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Abstract

This study investigates the effect of the ion-to-electron temperature ratio (Ti/Te) on micro-
turbulence driven transport in Quiescent H-mode (QH-mode) plasmas in the DIII-D tokamak.
Utilizing the Gyrokinetic Toroidal Code (GTC) and the QH-mode equilibrium, we perform
linear and nonlinear simulations to analyze transport properties and instability dynamics un-
der variations of Ti and Te. Our results demonstrate that decreasing Ti/Te leads to a relative
destabilization of trapped electron modes (TEM) over ion temperature gradient (ITG) modes,
with the transition between these regimes dictated by Ti/Te. When the electron temperature
is increased at fixed ion temperature, we observe an increase in transport saturation levels. In
contrast, decreasing the ion temperature at fixed electron temperature results in more modest
transport enhancement. The radial correlation length, which characterizes eddy size, increases
with rising Te and decreases with falling Ti, consistent with the observed trends in turbulent
transport. Additionally, we examine the impact of impurity addition on turbulence and growth
rates, finding that impurity presence does not significantly alter transport quantities compared
to the impurity-free case. Finally, investigating helium as an alternative main ion species, we
find that helium plasmas exhibit higher linear growth rates but result in lower transport satura-
tion levels than deuterium plasmas, suggesting potential confinement benefits. These findings
provide quantitative insights into the temperature ratio dependence in QH-mode plasmas and
highlight the role of temperature profiles and zonal flows in influencing plasma confinement.
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1 Introduction

High-confinement (H-mode) plasmas are an important operational scenario in future fusion devices
[1], characterized by steep edge temperature and density gradients. However, these steep gradients
lead to the occurrence of Edge Localized modes (ELMs) [2,3]. ELMs are the peeling-ballooning MHD
instability that degrades H-mode plasma performance in tokamaks [4]. ELMs pose a significant
challenge, as they expel particles and energy from the plasma, leading to transient degradation
of the transport barrier [4]. The heat and particles expelled by ELMs can also damage plasma-
facing components, which can reduce their lifetime [5]. Therefore, suppressing ELMs is essential.
Various strategies are used to eliminate ELMs, such as resonant magnetic perturbation (RMP) ELM
suppression, pellet pacing to increase ELM-frequency, naturally ELM-free operation like I-mode, and
QH mode [6–8]. More recently, alternative plasma shaping, notably negative triangularity, has been
shown to reduce or eliminate large type-I ELMs in some conditions [9,10]. Other ELM-mitigation or
ELM-free regimes - for example, the enhanced-Dα (EDA) regime [11–14] and quiescent-confinement
variants such as Quasi-Continuous Exhaust (QCE) [15–20] have also been demonstrated on multiple
devices. Techniques currently used to suppress ELMs in DIII-D include RMP ELM suppression
[6, 21] and Quiescent H-mode (QH-mode) plasma operation [22]. RMP ELM suppression relies
on externally applied magnetic fields to enhance edge particle transport and mitigate ELMs. On
the other hand, QH-mode plasma is a steady and naturally ELM-free regime [4]. The QH-mode
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plasma was discovered in DIII-D tokamak in 1999 [22] and later observed in other tokamaks like
ASDEX [23], JET-C [24], and JT-60U [25]. The natural stability of QH-mode plasma against ELMs
arises due to Edge Harmonic Oscillations (EHO) [22], which results in an increased edge particle
transport and has been shown to aid in the transport of both main ions and impurity ions [6].
This additional particle transport driven by the EHO allows the plasma edge to reach a transport
equilibrium at edge pressures and current densities just below the ELM stability boundary [26–28].

The ion-to-electron temperature ratio (Ti/Te) critically influences plasma confinement and im-
pacts anomalous transport, as demonstrated in previous experiments [29–32]. In future fusion
devices like ITER, long energy confinement times, compared to electron-ion thermal equilibration
times, are expected to bring ion and electron temperatures closer. In this context, understanding
Ti/Te behavior becomes particularly relevant for operational regimes like the QH-mode, which are
naturally ELM-free and thus offer advantages for reducing ELM-induced damage in reactor-scale
devices. However, their successful projection to burning plasma conditions requires a detailed un-
derstanding of transport properties. The Ti/Te ratio is a key parameter influencing turbulence
characteristics and encapsulates the electron-ion heat exchange, directly affecting transport dy-
namics. Experimentally, Ti/Te can be varied by leveraging preferential heating methods—Electron
Cyclotron Heating (ECH) to raise electron temperature, and Neutral Beam Injection (NBI) or Ion
Cyclotron Resonance Heating (ICRH) for ion heating—under different electron-ion collisionalities.
These heating techniques–NBI, ICRH, and ECH–remain essential tools for modifying the Ti/Te
ratio, with NBI and ICRH primarily used for ion heating, current drive, and momentum injection,
while ECH provides precise control over electron temperature and current profiles [33,34]. We note,
however, that while ICRH effectively heats ions, the use of ICRH alone has not been shown to
supply the edge torque normally required for accessing QH-mode on devices such as DIII-D, where
reliable QH-mode operation typically depends on strong counter-NBI momentum input [22].

Future fusion devices like ITER will employ a broader set of heaters (NBI, ECH and ICRH) in
its baseline configuration [35]. Since QH-mode is operated in a low-collisionality regime [26], ion-
to-electron temperature equilibration is hindered. To successfully project QH-mode as an ELM-free
plasma regime in future fusion devices, it is essential to understand the effects of different heating
mechanisms on transport and stability. We begin by investigating transport in QH-mode plasmas
of DIII-D by systematically varying the Ti/Te ratio, which effectively simulates varying the heating
mix in experiments.

Several studies have investigated the influence of the Ti/Te ratio across various tokamaks, in-
cluding DIII-D [36–41], KSTAR [42], JET [43], C-Mod [44], JT-60U [45], and AUG [46,47]. Studies
have shown that the Ti/Te ratio affects the ITG threshold by influencing its stability, leading to
either destabilization or suppression depending on the specific plasma conditions [39,48]. Previous
studies [36, 47, 49] have observed confinement degradation as the Ti/Te ratio is decreased via ECH
due to increased transport quantities in all channels. Moreover, [50] presents a study on the de-
pendence of confinement on the Ti/Te ratio in low q95 plasmas, demonstrating that a higher Ti/Te
enhances confinement by suppressing ITG-mode turbulence. Most of these studies focus on H-mode
plasmas. Since future fusion devices are expected to operate in ELM-free regimes, investigating the
impact of the Ti/Te ratio on transport in QH-mode plasmas is essential for optimizing confinement
and improving tokamak performance.

