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Abstract: A large-scale validation exercise was conducted to assess the multi-mode model (MMM)
anomalous transport model in the integrated modeling code TRANSP. The validation included
6 EAST discharges, 17 KSTAR discharges, 72 JET ITER-like wall D-D discharges, and 4 DIII-D fusion
plasma discharges. Using the MMM, the study computed anomalous thermal, particle, impurity, and
momentum transport within TRANSP. Simulations for EAST, KSTAR, and JET focused on electron and
ion temperatures and safety factor profiles, while DIII-D simulations also considered electron density,
toroidal rotation frequency, and flow shear. The predicted profiles were compared to experimental
data at the diagnostic time, quantifying the comparison using root-mean-square (RMS) deviation and
relative offsets. The study found an average RMS deviation of 9.3% for predicted electron temperature
and 10.5% for ion temperature, falling within the experimental measurement error range 20%. The
MMM model demonstrated computational efficiency and the ability to accurately reproduce a wide
range of discharges, including various scenarios and plasma parameters, such as plasma density,
gyroradius, collisionality, beta, safety factor and heating method variations.

Keywords: EAST; KSTAR; JET; MMM; anomalous transport; fusion; simulation; magnetic
confinement; tokamak

1. Introduction

The objective of fusion experiments is to confine a plasma at high enough densities and
temperatures for a sufficient duration to make fusion power viable. However, the primary
challenge is the short confinement time resulting from various plasma losses associated with
energy, particle, and momentum transport through the confining magnetic field of tokamak
plasmas. Transport pertains to the movement of heat, momentum, or particles across the
plasma, and it is driven by various mechanisms. Neoclassical transport arises from charged
particle collisions and drifts but not turbulence, whereas anomalous transport refers to
transport beyond neoclassical transport. It is overwhelmingly established that turbulence
drives the majority of transport in tokamaks. To model turbulence in tokamak plasmas,
the particle distribution functions are typically tracked in five-dimensional phase space.
However, gyrokinetic simulations are often limited to a few tens of microseconds of plasma
time, requiring tens to hundreds of hours of computer simulation time before turbulence
settles down to a quasi-steady state. Therefore, it is not feasible to calculate transport
directly from gyrokinetic simulations throughout each step of an integrated modeling
simulation lasting tens to hundreds of seconds, which is the typical duration of an advanced
superconducting tokamak discharge. To overcome this limitation, fluid description physics-
based transport models need to be developed that can predict anomalous transport driven
by turbulence and can run for a tokamak discharge time. There is an ongoing effort to use
this strategy to develop and refine transport models.
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The physics-based multi-mode model (MMM) [1,2] is a multi-species multi-fluid multi-
mode anomalous transport model. MMM is used in integrated modeling code TRANSP [3]
to carry out predictive time-dependent transport simulations in order to compute the
temperature, density, current density, and rotation profiles for comparison against mea-
surements from existing experiments. Simulations are also used to supplement missing
experimental information, such as ion temperature, for the EAST discharges considered.

Theoretical models for neoclassical and anomalous transport, heating and current
drive, and sources and sinks that encapsulate our knowledge of fusion plasmas are tested
and validated through integrated modeling. Comparisons with time-dependent experi-
mental data of tens of seconds of discharge duration are used to validate transport models,
such as MMM, demonstrating the power of modern computer simulations. It is critical to
validate the model using a broader range of experimental data, including different sorts of
discharges and tokamaks. In this study, MMM is validated against six EAST discharges,
seventeen KSTAR discharges, seventy-two JET ITER-like wall D-D discharges, and four
DIII-D discharges. Ohmic, L-mode, and hybrid discharges; high-β poloidal (βp); high-β
normalized (βN); internal transport barrier (ITB) long-pulse scenarios; low, intermediate,
and high gyroradii; collisionality q95 and density plasmas; plasmas with independent and
simultaneous lower hybrid (LH) heating; and plasmas with a combination of neutral beam
injection (NBI) and LH heating are all represented. A comparison of plasma profiles from
time-dependent integrated modeling simulation and corresponding experimental data,
along with root-mean-square (RMS) deviation and offsets, will be shown to validate the
computational models and demonstrate the strength of modern computer simulations.
The goal of these studies is to demonstrate that the high mode number magnetohydrody-
namic (MHD) and electron- and ion-scale drift instabilities and associated energy, particle,
and momentum transport in MMM can be used to predict plasma profiles in existing high
aspect ratio fusion devices, such as EAST, KSTAR, JET, and DIII-D.

This paper’s structure is as follows. Section 2 provides a concise description of physics
basis of the components of multi-mode anomalous transport module that is primarily based
on fluid description. TRANSP code is briefly described in Section 3. Section 4 describes the
data and simulation results of the EAST, KSTAR, JET, and DIII D tokamaks. Section 5 is
dedicated to the summary and discussion of the results.

2. Multi-Mode Anomalous Transport Module

To simulate anomalous transport generated by turbulence on a discharge time scale,
an anomalous transport model must be developed. The model for anomalous transport
must be physics based and not include arbitrarily adjustable coefficients. The MMM
anomalous transport module has four components. The Weiland drift model has modes
for the ion temperature gradient (ITG), trapped electrons, peeling, kinetic ballooning,
and ideal and collisional high mode number MHD [4]; the ETG model has modes for the
electron temperature gradient [5]; the MTM model has microtearing modes [6–8]; and
the DRIBM model has drift-resistive inertial ballooning modes [9]. MMM includes four
species: main ions, impurity, electrons, and fast ions. The contribution of fast ions is only
represented by dilution effects, whereas the other species include perturbation effects. These
simulations employ the Horton model to capture ETG mode turbulence, complemented by
an ETG transport threshold [5]. The ETG transport threshold is further refined through the
utilization of the Jenko model threshold, derived from toroidal gyrokinetic ETG turbulence
simulations [10]. The ETG model incorporated in these simulations encompasses both
electromagnetic and electrostatic contributions [1].

Given a small toroidal rotation near the plasma’s edge, the Weiland model has been
demonstrated to be able to predict the observed intrinsic angular rotation of the plasma [11].
The drift model calculates finite β effects and transport suppression at low magnetic shear
precisely. The Weiland model is constructed from kinetic theory [12]. The nonlinear Dimits
upshift, particle and heat pinches, and poloidal spin up may all be simulated using this
model. Another notable feature of the model is that it accurately replicates the experimental



Plasma 2023, 6 437

power scaling of the energy confinement time [12]. It is worth noting that the Weiland
model (the primary component of MMM) is treated as an exact theory rather than an
approximation theory [4,12–14]. It is an exact theory because drift wave frequencies are
only about 1% of the frequencies related to fast particles and heating. Thus, these high-
frequency phenomena are averaged out. In this situation, resonance broadening will cancel
wave–particle resonances [15], showing that we have a reactive fluid closure. Then what
remains is the fluid transport of moments with sources in the experiment. Resonance
broadening is a kinetic nonlinearity. In kinetic theory, nonlinearities are often important.
Then, a reactive fluid closure emerges. In fluid theory, nonlinear terms are typically only
about 1% of the linear terms. Thus, here, nonlinearities can usually be ignored, except for
quasilinear transport, as found also in Ref. [16]. Thus, we can use quasilinear theory for
fluid dynamics.

