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Using the profile analysis, the density perturbation transport analysis, and the Doppler reflectometry

measurement, for the first time a spontaneous and steady-state particle-transport barrier has been

evidenced in the Ohmic plasmas in the HL-2A tokamak with no externally applied momentum or particle

input except the gas puffing. A threshold in density has been found for the observation of the barrier. The

particle diffusivity is well-like, and the convection is found to be inward outside the well and outward

inside the well. The formation of the barrier coincides with the transition between the trapped electron

mode and the ion temperature gradient driven mode.
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Intensive effort has been made for experimental as well
as theoretical studies of the particle transport in tokamaks,
which has a direct impact on subjects such as energy
confinement, particle fueling, impurity control, etc.
Particle-transport barriers with energy confinement im-
provement have been observed in tokamaks, such as the
H mode [1] at the edge of the plasma and internal transport
barrier (ITB) [2–5] in the core. These regimes have often
been obtained with high power external input auxiliary
heating as the neutral beam injection [1,5], off-axis minor-
ity ion-cyclotron heating [3,4], or large external input
particle source as the pellets [2]. The mechanisms respon-
sible for these barriers are reversed magnetic shear, or E�
B rotation shear. In this Letter we report the observation of
a spontaneously generated particle-transport barrier in
purely Ohmically heated plasmas in the HL-2A tokamak
with no externally applied momentum or particle input,
except the standard gas puffing.

The plasma parameters in the present experiments are
major radius R ¼ 1:64 m, minor radius a ¼ 0:40 m, toroi-
dal magnetic field BT ¼ 1:45 T, and plasma current Ip ¼
185 kA. The plasma is circular with limiter configuration.
The density profile is measured by a broadband O mode
reflectometer of 26.5–40 GHz, which covers a density
domain of 0.8 to 2:0� 1019 m�3. The line averaged den-
sity is measured by a hydrogen cyanide interferometer. The
electron temperature is measured by the diagnostic of
electron cyclotron emission.

Internal particle-transport barriers (pITBs) have been
observed in stationary Ohmic plasmas in the HL-2A toka-
mak with or without standard gas puffing. This phenome-
non is perfectly reproducible. Figure 1 shows a steady state
of the pITB over a time of 400 ms, much longer than the
energy confinement time (�E � 60 ms). The parameter
characterizing the pITB is the normalized density gradient

�arne=ne ¼ a=Ln. Figure 1(a) (in the bottom) displays
the time-space evolution of the density gradient, showing
clearly the trace of pITB around r ¼ 0:29 m for a nearly
constant line averaged density �ne ¼ 3:0� 1019 m�3.
Figure 1(b) shows the density profile at selected times:
before the formation of the barrier (� t0 ¼ 240 ms), dur-
ing the barrier phase with gas puffing (t1 ¼ 520 ms, t2 ¼
670 ms), and without gas puffing (t3 ¼ 790 ms, t4 ¼
832 ms). From this figure it can be observed that the
pITB remains unchanged even though the gas puffing is
stopped. This shows unambiguously that the pITB forma-
tion does not depend on the gas puffing.
Figure 2(c) displays the time-space evolution of the den-

sity gradient when the density increases slowly. It shows
clearly the trace of pITB around r ¼ 29 cm. Before t ¼
400 ms, no clear barrier has been observed. Starting from
this time, the pITB appears progressively. The critical den-
sity corresponding to this transition is �nc ¼ 2:2�
1019 m�3. After the injection of a particle pulse by super-
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FIG. 1 (color online). Shot no. 7243. (a) Central line averaged
density, the gas puffing (GP) signal (in arbitrary units), and the
time-space evolution of the density gradient. (b) Density profile
at selected times, before the formation of the barrier
(� t0 ¼ 240 ms), during the barrier phase with gas puffing (t1 ¼
520 ms, t2 ¼ 670 ms), and without gas puffing (t3 ¼ 790 ms,
t4 ¼ 832 ms).
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sonic molecular beam injection (SMBI) [6] at t ¼ 510 ms,
identified by a sharp increase of the H� signal, the pITB
trace is much more visible, and the density gradient is
steeper.

