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J Żf

)
= 0

〈
∂f

∂t

〉

gf

+

〈
1

J
∂

∂Z
·
(
J Żf
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J Żf

)〉

gf

= 0



H'##*)2(".(%'#$)-5*/(#"7$/+(-%(9:;<(

!  92)"3-%$45(+"/8$)(-%((R,',Z,v//) 
!  l&E(")(V&E(")7$)(B<?S<(.")(l<(*78$54"%(-%((R,',Z,v//)(
! ,*)*//$/-X$7(-%((R,Z,µ)(m(A"'%7*)2(7*&*(5"##'%`(-%((R,Z)(

!  C#,/-5-&(&)$*&#$%&(".(+4_(,*)*//$/(*78$54"%('+-%1(h%7(")7$)(*77-48$(
+$#-0-#,/-5-&(G'%1$0\'^*(#$&E"7(MnE"%1I]?NRcU(

!  ?"//-+-"%(",$)*&")(-%((v//,µ)(
!  V&E(")7$)(5$%&$)$7(S<(.")(h<(*78$54"%07-_'+-"%(-%((v//,µ)(
! ,*)*//$/-X$7(-%((R,Z)(m(7*&*(&)*%+,"+$((R,Z,µ) "((R,Z)(

!  S-$/7(+"/8$)(-%(((,),!) "
!  S"')-$)(#"7$($K,*%+-"%(-%(!"
!  h<(S=!(+"/8$)(-%((( ,) )((

(J-&E([$/70*/-1%$7([/&$)(M]"//-$&I]?NTPU(
! ,*)*//$/-X$7(-%((!, µ)(m((

(7*&*(&)*%+,"+$((R,Z,µ) "((!, µ) 

9 

Z 

R 

#"

$"

% 

&"

a 

R0 



H&)"%1(+5*/-%1(".(9:;<("%(#'/405")$(,/*o")#+!

MC7"#')*I(]"//-$&I(*55$,&$7(.")(H?pTT(5"%.$)$%5$U(
6kRPPISkTIHGTVPPPI69qNm(NR,N',NZ,Nv//,Nµ)=(240,64,240,128,32)( 
>/4KeQPPIZ>cPPPm(NR,N',NZ,Nv//,Nµ)=(240,64,240,100,32)( 

 

!  !'/40/*2$)(E2A)-7(,*)*//$/-X*4"%(A*+$7("%(+2##$&)2(".(",$)*&")+(
!  H5*/$(A$2"%7(TPl(5")$+(J-&E(3$$,-%1(+'+&*-%$7(,$).")#*%5$(".(rTPs(
!  N")4%1("%(\05"#,'&$)(-+("%1"-%1!

10 
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Comparisons at ~2000 cores  
BX900(4SMP): ~3.55TF(14.8%)!
SR16k(4SMP): ~3.12TF(8.1%) 
FX1(4SMP):     ~2.26TF(11.0%) 
Altix(flatMPI):    ~1.75TF(14.3%) 
T2K(4SMP):     ~1.23TF(6.6%) 
BG/P(flatMPI):  ~0.81TF(11.7%) 
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R0/a=2.8, B0=1.9T, q=0.85+2.18(r/a)2, ne~5#1019m-3, Ti~2keV 
1/%*=100, 150, 225, +*=0.025~0.1  
1/6 wedge torus (n=0,6,12,…) 
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Figure 5. Radial profile of χi/χGB (top, left),R0/LTi (bottom, left), eρsEr/Ti (top,
right) and V‖/vti (bottom, right) for the ρ∗ = 1/100 (blue), ρ∗ = 1/150 (red) and
ρ∗ = 1/225 (green) simulations. All profiles are averaged between t1 = 1300a/cs

and t2 = 5130a/cs. The dashed curves are the Bohm-like scaled diffusivity from the
ρ∗ = 1/100 simulation. The dotted curve is the Bohm-like scaled diffusivity from the
ρ∗ = 1/150 simulation

showing a dependence of the critical gradient on ρ∗. Worse-than-Bohm scaling has

already been observed in experiments. On DIII-D, the ion diffusivity in L-mode plasmas
scale like χi ∝ χB(ρ∗)−0.5±0.3 for two different heating methods, while H-mode plasmas

have a gyro-Bohm scaling χi ∝ χBρ∗ [4]. Several theoretical works have reported

worse-than-Bohm scaling, however the requirements did not correspond to realistic

Tokamak experiments. In Ref. [8], quasi-3D fixed-flux fluid simulations find worse-

than-Bohm scaling for very small plasma size (ρ∗ > 1/100) close to the marginality

point. In Ref. [9], fixed-gradient GYRO simulations find worse-than-Bohm scaling for
strong profile shearing cases. In experiments, such profiles could only exist inside

