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Abstract. This is the first report on Internal Transport Barrier (ITB) formation by toroidal momentum injection 
in gyrokinetic flux-driven Ion Temperature Gradient (ITG) turbulence. It is found that momentum source can 
change the mean rE  through the radial force balance, leading to ITB formation in which the ion thermal 
diffusivity decreases to the neoclassical transport level. Only co-current toroidal rotation in outer region can 
benefit the ITB formation in weak magnetic shear plasma, showing a qualitative agreement with the observations 
in experiments. The underlying mechanism is identified to originate from a positive feedback loop between   
mean rE  shear and resultant momentum flux. Such a mechanism can also benefit the ITB formation around 

minq  surface in reversed magnetic shear plasma. 

 

1. Introduction 

Profile stiffness is a long standing problem, which may limit the overall performance of H-
mode plasmas once the pedestal temperature is given. In the JET experiment, while strong ion 
temperature profile stiffness is observed around the nonlinear threshold of ion temperature 
gradient, it can be greatly reduced by co-current Neutral Beam Injections (NBIs) in weak 
magnetic shear plasma [1, 2]. NBIs can provide two possible stabilization mechanism of 
toroidal Ion Temperature Gradient (ITG) mode. One is the electromagnetic stabilization by 
fast ions through both linear ITG mode stabilization with increasing e  and nonlinear 
stabilization with relatively stronger zonal flow activity [3].  The other candidate is the 
stabilization by toroidal rotation shear. Indeed, effects of toroidal rotation shear can be 
decomposed into stabilizing effect of E B  flow shear [4] and destabilizing effect of 
parallel velocity shear [5], which often cancel with each other. However, most previous 
studies are based on local gyrokinetic theory, in which global effects such as radial mean 
electric field and profile shear effects are not fully taken into account. 

For the comprehensive study of such toroidal rotation effects, we have newly developed a 
5D full-f gyrokinetic code GKNET [6, 7]. This enables us to simulate flux-driven ITG 
turbulence consistently coupled with neoclassical transport mechanism, where mean profiles 
such as the ion temperature iT , the parallel flow ||U , and the radial mean electric field rE  
are also evolved self-consistently under fixed momentum and power inputs as in experiments. 
By means of this code, it is found that a stiff temperature profile is established in the absence 
of momentum source [7]. The stiffness is identified to result from not only the fast 
propagation of heat avalanches but also the explosive global transport coupled with the 
instantaneous formation of radially extended ballooning structure, whose size ranges from 
mezo (~ ti TL ) to even macro-scale (~ TL ). The mean rE  is found to play an important role 
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in forming such a global structure by recovering the up-down symmetry of the ballooning 
structure. This indicates that the mean rE  can enhance the stiffness. 

  In this paper, we introduce a momentum source to change the mean rE  through the radial 
force balance. Note that self-consistent evolution of the parallel flow ||U , and the radial mean 
electric field rE  cannot be traced in local simulations. From the global gyrokinetic ITG 
simulation with heat and momentum sources, it is found that momentum source can change 
the mean rE  through the radial force balance, leading to ITB formation in which the ion 
thermal diffusivity decreases to the neoclassical transport level. Only co-current toroidal 
rotation in outer region can benefit the ITB formation in weak or reversed magnetic shear 
plasma, showing a qualitative agreement with the observations in experiments. 

  The rest of this paper is organized as follows. In Sec. 2, we present the non-local first-order 
ballooning theory to evaluate the ballooning structure of toroidal ITG mode theoretically. We 
discuss the notation of ballooning angle, mode width and linear growth rate and the impact of 
mean rE  on these quantities. In Sec. 3, the impact of toroidal momentum injection on the 
profile stiffness will be addressed especially from the view point of rotation direction, 
magnetic shear profile and its hysteresis nature. Finally, a summary is given in Sec. 4. 

