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A quasi-linear reduced transport model is developed from a database of high-3
electromagnetic nonlinear gyrokinetic simulations performed with spherical tokamak
for energy production (STEP) relevant parameters. The quasi-linear model is fully
electromagnetic and accounts for the effect of equilibrium flow shear using a novel
approach. Its flux predictions are shown to agree quantitatively with predictions from
local nonlinear gyrokinetic simulations across a broad range of STEP-relevant local
equilibria. This reduced transport model is implemented in the T3D transport solver that
is used to perform the first flux-driven simulations for STEP to account for transport
from hybrid kinetic ballooning mode turbulence, which dominates over a wide region
of the core plasma. Nonlinear gyrokinetic simulations of the final transport steady state
from T3D return turbulent fluxes that are consistent with the reduced model, indicating
that the quasi-linear model may also be appropriate for describing the transport steady
state. Within the assumption considered here, our simulations support the existence of a
transport steady state in STEP with a fusion power comparable to that in the burning flat
top of the conceptual design, but do not demonstrate how this state can be accessed.
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1. Introduction

The design of future tokamaks requires accurate evaluations of the core turbulent
transport, which is most reliably modelled using high-fidelity gyrokinetic simulations
that have been validated extensively against experiments. However, these simulations are
computationally very expensive and, for reasons of computational tractability, reduced
turbulent transport models are more routinely used in the design of plasma scenarios.
Transport steady-state fusion plasma solutions can be calculated in reasonable times with
relatively modest compute resource, using reduced physics-based transport models, such
as TGLF (Staebler, Kinsey & Waltz 2005, 2007) and QuaLiKiz (Bourdelle et al. 2015;
Citrin et al. 2017). These models combine a fast and simplified approach to find the
linearly dominant eigenmodes (by either solving gyrofluid equations, or using a simplified
gyrokinetic solver) together with a saturation rule (Casati e al. 2009; Staebler et al. 2016;
Stephens et al. 2021; Dudding et al. 2022). We note, however, that these reduced models of
turbulent transport have mainly been validated in electrostatic turbulence regimes (Mariani
et al. 2018; Rodriguez-Fernandez et al. 2019; Casson et al. 2020; Luda et al. 2021; Marin
et al. 2021; Angioni et al. 2022; Ho et al. 2023) and their application to high-8 spherical
tokamaks, where electromagnetic turbulence is expected to be important (Kennedy et al.
2023; Giacomin et al. 2024), needs to be carefully assessed (Patel 2021).

Various flat-top operating points of the Spherical Tokamak for Energy Production
(STEP) (Wilson et al. 2020; Meyer 2022) have been developed using the integrated
modelling suite JINTRAC (Romanelli et al. 2014) and the JETTO transport module
with a simple Bohm gyro-Bohm transport modelling tuned to a confinement scaling
(Meyer 2022; Tholerus et al. 2024). A gyrokinetic linear analysis of one of the most
promising STEP flat-top operating points, STEP-EC-HD (Tholerus et al. 2024), is reported
in Kennedy et al. (2023). This reveals dominant microinstabilities at the ion gyroscale,
that share many properties of the kinetic ballooning mode (KBM). This dominant mode,
labelled hybrid-KBM in Kennedy et al. (2023), is unstable over a wide radial range of
the plasma, and connects to ion temperature gradient (ITG) and trapped electron mode
(TEM) instabilities at low . A subsequent nonlinear gyrokinetic investigation, detailed
in Giacomin et al. (2024), shows that, if equilibrium flow shear is neglected, turbulent
transport from hybrid-KBMs significantly exceeds the available sources at mid-radius in
STEP-EC-HD, thus highlighting the importance of accounting for hybrid-KBM turbulence
in developing consistent flat-top operating points for STEP. The saturation level of
hybrid-KBM turbulence far above threshold is, however, very sensitive to equilibrium
flow shear (the sensitivity to flow shear is decreased near threshold, as shown in this
work) and, at moderate shearing rates, transport fluxes reduce significantly towards values
consistent with the assumed sources in STEP. The work carried out by Giacomin et al.
(2024) also shows that the heat flux depends strongly on the parameter 8’ = 98/dp
(where B = 2uop/B?, p is the total pressure, B is the magnetic field and p is the radial
coordinate). As §’ is increased above its nominal value, hybrid-KBMs get stabilised and
more slowly growing microtearing modes (MTMs), which are more resilient, take over
as the dominant modes. On the STEP surface analysed in Giacomin et al. (2024), MTMs
drive a significantly lower level of turbulent transport that is more compatible with the
assumed sources. A reduced transport model for electromagnetic hybrid-KBM turbulence
is clearly required to design flat-top operating points in STEP and to simulate access to
them (Mitchell et al. 2023).

