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Abstract. We present a possible mechanism for the generation of strong EF x B
flow shear relevant to internal transport barrier formation in tokamak plasmas. From
gyrokinetic calculations, we show that strong E x 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 (E,) generation [3]. The contemporary paradigm
of transport barrier formation is based on turbulence decorrelation and stabilization by
the subsequent strong E x 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 x 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 I'TBs can form in the weak or positive g-profile shear
when sufficiently strong power is applied to the plasma [17, 18]. This fact suggests
that the g-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 E, [21] and its shear. The estimated value of the E, shear due
to a heat source with a moderate power level is shown to be significant enough to initiate
an I'TB formation. To support this finding, we present physics pictures which elucidate
the origin of the E x B flow shear generation by the heat source. A rigorous calculation
and the physics picture indicate that the E, 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 x B flow shear generation and provide
physics pictures elucidating the mechanisms of the FOW effect. The E x 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 I'TB 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 x B flow
shear by FOW effects, we consider the following collisionless GK equation:

0
<a+£>h=5ﬁﬁM@+QE+@m (1)

where f1 = fi(Ry, w, i, t) is the perturbed part of the ion gyrocenter distribution f =

v? B
fot+fi, L= £||+VD~V with £|| = U”b-v and vp = %b x (b-Vb) + M—Qb x VinB, Jy
m

. . . . . &
is the gyroaveraging operator, ¢ is potential, Qp = —vg-V f; with vg = Eb x V (Joo),
and )., represents an external heat source. Here, R, is the gyrocenter position vector,

w=mv*/2, p=mvi /2B, |vj| = \/2(w — uB)/m, b=B/B, Q=eB/mc, and f, is
Maxwellian with density ny and ion temperature Tj,. Taking the axisymmetric part of
Eq. (1) and using vp - VF = v - VOF, we have

0 A ) A
(& + Eu) (¢°f) = £ <%6Z®Jo<¢>> +¢9Q, (2)

where F' denotes the axisymmetric part of a physical quantity F, ¢ = (¢) is assumed
with (F) a flux-surface average of F Q= 0Qp + Quu, and
Iy

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

O = kA with A=

k. is the radial wavenumber, I = RBpr with R the major radius and Br the toroidal
magnetic field, and ¢’ = 0v/0r with 1 the poloidal flux function. One can solve Eq. (2)
perturbatively considering only slowly varying long-time evolution so that £ is a leading

order operator [21, 23]. The result is given by
~ e i o T T\ — N
fi = R (O TG ~ o(9)) + e OO, ()
i0
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where F = fFvu_ldl/ fvu_ldl with dl the line element along the field line. In Eq. (4),
W= fi (t=0)+J; (QE + Qm)dt’, and the term f; (t =0) representing an initial
condition and the nonlinear term involving Qg 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 W in calculating
the potential (¢) from Eq. (4). The effect of nonlinear convection will be discussed in
Sec. 4.2. We use Qept = JoVUerr with Y., an external source representing creation and
annihilation of particles in particle phase space by heating [19]. As a model for 9., we
use the following form [10],

Gsrc (’l“)

src

ﬁemt -

(farz = fann) (5)

where fys; is Maxwellian with density n. and temperature Ti; (7 = 1 or 2). Here, 7y,

. . . 3
n., and T¢; are some constants. The input heating power is given by P;, = / 55 mdr,

