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Tokamak plasmas with an internal transport barrier (ITB) are capable of maintaining improved confinement
performance. The ITBs formed in plasmas with the weak magnetic shear and the weak radial electric field
shear are often observed to be modest. In these ITB plasmas, it has been found that the electron temperature
ITB is steeper when toroidal rotation is in a co-direction with respect to the plasma current than when toroidal
rotation is in a counter-direction. To clarify the relationship between the direction of toroidal rotation and heat
transport in the ITB region, we examine dominant instabilities using the flux-tube gyrokinetic code GS2. The
linear calculations show a difference in the real frequencies; the counter-rotation case has a more trapped electron
mode than the co-rotation case. In addition, the nonlinear calculations show that with this difference, the ratio of
the electron heat diffusivity y. to the ion’s y; is higher for the counter-rotation case than for the co-rotation case.
The difference in y./y; agrees with the experiment. We also find that the effect of the difference in the flow shear
between the two cases due to the toroidal rotation direction on the linear growth rate is not significant.
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1. Introduction

Improved confinement tokamak plasmas are often as-
sociated with an internal transport barrier ITB). The heat
diffusivity y is reduced in the ITB region, which leads to
an improvement in the energy confinement [1]. Improve-
ment of the energy confinement is a key to forming and
maintaining a high normalized beta Sy plasma [2]. Explor-
ing the steady-state operation scenarios in the high Sy do-
main is one of the objectives of JT-60SA and ITER [3, 4].
Therefore understanding the mechanism of I'TB formation
is a key step towards realizing this objective. There are
a number of ITB types, and one is the “parabolic type”
ITB [5]. In plasmas with parabolic type ITB, the pressure
increases smoothly starting from the ITB foot towards the
magnetic axis [5]. The parabolic type ITB is observed in
both reversed magnetic shear plasmas and weak magnetic
shear plasmas [1]. Another type of ITB is the “box type”
ITB. Plasmas with this ITB type only have the steep pres-
sure gradient within the ITB layer, and the pressure pro-
file is relatively flat in the inner and outer regions sepa-
rated by this layer. The box type ITB has been observed
only in reversed magnetic shear plasmas[1]. In JT-60U,
the roles of toroidal rotation in weak magnetic shear plas-
mas with parabolic type ITB were studied using neutral
beam (NB) injection, and it was found that toroidal rota-
tion in a co-direction with respect to the plasma current
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yields a steeper gradient of the electron temperature, 7.-
ITB, than that provided by toroidal rotation in the counter-
direction [2]. Both plasmas have a weak shear in the radial
electric field E,. It has also been reported that in plasmas
with the box type ITB, the E, shear is strong enough to sup-
press turbulence in the ITB layer [1,6]. Parabolic type ITB
discharges do not have the strong E, shear characteristic of
box type ITB discharges. On the other hand, conventional
H-mode plasmas have the positive magnetic shear and the
weak E, shear in the core region, although these plasmas
do not have an ITB. In the plasmas, improved confinement
has been determined to be due to the increased pedestal
temperature associated with co-toroidal rotation and pro-
file resilience in the core region [7]. From these compar-
isons, the difference in the T.-ITB between parabolic type
ITB plasmas with different rotation directions may not be
significantly related to the E, shear. To clarify the rela-
tionship between the direction of toroidal rotation and heat
transport in the ITB region, we examined the dominant in-
stabilities using the flux-tube gyrokinetic code GS2 [8,9].
The GS2 code is a nonlinear initial-value code, which
solves gyrokinetic equations for the perturbed distribution
function §f in the frame rotating with toroidal rotation,
where the distribution function f is split into an equilib-
rium part F' and a perturbed part 6f [10]. We use GS2
to examine the dominant instabilities, including the effects
of collisionality, kinetic-electrons, finite-3, plasma shaping
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via actual equilibria, etc. Recently, a toroidal flow shear ef-
fect has been implemented and studied in some gyrokinetic
codes. These studies demonstrate turbulent transport with
the flow shear (see e.g., Refs. [10-13]). In GS2, two effects
of the rotational shear are implemented: transport suppres-
sion due to the E X B velocity shear and transport enhance-
ment due to the parallel velocity gradient (PVG)[10, 11].
In this paper, we investigate plasmas with different rota-
tion profiles, thereby examining the flow shear effects on
instabilities.

