CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Features of transport induced by ion-driven trapped-electron modes in tokamak

plasmas

Hui Li(Z*2%), Ji-Quan Li(Z4k4%), Feng Wang( ), Qi-Bin Luan(ZEH:5iK),Hong-En Sun(f) % &), and Zheng-Xiong
Wang(F IE7X)

Citation:Chin. Phys. B, 2023, 32 (7): 075206. DOI: 10.1088/1674-1056/acae7e

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Role of the zonal flow in multi-scale multi-mode turbulence with small-scale shear flow

in tokamak plasmas

Hui Li(Z= ), Jiquan Li(Z24%4%), Zhengxiong Wang(F 1E1X), Lai Wei(Z£2K), and Zhaoqing Hu(HHEHE)
Chin. Phys. B, 2022, 31 (6): 065207. DOI: 10.1088/1674-1056/ac6011

The intermittent excitation of geodesic acoustic mode by resonant Instanton of electron

drift wave envelope in L-mode discharge near tokamak edge

Zhao-Yang Liu(XI|5HPH), Yang-Zhong Zhang(& 4% i), Swadesh Mitter Mahajan, A-Di Liu(XIIFi ), Chu Zhou(J& ££),
and Tao Xie(§1i4)
Chin. Phys. B, 2022, 31 (4): 045202.  DOI: 10.1088/1674-1056/ac43ac

Basic features of the multiscale interaction between tearing modes and slab

ion-temperature-gradient modes

L Wei(Z£>K), Z X Wang(E 1EIX), J Q Li(ZE4E %), Z Q Hu(BHHATE), Y Kishimoto(jF 4~ 2= HH)
Chin. Phys. B, 2019, 28 (12): 125203.  DOI: 10.1088/1674-1056/ab5437

Effect of Bohm quantum potential in the propagation of ion-acoustic waves in

degenerate plasmas

M M Hasan, M A Hossen, A Rafat, A A Mamun
Chin. Phys. B, 2016, 25 (10): 105203. DOI: 10.1088/1674-1056/25/10/105203

Numerical study of the effect of water content on OH production in a pulsed-dc

atmospheric pressure helium-air plasma jet

Mu-Yang Qian(£%¥K#%), Cong-Ying Yang(# M\5), Zhen-dong Wang(EE %), Xiao-Chang Chen(%:/N &), San-Qiu
Liu(X]=%k), De-Zhen Wang(F 1% H)
Chin. Phys. B, 2016, 25 (1): 015202. DOI: 10.1088/1674-1056/25/1/015202


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acae7e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acae7e
https://doi.org/10.1088/1674-1056/acae7e
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6011
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac6011
https://doi.org/10.1088/1674-1056/ac6011
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac43ac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac43ac
https://doi.org/10.1088/1674-1056/ac43ac
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5437
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab5437
https://doi.org/10.1088/1674-1056/ab5437
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/10/105203
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/10/105203
https://doi.org/10.1088/1674-1056/25/10/105203
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/1/015202
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/1/015202
https://doi.org/10.1088/1674-1056/25/1/015202

Chin. Phys. B 32, 075206 (2023)
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As an obstacle in high-performance discharge in future fusion devices, disruptions may do great damages to the
reactors through causing strong electromagnetic forces, heat loads and so on. The drift waves in tokamak are illustrated to
play essential roles in the confinement performance as well. Depending on the plasma parameters and mode perpendicular
wavelength, the mode phase velocity is either in the direction of electron diamagnetic velocity (namely, typical trapped
electron mode) or in the direction of ion diamagnetic velocity (namely, the ubiquitous mode). Among them, the ubiquitous
mode is directly investigated using gyro-fluid simulation associating with gyro-fluid equations for drift waves in tokamak
plasmas. The ubiquitous mode is charactered by the short wavelength and propagates in ion diamagnetic direction. It is
suggested that the density gradient is essential for the occurrence of the ubiquitous mode. However, the ubiquitous mode
is also influenced by the temperature gradients and other plasma parameters including the magnetic shear and the fraction
of trapped electrons. Furthermore, the ubiquitous mode may play essential roles in the turbulent transport. Meanwhile, the
relevant parameters are scanned using a great number of electrostatic gyro-fluid simulations. The stability map is taken into
consideration with the micro-instabilities contributing to the turbulent transport. The stability valley of the growth rates

occurs with the assumption of the normalized temperature gradient equaling to the normalized density gradient.