Figure 3 shows the density gradient length at t ¼
465 ms. The width of the barrier is 1–2 cm. A drastic
change has been observed in the density gradient through
this barrier: Ln � 0:1 m at the barrier location, Ln �
0:5 m inside the barrier, and Ln � 0:25 m outside the
barrier. In a region without particle sources and in steady
state, the particle flux � ¼ �Drne � Vne � 0, where D
is the particle diffusivity, V is the particle convective
velocity defined as positive for inward (pinch) and negative
for outward, and the ratio D=V is directly equal to Ln,
Ln ¼ D=V. Thus the barrier observed here is well-like and
not steplike. Because of the space resolution of the electron
cyclotron emission diagnostic, which is about 3 cm, larger
than the barrier width (1–2 cm), even though no significant

change has been observed in the temperature profile during
the pITB formation, we cannot conclude that there is no
heat transport barrier accompanying the pITB.
A simple profile analysis does not allow us to separateD

and V. Modulation of auxiliary heating (electron cyclotron
resonance heating, ion cyclotron resonance heating) is a
powerful tool for the investigation of the heat transport [7–
9] and the heat ITB [10]. Initially the SMBI has been
conceived for fueling in tokamaks with better efficiency
than the gas puffing. However, in our experiments the
SMBI is used as a simple tool for the density modulation.
These experiments normally allow us to separate the dif-
fusivity term and the convection term, by using the fact
that, on one hand, the phase of the particle wave generated
by the modulation is very sensitive to the diffusivity but
less sensitive to the convection, and on the other hand, the
amplitude of the particle wave is sensitive to diffusivity but
very sensitive to the convection [7].
SMBI modulation experiments have been performed for

the stationary plasma regime with pITB. In the present case
(shot no. 7593), the transport analysis with SMBI modu-
lation has been carried out over a time interval from 400 to
800 ms, in which the time-averaged density is nearly
constant, �ne � 2:5� 1019 m�3. The SMBI modulation
frequency is 9.6 Hz, the duration of SMBI pulse is about
6 ms, and the beam source pressure of SMBI is 1.3 MPa. It
should be noted that the pITB phenomenon is not transient,
but steady state (much longer than the modulation period).
It is also not generated by the SMBI. Furthermore the pITB
is robust enough and not destroyed by the SMBI, and thus
it can be investigated by it. The amplitude of the density
perturbation is about 10%–20%. The time resolution of the
reflectometry is 1 ms. Figures 4(a) and 4(b) display, re-
spectively, the phase and the amplitude of the first har-
monic of the Fourier transform of the density modulated by
SMBI. From Fig. 4(a), the minimum of the phase is at r �
0:253 m, which generally determines the particle source
location. An empirical scaling law of the penetration depth
for SMBI has been found in the HL-2A tokamak [11]:
�=a ¼ C �T�0:6

e ðkeVÞ �n�0:2
e ð1019 m�3ÞP0:3

0 ðMPaÞ, where �
is the penetration depth, a is the plasma minor radius, C
(¼0:35) is a constant, �ne is the line averaged density, �Te is
the averaged temperature, and P0 is the pressure of the
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FIG. 2 (color). Shot no. 7557. (a) Plasma current Ip, the central
line averaged density. (b) Mirnov coil signal and H� signal (in
arbitrary units). (c) Time-space evolution of the density gradient.

FIG. 3 (color online). Shot no. 7557. Density gradient length at
t ¼ 465 ms.

FIG. 4 (color online). Shot no. 7593. Phase (a) and
amplitude (b) of the first harmonic of the Fourier transform of
the modulated density. Comparison between experiment (circle)
and simulation (solid).
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beam source. In the present case, �ne � 2:5� 1019 m�3,
�Te � 0:8 keV, P0 � 1:3 MPa; thus, � � 0:144 m. This
value is very close to that determined from the phase
minimum: a� 0:253 m ¼ 0:147 m. From Fig. 4(b), a first
peak in amplitude has been found at r � 0:24 m, slightly
shifted inwards compared to the particle source location.
This indicates the presence of a significant particle pinch in
this region. At the barrier location r � 0:27 m, a second
peak has been found in the amplitude, and strong effect has
been observed in the phase.