The rest of this paper is organized as follows. Sec.?2
outlines the main points of the experiments. We also
present transport simulations using the transport model
GLF23[14,15], which can calculate dominant instabilities.
In addition, since GLF23 is the most widely used transport
model, we also check the reproducibility of the differences
in the T.-ITB. In Sec. 3, the linear instabilities in the co-
and counter-rotating plasmas are investigated using GS2
without the flow shear effect. These linear calculations
explain the dominant instabilities in more detail than the
transport simulations using GLF23. In order to compare
the linear results with the experimental results, we estimate
the ratio of the electron heat diffusivity y. to the ion’s y;
by the nonlinear calculations. Since the ratio, y./yxi, can
change as the dominant instabilities change, we confirm
whether or not y2°"in /ynnlin cajculated by the nonlinear
simulations shows the similar tendency with respect to the
instabilities predicted by the linear calculations, and then
ontin fynontin jg compared to the experiment. In Sec. 4, we
examine the effects of the flow shear on linear growth rates
to investigate how the flow shear affects the linear calcula-
tions. Finally, we present our conclusions and discussion
in Sec. 5.

2. Overview of Experiment

2.1 Main points of experiment

The high confinement performance of long-pulse
ELMy H-mode plasmas with parabolic type ITBs was es-
tablished in JT-60U [2]. These plasmas have both high
Bn and high thermal confinement enhancement factor
Hyog(y,2). In Ref.[2], the role of plasma rotation on the
quality of the ITB was examined by switching the NB in-
jection from a co- to counter-injection during a discharge.
It has been reported that as a consequence, improvement
of the T.-ITB performance was observed with co-rotating
plasmas. The temporal evolution of the injected NB power
Png, the toroidal rotation velocity Vr, the ion temperature
Ti, and the electron temperature 7 are shown in Fig. 1. V¢
and 7; are measured with charge exchange recombination
spectroscopy, and T, is measured by Thomson scattering.
Experimental profiles of the co- ( = 9.0 s) and counter-
rotating (t = 15.0 s) plasmas are shown in Fig.2: the
toroidal magnetic field Bt = 1.6 T, the plasma current [, =
0.9 MA, the on-axis electron density neg ~ 3 x 10! m=3,
the on-axis ion and electron temperatures Tio ~ 7 (6) keV
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Fig. 1 Waveforms of the injected NB power Pyg, the toroidal
rotation velocity Vr, the ion temperature 75, and the elec-
tron temperature 7, in JT-60U discharge 46861.

and T.o ~ 6 (4) keV, respectively, for the co- (counter-)
rotation case, and the safety factor at the 95% flux surface
qos ~ 3. Since the electron density n, is almost equivalent
for the two cases as shown in Fig.2(a), we focus on the
effects of temperature gradient and the flow shear on the
heat transport. The effective ion charge Z.g is assumed to
have a constant radial profile of Z.z = 3 (3.5) for the co-
(counter-) rotation case. Therefore, despite the virtually
identical ne, there are differences in the main ion and im-
purity densities between the two cases. The safety factor g
(Fig. 2(b)) is almost identical for the two cases. As shown
in Fig. 2(c), these plasmas have different toroidal rotation
profiles. Figure 2(d) shows the E, profiles calculated by the
1.5D integrated code TOPICS [16]. In TOPICS, E, is de-
termined by the radial force balance equation with the neo-
classical parallel momentum balance equation [17]. The E,
profiles do not have steep gradients in the core region in ei-
ther case; a notched E, structure is not observed, which is
a characteristic in the box type ITB discharges. As shown
in Fig. 2(e), the T; profile is influenced by the direction of
toroidal rotation only in the pedestal region, and the gradi-
ents are almost equivalent in the core region. This way of
making changes in a profile with toroidal rotation is sim-
ilar to that for conventional H-mode plasmas described in
Sec. 1. The y; profiles shown in Fig. 2(g) for the two cases
are similar to each other. The T, profiles of both cases
have an ITB, and the ITB foot is around p ~ 0.6, where
the T, gradients start to increase toward the magnetic axis
(Fig. 2(f)). Here p is the normalized minor radius defined
by the toroidal flux. Outside of the ITB foot, p > 0.6, the
two T, profiles are almost identical. However, a difference
in T, is observed for p < 0.45, and the gradient for the co-
rotation case is steeper than that for the counter-rotation
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Fig. 2 Experimental profiles for JT-60U discharge 46861 in the co-rotating phase, ¢ = 9.0 s, (solid lines) and the counter-rotating phase,
t = 15.0 s, (dashed lines): (a) the electron density n., (b) the safety factor ¢, (c) the toroidal rotation velocity Vr, (d) the radial
electric field E,, the temperatures of (e) ions 7; and (f) electrons 7., and a closeup (the upper right figure), the heat diffusivities of
(g) ions y; and (h) electrons y. and the deposition power of the injected NB for (i) ions Ong; and (j) electrons Ongee.-
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Fig. 3

Simulation results with GLF23 for the co-rotation case (solid lines) and the counter-rotation case (dashed lines). Predicted (a) ion

and (b) electron temperatures with experimental values for the co-rotation case (circles) and for the counter-rotation case (squares).
The temperatures are calculated inside p = 0.85, as denoted by the vertical chain lines. (c) Predicted real frequency of the fastest

growing mode in low wavenumbers for the ITG/TEM modes.

case in the ITB region, p < 0.6. The difference in y. is
also clearly observed in Fig.2(h). During this discharge,
the power deposition profile is maintained as much as pos-
sible (Figs.2(i) and 2(j)). Therefore, the difference in the
T.-ITB is not due to the heating power.

