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Abstract. We present a possible mechanism for the generation of strong E × B

flow shear relevant to internal transport barrier formation in tokamak plasmas. From

gyrokinetic calculations, we show that strong E × B flow shear can be generated by

finite orbit width (FOW) effects associated with a non-uniform heat source and is

sufficient to lead to transport barrier formation in the core region with a moderate

power level. Two FOW effects inducing neoclassical polarization are shown to be

responsible for this: 1) the radial drift of particle orbit center due to the variation of

the heat source within orbit width and 2) the non-uniformly evolved orbit width by

the non-uniform heating.
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1. Introduction

Transport barrier formation is an important subject in magnetic fusion research [1, 2].

Since this phenomenon leads to a global confinement improvement, it has been an

intense research field in magnetically confined plasmas. Experiments indicate that it is

relevant to strong radial electric field (Er) generation [3]. The contemporary paradigm

of transport barrier formation is based on turbulence decorrelation and stabilization by

the subsequent strong E × B flow shear [3, 4].

To understand the physics of transport barrier formation, gyrokinetic (GK)

approach has been used [5, 6]. The GK formulation [7, 8] has been a mature

theoretical framework which can describe nonlinear dynamics of magnetized plasmas

in the presence of self-consistent micro-scale electromagnetic fluctuations. The full-

f GK simulation codes [9, 10, 11, 12, 13] with heat sources/sinks and self-consistently

evolving plasma kinetic profiles have been developed intensively. However, in spite of the

remarkable advancement in the GK simulations over the past decades, the unequivocal

demonstration of the transport barrier formation with the generation of strong E × B

flow shear is yet to be achieved.

The formation of an internal transport barrier (ITB) which refers to an improved

confinement regime in the core region was initially associated with the formation of

a reversed safety factor (q) profile [14, 15, 16]. However, there have been ample

experimental observations that ITBs can form in the weak or positive q-profile shear

when sufficiently strong power is applied to the plasma [17, 18]. This fact suggests

that the q-profile shape might not be a sufficient condition for the ITB formation,

requiring a physical origin likely related to the applied power itself. There has been no

reliable physical explanation on this phenomenon, and it remains as one of long-standing

problems in magnetic fusion research.

Reference [19] has shown that an additional vorticity source can be generated from

a heat source through the finite Larmor radius (FLR) effects. Parra and Barnes [20]

have provided a physical picture showing how finite orbit width affects radial electric

field formation. A qualitative study in Ref. [20] has shown that a charge imbalance

can be induced by the change of orbit widths due to energy injection, leading to a

subsequent generation of a radial electric field. In this work, we study the finite orbit

width (FOW) effect coupled with a heat source by analytically solving GK equation.

From GK calculations, we show that a non-uniform heat source in tokamaks can induce

substantial neoclassical polarization via the FOW effects. This, in turn, significantly

enhances the undamped Er [21] and its shear. The estimated value of the Er shear due

to a heat source with a moderate power level is shown to be significant enough to initiate

an ITB formation. To support this finding, we present physics pictures which elucidate

the origin of the E×B flow shear generation by the heat source. A rigorous calculation

and the physics picture indicate that the Er generation in Ref. [20] due to the change

of orbit widths accounts only half of the total field by a heat source. The other half

is shown to come from particle drifts caused by the variation of the heat source within
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orbit width.

The remainder of this paper is organized as follows. In Sec. 2, we obtain the

analytic solution of GK equation and calculate the electrostatic potential generated

by the kinetic effect from a heat source. In Sec. 3, we investigate the FOW effect as

the main physical origin of the potential or E × B flow shear generation and provide

physics pictures elucidating the mechanisms of the FOW effect. The E × B flow shear

predicted from the result in Sec. 2 is proportional to the applied heating power. Section

4 is devoted to the validation of the result in Sec. 2 and discussions on why the core

confinement improvement does not gradually occur with increasing power but shows a

threshold behavior. In Sec. 4.1, we present a simulation result using the XGC1 code

[22] and compare it with the analytic result. In Sec. 4.2, we deal with the existence of

threshold power for the ITB formation based on a heuristic model and estimate it in a

typical L-mode condition. We conclude the paper in Sec. 5 with a brief summary of the

main results and discussions on several future works.