 

2. Non-local ballooning theory 

In this section, we present the non-local first-order ballooning theory [8] and radial force 
balance equation to discuss the effect of radial mean electric field rE  on the ballooning 
structure of toroidal ITG mode. According to the theory, the ballooning angle and its mode 
width are written as 
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where r  is the real eigenfrequency roughly given by magnetic drift one, f  is the 
Doppler shift frequency mainly due to poloidal E B  mean flow. ,0b  and  are the 
ballooning angle and its mode width in the case of . In Eq. (1), the case with 
ˆ( ) 0r f r rs       has 0b  , while ˆ( ) 0r f r rs       has 0b  , where ŝ  is magnetic 
shear. Note that the corresponding linear growth rate is given by max~ cos b   , which is 
smaller than that obtained from the local analysis. This stabilizing effect comes from the 
spatial inhomogeneity of r f  . We can see that the theory suggests smaller ballooning 
angle provides wider mode structure and larger linear growth rate so that the relation between 
radial profiles of r  and f  has a crucial key to determine the ballooning structure. 

In a full-f gyrokinetic simulation, mean rE  is self-consistently determined through radial 
force balance with pressure profile and poloidal/toroidal rotations. In a circular concentric 
Tokamak configuration, the force balance equation is given as 
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where q , B , in  and ip  are the safety factor, magnetic field, ion density and pressure, 
respectively.  *k k   is a coefficient of the neoclassical poloidal rotation, which can be 
estimated by the Hazeltine-Hinton (H-H) formula [9] obtained in the large aspect ratio limit 

/ 0r R  . Assuming that the density and temperature have self-organized profile as 
 0 0exp /

ii nn n r r L     ,  0 0exp /
ii TT T r r L     , r f   are approximately given as 

 0 0
||

0

2 1~ .
i i

i

n T
r f

R R T erB
k U

L L

k

e RB qR
 
        
    

               (4) 

Here k  is the poloidal wave number, 0R  is the major radius,  / /
in i iL n dn dr  and

 / /
iT i iL T dT dr . 

In the banana regime with standard plasma 
parameters such as cyclone base case one, we 
have 0 ~ 2.5 /r f k eB   . Since ~r

2 /k eB , it indicates that the poloidal E B  
mean flow recovers the symmetry or reverses 
the ballooning angle, which stabilization effect 
is considered to be weak. Figure 1 shows the 
typical radial profiles of real frequency, Doppler 
shift frequency and their sum in the case with 

0 / 2.22
inR L  , 0 / 6.92

iTR L  , || 0U   and 

*( 0.1) 0.867k    . We can see that the 
Doppler shift frequency cancels the real 
frequency, which tendency is valid especially in 
the banana regime with moderate density 
gradient. 

On the other hand, toroidal rotation is considered to be the other candidate to control the 
ballooning structure especially in outer region with low q  value, which corresponds to weak 
or reversed magnetic shear case. 

 

3. Flux-driven ITG simulation with momentum source 

3.1 Simulation condition 

In GKNET, the employed equation system consists of gyrokinetic Vlasov equation for full-
f ion distribution function f  and gyrokinetic quasi-neutrality condition with adiabatic 
electron, which are given by 
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Here, R  is the guiding-center position, R  is the particle position, ||v  is the parallel 
velocity,   is the magnetic moment,   is the gyro-phase angle, 6 2 *

|| ||id Z m B d dv d d  R  
is the phase space volume of gyro-center coordinate with Jacobian 2 *

||im B   

Fig. 1: Radial profiles of real frequency 
(red), Doppler shift frequency due to poloidal 
E×B mean flow (blue) and their sum (green) 
in the case with cyclone base case. 
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2
||( / )i im m v e    B b b ,   is the electrostatic potential, 2

|| / 2iH m v B e


     is the 
gyro-center Hamiltonian,  ,f H is the gyro-center Poisson bracket, ti  is the ion Larmor 
radius evaluated with the thermal velocity tiv ,  Di  and De  are the ion and electron 
Debye lengths, 0en  is the equilibrium electron density, 


 and 

f
 are the gyro-average 

and flux-surface-average operators, respectively. The ion-ion collision operator ( )C f  is 
modelled by the linear Fokker–Planck one [10], which includes field particle part [11] to 
conserve density, momentum and energy at each grid point. Such a conservation property is 
basic requirements used in neoclassical theory [9]. Energy/Momentum source and sink 
operators are given by 

    1
, , , 1 0 ,src E src E src E M MS A r f f                       (7) 