Several DIII-D, ohmic, L-mode, and H-mode discharges, JET L-mode discharges,
and TFTR L-mode discharges were utilized to compare the simulation results with and
without the DRIBM component of the MMM module [17]. The comparisons between
model and measurements include temperature profiles from the magnetic axis to the
plasma edge. When the DRIBM model is introduced to the MMM transport module,
the model and experimental data agree well. Understanding the lack of L-mode transport
near the boundary of tokamak plasmas is made much easier by the development of the
DRIBM model. Multi-scale simulations have been shown to resolve the L-mode transport
shortfall in the edge region [18]. MMM does not include any multi-scale interaction physics;
hence, it cannot reliably predict plasma profiles for discharges where multi-scale interaction
physics is relevant. It has recently been demonstrated that the dependence of the newly
developed MTM model’s [6] real frequency, growth rate on NSTX plasma parameters
and MTM’s saturated magnetic fluctuation strength, and corresponding electron thermal
diffusivity can reproduce the trends predicted by the gyrokinetic simulations [8].

The transport process in tokamaks occurs in physical space, where the scale length
of turbulence is determined by the correlation length. Through numerical exploration, it
has been found that in drift wave turbulence, this correlation length exhibits an inverse
relationship with the normalized mode number of the most rapidly growing mode relative
to the drift frequency. Notably, in instances of E × B transport, the spatial variability of the
E × B drift plays a crucial role. The fastest-growing mode, normalized by drift frequency
peaks at the inverse gyroradius, was previously observed in mode coupling simulations
and was analytically motivated [19]. The procedure used to compute the correlation length
in MMM begins with the linear eigenfunction documented in Ref. [20]. By analyzing
the structure of the eigenfunction, it becomes evident that, when the magnetic shear is
small [21], a large kθρs is required to maintain a robust instability drive. Consequently, it
is anticipated that a shortened correlation length will be observed when magnetic shear
is less. Nevertheless, kθρs decreases toward the edge because magnetic shear typically
increases toward the edge. Near the edge, MHD modes, such as peeling modes and kinetic
ballooning modes, typically exhibit smaller kθρs values. It is known that these modes
become active during the L–H transition. The changes in shear and magnetic q values are
monitored as a function of radius in our code. Additionally, the effects of elongation and
triangularity are incorporated in the current version of MMM.

The MMM authors employ the approach of integrating the physics-based models and
continuously comparing the resulting simulations with experimental data to produce a
succession of improved models. In addition, we intend to use the same MMM for validation
studies involving different types of discharges for different tokamaks without modifying
the model’s components. MMM can be used to compute anomalous electron and ion
thermal, electron particle, impurity, toroidal and poloidal momentum transport. However,
it does not provide ion particle transport currently. Therefore, quasi-neutrality is enforced
when calculating the ion density profile.

MMM is implemented as a component of large, full-featured, integrated predictive
modeling codes TRANSP [3] to compute the temperature, density, current, momentum,
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and other profiles that are measured in existing experiments, and it then can be used
to extrapolate to future planned devices. Earlier, ITER modeling was carried out using
MMM for steady state [22], baseline H-mode [23], and hybrid scenarios [24]. The EPED1
model [25] is used to compute the baseline value of the H-mode pedestal height, and the
pedestal width is assumed to be 5% of the normalized plasma radius. Nevertheless,
self-consistent core-pedestal ITER scenario modeling was recently conducted to identify
dependencies that could potentially impact ITER performance [26]. It is worth noting
that these self-consistent ITER simulations were performed across the entire radial profile
using the same model and gridsize, and the quasilinear model employed in the simulations
is within ε ∼ 10−2 of the accuracy of a fully nonlinear approach [26]. ε is the ratio of
wave frequency to cyclotron frequency as well as the ratio of potential to thermal energies.
The simulations commence by incorporating specified sources and assuming an L-mode
profile, subsequently progressing towards the temperature and density characteristic of the
L–H transition and pedestal. In these simulations, no assumptions are made concerning
the presence of an L–H transition or the placement of temperature and density barriers [26].
Nevertheless, the L–H transitions consume simulation time, and their duration would be
further prolonged in a kinetic simulation.

The fluid technique underlying the derivation of MMM is anticipated to be able to
adequately predict the evolution of plasma profiles in discharges for a variety of plasma
conditions on an energy-transport time scale [17]. In addition to the drift modes, the pres-
ence of only high mode number (MHD) modes, where ballooning mode formalism is
applicable, characterizes MMM, whereas low MHD mode numbers are missing. Addi-
tionally, MMM does not currently take into account fast particle-induced transport and
multi-scale interaction physics. As a consequence, tokamak discharges with low mode
number MHD activity, significant fast particle transport, and multi-scale interaction physics
may not have their plasma profiles accurately predicted by MMM. The fast particle model
is being developed and will be included in the MMM for future simulations [14]. The newly
developed ETG model [27], which includes more physics than the current version of the
ETG model [5] in MMM, is under testing phase and will be part of MMM after rigorous
verification and validation against spherical and conventional tokamak discharges.

The integrated modeling simulation’s goal is to develop reliable, validated, and self-
consistent predictions of the evolution of plasma profiles from the magnetic axis to the
plasma edge. Reliable scenario modeling from discharge startup to shutdown necessitates
a robust interaction between various physical phenomena and different regions of the
plasma. This cannot be addressed by concentrating on a single or few physical processes or
a single part of the plasma. It is required to bridge the gap between the microsecond time
scale of basic physics events and the second or minute time scale of the plasma discharge
duration. The section that follows provides an overview of the integrated modeling code
TRANSP that was used in this study.

3. TRANSP

TRANSP is a suite of numerical codes for the interpretative and predictive simulation
of tokamak discharges [3]. In interpretative or analysis mode, it takes various experimental
data (electron density, electron temperature, ion temperature, total plasma current, loop
voltage, confinement time, radiation power, etc.) as inputs or constraints to solve equa-
tions of magnetic field diffusion, particle balance, energy balance, and momentum balance.
In predictive mode, the user specifies the thermal, particle, and momentum diffusivity mod-
els to use, as well as the boundary conditions for the magnetic equilibrium. All the heating,
momentum, and particle source routines are identical for the analysis and predictive modes
of operation. Both MMM and the Chang–Hinton or NCLASS neoclassical module [28,29]
are used to compute the transport of heat and particles and momentum, which are used to
predict temperatures, densities, and rotation profiles. However, MMM does not provide ion
particle transport currently. Therefore, TRANSP enforces quasi-neutrality when calculating
the ion density profile. The TRANSP code includes a wide variety of models for sources,
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sinks, transport, equilibrium, macroscopic instabilities, and boundary conditions. Sources
of heat, particles, momentum, and current drive associated with neutral beam injection
are described using the NUBEAM module [30]. For lower hybrid deposition of power and
current drive, GENRAY [31] and CQL3D [32] modules are used. For electron cyclotron
resonance frequency heating and current drive, the TORAY module [33] is used. There
are many ways to figure out the equilibrium of plasma, but the TEQ [34] and equilibrium
fitting (EFIT) [35] modules are used in this study. The toroidal equilibrium code TEQ [34]
is used to compute the self-consistent evolution of the equilibrium. The TEQ code utilizes
a self-consistent approach to solve for the equilibrium state of the plasma, taking into
account various factors, such as the plasma current, magnetic field, and pressure profiles.
It considers constraints such as the Grad–Shafranov equation, which describes the balance
between magnetic forces and plasma pressure. By solving the Grad–Shafranov equation
and incorporating numerical models and/or experimental data and constraints, the TEQ
code determines the equilibrium profiles of quantities such as the magnetic field, tempera-
ture, and current density. The magnetic diffusion equation is used to evolve the q profile
(and, by extension, the current profile and poloidal field). It is unnecessary to provide
time-dependent q profile data in this case. This equation enables TRANSP to advance in
time the q profile as a function of the toroidal flux using the current equilibrium. This is
then used in conjunction with the pressure to determine the new equilibrium.