2. Analytic calculation

In order to analytically show that an external heat source can generate E × B flow

shear by FOW effects, we consider the following collisionless GK equation:
(

∂

∂t
+ L

)

f1 = −ef0

Ti0
L (J0φ) +QE +Qext, (1)

where f1 = f1(Rg, w, µ, t) is the perturbed part of the ion gyrocenter distribution f =

f0+f1, L = L‖+vD ·∇ with L‖ = v‖b·∇ and vD =
v2
‖

Ω
b × (b · ∇b) +

µB

mΩ
b ×∇ lnB, J0

is the gyroaveraging operator, φ is potential, QE = −vE ·∇f1 with vE =
c

B
b ×∇ (J0φ),

and Qext represents an external heat source. Here, Rg is the gyrocenter position vector,

w = mv2/2, µ = mv2
⊥/2B, |v‖| =

√

2(w − µB)/m, b = B/B, Ω = eB/mc, and f0 is

Maxwellian with density n0 and ion temperature Ti0. Taking the axisymmetric part of

Eq. (1) and using vD · ∇F̂ = iv‖ · ∇ΘF̂ , we have
(

∂

∂t
+ L‖

)

(

eiΘf̂1

)

= −L‖

(

ef0

Ti0
eiΘJ0〈φ〉

)

+ eiΘQ̂, (2)

where F̂ denotes the axisymmetric part of a physical quantity F , φ̂ = 〈φ〉 is assumed

with 〈F 〉 a flux-surface average of F , Q̂ = Q̂E + Q̂ext, and

Θ = krΛ with Λ =
Iv‖
ψ′Ω

(3)

measures the radial orbit width normalized by the radial wavelength [23]. In Eq. (3),

kr is the radial wavenumber, I = RBT with R the major radius and BT the toroidal

magnetic field, and ψ′ = ∂ψ/∂r with ψ the poloidal flux function. One can solve Eq. (2)

perturbatively considering only slowly varying long-time evolution so that L‖ is a leading

order operator [21, 23]. The result is given by

f̂1 =
ef0

Ti0

(

e−iΘeiΘJ0 〈φ〉 − J0 〈φ〉
)

+ e−iΘeiΘŴ , (4)
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where F =
∮

Fv−1
‖ dl/

∮

v−1
‖ dl with dl the line element along the field line. In Eq. (4),

Ŵ = f̂1 (t = 0) +
∫ t
0 (Q̂E + Q̂ext)dt

′, and the term f̂1 (t = 0) representing an initial

condition and the nonlinear term involving Q̂E play a role of the source in the generation

of residual flows which are undamped by linear collisionless processes [21, 23]. In this

study, we show that the external heating can provide another source for the residual

flow. An advantage of this source is that it is controllable in experiments with heating

conditions such as heating profile and power, in contrast to other sources.

For simplicity, we consider only the heat source contribution to Ŵ in calculating

the potential 〈φ〉 from Eq. (4). The effect of nonlinear convection will be discussed in

Sec. 4.2. We use Qext = J0ϑext with ϑext an external source representing creation and

annihilation of particles in particle phase space by heating [19]. As a model for ϑext, we

use the following form [10],

ϑext =
Gsrc (r)

τsrc
(fM2 − fM1) , (5)

where fMj is Maxwellian with density nc and temperature Tcj (j = 1 or 2). Here, τsrc,

nc, and Tcj are some constants. The input heating power is given by Pin =
∫

3

2
SHdr,

where SH(r) =
Gsrc

τsrc
nc (Tc2 − Tc1) denotes a heat source profile. Then, from Eqs. (4)

and (5), the flux-surface average of the perturbed gyrocenter density is given by

