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Abstract. We have presented an overall picture of flux-driven ITG turbulence and associated transport which 
reveals resilience and stiffness in profile formation and self-similarity in relaxation process coupled with SOC 
type intermittent bursts. The transport is found to be regulated by the different types of non-diffusive processes 
such as fast/slow time scale avalanches and intermittent bursts induced by the instantaneously produced radially 
extended ballooning type modes ranging from meso- to macro-scale. We elucidated the generation mechanism 
of the shear layer of radial electric field rE , referred to as E B×  staircase, which results from zonal flow and 
pressure governed by the intensity gradient of the global modes. The dynamical evolution of the E B× staircase, 
which takes place in high input power regime, causes a new type of long time scale breezing in the transport. 
The spatio-temporal linkage of such different non-diffusive processes leads to a new turbulent state dominated 
by long range correlation in time and space. 

 

1. Introduction 

Global nature of turbulence covering whole plasma from centre to edge is of specifically 
importance in understanding and evaluating transport and then the confinement in toroidal 
plasma such as tokamak [1-5]. This is due to the fact that the turbulence is dominated not only 
by the local plasma parameter, e.g. local gyro-radii, magnetic-drift frequency, scale length of 
plasma profile, radial electric field, etc., but also by their global extent and/or spatial 
variation. The importance of spatial diffusion and also rapid convection of turbulence, which 
is referred to as avalanches, are now widely recognized [6]. These phenomena are also 
influenced by the equilibrium radial electric field incorporated with zonal flows and also 
pressure corrugation, which lead coupling among differnet radial locations. These are typical 
examples of global nature of turbulent transport [7]. 

Among them, the most important but fundamental global nature is addressed to that of the 
mode structure, which exhibits meso-scale structure in toroidal system [8,9]. This results from 
the  geometrical coupling between micro-scale unit, i.e. ion or electron gyro-radii iρ  and 
macro-scale unit, i.e. plasma scale length L  such as temperature/density scale length ( TL  
and nL ) , plasma minor radius a , etc. via toroidicity of the system, which leads to the radial 
extent of the toroidal mode given by ˆ~ ir L sρ∆ . Here, ŝ  denotes the magnetic shear. Such 
meso-scale structure was shown to exist numerically from trotoidal simulation and 
theoretically from the first order ballooning theory which takes into account the effect of 
profile variation such as the magnetic drift shear, i.e. r dω∂ [2,8,9]. 

The simulation reproduced the meso-scale structure for ion temperature gradient (ITG) 
mode not only in linear phase but also in non-linear in quasi-steady state [2]. It was found that 
the corresponding transport exhibits a hierarchical nature as 

0 1

2ˆ~  t t tε∂ ∂ + ∂ +  in time and 
r∂ ~

0 1
ˆ r rε∂ + ∂ +  in space, where ˆ ε  denotes a smallness parameter and then the turbulence 

provides a constraint on the transport leading to resilience and stiffness in profile formation 
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and to self-similarity in relaxation process. For instance, for the ITG mode which linear free 
energy source is given by TR L  ( R : major radius), an arbitrary ion temperature profile is 
found to tend to an exponential function form with a fast time (

0
~t t∂ ∂ ) as i iT T→

( )~ exp Tr L−  while it evolves slowly (
1

~t t∂ ∂ ) toward a critical gradient only by changing the 
scale length as ( )1TL t  but keeping the function form. Small scale corrugations emerged on 
the self-organized profile as iT Tδ+  is swept out with fast time scale  (

0
~t t∂ ∂ ) as 0Tδ → . 

We referred to such a dynamics and transport as self-similar relaxation and self-organized 
critical transport in the sense that the profile is suffered from self-organization to specific 
function form and sustained near critical gradient.  

Note that the established profile is not same as that simply determined by the critical 
gradient since the profile is suffered from the constraint not from the critical gradient but from 
the mode characteristics. Note also that the exponential function is the form that TR L , the 
free energy of the instability, is kept constant in space. For iη -mode where the instability free 
energy is given by i n TL Lη ≡ , the self-organized profile is given by the function form that the 

iη -value is also kept constant in space, so that the ion temperature profile is regulated by that 
of density for the adiabatic electron treatment since no particle transport [2,5].           

