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Abstract
I-mode is an attractive candidate among the confinement regimes proposed for burning
operation with good energy confinement similar to H-mode but poor particle confinement
similar to L-mode, resulting in no obvious impurity accumulation and free of large edge
localized modes. Although I-mode has been recently achieved experimentally on several
tokamaks, theory and simulation remain insufficient to explain the mechanisms behind the
I-mode formation and its peculiar transport behaviour. In this work, an electrostatic
gyrokinetic simulation using gyrokinetic toroidal code (GTC) is carried out for the typical
I-mode plasma profiles. Linear simulations reveal that two competitive instabilities coexist
within the range of short and long wavelengths during I-mode phase, respectively. It is found
that the passing electron response cannot be treated adiabatically for those modes with mode
numbers close to that of weekly coherent mode, which is considered to be a major player in
the I-mode formation and responsible for the unusual transport behaviour exhibited in I-mode
plasmas. Nonlinear simulations yield a turbulent heat transport level that is comparable to the
experimental level, and about a half of the experimental particle transport level.

Keywords: I-mode, WCM, zonal flow, geodesic acoustic mode, L–I transition, turbulent
transport

(Some figures may appear in colour only in the online journal)

1. Introduction and simulation model

I-mode is an intermediate confinement regime in tokamaks
between L-mode and H-mode, which was first discovered
on ASDEX Upgrade [1] as a transient regime and origi-
nally named ‘improved L-mode’. During the last decade,
researchers on the Alcator C-Mod tokamak have developed
I-mode into a stationary operation regime with its lifetime
more than 10 times of the energy confinement time τE [2].
What makes this regime most special and intriguing is that
the energy and particle transport channels in the edge region
are decoupled, i.e., it exhibits low energy transport across the
last closed flux surface, while higher particle transport than
that of energy. Furthermore, this regime is free of explosive
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edge localized modes (ELMs) and as a result of high level of
particle transport, there is no apparent impurity accumulation.
Thus I-mode is often considered to be an alternative regime
for burning plasma operation in parallel with the conventional
ELMy or ELM-free H-mode, which needs extra control of
impurity accumulation level and strategies for heavy impuri-
ties and helium ash removal to avoid significant energy con-
finement deterioration. To create an I-mode experimentally,
plasma discharge starts with L-mode in the magnetic geom-
etry with unfavourable ion B ×∇B drift, then L–I transition
takes place when plasmas are heated with power threshold
two times higher than that needed for the direct L–H transi-
tion in favourable magnetic geometry [2–5]. During this pro-
cess the edge plasma temperature gradient especially for elec-
trons would increases gradually to the level of the conventional
H-modes, while the density gradient changes insignificantly.
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Meanwhile, edge fluctuations with middle range frequency
around 50–100 kHz disappear and turbulence with broad fre-
quency band pops up in the high range around 150–400 kHz
in lab frame and is believed to play a major role in sustaining
the two decoupled transport channels and the whole I-mode
regime. These high frequency fluctuations are termed weekly
coherent mode (WCM), which can be detected from the signals
of fluctuations of density, temperature as well as poloidal mag-
netic field. Typically, the relative fluctuation level of density in
I-mode is about 10%, that of magnetic field less than 1% and
that of temperature around 1% [6–8]. Recently I-mode plas-
mas with features similar to those on C-Mod have also been
created on DIII-D [4], ASDEX Upgrade [3] and EAST [5].

Further follow-up investigations on I-mode plasmas from
the theorical, simulation as well as experimental aspects
[9–15] have provided some preliminary understandings of this
regime. Coppi and Zhou [9, 10] proposed a model in which
the WCM was treated as a type of heavy impurity mode,
which can ‘purify’ the plasmas through the outward transport
of this heavy species. Reinke et al [15] also demonstrated that
small amounts of impurities have a dramatic effect on the I-
mode fluctuations and operation. Cziegler et al [7] identified
the co-existing lower frequency mode with geodesic acoustic
mode (GAM), which sucks energy from WCM turbulence and
widens the frequency band of the latter. Through BOUT++
simulation, Liu et al [12] concluded that WCM turbulence
is ‘resistive ballooning mode (RBM) and drift alfvenic mode
dominant’.