2.2 Analyses with transport model GLF23
We performed heat transport simulations to predict

temperature profiles using the transport model GLF23

[14,15], which is a widely used model based on drift wave

turbulence. In this section, we investigate the dominant
instabilities in the plasmas and check the reproducibility
of the differences in the 7.-ITB. In this model, a mixing
length formula is used to obtain the value of y with 10
wavenumbers for the ion temperature gradient (ITG) mode
and the trapped electron mode (TEM) and 10 wavenum-
bers for the electron temperature gradient (ETG) mode.
GLF23 includes the effect of E, via the E X B shearing
rate, which stabilizes the ITG/TEM modes. The E X B

shearing rate is defined as ygxp = ‘[—:% —Z—f;), where ¢, ¢,
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Fig. 4 Transport-relevant profiles for the co-rotation (solid lines) and the counter-rotation (dashed lines) cases: (a) the electron colli-
sionality v,., the electron beta 5. and the normalized Larmor radius p,, (b) normalized ion temperature gradients 1/Lz,, and (c)

normalized electron temperature gradients 1/Ly,.

and ¢ are the safety factor, the electrostatic potential, and
the poloidal flux function, respectively. We use GLF23 by
implementing it in the 1.5D integrated code TOPICS [16].
In these simulations, ion and electron temperatures are cal-
culated for p < 0.85. The neoclassical and anomalous
heat diffusivities are given by the Matrix Inversion (MI)
method [18] and GLF23, respectively. Profiles of the den-
sity and pedestal temperatures are fixed to the experimental
ones, and the MHD equilibrium is also fixed. Figures 3(a)
and 3(b) show the results of the calculations. The value of
T; is similarly overestimated for both the co- and counter-
rotation cases. On the other hand, the predicted T is sim-
ilar to the experimental T, outside of the ITB foot. How-
ever, in the ITB region, the predicted 7. profiles for the
two cases are comparable, and the difference in the gradi-
ent between the two cases observed in the experiment is
not reproduced by GLF23. Figure 3(c) shows the real fre-
quency w of the fastest growing mode in low wavenumbers
for the ITG/TEM modes. The positive (negative) w indi-
cates propagation in the electron (ion) diamagnetic direc-
tion. Both cases have the ITG instability for p > 0.3. For
p < 0.3, while the ITG/TEM modes are stable, the ETG
mode drives electron heat transport in the calculations. It
has been reported that GLF23 tends to underestimate the
T. profile due to the transport coefficient, as driven by the
ETG mode being overestimated [15]. This would explain
why the predicted T is lower than the experimental value.

3. Analyses with GS2 Code without
Flow Shear

To examine the dominant instabilities in the ITB re-
gions of the co- and counter-rotating plasmas in more de-
tail than the transport simulation using GLF23, we perform
linear calculations with the GS2 code[8,9]. These cal-
culations use MHD equilibria in G EQDSK format taken
from the JT-60U database and include electron collisions
and electromagnetic effects. The calculations employ three
gyrokinetic species: main ions (deuterons), electrons, and
a single impurity species (carbon). The fast ions are as-