High-fidelity tools to evolve plasma equilibrium profiles on the transport time scale have
been developed in recent years by coupling transport solvers to local or global gyrokinetic
codes. These codes, such as TANGO-GENE (D1 Siena ef al. 2022), PORTALS-CGYRO
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(Rodriguez-Fernandez, Howard & Candy 2022) and TRINITY (Barnes et al. 2010),
exploit the enormous separation between the time scales associated with turbulence and
equilibrium transport, to evolve plasma profiles self-consistently with the turbulence. For
instance, PORTALS-CGYRO has been recently applied to perform the first flux-matched
nonlinear gyrokinetic predictions of SPARC profiles, where Gaussian process regression
techniques have been applied to optimise the transport solver (Rodriguez-Fernandez et al.
2022). Naturally, high-fidelity models require considerably more computational resources
than using reduced transport models;! and their application to STEP is computationally
prohibitively expensive, because each of the many nonlinear local simulations required by
a transport solver costs more than 10° core hours. Furthermore, starting from an initial
state that strongly violates power balance increases significantly the number of nonlinear
gyrokinetic simulations required for profile convergence (power balance is very poorly
satisfied at several radial locations in STEP-EC-HD as assumed in scenario design with
JINTRAC, which provides the initial condition in our flux-driven transport calculations).
There is therefore an increasing interest in developing low-cost and high-fidelity transport
solvers that can be exploited in integrated modelling, such as the fast and accurate turbulent
transport model recently developed by Citrin er al. (2023), where the saturation rule,
calibrated to a set of nonlinear GENE simulations, is combined with a neural network
regression to perform flux-matched predictions of the ITER baseline scenario.

In this work, we develop a quasi-linear reduced transport model from a database of
nonlinear local gyrokinetic simulations of hybrid-KBM turbulence for a range of STEP
local equilibria. The reduced transport model is based on a quasi-linear metric that
combines a saturation rule and quasi-linear flux weights evaluated from linear gyrokinetic
calculations. The functional dependence of the heat flux on this quasi-linear metric is
developed from a fit to the database of nonlinear simulations. This reduced transport
model is implemented in T3D (or Trinity3D) (Qian et al. 2022), a new Python version of
TRINITY (Barnes et al. 2010) which is used in this paper to perform the first flux-driven
simulations to model transport from hybrid-KBM turbulence in STEP.

The paper is organised as follows. Section 2 presents a brief overview of linear and
nonlinear simulations from various radial locations in a STEP flat-top operating point.
The reduced turbulent transport model, obtained from a fit to the nonlinear gyrokinetic
database, is presented in § 3. Section 4 describes the implementation of the reduced
model in T3D and its exploitation for the first predictive transport simulations to model
hybrid-KBM turbulence in STEP. The robustness of the reduced model is assessed in § 5,
by comparing the reduced model transport fluxes against a new set of nonlinear gyrokinetic
simulations for different surfaces of the new T3D transport steady state. Finally the main
conclusions are presented in § 6.

2. Overview of STEP local gyrokinetic simulations

This section gives a brief overview of the linear and nonlinear gyrokinetic analysis
of the STEP-EC-HD flat-top operating point reported in Kennedy et al. (2023) and
Giacomin et al. (2024), and motivates the need for a new reduced model of transport
from electromagnetic turbulence in STEP-like regimes.

Table 1 gives local equilibrium parameters from six radial surfaces (with low-order
rational values of the safety factor ¢) in STEP-EC-HD (Meyer 2022; Tholerus et al. 2024):

I'This is true even when Gaussian process regression techniques are used to reduce the number of solver iterations
(Rodriguez-Fernandez et al. 2022).

2This STEP-EC-HD equilibrium is at SimDB UUID:2bb77572-d832-11ec-b2e3-679f5f37cafe, alias: smars/jetto/
step/88888/apr2922/seq-1. Local quantities were obtained from the global STEP-EC-HD equilibrium using the
pyrokinetics Python library (Patel et al. 2024).

https://doi.org/10.1017/50022377824001107 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824001107

4 M. Giacomin and others

Local parameters of STEP-EC-HD

¥, 0.15 0.36 0.49 0.58 0.71 0.80
q 2.5 3.0 3.5 4.0 5.0 6.0
5 0.3 0.6 1.2 1.6 2.2 3.2
0 0.34 0.54 0.64 0.70 0.80 0.85
K’ -0.09  —0.09 0.06 0.19 0.49 0.63
B 0.16 0.23 0.29 0.32 0.40 0.45
8 0.44 0.36 0.46 0.54 0.70 1.05
A -023 —034 —040 —044 —049 —0.53
Be 0.17 0.12 0.09 0.07 0.05 0.03
4 —-038 —045 —048 —047 —044  —0.40
s 0.0033  0.0028  0.0026  0.0024  0.0022  0.0020
a/Ly, 0.09 0.45 1.06 1.54 2.58 3.43
a/Lr, 0.92 1.32 1.58 1.77 2.15 2.58
a/Ly, 0.09 0.45 1.06 1.54 2.58 3.43
a/Lr, 1.19 1.67 1.82 1.96 241 3.28
ne (1020 m=3) 2.0 1.9 1.8 1.7 1.4 1.2
T, (keV) 15.6 11.8 10.3 9.2 7.7 6.8
Tp (keV) 17.8 12.5 10.6 9.4 7.7 6.8
Area (m?) 217 319 362 389 435 456
Oserro (MW m~2) 0.8 0.9 0.8 0.7 0.6 0.5
Netro (10°m=2s~1)  0.01 0.06 0.11 0.16 0.21 0.22

TABLE 1. Local parameters on low-order rational surfaces of STEP-EC-HD. The deuterium and
trittum densities are equal to half the electron density. The deuterium and tritium temperatures
are equal. All parameters are defined in the main text.