We know that a complete and self-consistent physical pic-
ture of I-mode is very important to seek for its possible applica-
tion in the future fusion plasma operation. Challenging issues
like the essence of WCM, the mechanisms responsible for
L–I transitions, the decoupling of heat and particle transport
channels needs to be tackled. Since the steady I-mode has
been achieved for the first time on Alcator C-Mod [2], a com-
pact tokamak with high plasma density and high toroidal field,
this regime has been produced over essentially all the mag-
netic fields achievable on this tokamak [16]. The high field
approach is much easier in accessing and sustaining the I-mode
regime and is drawing more and more attention. Beginning
with the pioneering Alcator A machine built in 1970s and
followed by its several upgrades, this approach has evolved
into the burning plasma grogram called Ignitor, led by Coppi
[17, 18], in which running the I-mode regime has been sched-
uled. Recently Whyte et al also launched another programme
named SPARC [19]. These programs emphasize particularly
the high field and compact approach to burning plasmas, to
quickly advance research in this respect.

In view that there is no consensus even on the nature of
WCM turbulence, it is worthwhile to launch first principle
simulations with the experimental I-mode edge profiles and
parameters, which directly motivates our work. The primary
goal of this paper is to investigate the fluctuations and their
transport properties in the I-mode plasmas through massive
gyrokinetic simulations using gyrokinetic toroidal code (GTC)
[20]. We have conducted a series of global gyrokinetic sim-
ulations, using the profiles from the discharge #1120907032
on Alcator C-Mod [12, 21]. Since in the I-mode plasmas the

Figure 1. Edge temperature and density profiles of I-mode [12,21].

density fluctuation level is much higher than that of mag-
netic fluctuation and the local βe is estimated to be less than
0.1% around the temperature pedestal of the I-mode, the rea-
sonable electrostatic approximation will be adopted as a first
attempt of our I-mode study via gyrokinetic simulation. Given
the characteristic frequencies and wavelengths of the I-mode
plasma fluctuations, the ion response is described by gyroki-
netics and that of the electron by drift kinetics [20, 22],
and both passing and trapped particles are retained in the
simulation.

The simulation domain is restricted in the edge region of
tokamak around 0.8–0.99 minor radius of the plasma column
with R0 = 0.67 m, a = 0.22 m where the WCM and tem-
perature pedestal are located (figure 1). The two normalized
gradient length scales of local electron and ion temperatures
are taken as R0/LTe = R0/LTi = 142, and those of local den-
sity as R0/Lne = R0/Lni = 42. Other parameters adopted are
Te,95 = 700 eV, ne,95 = 1 × 1020 m−3, local safety factor q95

= 3.5 and on-axis magnetic field B0 = 5.8 T, which gives rise
to the local ratio a/ρs = 472 with gyroradius ρs ≡ Cs/Ωc at the
reference point, where ion sound speed Cs ≡

√
Te/mp, mp is

the proton mass and Ωc = eB0/mp. We choose deuteron (D)
as the ion species in the simulation and first treat the plasmas
to be collisionless. Collisional effects will be investigated in
section 5. Albeit impurity ions may be important to I-mode [9,
10, 15], we ignore them in our simulations as a first attempt
to study the I-mode physics. By ignoring plasma shaping, the
magnetic flux surfaces are simply assumed to be concentrically
circular.

2. Validation of I-mode edge properties

To validate nonlinear GTC simulation, we need to compare
turbulence characteristics and transport levels from the sim-
ulation with the experimentally featured in I-mode plasmas.
Here we list a number of important characteristics of the I-
mode plasmas from C-Mod discharge #1120907032: there
exist characteristic turbulent fluctuations called WCM, which
propagate in electron diamagnetic drift (EDD) direction with
frequency around 150–400 kHz in the lab frame; it is also
observed that a GAM coexists with the WCM; the effective
heat diffusivity is calculated to be about 0.15–0.35 m2 s−1,
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Figure 2. Radial profiles of ion/electron heat diffusivities χi/χe and
particle diffusivities Di/De.