Internal Transport Barriers. Although it is not explicitly discussed, fixed-gradient

ORB5 and GENE CYCLONE simulations [14] are worse-than-Bohm between ρ∗ = 100

and ρ∗ = 180, Bohm up to ρ∗ ∼= 280 and gyro-Bohm afterwards. By comparison

with GT5D, those results indicate that the transition ρ∗ value to gyro-Bohm scaling

depends on the ion temperature gradient and is smaller when the system is closer to
the marginal stability. Simulations at larger plasma size will be needed to confirm that

point. Nevertheless, GT5D simulations are the first to observe worse-than-Bohm scaling

in experimentally relevant conditions. Note that for very stiff temperature profiles, a

Bohm scaling could be trivially obtained from the Bohm scaling of the power input. A

ρ∗ scan has been performed at fixed power input [37], corresponding to a gyro-Bohm
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Figure 5. Radial profile of χi/χGB (top, left),R0/LTi (bottom, left), eρsEr/Ti (top,
right) and V‖/vti (bottom, right) for the ρ∗ = 1/100 (blue), ρ∗ = 1/150 (red) and
ρ∗ = 1/225 (green) simulations. All profiles are averaged between t1 = 1300a/cs

and t2 = 5130a/cs. The dashed curves are the Bohm-like scaled diffusivity from the
ρ∗ = 1/100 simulation. The dotted curve is the Bohm-like scaled diffusivity from the
ρ∗ = 1/150 simulation

showing a dependence of the critical gradient on ρ∗. Worse-than-Bohm scaling has

already been observed in experiments. On DIII-D, the ion diffusivity in L-mode plasmas
scale like χi ∝ χB(ρ∗)−0.5±0.3 for two different heating methods, while H-mode plasmas

have a gyro-Bohm scaling χi ∝ χBρ∗ [4]. Several theoretical works have reported

worse-than-Bohm scaling, however the requirements did not correspond to realistic

Tokamak experiments. In Ref. [8], quasi-3D fixed-flux fluid simulations find worse-

than-Bohm scaling for very small plasma size (ρ∗ > 1/100) close to the marginality

point. In Ref. [9], fixed-gradient GYRO simulations find worse-than-Bohm scaling for
strong profile shearing cases. In experiments, such profiles could only exist inside

Internal Transport Barriers. Although it is not explicitly discussed, fixed-gradient

ORB5 and GENE CYCLONE simulations [14] are worse-than-Bohm between ρ∗ = 100

and ρ∗ = 180, Bohm up to ρ∗ ∼= 280 and gyro-Bohm afterwards. By comparison

with GT5D, those results indicate that the transition ρ∗ value to gyro-Bohm scaling

depends on the ion temperature gradient and is smaller when the system is closer to
the marginal stability. Simulations at larger plasma size will be needed to confirm that

point. Nevertheless, GT5D simulations are the first to observe worse-than-Bohm scaling

in experimentally relevant conditions. Note that for very stiff temperature profiles, a

Bohm scaling could be trivially obtained from the Bohm scaling of the power input. A

ρ∗ scan has been performed at fixed power input [37], corresponding to a gyro-Bohm
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Figure 5. Radial profile of χi/χGB (top, left),R0/LTi (bottom, left), eρsEr/Ti (top,
right) and V‖/vti (bottom, right) for the ρ∗ = 1/100 (blue), ρ∗ = 1/150 (red) and
ρ∗ = 1/225 (green) simulations. All profiles are averaged between t1 = 1300a/cs

and t2 = 5130a/cs. The dashed curves are the Bohm-like scaled diffusivity from the
ρ∗ = 1/100 simulation. The dotted curve is the Bohm-like scaled diffusivity from the
ρ∗ = 1/150 simulation

showing a dependence of the critical gradient on ρ∗. Worse-than-Bohm scaling has

already been observed in experiments. On DIII-D, the ion diffusivity in L-mode plasmas
scale like χi ∝ χB(ρ∗)−0.5±0.3 for two different heating methods, while H-mode plasmas

have a gyro-Bohm scaling χi ∝ χBρ∗ [4]. Several theoretical works have reported

worse-than-Bohm scaling, however the requirements did not correspond to realistic

Tokamak experiments. In Ref. [8], quasi-3D fixed-flux fluid simulations find worse-

than-Bohm scaling for very small plasma size (ρ∗ > 1/100) close to the marginality

point. In Ref. [9], fixed-gradient GYRO simulations find worse-than-Bohm scaling for
strong profile shearing cases. In experiments, such profiles could only exist inside