4. Simulation Results

The data and predictive results for EAST, KSTAR, JET, and DIII-D are described in
Sections 4.1–4.4 below. In prior studies, the TGLF model was utilized to simulate JET
discharges [36]. In the current research, simulations are conducted using the MMM model
by leveraging available TRANSP data for the same JET discharges. The Lehigh group took
part directly or indirectly in conducting experiments for the East and KSTAR discharges
examined in the manuscript, while DIII-D discharges are considered at random. The
boundary condition for MMM predictive simulations for L-mode discharges is set to
ρ̂ = 0.9, while for H-mode discharges, it is set to ρ̂ = 0.8, where ρ̂ is the square root of the
normalized toroidal flux, 0 at the magnetic axis and 1 at the last closed flux surface. There
were no MMM-related convergence challenges in the runs examined in this study. At the
diagnostic time, the prediction results are compared to the corresponding experimental
profiles. The simulated profiles (Ysim), are compared to the experimentally measured
profiles (Yexp), by calculating the RMS and the relative offset between the calculated profile
and the experimental data. The RMS and offset are computed as follows [37]:

RMS =

√√√√√√∑N
j=1

(
Yexp

j − Ysim
j

)2

∑N
j=1

(
Yexp

j

)2 (1)

Offset =
∑N

j=1

(
Ysim

j − Yexp
j

)
√

N ∑N
j=1

(
Yexp

j

)2
(2)

The electron temperature, ion temperature, electron density, q-profile, or toroidal
rotation profile are represented by the variable Y in the formula. The offset measures
the degree to which the simulated profile over- or under-predicts the experimental data.
The calculation of RMS deviation and offset serves as a quantitative means to assess the
agreement between predicted and experimental data, evaluate model accuracy, and guide
model improvement. These metrics provide valuable insights into understanding the
performance and limitations of the model.
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4.1. EAST

Among the discharges simulated are experimental data from 6 EAST discharges with
ohmic and L-mode plasmas: plasmas with low, intermediate, and high density; plasmas
with independent and simultaneous LH heating; and plasmas with a combination of NBI
and LH heating [38–40]. Table 1 lists the primary parameters of the EAST discharges.
High-density discharge (85126), low-density discharge (85610), and intermediate-density
discharge (80208) simulated profiles are provided. The TRANSP code or the EFIT code [35]
are used to process the data. The table includes some of the significant experimental
parameters for the six EAST discharges: the major radius R (m); minor radius a (m);
elongation κ; triangularity δ; vacuum toroidal magnetic field Bφ (T); toroidal plasma
current Ip (MA); line-averaged electron density n̄e,19 in units of 1019 m−3; average Zeff;
lower hybrid power PLH (MW), and neutral beam injection (NBI) power PNB (MW). The
final item in the table is the diagnostic time tdiag (s), at which the simulated profiles are
compared to the experimentally measured TRANSP or EFIT processed profiles. MMM
is used to predict the time-evolved electron temperature, ion temperature, flow shear,
and current density profiles. The toroidal equilibrium code TEQ [34] is used to compute
the self-consistent evolution of the equilibrium. The Chang–Hinton model [28] is used to
compute neoclassical transport. The LH and NBI heating and current drive are obtained
using the GENRAY/CQL3D [41] and NUBEAM modules [30], respectively.

Table 1. Plasma parameters for the EAST tokamak.

Discharge 80208 a 85122 85124 a 85126 a 85610 a 90328

R (m) 1.85 1.87 1.87 1.87 1.87 1.88
a (m) 0.46 0.45 0.45 0.45 0.45 0.46

κ 1.61 1.65 1.67 1.64 1.67 1.66
δ 0.39 0.41 0.41 0.41 0.41 0.40

Bφ (T) 2.48 2.41 2.41 2.41 2.40 2.42
IP (MA) 0.44 0.5 0.5 0.5 0.5 0.5

n̄e,19
(
m−3) 2.10 3.06 3.06 3.05 1.92 1.78

Zeff (MA) 2.5 1.54 1.43 1.57 1.73 1.64
PLH (MW) 1.00 (1.0–6.0 s) 0.98 (2.8–4.8 s) 1.08 (5.8–6.8 s) 0.39 (2.8–4.0 s) 0.60 (2.5–7.4 s) 1.36 (2.5–4.0 s)

0.85 (1.1–6.0 s) 1.08 (5.8–6.8 s) 0.73 (3.0–7.5 s) 0.57 (2.7–7.3 s) 0.33 (2.6–7.4 s) 1.44 (6.0–7.5 s)
PNB (MW) 1.00 (3.0–6.0 s)

tdiag (s) 3.5, 4.0 2.17 2.076 2.175 2.188 1.997
a Simultaneous L–H injection.

Total plasma current and current components, as well as the radial and time depen-
dence of ion and electron power deposition, are computed. It is shown that different heating
and current density components are driven in different plasma regions. The contributions
of LH, NBI, ohmic and other sources to the total current are quantified.

Figure 1 shows the LH and ohmic predicted current as a function of radial label ρ̂
and time for high-density (85126) and low-density (85610) EAST discharges. The high-
and low-density cases have roughly line-averaged densities of 3.05 and 1.92 × 1019 m−3,
respectively. The density profile is experimentally measured via a combination of Thomson
scattering (TS) [42,43] and the reflectometer [44,45]. The density profiles are first measured
by a reflectometer at 2 s, and then by TS at around 2.5 s. Although the reflectometer
has a reasonable time resolution, it is constrained in terms of the maximum density it
can measure. In the case of low density, reflectometry data are only used to determine
density up to ρ̂ ≥ 0.1. At higher densities, the reflectometer measures density data for
ρ̂ ≥ 0.6, which can be supplemented with core TS measurements. EAST is a one-of-a-
kind device with two LH antennas operating at 2.45 GHz and 4.6 GHz. Both antennas
can be utilized simultaneously or independently; however, in the discharges shown in
Figure 1, LH is injected simultaneously. The total input heating power of around 1.0 MW is
injected. The LH and ohmic currents are driven primarily near the center of the plasma,
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particularly in the high-density discharge. More LH current is obtained in the low-density
discharge as compared to the high-density discharge. The reduced LH current in the
high-density discharge must be made up for by increasing the ohmic current in order
to reach the total current. The smaller volume within the flux surfaces near the plasma
center reduces the apparent effect of LH and ohmic current localization. Electron cyclotron
emission (ECE) [46] and TS are used to infer the electron temperature. When LH is on,
the electron temperature profiles calculated by the ECE almost always have a tail that
curves up outside of ρ̂ ≥ 0.8, even though the core electron temperature between the two
diagnostics is comparable. Generally, that part of the ECE data is neglected, and the Te
profile relies on TS measurements instead. The q is inferred via magnetic measurements
and polarimeter/interferometer (POINT) constrained equilibrium reconstruction [47–50].
The POINT system measures the line-integrated electron density and Faraday rotation
angle, providing magnetic field information within the plasma [50]. By incorporating
these data into the equilibrium constraints, the fitting results using POINT system exhibit
noticeable deviations from the initial equilibrium. These deviations gradually increase
from the plasma boundary towards the core. This POINT system effectively addresses
disparities between the EFIT results and external magnetic measurements, resulting in
significant improvements in the q profile, particularly in the core plasma.
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Figure 1. The current components for high-density (85126) and low-density (85610) EAST discharges
are calculated. (a) LH current density (JLH), (b) LH current within a plasma radius as a function of
radius at time t = 4.0 s, (c) LH current as function of time (d) ohmic current density, (e) ohmic current
within a plasma radius as function of radius at time t = 4.0 s, and (f) ohmic current as function of
time are shown.