〈n1〉 = −en0ξneo

Ti0

〈φ〉 −
(

ξneo + 1
2
ξcl
)

Ti0

∫ t

0
SHdt

′, (6)

where ξneo = n−1
0

〈

∫

d3vf0

(

Θ2 − Θ
2
)〉

, ξcl = 〈k2
rρ

2
i 〉 with ρi = Ω−1

√

Ti0/m, and we

have assumed
(

Θ − Θ
)2 � 1. Using the quasi-neutrality [8], 〈n1〉 +

〈

ncl
pol

〉

= 0 with
〈

ncl
pol

〉

= −(ξcl/Ti0) (en0 〈φ〉 + ∆pi/2), and Eq. (6), we obtain

en0D
Ti0

〈φ〉 = − D
Ti0

∫ t

0
SHdt

′, (7)

where D = ξcl + ξneo, pi0 = n0Ti0, and ∆pi =
∫ t
0 SHdt

′.

Equation (7) is the main result of this work. It implies that a heat source can

be a strong driver of the residual flow. For large aspect ratio circular geometry, the

expression for D is well-known as D = 〈k2
⊥ρ

2
i 〉
(

1 + 1.6q2ε−1/2
)

[21], where q = εB/BP

with BP the poloidal field and ε = r/R0 with R0 the major radius on the magnetic axis.

When we include the initial term, its contribution to the right hand side of Eq. (7) is

given by (en0ξcl/Ti0) 〈φ (t = 0)〉. The electrostatic potential by the initial term and the

heat source is then given by 〈φ〉 = (ξcl/D) 〈φ (t = 0)〉 and 〈φ〉 = −(1/en0)
∫ t
0 SHdt

′,

respectively. Considering ξcl/D =
(

1 + 1.6q2ε−1/2
)−1 ∼ 0.1 for typical tokamak

parameters and assuming (1/en0)
∫ t
0 SHdt

′ ∼ |〈φ (t = 0)〉|, the undamped residual flow

can be significantly enhanced by an external heat source compared to the case only with

the initial term.
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3. Physical origin of E × B flow shear generation

In Eqs. (6) and (7), terms with ξcl and ξneo represent classical and neoclassical

contributions, respectively. The classical term associated with the heat source results

from the FLR effects [19]. The neoclassical term, which is the main focus in this paper,

is attributed to the FOW effects in toroidal geometry. To elucidate its physical origin,

we consider a trapped or passing particle moving along a bounce- or transit- orbit with

r = rc + δr as shown in Fig. 1(a) or (b), where rc and δr represent orbit center and

width, respectively. We define rc by ψ(rc, t) = {ψ} and δr is approximately given by

δr = Λ − Λ (8)

from ψ′δr ' ψ−{ψ} = Iv‖/Ω− Iv‖/Ω when dpζ/dt = 0, where pζ = mIv‖/B− eψ/c is

the canonical angular momentum, {·} denotes orbit-average along the particle trajectory,

and we have used {Iv‖/Ω} = Iv‖/Ω. We note that {F} = eikrδrF with (·) performed

on r = rc flux surface and kr = 0 except for F = 〈φ〉 or SH . Using Eq. (8), we have

Θ − Θ = krδr and ξneo = n−1
0

〈

∫

d3vf0k
2
rδr

2
〉

, which contain the FOW effects. Now,

we assume that an external force Fext provides energy input sh to the particle with a

radially decreasing profile nearby r = rc. From sh = v · Fext, one may represent it as

Fext =
v

v2
sh(r). (9)

The model force in Eq. (9) is isotropic and the net force exerted on a fluid element by

it is zero when the given distribution is isotropic. Even in this case, however, particle

flow can arise by kinetic effects if sh is radially non-uniform. The gyroaverage of the

perpendicular component of Fext affecting particle gyromotion leaves a net force in

poloidal direction giving rise to a drift when ∂sh/∂r 6= 0 [19]. In this work, we consider

the parallel component of Fext affecting the particle guiding-center motion. One can

expand it near r = rc as Fext‖ ' Fext‖,c + δFext‖, where

Fext‖,c =
v‖
v2
sh(rc) and δFext‖ =

v‖
v2
δr

∂sh

∂r

∣

∣

∣

∣

∣

r=rc

. (10)