Keywords: drift waves, nonlinear phenomena, plasma simulation

PACS: 52.35.Kt, 52.35.Mw, 52.65.—y

1. Introduction

Turbulent transport seriously impacts and restricts plasma
confinement performance in magnetic fusion reactors.!'=3! In
high-temperature fusion plasma, the energy transport across
magnetic field lines including the particle and thermal trans-
port greatly depends on the collective modes in regimes of
the collisional mean free path longer than the relevant mag-
netic connection length. As one of the major issues in fusion
plasma, disruptions are extremely dangerous. In the tokamak,
as a well-known conception of disruption, the plasma can sud-
denly escape the confinement. This abrupt loss of confinement
causes thermal and magnetic loads on the walls, as well as the
potential formation of electron currents with relativistic ener-
gies, which can seriously damage the devices. To be a viable
design for a fusion power plant, the tokamak must be able to
avoid, or at least reliably mitigate, the effects of disruptions.
Even without a power plant, the requirement of minimizing
disruptions in ITER is essential.[*-%! Because the avoidance
and mitigation techniques are inherently more effective when
more warning time is provided for them to be implemented,
much more attention has been paid to the disruption predic-
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tion.

It has been accepted that the magnetohydrodynamics
(MHD) instabilities are related to the disruption.!”#! Current-
driven magnetohydrodynamics (MHD) instabilities, which are
known as relating to the magnetic reconnection, are usu-
ally observed in both laboratory and space plasmas. How-
ever, it is unclear how the macro-scopic current-driven in-
stabilities can couple to the microscopic magnetic reconnec-
tion, previous researches in the theory and simulation have re-
vealed that the cascade via a transition of successively smaller
scale current-driven instabilities is possible. In the previous
experimental and numerical researches, the results demon-
strate a viable path from macro-scale MHD physics to micro-
scale non-MHD physics associated with the occurrence of fast
reconnection.”! In the last decade, the increasement of inter-
est in the interaction between turbulence and MHD phenom-
ena has occurred in the fusion device plasmas, both experi-
mentally and theoretically.!'%!!] The sawtooth and neoclassi-
cal tearing modes (NTMs) essentially dominate the core MHD
activity.['>13] The latter one can be made unstable by the cur-
rent or nonlinearly seeded by the turbulence, edge localized
modes (ELMs), or internal kink mode crashes.
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Particularly in plasma core, much of the transport is due
to the turbulence induced by the ion temperature gradient
(ITG) mode and trapped electron mode (TEM).[!4-16] Mean-
while, a critical physical model is built numerically to illus-
trate the anomalous particle convection reversal caused by ITG
and TEM instabilities.!!”] Tt has been generally recognized
that ITG and TEM are responsible for the ion and electron
transport, respectively.!'®!°l However, there are interesting
and important differences between these modes in tokamaks
and stellarators. Several tokamaks, such as the Tore Supra, (201
KSTAR2! and HL-2A devices,?2! have shown the evidence
about the transition of turbulence including the ITG and/or
TEM. The anomalous transport caused by micro-turbulence
has been revealed recently including both in H-mode!?*%4]
and L-mode!® plasmas. In additional, several physical ef-
fects, including the collisions, magnetic shear, finite 8 and fi-
nite Larmor radius effects[*6-32 and other plasma parameters
are considered as well. Furthermore, the turbulent transport
is determined by the type of micro-turbulence**34! and it has
been illustrated in the experiments, theories and simulations.
Additional, transitions of turbulence in plasma density limits
were discussed.®! It is worthy to note the turbulent transport
may also have influence on plasma disruptions, such as heavy
impurity concentration to core region. TEM may adjust the
heavy impurity pumping out.