Simulations of EAST tokamak discharges are carried out to show how various com-
ponents of heating, transport, and current drive models influence the evolution of the
tokamak discharges and to fill in missing experimental data that are not measured. Pre-
dicted electron temperature and q profiles are compared to EAST experimental data at the
diagnostic time in the radial range from the magnetic axis to the ρ̂ = 0.9 flux surface.

The predicted and experimental electron temperatures, predicted ion temperatures,
and predicted, interpretive (analysis), and experimental q profiles, as well as electron and
ion thermal diffusivities, are depicted in Figure 2 for the high-density EAST discharge 85126.
The electron temperature and q-profile are compared with experimental data. TRANSP
predicts the q profile using the magnetic diffusion equation based on the predicted electron
temperature, whereas in analysis mode, the experimental electron temperature is used.
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The predicted and measured profiles show good agreement. While the predicted q profile’s
RMS deviation from the experimental profile is 8.4% and the offset is −0.7%, the predicted
electron temperature profile’s RMS deviation from the experimental profile is 6.9%, and the
offset is 2.2%. The ion temperature has not been experimentally measured, so it cannot be
compared to what is predicted. It should be noted that the electron thermal diffusivity (χe)
is discovered to be higher than the ion thermal diffusivity (χi) and is increasing towards
the edge.
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Figure 2. (a) Predicted and experimental electron temperature, (b) predicted ion temperature, (c) pre-
dicted, analysis, and experimental POINT constrained q profiles, (d) electron and ion thermal dif-
fusivities from the MMM module for the high-density EAST discharge 85126. The measured ion
temperature is unavailable, so only the predicted ion temperature is shown.

In Figure 3, the predicted and experimental profiles for low-density discharge 85610 are
displayed. Good agreement is also discovered for low-density discharge, much as for the
results for high-density discharge. The RMS deviation of the predicted electron temperature
profile from the experimental profile is 8.8%, whilst the predicted q profile’s RMS deviation
from the experimental profile is 11.3% and the offset is −3.5%. The electron temperature is a
little lower in the low-density discharge because it has a higher electron thermal diffusivity
than the high-density discharge 85126. Ion energy transfer in ohmically heated tokamaks
is typically only a fraction of neoclassical transport, whereas electron thermal transport
predominates. ETG modes, also known as electron temperature gradient-driven lower
hybrid drift modes [51], are responsible for the majority of electron thermal transport.
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Figure 3. (a) Predicted and experimental electron temperature, (b) predicted ion temperature,
(c) predicted, analysis, and experimental POINT-constrained q profiles, (d) electron and ion thermal
diffusivities from the MMM module for the low-density EAST discharge 85610. The measured ion
temperature is unavailable, so only the predicted ion temperature is shown.

In summary, a validation study was carried out with the MMM transport module
in TRANSP for 6 EAST discharges: ohmic and L-mode plasmas; plasmas with low-,
intermediate-, and high-density plasmas with independent and simultaneous LH heating;
and plasmas with a combination of NBI and LH heating are among the discharges simulated.
Predicted electron temperature and q-profiles were compared to EAST experimental data
at the diagnostic time in the radial range from the magnetic axis to the ρ̂ = 0.9 flux
surface. There is no experimental measurement of ion temperature to compare with the
predicted ion temperature. The RMS deviation and offset for each discharge studied are
shown in Table 2. The statistics for discharge number 80208 are not displayed since the
experimental data are not smooth. The average standard deviation for the Te profile is 11%
with a range of 6.9% to 14.0%, and the average offset is −3.0% with a range of −8.6% to
6.4%; the average standard deviation for the q-profile is 10% with a range of 6.6% to 15.9%,
and the average offset is −4.8% with a range of −0.7% to 12.6%. The electron thermal
transport (χe) is found to be larger than the ion thermal transport in all of the discharges
studied. χe is found to be larger in low-density discharges than in high-density discharges.
The dominant instability in the drift model giving electron transport is, for high-density
discharges, the collision-dominated trapped electron mode. The growth rate of this mode
is inversely proportional to the collision frequency and thus the density. This leads to
neo-Alcator scaling, where the confinement time is proportional to the density. Due to LH
heating and current drive computation, simulations are computationally intensive and take
about 200 h for 7 s. MMM and other modules used in the TRANSP take only 0.6 h out of
200 h with 1 CPU for the solver using MMM and 32 CPUs for GENRAY/CQL3D.

Table 2. Te and q RMS Deviation % and Offset % for low- and high-density EAST discharges.

Discharge Te RMS Te Offset q RMS q Offset

85126 6.9 −2.2 8.4 −0.7
85610 8.8 6.4 11.3 −3.5
85122 13.6 −7.3 7.7 −4.4
85124 14.0 −8.6 6.6 −2.6
90328 11.9 −2.7 15.9 −12.6

Average 11.0 −2.9 10.0 −4.8

4.2. KSTAR

Simulations of 17 KSTAR NBI and ECH heated discharges were carried out. The major
discharge parameters are presented in Table 3. Discharges represent an internal transport
barrier, high β normalized (βN), high q95, high β poloidal (βp), and moderate β toroidal and
βp long-pulse scenarios. The discharges include 5 ITB discharges [52,53]; 4 high normalized
βN discharges [54]—βN,tot ∼ 4.0 and thermal β, βth ∼ 2.5; 6 high q95 discharges [55];
1 high βp discharge [56,57]; and 1 moderate βN discharges [58]—βN,tot ∼ 2.9 and thermal



Plasma 2023, 6 444

β, βth ∼ 2.6. Simulations of plasma discharges utilize experimental boundary and ex-
perimental initial conditions. The boundary conditions for simulations are set at ρ̂ = 0.8.
Simulation and experimental electron and ion temperature profiles of the 17 KSTAR dis-
charges are compared in the radial range: Te, Ti0.2 ≤ ρ̂ ≤ 0.8. The data in the deep center
are not measured and therefore are excluded from the comparison.

Table 3. Plasma parameters for the KSTAR tokamak.