Figure 3. (a) Radial potential structures of GAM/LFZF and their
time evolutions; (b) time evolution of GAM/LFZF intensity at the
diagnostic point r = rref , θ = 0, ζ = 0.

while the particle transport is about 0.05 m2 s−1, which is
lower than the particle transport coefficient measured from
experiments (about 0.1 m2 s−1) [23].

As shown in figure 2, our nonlinear simulation success-
fully demonstrates that the nonlinear edge heat diffusivities
for ion and electron, χi and χe, are at the same level as the
experimental values. However, the particle diffusivities for
both species, Di and De, are significantly lower than those
from experiment diagnostics. This suggests that the particle
and energy transport decoupling observed in the I-mode exper-
iment cannot be reproduced by gyrokinetic simulation in the
electrostatic limit. This may further imply that the dominant
turbulence such as the WCM-like turbulence could not be
completely treated as electrostatic, although the edge den-
sity fluctuation level of WCM-like turbulence is one order
of magnitude higher than that of poloidal magnetic field and
the edge local βe value is small enough, for which the tradi-
tional drift wave turbulence can be safely treated as electro-
static. Surprisingly, we found that the turbulence driven by
the I-mode profiles can self-generate GAM oscillations and
LFZF, that have been observed in all I-mode experiments [24].
Shown in figures 3(a) and (b) are the evolution of the per-
turbed electrostatic potential averaged over the reference mag-
netic surface, where the change of colour with time over the
narrow edge region in the form of strips indicates that there

Figure 4. Power spectrum of electrostatic potential at r = rref ,
θ = 0 and ζ = 0. The peaks around ω = 0.5, 1.4, 4.8 (in unit Cs/R0)
are identified with LFZF, GAM and WCM-like signal, respectively.

Figure 5. Time evolution of the electron heat diffusivity induced by
WCM-like turbulence and the regulation role of GAM/LFZF on it.
Bounded by the two vertical dashed lines is the time window in
which the power spectra over frequency have been analysed, as
shown in figure 4.

exists the component of oscillations with mode numbers n = 0
and m = 0, which is for GAM and LFZF. Simple estima-
tion based on the periodic change shown in figures 3(a) and
(b) reveals that the frequency normalized to GAM frequency
predicted from ideal magneto-hydrodynamics is ωsimulation

GAM �
1.45ωGAM with ω2

GAM ≈ R−2
0 (2 + q−2)γT/mi [25], which is

very close to the characteristic order of GAM. Shown in
figure 4 is the frequency spectrum during nonlinear sat-
uration process in the temporal window bounded by the
two vertical dashed lines in figure 5. This spectrum ranges
over a WCM-like signal near the frequency 4.8Cs/R0, a
GAM signal near the frequency 1.6Cs/R0 and extremely low
frequency for LFZF.

3. Turbulence saturation mechanisms and roles of
GAM/LFZF

In the performed nonlinear validation simulations, we find out
that the turbulence saturates twice in succession, one phase of
gently linear growth and saturation followed by another phase
of more explosive linear growth and saturation, which is some-
what atypical, as illustrated by the solid-blue line in figure 5
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Figure 6. Poloidal spectra measured at three moments
corresponding to those for the solid-blue curve in figure 5.