GSTC
where Sg(r) = ne (Teo — Tq) denotes a heat source profile. Then, from Egs. (4)
TST’C
and (5), the flux-surface average of the perturbed gyrocenter density is given by
1
6n0§neo (gneo + §€cl) /t ,
=———(¢p) — ~———2% | Spdt 6
() = =02 (g 0D [, )
where gneo = nal <f d3vf0 (@_@2)>7 gcl = <k1%p12> with Pi = Q_l\/EO/Tnﬁ and we
have assumed (@ - @)2 < 1. Using the quasi-neutrality [8], (nq) + <n;lol> = 0 with
(nhy) = = (a/Tw) (eno (¢) + Api/2), and Eq. (6), we obtain
engD Dt ,
02 (0) =~ [ Sw. @
where D = &£, + &eo, Pio = nolio, and Ap; = fot Sgdt’'.
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 p?) (1 + 1.6q2<—:_1/2) [21], where ¢ = eB/Bp
with Bp the poloidal field and € = r/ Ry with Ry 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 (eno&u/Tio) (¢ (t = 0)). The electrostatic potential by the initial term and the
heat source is then given by (¢) = (£4/D) (¢ (t =0)) and (¢) = —(1/eng) fy Sudt’,
respectively.  Considering &4/D = (1 + 1.6¢% Y 2)_1 ~ 0.1 for typical tokamak
parameters and assuming (1/eng) [y Spdt' ~ (¢ (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 £ x B flow shear generation

In Egs. (6) and (7), terms with &; and &,., 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 = r.+ or as shown in Fig. 1(a) or (b), where r. and dr represent orbit center and
width, respectively. We define 7. by 1(r.,t) = {1} and ér is approximately given by

or=A—-A (8)

from o'0r ~ 1 — {4} = Tv) /2 = Tv; /Q when dp./dt = 0, where p. = mlIv|/B —ey/cis
the canonical angular momentum, {-} denotes orbit-average along the particle trajectory,
and we have used {Iv)/Q} = Iv/Q. We note that {F} = ¢ F with (-) performed
on r = r. flux surface and k, = 0 except for F' = (¢) or Sy. Using Eq. (8), we have
© — 0 = kr and &,ep = ng* <f d?’vfokfm>, which contain the FOW effects. Now,
we assume that an external force F,.,; provides energy input s, to the particle with a

radially decreasing profile nearby r = r.. From s, = v - F;;, one may represent it as
v
Fezt = ﬁsh(fr) (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 s, is radially non-uniform. The gyroaverage of the
perpendicular component of F.,, affecting particle gyromotion leaves a net force in
poloidal direction giving rise to a drift when 0ds;/0r # 0 [19]. In this work, we consider
the parallel component of F.,; affecting the particle guiding-center motion. One can
expand it near r = r. as Fuy &~ Foyy|,c + 0Fepy, Where

_ Y _ U5, Osn
Fe:ct||7c = ﬁSh('I"C) and 5Fext|| = ﬁé?" E . (10)

First, we evaluate the change in dr by F.. We assume that F,,, is much
weaker than the mirror force F,,, = —ub - VB and the deformation of an orbit by Fe.y
during 0t is small, where 0t is the bounce- or transit-time when F.,;; = 0. Consider
a particle starting from outer midplane at time t; = 0. It passes through there at
successive times t = ty, to, --- and so on. We define the jth orbit as a particle
trajectory for ¢; < ¢ < t;41 and the orbit-average for it as {F}; = 6t;" ft?“ Fdt with
0t; = tj41—t; ~ 0t, where the integral is performed along the particle trajectory. We also
define a slowly varying smooth function { £'}(¢) as one satistying { F'}(t; +t;/2) = {F'};
for all j and use it as an orbit-average of F. Now, F,. provides an effective torque
Tep = IFepy/B. Then, from dp./dt = Tcsp, 07 has an additional term, —(c/ey’)A(t),
where A(t) = [3 Toppdt’ — {fy Toppdt'}. Note that A(t) is zero at t = ty, ty, -+ from
fgj Fdt' = { fgj Fdt'} and does not retain the effect of Fi,y during particle excursions
in the previous orbits. When F, is much weaker than F,, one can neglect this extra
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term and use dr in Eq. (8). To evaluate the long-time evolution of §r, we assume that
the increment of 07 for t = At > 6t is still small and A (dr) /dr ~ Aw /2w < 1, where
A represents the increment after the external source is applied and w) = m’uﬁ /2. Under
this assumption, A (§r) can be estimated as