   1
, , , 2 0 ,src M src M src M M MS A r f f                      (8) 

    1 ( ) ( 0) ,snk snk snkS A r f t f t                        (9) 

where ,src EA , ,src MA  and  snkA  are the deposition profiles, ,src E , ,src M  and snk  are the 
time constants for the energy/momentum source and sink,  1Mf , 2Mf  and 3Mf  are the 
shifted Maxwellian distribution,  and  f t   is the evolving full-f ion distribution function 
at time t . Equations (7) and (8) provide constant power and momentum input, which net 
power and torque are given by  2 6

|| ,/ 2in i src EP m v B S d Z   and 6
|| ,in i src MF m v S d Z  , 

respectively. In this case, there is no particle input, namely, 6
, ,( ) 0src E src MS S d Z  . On the 

other hand, Eq. (9) is a Krook-type operator, which modifies the distribution function towards 
their initial values at the outer boundary region. This is a simple model for boundary region in 
H-mode plasmas. 

In this paper, we use a circular concentric tokamak configuration with 0 / 2.79R a  , 
/ 150tia   . Initial plasma parameters at / 0.5r a   are 0 / 2.22nR L  , 0 / 10

iTR L   and 
* 0.28  , respectively. In this configuration, simulation parameters are chosen as follows; 

the time step width is 3
02 10 / tit R v   , grid number and system size are 

||
( , , , , ) (128,128,64,64,16)r vN N N N N     and 

||
( , , , , ) (150 ,2 , ,12 ,r v ti tiL L L L L v       

2
018 / )tiv B , respectively. Note that a 1 / 2  wedge torus is employed in this simulation. Source 

and sink parameters are chosen to avoid the large deviation from the Maxwellian distribution 
in heating region and unphysical oscillation trigged by outer fixed boundary condition. Under 
this condition, we perform flux-driven toroidal ITG gyrokinetic simulation with external heat 
input 4 [MW]inP   in weak or reversed magnetic shear plasma. 

 

3.2 Impact of momentum injection in weak magnetic shear plasma 

First, we discuss the impact of toroidal rotation in weak magnetic shear plasma. Figure 2 
(A) shows the radial ion temperature profile in the cases without momentum input with co- 
and counter-current input around 0.6r a , which net torque is given as inF   
0, 5.64 [N m]  , respectively. Note that the safety factor profile and deposition profiles of 
source and sink operators are also shown in Fig. 2 (A). 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. 2 (B). This implies that co-input and weak magnetic shear can benefit ITB 
formation, which is consistent with the observations in the experiment qualitatively [2, 4]. 
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Figure 3 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. 3 (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 suppresses the turbulence, leading to ITB formation. It should be noted that from Fig. 
4, which shows the time-spatial evolution of E B  flow shear in the co-input case, the 
established ITB is enough stable in the quasi-steady state. Since E B  flow shear in the 
momentum source region is much larger than that in the other region, not zonal flow shear but 
mean rE  shear is considered to play a dominant role in ITB formation in this case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: Radial profile of each term in radial force balance relation in the case with (A) 
co-input and (B) counter-input around r=0.6a. 

Fig. 2: (A) Radial ion temperature profile in the case without momentum input (blue), with 
co-input (red) and counter-input (green) around r=0.6a. Safety factor profile (black) and 
deposition profiles of source and sink operators are also shown. (B) Radial profiles of 
turbulent (red) and neoclassical (blue) ion thermal diffusivity with co-input. 
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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 
theory [12], the residual stress coefficient of momentum flux is given by 

*
0ˆ/ ~ ( / 4) / (2 )ti n tiC R v s R L qk     . Here, 0  is positive/negative in enough strong 

negative/positive rE  shear region, as is shown in Eq. (1), because ~ /f rk E B  . As a 
result, mean rE  shear triggered by co-input can work to reduce momentum diffusion in 
positive magnetic shear case, as shown in Fig. 3 (A). On the other hand, the role of counter 
input is totally opposite so that the momentum diffusion is enhanced as shown in Fig. 3 (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. 