On the other hand, it is noted that the simulations showing above transport dynamics did 
not includes zonal flows, which is the secondary mode nonlinearly driven by the primary 
turbulence and play an important role in regulating transport. Furthermore, the effect of mean 
radial electric field is not included self-consistently. Therefore, it is necessary to check 
whether the above transport dynamic reveals in global simulation with proper nonlinear 
treatments and models consistent with experiments.   

Here, using the GKNET which is a 5-dimensioanl full-f flux-driven global toroidal gyro-
kinetic code which includes neo-classical effect and heat source and sink [5], we revisit 
turbulent transport due to the ITG mode assuming same adiabatic electron response under the 
condition that the zonal flows and mean radial electric field are treated properly. Even in the 
presence of zonal flows and radial mean electric field, we have observed similar meso-scale 
turbulent structure and associated self-organization leading to profile resilience and stiffness. 
However, we found that the turbulent transport is described by more rich process than that 
previously considered such that qualitatively different types of transport processes with 
different spatio-temporal scales coexist and incorporate with each other.  

Here, we present the overall picture of turbulent transport in flux driven toroidal system in 
the framework of electrostatic treatment with adiabatic electron response, emphasizing on the 
global nature of turbulence covering whole plasma, which has not been fully understood and 
then been a long standing problem. Specifically, we found a phenomena of instantaneous 
phase alignment leading to radially extended global mode structure from meso-scale to 
macro-scale, which is the origin of intermittent bursts and provides a mechanism casing 
profile resilience and stiffness exhibiting self-similar relaxation even in the presence of the 
global mean radial electric field. The effect of the cancellation between magnetic-drift shear, 
which is the origin of the meso-scale structure, and that of mean radial electric field is found 
to play an important role in casing such global mode. Besides such a transport, radially 
localized fast time scale avalanches and also slow time scale avalanches coupled with 
temperature colligation causing long time scale breathing in transport are discussed. Those 
transport events are also influenced by the mean radial electric field profile in self-consistent 
manner. Here, we investigating the details of the spatio-temporal characteristics for these 
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phenomena using statistical approaches which directly measure the size scaling of turbulent 
eddies. The spatio-temporal linkage of different non-diffusive processes leads to a new 
turbulent state dominated by long range correlation in time and space.  

  In Sec. 2, we present the typical simulation results and categorize the transport process into 
four kinds. We describe the physical mechanism for the formation of global mode which 
causes intermittent bursts and constraint on the profile leading to self-similar relaxation and 
self-organized critical transport. We also present the mechanism of slow time scale 
avalanches coupled with temperature colligation causing long time scale breathing in 
transport. In Sec.4, we present the statistical characteristics of turbulent transport by 
investigating the size distribution of turbulent eddies and study the role of large scale structure 
on the self-organized transport. 

 

2. Flux-driven ITG turbulence and transport 

Here, we study a circular plasma of 0 0.36a R =  and ia ρ = 150  where iρ  is the 
averaged value to ion gyro-radius. The collision effect is taken into account for parallel 
velocity distribution which conserve energy and momentum with *ν = 0.565 ( 0.01k = : neo-
classical parameter) which is spatially constant and belongs to banana regime. The nearly flat 
density profile with 0 / 2.22nR L =  at / 0.5r a =  is used and the parabolic safety factor 
profile ( )q r  shown in Fig.1 is employed. The heat source and sink are given near center and 
edge as also shown in Fig.1, which drive heat flux corresponding to inP = 16MW. The 
GKNET simulation is performed in electrostatic modelling of gyro-kinetic quasi-neutrarity 
condition with adiabatic electron so that no particle transport takes place [5].    