While Ti/Te influences transport properties, impurities also play a significant role in plasma
performance and must be controlled to optimize fusion efficiency. Impurities are unavoidable in
fusion reactors due to various processes, such as the production of helium ash during plasma burning,
and the sputtering of wall materials due to plasma-wall interactions [51]. The presence of impurities
leads to fuel dilution, which reduces fusion power [52–55]. A higher impurity concentration could
lead to radiation losses via bremsstrahlung and recombination radiation [56, 57]. However, a small
amount of impurity can be beneficial for confinement. For instance, impurities have been observed to
stabilize the ITG mode due to ion dilution in JET [58], WEST [59], and improvement in confinement
in ASDEX [60, 61], W7-X [62], DIII-D [63–65], and LHD [66]. In contrast, a higher concentration
of impurities can be detrimental to the confinement [67, 68]. QH-mode plasma has been observed
with modest carbon impurity in DIII-D [69] (where the walls are made of graphite).

Beyond impurities, the choice of main ions—such as helium—and the selection of hydrogen
isotopes (H/D/T) can also influence turbulence and transport behavior in fusion plasmas [70]. In
preparation for ITER’s early operational phases, helium plasmas are of particular interest due to
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their role in non-nuclear startup scenarios and their naturally lower L–H transition power threshold
[35]. While helium offers practical advantages, challenges such as ELM sustainment and core–edge
integration remain. As QH-mode plasmas are naturally ELM-free, investigating core transport in
helium QH-mode regimes is both timely and important.

This paper is structured as follows: Section 2 introduces the simulation model and describes the
gyrokinetic Vlasov and Poisson equations used in the GTC code to model microturbulence-driven
transport. Section 3 outlines the experimental setup, including the temperature and density profiles.
Sections 4 and 5 investigate the impact of the Ti/Te ratio on transport by varying the ion and electron
temperatures independently using gyrokinetic simulations, while holding the other fixed. Section 6
compares the findings from these two cases, and Section 7 examines the influence of impurities in the
presence of zonal flows. We also compare the GTC simulation results with TRANSP, an interpretive
code that infers experimental ion, electron and particle transport coefficients from measured profiles
and power balance; this provides an experimental benchmark for the first-principles, gyrokinetic
predictions of GTC. Finally, Section 8 analyzes transport behavior in QH-mode plasmas using
helium as the main ion species.

2 Simulation Model

We use the global gyrokinetic code GTC [71] to perform collisionless gyrokinetic simulations of
microturbulence transport. GTC has been extensively applied to study microturbulent transport
of tokamaks [55, 72–74] and stellarators [75–78], Alfvén eigenmodes and MHD instabilities [79–81],
energetic particles transport [82], and radio frequency waves [83, 84]. GTC takes advantage of
the anisotropic nature of microturbulence, k|| ≪ k⊥, to reduce the computational cost by using
a field-aligned mesh to represent fluctuation quantities, which helps maintain the numerical and
computational efficiency of the simulations.

The dynamics of thermal and impurity ions are governed by the 5-D gyrokinetic Vlasov equation
[75,76,85] in an inhomogeneous magnetic field as

d

dt
fα(X⃗, µ, v||, t) =

[
∂

∂t
+

˙⃗
X · ∇+ v̇||

∂

∂v||

]
fα = 0;

˙⃗
X = v||b̂+ v⃗d + v⃗E (1)

where, v̇|| = − 1

mα

B⃗∗

B
· (µα∇B + Zα∇ϕ)

v⃗d =
v2||

Ωα
(∇× b̂) +

µα

mαΩα
(b̂×∇B)

v⃗E =
c

B
(b̂×∇ϕ)

where fα is the particle distribution function, α labels the thermal ions, electron, and the impurity
ions; α = i, e, and z respectively. X⃗ represents the guiding center position of the particle, µα is
the magnetic moment and v|| is the velocity parallel to the magnetic field. v⃗E is the E⃗ × B⃗ drift
velocity, v⃗d is the sum of the curvature drift and magnetic field gradient drift. Zα and mα label the
charge and the mass of the particle. B⃗ is the equilibrium magnetic field at the particle position and

we define B⃗∗ = B⃗+
Bv||
Ωα

∇× b̂ as the equilibrium magnetic field at the guiding center of the particle,

and b̂ = B⃗
B . Finally, ϕ is the electrostatic potential which can be decomposed into two parts as a

non-zonal potential δϕ and the zonal potential ϕZF such that ϕ = δϕ+ ϕZF. GTC allows the zonal
component ϕZF to be selectively included or excluded to study its impact on microturbulence and
transport.
GTC uses low noise δf method to reduce the particle noise due to Monte Carlo sampling of particle
distribution. In this method, only the perturbed part of the particle distribution evolves with time.
In this scheme, we decompose the distribution function into an unperturbed equilibrium part and
a perturbed part as fα = f0α + δfα. Further, the propagator in Eq.(1) can be separated into an
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equilibrium part L0 and a perturbed part, δL so that the Eq.(1) can be written as (L0 + δL)(f0α +
δfα) = 0, where

L0 =
∂

∂t
+ (v||b̂+ v⃗d) · ∇ − 1

mα

B⃗∗

B
· (µα∇B)

∂

∂v||
,

δL = v⃗E · ∇ − 1

mα

B⃗∗

B
· Zα∇ϕ

∂

∂v||

The equilibrium distribution function f0α is determined by the condition L0f0α = 0. The solution
of this equation is approximated to be the local Maxwellian

f0α =
nα

(2πTα/mα)3/2
exp

(
−
2µαB +mαv

2
||

2Tα

)
Thus, GTC only calculates the perturbed part δfα. GTC introduces another variable called particle
weight wα = δfα/fα which also evolves with time as [75,86]

dwα

dt
= (1− wα)

[
−v⃗E · ∇f0α

f0α
+

Zα

mαf0α

B⃗∗

B
· ∇ϕ∂f0α

∂v||

]
(2)

A kinetic treatment of electrons is necessary to describe the electron response accurately in a gy-
rokinetic framework. GTC implements a fluid-kinetic hybrid model to circumvent the difficulties
present due to the electron parallel Courant condition and high-frequency oscillations [72, 75, 87].
In this model, the distribution function for the electron, fe is written as sum of three parts:

unperturbed part f0e, adiabatic part δf
(0)
e = f0e

eδϕ(0)

Te and a non-adiabatic part δge such that

fe = f0e + f0e
eδϕ(0)

Te + δge. The first term satisfies L0f0e = 0. The electron response is adiabatic to
the lowest order, whereas the non-adiabatic describes a higher-order response. The non-adiabatic
parts are smaller than the adiabatic parts by a factor of δ, where δ represents the fraction of
magnetically trapped electrons.