Discharge Type R
(m)

a
(m) κ δ

Bφ

(T)
IP

(MA)
n̄e,19

(m−3)
PNB (MW) PEC (MW)

16295 high-βN 1.89 0.47 1.76 0.70 1.16 0.43 3.75 2.7 (1–1.5 s), 4.5 (1.5–4.5 s)
16296 high-βN 1.87 0.48 1.73 0.67 1.17 0.44 3.09 2.7 (1–1.5 s), 4.5 (1.5–3.5 s)
16297 high-βN 1.87 0.48 1.66 0.63 1.17 0.44 3.21 2.7 (1–1.5), 4.5 (1.5–2.6 s)
16299 high-βN 1.88 0.48 1.70 0.66 1.18 0.44 3.73 2.7 (1–1.5), 4.5 (1.5–3 s)
16325 high-q95 1.87 0.49 1.68 0.65 1.97 0.47 2.62 4.5 (1.5–14 s)
16901 moderate-β 1.88 0.49 1.72 0.62 1.58 0.47 3.40 3.5 (1.1–10 s)
16949 high-q95 1.89 0.48 1.68 0.63 2.47 0.49 2.68 3.5 (1.5–12 s)
18399 high-q95 1.86 0.48 1.61 0.71 2.48 0.50 4.39 3.5 (1.5–10 s)
18400 high-q95 1.86 0.48 1.61 0.71 2.48 0.50 4.33 3.5 (1.5–12 s)
18402 high-q95 1.86 0.48 1.61 0.71 2.48 0.50 4.26 3.5 (1.5–12 s)
18404 high-q95 1.86 0.48 1.61 0.71 2.48 0.50 4.04 3.5 (1.5–5.5 s), 4.2 (5.5–12 s) 0.8 (1.8–6 s)
18476 ITB 1.81 0.50 1.34 0.28 2.49 0.57 4.63 4.9 (1.2–7 s)
18477 ITB 1.81 0.50 1.36 0.28 2.49 0.57 4.58 4.9 (1.1–7 s) 0.8 (1.8–6 s)
18492 ITB 1.82 0.50 1.36 0.29 2.49 0.57 4.65 5.1 (4–7 s) 0.75 (4–7 s)
18495 ITB 1.81 0.50 1.36 0.29 2.70 0.57 4.64 5.1 (4–7 s) 0.75 (4–7 s)
18499 ITB 1.81 0.50 1.35 0.29 2.50 0.57 4.65 5.1 (4–7 s)
18602 high-βP 1.89 0.47 1.68 0.72 1.77 0.39 3.69 4.8 (4–8 s)

The total normalized β (βN,tot), and thermal normalized β (βth) as a function of time
are plotted in Figure 4 for high βN KSTAR discharges (16295, 16296 and 16297). βN,tot ∼ 4.0
and βth ∼ 2.5 are found. In the discharges, the maximum available NBI power (4.5 MW) is
utilized, and improved plasma control considerably increases the pulse duration. The onset
of the 2/1 tearing mode in the high βN discharge is discovered to occur, resulting in a 35%
reduction in βN and stored energy. Because MMM does not include low-n MHD modes,
the discharges are only predicted in the tearing-mode-free duration. The predicted electron
and ion temperatures and corresponding experimental temperatures of these three high-βN
discharges are shown as a function of time for ρ̂ = 0.5 in Figure 5. The experimental
temperatures change over time and the predicted temperatures fairly capture that change
over time for these high-βN KSTAR discharges.
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Figure 4. (a–c) Total normalized β (βN,tot), and thermal normalized β (βth) as a function of time are
plotted for high-βN KSTAR discharges (16295, 16296 and 16297).

The experimental data of the moderate β (βN,max ∼ 2.88 and βp,max ∼ 2.33) discharge
16901 are compared with the simulated electron and ion temperature as a function of
position and time in Figure 6. The computed thermal diffusivities of electrons and ions
from MMM and their total values, which include neoclassical transport, are also displayed.
Neoclassical transport is significant in the center for ion transport and negligible for electron
neoclassical transport. It is the result of increased ion–ion collisions. In addition, the radial
drift of ions from banana orbits facilitates neoclassical thermal transport. The lower gyrora-
dius of lighter electrons confines their motion, reducing radial transport. In turn, we may
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state that the MMM-calculated electron thermal transport is the only basis for the prediction
of the electron temperature profile because electron neoclassical transport is negligible.
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Figure 5. Electron temperature and ion temperature for high-β KSTAR discharge (a,d) 16295,
(b,e) 16296, and (c,f) 16297, based on predictions and measurements as a function of time for ρ̂ = 0.5.
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Figure 6. Predicted and measured electron and ion temperatures as a function of position (a,d) and
time (b,e) as well as χe (c) and χi (f) versus ρ̂ for KSTAR discharge 16901 with βN,max ∼ 2.88 and
βp,max ∼ 2.33.

The predicted and measured temperature profiles for high q95 discharge 18402 are
compared in Figure 7. At the end of the discharge time t = 11.5 s and as a function of
time for ρ̂ = 0.5, the profiles are compared. Both the electron and ion thermal anomalous
diffusivities are found to be comparable for this discharge, except in the center, where ion
neoclassical transport is larger than the electron thermal transport. In high q95 discharges,
the magnetic shear is typically weaker compared to low q95 discharges. Weaker magnetic
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shear can lead to a reduction in the suppression of ion-scale instabilities, such as ITG
modes, which can enhance ion thermal transport. This reduced suppression allows ions to
experience increased radial transport, making their thermal transport comparable to that
of electrons.

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

1

2

3
T

e
 (
k
eV

)

KSTAR 18402, t= 11.5s

Prediction
Experiment

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

1

2

3

T
i 

( k
eV

)

KSTAR 18402, t= 11.5s

Prediction
Experiment

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

5

10

15

 

KSTAR 18402, t= 10.0s

q  
χe (m

2/s)

χi (m
2/s)

(a) (b) (c)

2.5 5.0 7.5 10.0

time (s)

0.0

0.5

1.0

1.5

2.0

T
e
 (
k
eV

)

KSTAR 18402, ρ̂= 0.5

Prediction
Experiment

2.5 5.0 7.5 10.0

time (s)

0.0

0.5

1.0

1.5

2.0

T
i 

( k
eV

)

KSTAR 18402, ρ̂= 0.5

Prediction
Experiment

2.5 5.0 7.5 10.0

time (s)

0

1

2

3

4

 

KSTAR 18402, ρ̂= 0.5

q  
χe (m

2/s)

χi (m
2/s)

(d) (e) (f)

Figure 7. Predicted and measured electron temperature, ion temperature, as well as q, χe, and χi

versus (a–c) ρ̂ at time 11.5 s and (d–f) versus time for ρ̂ = 0.5 for high q95 KSTAR discharge 18402.

Predicted electron temperature, ion temperature, and toroidal rotation profiles are
shown in Figure 8a–c for KSTAR ITB discharge 18476. The simulated and experimental
temperature profiles are compared at the end of the 7.0 s discharge time simulations.
The ion temperature’s weak ITB is recovered in the predicted ion temperature around
ρ̂ = 0.4. The ITB in ion temperature is found due to the sharp gradient in the predicted
toroidal rotation profile around ρ̂ = 0.4. The measured toroidal rotation is not available
and therefore is not shown for comparison purposes. Moreover, weak magnetic shear in
the center region due to the monotonically increasing q profile shape is also found to be
stabilizing. The drift wave instability arises from the interaction between the plasma density
gradient and the curvature of the magnetic field lines. When the magnetic shear is weak, it
means that the magnetic field lines have a relatively uniform and straight configuration.
In this case, the drift waves experience weaker curvature effects, reducing the destabilizing
influence of the plasma density gradient. Moreover, when the q decreases at the center, it
means an increase in current density, which consequently widens the mode width. This
effect reduces drift wave transport due to the mode’s sensitivity to the average curvature.
As a result, we anticipate a more advantageous scaling of the current.

