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Microturbulence in DIII-D tokamak pedestal. lll. Effects of collisions
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Gyrokinetic simulations of the H-mode pedestal in DIII-D discharge 145701 find that the kinetic
ballooning mode (KBM) is the most unstable mode for low toroidal numbers (n <25) and that the
trapped electron mode (TEM) dominates over the KBM at higher toroidal mode numbers for realis-
tic pressure gradients in the pedestal. Collisions reduce the TEM growth rate but have little effects
on the KBM. KBM has the conventional ballooning mode structure peaking at the outer mid-plane,
while TEM has an unconventional mode structure peaking at the top and bottom of the poloidal
plane. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972079]

I. INTRODUCTION

Edge instabilities and microturbulence affect the perfor-
mance of tokamaks in the high confinement (H-mode) opera-
tion," which is characterized by steep gradients of density
and temperature in the edge region (pedestal). Electrostatic
ion/electron temperature gradient-driven instabilities (ITG/
ETG)*™ and trapped electron mode (TEM),” electromag-
netic instabilities such as kinetic ballooning mode (KBM)®?
and micro-tearing modes,* and magnetohydrodynamic insta-
bilities such as peeling-ballooning mode (PBM) induced
edge localized modes'®'* can be driven by free energy pro-
vided by pedestal gradients. These instabilities may influence
pedestal buildup according to the EPED model,'> which pre-
dicts the H-mode pedestal height and width based upon two
constraints: the PBM with low to intermediate toroidal mode
numbers and the KBM with relatively high toroidal mode
numbers. Understanding pedestal physics is crucial for real-
izing the magnetic confinement fusion energy.

Several simulations using experimental equilibrium pro-
files have partially verified the EPED model.” However,
quantitative agreement, especially for the KBM, has not
been achieved among simulations and between simulations
and experiments.* Possible reasons include different equilib-
ria, simulation models, and methods to deal with tokamak
geometry in various simulation codes. Recently, linear elec-
trostatic ITG and TEM instabilities exhibiting unconven-
tional mode structures in the steep gradient region of the
pedestal have been observed by several simulations.®” It is
not clear whether electromagnetic modes such as KBM can
exhibit the unconventional mode structure in the steep gradi-
ent region of tokamak plasmas. Thus, microinstabilities in
the pedestal are not well understood, even for the linear
properties. Verification and validation between different
codes and with experiments have not been demonstrated.
Therefore, comprehensive simulations should be carried out
to study the physics of microinstabilities in the pedestal,
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such as the role of collisions, the unconventional mode struc-
tures in the steep gradient region, and the electromagnetic
effects.

Using the gyrokinetic toroidal code (GTC), earlier
simulations® of the DIII-D discharge 131997 at time 3011 ms
find that the most unstable electrostatic instability in the
peak gradient region is the TEM with a growth rate increas-
ing monotonically with the toroidal mode number 7. In the
electromagnetic simulation,19 the most unstable mode is the
KBM for the dominant poloidal wave number ky ~ 1cm™'.
For shorter wavelength modes, the dominant instability is
the TEM.

In this work, we continue to use GTC to study the linear
properties of electromagnetic instabilities in the steep gradi-
ent region of the H-mode pedestal in the DIII-D discharge
145701 at time 33 ms, which has more robust KBM signals.
We use realistic magnetic geometry from the VMEC?° equi-
librium solver and include collisions in the GTC simulations.
We neglect equilibrium flows, which may have an influence
on low-n instabilities, and suppress equilibrium current
drive, which may destabilize the peeling and kink modes.
Compressional magnetic effects are also excluded in the sim-
ulations. We find that KBM is the most unstable mode for
low toroidal numbers (n < 25), and TEM dominates over the
KBM at higher toroidal mode numbers for realistic pressure
gradients in the pedestal. Collisions reduce the TEM growth
rate but have little effects on the KBM. KBM has the con-
ventional ballooning mode structure peaking at the outer
mid-plane, while TEM has an unconventional mode structure
peaking at the top and bottom of the poloidal plane. By
increasing the plasma pressure within the ranges inside the
pedestal, we find that the low-n mode (n = 15) makes a tran-
sition from TEM to KBM, while the high-n mode (n = 40) is
always TEM.