The gyrokinetic Poisson equation [55,72,88] gives the electrostatic potential as

eτ

Te
(ϕ− ϕ̃) =

δn̄i − δne
n0

, (3)

where δn̄i, δne are the ion and the electron guiding center charge density, n0 is the equilibrium
electron density, and τ = Te/Ti. The non-zonal component of electrostatic potential in the lowest
order of electron response can be written as

(τ + 1)eδϕ(0)

Te
− τeδϕ̃(0)

Te
=
δn̄i − ⟨δn̄i⟩

n0
(4)

where we define the second gyro-averaged perturbed potential, δϕ̃(0) as

δϕ̃(0)(x⃗) = 1
2π

∫
d3v⃗

∫
d3X⃗ f0(X⃗) δϕ̄(0)(X⃗) δ(X⃗ + ρ⃗− x⃗)

The first gyro-averaged perturbed potential is defined as

δϕ̄(0)(X⃗) =

∫
d3x⃗

∫
dα

2π
δϕ(0)(x⃗)δ(x⃗− X⃗ − ρ⃗)

Similarly,

δn̄i(X⃗) =

∫
d3x⃗

∫
dα

2π
δf(x⃗)δ(x⃗− X⃗ − ρ⃗)

Here, x⃗ and X⃗ are the particle position and particle guiding center position coordinates, respectively,
and ρ⃗ is the gyro-radius vector. α is the gyro-phase. We update the particle orbits and fields
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iteratively in time. An RK2 solver is used to push the particles from kth time to (k + 1)th time to
the lowest order of non-zonal potential.

To calculate higher-order terms of the electron distribution, GTC evolves the electron weight
we = δge/fe satisfying

dwe

dt
= (1− we −

eδϕ(0)

Te
)

[
−v⃗E · ∇f0e

f0e

∣∣∣∣
v⃗⊥

− ∂

∂t

(
eδϕ(0)

Te

)
− (v⃗d + δ⃗vE) · ∇

(
eϕ

Te

)]
(5)

Here, δv⃗E = (c/B∗)b̂×∇δϕ. To solve the above equation, we first approximate the exact solution by
the lowest order solution δϕ(0). All field quantities are evaluated at the kth time in equation 5, and
the electron orbits are pushed to the (k+1)th time. The expression for the non-zonal component of
electrostatic potential can now be obtained to the first order using the electron distribution function
and the expansion of the electrostatic potential as

eeδϕ/Te = eeδϕ
(0)/Te − δne − ⟨δne⟩

n0
(6)

where δne =
∫
δged

3v⃗. Depending on the trapped fraction of electrons, Equations 5 and 6 are
solved iteratively. In this way, we update all particle orbits, and the non-zonal components of field
quantities are updated at (k+1) time from the kth time. The zonal component for the electrostatic
potential can be obtained by using

τe
(
⟨ϕ⟩ − ⟨ϕ̃⟩

)
Te

=
⟨δn̄i⟩ − ⟨δne⟩

n0
(7)

Finally, our simulations neglect collisional effects, as the normalized collisionality is relatively low
for our profile (with ν∗ ∼ 0.2 [89]). Here, ν∗ = ϵ−3/2νqR0/vth, where ϵ = r/R0 is the local inverse
aspect ratio, ν is the physical collision frequency, and vth =

√
T0α/mα is the thermal velocity of

plasma species α. We employ a Gaussian boundary decay in our simulations for fields and energy-
conserving boundary conditions for particles exiting the simulation boundary.

3 Experimental Setup and Inputs

We briefly describe the experimental conditions for the DIII-D QH-mode discharge #157102 that
we use for our gyrokinetic simulations, the results of which are presented in this manuscript. More
details are available in [89]. Figure 1 shows the time evolution of relevant discharge parameters and
the magnetic fluctuation spectrogram, which indicates that the QH-mode with strong EHO activity
is sustained until ∼ 2950 ms. This discharge has a torque ramp down starting at ∼ 3000 ms for
other studies [89] without strong EHO activity. The discharge transitions from L-mode to H-mode
around 980 ms as evidenced by an increase in the pedestal electron pressure shown in Figure 1c.
The discharge then transitions into QH-mode around 1040 ms when the EHOs with fundamental
harmonic at ∼ 10 kHz appear in the magnetic fluctuation spectrogram as shown in Figure 1d. With
the appearance of the EHOs, the Dα light intensity (Figure 1b) increases and is correlated with
the integrated RMS amplitude (Figure 1e) of the EHOs calculated from the spectrogram shown in
Fig 1d. NBI power of 5.5 − 6 MW and NBI torque of 4.5 − 5.5 Nm are injected (see Figure 1a).
Pedestal electron pressure of ∼ 2 kPa and chord-averaged electron density of ∼ 1.7 × 1013/cm3

(Figure 1g) is maintained in the QH-mode phase. This discharge is highly shaped, near balanced
double null, with elongation κ ∼ 1.9, average triangularity, δ ∼ 0.58. This discharge has a toroidal
magnetic field BT ∼ 2.06 T and the plasma current IP ∼ 1.1MA. The edge safety factor q95 ∼ 5.4
and normalized Beta, βN ∼ 1.6 (Figure 1f). This discharge is produced by counter-injecting NBI
power in a direction opposite to the plasma current. We take all our plasma profiles (temperature
profile and density profile as shown in Fig 2 and Fig 3) around 2420ms as shown in the grey box
in Fig 1. These profiles serve as the input conditions for our gyrokinetic simulations, enabling
a direct study of core transport in experimentally relevant QH-mode plasmas. In the following
sections, we investigate the sensitivity of microturbulence and transport to variations in the ion
and electron temperatures, starting with a systematic reduction in ion temperature while holding
electron temperature fixed.
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Figure 1: Time evolution of plasma parameters for the discharge #157102. We chose a small time window
around 2420ms in the above discharge marked with the grey box to simulate plasma. The QH mode
operation starts around 1050ms when EHOs appear. There is a sporadic ELM at ∼ 1500 ms and then the
EHOs reappear strongly. This can also be seen in part (b), which shows the ”quiet” Dα profile when EHOs
are present. More details about the experiment can be found in Ref [89].