or

mu? Jo

¢
A (or) = Spedt’, (11)

where s, = sp, (r.) and we have used

Tt
Awj N/ —s hedt’ ~ ﬂ/ Spcdt’. (12)
w Jo

Equation (11) describes the increase of orbit width or shift for a trapped or a passing
particle by Fiy .. On the other hand, § F, induces a change in r. and therefore particle
drift. To show this, we first consider a trapped particle. In this case, 0 Fepy in Eq. (10)
acts on the particle in the opposite (same) direction to the bounce motion when r > r,
(r < r.) as shown in Fig. 1(a). When the particle moves toward upper (lower) point
in r > r. (r < r.) region, it bounces earlier (later) at radially outer position due to
the decelerating (accelerating) parallel force compared to the case of 6F,. = 0 (ie.,
uniform s;,). 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 7.,

. I U”(ST’ &Sh
Tesst = 253, (13)

where we have used v/ B = 0 for the trapped particle. Then, we have
d{v}  odr. O c
i = Yy,
dt Or. dt * ot e{ 1}

where we have used d{p¢}/dt >~ {dp./dt} = {Tcs¢} and {Y} = ¢ (1., t) with r. = r. (t)
denoting the moving bounce center. From Egs. (13) and (14), we obtain

2
OZ;C =ug +u, with ug = —%% (15)
where u,4 is the bounce center drift velocity driven by the FOW effect from an external
heat source and us = —(1/¢")0¢(r.,t)/0t = —(c/y')REy represents the Ware pinch
[24] with Er the toroidal electric field.

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

(14)

0 Fpy as shown in Fig. 1(b). The transit orbit-average of 7cs; gives

d (¢ fw L yor Osn
T R T 9

Since 0 Fepy (o< 6r) oscﬂlates during a partlcle circulation, Awy by it is negligible. Using
A(mlvy/B) ~ (Aw/2wj)mlv)/B, the net change in toroidal angular momentum
by 0F.. during At is also negligible. Then, the toroidal angular momentum of

I oy
”s c+6RE

d [/
i ticle ch inly by Fly.c dE,'..,—( I—”)
passing particle changes mainly by F,.¢ . and E7, i.e i m 3 2
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Employing this approximation and Eq. (16), the radial drift velocity of the passing
particle is given by ug in Eq. (15).
The time evolution of gyrocenter density increment induced by this drift is given
by
J(An)
ot

where 'y = /d3vf0udf' and we have used s, = (3/2n()Sy and <f d?’vfokfm/mv2> =
Eneono/3Th. Equation (17) implies that the drifts of trapped and passing particles

o gneo
2T

= —(V-T,) = S, (17)

induced by 0 F.. 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 = r,, as shown in Fig. 2, which determine the ion density at r = r,,.
Polarization can be induced if §r of the ions changes non-uniformly. As Sy changes from
uniform to non-uniform one with 95y /0r < 0 near r = r,, the orbit width (shift) of the
trapped (passing) particles coming from r < r, or r > r, region increases or decreases,
leading to the net outward shift of ions from r = r,. The polarization at » = r, by the
change in dr, A (dr), can be estimated as

AP = ¢ / & foA (61 )E. (18)

Substituting Eq. (11) into (18) and using s,(r.) =~ (3/2n0) [Sk (rp) — 07 (0Sk/0r)], we
obtain the time evolution of (An) by the change in o7 as

8<An) - 1 <v.8AP>:_§neo

= —— — Sh. 19
ot e ot 2T, " (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 ér.