The ubiquitous mode, as an important branch of trapped
electron modes (TEMs), is a favored topic for studying anoma-
lous energy transport in the fusion plasmas. On the one hand,
typical TEMs have moderated to long wavelengths that prop-
agate with the direction of electron diamagnetic drift. On
the other hand, another essential branch of TEMs related
to the b; = k%pi2 /2 > 1 is defined as the ubiquitous mode,
which propagates in the direction of the ion diamagnetic drift
Here, ps = \/T/m1 /€ represents the averaged

sound speed ion gyro-radius in which €; is the ion gyro-
6,37

velocity.
frequency.[3637] Furthermore, it is discovered that the influ-
ence of 1. and 1; on the ubiquitous mode is different from
those on the typical TEM, namely, it is better for ubiquitous
mode to occur at the lower 7. Since ubiquitous mode can
cause relatively high anomalous diffusion, it is well accepted
the importance of ubiquitous mode in the magnetic confined
plasma. Although ubiquitous mode generally causes less en-
ergy loss than that of the typical TEM, ITG, and ETG modes,
with certain conditions, ubiquitous mode can still result in the
significant heat transport, especially in the range of fluid-like
instability. For this reason, the ubiquitous mode is a signifi-
cant branch of TEMs and should receive more considerations

38,391 Thereby, the characters of

in turbulent transport analysis. !
the ubiquitous mode and the influence on the transport have to
be revealed. This research will help us to better reveal the

physical characters of ubiquitous mode and the role of the

ubiquitous mode in tokamak transport.

The purpose of this research is to present the physics of
the ubiquitous mode in the collisionless plasma, which can
result in relatively strong anomalous plasma diffusion. More
precisely, the parameters of the ubiquitous mode in tokamak
plasmas are illustrated with simulations in this work based on
the gyrofluid equations of drift waves in inhomogeneous plas-
mas. At first, we confirm the majority of theoretical predic-
tions made about ubiquitous mode, two of which are the proof
that ubiquitous mode exists in tokamaks and the proof that the
magnetic drifts of both trapped ions and electrons are the real
driving forces behind the ubiquitous mode. Finally, the find-
ings demonstrate that ubiquitous mode is typically inevitable
in the tokamak plasmas with various parameter regimes and
that their greater development rates are what cause ubiquitous
mode to contribute to the electron transport. These findings
will have an influence on the revealing of the characteristics of
ubiquitous mode in tokamaks. Simulations are used to inves-
tigate the space of profiles with T /T; = 1. Finally, the results
show a transition between the ion temperature gradient (ITG)
instability and TEM, associated with a stability valley of the
growth rates with significantly reduced growth rates.

The remainder of the paper is organized as follows. The
physical model with relevant equations and the simulation set-
ting will be introduced in Section 2. In Section 3, the numeri-
cal linear and nonlinear results will be brought in and system-
atically analyzed. The electrostatic stability map is presented
in this section as well. In Section 4, we will provide a sum-
mary of our findings as well as some discussions.

2. Physical model and simulation setting

To simulate the time evolution of the ion-driven trapped-
electron mode and understand the underlying mechanism of
the nonlinear turbulent transport, a set of five-field fluid equa-
tions is advanced based on the Weiland model'*’! here. The
effects of both the Landau damping effect!*!~*3 and the non-
adiabatic response of trapped electrons are included in this
model for describing the evolution of global electrostatic ITG
and TEM turbulence through exploiting the extended fluid
code (ExFC) based on the so-called Landau—Fluid model as
follows:

dine = — O (109 — Teone — noTe) + Dy V7 e, (1)
diTe = —TeoOaie [(6 — 1) (¢ — Tennte) — (26 — 1) T¢]

— (6= 1)V/BmToo/mim |V | T + D1, V2T, @)
d;Q = —Tpa(d,Inng + 9, InTy) g V2 ¢

+ feadrInngdgd — Vv

+ @qi [(1+ fc/T) ¢ + T + fiTinne]

+ fiOge (¢ — Te — Tentte) + DyV3 2, 3)
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dvy = =V T, — fitnVne — (14 fo/T) Vi + Du Vi V), (4)
dT,=~To(c—1)V)y
+Towai {( — 1) [(1+fe/T) ¢ + fiTinne] + (26 — 1) T}
—(5—1)/8T/m |V | i+ Dy VAT, 5)

where ne, Tz, 2, | and 7; are the normalized electron density,
electron temperature, vorticity, parallel ion velocity and ion
temperature, respectively, with the operators d; f = 0, f + (9, f]
and [¢, f] = r~' (9,00 f — d9 90, f). Here, f represents any
field variable. ¢ = 5/3 represents the adiabatic compression
index. The diffusivity terms are set as D, = D, =Dy =D, =
Dy, =48 x1073.