The simulated and experimental ion temperatures as a function of time for ρ̂ = 0.4,
which is the ITB location, are also plotted in Figure 8d. The MMM prediction misses
exhibiting an experimental trend in the early phase of the discharge, especially around
t = 3.0 s, where beam heating is decreased, while it catches an experimental trend later
on (see Figure 8d). MMM calculates a lower ion thermal diffusivity when NBI heating is
lowered, leading to a higher ion temperature than the experimental temperature. The total
and anomalous thermal electron and ion diffusivities are plotted in Figure 8e. The difference
between the anomalous and total diffusivities is neoclassical transport, which is almost
negligible for the electron case. However, ion neoclassical transport is found to be dominant
in the center of the plasmas, while ion drift mode transport is suppressed by flow shear
stabilization and small q and weak magnetic shear as explained above.
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Figure 8. Predicted and experimental (a) electron temperature profile, (b) ion temperature profiles
versus ρ̂ at time t = 7.0 s, (c) predicted toroidal rotation profile, (d) ion temperature profiles versus
time at ρ̂ = 0.4, (e) total ion thermal and ion anomalous thermal diffusivities, and (f) total electron
and ion anomalous thermal diffusivities. The difference between total and anomalous thermal
diffusivities is the neoclassical thermal diffusivity.

The predicted temperature profiles are compared with the corresponding experimental
profiles as a function of space and time for high-βp (∼3.0) KSTAR discharge 18602 in
Figure 9. By adjusting the aiming of ECCD injection location, toroidal Alfvén eignmodes
are mitigated, leading to increased stored energy and high βp. When these profiles are
analyzed as a function of space and time, there is a remarkable degree of consistency
between the predicted and experimental profiles (see Table 4).
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Figure 9. Predicted and measured electron temperature and ion temperature for KSTAR high-βp

discharge 18602 as a function of ρ̂ (a,b) and time (c,d) are shown.

Table 4. Te and Ti average RMS deviation %, RMS range %, average offset %, and offset range %
for five ITB discharges, four high normalized βN discharges, six high q95 discharges, one high βp

discharge, and one moderate βN KSTAR discharge.

Type Te RMS Te RMS Ti RMS Ti RMS Te Offset Te Offset Ti Offset Ti Offset
Range Range Range Range

ITB 8.5 3.2–13.7 14.8 4.6–24.0 5.7 −3.0–12.2 14.3 0.2–30.0
High βN 4.8 4.2–6.3 8.3 4.5–13.7 −0.5 −2.7–1.5 −0.45 −4.8–11.8
High q95 11.5 3.3–17.2 15.1 4.6–36.0 −6.1 −12.2–2.3 12.1 −0.3–31.0
High βp 7.1 — 6.3 — −6.8 — 4.6 —

moderate β 5.0 — 20.1 — −1.1 — 16.5 —

The RMS deviations and offsets vary from discharge to discharge. The RMS deviations,
RMS deviations range, offsets, and offset range are shown for 5 ITB discharges, 4 high
βN discharges, 6 high q95 discharges, a high βp, and a moderate βN discharge as shown
in Table 4. It is discovered that the RMS deviation falls within the margin of error associated
with the experimental measurement. The average RMS deviations for electron and ion
temperature profiles for 17 KSTAR discharges are 7.4% for electron temperature and 13.0%
for ion temperature, and the average offsets of −1.8% for electron temperature and 9.4%
for ion temperature.

In summary, a comparison between simulated electron and ion temperature profiles
and corresponding KSTAR experimental data is shown. The experimental data for 17 NBI
and ECH heated KSTAR tokamak discharges represent a ITB, high βN, moderate βN, high
q95 and high βp long-pulse scenarios. Validation is carried out using TRANSP–MMM
simulations. Thermal transport is calculated using a combination of MMM and Chang–
Hinton neoclassical transport models [28]. Note that these discharges are difficult to predict,
correspond to extreme conditions, and differ significantly from conventional discharges.
The comparison is quantified by calculating the RMS deviations and offsets in Table 4.
Reasonable agreement is found between experimental data and simulation results, and ITBs
are recovered. The MMM model is found to be quite efficient in terms of computational
resource use. The 11.0 s KSTAR discharge simulations at PPPL cluster take 4.7 h with 1
CPU for MMM and 8 CPUs for NBI. The majority of the 4.7 h are spent simulating the NBI
heating, current drive, and torque.

4.3. JET

Simulations of 72 baseline JET ITER-like wall D-D discharges are carried out using
the TRANSP integrated modeling code. Discharges involve a broad range of conditions,
including scans over gyroradius, collisionality, and values of q95. There are 42 discharges
with low q95 discharges [59], which range from q95 = 2.7–3.3. Other plasma parameter
ranges for low q95 discharges include plasma current, Ip = (2–3.5) MA; toroidal mag-
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netic field, Bφ = (1.9–3.2) T; auxiliary heating power, Pheat = (10.8–27.7) MW; central elec-
tron temperature, Te0 = (2.2–6) keV; normalized β, βN = (1–2); and line-averaged density
ne,19 = (4–10.2) m−3. There are 7 discharges from ν∗ with a range between 0.04 and 0.15
at ρ̂ = 0.4, and 13 discharges from the ρ∗ scan with a range of 0.003 to 0.006 [60]. Eight
discharges with the following plasma properties are obtained from the database for com-
parative confinement study [61]: Ip = 2.5 MA; Bφ = 2.7 T; Pheat = (14–17) MW; and
ne,19 = (7.1–10.2) m−3. Also included are two D-D discharges (87215 and 87412) that are
used for D-T scenario development before the real D-T experiment campaign at JET. Diag-
nostic yielding profile data used in validating the transport models include: high-resolution
Thomson scattering (HRTS) [62] for Te(r) and ne(r); charge exchange (CX) spectroscopy [63]
for Ti(r) and rotation; bolometry (BOLO) measurement for the uniform radiation pro-
file [64]; the Bremsstrahlung measurement for the uniform Z-effective [65] (Zeff) profile
assuming that beryllium is the only impurity.

The predicted and measured JET discharge results are displayed below. Note that the
experimental electron temperature data from ρ̂ = 0–0.3 and experimental ion temperature
data from ρ̂ = 0–0.4 are not available to compare with the corresponding predicted profiles.
Despite the fact that all 79 discharges are simulated, the results are illustrated using only
one example of each type of discharge. The important parameters of these discharges are
provided in Table 5.

Table 5. Plasma parameters for the JET tokamak.

