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ABSTRACT

The characteristics of zonal flows (ZFs) in ion temperature gradient (ITG) turbulence during the formation of internal transport barrier
(ITB) have been investigated by nonlinear gyrokinetic simulations for the HL-2A tokamak experiment. The turbulent ion heat transport and
zonal flow dynamics are investigated in the local turbulence limit for a neutral beam heated L-mode plasma. Linear stability analyses have
shown that the maximum growth rate, Y™, is decreased across the whole confinement region during the formation of ITB although the crit-
ical parameter, 1;, is increased, which is identified to be due to the stabilizing of ITG with an increased ion-to-electron temperature ratio 7.
The entropy generated by ion heat flux is significantly decreased together with the enhanced ZF amplitude and reduced ion heat transport
when ITB has been fully developed, especially the modes with intermediate radial wavenumbers, implying that the long and medium radial
scale turbulences are strongly suppressed by the ZF shear. Meanwhile, the long-range correlation and relative energy of the self-generated ZF
are increased while the turbulent energy is decreased when ITB is triggered, indicating that the ZF gains more energy from background
turbulence. It is found that the ratio between 7 and #; is a key parameter in determining the ZF shearing rate wZ ; and y™**. The value of
wZ > 9™ occurs around t/5; > 1.4, which is suggested to be responsible for the reduction of ion heat transport and hence the ITB
formation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070354

I. INTRODUCTION

Turbulent transport in magnetically confined devices has a direct
impact on the performance of confinement for fusion devices, which
makes it a critical issue. In general, neoclassical theories cannot explain
the experimentally observed cross field transport in tokamaks, where
the latter is usually up to two orders of magnitude than the neoclassical

mode,” which are held responsible for ion heat transport, electron
particle/heat transport, and electron heat transport, respectively. Here,
kg is the poloidal wave number and p; is the ion gyroradius. It is obvi-
ous that the stability of these modes depends on various plasma
parameters, including E x B shear flows,’ magnetic shear,” Shafranov
shift,” ion-to-electron temperature ratio,” and impurity/charge con-

prediction," which is generally recognized to be due to the anomalous
transport induced by various kinds of temperature gradient-driven
microinstabilities.” Theories and experiments both indicate that the
tokamak plasma is a highly complex system involving multi-scale
instability modes, among whom the anomalous transport is basically
characterized by three different types of microinstabilities, namely, the
large-scale (kgp;~0.1-0.5) ion temperature gradient (ITG) mode,’
the medium-sized (kgp; ~ 0.5-2) trapped electron mode (TEM)," and
the short wavelength (kpp; > 2) electron temperature gradient (ETG)

centration.'” Since these parameters act differently on the different
wavelength scales of the turbulent modes, their influence on the
respective transport channels also varies.

Aiming to improve the confinement since the first observation of
the H mode,"" various kinds of improved confinement scenarios have
been observed in tokamaks and helical devices. The occurrence of
internal transport barriers (ITBs), characterized by a steep gradient
formation in temperature profiles and a decrease in the thermal diffu-
sivity in the plasma core region has obvious advantages in increasing
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the energy confinement.'” * The turbulent ion heat transport in ITBs
is thought to be dominated by ITG modes that are destabilized when
the ion temperature gradient exceeds a critical value R/met,q whose
stability depends on the ratio of T;/T, as well and an increasing value
of Tj/T, will stabilize the modes and shift the critical R/Ly;ji¢ to
smaller values as a consequence of the quasi-neutrality condition.'”
This is in consistent with most present day ITB experiments, which
are usually performed at low density, i.e., weakly coupled ions and
electrons, and easily assisted in the plasma core where the magnetic
shear is low or negative and T;>> T, by heating ions through the
method of neutral beam injection (NBI), including tokamaks, ¥ stel-
larators'” *' and reversed field pinch plasmas.”* In these experiments,
the NBI not only acts as the dominant heating source, but also plays a
decisive role in the suppression of the ITG turbulence.