Figure 2: (Left) The original temperature profile obtained from the experiment. The ion temperature
(∼ 10.24 keV) is higher than the electron temperature (∼ 3.54 keV) due to NBI injection. The impurity ion
temperature (impurity taken here to be Carbon and its temperature is denoted by Tz in the above figure) is
the same as the main ion temperature for the reasons described in Sec 7. All the quantities are normalized by
on– axis electron temperature. The grey dotted lines mark the simulation domain ψ/ψw ∈ [0.05, 0.9] where
ψ is the flux surface. (Right) We plot the temperature gradient normalized by on-axis electron temperature
as a function of ψ/ψw.
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Figure 3: (Left) Experimental electron density profile used in the simulations, normalized to the on-axis
electron density, nemag . The grey dotted lines mark the simulation domain ψ/ψw ∈ [0.05, 0.9]. We are
using deuterium plasma in our simulation. The electron density profile is the same whether the impurities
(impurity taken here to be Carbon and its density is denoted by nz in the above figure) are present or
absent. Due to the quasineutrality condition in Eq. 11, the ion density differs when the impurity is present
or absent. When no impurities are present, then ni(w/o imp) = ne, shown in blue and orange colors. When
the impurities are absent, ni(w/ imp)= ne- 6 × nz, shown in green color in the above figure. (Right) We
plot the density gradient normalized by on-axis electron density as a function of ψ/ψw.

4 Simulation of Microinstabilities with Decreasing Ion tem-
perature

4.1 Linear Regime

In this section, we carry out four different linear simulations with decreasing ion temperature without
considering any impurities in these cases. The original temperature profile obtained in the discharge
is shown in Fig 2. Ti and Te in the core are 10.24 keV and 3.54 keV respectively. Ti is higher due
to NBI power injection, which primarily heats the ions, along with the low collisionality of plasma
(ν∗ ∼ 0.2). We perform simulations in the core region (ψ/ψw ∈ [0.05, 0.9]) marked with grey dotted
lines in Fig 2, where ψw = 0.036 is the ψ at separatrix. We plot the density profile in Fig 3. The
on-axis electron density is ne = 3.14× 1019 m−3, and the ion density is ni = 1.33× 1019 m−3. We
use deuterium plasma in our simulation (ne = ni (w/o imp.) in Fig 3). We plot the safety factor(q)
in Fig 2 on the right-hand side with the temperature gradients.
Our simulations fully account for the kinetic effects of the electrons. We first study the linear regime
for the case Ti/Te = 2.90 (original case). The major radius is R0 = 1.75m; the on-axis magnetic field
is BT = 1.96T . After the convergence test, we use 32 parallel grid points, 96 radial grid points, 1500
poloidal grid points, 50 ions per cell, and ∆t = 0.01R0/Cs where Cs/R0 = 23.53×104sec−1 and Cs =√
Te/mi is the ion acoustic speed. Table 1 presents the results for decreasing ion temperature at the

magnetic axis while keeping the electron temperature fixed. The ion temperature is decreased from
10.24 keV to 1.22 keV. We focus on four Ti/Te temperature ratios: Ti/Te = {2.90, 1.45, 1.0, 1/2.90}.
Following a convergence test, we set the poloidal grid to 2500 points for all Ti/Te cases except the
original, keeping all other simulation parameters unchanged. Further, only for Ti/Te = 1/2.90, we
chose ∆t = 0.005R0/Cs as the time step.

In Fig 4 (a), we show the linear phase of the normalized electrostatic perturbed potential on
the poloidal plane of ζ = 0 at t = 37.50R0/Cs for the original case. The poloidal and toroidal
mode numbers at the location where the eigenmode peaks (ψ ∼ 0.29ψw) are m∼ 35 and n∼ 17,
respectively. The growth rate for this case is γ = 0.30Cs/R0.
Table 1 presents the results for the linear regime as the ratio Ti/Te decreases from 2.90 to 1/2.90.
First, the poloidal and toroidal mode numbers increase as we reduce the Ti/Te ratio. The growth
rate increases from γ = 0.30Cs/R0 at the highest Ti/Te ratio to γ = 0.60Cs/R0 at the lowest. In
the original case, corresponding to the highest Ti/Te ratio, as well as for Ti/Te = 1.45, the mode
frequency is directed along the ion diamagnetic direction, thereby classifying the instability as ITG
according to the GTC convention. When we decrease the temperature ratio to Ti/Te = 1 and
further to Ti/Te = 1/2.90, the mode frequency changes to the electron diamagnetic direction. By
GTC convention, this mode is a TEM mode. Hence, we can say that as we decrease the Ti/Te
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Ti 10.24 keV 7.06 keV 3.54 keV 1.22 keV
Ti/Te 2.90 (Original case) 1.45 1 1/2.90
m (kθ[cm

−1]) 35(2.4) 59(4.1) 59(4.1) 81(5.7)
n 17 30 30 41
γ(R0/Cs units) 0.30 0.46 0.51 0.60
Mode ITG ITG TEM TEM
Width (r/a units) 0.06 0.07 0.10 0.13

Table 1: Comparison of the various quantities in the linear simulation for the case when we decrease the
ion temperature, keeping the electron temperature fixed at 3.54 keV.

(a) (b) (c)

Figure 4: (a) Contour plots of the electrostatic perturbed potential in the linear phase on ζ = 0
poloidal plane at t = 37.5R0/Cs,(b) nonlinear phase without ZF, (c) nonlinear phase with ZF, both at
t = 57.50R0/Cs. The black curves indicate the inner and outer simulation boundaries.

ratio, ITG mode is relatively stabilized, whereas TEM is destabilized [36, 47, 90]. We further find
that all the modes peak at the same location, as shown in the right side of Fig 5. Additionally,
we see a subdominant mode at ψ/ψw = 0.1 in the radial profile in Fig 5(Right). We verify this
subdominant to have the frequency in the direction of ion (ITG) in the case of Ti/Te = 2.90, 1.45
and the direction of electron(TEM) for the cases Ti/Te = 1.0 and Ti/Te = 1/2.90.