First, we evaluate the change in δr by Fext‖. We assume that Fext‖ is much

weaker than the mirror force Fm = −µb · ∇B and the deformation of an orbit by Fext‖

during δt is small, where δt is the bounce- or transit-time when Fext‖ = 0. Consider

a particle starting from outer midplane at time t0 = 0. It passes through there at

successive times t = t1, t2, · · · and so on. We define the jth orbit as a particle

trajectory for tj ≤ t ≤ tj+1 and the orbit-average for it as {F}j = δt−1
j

∫ tj+1

tj Fdt with

δtj = tj+1−tj ' δt, where the integral is performed along the particle trajectory. We also

define a slowly varying smooth function {F}(t) as one satisfying {F}(tj +δtj/2) = {F}j

for all j and use it as an orbit-average of F . Now, Fext‖ provides an effective torque

Teff = IFext‖/B. Then, from dpζ/dt = Teff , δr has an additional term, −(c/eψ′)A(t),

where A(t) =
∫ t
0 Teffdt

′ − {∫ t
0 Teffdt

′}. Note that A(t) is zero at t = t1, t2, · · · from
∫ tj
0 Fdt′ = {∫ tj

0 Fdt′} and does not retain the effect of Fext‖ during particle excursions

in the previous orbits. When Fext‖ is much weaker than Fm, one can neglect this extra
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term and use δr in Eq. (8). To evaluate the long-time evolution of δr, we assume that

the increment of δr for t = ∆t � δt is still small and ∆ (δr) /δr ' ∆w‖/2w‖ � 1, where

∆ represents the increment after the external source is applied and w‖ = mv2
‖/2. Under

this assumption, ∆ (δr) can be estimated as

∆ (δr) =
δr

mv2

∫ t

0
sh,cdt

′, (11)

where sh,c = sh (rc) and we have used

∆w‖ '
∫ t

0

v2
‖

v2
sh,cdt

′ ' w‖

w

∫ t

0
sh,cdt

′. (12)

Equation (11) describes the increase of orbit width or shift for a trapped or a passing

particle by Fext‖,c. On the other hand, δFext‖ induces a change in rc and therefore particle

drift. To show this, we first consider a trapped particle. In this case, δFext‖ in Eq. (10)

acts on the particle in the opposite (same) direction to the bounce motion when r > rc

(r < rc) as shown in Fig. 1(a). When the particle moves toward upper (lower) point

in r > rc (r < rc) region, it bounces earlier (later) at radially outer position due to

the decelerating (accelerating) parallel force compared to the case of δFext‖ = 0 (i.e.,

uniform sh). As a result, both upper and lower bounce points move outward in radial

direction, giving rise to outward polarization. We calculate the drift velocity of bounce

center by using a bounce orbit-average of Teff ,

{Teff} =
I

v2

v‖δr

B

∂sh

∂r
, (13)

where we have used v‖/B = 0 for the trapped particle. Then, we have

d{ψ}
dt

=
∂ψ

∂rc

drc

dt
+
∂ψ

∂t
= −c

e
{Teff}, (14)

where we have used d{pζ}/dt ' {dpζ/dt} = {Teff} and {ψ} = ψ (rc, t) with rc = rc (t)

denoting the moving bounce center. From Eqs. (13) and (14), we obtain

drc

dt
= ud + us with ud = − δr2

mv2

∂sh

∂r
, (15)

where ud is the bounce center drift velocity driven by the FOW effect from an external

heat source and us = −(1/ψ′)∂ψ(rc, t)/∂t = −(c/ψ′)RET represents the Ware pinch

[24] with ET the toroidal electric field.

