te0, and the ICRH power PICRH.
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X-mode reflectometers with high resolution in time and
space [9].
Figure 2(a) shows the time evolution of the electron den-

sities at different radii. Figure 2(b) displays the 2D image
of the density perturbation response to a single ICRH
pulse with Δneðr=a; tÞ ¼ neðr=a; tÞ − neðr=a; t0Þ, where
t0 is the starting time for ICRH. From this figure, it is clear
that the density perturbation starts at the last closed flux
surface (LCFS) and then propagates inward. The particle
source can be estimated by Sðr=a; tÞ ¼ ∂ne=∂t, when
the time interval ∂t is short enough from the starting time
t0, at which the particle transport process is negligible.
Figure 2(c) illustrates the radial profile of this source gen-
erated by ICRH, located just outside of the LCFS. The
particle source width is estimated to be 2.2 cm.
The amplitude (Aω) and the phase (ϕω) of the first har-

monic of the Fourier transform of the modulated density are
shown in Figs. 3(a) and 3(b). As shown in Ref. [6], the
phase depends mainly on the diffusivity D and weakly
on the convective velocity V, while the amplitude depends
strongly on both V and D. By exploiting these different
sensitivities, the values of V and D can be separately deter-
mined by fitting the experimental data of Aω and ϕω with an
analytical linear transport model [10]. For the simulation
and according to the sharp change in the amplitude and
phase, four zones have been identified as indicated in
Table I. Zone V (1.0 < r=a < 1.14) corresponding to the
scrape-off layer is not considered here, since perpendicular
transport is not the dominant physical process in this zone,
and consequently the perturbation analysis is not valid.
Before the simulation, interesting information could be

directly deduced from the figures. As the location of the
particle perturbation source is given by the minimum of
the phase, from Fig. 3(b) this particle source should be
located close to the LCFS, which is consistent with that
shown in Fig. 2(c). As the maximum of the amplitude
located at r=a ¼ 0.95 is shifted inward relative to the par-
ticle source position, this unambiguously indicates the pres-
ence of a strong inward pinch velocity inside zone IV. As
the diffusivity D is inversely proportional to the square of
the derivative of the phase, the fact that the phase gradient
undergoes a sharp change at r=a ¼ 0.52 shows a jump inD
or a transport barrier at this position. In the slab geometry
approximation, the sign of the convective velocity is given
by that of ∇Aω þ∇ϕω. Thus the convective velocity
should be inward in region I and outward in regions II
and III. As shown in Figs. 3(a) and 3(b), the best fit (solid
line) has been found with the optimized D and V plotted in
Fig. 3(c). The values of D and V are given in Table I. V is
negative for inward and positive for outward convection.
The results of the simulation confirm the previous observa-
tions. It should be emphasized that the edge particle pinch
(−10 m=s) in zone IV plays a crucial role for the fueling. It
is important to note that all these results are obtained for the
transient phase and are not valid for the steady state.
Indeed, numerous perturbation experiments have shown
that the transient diffusivity is different and often higher
than that of the steady state [11]. In the present case, the
loop voltage is 0.7–0.9 V, and the Ware pinch is
0.03 m=s, much lower than that given in Table I.
The turbulence theory suggests that the key parameters

for changes in transport processes are the normalized den-
sity gradient R=Ln ¼ −R∇ne=ne and the normalized
temperature gradient R=LT ¼ −R∇Te=Te, and these
parameters should be related to the sudden change in trans-
port at the boundary between zones I and II. The values of
R=Ln and R=LT are lower in zone I (respectively, 3.1 and 8)
than in zone II (respectively, 3.7 and 9), showing that
the density and temperature gradients have a strong effect
on D and V. Thus the plasma may be divided into three

FIG. 2 (color online). (a) Time evolution of the electron density
modulated by 1 Hz ICRH, at different radii. (b) 2D image of the
density perturbation response to one ICRH pulse. (c) Particle
source profile deposited by the ICRH at t0 ¼ 3.075 s. The par-
ticle source Sðr=a; tÞ is fitted by a Gaussian function.

FIG. 3 (color online). Amplitude (a) and the phase (b) of the
Fourier transform of the density modulated by ICRH. The solid
lines represent the simulation with an analytical transport model
using the values of D and V given in (c), with positive V for out-
ward convection and negative V for inward convection.
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parts: the low gradient region (inward pinch) with zone I,
the high gradient region (outward convection) including
zones II and III, and the fueling region, i.e., zone IV.
To study the effect of the density and temperature

gradient on particle transport, a series of five discharges
with line-averaged densities varying from 2.2 × 1019 to
4 × 1019 m−3 have been performed and analyzed in Tore
Supra. R=Ln and R=LT are calculated by averaging over
the modulation periods. In these modulation experiments,
R=Ln varies from2.1 to 4.0, andR=LT varies from7.8 to 9.4.
Figure 4 shows the dependences of the diffusive particle

flux, defined by ΓD ¼ −D∇ne, and the convective velocity
V on R=LT at r=a ¼ 0.5 at r=a ¼ 0.5 and r=a ¼ 0.6 illus-
trated by different symbols. One can notice that the particle
flux increases steeply when R=LT exceeds a threshold.
Analogous to the diffusive particle flux, the convective
velocity changes direction from inward to outward when
the same threshold is exceeded. This threshold is estimated
roughly to be ðR=LTÞcrit ≈ 8.5.
The dependences of ΓD and V on R=Ln are shown in