The remainder of this paper is organized as follows:
Section II describes the simulation setup. The electromag-
netic simulation results are presented in Sec. III. We also dis-
cuss collisional effects on these electromagnetic instabilities.
Finally, a summary of this work is given in Sec. IV.
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Il. SIMULATION SETUP

In GTC electromagnetic particle-in-cell simulations,*!

the plasma is treated as a set of marker particles interacting
with each other through self-generated electromagnetic fields.
Electrostatic potential is solved by gyrokinetic Poisson equa-
tion, and magnetic vector potential is solved by Ampere’s
law. For simulations presented in this paper, we use gyroki-
netic equations to deal with ion dynamics, which is valid
for the edge parameters.® Drift kinetic equation is used for
electron dynamics because of its small gyro-radius. An
electromagnetic fluid-kinetic hybrid model*'*? based on the
expansion of the electron response into adiabatic and non-
adiabatic parts is employed for electrons instead of the drift-
kinetic model to avoid numerical constrains introduced by
electron drift kinetic equations. To reduce particle noise, we
use the Jf method to solve for perturbed gyrocenter distribu-
tion functions. The perturbed field quantities are zero at both
sides of radial boundary and periodic in poloidal and toroidal
directions. Note that the free-boundary condition would
allow a finite amplitude of the perturbation of the instability
at the radial boundary, which is important for the peeling-
ballooning mode. Collision operators conserving momentum
and energy are also implemented in GTC, with the pitch angle
scattering operator for electron-ion collisions and Fokker-
Planck operator for like-species collisions.”

The plasma equilibrium is based on DIII-D discharge
145701 at time 33 ms, as seen in Fig. 1. To identify local insta-
bilities in the peak gradient region, our simulation domain
includes the whole pedestal with the normalized poloidal mag-
netic flux ¥, from 0.9 to 1.0 (normalized by its value at the
separatrix). Density, temperature, and their gradients are con-
stant values in the whole simulation domain (analogous to the
uniform loading scheme in Ref. 24), which are taken from a
local point at 1, = 0.984 in the peak gradient region, seen as
the vertical dashed line in Fig. 1. Full g-profile and realistic
non-circular, up-down asymmetric magnetic geometry from
VMEC reconstruction are used. The parameters in the steep
gradient region are: electron temperature T, = 197eV, ion
temperature 7; = 396¢eV, density n, =n; =2.48 X 108 em—3,
and their gradients Ro/Lr, ~144, Ro/Lr.~8, Ry/L,~ 64,
n;=L,/Ly,~0.13, and n,~2.25. The scale length L; for a
radial function f(r) is defined by L, '=dInf(r)/dr. Safety
factor is ¢=13.6 and f, is around 0.07%, where f, =8nn,T,/
B3. The total plasma f is defined as = 8, + f3;. Other parame-
ters are: the major radius Ry=1.77m, the aspect ratio e=a /Ry
=0.37, where a is the minor radius of the tokamak, the toroi-
dal magnetic field By=1.68T, and the deuterium to electron
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FIG. 1. Plasma profiles in the pedestal
region of DIII-D discharge 145701 at
time 33 ms as functions of normalized
poloidal flux (1,). The panels, from

left to right, show normalized tempera-
tures (7; and T,), and density (n; =n,)

profiles, inverse temperature and den-
sity scale length, f§, values, and safety
factor (g). The vertical black dashed
line indicates the radial position of the

peak gradient region of pedestal and
f. = 0.14% at the dotted line position.

L4

n

mass ratio mp/m,=3672. Collisions with effective charge
number Z,r=1.5 are also included in our simulation since
collisional effects may be important in edge plasmas with rela-
tively low temperature. The present global simulations focus
on the study of the properties of electromagnetic modes. The
comparison with local gyrokinetic simulation results should
be carefully done in the future, since KBM is very sensitive to
equilibrium, physics model, and boundary conditions.