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
Apt - L [1051

eng Jo Or

dt’ (20)

Y

in the collisionless case. The subsequent E x B shearing rate, wk = ’(c/ By)OAEH [or
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 At = 0.49 ms in a circular geometry with minor radius a = 0.6 m, Ry = 1.7 m,
and By = 1.9 T. The heat source has a Gaussian-like profile peaked at » = 0.55a. We
use P, = 6.9 MW and monotonic profiles for ny and T}, with ng = 3.9 x 10"%m=3 and
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T;o = 885 ¢V at r = 0.5a. Figure 3 shows the simulation (blue) and analytic (orange)
results of the E x B shearing rate w#. In the simulation, since we use 4 stacked
trapezoids to meet the radial heating profile requirement of XGC1, sudden changes of
derivative of Sy exist and give rise to the wiggles of w¥ in Fig. 3. In the analytic
calculation, we employ a more smooth profile fitted with a Gaussian from Sy of the
simulation. Considering the difference in Sy 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 I'TB 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 w#. 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 Sy should
be replaced with S;}ff = Sy — Siurs, Where Sy, represents a heat loss by turbulent
convection. The point is that turbulence also increases as heating power does. We note
that Sy, originates from the nonlinear E x B convection term Qg in Eq. (1). To
show the existence of power threshold, Sy, 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 Sy, = Sr./(1 + w%/~2,) given by Hinton [29], where wg
represents the net 2 x B shearing rate, v;;, is the linear growth rate of an instability,
and Sp = —noxr V2 T; with x the turbulent thermal diffusivity when wgp = 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 Sy, = Sy with wg = 0 or
St = Sy at t = 0. Now we begin to increase the power in the L-mode condition. Under
the assumption that Sy, is proportional to the heating power, S;, = Sy still holds. Using
Spury = Su /(1 + w2 /~2,), we develop a heuristic model for wg evolution.

When ion-ion collision is retained, one can set up an evolution equation for wf as
Owl /ot = ay — (W — wpgg) /7. in the absence of turbulence, where ayy denotes a source
for the E x B flow shear by the heat source effect, 7. is an effective collision time, and wgq
represents mean flow shearing rate [30]. From the time derivative of Eq. (20), the source
2

|.

ag is given by ag = (¢/engBy) [0Sy /0r?|. In the presence of turbulence with Sy, = Sy,

the time evolution of wg can be described by dwg /0t = oz?ff — (wg —wgo)/Te + Ty or
Owg WE 2 H 2 WEOQ
- = (W} —wpwr+7. )+ — +ni, 21
ot T (w% + Vlzm) ( E Ec*E ’YZm) T NL ( )

where a5/ = (¢/engBy) |025%7/ 87"2’ denotes effective ay reduced by turbulent heat
loss, T'yz represents a source by nonlinear interactions, and w# = t.ay is the

saturated value of wi when only collisions are retained. In Eq. (21), we have used
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S = Sy — Sy = S [1— (14+w/42) " and o8 ~ [1 — (1 + w2 /42 )] oy 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 wg at a steady state, wgc > 2%;in should be met. This leads to
WE > Viin, Which corresponds to the turbulence quenching condition [31, 32]. Figure 4
shows y = (7./Yn) Owg /0t as a function of x = wg /v, given from Eq. (21). In Fig. 4,
the dashed line represents the case = (wgo + 7.I'nr)/Vin = 0 with w# = 275, The
inclusion of finite wgg and 'y can induce a bifurcation-like increase in wg satisfying
the steady state condition dwp/dt = 0 at w, & 2v,,. For example, the solid lines in
Fig. 4 show the behavior of y as z = wi_ /7, increases from 0 to 1.7 when n = 0.18.
In this case, wg satisfying y = 0 remains a low level (wg/yn ~ 0.2 — 0.3) until wZ or
the power reaches a threshold value (w#, ~ 1.657;,), then makes a transition to a high
value (wWg >~ viin ), exhibiting a feature of bifurcation.