for the time evolution of the electron heat diffusivity. This
suggests that there may exist two distinct instabilities in two
consecutive stages, which are labelled respectively as the first
and second instabilities. The first instability dominates the ear-
lier nonlinear process and the second one dominates the later
phase, which is a common situation when multi-scale instabil-
ities are considered in the simulation [26–28], and typically all
those multi-scale instabilities would influence the final turbu-
lence saturation level substantially together [26]. Besides, in
the typical nonlinear saturation process, the dominant unsta-
ble mode, which is the most unstable one determined by lin-
ear dispersion relation, undergoes exponential growth and gets
saturated by wave–wave interaction or wave–particle interac-
tion [29, 30], then the turbulent plasma enters the nonlinear
saturation stage and stays in steady state. However, in this
nonlinear process shown in figures 5 and 6, right after the
first instability becomes saturated and its level gets lowered
down somewhat by some dissipation for a while, the second
instability is then excited and takes over, which is similar to
Howard et al’s work [26]. Then the energy transport levels
for both species are boosted by another explosive growth of
this second instability, to much higher values, e.g., about five
times that of the first stage, when new nonlinear saturation
is reached.

To verify our judgement that the two instabilities are of dif-
ferent types, we need to examine the time evolution of the
mode wavelength for each of them in nonlinear process. The
poloidal mode spectra are analysed, as is exhibited in figure 6.
Around t = 2.5R0/Cs in figure 6(a), the first unstable mode
grows exponentially, which corresponds to the first uphill of
the solid-blue curve in figure 5, with central perpendicular
wavenumber kθρs ≈ 0.8776 indicated by the vertical dashed
lines in figures 6(a) and (b). This wavelength is comparable to
that of trapped electron mode (TEM) [31–34], which is a typ-
ical short wavelength instability, whereas this poloidal wave-
length is shorter than that inferred from the WCM. Around
t = 3.75R0/Cs, as is shown in figure 6(b) which corresponds
to the first downhill of the solid-blue curve in figure 5, the
spectrum peaks at kθρs ≈ 0.13 as is marked by the left vertical
dashed line. Meanwhile, the peaks around kθρs ≈ 0.8776 are

Figure 7. Simulation with shorter wavelength modes filtered out
yields almost the same final saturation level as that retaining full
poloidal spectra. (a) Time history of electron heat diffusivity.
(b) Time history of electron particle diffusivity.

dwindling drastically relative to the surroundings. We note that
kθρs ≈ 0.13 is very close to the measured poloidal wavenum-
ber of WCM reported in [24]. This means the energy carried by
the modes with short wavelengths has been inversely cascaded
to the long wavelength WCM-like modes. Around t = 6R0/Cs

and afterwards, the second instability undergoes an exponen-
tial growth and reaches a much higher saturation level as is
shown in figures 5 and 6(c), and the value of kθρs is eventu-
ally locked around 0.13 for the WCM-like modes. During the
growth of second linear instability and nonlinear saturation the
first instability with kθρs ≈ 0.8776 disappears completely in
the poloidal spectra.

On the other hand, when we use some numerical tech-
nique to filter out those modes with shorter wavelengths
around kθρs ≈ 0.8776 corresponding to toroidal mode num-
ber n � 50 in our nonlinear simulation, the results plotted
in figure 7 illustrate that, although the first stage of linear
growth and saturation disappears, the final saturation lev-
els of both heat diffusivities and particle diffusivities do
not change significantly, comparing with those simulations
with shorter wavelength modes retained, which is differ-
ent from Howard et al’s results, where all the multi-scale
instabilities concerned in the simulation will affect the final
turbulence saturation level and the short wavelength modes
cannot be excluded [26]. However, in this work, whether or
not the first instability is filtered out, the electrostatic fluctu-
ating potential for WCM-like turbulence maintains almost the
same level, and this turbulence potential cascades nonlinearly
into the longer wavelength mode with kθρs ≈ 0.13. This indi-
cates that although the first stage exponential growth of the
modes with shorter wavelength (n � 50) raises the transport
level by a small amount, apparently, they do not play deter-
mining role when the system evolves into the ultimate nonlin-
ear saturation phase. Therefore, between the two instabilities
with distinct spatial scales, it is the mode with kθρs ≈ 0.13 that
determines the transport level, and hence might be identified
with the dominant linear mode for the WCM-like turbulence
reproduced in our GTC simulations with the I-mode plasmas
profiles on C-Mod.

