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The weakly coherent mode (WCM) in I-mode has been studied by a six-field two-fluid model
based on the Braginskii equations under the BOUT—++4- framework for the first time. The calcula-
tions indicate that a tokamak pedestal exhibiting a WCM is linearly unstable to drift Alfven wave
(DAW) instabilities and the resistive ballooning mode. The nonlinear simulation shows promis-
ing agreement with the experimental measurements of the WCM. The shape of the density spec-
tral and location of the spectral peak of the dominant toroidal number mode n» =20 agrees with
the experimental data from reflectometry. The simulated mode propagates in electron diamag-
netic direction is consistent with the results from the magnetic probes in the laboratory frame, a
large ratio of particle to heat diffusivity is consistent with the distinctive experimental feature of
I-mode, and the value of the simulated y, at the edge is in the range of experimental errors of .z
from the experiment. The prediction of the WCM shows that free energy is mainly provided by
the electron pressure gradient, which gives guidance for pursuing future I-mode studies.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972088]

I-mode,"* explored on the Alcator C-Mod tokamak® as
well as ASDEX Upgrade* and DIII-D,” is a promising alterna-
tive regime for ITER and reactor-scale operation, character-
ized by its apparent decoupling of energy and particle
transport, which results in good energy confinement without
impurity accumulation. The regime is naturally stable to Edge
Localized Modes. I-mode is accompanied by a reduction in
edge turbulence in the mid-frequency range of 50-200 kHz
and usually exhibits a higher-frequency (about 200400 kHz)
fluctuation, dubbed the “weakly-coherent mode” (WCM).I’(’_8
The WCM is well characterized experimentally on C-Mod,
with density, temperature, and magnetic fluctuations visible
on multiple diagnostics.” The density fluctuation is typically
stronger by a factor of 5-10.* Recent MHD calculations using
the ELITE code'® indicate that I-mode pedestals are strongly
stable to edge peeling-ballooning instabilities and ideal bal-
looning mode calculations suggest stability to the kinetic bal-
looning mode (KBM). Cross-bispectral measurements of the
spectral transfer of density fluctuations showed that the
geodesic-acoustic mode (GAM) is responsible for the broad-
ened frequency structure of the WCM.® But the underlying
physics basis of the WCM has been poorly understood.

The three-field model under the BOUT++ frame-
work'""'? has successfully simulated the nonlinear crash phase
of ELMs,"' which is mainly driven by the Peeling-
Ballooning mode, and also implied quasi-coherent mode
(QCM) in the Enhanced D, (EDA) H-mode is driven by resis-
tive Ballooning mode." In this paper, the electromagnetic six-
field two-fluid model, including more physics such as ion
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acoustic waves, thermal conductivities, Hall effect, compress-
ibility, and electron-ion friction, has been used to simulate the
WCM and elucidate the nature and underlying physics mecha-
nisms. The equations used here are given explicitly in Ref. 14.

In this letter, the equilibrium of C-Mod I-mode dis-
charge No. 1120907032 is used for the simulations. The dis-
charge parameters are [p=1.1MA, Br=5.8T, average
additional heating power P;cgrr=5MW. The geometry of
this discharge is lower single-null with the B x VB drift
directed away from the active X-point. The time evolution of
the mode frequency spectrum is shown in Fig. 1(a). The
WCM appears with a frequency centered on 350 kHz follow-
ing the transition from the “low confinement” (L-mode) to
the I-mode at 0.75 s. The toroidal mode number of the WCM
is from n =15 to 25 propagating in the electron diamagnetic
drift direction in the laboratory frame, as diagnosed by mag-
netic probes, and the effective average of y; (ion thermal dif-
fusivity) and y, (electron thermal diffusivity) is around 0.2
m?/s measured from a power balance across the pedestal
region (r/a=0.95-1) as shown in Figs. 1(b) and 1(c). We
use quasi-neutrality (n,=mn;) and flat profiles in the SOL
region as “model assumptions,” so the profiles in the simula-
tion (solid red curves in Fig. 2) are a little different from the
experimental data (dashed blue curve in Fig. 2). The number
of grid points in each direction is ny =260, ny= 64, and
n: =64, where ¥, 0, and { are the radial, poloidal, and toroi-
dal coordinates. The nonlinear simulation results are sub-
jected to the following assumptions. The simulation is
gradient driven. The net equilibrium zonal flow is set to be
zero, so the interaction of the WCM with GAMs is not
included. A fixed radial electric potential (E,) profile has
been used that makes the system in the nonlinear simulation

Published by AIP Publishing.
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FIG. 1. Experimental data: (a) Spectrum of the density fluctuation mode diag-
nosed from reflectometry at i =0.988. (b) Toroidal numbers of the modes
calculated by data from magnetic probes. (c) Effective thermal diffusivity .z
from a power balance across the pedestal region (r/a from 0.95 to 1) and
assuming power is split between ion and electron channels.

not self-consistent. Applying new BOUTH+ capability
including impurity species, the real profile in the SOL
region, and GAM will be the future work.