Fig. 5. A critical density gradient is also clearly observed
for both diffusive flux and convective velocity. The critical
value is about ðR=LnÞcrit ≈ 3.3. Beyond the threshold, ΓD
increases sharply with R=Ln [Fig. 5(a)]. For R=Ln < 3.3,
the convective velocity V is inward and nearly −1 m=s, as
shown in Fig. 5(b). For R=Ln > 3.3, the convective velocity
is outward and the outward convection strongly increases
with R=Ln. It is interesting to note that most of the data
points in Fig. 4 over the R=LT threshold are the same points
that are over the R=Ln threshold in Fig. 5, with the excep-
tion of the point at R=LT ¼ 8.2, ΓD ¼ 1.8 × 1019 m2 s−1,
and V ¼ 0.3 m=s, which corresponds to a larger R=Ln

exceeding the threshold. This suggests first that the two
critical gradients are likely interdependent and second that
the dependence on R=Ln is the dominant one. This could be
the result of a feedback loop, as discussed later.
The above experimental observations can be compared

to numerical simulations carried out with the quasilinear
gyrokinetic code QUALIKIZ [12]. Figure 6(a) shows the tur-
bulence stability diagram obtained with QUALIKIZ, which is
computed on a single wave number corresponding to the
maximum of the linear ITG-TEM spectrum. The relevant
parameters used in this simulation are obtained from the
modulation discharge. The instability thresholds are iden-
tified within the interval of the density and temperature gra-
dient values where the linear growth rates of the unstable
modes become nonzero. We can see from this figure that
the points corresponding to the inward convection (red
circles) are located in the area where only ITG is unstable,
while the points corresponding to the outward convection
(blue diamonds) are located in the area where both ITG and
TEM are unstable. Thus the inward and outward convec-
tion points are separated by the TEM threshold boundary.
By fitting the TEM threshold boundary with a

straight line, a mixed critical gradient is given by
ζc ¼ R=LT þ 4ðR=LnÞ ¼ 22 as shown in Fig. 6(a).
Figures 6(b) and 6(c) plot, respectively, the diffusive flux
and convective velocity as functions of the new variable
ζ ¼ R=LT þ 4ðR=LnÞ. Both the strong diffusive flux
increase and the convective velocity direction reversal
occur when the variable ζ exceeds the threshold
ζc ¼ 22. This indicates that the density and temperature
gradients in the steady state should be very close to the
boundary of the TEM threshold. This suggests that the

TABLE I. Values of D and V plotted in Fig. 3(c) for different zones.

Zone I 0.3 < r=a < 0.52 Zone II 0.52 < r=a < 0.82 Zone III 0.82 < r=a < 0.95 Zone IV 0.95 < r=a < 1

D (m2=s) 0.03� 0.01 1.6� 0.1 0.9� 0.1 0.6� 0.15
V (m=s) −1.2� 0.03 6.5� 1.5 5� 1 −10� 2
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FIG. 4. (a) Diffusive particle flux and (b) convective velocity vs
the normalized temperature gradient. The critical temperature
gradient is 8.5.
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FIG. 5. (a) Diffusive flux and (b) convective velocity vs the
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is 3.3.
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behavior of the density profile is governed by a feedback
loop, as a self-regulating system. When the density gradient
is low, only the ITG exists, which induces an additional
thermodiffusion inward particle pinch leading to a density
gradient increase. The density gradient increases until it
exceeds the threshold by triggering the TEM, which leads
to an outward thermodiffusive particle convection. In
return, this action causes a density gradient decrease.
When the density gradient goes below the threshold again,
the TEM disappears, and only the ITG remains, and so on.
This mechanism can explain the density profile stiffness
observed in tokamaks. In the steady state and in the core
of the plasma, the inward particle convection is balanced
by the outward diffusive flux. This suggests that the rever-
sal of thermodiffusion might be the mechanism explaining
the experimental observations. It should be noted that the
curvature-driven pinch [2] remains nearly constant in the
present experiments and is dominated by the thermodiffu-
sion term.
Results of perturbation transport experiments with ICRH

modulation in the Tore Supra tokamak show that, when the
mixed critical gradient ζc ¼ R=LT þ 4ðR=LnÞ ¼ 22 is
exceeded, the diffusive flux increases sharply, and the par-
ticle convective velocity direction is reversed from inward

to outward. Agreement between the experimental results
and the quasilinear gyrokinetic simulation is qualitatively
satisfactory. It demonstrates that the strong diffusive flux
increase and the convective velocity direction reversal cor-
respond to the ITG-TEM transition.
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