sumed to be the main ions. Figure 4(a) shows profiles of
the electron collisionality v.., the electron beta 3., and the
normalized Larmor radius p, defined as p. = p;/a, where
pi = csM/(eB) with ¢, = (T./M)", the deuterium mass
M, the ion charge e, and the magnetic field B. Atp = 0.45,
where the values of T, are almost equivalent, the normal-
ized ne, T;, and T, gradients are 1/L,, ~ 1.5, 1/Ly, ~ 2.4,
and 1/Ly, ~ 3.4 (2.6) for the co- (counter-) rotation case,
respectively, where 1/L; = —(1/€)dé/dp for any quantity
&. As shown in Fig.4(b), 1/Lyg, is almost identical. The
values of 1/Ly, are shown in Fig.4(c). As mentioned in
Sec. 2.1, the T, gradient in the co-rotation case is steeper
than that in the counter-rotation case in the ITB region. The
ne gradients are virtually identical. Figure 5(a) shows the
linear growth rates vy and the real frequencies w in the low
wavenumber region, 0 < k,p; < 1, for the co- and counter-
rotating plasmas at p = 0.45. Atp = 0.45, the values of Tk,
Vie» Be, and p, are almost equivalent for the respective cases
(Figs. 2(f) and 4(a)), but the T, gradients differ from each
other (Fig. 4(c)). The peaks of y appear around k,p; ~ 0.6
for both cases. In the calculations, the poloidal angle 6 ex-
tends from —57 to S7. As shown in Fig. 6, ¢ is converged
around the boundaries. The spectrum of w shows that both
cases have the ITG/TEM hybrid modes [19, 20]; w contin-
uously changes from the electron to the ion diamagnetic
direction with an increase in the wavenumber. This study
focuses on the low wavenumber region, 0 < kyp; < 1,
assuming that turbulence is dominated by the region for
our cases. We find that in the high wavenumber region,
kypi > 1, v is higher than in the low wavenumber region,
but the usual mixing length estimate shows a much smaller
X~ y/kﬁ in the high wavenumber region than in the low
wavenumber region. Figures 5(b)-5(e) show the radial pro-
files of v and w at kyp; = 0.2, around which the heat flux
is maximum, and at k,p; = 0.6, around which the linear
growth rate is maximum. As shown in Figs. 5(b) and 5(c),
at both wavenumbers, y for the two cases are almost equiv-
alent. Figures 5(d) and 5(e) show that the ITG/TEM modes
dominate the ITB region except that a kinetic ballooning
mode (KBM) is observed at kyp; = 0.2 for p < 0.4. There
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rotation case. The real part and imaginary part are de-
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is a difference in w of the ITG/TEM modes between the
co- and counter-rotation cases: w for the counter-rotation
case is larger in the electron diamagnetic direction than
that for the co-rotation case. This means that the counter-
rotation case has a more TEM-like instability than the co-
rotation case. The cause of the difference in w is described
in Sec.5 and in Appendix. If there is a difference in the
dominant mode, the ratio of y. to y; may change [21]. To
compare the linear calculations to the experimental val-
ues, we estimate y2°"i" /y1onlin by performing the nonlinear
calculations. Here, x[°" and y2°"™" are calculated, using
Qj=-nx J-% é, where the subscript j denotes the particle
species. The nonlinear calculations are performed in the
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Fig. 7 Comparison of linear growth rate y (dotted lines) and real
frequencies w (solid lines) at p = 0.45 for the co-rotating
case (circles) and the counter-rotating case (squares) as a
function of the poloidal wavenumber k,p; in the electro-
static limit.

electrostatic limit. This may be partly justified by the fact
that the dominant instabilities arise by the ITG/TEM turbu-
lence. In addition, as shown in Fig. 7, the linear calculation
result in the electrostatic limit shows the similar tendencies
to the electromagnetic calculations: 7y for the two cases is
almost equivalent to each other, and the counter-rotation
case has the more TEM-like w than the co-rotation case.
This supports the nonlinear simulations in the electrostatic
limit. The comparison of Fig.5(a) and Fig.7 also shows
that y slightly decreases due to the electromagnetic effect
at around k,0; = 0.5.

The insensitivity suggests that the TEM is the dom-
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inant mode in the linear calculation. On the other hand,
w becomes larger in the ion diamagnetic direction with
the electromagnetic effect. We will investigate the electro-
magnetic effect on the nonlinear calculations in the future
work. The simulation box sizes in the x and y directions are
L.~L, = 62.8p;, respectively, considering the 0 < k,p; < 1
region, where x is the radial direction and y is the binormal
direction. The simulation domain along the magnetic field
line is —m < 6 < m, but the calculations employ the “twist-
and-shift” boundary condition, where the mode at the end
of the field line couples the mode at the opposite end of
the line [22]. Figure 8(a) shows ytontin/ )(i“"“““ calculated
by the nonlinear simulations. The error bars denote the
standard deviations representing the amounts of variation
in ynontin/ Xi“"“““ averaged over a certain period of time after
the nonlinear saturation. It is confirmed that the TEM dom-
inantly drives the heat transport, as described in Appendix.
It is found that y2°"in/ymonlin js Jower for the co-rotation
case than for the counter-rotation case in p < 0.45. This
result supports the linear calculation result in that there is
a difference in the dominant mode; the counter-rotation
case has a more TEM-like mode. Next, to compare the
difference in y"omin/ X?O“Ii“ for the two cases with the ex-
perimental result, we estimate the ratio of y°™in/ )(i“"“““ for
the counter-rotation case to that for the co-rotation case,
i.e., (Xrelonlin /Xinonlin)ctr/(/\/relonlin/X?onlin)co_ Figure S(b) shows
the ratio with the experimental one. In this figure, the ex-
perimental ratio is estimated as an anomalous value, by
subtracting the neoclassical heat diffusivities given by the
MI method, as described in Sec. 2.2, from the total heat
diffusivities shown in Figs.2(g) and 2(h). As shown in
Fig. 8(b), the ratio calculated by the nonlinear simulations
increases towards the magnetic axis. The tendency qualita-
tively agrees with the experiment. Therefore, it can be con-
cluded that, in the counter-rotation case, the more TEM-
like instability with the higher y2omin/ ,\(?Onhn value than in
the co-rotation case results in a degraded T.-ITB in the ex-
periment.