It is well-known that GAM/LFZF has the capability of reg-
ulating turbulence and improving confinement quality indi-
rectly. One naturally expects that the regulation of GAM/LFZF
remains valid for the I-mode. In fact, the experiments [7,
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24, 35] have revealed that: (1) GAM sucks energy from the
WCM turbulence and broadens the frequency band of the lat-
ter through nonlinear interaction; (2) GAM and WCM van-
ish simultaneously when the plasmas transit from I-mode to
the flow-up ELM-free H-mode when heating power is above
some threshold [3, 6]. However, it remains elusive to what
extent the regulating role is played by GAM/LFZF in I-
mode plasmas. We therefore conduct two contrasting non-
linear simulations to examine the influences of GAM/LFZF
on WCM-like turbulence and its transport properties. In one
of such simulations, we calculate the electron heat diffu-
sivity induced by the WCM-like turbulence with the self-
generated GAM/LFZF retained and the time history of this
transport coefficient is plotted in figure 5 as solid-blue curve,
in the other the response of GAM/LFZF is filtered out and
the resultant electron heat diffusivity by turbulence alone is
shown in figure 5 as dashed-red curve. By comparison of these
two cases, we find out that both the first and second insta-
bilities are strongly regulated by GAM/LFZF. However, the
second instability is evidently affected more, as not only its
saturation level drops down more but also it oscillates more
violently, after reaching its peak value when entering the
nonlinear phase.

4. Linear physics of I-mode

Following the traditional procedure of exploring generic non-
linear physics, in order to gain deeper understanding of this
WCM-like turbulence, it is not sufficient to work on the nonlin-
ear simulation alone. In fact, we conduct a series of linear sim-
ulations to see how the linear dispersion relation behaves and
to identify the dominant unstable mode at each linear stage of
the two distinct evolution processes in our previous nonlinear
simulation.

4.1. Linear dispersion relation of the instabilities

In our linear simulations, we first work on single fixed toroidal
mode number n to capture the most unstable poloidal mode,
and then vary the n number to get the frequency and linear
growth rate for each mode that needs to be identified. Firstly,
we retain all ingredients of gyrokinetic ion response and all
those of drift-kinetic electron in our linear simulations. In
this case, as shown in figure 8(b), there are two comparable
peaks of linear growth rate located around kθρs ≈ 0.16 and
kθρs ≈ 0.85, respectively, i.e., the two normalized poloidal
wave numbers marked in figure 6 for the two dominant insta-
bilities in the preceding nonlinear simulations. Thus, the linear
instability with maximum growth rate around kθρs ≈ 0.85 cor-
responds to the first exponentially growing phase shown in
figure 5, and the one with peaked growth rate around kθρs ≈
0.16 to the second linear growing phase in figure 5, which
could accounts for the WCM observed in experiment [23].
Moreover, we note that the linear growth rate for the mode
with kθρs ≈ 0.85 is slightly larger than that with kθρs ≈ 0.16,
and the first unstable mode grows faster and saturates earlier.
This is also consistent with our previous observation for the

Figure 8. Linear dispersion relations of I-mode edge plasmas. (a)
Real frequency ωr vs kθρs. (b) Linear growth rate γ vs kθρs. Positive
ωr corresponds to the poloidal mode phase velocity in EDD. Marked
on ωr-axis with asterisks are the heights of ωte, ωbe ωti and ωbi. The
blue crosses are for the case in which non-adiabatic response of
passing electrons are retained while the red triangles for the case
otherwise.

dynamic evolution of these two modes in the nonlinear satu-
ration process, that is, the more unstable mode exponentially
grows faster and saturates earlier in its nonlinear evolution.