At present, it is widely known that the cause of the decrease in
ion heat transport in ITBs is ascribed to the relationship between
E x B shear flow and turbulence. The role of the E x B shear flow has
also been confirmed in the experiment on many tokamaks, such as
TFTR,” JET,” DII-D,” and JT-60U.”° The E x B shearing rate
(0w p) was found to be close to the linear growth rate of the ITG
modes (y;;,) at the time of barrier formation when compared with sev-
eral tokamaks.”” For instance, an analysis of the DIII-D discharge has
shown that g, > 75, holds across the whole plasma.”® Once the
ITB is triggered, both the E x B shear flow and pressure gradients are
simultaneously increased with the condition that wgxp > Vi
Although there are much literature about the relationship between the
E x B shear flow and the turbulence for the ITB plasma,zg there are a
few reports on the role of the zonal flows (ZFs)™ on turbulence sup-
pression and ITB formation. The relationship between the amplitudes
of zero-frequency ZF and turbulence has been first investigated in ITB
plasmas in the CHS device using dual heavy ion beam probe (HIBP),
showing that the turbulence amplitude is much lower and the magni-
tude of the ZF is larger in the plasma with ITB compared to that with-
out it.”" This result clearly shows the important role of ZF on the
suppression of the turbulence and formation of the ITB. The ITB dis-
charges usually have the feature of an increase in both the ion temper-
ature gradient parameter #); (1; = L,/Ly;, where L,, and Lr; are the scale
lengths of density and ion temperature gradients, respectively) and
ion-to-electron temperature ratio , which is also the typical feature of
ITB discharges in the HL-2A tokamak experiments.”” Linear global
gyrokinetic simulations utilizing gyrokinetic (GK) code that of GK-
quasi-neutrality condition (GKNET) have also proved that the ITG
with normalized wavenumber kyp; < 1 is the dominating microinst-
ability in ITB discharges, whereas TEM and a drift instability which
show the hybrid characteristics between ITG and TEM take over when
ITB collapses after ECRH on HL-2A.* Nevertheless, the effect of ZFs
and the temperature ratio on heat transport and confinement have not
been systematically investigated, which should be performed by non-
linear simulations. From this prospective, it is strongly suggested that
turbulence in transport barriers is determined by the competition
between the suppression of turbulence by the self-generated ZFs and
the driving of ITG turbulence by an increased ion temperature gradient,
which might be characterized by the parameter /1,. However, the effect
of ion-to-electron temperature ratio and ion temperature gradient on
the properties of self-generated zonal flow and its shearing rate still
remains unclear, particularly the dynamics of different spatial scales of
turbulence during the process of ITB formation. This paper is aimed at
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providing an intuitive interpretation of these effects through nonlinear
simulations, which is beneficial for the explanation of trigger and con-
trolling mechanism of internal transport barriers.

The remainder of this paper is organized as follows. The theoreti-
cal model used in the present study is described in Sec. II. Gyrokinetic
simulation results of the toroidal ITG and self-generated zonal flows
during the ITB formation under typical parameters in HL-2A ITB
plasmas are presented in Sec. III, where the zonal flow dynamics,
wavenumber spectra of turbulent entropy production, and ion thermal
transport have been analyzed. Finally, concluding remarks and discus-
sions are given in Sec. I'V.

Il. SIMULATION MODEL

In this section, the gyrokinetic simulation model and entropy bal-
ance relations considering microinstabilities and turbulence in mag-
netically confined toroidal plasmas are presented, which are limited to
the local approximations. In addition, the numerical settings are
explained here.

A. Entropy balance diagnostics

For gyrokinetic or gyrofluid turbulence simulations, one of the
choices is to analyze the nonlinear behaviors of low-order moments of
the velocity-space distribution function f (fluid variables, such as den-
sity, fluid velocity, temperature, and so on). However, it is noteworthy
that the fluid variables cannot describe fine-scale fluctuations of f gen-
erated by the phase mixing. This is related to the fact that the transport
flux itself is described by correlations between these low-order
moments and electromagnetic fields. Another choice is a quasisteady
state with a mean transport flux, for example, the ITG turbulence with
adiabatic electrons will reach the quasisteady state with doS/dt = n,Q;
# 0 and dW/dt =0, where S, Q;, and W are the entropy variable, ion
thermal flux, and potential energy, respectively. In this state, continu-
ous growth of fine-scale structures of Jf in the velocity space (high-
order moments of f) through phase mixing contributes to monotonical
increase in the entropy variable associated with fluctuations, while the
low-order moments giving W and Q; are constant in average. The qua-
sisteady state is regarded as an idealization of the real steady state
where the high-order moments saturate as well due to collisional dissi-
pation, which is more relevant to compare with the anomalous trans-
port observed in experiments.”* Entropy production occurs to
compensate for the negative supply due to the nature of the zero time
derivative in the quasisteady state. More importantly, highly confined
plasmas with external and/or internal transport barriers have larger
negative entropy input. This implies that the confinement perfor-
mance can be evaluated by the entropy generated by the system.