In the above investigations, we compares the non-
linear calculation results for the co- and counter-rotation

cases by using X‘e“’“h“//\/?"“““ instead of the y""i" valye.

J

This means that we avoid the difficulty in calculating y1*"™
due to the sensitivity of the results and due to analyzing
weak magnetic shear plasmas. Actually, we cannot explain
the experiments with the nonlinear calculations quantita-
tively. Comparison between the )(‘]?0“““ calculated by the
nonlinear simulations and the experimental ones is shown
in Fig. 9. The error bars correspond to those for Fig. 8. Fig-
ure 9(a) shows the X?"“li“ is lower for the counter-rotation
case than for the co-rotation case around p = 0.35. On
the other hand, y™°"" for the two cases is almost equiva-
lent to each other, as shown in Fig. 9(b). These tendencies
are not captured in the experiments. We believe that this
contradiction may be partly due to the sensitivity of the
results to the input values, because the gradients are esti-
mated by the fitted profiles based on the limited number of
the discrete measurement points in experiments. Of course
there must be some missing physics in our calculations. In
addition, this study focuses on the weak magnetic shear
region especially for p < 0.4. In such regions where the
magnetic shear is weak, the radial mode structure tends to
expand and the assumptions for the flux-tube simulations
to be valid may be potentially violated. Moreover, the fact
that in the TEM branch, the electron heat flux tends to be
higher than the ion’s may lead to 2t > yronlin (see e.g.,
Ref. [23]). For these reasons, to avoid the difficulty in cal-
culating x°"™, we use y2>""" /y1°"™ for the comparison
of the co- and counter-rotation cases without mentioning
the absolute ,\/f}"“hn value. Although the nonlinear calcula-
tions cannot explain the experiments qualitatively, the dif-
ference in ynonin/ X?"nh“ suggests that there is a difference
in the dominant mode between the two cases, and agrees
with the experiment. Quantitative comparison of y; com-
puted by nonlinear simulations to the experiment’s is left
for future work.

We also investigate the influence of zonal flows on
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Fig. 10 Squared electrostatic potentials (|¢|*) averaged over time and the magnetic field line as a function of the radial wavenumber k,p;
for (a) the co-rotation case and (b) the counter-rotation case. The circles and triangles denote (|¢|*) summed over the poloidal
wavenumber k, except k, = 0 and (|¢I?) for k, = 0, respectively.

the heat transport. The zonal flow potentials are com-
pared with the turbulent potentials, as shown in Fig. 10.
The squared electrostatic potentials {¢?) for ky, = 0,
<|¢|2)k”:0, show the zonal flow potentials, and the k,p; spec-
tra of <|¢|2)ky=0 are similar for the co- and counter-rotation
cases. Here, (|¢|2) is averaged over a certain period of
time after the nonlinear saturation and over the magnetic
field line, and is normalized by ea*/ (Tezpiz). The turbu-
lent potentials represented by (|¢>) summed over k, ex-
cept k, = 0, Zky¢0(|¢|2), also have similar spectra for the
two cases. In accordance with Ref. [24], we estimate the
zonal flow amplitude ZkX<|¢|2>ky:0 and the turbulent one
Zk_t,ky¢0<|¢|2>’ integrating the spectra in Fig. 10. The ra-
tio Y 1)k, =0/ Tk, k,20€I6*) is 0.553 and 0.326 for the
co- and counter-rotation cases, respectively. This means
that the influence of the zonal flows is stronger for the co-
rotation case than for the counter-rotation case, and there-
fore that the influence is one of the candidates which ex-
plain the improved confinement for the co-rotation case.