lll. SIMULATION RESULTS

All the linear results presented in this paper are from
simulations of a single toroidal mode number 7, due to toroi-
dal symmetry. To identify the most unstable mode in the
peak gradient region, we first use a higher f, = 0.14% at the
inner part of the pedestal, shown in panel 3 of Fig. 1. The
dependence of linear growth rate and frequency on n is
shown in Fig. 2. We can see two branches of instabilities:
one propagates in the ion diamagnetic direction (negative
real frequency) and the other is in the electron diamagnetic
direction (positive real frequency). We identify the lower-n
(n < 25) branch as KBM and the higher-n branch (n > 30) as
TEM according to their propagation direction, mode struc-
ture, and growth rate dependence on f3,, and electron kinetic
effects. KBM is insensitive to electron kinetic effects and
still unstable even when electrons are treated as a massless
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FIG. 2. Toroidal mode number n dependence of the linear growth rate (top
panel) and real frequency (bottom panel) using 5, = 0.14% . The yg\; in the top
panel is the ideal ballooning mode drive defined as ypy = ko, Vine/ VRoLn-
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fluid. TEM can be observed only when we use kinetic elec-
tron model in both electromagnetic and electrostatic simula-
tions. The results presented in this paper are qualitative and
can partially verify the EPED model (KBM is the most
unstable mode in the pedestal recovery stage).'” The growth
rate of the KBM peaks at n =15, and the growth rate of the
TEM increases with n. The frequency of the KBM is around
100kHz in the plasma frame, and the poloidal wave number
for n=15 is kgp;=0.15, which is consistent with DIII-D
experimental results.”> The TEM has a higher frequency
around 350 kHz. The growth rate of the low-n KBM is com-
pared to the ideal ballooning mode drive Yy = kP, Vine/
VRoL, as shown in Fig. 2. We see that the ideal MHD
growth rate is a good approximation to the KBM growth
rate for low-n modes (n < 10), but is inaccurate for high-n
modes of n > 10. The diamagnetic drift frequency defined as
®* = kop,vine /Ly is much larger than the real frequency.
Poloidal mode structures of the electrostatic potential
and parallel vector potential of these two branches are quite
different as shown in Fig. 3. The KBM has a typical balloon-
ing structure peaking at the outer mid-plane, which is in con-
trast with the unconventional mode structure of the KBM in
helical plasmas.”® The mode structure of the TEM peaks at
the top and bottom of the poloidal plane because of the steep
pressure gradient. The unconventional mode structures are
similar to those reported by the electrostatic simulations in
Refs. 6 and 7 and can possibly be explained by the eigen-
states transition or non-zero ballooning angle theories in
Refs. 7 and 27. The radial profiles of the electrostatic
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potential for the poloidal harmonics are also shown in Fig. 3.
We can see that for the TEM with unconventional mode
structure, the spectra of neighboring poloidal numbers have
the opposite phase ¢,, ~ —¢,,.;, which leads to the destruc-
tive interference at the outer mid-plane. On the other hand,
the phase between neighboring poloidal numbers ¢,, ~ ¢,,,,
is the same for the KBM with the conventional mode struc-
ture. The unconventional structure with the opposite phase
of neighboring poloidal harmonics has also been observed in
HL-2A edge electrostatic simulation in Ref. 7.

To find the critical f3, threshold for the KBM instability,
we keep a constant toroidal number n and scan f, by
changing the electron density while keeping the gradient
dlInn,/dy, unchanged. For n =40, the dependence of linear
growth rate and frequency on f3, is shown in Fig. 4. We can
see that the TEM is the most unstable instability at low f3,.
The growth rate of the TEM is independent of f3, since paral-
lel electric field has little effects on trapped electrons, in con-
trast to the familiar -stabilization of the ITG mode in earlier
simulations.'” As f, increases to around 0.35%, the KBM
takes over the TEM to be the dominant instability with an
estimated stability threshold at f, ~ 0.28%, and its growth
rate increases monotonically with f5,. Also, KBM has a con-
ventional mode structure with electrostatic potential peaking
at 6 = 0, while the TEM mode structure peaks at 6 ~ *=7/2.
Collisions with an effective charge number Z,r = 1.5 are
considered in this case. The effective collision frequency for
electron-electron collision is ; = 0.58 and the ion-ion colli-
sion is v = 0.16. Here, the effective collision frequency is
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FIG. 3. The poloidal structure of electrostatic potential (¢)) and parallel vector potential (A}) of n =15 (top panel, KBM) and n =40 (bottom panel, TEM) using
f. = 0.14% (left columns) and radial profiles of the electrostatic potential for the poloidal mode numbers (right columns).
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FIG. 4. 8, dependence of the linear growth rate (top panel) and real fre-
quency (bottom panel) of n = 40 mode in the peak gradient region.

defined as v* = & 3/2u\/2gRy /vy, and vy, = \/T/m is the
thermal velocity. The results are also shown in Fig. 4. We
can see that collisions reduce the TEM growth rate by about
15%, while have little effects on the growth rate of KBM.
This is due to the larger collision frequency for trapped elec-
tron, which is the main drive for the TEM, and the smaller
collision frequency for ion, which is the main drive for the
KBM.

