
Profile stiffness is a long standing problem, which may 
limit the overall performance of H-mode plasmas. In the 
JET experiment, while strong temperature profile stiffness is 
observed around the nonlinear threshold of ion temperature 
gradient driven instability, it can be greatly reduced by co-
current toroidal rotation in weak magnetic shear plasma1).
To understand such a mitigation mechanism, we have newly 
developed a 5D global gyrokinetic code GKNET with heat 
and momentum sources2,3). By means of this code, we found 
that a stiff temperature profile is established in the absence 
of momentum source2). The mean rE is found to play an 
important role in triggering global transport by recovering 
the up-down symmetry of the ballooning structure. This 
indicates that the mean rE can enhance the stiffness.

In this study, we introduce a momentum source to control 
the mean rE . The radial force balance relation in circular 
concentric Tokamak configuration,  
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indicates that the toroidal rotation in outer core region with 
small safety factor, which corresponds to weak or reversed 
magnetic shear case, can effectively change the mean rE .
Based on this idea, we perform flux-driven ITG simulation 
with momentum source in weak magnetic shear plasma. 
Employed parameters are 36.0/ Ra , 150/ tia and 

28.0* . Figure 1 (A) shows the radial ion temperature 
profile in the case without momentum input, with co- and 
counter-current input around ar 6.0 . It is found that only 
co-current momentum injection has a strong impact on local 
temperature build up in momentum source region, where the 
ion thermal diffusivity decreases to the neoclassical 
transport level, as shown in Fig. 1 (B). This implies that co-
input and weak magnetic shear can benefit ITB formation, 
which is consistent with the observations in the JET 
experiment qualitatively1). Figure 2 shows the radial profile 
of each term in radial force balance relation in the case with 
(A) co-input and (B) counter-input. From Fig. 2 (A), we can 
clearly see that rE is strongly triggered by toroidal 
rotation in outer region, while the other two terms do not
change so largely in this unit. So it is natural to conclude 
that the mean rE shear triggered by toroidal rotation, 
which is much stronger than the zonal flow shear, 
suppresses the turbulence, leading to ITB formation. Note 
that the established ITB is enough stable in the quasi-steady 
state.

The underlying mechanism why only co-input is effective 
for ITB formation is identified to originate from the 
resultant momentum diffusion. According to the momentum 
transport theory4), the residual stress coefficient of 
momentum flux is given by

tinti qkL
Rs

v
RC

2
4~ 0

*
        (2)

Here, 0 is ballooning angle, which is positive/negative in 
enough strong negative/positive rE shear region based on 
the non-local ballooning theory. As a result, rE shear 
triggered by co-input can work to reduce momentum 
diffusion in positive magnetic shear case, as shown in Fig. 2 
(A). On the other hand, the role of counter input is opposite 
so that the momentum diffusion is enhanced as shown in Fig. 
2 (B). Thus, there exists a positive feedback loop between 
the enhanced rE shear and resultant momentum pinch 
only in the co-input case, signifying a favorite trend to ITB 
formation.

In summary, we found that co-current toroidal 
momentum injection benefits ITB formation because 
modified mean rE can produce momentum pinch. These 
new findings contribute to controlling ITB formation in 
ITER and DEMO plasmas.

Fig. 1. (A) Radial ion temperature profile in the case 
without momentum input, with co- and counter-input 
around ar 6.0 . (B) Radial profile of 
turbulent/neoclassical ion thermal diffusivity with co-input.

Fig. 2. Radial profile of each term in radial force balance 
relation in the case with (A) co-input and (B) counter-input 
around ar 6.0 .
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     L-mode transport exhibiting profile stiffness is the 
basis in understanding fusion plasmas while the mechanism 
including the transport scaling has not been fully resolved. 
A transition from Bohm to gyro-Bohm scaling with respect 
to ia  has been observed in gradient-driven ITG 
simulations while not confirmed in flux-driven global ones 
[1-3]. Here, we elucidate the overall picture of the L-mode 
transport dominated by the ITG turbulence using GKNET 
incorporated with statistical analyses [4].  

ITG turbulence and ExB dynamics: Figure 1 shows 
the evolution of (a) heat flux tubQ  and radial electric field 

rE  for inP 16MW  with the plasma of ia 150  
and * 0.0656 . The transport is classified into three 
regions, (I) heating region, (II) source/sink free region, (III) 
sink region. The temperature is found to be self-organized 
exhibiting an exponential function form while the scale 
length TL  is changed at *~r r  indicating the weak 
transport barrier formation.  

In region (I), quasi-periodic radially localized 
avalanches are observed in the heat flux turbQ  due to the 
ITG mode. The radial electric field rE  is excited in both 
boundaries of the mode as zonal flow and propagates 
outward with the heat flux accompanied by the zonal 
pressure. The quasi-periodic occurrence of the events 
regulated by the external heat input is found to produce 
quasi-steady E B  flow layer at two radial locations, 

~ 10a ir  and ~ 40b ir . 
In region (II), the radially extended ballooning modes 

which range from meso ( ~ T iL ) to macro ( ~ TL ) scale 
are excited intermittently due to the instantaneous phase 
alignment of potential vortices. The zonal flow and pressure 
produced at the inside boundary of the ballooning mode 
coincides with the E B  flow layer at ~ 40b ir , 
suggesting that the inner boundary of the ballooning mode is 
connected to the heating edge, i.e. ~ br r , while outer 
boundary ~ cr r  is undetermined. It is noted that c br r  
corresponds to the radial correlation length of the ballooning 
mode, i.e. ~c b cr r~c b c~ r rb cb . If cc  is almost same for 
successively produced ballooning modes, the quasi-steady 
E B  staircase is produced at outer boundary of the mode, 
i.e. ~ cr r . In Fig.1(b), the E B  staircase located ~ cr r  
exhibits dynamical evolution toward outside so that 

~c b cr r~c b c~ r rb cb  becomes wider. This suggests that turbulent 
spreading takes place. 

Statistical analyses:  Figure 2 shows the heat flux 
distribution ,Q r  in the phase of (a) quasi-steady state 
and (b) burst. Using the data, we investigated the PDF for 
the eddy size S  providing the heat flux Q , i.e. P S  
The power law dependence 1P S  is obtained up to 

2~ 100 iS for case (a) and 2~ 200 iS  for case (b) while 
damped quickly beyond them. The results indicates that the 
heat flux driven by the eddies with 2100 iS  provide the  

 
 
 
 
 
 
 
 
 

 
 
 
 
Fig.1. Spatio-temporal evolutions of normalized (a) heat 
flux, (b) radial electric field in the case of Pin=16MW. 

 
 
 
 
 
 

 
 

 
Fig.2: Q(r, ) at steady state phase (a) and burst phase(b). 
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Fig.3: Heat flux size PDF for Fig.2 (a) (blue) and (b) (read). 

 
base transport. However, a hump appears in the burst case 
(b) around 2~ 600 iS which corresponds to the radially 
extended ballooning modes shown in Fig.2 (b). 

We have investigated the Hurst exponent H using the 
heat flux data. The value is found to increase from center 
( ~ 0.57H ) toward edge ( ~ 0.8H ), suggesting that the 
whole plasma exhibits long range correlation while the 
degree increase toward edge.  
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