 

3.3 Impact of momentum injection in reversed magnetic shear plasma 

Then, we study the impact of toroidal rotation on ITB formation in reversed magnetic shear 
plasma. Figure 5 (A) shows the radial ion temperature profile at 01600 / tit R v  (start co-
input), 03200 / tit R v  (stop co-input), 04000 / tit R v  and 04800 / tit R v . It is found that 
ITB is not created around momentum source region (0 0.4r a  ), because the momentum 
diffusion is enhanced in negative magnetic shear region (0 0.6r a  ) as shown in Fig. 5 (B). 
On the other hand, once momentum diffusion reaches to minq  surface ( 0.6 )r a , it is 
aaaaa 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Time-spatial evolution of E×B flow shear in the case with co-input around 
r=0.6a. 

Fig. 5: (A) Radial ion temperature profile at t=1600R0 /vti (orange), t=3200R0 /vti (green), 
t=4000R0 /vti (blue) and t=4800R0 /vti (red) in reversed magnetic shear plasma. (B) Radial 
profile of each term in radial force balance relation at t=4000R0 /vti. 



7  TH/P3-3 

blocked by momentum pinch from positive magnetic shear region ( 0.6 )r a . As a result, 

||U  and rE  shears are formed around minq  (see Fig. 5 (B)), which is considered to trigger 
ITB formation (see Fig. 5 (A)). This indicates that the position of ITB is insensitive to the 
momentum source profile, which is determined only by the minq  surface. These results show 
a qualitative agreement with the observations in the JT-60U reversed shear discharges [13]. 

 

3.4 Modulation test for momentum injection 

Finally, we discuss the modulation test for momentum injection in reversed magnetic shear 
plasma to study the hysteresis nature of established transport barrier. Figure 6 shows the (A) 
flux-gradient and (B) mean rE  shear-gradient relations in the modulation test, where co-
input is turn off among 0 04000 / 8000 /ti tiR v t R v  . Safety factor profile and deposition 
profiles of source and sink operators are same as that in Fig. 5 (A). We can see that a 
hysteresis nature with counter-clockwise is found only in gradient-flux relation. This indicates 
that the turbulence intensity and turbulent flux can respond without waiting for the changes of 
temperature gradient and mean rE  shear, showing a kind of bifurcation phenomena. Such a 
time delay of temperature gradient change is also observed in its time-spatial evolution shown 
in Fig. 6 (C), which delay time is roughly 01500 / tiR v . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6: (A) Flux-gradient and (B) mean radial electric field shear-gradient relations in 
the modulation test. Their values are calculated as the spatial average in 0.5a<r<0.7a. 
Off-phase of co-input (4000R0 /vti<t<8000R0 /vti) is shown by black line and on-phase 
(8000R0 /vti<t<12000R0 /vti) is shown by red line. (C) Time-spatial evolution of the scale 
length of ion temperature gradient. 
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4. Summary 

By means of our flux-driven toroidal ITG gyrokinetic simulation with momentum source, 
we made the following new findings; 

 From the non-local ballooning theory and our analysis, original mean rE  shear recovers 
the symmetry or weakly reverses the ballooning angle, so that its stabilization effect is 
considered to be small. On the other hand, in weak magnetic shear plasma, co-current 
toroidal rotation in outer region can change such mean rE  shear through the radial force 
balance, leading to ITB formation in which the ion thermal diffusivity decreases to the 
neoclassical transport level. 

 The underlying mechanism is identified from the fact that 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. 

 Such a mechanism can also benefit the ITB formation around minq  surface in reversed 
magnetic shear plasma. These results show a qualitative agreement with the observations 
in the JT-60U reversed shear discharges. 

 A hysteresis nature is found in gradient-flux relation, showing that the present ITB 
formation is a kind of bifurcation phenomena. 

It is recently reported that intrinsic rotation and established mean rE  become qualitatively 
different with kinetic electrons [14] but the proposed mechanism is considered to be still 
valid. By performing flux-driven ITG/TEM simulation, we can contribute to controlling ITB 
formation by multi (ion/electron and momentum/heat) sources and magnetic shear profile in 
ITER and DEMO plasmas, which will be reported in future publications. 

This work was supported by Grants-in-Aid from JSPS with No. 25800304, 16K17844. 
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