As a next step, we estimate the necessary power for the I'TB formation. Based
on the heuristic model described by Eq. (21), the transition condition can be written
as wgc > CrVin, where cr is a constant (5 2) depending on 7. Since wgc X Te,
the effective collision time 7, is an important parameter in determining the threshold

power for the ITB transition. Using 7. = 1.5er; [33] with 7;; the ion-ion collision
time, we evaluate wi. = 7.ag in the Cyclone case [34, 35]. For L-mode profiles,

we use ng = nocexp{ 2z tanh (’” 05‘1)}, T = Tiocexp[ Ar - tanh (’” Of’“)}, and

q = 0.854+2.184(r/a)? Wlth noe = 2x10Y m=3 Ty, = 2 keV, Ar/a = 0.3, Ry/L,, = 2.22,
Ro/Ly, = 6.92, a = 048 m, Ry = 1.3 m, and By = 1.9 T as in Ref. [35]. These give
p« = piJa = 0.007, ¢ = 0.18, ¢ = 1.4, and d(InT}y)/d(lnny) = L,/Ly, = 3.1 at
r = 0.5a. Under the Cyclone base conditions, the orbit width of trapped particles and
the effective collision time (7.) are given by 67 ~ ge=/2p; = 0.023a and 7, = 1.9 ms at
r = 0.5a, respectively. To examine the applicability of our model to actual experiments,
we investigate the E x B flow shear generation by a model off-axis heat source with
a Gaussian profile. Figure 5 shows ng, Tj, ¢, and Sy used in this exercise. In
experiments, the monotonic increase of ¢ 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 Sy = Spe™ (") */20%  WH has
local maximum values at 7o and 7. = 7y = v/30. In a reversed-q case, r is likely to
be near g-minimum position. We take 7, as an important location and estimate wi,
there. With ro = 0.3a and o = 0.12a, which has been used for Sy in Fig. 5, we have
wi >1.26 x 105 s7! for P, > 4.7 MW at r = r,. In Fig. 5, wi, for P, = 4.7 MW is
presented as a blue line. The linear growth rate for the Cyclone case is 7, = 6.3x10% s7*
[35]. Then, from the transition condition, the heat source alone without regard to the
g-profile can lead to the ITB formation near r, ~ 0.5a by inducing sufficient E x 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 x 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 x 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 I'TB formation without regard
to the g-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 6.,; 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 ¥, 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 I'TB 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 E,
generation [19]. In this case, the increament of electric field by the FOW effect can be
written as AE, = (7./eng) (0Ssink/Or) with a heat sink Sgini. As an example, the heat
sink near the plasma edge region can be given by Sk = —Vsinko (Tio — Tio,cdge) [38],
where v, denotes a loss frequency due to some loss mechanism such as radiation and
T}0,edge s @ temperature at the outer boundary. Considering vy, with a positive radial
gradient in typical L-mode plasmas, a negative E, 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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(a)

(b)

FIG. 1. A schematic diagram for §F,.y in Eq. (10) with 0s,/0r < 0 at » = r, 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 dr change due to a
non-uniform heat source for (a) trapped and (b) passing particles. Particles inside or
outside the r = r,, surface (red dashed line) are more or less heated.
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FIG. 3. The generation of E x B shearing rate (wf) by external heat sources. Blue
and orange lines represent XGC1 simulation and analytic results, respectively.
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FIG. 4. Dependences of y = (7./%n) Owg /0t on x = wg /Y, for various z = Wl /v,
Solid and dashed lines represent the results with n = 0.18 and 0, respectively, where
n = (wro + 7eI'nL)/Min With mean flow shearing rate wgo and nonlinear source I' .
For the dashed line, z = 2 has been used. In the solid lines, a bifurcation feature, i.e.,
a sudden increase of wg 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 T} (keV), density ng (10* m™2), safety
factor ¢, and off-axis heat source (Sg/Sy) used in the estimation of threshold power for
ITB formation. The blue line represents the E x B shearing rate wf_ (10° s71) for an
input power P;, = 4.7 MW.
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