In this paper, we have employed the gyrokinetic Vlasov turbu-
lence code GKV+,”” " which has been widely used in the analyses of
microinstabilities in magnetically confined plasmas. In the GKV+
code, a flux tube 5-o equilibrium model™ is employed with the field-
aligned coordinates: the radial coordinate x = p — p,, the field-line
label y = a[py/q(po)][q(p)0 — (], the parallel coordinate z =0,
where a, p, 0, {, and q are the plasma minor radius, flux surface label,
poloidal and toroidal angles, and the safety factor, respectively. The
gyrocenter distribution function for a species s is divided into the
Maxwellian and the perturbed parts F; = Fj —0—]73 where Fi

2
mgV,
1l S

= ntjmy P <7 2T,

“TB>. The velocity and magnetic moment
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are defined as v = v|B/B 4 v and y = mgv} /(2B), respectively. By
taking the flux surface average of the kinetic form of the neoclassical
entropy production, the conjugate pairs of the thermodynamic forces
and the neoclassical fluxes are rigorously identified from the thermo-
dynamic form, in which the anomalous transport fluxes are clearly
identified from the anomalous entropy production rate (see Ref. 39
and references therein). The zero-dimensional entropy balance rela-
tion governing the quadratic form of the distribution function can be
obtained by summing over all modes and species. In the present study,
the electromagnetic effect is neglected as the adiabatic electron
response has been assumed; hence, the entropy balance equations are

given by
d (CH
E (Zés:+ Wes) - Z(LT3+D)
T "
655[& = <J‘d3V¢>v
ZFMS
SkL - <Jd3V ( sk + = s ¢kL]0$FMs) S(hSkL)>7 (2)

< (ié,ki 27l L ro<bsk>}> d’;'> 3)

ik,
e:skL < |:<2 lIsk. +pJ_SkL Tl’l;kL ( ! d)kL) :|>’ (4)

0 , Ohg
C=vs|— h -
8VH (Vl ke + VTS 8VH VL 81@
Ohge.
X (vihsh + VZTSVJ_ avi ) , (5)
where 68 - Zk 5Sskp Wes - Zk eskp es,s — ZkL ®es«,skﬂ and

D; = 3y D, . The Cy(hg, ) is Lenard-Bernstein collision operator
where hy = f &, T % ¢, JosEams donates the nonadiabatic part of the
gyrocenter distribution function. The notations dSg,, Wesk,> Dk, >
and Oy are the perturbed entropy, the electrostatic energy, the colli-
sional dissipation, and heat flux, respectively. The bracket (- --) and =
denote the flux surface average and the complex conjugate, respec-
tively. The zeroth-order Bessel function is defined as Jo; = Jo(k p;).
[y = e X7 Iy(k% p?) where p, and I, are the Larmor radius and
zeroth-order modified Bessel function, respectively. The ion Debye-
length and thermal velocities are Ap; = \/T;/4ne’n; and
vrs = \/ Ts/m, respectively. The g, and v, are the charge number and
collision for each species, respectively. The notations B and k, are the
magnetic field strength and binormal wavenumber, respectively.
Temperature gradients are represented by the critical parameter
N, = Lu/Ly; where L, = —(dInn/dx)™" and Ly = —(dIn T, /dx) ™"
are the density and temperature scale lengths, respectively. The
perturbed density, parallel component of velocity, and parallel
and perpendicular pressures are given by g, = ffskL Josd>v

—F (1 = To)b,» tae, = [vif g Josd™v, pac, = [ msvif g Josd,
and p g = [uBf g, Josd>v, respectively. The normalizations of the
coordinates and variables are (tvri/Ro, kip;, 2z, /v, uBo/Ts

scitation.org/journal/php

fa ViRo/nspi i eRo/Tip; Ay, Ro/Bop?) —
K, fskL’ ¢k17 AHkL)