2-1  Spatio-temporal structure of turbulent transport 

Figure 1 shows (a) turbulent heat flux ( )tubQ t  where heat flux ( , )tubQ r t  is averaged 
over 60 80r≤ ≤ , (b) ( , )tubQ r t , and (c) radial electric field ( , )rE r t  in 900 1300t≤ ≤  (quasi-
steady state phase). Here, time and space are normalized as it R tυ →  and ir rρ → . The 
ion temperature profile ( )iT r , which is also averaged over 900 1300t≤ ≤ , is shown in Fig.1. 
It is found that ( )iT r  is suffered from constraint exhibiting exponential function form, i.e. 
( ) ( )~ expi TT r r L− , in two regions, i.e. 1~T TL L  in 0 80r< ≤ (inside) and 2~T TL L  in 

80 150r≤ < (outside), suggesting that the existence of knee at ~ 80r  for scale length. Similar 
structure of the temperature profile with multiple scale length is discussed in [2]. Near the 
plasma center 0 30r≤ < , quasi-periodic bursts coupled with the generation of the radial 
electric field rE  are found to be triggered due to the external heating and supply heat energy 
to the bulk region via fast time scale avalanches as seen in Fig.1 (b) and (c). The period of the 
burst is found to increase as the heat input inP .  

Figure 2 (a) represents ( )rE r  at 25t =  and 62t =  which are before and after the linear 
mode saturation. Therefore, the former corresponds to the mean ( )rE r  mainly determined 
by the initial temperature profile and the latter which shows oscillatory nature in the latter to 
the zonal flows produced from the radially extended global mode. Figure 2 (b) illustrates 

( )rE r  and ( )TR L r  at 1360t =  which corresponds to the quasi-steady state phase. Quasi-
periodic  oscillation and/or corrugation of temperature coupled with that of ( )rE r  is found 
to be superimposed on the self-organized profile, which is referred to as E B× staircase [10]. 
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In the source/sink free region 30 130r≤ ≤ , various types of transport events with different 
time and spatial scales are found to appear, which are summarized as follows, 

(1) Diffusive transport due to the neo-classical process, which is relatively small in 
axisymmetric tokamak configuration while it increases toward edge.   

(2) Radially localized avalanches which propagate in the radial direction with fast time scale 
which typical correlation length and propagation velocity are estimated as 

( )1/2~c i i TLρ ρ=  and ( )2 3a i iRυ ρ υ= − , respectively. Here, iυ  is the ion thermal 
velocity. Two type of avalanches is known to exist, one is temperature hump in the 
plasma with 0r rE∂ <  which propagates toward edge, the other is temperature hole in the 
plasma with 0r rE∂ >  which propagates toward center [11]. 

(3) Radially extended global instantaneous bursts which radial correlation length ranges from 
meso-scale to even macro-scale, i.e. ( )1/2 ~c i T TL Lρ= : As seen in Fig.1 (a) and also 
Fig.2, the heat flux tubQ  in the bulk region ( 30 130r≤ ≤ ) exhibits quasi-periodic bursts 
which period is roughly estimated as ( )~ 20 it R υ∆ , suggesting the existence of the 
mechanism repeating such bursts. 

(4) Slow time scale avalanches coupled with the radial electric field ( rE ) shear layer which 
emerge in the bulk region: This avalanche is coupled with local temperature corrugation, 
which is referred to as E B× staircase [9]. It is interesting to note that the slow time scale 
evolution of rE  roughly corresponds to the edge of global burst in the above process (3). 
This type of avalanche is also found to be repeated with the time interval with 

100 200t∆ = − ( )iR υ , leading to long time scales breathing in transport [5].  

Fig.1. (a) Evolution of averaged heat flux 
<Qturb> in 60<r/ρi<80, (b) spatio-temporal 
evolutions of heat flux Qturb. (r,t) and (c) radial 
electric field Er(r,t). Ion temperature profile 
(log-scale) and q(r) are shown. 

Fig.2. (a) Radial profile of mean radial electric 
field Er(r) at t=25 (blue) before saturation of 
linear mode and t=62 (red) redafter the 
saturation. (b) Radial profile of Er(r) and and 
R/LT. at quasi-steady state.   
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It is found that the turbulent transport reveals more rich process than that previously 
considered in the sense that these qualitatively different diffusive and non-diffusive processes 
with different spatio-temporal scales coexist and incorporate with each other.  

2-2  Radially extended global mode due to instantaneous phase alignment  

Figure 3 illustrates the radial heat flux 
distribution in poloidal cross section 

( ),rQ r θ  at nearly a bottom (a) and a peak 
(b) of the heat flux as seen in Fig.1 (a). In 
the peak which corresponds to the time that 
the global burst takes place as described in 
the process (3), the radially extended 
ballooning-type structure with long radial 
correlation length c  which reaches to 

~ 80c iρ can be seen. It is also noted that the 
structure shows nearly up-down symmetry. 