The other operators are written as g, = 287t4qr’18¢,
g =2¢€ (cos 0r~'dg +sin00,) and A, = 1/4+25/3, namely,
the trapped electron precession drift operator, the ion magnetic
drift operator and the dependence of the precession frequency
of trapped electron on the magnetic shear s = rdg/qdr, re-
spectively. And € = a/R is the inverse aspect ratio. The frac-
tion of trapped electron is f; = 24/2r/R/7 and the passing
electron is set as f, = 1 — f;. The parallel velocity of trapped
electron is set as homogenous. In ExFC code, the real fre-
quency of the TEM is positive.

The normalization of the gyroBohm type is as follows:

[ A
(””PwVMV) = (LR YLY)), (©)
a  pso
a (ne T. ep Y Ti)
— = | = (e, T, 0,0, 1), (7)
P (no T Ty o’ Ty )~ (e T 001, T0)

where the ion sound gyroradius psy = mjcs0/e;Bo and the ion
sound speed cg0 = (Tio /mi)l/ 2. The unit of the transport coef-
ficient is pszocso /a. The ratios of the temperature and density
are shown as

T= TeO/Ti07 Ten = TCO/”O) Tin = TiO/n0~ (8)

The equilibrium quantity in unit of arbitrary reference value is
represented by the subscript label with 0.

The nonlinear Egs. (1)-(5) are numerically solved in
usual toroidal coordinate (r,0,¢). The simulation is set in
the range [L,,Lg,Lq,] ~ [a,2m,2x]. The corresponding grid
points are [Ny, Ny, N;] = [128,256,128]. The global effects of
plasma profiles which may have influence on the growth rate
of the fluctuation are considered. In the research, the paramet-
ric profiles are applied in simulations as the density profiles

no (r) = ncexp{— (A,/Ly) tanh [(r — rg) /A/] }, )

the temperature profiles
Ty (r) = Tyeexp{— (Ans/Lr;) tanh [(r —r0) /Ax}, (10)

and the safety factor

q(r) =qo+qa(r/a)*. (11)

Here, the subscript label s stands for the species of elec-
tron and ion, the label c¢ corresponds to the plasma center
with magnetic axis. The other parameters are ro = 0.5a and
A, = A,y = 0.15a. Further details and benchmarks of the ExXFC
can be found in our previous work as Refs. [44,45]. In the fol-
lowing simulation, except for the additional statement 7, ~ T;
and nj = n. = 0.4.

3. Numerical simulation and modeling analysis
3.1. Parameter dependence

In this section, we discover the TEMs with two branches
by examining the wavenumber spectra of low frequency drift
waves through the gyro-fluid simulations. In the lower kg
regime, the real frequency @ is positive indicating a typical
TEM branch propagating with the electron diamagnetic drift
direction as shown in Fig. 2. However, in the higher kg regime,
the real frequency turns into negative regime which represents
the instability is in the ion diamagnetic drift direction. The
tokamak parameter, such as the inverse aspect ratio &, influ-
ences the appearance of the ubiquitous mode and the intensity
of the instabilities. It is obviously displayed in Fig. 1 in which
the growth rates are enhanced with the increment of the €.
The threshold of the ubiquitous mode is influenced as well.
It is suggested that the toroidal number for the ubiquitous
mode excited drops significantly associated with the inverse
aspect ratio increasing. The result implies that it is easy for
the TEM changing into the regime of ubiquitous mode with

e
/N

0.20

e=0.12
—0—e=20.24
0.15- —4—¢=0.30

0.05F

Fig. 1. The normalized growth rate with the functions of toroidal
wavenumber 7 as € = 0.12, 0.24 and 0.3.

0.2
R—Q—a o
0 \A\
—_ R
B
QL
s —0.2f \o
3 A\
e=0.12 \O
—0.4r
—0—e=0.24 W
—A—e=0.30
—0.6 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10
n
Fig. 2. The normalized frequency with the functions of toroidal

wavenumber n as € = 0.12, 0.24 and 0.3.
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the increasement of the fraction of trapped electrons. Similar
result is displayed in the research®’! with gyrokinetic simu-
lations. With further searching, the nonlinear transports are
displayed.

1.0
(a

)
0.5 ‘
0
950 1050
t (a/cy)

1
4 go
-1
1.0 T . 1
go
-1

r/a

1150 1250

(

b)
- €

r/a
o
5

0
300 400 500 600
1.0 t (a/cso) 1
@
3
= 05 0
8 -1
00 400 500
t (a/cy)

Fig. 3. Time evolution of radial particle flux I" with (a) € = 0.12,
(b) e=0.24 and (c) € = 0.3.