(t7 kLa Z, Y,

B. Numerical settings

The equations are numerically solved by using the gyrokinetic
Vlasov simulation code GKV+. Finite difference methods with a low-
pass filter are employed to discretize the partial derivatives in the field-
aligned coordinate and velocity space coordinates. The nonlinear
terms are evaluated by means of the Fourier spectral method, which is
computationally parallelized with the computation-communication
overlap techniques.”’ Time advancement is performed using the
fourth-order Runge-Kutta—Gill method. Electrostatic limit is assumed
as the plasma beta is low (ff, < 0.17% in the region of interest) in the
present steady-state HL-2A ITB discharges; hence, the turbulence is of
electrostatic nature. For the nonlinear simulations, the domain sizes
are basically set to be —58.82p; < x < 58.82p;,, —62.83p; <y
<62.83p;, —n<z<m —4vy < <4y, and 0 < uB,/T; < 8.
The resolution for ITG turbulence has employed 128 x 64 x 64
X 64 x 16 grid points in (x, y, z, Vs 1) directions. The perpendicular
wave numbers are limited to (=3 < k,p; < 3) and (-1 < kyp; < 1)
for the present cases, and the 2/3 de-aliasing rule is applied to the
Fourier spectral calculation in x and y directions. Convergence tests
were carried out for representative simulations in this work, during
which the nonlinear simulations have demonstrated that the peak
value of the heat flux spectrum would show an increase in about
~10% while the total flux would only become about ~5% larger when
the grid resolutions, box size, and number of radial modes are doubled.
The turbulence structure can be well resolved in the simulations as the
radial size of the turbulence is around 10p;. In addition, the entropy
balance relations and zonal flow structures are converged as well hence
the simulation box size and grid resolutions are sufficient in the pre-
sent study. The artificial diffusion is set to 10~ hence, the transport is
not largely affected by the hyperviscosity as enough resolution has
been applied.

lll. SIMULATION RESULTS

In order to clarify the basic feature of the dependence of ITG
mode on the parameters 7 and #;, the numerical test for the collision-
less electrostatic ITG mode using GKV+ based on the Cyclone base
case (CBC) parameter set’' has been done where the physical parame-
ters are as follows: safety factor g = 1.4, magnetic shear § = (r/q)dq/
dr=0.78, inverse aspect ratio ¢ = 0.18, and density gradient R/L,
= 2.22. The normalized poloidal wavenumber is set to kypp; = 0.2 as
the growth rate peaks around this wavenumber for the CBC parame-
ters in a deuterium plasma. The result shown in Fig. 1 clearly indicates
that the ITG is destabilized by #;, whereas it is stabilized by t when the
value of 7 is larger than unity. It is thus implied that the suppression of
ITG turbulence by increasing 7 is a generic feature in gyrokinetic ITG
turbulence, which is also important in the present study of the zonal
flow dynamics and ion transport during ITB formation on the HL-2A
tokamak, where a significant increase in 7 is observed in the experi-
ments through neutral beam injection.

A. Linear stability of ITG during ITB formation

The profiles used in this paper are described here. The basic dis-
charge waveforms of HL-2A shot #25733 deuterium plasma are shown
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FIG. 1. ITG growth rate as a function of  and #; for CBC parameters. The growth
rate is normalized by v7;/Ro.

in Fig. 2, which is a typical ITB discharge.”” For shot #25733, the bar-
rier forms at time t = 537.5 ms and is well developed at t =550 ms, as
indicated by the vertical dashed lines in Fig. 2(a). The plasma stored
energy starts to saturate when the ITB is fully developed, as seen in
Fig. 2(b). The plasma shape and flux surfaces shown in Fig. 2(c) are
calculated by the equilibrium and reconstruction fitting code (EFIT).
It is clearly indicated that plasma equilibrium exhibits a circular geom-
etry and has quite little change during the time of interest. It is noted
that the time slice used at the ITB formation is slightly differ from that
in Fig. 2(a) due to the fact that the temporal resolution of the EFIT is
restricted to 1 ms. However, it is strongly believed that the equilibrium
would be basically the same at t = 537and t = 537.5 ms during the dis-
charge; hence, the simulation results are reliable. The corresponding
profiles of safety factor g and magnetic shear § averaging over the time
range 525-550 ms with a time interval of 1 ms are shown in Fig. 2(d),
where the small error bars also indicate that the equilibrium has
almost no change during the I'TB formation.

Shown in Fig. 3 are the profiles of ion temperature T;, electron
temperature T,, and electron density #, during the ITB formation. The
T; is measured with a 32-channel charge exchange recombination
spectroscopy (CXRS) diagnostic system with spatial and temporal res-
olutions about ~1.5cm and 12.5ms.”” A 32-channel fast electron
cyclotron emission (ECE) system provides the T, with temporal and
spatial resolutions up to 0.8 us and 1cm.” It is suggested that there is
no ITB at t=525ms as T; and T, are comparable with each other, and
the increase in T; is mainly contributed from the heating of ions, while
the ITB starts to form at t =537.5ms due to an obvious increasing of
ion temperature gradient and T;/T,. The density profiles 7, are recon-
structed from the formic acid (HCOOH) laser interferometer'* mea-
surements through Abel inversion method. All of these profiles are
mapped on to the flux surface coordinates. It is clearly seen that the T;
and its gradient have increased significantly during the ITB formation,
where the location of the largest gradient and ITB foot are around p
~0.4 and p ~0.5, respectively. The T has also increased slightly as the
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FIG. 2. Waveforms of (a) line-averaged density, plasma current, and NBI heating
power, (b) stored energy, (c) flux surfaces, and (d) profiles of safety factor and mag-
netic shear during typical ITB discharge in HL-2A.