Discharge R (m) a (m) κ δ Bφ (T) IP
(MA) n̄e,19 Zeff q95 ν∗

e ρ∗ PNB
(MW)

84599 2.98 0.94 1.65 0.36 1.97 1.97 6.84 1.05 3.06 0.19 4.25 × 10−3 8.84
86911 2.98 0.94 1.61 0.29 2.10 1.98 5.61 1.05 3.17 0.09 4.65 × 10−3 10.68
87215 3.00 0.97 1.65 0.28 2.37 2.48 4.95 1.64 3.08 0.06 4.82 × 10−3 15.46
87261 3.01 0.91 1.69 0.33 1.79 1.80 5.49 1.21 2.95 0.10 5.85 × 10−3 16.95

The experimental measurement of HRTS at ρ̂ = 0.9 specifies the electron temperature
boundary condition, whereas the ion temperature boundary is supposed to have Ti = Te.
The neoclassical transport is calculated using the NCLASS module [29]. NBI heating,
current, and toroidal rotation are calculated using NUBEAM [30], and ICRH is calculated
using the TORIC module [66].

Figures 10–13 show the predicted and measured electron and ion temperatures as a
function of ρ̂ for JET ρ∗ discharge 84599, low q95 discharge 86911, ν∗ discharge 87261 and
discharge 87215. The predicted profiles are compared with the experimental profiles at the
diagnostic time. The RMS deviation and offset for electron and ion temperature profiles of
70 baseline H-mode JET ITER-like wall D-D discharges are found to be 11.1% and 9.9%,
respectively. The details of RMS deviation, range of RMS deviation, offset, and range of
offset for seventy discharges are shown in Table 6. The RMS deviation and offset for two
D-D discharges 87215 and 87412 are not estimated due to the lack of smoothness in the data.
Nonetheless, we discover a strong agreement between the predicted and experimental data
for these discharges.

Table 6. Te and Ti average RMS deviation %, RMS range %, average offset %, and offset range % for
forty two low q95, seven ν∗, thirteen ρ∗, and eight comparative confinement study JET discharges.

Type Te RMS Te RMS Ti RMS Ti RMS Te Offset Te Offset Ti Offset Ti Offset
Range Range Range Range

low q95 10.4 4.0–18.0 10.5 3.0–18.8 −6.2 −24.0–8.2 −5.7 −18.5–4.6
ν∗ 11.5 3.6–25.6 8.2 6.8–9.8 −6.5 −22.0–3.7 −7.6 −17.0–2.0
ρ∗ 9.7 3.0–15.3 6.2 1.0–14.4 −3.9 −12.7–11.6 −1.3 −9.3–9.9

Confinement [61] 12.8 7.6–21.3 14.8 8.6–22.8 −8.9 −19.9–10.1 −12.1 −21.3–5.4
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(a) (b)

Figure 10. Predicted and measured electron (a) and ion (b) temperatures as a function of ρ̂ for JET ρ∗

discharge 84599 at time t = 11.5 s. It should be noted that there is an absence of experimental data to
compare with the predicted profiles of electron temperatures from ρ̂ = 0–0.3 and ion temperatures from
ρ̂ = 0–0.4.

(a) (b)

Figure 11. Predicted and measured electron (a) and ion (b) temperatures as a function of ρ̂ for JET
low q95 discharge 86911 at time t = 12.53 s.

(a) (b)

Figure 12. Predicted and measured electron (a) and ion (b) temperatures as a function of ρ̂ for JET ν∗

discharge 87261 at time t = 7.55 s.

The TGLF anomalous transport module [67] is also used to predict these 72 D-D JET
discharges [36]. In JET plasmas, it is generally observed that ion thermal transport plays a
dominant role compared to electron thermal transport. The ITG modes tend to be more
unstable than the TEM and ETG modes. This trend holds true for both the computed
thermal diffusivities obtained from the MMM and the TGLF models. The analysis of
thermal diffusivities reveals that the ion thermal diffusivity exhibits a notably similar trend
and magnitude between the MMM and TGLF models. On the other hand, the electron
thermal diffusivity shows a slightly different magnitude in the TGLF compared to the
MMM. Since ion thermal transport dominates, the prediction of the electron temperature
profile is unaffected by small changes in the electron thermal transport. The average
RMS deviation for electron and ion temperature profiles predicted by the MMM model
is comparable to what the TGLF model predicts. It is anticipated that the MMM and
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TGLF models will produce different results in discharges where electron thermal transport
dominates, such as in the low aspect ratio and high beta tokamaks.
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Figure 13. Predicted and measured electron (a) temperature as a function of ρ̂ for JET discharge 87215
at time t = 8.5 s. The ion temperature (b) is considered to be the same as the electron-measured
temperature for this discharge.

The TGLF and Qualikiz models were utilized in another similar validation investiga-
tion [68]. An important issue associated with the use of physics-based models in whole
device modeling simulations is the computational efficiency of the models. A significant
difference between the TGLF and the MMM models is their computational efficiency. Simu-
lations using the TGLF module and the PPPL cluster for a 1.5 s JET discharge with 256 CPUs
(192 CPUs for PT-Solver, 32 CPU NBI, 32 CPU TORIC) take 193 h, while for MMM 65 CPUs
(1 CPU for PT-Solver, 32 CPU NBI, 32 CPU TORIC) take only 0.84 h. The 72 JET H-mode
simulations using TGLF require 3.55 million CPU hours compared to the 3965 CPU hours
used in the MMM simulations.

In summary, simulations of 72 baseline H-mode JET ITER-like wall D-D discharges
are carried out using the TRANSP predictive integrated modeling code. The time-evolved
temperature and rotation profiles are computed utilizing the MMM and TGLF modules.
The JET discharges involve a broad range of conditions, including scans over gyroradius,
collisionality, and values of q95. The simulated temperature and rotation profiles are
compared with the corresponding experimental profiles in the different radial ranges from
the magnetic axis to the ρ̂ = 0.9 flux surface. The comparison is quantified by calculating
the RMS deviations and offsets as shown in Table 6. Overall, good agreement is found
between the profiles produced in the simulations and the experimental data. Although the
results predicted by TGLF and MMM are similar, it takes 8 days to run a 1.5 s JET H-mode
TGLF simulation as opposed to less than an hour when using MMM.

4.4. DIII-D

MMM is used to conduct predicted simulations for four DIII-D discharges. In contrast
to the previous simulations, where electron and ion temperature, q profile and, in some
cases, toroidal rotation profiles are evolved, in these DIII-D simulations, additional pro-
files including the density and/or toroidal rotation frequency, and E × B shear are also
evolved. The four DIII-D discharges consist of 144449 time-dependent rotation ramp-down
discharge [69], 118341 stationary hybrid discharge [21], and 153283 [70] and 150840 [71]
stationary discharges. Table 7 displays the critical parameters for these DIII-D discharges.
Electron and ion temperatures, electron density, and toroidal rotation velocity profiles are
simulated and plotted in Figures 14–17, enabling comparison with experimental profiles.
The predicted simulations’ boundary conditions for all four of these shots are set at ρ̂ = 0.8.
Rotation is not predicted for discharge 144449 because of the difficulties introduced by
ramping down the torque in the shot. Note that the temperatures and density profiles
continue to change in the 144449 discharge as E × B shear decreases due to rotation ramp-
down, and the electron and ion temperature profiles are not predicted as well as the other
DIII-D discharges. This discharge was intended to investigate the behavior and dynamics
of plasma rotation during a controlled decrease or “ramp-down” over a specific period of
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time. This reduction in plasma rotation was accomplished by modifying the NBI orien-
tation. This effort can aid in the understanding and optimization of ITER scenarios with
low toroidal rotation. Hybrid discharge 118341 ramps density slightly up throughout the
discharge time, and the density prediction is very good for this shot as shown in Figure 15.
Density ramps are used to optimize the plasma scenario and achieve the desired plasma
states. By systematically ramping the density, it is possible to find the optimal operating
conditions for specific scenarios, improving plasma performance and achieving the desired
plasma parameters. ITER may be able to access a broader variety of high-performance
scenarios than was previously anticipated, according to projections of the hybrid mode of
operation [21].