Linear simulations with ideal MHD terms (black dashed
curve with crosses in Fig. 3) show zero growth rates indicating
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FIG. 3. Growth rate vs toroidal mode number in linear BOUT++ simula-
tions. The black dashed curve with crosses is the case with ideal MHD; red
solid curve with squares is the case with all terms in the six-field model;
blue dashed curve with circles is the case without the eHall term; and the
pink dashed curve with diamonds is the case without the curvature term.

that there is no Peeling-Ballooning mode, which is consistent
with the absence of ELMs in the I-mode phase. When all terms
in the six-field model are considered, a strong instability (solid
red curve with square in Fig. 3) exists at n > 20. From testing
of the terms in the six-field model separately, we found that
the eHall (electron Hall effects) term and the curvature term
are the most important contributions. Parallel conductivity nor-
malized by the diamagnetic frequency w, = kT, /LN16 has
been scanned and used to identify the mode. The scan with all
terms shows a complex behavior as shown in Fig. 4, but the
scan with curvature only shows good agreement with the the-
ory of the resistive ballooning mode'” at o /s > 0.002. The
scan without curvature has a peak at | /. = 2, which is sim-
ilar to the trend of the theory of the collisional drift wave'®
(it might be modified by other terms). The propagation direc-
tion of the frequency in the plasma frames (£, = 0) is another
way to identify the mode. Figure 5(a) shows that mode without
the curvature term propagates in the electron diamagnetic drift

FIG. 2. Profiles in the simulation.
Solid red curves are the profiles in the

simulation. The dashed blue curves of
n;, T,, Pressure are the profiles from
kinetic EFIT based on the experimen-

tal data, and the dashed blue curve of
Er is the experimental data obtained

14 . . x 10
1.2
1F ;
0.8}
o
0.6} —"} (sim)
0.4F == ni (exp)
0.2 L "
0.9 0.95 1
P
1 4 ><104
o —pressure
R - - pressure
ol &
u-O
1k
\ \ 0 , )
0.9 0.95 1 1.05 0.9 0.95 1 1.05

with CXRS'™ using a mid-plane gas
puff as a neutral source.



120703-3 Liu et al.
0.09 T e or r or or
\ 169 I
0.08F w/ curvature only 4
" —-&-wlo curvature y
0.07} Ve n=30 @ ¢) =0.98 |
\ ~
< =~
3 0.06} ‘\ resistive ballooning J
= ' mode: yoc a;; s
o 0.05F ]
© y
£ 004k \ ]
=
© 0.03} ]
0]
0.02}F
0.01F C-Mod\

0.0001 0.001 0.01 0.1 1 10
Parallel conductivity o ” | w,

FIG. 4. Growth rate vs parallel conductivity. Red solid curve with squares is
the case with all terms in the six-field model; blue solid curve with circles is
the case with the curvature term only; and pink dashed curve with diamonds
is the case without the curvature term.

direction, which is in agreement with the drift Alfven wave
(DAW) instability, while mode without the eHall term prop-
agates in the ion diamagnetic direction, which is in agree-
ment with the ballooning mode. In addition, the eigenmode
at n =30 without curvature mainly peaks at the X-point and
has a smaller component at the top of the machine as shown
in Fig. 5(b), which is consistent with the eigenmode structure
of the DAW instability described in the Gyrokinetic Toroidal
Code (GTC) test.?® Taken together, these tests indicate that
the I-mode edge is linearly unstable to both the DAW insta-
bility and the resistive ballooning mode.

In order to compare the simulation results with the
experimental measurements, nonlinear simulations have
been performed. Figure 6 shows that the radial and poloidal
locations of the peaks of the density fluctuations vary with
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FIG. 5. (a) Frequency of the mode without eHall and without curvature; (b)
Mode amplitude structure at n=30 without curvature in the linear
simulation.

mode number: n=20 peaks around ¥ =0.98 while n=15
peaks around yy = 0.94 the outer midplane, in contrast to lin-
ear simulations. The different poloidal locations of the per-
turbation between the linear and nonlinear simulations
should arise might due to the growth rate of the ballooning
mode is stronger than growth rate of DAW implied from
Fig. 3, but even the growth rate of DAW is dominant; Jingfei
Ma’s Ph. D. thesis®' also provided a possible explanation
that in addition to the anomalous radial heat transport at the
top and X-point, where drift-Alfven modes peak in the linear
stage, strong poloidal heat transport appears, which transfer
a large amount of energy to the outboard mid-plane. The
energy is then transferred through the radial transport at the
outboard mid-plane. The time evolution of the density fluctu-
ation of the modes from n=>5 to 35 at iy =0.98 (outer mid-
plane) is shown in Fig. 7(a), a contour plot of density fluctua-
tion amplitude versus toroidal mode number n and time at
the peak gradient position iy = 0.98 at the outer mid-plane.
It is stated that in the nonlinear phase the most unstable
mode changes from 7 =30 to n=20. Since all modes have
on average zero growth rate in the saturated stage, it could
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FIG. 7. (a) Time evolution (2007, (14 =7.86 X 10 >ms) ~ 540t,) of simulated density fluctuation amplitude of the modes from n =5 to 35. (b) The red curve
is the frequency spectrum of density fluctuation from the simulated mode n = 20 at i = 0.98 (outer mid-plane), and the blue curve is the frequency spectrum of
the density fluctuation diagnosed by reflectometry at i = 0.988 (outer mid-plane).