Similarly, one can calculate the outward drift velocity of a passing particle due to

δFext‖ as shown in Fig. 1(b). The transit orbit-average of Teff gives

d

dt

(

mI
v‖
B

− e

c
{ψ}

)

=
I

v2

v‖
B
sh,c +

I

v2

v‖δr

B

∂sh

∂r
. (16)

Since δFext‖(∝ δr) oscillates during a particle circulation, ∆w‖ by it is negligible. Using

∆(mIv‖/B) ' (∆w‖/2w‖)mIv‖/B, the net change in toroidal angular momentum

by δFext‖ during ∆t is also negligible. Then, the toroidal angular momentum of

passing particle changes mainly by Fext‖,c and ET , i.e.,
d

dt

(

mI
v‖
B

)

' I

v2

v‖
B
sh,c + eRET .
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Employing this approximation and Eq. (16), the radial drift velocity of the passing

particle is given by ud in Eq. (15).

The time evolution of gyrocenter density increment induced by this drift is given

by

∂〈∆n〉
∂t

= −〈∇ · Γd〉 = − ξneo

2Ti0
SH , (17)

where Γd =
∫

d3vf0udr̂ and we have used sh = (3/2n0)SH and
〈

∫

d3vf0k
2
rδr

2/mv2
〉

=

ξneon0/3Ti0. Equation (17) implies that the drifts of trapped and passing particles

induced by δFext‖ are responsible for the half of the neoclassical polarization induced by

a heat source in Eq. (6) or (7).

To find the origin of the remaining half in Eq. (7), we consider ions moving nearby

a reference position r = rp as shown in Fig. 2, which determine the ion density at r = rp.

Polarization can be induced if δr of the ions changes non-uniformly. As SH changes from

uniform to non-uniform one with ∂SH/∂r < 0 near r = rp, the orbit width (shift) of the

trapped (passing) particles coming from r < rp or r > rp region increases or decreases,

leading to the net outward shift of ions from r = rp. The polarization at r = rp by the

change in δr, ∆ (δr), can be estimated as

∆P = e
∫

d3vf0∆(δr)r̂. (18)

Substituting Eq. (11) into (18) and using sh(rc) ' (3/2n0) [SH (rp) − δr (∂SH/∂r)], we

obtain the time evolution of 〈∆n〉 by the change in δr as

∂ 〈∆n〉
∂t

= −1

e

〈

∇ · ∂∆P

∂t

〉

= − ξneo

2Ti0
SH . (19)

Therefore, we identify that the other half of the neoclassical contribution from a heat

source in Eq. (7) comes from the polarization by the non-uniformly evolved δr.

4. Simulation result and discussions

4.1. Comparison between simulation and analytic results

From Eq. (7), the increment in radial electric field by the non-uniform heat source is

given by

∆EH
r =

1

en0

∫ t

0

∂SH

∂r
dt′ (20)

in the collisionless case. The subsequent E×B shearing rate, ωH
E =

∣

∣

∣(c/B0)∂∆E
H
r /∂r

∣

∣

∣,

is then proportional to the heating power per particle in the heated region and the

profile curvature of heat source. To validate the result in Eq. (20), we perform a GK

simulation using the XGC1 code [22] without turbulence and collisions. It is carried

out for ∆t = 0.49 ms in a circular geometry with minor radius a = 0.6 m, R0 = 1.7 m,

and B0 = 1.9 T. The heat source has a Gaussian-like profile peaked at r = 0.55a. We

use Pin = 6.9 MW and monotonic profiles for n0 and Ti0 with n0 = 3.9 × 1019m−3 and
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Ti0 = 885 eV at r = 0.5a. Figure 3 shows the simulation (blue) and analytic (orange)

results of the E × B shearing rate ωH
E . In the simulation, since we use 4 stacked

trapezoids to meet the radial heating profile requirement of XGC1, sudden changes of

derivative of SH exist and give rise to the wiggles of ωH
E in Fig. 3. In the analytic

calculation, we employ a more smooth profile fitted with a Gaussian from SH of the

simulation. Considering the difference in SH between the two calculations, the overall

trend of the simulation result shows good agreement with the analytic one.