4.2 Non Linear Regime

We now study the nonlinear regime for this case. In Fig 4 (b-c), we show the effect of ZFs on the
electrostatic potential in the nonlinear regime for the original case. In the absence of ZFs, we see
that the linear mode structure spreads radially from the linear eigenmode. With the ZFs, the mode
structure breaks. We can measure the radial size of the eddies in the presence of ZF by calculating
the correlation length defined as [91]

Crθ(∆r,∆θ) =
⟨δϕ(r +∆r, θ +∆θ)δϕ(r, θ)⟩√
⟨δϕ2(r +∆r, θ +∆θ)δϕ2(r, θ)⟩

, (8)

Here ⟨...⟩ denotes the flux surface averaging, ∆r and ∆θ denote the radial and poloidal separation
between the points, respectively. We calculate the 1D correlation function, Cr(∆r) by taking the
maximal value along the ridge of the above 2D correlation function, which exhibits the Gaussian
decay: Cr(∆r) ∼ exp(−∆r/Lr) where Lr is the radial correlation length. We plot Lr in Fig 6. We
see that as the Ti/Te ratio is decreased for this case, the radial correlation length decreases which
signifies that the size of eddies decreases as the Ti is decreased.

In Fig 7, we show the effect of ZFs on the transport quantities. We plot the ion particle
diffusivity (Di) and the ion heat diffusivity (χi). We find that ZFs lead to a reduction in the
transport quantities by a factor of 5.82× and 2.96×. We see a similar decrease in the electron
transport quantities. We also find that ZFs reduce the transport quantities for other cases of Ti/Te.
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Figure 5: (Left) Poloidal spectrum in the linear regime at t = 25R0/Cs for the four Ti/Te ratios, where the
maximum amplitude is normalized to 1. The poloidal mode number increases as we decrease the Ti/Te ratio,
with electron temperature fixed while only the ion temperature is varied. (Right) We plot the radial profile
in the linear regime at t = 25R0/Cs for the four Ti/Te ratios, also normalized to a maximum amplitude of
1. All modes peak at the same location of ψ/ψw = 0.29. Additionally, we observe a secondary peak around
ψ/ψw = 0.1, identified as an ITG mode for Ti/Te = 2.90 and a TEM mode for Ti/Te = 1.0, 1/2.90. For
Ti/Te = 1.45, the mode diamagnetic frequency is zero at that location.

Further, we find that the reduction due to ZFs is highest when Ti/Te = 2.90, i.e., when the ion
temperature is highest, and it reduces as we decrease it.

5 Simulation of Microinstabilities with Increasing Electron
Temperature

5.1 Linear Regime

We now change the temperature ratio by changing the electron temperature, keeping the ion tem-
perature fixed. Again, we do not consider the effect of impurity ions in this case. We used the
same simulation parameters for this case as in our previous study of decreasing the ion temperature
at fixed electron temperature. The main results for the linear regime for this case are presented
in Table 2. We note differences from the previous case, where we decreased the ion temperature.
First, the poloidal and toroidal mode numbers decrease as we increase the electron temperature.
We expect this result since kθ = m/r ∼ 1/ρs ∼ 1/

√
Te [92]. Here, ρs = Cs/ωci is the ion gyroradius.

Here, ωci = eB/mi is the ion gyrofrequency. Since the electron temperature increases, we expect kθ
to decrease. We further see that the growth rate increases as the electron temperature increases [47].
We observe that the growth rate (in R0/Cs units) remains the same for a given Ti/Te ratio, whether
we decrease the ion temperature or increase the electron temperature [47]. However, in physical
units (γCs/R0), the growth rate is higher when increasing the electron temperature [90]. This is
because Cs ∼

√
Te, while R0 remains constant, leading to a growth rate, in the case of increasing

Te, higher by a factor of
√
Te/Teo , where Teo = 3.53keV is the original electron temperature. Fur-

ther, we find that for the case Ti/Te = 2.90, 1.45, the mode propagates in ion diamagnetic direction
(ITG), and for the case Ti/Te = 1.0, 1/2.90, the mode propagates in electron diamagnetic direction
(TEM) [36,47].

5.2 Non-Linear Regime

We now study the nonlinear regime for the present case. We observe a similar trend in the reduction
of transport quantities due to ZFs when increasing the electron temperature, as seen previously when
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Figure 6: Variation of correlation length, Lr in cm as a function of Ti/Te for two distinct cases. In the
first case (Fixed Te), as Ti is decreased, the correlation length does not change significantly, indicating that
the radial size of eddies does not change significantly. In the second case (Fixed Ti), we observe that the
correlation length increases with increasing Te, demonstrating that the radial size of eddies increases with
increasing electron temperature.

Te 3.53 keV 5.13 keV 10.24 keV 29.59 keV
Ti/Te 2.90 (Original case) 1.45 1 1/2.90
m (kθ[cm

−1]) 35(2.4) 41(2.9) 33(2.3) 28(2.0)
n 17 20 16 14
γ(R0/Cs units) 0.30 0.43 0.51 0.57
Mode ITG ITG TEM TEM
Width (r/a units) 0.06 0.10 0.13 0.17

Table 2: Comparison of the various quantities in the linear simulation for the case when the electron
temperature is increased, keeping the ion temperature fixed at 10.24 keV.

decreasing the ion temperature for all temperature ratios. Further, we see that the mode structure
eddies in this case show a larger width than in the case with decreasing ion temperature. We observe
this in Fig 6 where we have plotted the radial correlation length calculated using Eq 8. We can
explain this observation by noticing that the radial width of eddies is proportional to ρs, which
further depends on the electron temperature [92]. Hence, increasing Te should increase the radial
width of eddies.

6 Comparison of the two studies

This section presents a comparative analysis of the two preceding studies. We examine two ap-
proaches to modify the Ti/Te temperature ratio: reducing the Ti and increasing the Te. The impact
on poloidal and toroidal mode numbers reveals that in both scenarios—decreasing Ti and increasing
Te—the mode numbers decrease with declining Ti/Te ratio [92]. For identical values of Ti/Te, the
growth rate in physical units is more pronounced when increasing Te compared to decreasing Ti
as explained in Sec 5.1. Additionally, both approaches demonstrate ITG stabilization and TEM
destabilization [50,90].