Shot 150840, shown in Figure 16, is run in an ITER-similar shape, while shot 153283,
shown in Figure 17, is run in an upper biased double null shape. Shot 150840 can provide
valuable insight into the behavior and performance of plasmas under conditions that closely
resemble those anticipated at ITER. Long-duration plasmas, with m/n = 2/1 tearing mode
stability, is demonstrated [71]. Shot 153283 upper biased double null shape configurations ex-
perimentation is conducted to achieve maximize plasma performance as well as better control
and management of plasma and impurity flows in the divertor region. The RMS deviations
and offsets for electron and ion temperature, electron density, and toroidal rotation frequency
are shown for 4 DIII-D discharges in Figure 18 in the bar graphs. A lower RMS deviation for
the profiles indicates a closer match between the predicted and experimental values, with the
exception of the ion temperature profile of rotation ramp down discharge 144449, which is
around 22.0% outside the range of experimental measurement error, necessitating further
investigation of these types of discharges. The ion and electron drift direction modes with
varying correlation lengths are subjected to the drift wave model component of MMM in the
current application. According to our most recent derivation, it is determined that both types
of modes share the same correlation length. The intention is to utilize this identical correlation
length in the drift wave model of the MMM component and conduct subsequent simulations
to observe the effects on the predicted profile.
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Figure 14. Predicted and measured electron temperature (a), ion temperature (b) and electron density
(c) as a function of ρ̂ at time t = 3.0 s for DIII-D time-dependent rotation ramp-down discharge
144449.

Table 7. Plasma parameters for the DIII-D tokamak.

Discharge R (m) a (m) κ δ BT (T) IP (MA) n̄e,19 (m−3) PNB (MW) PEC (MW)

144449 1.78 0.62 1.74 0.37 1.58 1.04 3.81 5.51 (1.8–3.0 s), 7.88 (3.0–4.6 s)
118341 1.77 0.63 1.78 0.40 1.60 1.20 5.56 9.20 (5.4–5.9 s)
150840 1.76 0.55 1.71 0.64 1.83 1.09 4.78 1.06 (3.0–4.0 s) 2.76 (3.0–4.0 s)
153283 1.71 0.60 1.71 0.13 1.90 1.30 2.35 5.91 (1.0–1.5 s), 5.33 (1.5–5.0 s)



Plasma 2023, 6 453

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

1

2

3

4

5

T
e
 (
k
eV

)

DIII-D 118341, t= 5.85s

Prediction
Experiment

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

1

2

3

4

5

T
i 

( k
eV

)

DIII-D 118341, t= 5.85s

Prediction
Experiment

(a) (b)

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

2

4

6

8

n
e
 (
m
−

3
)

×1019 DIII-D 118341, t= 5.85s

Prediction
Experiment

0.00 0.25 0.50 0.75 1.00

ρ̂ 

0

2

4

6

ω
φ
 (

ra
d
/s

)

×104 DIII-D 118341, t= 5.85s

Prediction
Experiment

(c) (d)

Figure 15. Electron temperature (a), ion temperature (b), electron density (c), and toroidal rotation
(d) as a function of ρ̂ at time t = 5.85 s for DIII-D discharge 118341, including both predicted and
measured profiles.
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Figure 16. Electron temperature (a), ion temperature (b), electron density (c), and toroidal rotation
(d) as a function of ρ̂ at time t = 3.10 s for DIII-D discharge 150840, including both predicted and
measured values.
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Figure 17. Cont.
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Figure 17. Electron temperature (a), ion temperature (b), electron density (c), and toroidal rotation
(d) as a function of ρ̂ at time t = 3.30 s for DIII-D discharge 153283, including both predicted and
measured values.
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Figure 18. The RMS deviations (a) and offsets (b) for 4 DIII-D discharges are calculated using
predicted and experimental data.

5. Summary and Discussion

Comprehensive predictive models, encompassing all essential interactive physics, are
needed to develop the understanding of transport processes in fusion plasmas. The simula-
tions must be run for the length of the plasma’s existence, i.e., over time periods ranging
from seconds to hundreds of seconds. A few-microsecond simulation of plasma turbu-
lence necessitates tens of thousands of processors operating for days. As a result, kinetic
models cannot be used to perform the needed integrated simulations. Unlike kinetic
models, the multi-fluid anomalous transport model can simulate for the length of the
plasma’s existence.

TRANSP predictive code is used to simulate 6 EAST discharges, 17 KSTAR discharges,
72 JET ITER-like wall D-D discharges, and 4 DIII-D discharges. The MMM, which is a
multi-fluid anomalous transport model, is used to compute anomalous thermal, particle,
and momentum transport driven by the electron and ion temperature gradient modes,
microtearing modes, trapped electron mode, kinetic and resistive ballooning modes, and col-
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lisionless and collision dominated high-n MHD modes. The Chang–Hinton or NCLASS
neoclassical model is used to calculate neoclassical transport. The equilibrium data are
interpolated from EFIT reconstruction, or equilibrium code TEQ is used to compute the
self-consistent evolution of the equilibrium. The LH and NBI heating and current drive are
obtained using the GERAY/CQL3D and NUBEAM modules, respectively.

The MMM is used to predict the time-evolved electron temperature, ion temperature,
and current density profiles. In contrast to the EAST, KSTAR, and JET simulations, where
only electron, ion temperature, and q-profiles are evolved, in DIII-D simulations, the density,
toroidal rotation frequency, and flow shear are also evolved. The comparison is quantified
by calculating the RMS deviations and Offsets. Predicted profiles are compared to corre-
sponding experimental data at the diagnostic time. RMS and offset are typically found to
be within the experimental measurement error range. The simulations are sometimes used
to fill in gaps in experimental data that are not measured. In EAST discharges, for example,
there is no experimental measurement of the ion temperature, and in JET discharges, there
are no experimental data of the electron temperature from ρ̂ = 0–0.3 and ion temperatures
from ρ̂ = 0–0.4.

Among the EAST discharges simulated are ohmic and L-mode plasmas, plasmas
with low, intermediate, and high density, plasmas with independent and simultaneous
LH heating, and plasmas with a combination of NBI and LH heating. Simulations of
KSTAR NBI heated tokamak discharges representing high β poloidal, high β normalized,
and ITB long-pulse scenarios are performed. The JET discharges involve a broad range of
conditions, including scans over gyroradius, collisionality, and values of q95. The DIII-D
hybrid discharges are also considered.

The predictive simulations for JET, DIII-D, and KSTAR are carried out by excluding
the pedestal region. Subsequent work aims to reproduce these simulations by extending
them from the separatrix to the magnetic axis, enabling predictions for the pedestal region.
Additionally, the simulations do not incorporate transport related to fast ions, and in
this study, the MMM is validated specifically for high-aspect-ratio tokamaks. Future
plans involve incorporating the missing fast ion transport into the MMM framework and
validating it for both high- and low-aspect-ratio tokamaks.
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