Now the experimental results have been compared to an
analytical model [12] for particle transport to quantita-
tively characterize this barrier. In cylindrical geometry
the particle-transport equation is simply given by

@ne
@t

¼ 1

r

@

@r

�
rD

@ne
@r

þ rVne

�
þ Sðr; tÞ;

with the following control parameters, the diffusivity D
and the convective velocity V. S is the particle source. For
the simulation, the following parameters are used: the
modulation frequency f0 ¼ 9:6 Hz, the particle deposition
rdep ¼ 0:253 m, the minor radius a ¼ 0:40 m, the trans-

port barrier is between x1 ¼ 0:256 m and x2 ¼ 0:267 m.
In Figs. 4(a) and 4(b), the solid lines represent the simula-
tion. Using the different sensitivities of the phase and
amplitude to D and V [13], a satisfactory agreement
(best fit) has been found between the experimental points
and the analytical calculation, and we have found (Fig. 5)
for the particle source described by a Gaussian distribution,
the amplitude S0 ¼ 0:69� 1019 m�1 s�1 (the total particle
injected per second is Np ¼ 2�RS0), and the width w ¼
0:03a; in domain 1 (r < x1), D1 ¼ 0:1 m2=s, V1 ¼
1:0 m=s; in domain 2 or in the well (x1 < r < x2), D2 ¼
0:045 m2=s, V2 ¼ �2:7 m=s; in domain 3 (r > x2), D3 ¼
0:5 m2=s, V3 ¼ 6:0 m=s. In the present case the neoclas-

sical Ware pinch [14] VWare �
ffiffiffiffiffiffiffiffi
r=a

p
E�=B� � 0:6 m=s

around the barrier, where E� is the toroidal electric field,

and B� is the poloidal magnetic field. The pinch velocity
(positive) found in domain 3 is much larger than the Ware

pinch, while the velocity found in domain 1 is very close to
the latter. It should be noted that the convective velocity is
outward (negative) inside the well. The particle diffusivity
found here in thewell is very close to the neoclassical value
DNC � 0:03–0:04 m2=s. For comparison, SMBI modula-
tions have also been performed for a discharge with a
density �ne ¼ 1:9� 1019 m�3 lower than �nc. In this case,
no barrier has been observed, the diffusivity obtained by
this method is D ¼ 0:25 m2=s for r ¼ 0:28–0:33 m, and a
negative convective velocity has been found V ¼
�2:2 m=s for r ¼ 0:28–0:31 m, V ¼ �4:2 m=s for r ¼
0:31–0:33 m.
The convective velocity obtained above, using SMBI

modulation, can be connected to the turbulent transport
models. In tokamaks, an anomalous particle pinch exists in
addition to the neoclassical Ware pinch as shown in
[15,16]. Theoretical works have shown that this anomalous
particle pinch can be driven by turbulence and is composed
by two terms: the curvature driven pinch Vrq ¼
�CqDrq=q and the thermodiffusion one VrT ¼
�CTDrTe=Te. In the plasma core (r=a < 0:80), the elec-
tron particle transport is mainly governed by two turbu-
lences: the ion temperature gradient driven modes (ITG)
and the electron trapped mode (TEM). As shown in
[17,18], for electrons Vrq always points inwards, whereas

the thermodiffusion term can change direction according to
the kind of turbulence: positive or inward for ITG and
negative or outward for TEM. As shown in ASDEX-U
for Ohmic discharges [19], TEM is dominating for low
collisionality (density), while ITG is dominating for high
collisionality (density). Calculations with gyrokinetic code
GS2 shows that the TEM-ITG transition occurs for an

effective collisionality ��
eff � 10 (r=a ¼ 0:6–0:7) [19].

The effective collisionality is defined as ��
eff ¼ �ei=!De �

10�14 R ZeffneT
�2
e , where �ei is the e-i collision fre-

quency, !De is the drift frequency, R is the major radius
in m, Zeff is the effective ion charge, ne is the density in
m�3, and Te is the electron temperature in eV. Applying to
our case at r=a ¼ 0:7, R ¼ 1:64 m, Zeff � 1:5, ne ¼
1:5� 1019 m�3, Te ¼ 0:2 keV, the effective collisionality
corresponding to the threshold �nc is �

�
eff � 9, very close to

that for TEM-ITG transition. Thus the explanation for the
convective velocity found with SMBI modulation could be
the following: below the density threshold, TEM is the
dominant turbulence, and the convective velocity is nega-
tive (outward) since the thermodiffusion dominates.
Beyond the threshold, the dominant turbulence is the ITG
mode, the convective velocity with thermodiffusion domi-
nance is positive (inward). Inside the transport well, as
shown in [20], TEM can be driven by the steep density
gradient when a=Ln exceeds a critical value ða=LnÞcrit �
1:6. In the present case a=Ln � 4, much larger than the
critical value; thus, the corresponding convective velocity
is negative inside the transport well. It should be noted that
there is an obvious discrepancy between D and V derived
from steady profiles and those derived from perturbation

FIG. 5 (color online). Diffusivity D (solid line) and convective
velocity V (dashed line) for the simulation of shot no. 7593.
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measurements, as that reported in previous works on per-
turbation transport experiments. The conclusions on the
convective velocity are valid only for the perturbed density
profile, and not for a stationary density profile.