Upon inspecting the mode frequencies and the directions of
phase velocity shown in figure 8(a), we find out that there are
three categories of modes: (1) the most unstable modes with
kθρs ≈ 0.85, which is marked as ‘1st unstable’ in figure 8(b)
and propagates in EDD with frequency in the range of typ-
ical ion scale drift instabilities, which could be identified as
collisionless trapped electron mode (CTEM) [31–34], which
is driven by toroidal precessional resonance; (2) the unstable
mode with kθρs ≈ 0.16, which is marked as ‘2nd unstable’
in figure 8(b) and also propagates in EDD with frequency
close to the electron transit frequency ωte; (3) the unstable
modes with poloidal wave numbers somewhere between the
aforementioned two types (0.4 < kθρs < 0.8), which propa-
gates in the ion diamagnetic drift (IDD) direction and have
frequencies close to the frequency ω∗i or frequency of typi-
cal ion drift waves, which could be identified as the toroidal
ion temperature gradient (ITG) mode [36–38]. Furthermore,
upon switching off the non-adiabatic response of passing elec-
trons and keeping the trapped electron response only, we find
out that only the second type unstable mode (the one with
highest frequency) are sensitively affected in such a way that
both its frequency and linear growth rate drop down sub-
stantially. On the other hand, it is well-known that the pass-
ing electron response is approximately adiabatic for typical
ion drift waves, and the dispersion relation of this type of
modes is not expected to be affected sensitively by switch-
ing on or off the non-adiabatic passing electron response. The
existence of significant non-adiabatic response for the pass-
ing electron indicates that this second instability, consistent
with the WCM observed experimentally in mode frequency,
wavelength, as well as propagation direction, belongs to the
type of instabilities that are different from conventional drift
waves. It is on our research list to develop a global analytic
linear theory for this 2nd unstable mode in the steep gradi-
ent pedestal where several characteristic scales are coupled
together.

Based on the preceding facts, we conclude that the high
frequency branch with longer wavelength (kθρs ≈ 0.16) is
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Figure 9. ηi-sensitivity of the higher frequency mode. (a) Real
frequency ωr vs kθρs. (b) Linear growth rate γ vs kθρs.The blue
cross is for the case with the value of ηi calculated from the I-mode
profiles, i.e. ηi � 1, while the red star for the case with ηi = 1.

unlikely to be either TEM or ITG [31–34, 36–38], while the
low frequency branch with shorter wavelength (kθρs ≈ 0.85)
should be TEM. In addition, when the relative ITG is low-
ered down to the value that is comparable to that of ion density
(ηi � 1), shown as the dashed-red curves in figure 9, the high
frequency branch persists with slight upswing of frequency.
Thus, it is fair to say that the contribution of ITG to this branch
is not very relevant. So ITG mode [36–38] must be ruled out as
the candidate for WCM at least as long as the linear instability
drive is concerned.

4.2. I-mode formation mechanism

Now we focus on the high frequency mode of with kθρi = 0.16
or n = 20, which is the typical toroidal mode number of WCM
observed in the I-mode plasmas on C-Mod [23]. As has been
checked in subsection 4.1, the existence of this branch is insen-
sitive to the ITG, thus it can be safely frozen by setting ηi = 1.0
in the following analysis. We decrease ηe from 4.0 to 1.0 by
reducing the electron temperature gradient while keeping elec-
tron density gradient fixed. Here the smallest value 1.0 for ηe

corresponds to the electron profiles that are almost the same as
those of ions, a situation resembling the back transition from I-
mode to L-mode. As shown in figure 10(a), whether or not the
passing electron response is retained in the simulation, there
always exists a narrow threshold band of ηe centred around
ηec � 2.0, across which the L–I transition occurs, indicated by
the big mode frequency jump. Below this band, the influence
of non-adiabatic response of passing electron on the viable
instability becomes irrelevant and the corresponding instabil-
ity should be TEM [31–34] that propagates with characteristic
frequency aroundω∗e in EDD. Meanwhile, the plasma profiles
degrade to those for a typical L-mode plasma, which agrees
with the common picture that TEM [31–34] grows most eas-
ily at the plasma edge for the L-mode plasmas. However, as
ηe is increased above the threshold band, the mode frequency
jumps up abruptly to the values that are close to the elec-
tron transit frequency ωte, which is located in the range of the
higher frequency branch aforementioned in section 3 and sub-
section 4.1. This mode frequency jump seems to agree with
the experimental findings [2, 6]: along with the L–I transition
and the build-up of edge temperature barrier, there is always
an upswing of high frequency band for the WCM turbulence.