4.2. Estimation of threshold power for ITB formation

Many tokamak experiments indicate that the threshold power exists for ITB formation

[1, 25, 26, 27]. A notable feature here is that the input power per particle is an important

parameter for the ITB formation [26], which is consistent with the result in Eq. (20). In

Sec. 4.2, we make a heuristic analysis on the existence of power threshold to overcome

the L-mode confinement scaling. In our analysis, the increase of power is always likely

to entail the confinement improvement due to the generation of stronger ωH
E . This looks

to be contradictory to the L-mode scaling where core confinement degrades as heating

power increases [28]. To resolve this issue, we first note that the actual SH should

be replaced with Seff
H = SH − Sturb, where Sturb represents a heat loss by turbulent

convection. The point is that turbulence also increases as heating power does. We note

that Sturb originates from the nonlinear E × B convection term QE in Eq. (1). To

show the existence of power threshold, Sturb should be represented as a function of the

heat source and the radial electric field involving nonlinear dynamics. In this work, we

employ the transport model Sturb = SL/(1 + ω2
E/γ

2
lin) given by Hinton [29], where ωE

represents the net E × B shearing rate, γlin is the linear growth rate of an instability,

and SL = −n0χL∇2
⊥Ti with χL the turbulent thermal diffusivity when ωE = 0. We

consider a situation where the temperature gradient reaches the critical one giving rise

to an instability with a low power at t = 0. We assume that Sturb = SH with ωE = 0 or

SL = SH at t = 0. Now we begin to increase the power in the L-mode condition. Under

the assumption that SL is proportional to the heating power, SL = SH still holds. Using

Sturb = SH/(1 + ω2
E/γ

2
lin), we develop a heuristic model for ωE evolution.

When ion-ion collision is retained, one can set up an evolution equation for ωH
E as

∂ωH
E /∂t = αH − (ωH

E −ωE0)/τc in the absence of turbulence, where αH denotes a source

for the E×B flow shear by the heat source effect, τc is an effective collision time, and ωE0

represents mean flow shearing rate [30]. From the time derivative of Eq. (20), the source

αH is given by αH = (c/en0B0) |∂2SH/∂r
2|. In the presence of turbulence with SL = SH ,

the time evolution of ωE can be described by ∂ωE/∂t = αeff
H − (ωE − ωE0)/τc + ΓNL or

∂ωE

∂t
= − ωE

τc (ω2
E + γ2

lin)

(

ω2
E − ωH

EcωE + γ2
lin

)

+
ωE0

τc
+ ΓNL, (21)

where αeff
H = (c/en0B0)

∣

∣

∣∂2Seff
H /∂r2

∣

∣

∣ denotes effective αH reduced by turbulent heat

loss, ΓNL represents a source by nonlinear interactions, and ωH
Ec = τcαH is the

saturated value of ωH
E when only collisions are retained. In Eq. (21), we have used
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Seff
H = SH − Sturb = SH [1 − (1 + ω2

E/γ
2
lin)

−1] and αeff
H ' [1 − (1 + ω2

E/γ
2
lin)

−1]αH . For

the sake of simplicity, we first neglect the last two terms of the right hand side in Eq. (21).

In order to have non-zero ωE at a steady state, ωH
Ec ≥ 2γlin should be met. This leads to

ωE ≥ γlin, which corresponds to the turbulence quenching condition [31, 32]. Figure 4

shows y = (τc/γlin) ∂ωE/∂t as a function of x = ωE/γlin given from Eq. (21). In Fig. 4,

the dashed line represents the case η ≡ (ωE0 + τcΓNL)/γlin = 0 with ωH
Ec = 2γlin. The

inclusion of finite ωE0 and ΓNL can induce a bifurcation-like increase in ωE satisfying

the steady state condition ∂ωE/∂t = 0 at ωH
Ec

>∼ 2γlin. For example, the solid lines in

Fig. 4 show the behavior of y as z = ωH
Ec/γlin increases from 0 to 1.7 when η = 0.18.