NBI heats electrons and ions at the same time, whereas the 7, is shown
to be slightly decreased during the ITB formation.

As discussed previously, the stability property of ITG depends on
both the temperature gradient #; and ion-to-electron temperature ratio
7; hence, it is meaningful to resolve the regions where the ITG could
survive. Figure 4(a) shows the profiles of normalized ion temperature
gradient R/Ly; and density gradient R/L,,. The #; and t shown in Figs.
4(b) and 4(c) have demonstrated that both the two parameters have
increased during the ITB formation. The maximum #; occurs at
p ~ 0.4 for all the three time slices. The theoretical value including the
temperature ratio effect'” that ITG can be destabilized is calculated by

nh = (% -1 ﬁ) + % (i + %), as shown by the dashed lines in

Fig. 4(a). The n; is larger than #* almost within the region 0.3 < p
< 0.6, suggesting that the ITG turbulence mainly exists inside the ITB.
The experimental values of #; is smaller than 1 for p > 0.85; thus, the
ITGs cannot be excited at these positions, where it is believed that the
TEMs and resistive edge modes are responsible for the turbulent
transport.

The dependence of linear stability of ITG mode based on the
experimentally deduced #; and t is shown in Fig. 5. The poloidal
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20t -=-537.5ms vertical error bars donate the range of #; and 7 calculated from Fig. 4.
It is shown that the ITG mode locates almost around the most unsta-
_Ii:15 I ble region of #; and 7 at t=525ms, and it moves gradually to the
T 10 upper stability boundary during the ITB formation as the value of t
becomes obviously larger whereas the change in the value #; is uncon-
5¢ spicuous. The result is consistent with that in CBC cases as in Fig. 1,
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FIG. 4. Profiles of (a) normalized ion temperature gradient R/Ly; and density gradi-
ent RIL,, (b) critical parameter #;, and (c) ion-to-electron temperature ratio = during FIG. 5. Dependence of ITG growth rate on z and #; for the HL-2A ITB discharge.
the ITB formation. The symbols donate the values deduced from the experimental measurements.
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FIG. 6. Normalized growth rate as a function of wavenumber kjp; and radial position p during ITB formation: (a) without ITB, (b) when ITB triggers, and (c) with well-

developed ITB.

indicating that the characteristic of ITG turbulence in the process of
barrier formation on HL-2A can be well described by the interaction
and competition between the driving effect of #; and damping effect
of 7.

The contour plot depicted in Fig. 6 is the linear stability of ITG
mode, where the physical parameters are deduced from the cubic fit-
ting of the experimentally measured values. It is discovered that the
maximum growth rate peaks around kyp; = 0.4 and the modes mainly
exists in the region 0.3 < p < 0.6. The maximum growth rate of ITG
™ without ITB in Fig. 6(a) is substantially larger than that with an
ITB, although the #; has increased, as shown in Fig. 6(c), which can be
explained by the stabilizing effect of 7 on the stability property of ITG,
which is consistent with the conclusions from Fig. 5.

The y™* as a function of radial position is illustrated in Fig. 7.
The y™* peaks at p ~ 0.4, corresponding to the position of maximum
ion temperature gradient. The growth rate shows an obvious decrease
when ITB starts to form, particularly inside the ITB region, while the
modes are further slightly stabilized when the I'TB has been fully devel-
oped. The negative values of real frequency indicate that the modes
rotate in the ion diamagnetic direction.