Figure 10. L–I transition and instability-jumping as ηe crosses
critical values. (a) Real frequency ωr vs kθρs; (b) Linear growth rate
γ vs kθρs.

Moreover, for a wide range of ηe above the threshold band, the
non-adiabatic response of passing electrons produces a huge
change in the mode frequency as well as a mild change in the
growth rate. This heavy dependence on the non-adiabatic com-
ponent of the passing electrons excludes this mode from some
typical drift wave instabilities such as TEM. In this range of η
the plasma profiles become similar to those of I-mode plasmas.
As we know, the typical I-mode plasmas come with temper-
ature barrier and without particle barrier in the edge region,
which complies with a large edge temperature gradient or ηe.
Thus, the mode-jumping across critical values of ηe may be
relevant to the transition mechanism from L-mode to I-mode
or vice versa, and in terms of frequency range, the high fre-
quency mode or its derivative mode is likely to account for the
WCM widely observed in the I-mode plasmas. All these simi-
larities cannot simply be counted as just coincidences. Instead,
they are solid new evidences that the high frequency mode is
most likely to be the dominant linear mode of WCM observed
on C-Mod experiments, besides those offered by the nonlinear
simulations.

5. Collisional effects

So far collisionality has been completely ignored in our sim-
ulation. In the I-mode plasmas, the edge temperature is sig-
nificantly lower than the core temperature, which is similar to
conventional H-mode plasmas. Although the density profile of
I-mode plasma is as flat as the L-mode plasmas, in C-Mod the
plasma density is higher than other machines like EAST. The
edge collisionality is expected to be higher than that in the core
region and in other machines. Hence the edge plasmas may not
be collisionless and it is better to check how the collisionality
affects the instability and transport in the I-mode plasmas. To
this end, the collisional effects is implemented by a pitch-angle
scattering process for electrons in the simulation, with the local
effective electron collision frequency ν∗e ≈ 0.33 [39–41]. The
nonlinear simulation is repeated for this collisional case, and
the heat diffusivity, particle diffusivity and GAM/LFZF sat-
uration level are shown in figures 11(a)–(c). These are con-
trast plots between the case with collisions (dashed-red curve)
and the case without collisions or collisionless (solid-blue
curve). The downshifts of the two transport coefficients at
each moment and the delayed peaks reveal that both the first
and second instabilities are partially stabilized by the electron
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Figure 11. Electron collisional effects on the transport properties in
I-mode. (a) The electron heat diffusivity is lowered by collisional
effects. (b) The electron particle diffusivity is lowered by collisional
effects. (c) The GAM/LFZF saturation level is lowered by
collisional effects.

collisional effects. In particular, the nonlinear saturation level
of the second instability is lowered down by the collisional
effects more enormously and significantly. This difference can
also be detected from the GAM/LFZF saturation levels, see
figure 11(c). For the first exponential growth and saturation,
the collisional effect on the GAM/LFZF is marginal. But for
the second one, GAM/LFZF are visibly damped by the elec-
tron collision, in which the turbulence was supposed to induce
more severe transport than the collisionless case [42, 43]. In
fact, we observe the contrary trend in the transport level, i.e.,
the turbulent transport with physical collisions is less than the
collisionless turbulent transport shown in figures 11(a) and (b),
which suggests much less linear drive in the case with colli-
sions and the damping effect of collisions play a major role.
Therefore, the electron collisional effect in this I-mode sce-
nario is different from that in either dissipative trapped elec-
tron mode (DTEM) or RBM, since both DTEM and RBM
are normally destabilized by collisional effects in this weak
collisional regime. Based on the preceding observations and
considerations, both DTEM and RBM can be excluded from
the candidates for WCM.