In the nonlinear regime, however, the transport response differs markedly depending on the
heating method, as illustrated in Tables 3 and 4. In physical units, our analysis reveals that
reducing the ion temperature from the original case (Ti/Te = 2.90) increases the saturation level
of ion heat diffusivity modestly. In contrast, elevated electron temperatures lead to a substantially
higher transport enhancement of ∼ 31-fold for the same final Ti/Te ratio. These findings are
consistent with observations in previous experimental studies [36,39].

This large discrepancy in transport enhancement can be attributed to the intrinsic gyro-Bohm
scaling of turbulent transport [92]. According to this model, diffusivity is expected to scale with
the ion gyroradius, ρs ∝

√
Te. This hypothesis is supported by the behavior of the turbulent eddy
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Figure 7: Effect of ZFs on the heat and particle diffusivities. In the presence of ZFs, the ion particle
diffusivities are reduced by 5.82× (Left), and the ion heat diffusivities are reduced by 2.96× (Right) for the
case Ti/Te = 2.90. A similar reduction is found for other temperature ratios in electron heat and particle
diffusivity cases.

Figure 8: Comparison of the normalized transport quantities as a function of Ti/Te between the two studies
presented above. (Left) Decreasing ion temperature at fixed electron temperature. (Right) Increasing
electron temperature at fixed ion temperature. In both cases, Ti/Te = 2.90 has either comparable or lower
transport than other Ti/Te values. Further, we find that in both cases, the transport quantities have similar
values.

size, measured via the radial correlation length Lr (Fig. 6). Increasing Te results in substantially
larger eddies, and hence higher transport, whereas decreasing Ti minimally impacts their size and
hence a modest increase in transport in this case [93, 94]. To definitively verify the scaling effect,
we normalize the transport coefficients by their respective gyro-Bohm values, χGB and DGB , as
shown in Fig. 8. We present one such case of Ti/Te = 1.0 in Fig 9. We see that the difference
between the electron-heating and ion-cooling cases is largely removed in these dimensionless units.
Both scenarios now exhibit comparable saturation levels, while the lowest transport quantities are
observed in the original case, where Ti/Te = 2.90.

Having established that the apparent transport differences are a manifestation of gyro-Bohm
scaling and that a high Ti/Te ratio is consistently favorable for confinement, we now turn our inves-
tigation to how the inclusion of impurity species—specifically carbon ions—affects microturbulence
and transport in the original case of Ti/Te = 2.90.

7 Addition of impurity to the original profile

In this section, we study the effect of adding an impurity species to the original case of Ti/Te = 2.90.
The carbon atoms are present as impurity ions. In our case, the impurity concentration is nz/ne =
0.07, which is obtained from fitting the experimental data. The ion and the electron temperature
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Ti/Te 2.90 (Original case) 1.45 1.00 1/2.90
χi (m

2/sec) 4.42 10.58 12.12 10.14
χe (m2/sec) 7.90 14.01 14.29 9.53
Di (m

2/sec) 3.70 9.07 10.04 7.12
De (m2/sec) 3.73 9.10 10.06 7.14

Table 3: Comparison of the saturation values of the transport quantities in the presence of zonal flow for
different Ti/Te ratios for the case when we decrease the ion temperature. In this case, the saturation values
do not change significantly compared to the original case of transport quantities.

Ti/Te 2.90 (Original case) 1.45 1.00 1/2.90
χi (m

2/sec) 4.42 20.33 33.10 124.06
χe (m2/sec) 7.90 26.94 38.15 127.25
Di (m

2/sec) 3.70 16.90 29.49 90.18
De (m2/sec) 3.73 17.05 29.77 89.85

Table 4: Comparison of the saturation values of the transport quantities in the presence of zonal flow for
different Ti/Te ratios for the case when we increase the electron temperature. We find that the saturation
values, in this case, change significantly compared to the original case of transport quantities going from
χi = 4.42 m2/sec for Ti/Te = 2.90 to χi = 124.06 m2/sec for Ti/Te = 1/2.90.

Figure 9: Comparison of the χx/χGB and Dx/DGB x= i,e in the presence of ZFs for the case Ti/Te = 1
obtained in two ways: decreasing ion temperature at fixed electron temperature and increasing electron
temperature at fixed ion temperature. We find that in the case where we increase the electron temperature,
the transport quantities have similar values to those in the case where we decrease the ion temperature. We
see a similar trend in the electron channel.
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Without Impurity (Original case) With Impurity
γ(R0/Cs units) 0.30 0.41
m(kθ[cm

−1]) 35 (2.4) 69 (4.8)
n 17 35
Mode ITG ITG
Radial Profile Peak (Location in r/a units) 0.51 0.51
Width of Radial Profile (r/a) 0.06 0.06

Table 5: Comparison of linear simulation of the original case (Ti/Te = 2.90) without impurity and with
impurity.

are chosen to be the same as the original profile, as in Fig 2. We take the ion temperature,Ti, to be
the same as the impurity temperature, Tz. The reason for Tz = Ti can be seen by comparing the
heat transfer time, ταβ from particle species β to the particle species α which can be written as [95]

ταβ ∼ mαmβ

Z2
αZ

2
βnβ

(
Tβ
mβ

+
Tα
mα

)
(9)

Where m, Z, T , and n label the particle mass, charge, temperature, and density, respectively.
The mass of ion, electron, and impurity follows me ≪ mi < mz, while all three species’ tem-

peratures have the same order of magnitude. Using this approximation, we can simplify the above
formula to get the ratio of heat transfer time from electrons to primary ions and main ions to
impurity ions as [96]

τie
τzi

≈ Z2
z

ni
ne

(
mi

me

)1/2(
Te
Ti

)3/2
mi

mz
(10)

In the above formula, Zz is the impurity charge. Now, in our case, Ti/Te ∼ 2.90 in the core region
of the plasma, ni ≈ ne, Zz = 6, and mi/mz = 1/12. Using this, we find that τie ∼ 30τzi. Hence,
the time for main and impurity ions to thermalize is less than that for main ions and electrons.
This justifies Ti = Tz in the core region of the plasma.