4. Effects of the Flow Shear

We then investigated the influence of the flow shear on
the linear growth rate, with the linear calculations includ-
ing the flow shear effects. The co- and counter-rotation
plasmas have the different toroidal rotation shear due to
the difference in their toroidal rotation profiles, as shown in
Fig.2(c). So we investigate how the flow shear influences
the linear calculations performed in the previous section.
The shear in the direction perpendicular to the magnetic
field is the E X B velocity shear, which reduces turbulent
transport. It has been reported that when there is a suffi-
cient E X B velocity shear, a box type ITB is formed [1, 6].
In addition to the effect of the E X B velocity shear, the
parallel velocity gradient (PVG) of toroidal rotation affects
turbulent transport, and this effect is observed in the high
flow shear region [10]. These two flow shear effects are
implemented in GS2, by solving the following gyrokinetic
equation in the frame rotating with the toroidal angular fre-
quency Q[10]:
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Fig. 11 (a) Radial profiles of the E X B velocity shear ygp for the co-rotating case (solid line) and the counter-rotating case (dashed line).
We investigate the flow shear effect at p = 0.35, as denoted by the vertical chain line. (b) The time evolution of the normalized
heat flux Q. for the co-rotating case (thick solid line) and the counter-rotating case (thick dashed line) with the flow shear effect.
The effective linear growth rates y, are estimated using the fitting lines (thin solid line (co-rotation case) and thin dashed line
(counter-rotation case)) and Eq. (4). (c) y. as a function of yg.p for the co-rotation case (solid circles) and the counter-rotation
case (open circles) at p = 0.35. At yg«p = 0, the flow shear effects are not included, and at the finite ygyp, the values of which
correspond to Fig. 11(a), the flow shear effects are included. The error bars are the maximum and minimum values when the T3,

T. and n, gradients vary by +20%.

d(6f)
dt

+<v|13+vD+<vExB>>-V(<6f>+@Fo)

OF, RBt dQ
=<C[6f]>—<vExB>w(—°+ﬂ—T—

oy T B dlﬁFO),(l)

where vy is the parallel particle velocity, b = B/B, vp
is the drift velocity, vgxp is the E X B drift velocity, F
is a Maxwellian distribution in the frame rotating with
toroidal rotation, C is the collision equation, R is the ma-
jor radius, and (- - - ) denotes the average over the gyro an-
gle. The term proportional to d©2/dy on the right hand
side of Eq.(1) accounts for the parallel velocity gradi-
ent (PVG), which is denoted by v, and is related to the
equilibrium flow shear yg by the geometric factor (gR/7):
Yp = (gR/r)yE, where r is the half diameter of the flux sur-
face [11]. The definition of yg is yg = ga__o When a flow

ap *
velocity is comparable to the sound speed cy, £ is given by
d¢
Q) = ——, 2
W) =—7 v 2)

for all species. On the other hand, when the flow velocity
is assumed to be much smaller than the sound speed, £ is
defined as

) = - - — =L 3)

in the drift ordering, since the pressure gradient is compa-
rable in magnitude to the electrostatic potential gradient.
Preceding work (see e.g., Refs. [12, 13]) typically regards
Q as in Eq.(2), assuming rapid toroidal rotation. How-
ever, in this study we analyze the JT-60U plasmas with the
Mach number Mt=Vt/c, ~ 0.1. The value of Q, there-
fore, should be determined by Eq. (3) based on the drift
ordering. On the other hand, the effect of the E X B veloc-
ity shear is incorporated by forcing the radial wavenum-
bers k, to depend linearly on time 7: k(1) = kxo — YExsk,t,

where kg is the given radial wave number and the defini-
tion of ygxp is the same as that in GLF23, as described in
Sec. 2.2 [25]. The radial profiles of ygxp are described in
Fig. 11(a). Linear calculations including the flow shear ef-
fects are performed in a simulation box, which is the same
as that for the nonlinear calculations in Sec. 3. The “twist-
and-shift” boundary condition [22] is also used for the sim-
ulation domain along the magnetic field line. The effective
linear growth rates y, obtained with and without the flow
shear effects are shown in Fig. 11(c). Here, vy. is defined
by the time evolution of the heat flux shown in Fig. 11(b)
and the definition is as follows [11, 12]:

o1 Q=)
2ty 1) Qui=10)

where Q. is the electron heat flux, and a time evolution

“

Y«

fromt = 79 (= 7,/2) tot = 7, is used as described in
Fig. 11(b). As shown by the solid circles (co-case) and
open circles (counter-case) in Fig. 11(c), y. decreases due
to the flow shear effect. We also investigate the sensitivity
of y. to the T;, T, and n. gradients, because the calculation
results are generally sensitive to the gradients. Considering
the experimental errors, which are estimated to be about
10%, the vertical error bars for the case with ygxz = 0 in
Fig. 11(c) show the maximum and minimum values of 7.
when the T;j, T, and n. gradients vary by +20%. In addi-
tion, to obtain the vertical and horizontal error bars for the
case with the finite ygxp, the Tj, T, and n. gradients vary by
+20% with the pressure gradient term in the force balance
equation: E, changes due to the pressure gradient, with the
fixed toroidal rotation profile. The values of y. decrease
due to ygx«p in the range of the vertical error bars. We thus
do not find the evidence that the flow shear has significant
effect on the linear growth rates shown in Fig. 5. However,
in these calculations, since the radial wavenumbers depend
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on time, the real frequency is not given, as that is given in
the linear calculations. The flow shear effect on the TEM,
therefore, cannot be revealed. We will investigate the effect
in the near future.