In this case, ωE satisfying y = 0 remains a low level (ωE/γlin ' 0.2 − 0.3) until ωH
Ec or

the power reaches a threshold value (ωH
Ec ' 1.65γlin), then makes a transition to a high

value (ωE ' γlin), exhibiting a feature of bifurcation.

As a next step, we estimate the necessary power for the ITB formation. Based

on the heuristic model described by Eq. (21), the transition condition can be written

as ωH
Ec ≥ cTγlin, where cT is a constant

(

<∼ 2
)

depending on η. Since ωH
Ec ∝ τc,

the effective collision time τc is an important parameter in determining the threshold

power for the ITB transition. Using τc = 1.5ετii [33] with τii the ion-ion collision

time, we evaluate ωH
Ec = τcαH in the Cyclone case [34, 35]. For L-mode profiles,

we use n0 = n0c exp
[

−∆r

Ln
tanh

(

r−0.5a
∆r

)]

, Ti0 = Ti0c exp
[

− ∆r

LTi

tanh
(

r−0.5a
∆r

)

]

, and

q = 0.854+2.184(r/a)2 with n0c = 2×1019 m−3, T0c = 2 keV, ∆r/a = 0.3, R0/Ln = 2.22,

R0/LTi
= 6.92, a = 0.48 m, R0 = 1.3 m, and B0 = 1.9 T as in Ref. [35]. These give

ρ∗ = ρi/a = 0.007, ε = 0.18, q = 1.4, and d(lnTi0)/d(lnn0) = Ln/LTi
= 3.1 at

r = 0.5a. Under the Cyclone base conditions, the orbit width of trapped particles and

the effective collision time (τc) are given by δr ∼ qε−1/2ρi = 0.023a and τc = 1.9 ms at

r = 0.5a, respectively. To examine the applicability of our model to actual experiments,

we investigate the E × B flow shear generation by a model off-axis heat source with

a Gaussian profile. Figure 5 shows n0, Ti0, q, and SH used in this exercise. In

experiments, the monotonic increase of q may not be consistent with the off-axis heating.

A quantitative calculation with compatible equilibrium profiles remains as a future work

and we here give a rough estimation of the threshold power for the ITB formation. The

model heat source in Fig. 5 is possibly to be implemented in actual experiments: e.g.,

one can find heating profiles with similar scale lengths for ITB discharges in JT-60U

(see figure 25 in Ref. [27]). For a Gaussian heat source SH = S0e
−(r−r0)

2/2σ2

, ωH
Ec has

local maximum values at r0 and r± = r0 ±
√

3σ. In a reversed-q case, r+ is likely to

be near q-minimum position. We take r+ as an important location and estimate ωH
Ec

there. With r0 = 0.3a and σ = 0.12a, which has been used for SH in Fig. 5, we have

ωH
Ec ≥ 1.26 × 105 s−1 for Pin ≥ 4.7 MW at r = r+. In Fig. 5, ωH

Ec for Pin = 4.7 MW is

presented as a blue line. The linear growth rate for the Cyclone case is γlin = 6.3×104 s−1

[35]. Then, from the transition condition, the heat source alone without regard to the

q-profile can lead to the ITB formation near r+ ' 0.5a by inducing sufficient E × B

flow shear with a moderate power level: in case of a heat source profile with a smaller
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curvature such as central heating, a higher power is necessary for the ITB formation.