 As partly discussed in introduction, the structure of the potential φ  of the toroidal drift 
mode, e.g. ITG mode, in a global system is determined from the first order ballooning theory 
[7,8] which takes into account the effect of plasma profile variation as follows,    

( ) 1 2
0 0 0ˆ ˆ~ 2 sin ~ 1r d Er k s k sθ θγ θ ω ω θ∆ ∂ + , ( ) 1  

0 ~θ ( ) 1 3
0 ˆ2r d E k sθω ω γ± ∂ + ,           ( ) 2  

where r∆  is the radial mode width which is used to evaluate the radial correlation length c

and 0θ∆  is the shift and/or titling of the mode in poloidal direction from the mid-plain 
(Bloch angle) in radian unit which is used to measure the breaking of up-down symmetry. 

E rk E Bθω =  is the Doppler shift frequency of the radial mean electric field. The linear 
growth rate is given by 0 0~ cosγ γ θ , where 0γ  is taht evaluated from the zeroth-order 
ballooning theory. These are due to the effect of the radial variation of the plasma profile 
which reduces the growth rate from 0γ  since the Bloch angle is shifted from the mid-plain 
where the free energy of instability becomes maximum. In the absence of rE  shear, i.e. 

0r Eω∂ = , Eqs. (1) and (2) yields to ~r∆ ( )1/2 1/2
0ˆi TL sρ θ ~ 0ˆi sρ θ  and 1 3

0 ˆ~ i TL sθ ρ . Then, 
1 32 2ˆ~ i Tr L sρ∆  is obtained. This is slightly different from the simple scaling ( )1/2ˆ~ i Tr L sρ∆ , 

so that the contribution from the macro-scale becomes smaller. Here, we simply used the 
latter scaling where the radial mode width is the geometrical mean between iρ  and TL . Note 
that the radially extended global mode is quickly disintegrated after the saturation due to the 
self-generated zonal flows, so that whether or not the turbulence with long radial correlation 
length c  survives is an open question.       

  In the absence of mean rE , the Bloch angle is estimated as 0 ~ 6θ π  in the present 
parameter while the ITG turbulence in Fig.2 (b) shows a quasi-coherent structure with nearly 
up-down symmetry, indicating that 0 ~ 0θ . From Eq. (2), this result is found to ascribe to the 
cancellation between r dω∂  and r Eω∂ , so that ( )r d Eω ω∂ + ~ 0 . Namely, it is noted that 

0r dω∂ <  for temperature profile given in Fig.1 while 0r Eω∂ >  for the mean radial electric 
field induced by the temperature profile as seen in Fig.2. Once the symmetry is recovered as 

0 ~ 0θ , the radial correlation length c  becomes larger since r∆ →∞  as 0 0θ → as  
expected from Eq.(1), and then the grow rate is enhanced to 0 0 0~ cos ~γ γ θ γ . It is found that 

Fig.3. Radial heat flux Qr(r,θ) at bottom (a) 
and peak (b) as in Fig.1 (a) (note: different 
simulation but using same parameter) 
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once the phases of potential eddies at different radii are aligned spontaneously, the global 
mode φ  and thereby rQ  with long radial correlation length c  from meso-scale to macro-
scale can grow. Such structures are disintegrated and damped by self-generated zonal flows 
while the process is repeated intermittently as seen in Fig.1. 

2-3  Formation of E× B  shear layer and the evolution  

Zonal flows produced by the radially 
extended global mode discussed in 2-2 
become the origin of rE  shear layer 
and associated pressure corrugation as 
observed Fig.1(c) and Fig.2, which is 
referred to as E B× staircase. Figure 4 (a) 
shows the radially extended global mode 
with nearly up-down symmetry ( 0 ~ 0θ ) 
due to the mechanism discussed in 2-2. 
Note that Fig.2 is calculated from global 
gyro-kinetic fδ simulation. Figure 4 (b) 
and (c) represent the corresponding 
radial profile of heat flux rQ  and radial 
electric field rE  due to induced zonal 
flow, respectively. It is found that rE  
reveals even structure for the center of 
the mode, so that it causes a distortion  

