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 Particle transport barriers with energy confinement improvement have been observed in 

tokamaks, as the H-mode [1] at the edge of the plasma and ITB [2, 3, 4, 5] in the core. These 

regimes have been often obtained with high power external input auxiliary heating as the 

neutral beam injection [1, 5], off-axis minority ion-cyclotron heating [3, 4], or large external 

input particle source as the pellets [2]. Mechanisms responsible for these barriers are reversed 

magnetic shear, or BE ×  rotation shear. Here we report the observation of a natural or 

spontaneously generated particle transport barrier in purely ohmically heated plasmas in the 

HL-2A tokamak with no externally applied momentum or particle input. 

The plasma parameters in the present experiments are: major radius R=1.64 m, minor 

radius a=0.40 m, toroidal magnetic field BT=1.45 T, plasma current Ip=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 319100.2 −× m . The 

line averaged density is measured by a HCN interferometer. Internal particle transport barriers 

(pITBs) have been observed in ohmic plasmas in HL-2A with standard gas puffing when the 

electron density exceeds a well defined threshold. This phenomenon is perfectly reproducible. 

Fig.1 shows the temporal evolution of the density profile at selected times for a typical 

discharge with transition to pITB, when the density increases slowly: before the appearance of 

the transport barrier (+ 250 ms); at the beginning of the formation of the barrier (∆ 420 ms); 

strong barrier (� 480 ms); in higher density after fuelling with supersonic molecular beam 

injection (SMBI) [6] (� 520 ms). The barrier is located around r=29cm. The parameter 

characterizing the pITB is the normalised density gradient nee Lanna // =∇− . Fig.2c 

displays a 2-D image of the normalised density gradient, showing clearly the trace of pITB 

around r=29cm. Before t=400ms, no clear barrier has been observed. Starting from this time, 

the pITB appears progressively. The critical density corresponding to this transition is 

319102.2 −×= mnc . After the injection of a particle pulse by SMBI at t=510ms, identified by a 
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sharp increase of the αH signal, the pITB trace is much more visible, and the density gradient 

is steeper. This is a strong indication of the presence of the transport barrier. It should be 

emphasized that the Mirnov coil signal shows no change during the pITB transition (Fig.2b). 

Hence this pITB is not due to MHD activities. No significant change has been observed on 

the temperature profile during the pITB. 
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Figure 1 Shot #7557. Temporal evolution of the 
density profile at selected times. Before the 
appearance of the barrier (+ 250 ms); at the 
beginning of the formation of the barrier (∆ 420 
ms); strong barrier (� 480 ms); just after a 
particle pulse injected by SMBI (� 520 ms). 
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Fig.2  Shot #7557. (a ) Temporal evolution of 
the plasma current pI (kA), the central line 

averaged density )10( 319 −mn e . (b) Temporal 
evolution of the Mirnov coil signal and 

αH signal. (c) 2-D image of the density 

gradient. 

The width of the barrier is 1~2 cm. A drastic change has been observed in the density gradient 

through this barrier: cmLn 10≈  at the barrier location, cmLn 50≈  inside the barrier, and 

cmLn 25≈  outside the barrier. In a region without particle sources and in steady state, the 

particle flux 0≈−∇−=Γ ee VnnD , where D is the particle diffusivity, V  is the particle 

convective velocity defined as positive for inward pinch, and negative for outward. Thus the 

ratio VD is directly equal to nL , VDLn /= . The shape of the density gradient length gives 

interesting indications on the feature of D or V. Thus the barrier observed here is well-like and 

not step-like.  

A simple profile analysis does not allow to separate D and V. The modulation experiments 

allow normally to separate the diffusivity 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 
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particle wave is sensitive to diffusivity but very sensitive to the convection [7]. In our 

experiments, the density modulation has been generated by SMBI. In the present case, the 

SMBI modulation frequency is 9.6 Hz, the duration of SMBI pulse is about 6 ms, the gas 

pressure of SMBI is 1.3 MPa. The time resolution of the reflectometry is 1 ms. Profile 

analysis shows a pITB around cmr 2726 −≈  for this plasma. The figures 3a, 3b display 

respectively the phase and the amplitude of the 1st harmonic of the Fourier transform of the 

modulated density. From Fig. 3a, the minimum of the phase is at cmr 3.25≈ , which 

generally determines the particle source location. The particle source location found here is in 

agreement with that observed from αH  and ECE signals. From Fig.3b, a first peak in 

amplitude has been found at cmr 24≈ , 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 cmr 27≈ , a second peak has been found in the amplitude, and strong 

effect has been observed in the phase. 
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Fig. 3 Shot #7593 with transport barrier, 319106.2 −×= mne . Phase (a), amplitude (b) of the 1st 

harmonic of the Fourier transform of the modulated density. Comparison between experiment (circle) 

and simulation (solid). Diffusivity D (solid), convective velocity V (dash) for the simulation (c). 

Simulation has been made with an analytical model [8]. For the simulation, the 

following parameters are used: the modulation frequency Hzf 6.90 = , the particle deposition 

cmrdep 3.25= , the minor radius cma 40= , the transport barrier is between cmx 6.251 =  and  

cmx 7.262 = , the particle source is given by a Gaussian distribution with the amplitude 

1119
0 1069.0 −−×= smS  (the total particle injected per second is 02 RSN p π= ), and the width 

aw 03.0= . On the figures 3a and 3b, the solid lines represent the simulation. A satisfactory 

agreement has been found between the experimental points and the analytical calculation, and 

we have found (Fig.3c): in the domain 1 ( 1xr < ): ,/1.0 2
1 smD = ;/0.11 smV =  in the domain 

2 or in the well ( ),21 xrx <<  smD /045.0 2
2 = , smV /7.22 −= ; in the domain 3 ( 2xr > ), 
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smD /5.0 2
3 = , smV /0.63 = . In the present case the neoclassical Ware pinch [9] 

smBEarVware /6.0// ≈≈ θφ  around the barrier, where φE  is the toroidal electric field, and 

θB  is the poloidal magnetic field. The pinch velocity found in the domain 3  is much larger 

than the Ware pinch, while the velocity found in the domain 1 is very close to the latter.  
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Fig. 4 Shot #7543 without transport barrier, 319109.1 −×= mne . Phase (a), amplitude (b) of the 1st 

harmonic of the Fourier transform of the modulated density. Comparison between experiment (circle) 
and simulation (solid). Diffusivity D (solid), convective velocity V (dash) for the simulation (c). 

For comparison, SMBI modulations have been also performed for a discharge with a 

density 319109.1 −×= mn e  lower than the critical value" cn *Hki06+. In this case, no barrier 

has been observed. The diffusivity obtained by this method is smD /25.0 2=  for r=28-31cm, 

and a negative convective velocity has been found smV /2.2−=  for r=28-31cm, V=-4.2m/s 

for r=31-33cm. Measurements of the turbulence rotation velocity by Doppler reflectometry 

confirm that the appearance of this barrier is correlated to a drastic change in the turbulence 

rotation shear.  
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