Internal Transport Barriers. Although it is not explicitly discussed, fixed-gradient

ORB5 and GENE CYCLONE simulations [14] are worse-than-Bohm between ρ∗ = 100

and ρ∗ = 180, Bohm up to ρ∗ ∼= 280 and gyro-Bohm afterwards. By comparison

with GT5D, those results indicate that the transition ρ∗ value to gyro-Bohm scaling

depends on the ion temperature gradient and is smaller when the system is closer to
the marginal stability. Simulations at larger plasma size will be needed to confirm that

point. Nevertheless, GT5D simulations are the first to observe worse-than-Bohm scaling

in experimentally relevant conditions. Note that for very stiff temperature profiles, a

Bohm scaling could be trivially obtained from the Bohm scaling of the power input. A

ρ∗ scan has been performed at fixed power input [37], corresponding to a gyro-Bohm
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Figure 8. Radial profile of χi/χGB (top, left),R0/LTi (bottom, left), eρsEr/Ti (top,
right) and V‖/vti (bottom, right) for the ρ∗ = 1/100 (blue), ρ∗ = 1/150 (red) and
ρ∗ = 1/225 (green) simulations with adaptive momentum source. All profiles are
averaged between t1 = 1300a/cs and t2 = 5130a/cs. On the figures of χi and Er

graph, the dashed lines are the simulations without the adaptive momentum source.

As an example, those terms are displayed on the left plot of figure 9 for the ρ∗ = 1/150

simulation with and without adaptive source. The FBE describes mostly a balance

between the radial electric field and the temperature profile. In the simulation without

the adaptive source, the parallel velocity profile peaks at the same position than the

electric field while it goes to zero close to the plasma edge. In this region, turning on the
adaptive source does not modify the electric field much. In Eq. (23), the k coefficient is

computed from the simulation results such that the FBE is strictly satisfied. In the right

plot of figure 9, its value is close to the neoclassical estimate [31] for all simulations.

It is then reasonable to assume that simulations with the adaptive source obey a force

balance equation Tfb + nfb + Efb = 0. When ρ∗ is varied, Tfb and nfb are constant and

so should Efb be. In other words, it means that γE should be proportional to ρ∗. The
shearing rates in the positive and flat shear regions are displayed on table 1. Contrary

to the case without the adaptive source, the shearing rates in the positive shear regions

approximatively scale like ρ∗. This demonstrate that the γEa/cs ∝ ρ∗ scaling can be

broken by the momentum profile. This broken scaling is in fact beneficial as can be

seen from the χi/χGB plot of fig. 8. The shear values from table 1 show that in the flat

shear region, the ρ∗ dependance is less obvious between the ρ∗ = 1/150 and ρ∗ = 1/225
simulations: this can be attributed to the small value of γE. Those values also reveal

that the shear is globally smaller in the scan with the adaptive momentum source,

giving a 20% higher heat transport in the source free region. This suggests that for
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ρ∗ = 1/225 (green) simulations with adaptive momentum source. All profiles are
averaged between t1 = 1300a/cs and t2 = 5130a/cs. On the figures of χi and Er

graph, the dashed lines are the simulations without the adaptive momentum source.

As an example, those terms are displayed on the left plot of figure 9 for the ρ∗ = 1/150

simulation with and without adaptive source. The FBE describes mostly a balance

between the radial electric field and the temperature profile. In the simulation without

the adaptive source, the parallel velocity profile peaks at the same position than the

electric field while it goes to zero close to the plasma edge. In this region, turning on the
adaptive source does not modify the electric field much. In Eq. (23), the k coefficient is

computed from the simulation results such that the FBE is strictly satisfied. In the right

plot of figure 9, its value is close to the neoclassical estimate [31] for all simulations.

It is then reasonable to assume that simulations with the adaptive source obey a force

balance equation Tfb + nfb + Efb = 0. When ρ∗ is varied, Tfb and nfb are constant and

so should Efb be. In other words, it means that γE should be proportional to ρ∗. The
shearing rates in the positive and flat shear regions are displayed on table 1. Contrary

to the case without the adaptive source, the shearing rates in the positive shear regions

approximatively scale like ρ∗. This demonstrate that the γEa/cs ∝ ρ∗ scaling can be

broken by the momentum profile. This broken scaling is in fact beneficial as can be

seen from the χi/χGB plot of fig. 8. The shear values from table 1 show that in the flat

shear region, the ρ∗ dependance is less obvious between the ρ∗ = 1/150 and ρ∗ = 1/225
simulations: this can be attributed to the small value of γE. Those values also reveal
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