The ion density is modified in the presence of impurities. GTC calculates the ion density by the
quasineutrality condition

Zini = ne − Zznz (11)

Here, Zi and ni are the ion charge and mass, ne is the electron density, and Zz and nz are the
impurity charge and density, respectively. We choose the electron density in both the presence and
absence of impurity as shown in Fig 3. The ion density differs depending on whether the impurity
is present (represented by an orange dashed line in Fig 3) or absent (represented by a green solid
line in Fig 3).

We present the result of the linear regime for the case Ti/Te = 2.90 with impurity and without
impurity in Table 5. The growth increases by adding impurity in the original profile, which suggests
that the mode could be an impurity ITG mode [67,68,97–99]. The radial profile peaks at the exact
location in both cases.

We now present the result of the nonlinear regime for this case. We compare the effect of ZFs
for the original profile with and without impurity. We see that in Fig. 10 (a) and (b), there is no
significant reduction in the transport quantities. However, the saturation level is reached earlier in
the presence of impurity than without impurity (In the presence of impurity, the saturation level
is achieved at t = 35R0/Cs while in the absence of impurity, it is reached at t = 53R0/Cs). These
results can be understood from the behavior of the zonal flow amplitude, which initiates earlier
in the presence of impurity. This earlier onset of zonal flow activity explains why the nonlinear
saturation is reached sooner compared to the case without impurity.
To further validate these impurity-driven simulation results, we compare the transport levels with
those obtained from the TRANSP code [100]. We see that the transport quantities in the ion
channel, as computed by the GTC code, are lower than the TRANSP results. Nonetheless, they
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Figure 10: Effect of ZFs on the particle (Left) and heat (Right) diffusivities in the presence and absence
of impurity for the case Ti/Te = 2.90. We see that there is no significant reduction in the ion transport
quantities. The trend is similar for the case of electron heat and particle transport.

Figure 11: Comparison of the transport in the ion channel for the original case temperature ratio
Ti/Te = 2.90 with impurity simulation result with the TRANSP code. Our simulation results are within
the ballpark limit of the result predicted by the TRANSP code.

Figure 12: Comparison of the transport in the electron channel for the original case temperature ratio
Ti/Te = 2.90 with impurity simulation result with the TRANSP code. While the two have quantitative
differences, the overall trends exhibit similarities, providing valuable insights into the underlying transport
mechanisms.
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Ti 10.24 keV 7.06 keV 3.54 keV 1.22 keV
Ti/Te 2.90 (Original case) 1.45 1 1/2.90
m (kθ[cm

−1]) 71(5.0) 96(6.7) 104(7.5) 128(8.9)
n 36 48 53 65
γ(R0/Cs units) 0.63 0.79 0.80 0.79
Mode ITG TEM TEM TEM
Width (r/a units) 0.06 0.08 0.10 0.12

Table 6: Comparison of the various quantities in the linear simulation when we decrease the ion temper-
ature, keeping the electron temperature fixed at 3.54 keV when helium is present as the main ion species.

Te 3.53 keV 5.13 keV 10.24 keV 29.59 keV
Ti/Te 2.90 (Original case) 1.45 1 1/2.90
m (kθ[cm

−1]) 71(5.0) 73(5.1) 57(4.0) 43(3.0)
n 36 37 29 21
γ(R0/Cs units) 0.67 0.71 0.70 0.70
Mode ITG ITG TEM TEM
Width (r/a units) 0.06 0.08 0.07 0.10

Table 7: Comparison of the various quantities in the linear simulation for the case when the electron
temperature increases, keeping the ion temperature fixed at 10.24 keV when the helium is present as the
main ion species.

are in the same order of magnitude. Moreover, the strong gradients in the pedestal region may
influence transport in the core region, an effect that is not captured in the present simulations
[101, 102]. The remaining differences may also arise from the effects of radial electric fields and
finite beta, which are not included in the current simulations. In addition, the radial profiles of
the electron heat diffusivity exhibit qualitative differences: the simulation predicts higher transport
in the mid-radius region, while the TRANSP results show enhanced transport toward the edge.
Similar trends have been reported in earlier L-mode gyrokinetic validation studies on DIII-D [103],
where local δf simulations underpredicted transport near the edge and overpredicted it in the mid-
radius region. These discrepancies were attributed to the neglect of self-consistent E × B shear,
the strong stiffness of the temperature profiles, and the absence of nonlocal (core–edge coupled)
dynamics. In our case, the exclusion of a self-consistent pedestal and these stabilizing effects could
lead to an underestimation of edge transport and a relative overprediction at mid-radius. Future
electromagnetic and core–edge integrated simulations are expected to address this discrepancy more
comprehensively.

We now extend our study to explore how different ion compositions influence QH-mode plasmas.
In particular, since ITER plans to operate with helium during its initial non-nuclear phase [35], it is
essential to understand the impact of using helium instead of hydrogen on turbulence and transport
dynamics.

8 Turbulence and transport in core QH-mode plasmas with
Helium as main ion species

Recently, the ITER Research Plan [35] has proposed a new strategy to use either hydrogen(H) or
helium(He) or both of them in a staged manner during the first operational step. Helium is produced
in fusion reactors through the deuterium-Tritium reaction 2H+3H →4He+n and the concentration
can reach a few percent [104]. Additionally, He can be used in the initial, non-nuclear operational
phase of a reactor to keep nuclear activation at low levels. ITER aims to access helium H-mode
in the initial stages due to the lower L-H power threshold observed in Helium plasmas, which can
help ITER operation starting at lower external power levels [35]. However, the presence of ELMs
and challenges with the edge-core integration issues may hinder the sustainment of H-mode plasma
in helium. As discussed earlier, QH-mode plasma offers a promising alternative to H-mode, as it
is naturally ELM-free. However, QH-mode plasmas in helium have not yet been explored in the
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Ti/Te 2.90 (Original case) 1.45 1.00 1/2.90
χi (m

2/sec) 7.73 7.28 8.12 4.43
χe (m2/sec) 7.09 7.35 8.61 4.46
Di (m

2/sec) 6.94 5.94 6.41 3.04
De (m2/sec) 6.97 5.96 6.43 3.05

Table 8: Comparison of the saturation values of the transport quantities in the presence of zonal flow for
different Ti/Te ratios for the case when we decrease the ion temperature and helium is present as the main
ion species. In this case, the saturation values do not change significantly compared to the original case of
transport quantities.