In addition, it is widely known that kinetic electron response
would destabilize ITG modes; therefore, it is necessary to evaluate the
influence of this effect. We have calculated the eigenvalue spectrum
for the case of well-developed ITB accordingly, i.e., t=550ms at
p = 0.4 with kinetic electron response, as shown by Fig. 8, where both
the electron temperature gradient and f3 are set to zero. It is found that
the peak of the growth rate spectrum shifts slightly to lower k and the
maximum value shows an increase in about 9% in comparison with
adiabatic electron response. However, it should be noted that the ITG
will be stabilized by finite f although the £ is low in the discharge.
Thus, it can be concluded that the effect of kinetic electron response is
expected to be small, which will not change the nature of the turbu-
lence as well as the ZF dynamics, and simulations with adiabatic elec-
tron response can capture the basic feature of the turbulence transport
for the case of an ion internal transport barrier.

B. Zonal flow dynamics and turbulent transport during
ITB formation

The dynamics of self-generated zonal flows and ITG turbulence
during the formation of ITB is carried out by nonlinear gyrokinetic
simulations based on the parameters deduced from the experimental
values. Time evolutions of each term in the entropy balance relation,

0.8
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FIG. 7. (a) Maximum growth rate and (b) corresponding real frequency as a func-
tion radial position during ITB formation.
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FIG. 8. Comparison between the wavenumber spectrum of (a) growth rate and (b)
real frequency of the ITG with adiabatic electron response (ITG-ae) and kinetic
electron response (ITG-ke).

Eq. (1), for the toroidal ITG turbulence without ITB, at the time ITB
triggers and with well-developed ITB at radial position p = 0.4 are
plotted in Figs. 9(a)-9(c), respectively. It has been recognized that the
electrostatic flux terms ®;z/Ly; > 0 will drive strong ion entropy in
ITG turbulence, which is balanced to the ion collisional dissipation
D; < 0 and other terms are subdominant.”” These characters are
clearly discovered in Fig. 6. The ion entropy drive due to flux terms
are reduced when ITB is triggered, implying that the ITG turbulence
will be reduced once an ITB has been constructed.

The poloidal wavenumber spectrum of ion entropy driven by ion
flux terms is depicted in Fig. 10, which is summed over all the radial
wavenumbers and averaged during the time range of 80 < tv;/Ry
< 120 with a time interval of 10 fvy;/Ry, since the saturation of ITG
turbulence and ZF intensity usually occurs at tvy; /Ry ~ 70 in the pre-
sent simulations. The results have shown that the ion entropy drive
peaks at around kyp; ~ 0.4 for all the cases as this mode has the maxi-
mum growth rate. The entropy drive is strongly weakened across the
whole spectrum when ITB starts to form, while it is further slightly
reduced with a well-developed ITB. Similarly, the entropy drive by
radial wavenumber modes integrated over the poloidal wavenumber
space is also deduced, as can be seen in Fig. 11. The entropy drive also
decreases once the ITB occurs and the deduction of entropy drive at p
= 0.35 is stronger than that at p = 0.4 and p = 0.45. This is identified
to be due to the elongated mode structure along the field line at weaker
magnetic shear that produces nonlinear self-interactions and may
contribute the supplemental reduction of turbulence, which is also in
qualitatively consistent with recent simulations showing finite-f
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FIG. 9. Time evolution of the dominant terms in the entropy balance in ITG turbu-
lence at the time slices of (a) without ITB, (b) ITB triggers, and (c) with well-
developed [TB. The terms are normalized by no Tjvrip? /RS.

stabilization becomes significant as magnetic shear decreases."’
Moreover, it is interesting that the reduction of drive mainly comes
from the small and medium radial wavenumbers, ie., k.p; < L.5.
Another important feature is that the spectrum has been changed in
the presence of ITB, that is, spectrum without ITB is characterized by
a peak around k,p; = 0.5, whereas it shows a smooth decay in the
spectrum when ITB is triggered. These results have suggested that not
only the ion transport by large-scale turbulence has decreased, but also
the strong reduction of heat flux induced by the medium radial wave-
numbers during the formation of internal transport barriers.

The well-known saturation mechanism of the ITG turbulence is
due to the nonlinearly self-generated zonal flow in fully developed tur-
bulence regime, which would in turn suppress the turbulence through
the ZF shearing effect. The structures of electrostatic potential for the
three relevant time slices are shown in Fig. 12. It is clearly indicated
that the long-range correlation without ITB is relatively weak and do
not show an uniform structure along the file line, leading to a small
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FIG. 10. Poloidal wavenumber spectra of ion entropy drive at (a) p = 0.35, (b) p = 0.4, and (c) p = 0.45 during ITB formation.

value of ZF shearing rate wZ ;, which can be concluded from Figs.
12(al)-12(a3). The ZF intensity is enhanced when ITB forms, espe-
cially in the inner region of ITB, as can be found in Figs.
12(b1)-12(b3). A much stronger ZFs compared to the former time sli-
ces are discovered at all the positions with a well-developed ITB, show-
ing the features of a long-range correlation along the field line and a
large shearing in the radial direction, as seen in Figs. 12(c1)-12(c3). In
this case, the large radial scale turbulent structures are teared apart and
scattered to higher wave-numbers domain, hence reducing the ion
heat transport and being beneficial to the confinement.