with even structure for the global mode as schematically illustrated in Fig.5 (a). It can be seen 
that the phase alignment of disintegrated eddied as shown in Fig.5 (b) and (c) leads to the re-
formation of global mode, which again produces zonal flow and then rE . If rE  driven by 
zonal flow is in-phase with that already existed rE  distribution, it can be sustained for the 
successive events, i.e. the formation and distraction of the global mode. On the other hand, the 
small miss-match of the phase for the successive events, which is likely due to the spreading 
of the global mode, causes the dynamics for the rE  shear layer coupled with pressure 
corrugation induced by the heat flux as Fig.4 (b), i.e. E B× staircase. This process causes a 
long time scale breathing in transport and plays a role in sweeping out corrugations appeared 
on the self-organized stiff profile as seen in Fig.1. 

 

3. Spatio-temporal characteristics of turbulence transport    

  Here, to obtain a unified view of transport, we study the spatio-temporal characteristics 
statistically. We study the PDF for the eddy size of heat flux S , i.e. ( )P S , in Fig.6. A power 
law relation 1P S −∝  is observed up to 2~ 100 iS ρ  while it damps quickly. However, in case 
(b), a hump appears at S = 400− 21000 iρ , which reflects the global modes. The histogram of ±  
heat flux contained in the area S , i.e. ( )Q S± , and ( )netQ S ≡ [ ( ) ( )] dQ S Q S S+ −′ ′ ′+∫ ( 0 S S′≤ ≤ ) 
which represents the contribution of each eddy to the net heat flux are shown in Fig.7. In 
contract to case (a), the wide range of eddy size derives the heat flux in case (b). Interestingly, 

( )Q S±  cancel up to 2~ 600 iS ρ , so that the net heat flux is sustained by macro-size eddies with  

Fig.4. (a) Toroidal mode 
(note : stretched in y-
direction) and distribution 
of (a) induced heat flux 
Q(r) and (c) radial electric 
field Er(r)  

Fig.5. Schematic picture 
for (a) the distortion of 
toroidal mode by the 
symmetric zonal flow, (b) 
the disintegration and (c) 
spontaneous phase 
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2 2600 1000i iSρ ρ≤ ≤ . This suggests that the busty events results from global mode which causes 

long range correlation in space.  

We also study the radial dependence of Hurst exponent H and found that it increases 
from center region (~0.56) toward bulk (~0.75) and edge (~0.9). The long range correlation in 
time is related to that in space due to the repetitive formation of global modes in the bulk and 
to the appearance of low frequency mode in outside region.  

 

4. Summary 

We have presented an overall picture of flux-driven ITG turbulent transport which reveals 
resilience and stiffness in profile and self-similarity in relaxation coupled with SOC type 
intermittent bursts. The transport is found to be regulated partly by (1) the neo-classical 
diffusive process and dominantly the following non-diffusive processes, (2) radially localized 
fast time scale avalanche, (3) radially extended global burst, (4) slow time scale avalanche 
with E B× stair-case. Among them, the process (3) is the key, which results from 
instantaneous formation of radially extended global ballooning type structure ranging from 
meso-scale to even macro-scale. The repetitive occurrence of such global structure provides a 
strong constraint on the profile causing resilience and stiffness. The E B×  staircase 
originates from zonal flows produced by such global structure while it dynamically evolves 
causing long time scale breathing in transport (process (4)). Quasi-steady baseline of transport 
is due to eddies from micro-scale to meso-scale (process (2)), which follow a power law 
scaling, while the busty part to global eddies (process (3)) which release large amount of free 
energy as a non-power law (irregular) tail component. The spatio-temporal linkage of such 
different non-diffusive processes leads to a new turbulent state dominated by long range 
correlation in time and space.  

 
 

Fig.6. The PDF for eddy size S of Qr, i.e. 
P(S), for bottom (a) and peak (b) 
corresponding to Fig.2. Eddies which 
provides positive and negative heat flux are 
treated differently.      

Fig.7. The histogram of Q+(S) and Q-(S) 
contained in the area S of the heat flux eddy for 
the case of bottom (a) and peak (b) 
corresponding to Fig.3. Qnet (S), integrated 
value of Q+(S)+Q-(S) over (0,S), is also plotted 
(black line).  
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