be that the n =20 mode has a lower growth rate than n =30,
but saturates at a higher level. Figure 7(b) shows the fre-
quency spectrum of the n =20 mode (red curve) at iy =0.98
and the frequency spectrum of the reflectometry’** measure-
ments (blue curve) at iy =0.988 (outer mid-plane). The two
curves almost peak at the same frequency indicating rough
agreement between the simulation and the experiment.
Because the length of the nonlinear simulation is short, the
spectral resolution from the simulation is very low and the
error bar on frequency spectrum is 100% (single timeseries
FFT). The direction of the predicted fluctuation is clockwise,
aligned with the electron diamagnetic drift velocity, and the
normalized density fluctuation from the simulation is about
10 times larger than the electron temperature fluctuation
(details have been presented in Ref. 23). These features also
agree with the experimental results.

Transport has been calculated from the nonlinear simu-
lation. The solid curves with circles in Fig. 8 are the parti-
cle diffusivities D, and D;, and the solid curves are the
thermal diffusivities y, and y,;. The electron particle diffu-
sivity is larger than the thermal, which is consistent with

1.4 T T T T

1.0 Electrons

1

0.94

0.96 0.98 1

FIG. 8. Predicted particle and thermal diffusivities near the edge. The exper-
imental range of values is indicated by the dashed black rectangle.

the key feature of I- mode, and the predicted y, roughly
agree with the experimental y,, over y =0.95 to 1(dashed
black rectangle). However, ion channel seems to be a little
complicated. Figure 9 shows that the fluctuation of the elec-
tron temperature is almost in phase with the electric poten-
tial from 425t4 to 525t4 (14 =7.86 X 1073 ms), which
means the electric potential fluctuation drives the electron
temperature fluctuation.

The DAW is sensitive to the gradient of Tg,21 but less
sensitive to that of T;. To clearly illustrate the correspon-
dence, we have performed linear BOUT-++ simulations for
a scan of T, and T; (Tseun=al,;) with the toroidal mode
number n =30, and with resistivity held fixed. The dashed
black curve in Fig. 10 shows that the growth rate changes
slightly with increasing 7, profile scale, if we use the calcu-
lated T; profile (T;=P/n, — T.) to keep the same pressure
profile. The solid curves show that the growth rate has
increased when the electron and ion increase separately,
without enforcing self-consistence (no calculated T; or T, to
offset the change). Increasing T, or 7T; separately will also
increase the pressure gradient leading to higher growth rate
from resistive ballooning mode, but the larger/faster increase

—— &b (3e4x)
—— 8ni

Simulated fluctuation

— &te
-0.2F — &t (0.3x)
400 450 500 550
Time ( 3\)

FIG. 9. Simulated fluctuations of electric potential, density, electron temper-
ature, and ion temperature.
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of the growth rate in the 7, scan still indicates that the free
energy for the mode is mainly from the electron pressure gra-
dient, and increasing 7, at the edge should increase the
WCM intensity. This result suggests that, in devices which
have auxiliary heating predominately on ions and which
have weak ion-electron coupling, additional electron heating
may facilitate [-mode access. Note that C-Mod is primarily
electron-heated and has strong ion-electron coupling, and
routinely accesses [-mode.

In conclusion, BOUT++ simulations have been per-
formed to elucidate the nature and underlying physics mech-
anisms of the WCM, which causes particle transport in I-
mode pedestals of Alcator C-Mod. Key simulation results
are that from the linear simulation, there is no ideal peeling-
ballooning mode instability for the [-mode studied in agree-
ment with Ref. 10; a strong instability exists at n > 20; I-
mode edge with WCM is unstable to both the DAW instabil-
ity and the resistive ballooning mode; the free energy for the
WCM is mainly provided by the electron pressure gradient.

From the nonlinear simulation, the mode propagates in
the electron diamagnetic direction; the predicted frequency
of the =20 mode agrees with the measured WCM peaks
around 350kHz; the predicted y, agrees with the y.; from
the experiment; and the predicted particle transport is larger
than the predicted heat transport.
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