5. Conclusions and Discussion

To clarify the relationship between the direction of
toroidal rotation and heat transport in the ITB region, we
first simulate heat transport using the GLF23 model. As
a consequence, GLF23 does not predict the difference in
turbulent transport between the co- and counter-rotation
cases. Next the linear calculations using the flux-tube gy-
rokinetic code GS2 show that the values of y of the co-
and counter- rotating plasmas are comparable in magni-
tude. However, there is a difference in the value of w be-
tween the two cases, and the counter-rotating plasma has
the more TEM-like instability. In addition, the nonlin-
ear calculations show that y./y; is higher for the counter-
rotation case than for the co-rotation case. A similar ten-
dency is observed in the experiment. It can, therefore, be
concluded that the difference in the dominant mode is re-
lated to the change in the gradient of the 7.-ITB in the ex-
periment. The linear calculations including the flow shear
effect show that the effect reduces 7. for both cases. How-
ever, since the reduction in v, is less than the change in .,
according to the sensitivity study that considers the exper-
imental errors, the flow shear effect on the linear growth
rate is not significant. This study includes both the E X B
velocity gradient and the PVG in the flow shear effect. To
clarify the two effects individually, we will perform these
calculation cases in the future, artificially setting them to
include only one of the effects. In addition, the value of
vexp sufficient to fully suppress y. will be estimated so as
to explore plasmas with improved energy confinement.

The candidates causing the difference in w by the lin-
ear calculations are the T, gradient and Z.g¢, both of which
have different values between the co- and counter-rotation
cases. We now study the dependence of linear calculations
on the T, gradient and Z.g. As a result, it is found that w
is influenced by Z.g rather than the T, gradient, and tends
to be more TEM-like as Z.g increases. It is also confirmed
that y°"!i" increases with Z.g. These results imply that the
fact that Z.g is lower for the co-rotation case than that for
the counter-rotation case is one of the potent candidates to
explain the experimental result. We experimentally know
that counter-rotating plasmas tend to have higher Z.g val-
ues than co-rotating ones in JT-60U. The influence of Z.¢
on heat transport will be investigated quantitatively in fu-
ture work. In addition to the 7, gradient and Z.g, the flow
shear also depends upon a rotation profile. When we con-
sider the change in the flow shear, it is found that for our
cases counter rotation acts as the stabilization. Therefore
the change in the flow shear may not be the key to ex-
plain the improved confinement for the co-rotation case.
These parametric dependences are described in detail in

Appendix.

GLF23 does not predict that the TEM is the domi-
nant mode. This may be the reason why GLF23 fails to
reproduce the difference in the T,-ITB between the co- and
counter-rotation cases, when it is concluded that the TEM
is related to the gradient of the 7,.-ITB. The more advanced
transport model TGLF [26,27] more comprehensively em-
ploys the physics of trapped particles than GLF23. We will
therefore check whether TGLF predicts the more TEM-
like instability for the counter-rotation case than for the
co-rotation case, as shown by the GS2 linear calculations.
If the characteristic of w is predicted, the difference in the
T.-ITB will be reproduced in the transport simulation.

This paper investigates two plasmas to study the rela-
tionship between toroidal rotation and heat transport. To
further confirm the results obtained with the two plasmas,
we will analyze the other plasma subsets, in which the
direction of toroidal rotation changes. In the additional
analyses, for a quantitative comparison between the ex-
perimental and calculation results, the plasmas which are
measured in detail especially Z.¢ have to be chosen. The
qualitative comparison will also require the finite-3 effect,
which is neglected in the nonlinear simulations in this pa-
per, because we find that the linear calculation results are
influenced by the finite-g effect. In addition, we also regard
the relationship between the particle flux and the toroidal
rotation direction as an interesting subject.
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Appendix. Parametric Dependences

of Linear and Nonlinear Calcula-
tion Results

To study the key parameter to the change in the 7.-ITB
with the rotation direction, we investigate the dependences
of the calculation results on the grad 7., Z.s and the flow
shear.