In order to know if the formation of the pITB is linked or
not to the Er � B rotation shear and the turbulence reduc-
tion, the turbulence perpendicular rotation velocity and its
level have been measured with the Doppler reflectometry
[21]. The probed turbulence wave number is about ks ¼
5–9 cm�1, which is in the wave number range for ITG and
TEM. Figures 6 and 7 show, respectively, the radial profile
of the turbulence perpendicular rotation velocity and the
turbulence level for different densities. Below the critical
density �nc ¼ 2:2� 1019 m�3, the measured turbulence
level and velocity are smoothly increasing with radius for
0:26< r < 0:36 m. When density exceeds the threshold, a
drastic change in the measured rotation velocity and a
significant reduction of the turbulence level have been
observed in the barrier region r ¼ 0:28–0:30 m. We have
also plotted in Fig. 6 the electron diamagnetic drift velocity
V�
e , which is computed from the measured density and

electron temperature profiles. The same feature is observed
in the barrier region for V�

e . Assuming V? ¼ VE�B þ V�
e ,

from Fig. 6, we have roughly VE�B � 1 km=s for 0:26<
r< 0:36 m. This suggests that the drastic change observed
in the turbulence rotation velocity at the barrier results
from the steepness of the density gradient in the barrier.
In summary pITB phenomena have been experimentally

observed in the core region of Ohmic plasmas of the HL-
2A tokamak with no externally applied particle or momen-
tum input except the standard gas puffing. A threshold in
density has been found for the formation of the pITB with
�nc ¼ 2:2� 1019 m�3. The diffusivity D is well-like rather
than steplike. The convection is inward outside of the well
and outward inside the well. For low densities ( �ne < �nc)
without barrier an outward convective velocity has been
found. The change of sign for the convective velocity can
be explained by the turbulence TEM-ITG system. During
the formation of the barrier, the turbulence level has been
reduced inside the barrier region, whereas neither magnetic
shear nor E� B rotation shear underwent great change. On
the other hand, the formation of this barrier coincides with
the TEM-ITG transition. These suggest that the pITB may
be created initially by the discontinuity or jump in the
particle diffusivity or the convective velocity during the
TEM-ITG transition. These could have interesting impli-
cation for the control of the particle-transport barrier via
turbulence.
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FIG. 6 (color online). Radial profile of the perpendicular tur-
bulence rotation velocity with pITB (�, h) and without
pITB (4) measured by Doppler reflectometry. Radial profile
of the electron diamagnetic drift velocity V�
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FIG. 7 (color online). Radial profile of the turbulence level
with pITB (j) and without pITB (r) measured by Doppler
reflectometry.

PRL 104, 215001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
28 MAY 2010

215001-4

http://dx.doi.org/10.1103/PhysRevLett.53.1453
http://dx.doi.org/10.1103/PhysRevLett.53.352
http://dx.doi.org/10.1063/1.1345883
http://dx.doi.org/10.1088/0029-5515/42/5/303
http://dx.doi.org/10.1088/0741-3335/42/5A/328
http://dx.doi.org/10.1088/0741-3335/42/5A/328
http://dx.doi.org/10.1088/0029-5515/38/4/312
http://dx.doi.org/10.1088/0741-3335/37/8/001
http://dx.doi.org/10.1088/0741-3335/37/8/001
http://dx.doi.org/10.1103/PhysRevLett.85.4534
http://dx.doi.org/10.1103/PhysRevLett.86.2325
http://dx.doi.org/10.1103/PhysRevLett.96.095002
http://dx.doi.org/10.1088/0029-5515/47/11/001
http://dx.doi.org/10.1063/1.2084887
http://dx.doi.org/10.1063/1.3274201
http://dx.doi.org/10.1103/PhysRevLett.25.916
http://dx.doi.org/10.1103/PhysRevLett.90.155002
http://dx.doi.org/10.1088/0741-3335/45/5/315
http://dx.doi.org/10.1088/0741-3335/45/5/315
http://dx.doi.org/10.1103/PhysRevLett.91.035001
http://dx.doi.org/10.1063/1.2800869
http://dx.doi.org/10.1088/0029-5515/46/9/S15
http://dx.doi.org/10.1063/1.1705653