5. Concluding remarks

In summary, we have shown from a gyrokinetic calculation that the finite orbit width

effects coupled with a radially non-uniform heat source can induce significant E × B

flow shear. Two effects are shown to be responsible for this: 1) the radial drift due to

the variation of an effective parallel force within orbit width and 2) the non-uniformly

evolved orbit width. Simulation using the XGC1 code validates the heat source effect

on the generation of E × B flow shear. Our finding implies that an appropriate

implementation of the heat source effect in GK simulations may strongly facilitate the

ITB formation. Experimentally, the heat source effect could possibly resolve a long-

standing problem in magnetic fusion research exhibiting ITB formation without regard

to the q-profile when sufficiently strong power is applied.

There are, of course, missing points in our results due to the simplifications of

the source model and turbulence, whose refinements remain as future works. Firstly, a

further study regarding the source term θext in velocity space is necessary and analytic

calculation or numerical simulation with a more realistic source should be performed.

Recently, it has been observed a new type of transport barrier by resonant interactions

between fast ions created by heating and turbulence [36]. This indicates that the detailed

structure of ϑext in velocity space is important and should be determined with turbulence

in a self-consistent manner. A self-consistent GK simulation with a heating module such

as XGC-RF simulation [37], which has been carried out for the study of toroidal flow

generation by RF heating, is under consideration to evaluate the heat source effect in

more realistic condition. Secondly, the simulation in this work is performed without

taking plasma turbulence and the power threshold for the ITB transition is estimated

based on a heuristic model. A rigorous demonstration of the ITB formation at a certain

threshold power by the heat source effect requires flux-driven turbulence simulations

with self-consistently evolving plasma profiles. In fact, this has been a long-standing

problem in magnetic fusion community. A full-f GK simulation with turbulence is also

under consideration for a further exploration of the heat source effect on ITB formation

and confinement scaling.

Finally, we remark that a heat sink can play the same role as the heat source in Er

generation [19]. In this case, the increament of electric field by the FOW effect can be

written as ∆Er = (τc/en0) (∂Ssink/∂r) with a heat sink Ssink. As an example, the heat

sink near the plasma edge region can be given by Ssink = −νsinkn0 (Ti0 − Ti0,edge) [38],

where νsink denotes a loss frequency due to some loss mechanism such as radiation and

Ti0,edge is a temperature at the outer boundary. Considering νsink with a positive radial

gradient in typical L-mode plasmas, a negative Er is expected near the edge. In the

context of the present work, this implies that the FOW effect in the heat sink region

might contribute to the edge transport barrier (ETB) formation. However, since the

collisionality is high near the edge, a full-f GK simulation is necessary to investigate
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whether the FOW effect contributes to the ETB formation.
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FIG. 1. A schematic diagram for δFext‖ in Eq. (10) with ∂sh/∂r < 0 at r = rc and

outward drifts caused by it for (a) trapped and (b) passing particles.
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FIG. 2. A schematic diagram showing polarizations induced by δr change due to a

non-uniform heat source for (a) trapped and (b) passing particles. Particles inside or

outside the r = rp surface (red dashed line) are more or less heated.
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FIG. 3. The generation of E × B shearing rate (ωH
E ) by external heat sources. Blue

and orange lines represent XGC1 simulation and analytic results, respectively.
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FIG. 4. Dependences of y = (τc/γlin) ∂ωE/∂t on x = ωE/γlin for various z = ωH
Ec/γlin.

Solid and dashed lines represent the results with η = 0.18 and 0, respectively, where

η = (ωE0 + τcΓNL)/γlin with mean flow shearing rate ωE0 and nonlinear source ΓNL.

For the dashed line, z = 2 has been used. In the solid lines, a bifurcation feature, i.e.,

a sudden increase of ωE satisfying the steady state condition (y = 0) at a critical value

of z (' 1.65), appears as z or the heating power increases.
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FIG. 5. Profiles of equilibrium ion temperature Ti0 (keV), density n0 (1019 m−3), safety

factor q, and off-axis heat source (SH/S0) used in the estimation of threshold power for

ITB formation. The blue line represents the E × B shearing rate ωH
Ec (105 s−1) for an

input power Pin = 4.7 MW.
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