The radial profile of the relative energy of ZFs and turbulence is
illustrated in Fig. 13. Clearly seen in the figure is that the ZF energy
has increased across the whole plasma region together with the reduc-
tion of turbulent energy, indicating that the nonlinear energy transfer

from turbulence to ZF is enhanced thus the turbulent transport will be
decreased as the ZFs do not cause transport. In addition, it is found
that the ZF energy has clearly become larger for the region of p > 0.4
when I'TB starts to form, whereas it is significantly increased inside the
ITB for the case of a fully developed ITB. This result has implied that
the transport during the ITB formation is consisted by two processes:
first, the reduction of ion transport and the increase in ZF are mainly
contributed from the outer region p > 0.4 as I'TB is triggered; second,
the ZF inside the ITB will be enhanced remarkably while it also further
increases outside the ITB when the barrier is well developed, hence
leading to the enhancement of confinement across the whole plasma
region during the ITB formation.

From the discussions above, the reduction of ion heat transport is
a result of the enhancement of the zonal flow shearing rate, which is

p=0.35 p=0.40 p=0.45
107 107 107
(a) -©-525ms (b) -©-525ms (c) -©-525ms
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FIG. 11. Radial wavenumber spectra of ion entropy drive at (a) p = 0.35, (b) p = 0.4, and (c) p = 0.45 during ITB formation.
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(b1)-(b3) and c(1)—c(3) are that for the time slices when ITB is triggered and with a well-developed ITB, respectively.

defined as wZ , = (r/q)O(EZF /RBy)/Or. The corresponding shearing
rate and ion heat transport coefficient are shown in Figs. 14(a) and
14(b), respectively, where the values are averaged in the time range of
80 < tvy;/Ry < 120 with temporal resolutions of 1 tvy;/Ry and 0.1
tvri/ Ry, respectively. Compared with the results of the linear stability,
the ZF shearing rate is slightly increased when ITB forms, but a rela-
tively large wZ ; is realized as the ITB is fully developed particularly
inside the ITB region, which can be seen in Fig. 14(a). The ion heat
flux shows a strong reduction when ITB is triggered and further
decreases when ITB is well-developed, as depicted by Fig. 14(b). It is in
qualitative agreement with the heat flux deduced by experimental
power balance technique using One Modeling Framework for
Integrated Tasks (OMFIT), as shown by the insert. The discrepancy
between simulations and experiments may come from several reasons,
such as electromagnetic stabilization and mean E Xx B shearing.
However, it is proved that the ZF hearing rate is of an order magnitude

larger than the global electric field shearing rate which is determined
by the toroidal rotation, y; = p/q0Qy/0p ~ 0.04 — 0.07 (p = 0.4),
where Q,,, is the toroidal angular velocity. In the experiments, the rota-
tion is relatively low, implying that the suppressing effect resulted from
the global electric field can be neglected; hence, it could be concluded
that the reduction of ion heat transport is ascribed to the enhancement
of zonal flows rather than the global electric field shearing. This result
suggests that even a small increase in the amplitude of ZF and its shear
has significant suppressing effect on the heat transport. The heat trans-
port coefficient has decreased by a factor of about 3 comparing the
cases of with and without transport barriers, as shown in Fig. 14(c).
Based on the analysis of the linear stability and dynamics of the
nonlinearly self-generated zonal flows, the possible physical mecha-
nism behind the suppression of ITG turbulence could be explained as
follows: the ITG is destabilized by the increasing of #; whereas it is sta-
bilized by an increasing 7, namely, the characteristics of the mode is a
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FIG. 13. Radial profiles of relative (a) zonal flow energy and (b) turbulent energy
during the ITB formation.