Ti/Te 2.90 1.45 1.00 1/2.90
χi (m

2/sec) 7.73 11.12 23.65 89.44
χe (m2/sec) 7.09 10.68 21.78 74.25
Di (m

2/sec) 6.94 9.33 18.40 57.63
De (m2/sec) 6.97 9.41 18.49 57.52

Table 9: Comparison of the saturation values of the transport quantities in the presence of zonal flow for
different Ti/Te ratios for the case when we increase the electron temperature in the presence of helium as
the main ion species. We find that the saturation values, in this case, change significantly compared to the
original case of transport quantities going from χi = 4.42 m2/sec for Ti/Te = 2.90 to χi = 124.06 m2/sec
for Ti/Te = 1/2.90.

literature. We provide a short discussion on the impact of helium as the main ion species on core
transport in this paper.

Motivated by these considerations, we aim to study how QH-mode plasma behaves in the pres-
ence of helium when ICRH or ECH is applied. To simulate the effect of these heating mechanisms,
we analyze the Ti/Te ratio as in the previous section. We keep all the parameters(Ti, Te, and ne)
be same as presented in Fig 2 and Fig 3. However, due to the quasineutrality condition(Eq. [ 11]),
ni is equal to half the value of ne.

We first study the effect of decreasing Ti at the fixed Te. Table 6 shows the linear regime of the
nonlinear simulation. We see that the poloidal and toroidal mode numbers increase as Ti/Te ratio
is increased, same trend as for deuterium case. Since m ∼ kyρs and ρs ∼ √

mi [92], we expect the
poloidal and toroidal mode numbers to be higher than those in Table 1. Furthermore, we observe
a higher growth rate in the helium plasma. Additionally, the growth rate saturates as Ti/Te is
decreased from 1.45 to 1/2.90. The frequency also changes from ITG to TEM when deuterium is
used as the main ion species. Next, we examine the nonlinear regime for this scenario. As shown
in Table 8, we see that the saturation values of the transport quantities do not change significantly
from the original case. Also, the transport values are similar to those in the Table 3.

We next increase Te to modify the Ti/Te ratio. Table 7 shows the linear regime of the full
nonlinear simulation. We see that the poloidal and toroidal mode numbers decrease overall and
are higher than the corresponding mode numbers in Table 2. The growth rate first increases and
then saturates. Furthermore, the growth rates are higher than those observed in the corresponding
deuterium case. The ITG mode is relatively stabilized, and the TEM mode is destabilized when the
Ti/Te ratio is decreased, as when deuterium was used as the main ion species. Next, we examine
the nonlinear regime for this scenario. Table 9 shows that the saturation values increase as Ti/Te is
increased, as in the case for deuterium in Table 4. Further, the saturation quantities have slightly
lower values than when deuterium is used as the main ion species.

Overall, our findings highlight that while helium QH-mode plasmas exhibit differences in mi-
croinstability behavior and transport characteristics compared to deuterium, their fundamental
stability properties remain largely intact. The lower saturation transport values in helium plasmas
suggest potential advantages in confinement, particularly in early-stage ITER operations. However,
the practical use of helium in devices with tungsten plasma-facing components has raised concerns
about materials and plasma–material interaction (PMI), particularly regarding helium exposure,
which can promote the formation of nanoscale “fuzz” on tungsten surfaces. These issues are actively
being evaluated in the ITER planning and PMI communities. Consequently, while helium remains
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a useful test case for studying Ti/Te effects and QH-mode physics, extrapolation to ITER-scale
operation should be made with caution and in the context of ongoing PMI considerations [35,105].

9 Conclusion and future work

In this study, we have investigated the impact of the ion-to-electron temperature ratio (Ti/Te)
on microturbulence-driven transport in Quiescent H-mode (QH-mode) plasmas using gyrokinetic
simulations with the GTC code. Our analysis reveals that a reduction in Ti/Te leads to a relative
destabilization of TEM over the ITG modes, accompanied by increased linear growth rates. We also
find elevated transport saturation levels under conditions of increasing Te at fixed Ti. Conversely,
decreasing Ti at fixed Te also leads to an ITG-to-TEM transition but results in more modest increases
in transport levels, typically up to 3×. Zonal flows play a crucial role in suppressing transport, with
the most potent suppression occurring at high Ti/Te. The correlation length analysis further reveals
that radial eddy sizes increase with rising Te and decrease slightly with falling Ti, consistent with
the trends observed in transport saturation in physical units. Additionally, our analysis of impurity
effects reveals that impurity presence does not substantially alter transport quantities, although it
influences nonlinear saturation dynamics.

Furthermore, we examined the impact of using helium as the main ion species, motivated by
ITER’s initial operational plans. Our findings indicate that helium QH-mode plasmas exhibit sim-
ilar turbulence trends to deuterium plasmas but with distinct differences in mode growth rates
and transport saturation levels. While helium plasmas experience higher growth rates, they also
demonstrate lower saturation transport values, which may offer advantages for confinement. These
insights contribute to the broader understanding of turbulence suppression mechanisms and con-
finement optimization in QH-mode plasmas.

Overall, this study provides valuable guidance for future experimental and theoretical research
to optimize plasma performance in next-generation fusion devices where different heating mixtures
(predominantly electron-heated plasmas like ITER and SPARC) will be used, leading to operations
at lower Ti/Te. Further work incorporating additional heating schemes, collisional effects, and
experimental validation will be essential to refine our understanding of QH-mode stability and
transport in deuterium and helium plasmas.

Future work will study the effects of ExB shear and finite-β on mode growth rates as well as
transport fluxes driven by the unstable modes. Sensitivity scans of ion and electron temperature
gradients will be performed to understand the proximity to critical gradients, which can drive higher
nonlinear fluxes. QH-mode plasmas of DIII-D with additional ECH power at constant NBI power
are currently being investigated, where a Ti/Te value of 1.2-2.7 is obtained. The measured density
turbulence character and its amplitude evolution with varying Ti/Te will be compared to these
simulations. The present work will be extended to understand the turbulence and transport in the
edge region of the QH-mode plasmas. Future work will also investigate the interaction of large-scale
EHOs with that of small-scale microturbulence.
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