1.0 1
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950 1050 1150 1250
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3 05 ‘|IIIIE%: - . 0
~
9 : —0.5
00 500 600
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1.0 : 0.5
(c)
~
9 —0.5
00 400 500

t (a/cy)

Fig. 4. Time evolution of ion heat flux Q; with (a) € =0.12, (b) e =0.24
and (c) € =0.3.

As introduced in Section 1, the ubiquitous mode can
cause relatively strong anomalous diffusion especially for the
heat diffusions. Here, for instance, the evolutions of ion parti-
cle flux I" and heat flux Q; are displayed in Figs. 3 and 4. The
outward particle flux is greatly enhanced as the € increases.
For the heat flux, the similar character is revealed. However,
it is more localized for the heat flux compared with the parti-
cle flux. The effect of another plasma parameter, 7, is also
researched. Figures 5(a) and 5(b) represent that the ubiquitous
mode has a threshold value and it increases with increasing 7e.
It can be concluded that the typical TEM occurs with larger 1e.
In other words, with 7. increasing, the ubiquitous mode turns
into the typical TEM. It can be concluded that the higher &
and lower 1) are beneficial for the occurrence of the ubiqui-

tous mode.

0.21 0.2

(a) 4 |
/ 9
= 0.20 012
Q Q
5 - 5
& 0.19f o— P 0 3
/O
o—°
. —0.1
01805 10 15 20 0 05 1.0 15 20

Me Ne

Fig. 5. (a) The normalized growth rate and (b) the normalized frequency
with the functions of 1. with toroidal wavenumber n = 7.

9 . : : 0.2
!
»q:
~ 5 0.1
~
3.
1 0

R/Ly

Fig. 6. Diagram for the growth rate of dominant instability depending on
three key parameters (R/Ly,R/Lz,,R/Lz;). Here, R/Ly, = R/Ly;.

Here, the electrostatic stability map is presented as dis-
played in Fig. 6. The map is created with plotting the growth
rate 'y of the most unstable mode. The simulations are scanned
with ion temperature gradient R/Ly and density gradient
R/L,. The temperature gradients of ion and electron are set as
equal, namely R/Lz, = R/Lz,. In the Fig. 6, TEM is dominant
on the top-left where R/L, is greater than R/Ly;. In the region
R/Ly, < R/L,, the dominant mode is ITG. Besides these two
regions of the map, the mode is dominant mixed with ITG and
TEM. As shown in Fig. 6, the monotonic increase of growth
rate with higher temperature gradients is observed. As the den-
sity increases, the transition occurs from ITG to TEM. How-
ever, as shown in Fig. 7, there is a valley of the growth rate

075206-4



Chin. Phys. B 32, 075206 (2023)

around 1; ~ 1 as the R/L, increases. In this region, the insta-
bility is mixed including both TEM and ITG with suppressed
micro-instabilities.

0.25

R/L; =44

0.20F /A/A\A /

R/L;=6.6 —A—R/L; =88

0 2 4 6 8 10 12
R/L,

e
o
&

Fig. 7. Growth rates as a function of R/L,. The dashed lines are
R/L, = 4.4 (blue), R/L, = 6.6 (green) and R/L, = 8.8 (orange). Here,
kg = 0.34 with R/LTi :R/LTC~

4. Summary

We investigate the properties of ubiquitous mode corre-
sponding to the TEM using gyro-fluid simulation in collision-
less plasmas. It is critical in revealing the anomalous transport.
The ubiquitous mode obviously occurs in tokamaks which
are provided by the findings. It is found that the ubiquitous
mode drifts in the ion diamagnetic direction with short wave-
length. It is displayed that the wavenumber for the ubiquitous
mode changed into typical mode is influenced by the param-
eters. Furthermore, the ubiquitous mode may play essential
roles in turbulent transport as well. Then, we investigate a re-
gion of the electrostatic instability space with the assuming of
R/Ly, = R/Ly,. The growth rate decreases around the region
1; =~ 1 as the R/L, increases accompanied with the coexistence
of ITG and TEM. When the appropriate profile requirements
are satisfied, the valley can create opportunities for operation
with decreased losses associated with the assumption of the
suppression of the micro-instabilities results in lower turbulent
transport.
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