6. Summary and discussion

In this paper we present a novel understanding of the mech-
anism of I-mode formation and the essence of the associ-
ated WCM, based on our electrostatic GTC simulations with
the profiles that are taken directly from the experimental I-
mode data on C-Mod. In particular, our nonlinear simulations
provide two major findings: (1) a long wavelength instabil-
ity with high frequency in the typical range of local elec-
tron transit frequency ωte dominates the nonlinear evolution
of the I-mode edge plasmas, and this instability resembles the

characteristic WCM in I-mode plasmas in many aspects, such
as mode wavelength, frequency spectra of edge fluctuations,
the resulting energy transport levels and the associated char-
acteristics of profiles evolution from L-mode to I-mode transi-
tions. The characteristics of this mode and the transport levels
out of GTC simulation are listed in table 1 to make comparison
with the experimental observations; (2) GAM oscillations with
characteristic frequency close to ω2

GAM ≈ R−2
0 (2 + q−2)γT/mi

are identified to be self-generated by the turbulence nonlin-
ear interaction. Most of this work has been presented in 2019
[44]. Up to now, almost all I-mode experiments have observed
that GAM co-exists with WCM fluctuations when plasmas
transition from L-mode to I-mode occurs [35]. To our best
knowledge, this is the first time that this universal experi-
mental phenomenon has been verified from our first principle
gyrokinetic simulations. Meanwhile, the level of effective heat
diffusivity out of our simulations is consistent with the exper-
imental values. All these successes strongly suggest that we
have captured many essential aspects of the I-mode physics,
except that the particle transport level from our simulation is
about a half of the experimental value. This implies that the
robust transport decoupling of I-mode is hard to be reproduced
in the electrostatic simulation in the absence of impurity ions
and equilibrium radial electric field.

As for the linear simulation on I-mode, we have discov-
ered a newly unstable mode with high frequency exhibiting
many features that are similar to those for WCM. In particular,
this mode has a frequency in the range of local electron tran-
sit frequency ωte in the plasma frame and propagates in EDD.
The mode wavelength is also similar to that of WCM. These
two features owned simultaneously by the instability: fast time
scale and large space scale together with the non-adiabatically
passing electron response exclude TEM, especially CTEM as
the candidate for WCM in I-mode plasmas. Furthermore, we
find out that finite electron collisional effects can stabilize this
mode, so both DTEM and RBM are also ruled out as the can-
didates. Moreover, since the growth rate of this mode is not
sensitive to the local value of ηi, ITG mode [36–38] is also
ruled out as the dominant linear instability for WCM. By vary-
ing the scale length of electron temperature and density gra-
dient, we have pinpointed this WCM-like mode down to the
instability that has long wavelength and high frequency and
is driven by electron temperature gradient. All these features
strongly suggest that there exist a new type of instability sus-
taining the I-mode, which is, however, not listed in the zoo
of instabilities ever documented before. Further analytical and
numerical studies are desired to give a clear identification of
this mode.

We note that only conventional two-species plasmas have
been considered in this work and impurity ions are excluded
in the simulation. However, both theory [9, 10] and experiment
[15] suggest that impurity species can play an important role
in I-mode plasmas. This is certainly worthy of studying further
via simulation, which is on the list of our future work.

Furthermore, due to the closed magnetic flux surfaces
adopted around the edge, another important ingredient of I-
mode formation, the radial electric field (Er well), cannot be
self-consistently simulated in our present work. According to
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.

our understanding, the formation of edge Er well is mainly
induced by direct ion orbit loss at the edge when the plas-
mas are heated [45–47]. Thus, to self-consistently embrace
the effects of Er well on I-mode plasmas, we may have to
run simulations in the realistic unfavourable X-point magnetic
geometry, which is also considered as our future work.
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