The difference in the 7, gradient between the co- and
counter-rotation cases is shown in Fig. 4(c). As a result of
studying the influence of the difference in the T, gradient
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on the linear and nonlinear calculations, it is found that
while y clearly increases as the gradient increases, y2°"in
changes slightly with the gradient. Therefore, the T, gra-
dient does not significantly alter turbulent transport, and
may not be the cause of the improved confinement for the
co-rotation case. In addition, it is found that since )(20"““
is not sensitive to the 7. gradient, for our cases the ex-
perimental error in the 7, gradient is not the cause of the
difficulty in comparing the experimental and simulation re-
sults. Moreover, we can indicate the dominant mode with
the T gradient scan. Figure A1 shows the comparison be-
tween the k,p; spectra of {|¢|?) for the nominal co-rotation
case and for the case where the normalized electron tem-
perature gradient 1/Ly, which mainly drives the TEM is
set to zero. Here, the other parameters remain unchanged
for the nominal co-rotation case. As shown in this figure,
(|¢|?) becomes higher by almost an order of magnitude due
to the TEM. The counter-rotation case also show the simi-
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lar tendency. This means that the TEM dominantly causes
the heat transport in the nonlinear calculations. We note
that the influence of the TEM is not completely eliminated
in the case with 1/Ly, = 0, because the case includes the
effects of the impurities which can affect the TEM.

Next, the influence of Z.g on the linear and nonlinear
calculations is studied. Here, the ratio of the main ion den-
sity to the impurity density varies with Z.¢. Figure A2(a)
shows the change in y and w by the electromagnetic linear
calculations for the counter-rotation case at p = 0.45. Z.g
varies from 1.0 to 3.5, which is the nominal value for the
counter-rotation case. It is found that varying Z.¢ greatly
influences w and moderately, y. As shown in Fig. A2(b),
nonlinear simulations reveal that y°"i" normalized by the
gyro-Bohm unit pizcs /a, which is estimated based on the
counter-rotation case, does decrease when Z.g varies from
3.5 (nominal, counter case) to 3.0 (nominal, co case) for
the counter-rotation case at p = 0.35. These results imply
that the fact that Z.g is lower for the co-rotation case than
that for the counter-rotation case is one of the potent candi-
dates to explain the experimental result in that y. is lower
for the co-rotation case than for the counter-rotation case.
It is also suggested that the experimental error in Z.g may
influence the analyses of experiments due to the sensitivity
of x1onin to Z.g.

Finally, we study the influence of the flow shear,
which depends upon a rotation profile. E, would be
always negative due to the diamagnetic effect if rotation
were not taken into account. Through the radial force
balance, counter-toroidal rotation enhances the negative
E, and its radial gradient is typically steeper for the
counter-rotation plasma than for the co-rotation plasma,
because co-toroidal rotation tends to weaken the negative
E, and sometimes produces the positive E,, depending on
the rotation speed. In this way, the flow shear changes with
the rotation direction. We now investigate the effect of
the flow shear on the effective linear growth rate ., based

(b)
0.8} ,

0.6 Z.i changes to the co value]

‘:w 0.4} ?Eb Exe.

Fig. A2 The Z.s scan. (a) Linear growth rates vy (dotted lines) and real frequencies w (solid lines) versus wavenumber for the counter-
rotation case at p = 0.45: Z.g varies from 1.0 to 3.5. (b) )(20““" versus Z.g for the counter-rotation case at p = 0.35: Z varies

from 3.5 (nominal, counter case) to 3.0 (nominal, co case).
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Fig. A3 The ygxp scan. The effective linear growth rate y. ver-
sus the EXB velocity shear ygyp for the co-rotation case
at p = 0.35 in the three cases: the nominal co-rotation
case (yexp = 10.6), the zero-rotation case over the en-
tire profile (yexp = 5.8) and the case where a rotation
profile is replaced by that for the counter-rotation case
(vexe = 15.6).

on the parameters for the co-rotation case at p = 0.35.
In the flow shear scan, we prepare for three cases: the
nominal co-rotation case, the zero-rotation case over
the entire profile and the case where a rotation profile
is replaced by that for the counter-rotation case. With
this assumption, the E X B velocity shear, ygxp, changes
from 10.6 (nominal) to 15.6 (nominal to counter) and
to 5.8 (nominal to zero). The other parameters remain
unchanged for the co-rotation case. Figure A3 shows the
linear growth rates as a function of ygxp, clearly indicating
that y. decreases as ygxp increases due to the E X B
flow shear stabilization. Within this range, the effect of
destabilization by the parallel velocity gradient is less than
that of stabilization by the E X B flow shear. This result
implies that from the aspect of the flow shear, counter

rotation acts as the stabilization through the steeping of the
E, gradient, and that the change in the flow shear due to
the change in the rotation direction may not be the key to
explain the improved confinement for the co-rotation case.
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