For a lower toroidal mode number n =15, where KBM
has the maximal growth rate, the f, dependence of the
linear growth rate and real frequency is shown in Fig. 5.
We can see that the transition from TEM to KBM is at
f,~0.09%, within the range of the pedestal region
(B, < 0.2%). The KBM stability threshold can be estimated
at f, ~0.07% from the top panel of Fig. 5. For a higher
toroidal mode number n, the TEM-KBM transition occurs
at a higher f3,, since KBM is linearly stabilized at the higher
toroidal mode numbers, while the TEM growth rate
depends monotonously on 7 for the low-n modes. A purely
growing mode (with zero frequency) is observed when we
take the ideal MHD Ilimit (using only electron fluid
model®) for this case, as shown in Fig. 5. This zero fre-
quency mode is the ideal ballooning mode, which was pre-
dicted by local ballooning mode theory and has an identical
critical pressure value (and its gradient) to that for the
KBMaty, =0 limit.?? In our simulations, the total plasma
f=p,+p; and f; =2.02f3, for the KBM simulations, but
p;i =0 for the IBM simulations, which gives stability
threshold f5PM ~ 1.96M. However, the ballooning mode
is mainly driven by the pressure gradient, which is
pREM ﬁgBM, i.e., the critical pressure gradient for the

c

KBM is similar to that for the IBM. This result agrees with

RIGHTSE LI MN iy

Phys. Plasmas 23, 122507 (2016)

100f n=15
80r
) KBM
E 60
<
= 40t
TEM =-©~w/o collision,kinetic
200 _____ _,/i__’ =7-w collision, kinetic
0 / 'l -EI-MHD
Of =) =) & £
IBM
20t |
~N -e-w/o collision, kinetic
i -40 <7=-w collision, kinetic
P -8-MHD
-60y KBM
-80f W
0 0.1 0.2 0.3 0.4
B,(%)

FIG. 5. 8, dependence of the linear growth rate (top panel) and real fre-
quency (bottom panel) of n = 15 instability in the peak gradient region.
The dashed horizontal line for the TEM growth rate is from an electrostatic
simulation.

the local theory at 1, =0 limit.*® Furthermore, collisions
are not important for the KBM, as shown in Fig. 5. Mode
structures of the KBM and IBM at f, = 0.14% are shown
in Fig. 6. The IBM has a conventional mode structure simi-
lar to that for the KBM, with electrostatic potential peaking
at 0 = 0.
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FIG. 6. The poloidal structure of electrostatic potential (¢) and parallel vec-
tor potential (Aj) of n=15 mode in kinetic simulation (the top panel) and
ideal MHD simulation (the bottom panel).
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IV. CONCLUSION AND DISCUSSION

In this study, gyrokinetic simulations of electromagnetic
instabilities have been carried out with real tokamak geome-
try and local parameters taking from the steep gradient
region in the pedestal of DIII-D experiments. We find that
the kinetic ballooning mode (KBM), which has a conven-
tional mode structure peaking at the poloidal angle 6 = 0, is
the dominant instability for moderate toroidal mode numbers
(n < 25). For larger toroidal mode numbers (n > 30), the
most unstable mode is the trapped electron mode (TEM),
which has an unconventional mode structure peaking at
0 ~ =m/2. We observe a KBM-TEM transition by increas-
ing toroidal mode number at a fixed plasma pressure or by
increasing plasma pressure with a fixed toroidal mode num-
ber. For a higher n, the transition from TEM to KBM occurs
at a higher pressure. The ideal ballooning mode is also
observed when we take the ideal MHD limit, which has a
similar threshold of the pressure gradient to that for the
KBM. Collisions slightly damp the TEM and have little
effects on the growth rate of the KBM. The toroidal mode
number and frequency range of the KBM are consistent with
DIII-D experimental observation. To fully understand edge
instabilities and quantitatively compare with experimental
results, more realistic global simulations should be carried
out with full plasma profiles and equilibrium radial electric
fields as well as the nonlinear effects.
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