results of the combined action and competition between the two
effects. Meanwhile, we can expect that if the ZF shearing rate wZl , is
larger than the maximum linear growth rate y™, the ITG turbulence
will be greatly suppressed.”” The ratio wZ , /7™ would approach to
unity once the driving effect of #; is balanced by the damping effect of
7; thus, the ratio of 7/5; is an important parameter in determining the
linear stability and the ZF shear. Figures 15(a) and 15(b) show the
7™ and wZ ; as a function of /5, in which the 7™ tends to
approach a certain value while the wZL , shows a continuously increas-
ing in the case of t/5; >1.4. The value of ®Zf ;/y™* is shown in Fig.
15(c), which clearly indicates that wZ ; < y™* for most of the posi-
tions without ITB. Several values are larger than unity at the beginning
of ITB formation, while all of them are larger than unity once the ITB
is fully developed, implying that the ITG turbulence can be strongly
reduced across the whole plasma region due to the ZF shearing effect
and hence the improvement of the confinement. However, it should
be noted that the value strongly depends on the detailed physical
parameters and magnetic configuration; hence, the systematic investi-
gation is certainly needed in the future.

IV. CONCLUSION AND DISCUSSION

In the present study, the linear stabilities, entropy balance rela-
tions, and nonlinearly self-generated zonal flows in toroidal ITG tur-
bulence during the ITB formation on the HL-2A tokamak have been
examined by means of five-dimensional linear and nonlinear gyroki-
netic Vlasov simulation code, GKV+. The maximum growth rate
peaks around kgp; =~ 0.4 at p ~ 0.4, and the modes mainly exists inside
the ITB region. The ITG turbulence is suppressed in the plasma core
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FIG. 14. Radial profiles of (a) zonal flow shearing rate wZ. , (b) ion heat flux Q;
and (c) ion heat transport coefficient y; during the ITB formation. The heat flux (in
gyroBohm units) calculated from experimental power balance is shown by the inset.

and in the barrier region at the beginning of barrier formation without
recourse to the usual requirements of velocity shear, which can be
explained by the stabilizing effect of T on the ITG mode. The entropy
balance analyses have shown that the ion entropy drive is strongly
reduced for all of the poloidal wavenumbers when ITB is triggered,
while it is further reduced slightly with a well-developed ITB. In addi-
tion, the radial wavenumber spectrum of the entropy drive has been
modified if an ITB exists, i.e., spectrum without ITB is characterized
by a peak around k,p; = 0.5, whereas it shows a smooth decay when
ITB forms, implying that the heat flux induced by the medium radial
wavenumbers is largely reduced. A strong ZF in the case of fully devel-
oped ITB with a long-range poloidal correlation and a large shearing
rate in the radial direction is responsible for the decreasing of ion
entropy driven and heat transport. The ZF energy gained from the
background turbulence is also shown to increase during the barrier
formation. The enhancement of ZF shearing rate and reduction of
heat transport are discovered during the ITB formation and the effect
of ZF shearing on the transport is shown to act mainly inside the ITB.
Further analysis has indicated the parameter 7/5j; plays an important
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role in determining the linear ITG growth rate and ZF shearing rate,
whose ratio becomes larger than unity at a certain value of t/#; and the
heat transport driven by ITG turbulence will be greatly suppressed,
which is believed to be responsible for the mechanism of ITB forma-
tion in the present-day ITB experiments through the method of NBI
heating.

The turbulence diagnostics based on entropy production pre-
sented here can provide a more systematic method to quantify the
effect of the nonlinear interaction on turbulent transport processes.
For the nonlinear gyrokinetic plasma turbulence, it is necessary to
examine the entropy transfer by means of the entropy balance equa-
tion describing explicitly the balance relation among the microscopic
fluctuations of the distribution function, the turbulent transport flux,
and the collisional dissipation, which allows defining the thermody-
namical forces rigorously and gives some insight on the order of mag-
nitude of the various terms. Although the present findings are shown
to be beneficial for the understanding of the effect of zonal flows in
ITG turbulence during the ITB formation, there are still some impor-
tant issues that need to be taken into account, for example, the nonlin-
ear electromagnetic stabilization of ITG turbulence and the
suppressing effect by global E x B shear (determined by the toroidal
rotation). In addition, the simulations are performed by local approxi-
mation as the dimensionless parameter measuring the system size
1/p" = alp; (a is the tokamak minor radius and p, = /T, /m; is the
ion sound Larmor radius, respectively) is relatively large in ITB dis-
charges on HL-2A, ie., 1/ p* > 250. However, it is necessary to point
out that the system size effect may also have nonnegligible impact on
gyrokinetic turbulence, especially for the case of high temperature
plasmas.***’ Further global gyrokinetic simulations considering the
above effects will be carried out to identify the trigger mechanisms and
to make quantitative comparison with experimental measurements for
the ITB in HL-2A.
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