¥, represents the normalised poloidal magnetic flux; ¢ the safety factor; § the magnetic
shear; p is a normalised flux label (half the flux-surface mid-plane diameter normalised
to the minor radius a); « and «’ the elongation and its radial derivative; § and &' the
triangularity and its radial derivative; and A’ the radial derivative of the Shafranov shift;
local value of S8, = 2uop. /Bg, and its radial derivative 8’; p, = p;/a where p, = ¢,/$2p
is the local ion sound Larmor radius, with ¢, = /T, /mp, $2p = eBy/mp, T, the local
electron temperature, mp the deuterium mass and By the toroidal magnetic field at the
central major radius on the surface; the normalised logarithmic radial derivatives of
the electron and deuterium density, a/L, = (1/n,)dn,/dp, and temperature, a/Ly, =
(1/T,)0T;/dp; n, the value of the electron density (the deuterium and tritium densities are
equal, i.e. np = ny = n,/2); T, and Tp the electron and deuterium temperature (the tritium
and deuterium temperatures are equal); and the target values of the heat and particle flux
computed in JETTO from the expected heat and particle sources of STEP-EC-HD.

2.1. Linear simulation results

Faithfully capturing the linear physics will be critical to the quasi-linear model, so here
we briefly revisit the linear analysis of STEP-EC-HD, detailed in Kennedy et al. (2023).
Linear local gyrokinetic simulations were carried out on six radial surfaces using the GS2
code (Dorland et al. 2000; Barnes et al. 2022). These calculations included three plasma
species (electron, deuterium and tritium) and used the following numerical resolutions:
extended parallel domain in ballooning angle spanning —77t < 6 < 77 (Mperioa = 4), 65
parallel grid points in each [—m, 7] interval (ny = 65), 40 pitch angles (n; = 40) and
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FIGURE 1. Growth rate (a) and mode frequency (b) as functions of the binormal wave vector
ky at various radial surfaces of STEP-EC-HD. The inset in (b) shows the transition to positive
frequency values at low ky of ¥, = 0.15.
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FIGURE 2. Parallel mode structure of 8¢ (a) and 6A| (b) both normalised to max(é¢) for the
most unstable mode with kypy 2~ 0.4. Figure adapted from Kennedy et al. (2023).

12 energy grid points (n. = 12). The extended ballooning domain is increased to nperios =
32 on the innermost surface at ¥, = 0.15 in order to resolve more extended MTMs found
on this surface. All calculations are fully electromagnetic, including 8¢, §A; and §B;,* and
were carried at 6, = 0 unless otherwise specified.

Figure 1 shows the growth rate and the mode frequency as functions of the binormal
wave vector k,p, on the six surfaces. No unstable modes are found at k,p; > 1.8 on any
of the surfaces considered here. The maximum normalised local growth rate generally
increases from the innermost to the outermost radial surface, and a sign change in the
dominant mode frequency from mostly negative across most of the spectrum at ¥, = 0.15
to mostly positive at ¥, = 0.36, clearly indicates an instability transition going outwards
from the core.

The dominant mode at ¥, = 0.49 has been labelled as a hybrid-KBM because it shares
many properties with KBM and exhibits ITG and TEM contributions to the linear drive
(Kennedy et al. 2023). Figure 2 shows the parallel mode structure of ¢ and §A of the
dominant hybrid-KBM at k,p, ~ 0.4 on ¥, = 0.49.

3See Kennedy et al. (2024) for a detailed discussion on the importance of 8By in STEP.
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FIGURE 3. Parallel mode structure of §¢ (a,c) and A (b,d) both normalised to max(8¢) for
the unstable mode with ky oy >~ 0.84 (a,b) and kyp; 2~ 0.05 (c,d) at ¥, = 0.15.

On the innermost surface at ¥, = 0.15, however, the dominant modes have negative
frequency and very different parallel mode structures. These are illustrated in figures 3(a)
and 3(D) for the fastest growing mode at ky,p; =~ 0.84: §¢ has odd parity and is highly
extended in 6 whilst §A is very localised at & = 0 with even parity. Amplitudes of eé¢ /T,
and 6A;/(psBy) are comparable, indicating that the mode is strongly electromagnetic.
These negative frequency modes propagate in the electron diamagnetic drift direction,
and have the typical properties expected of MTMs (Applegate et al. 2004). On the same
surface at the lowest k,, on the other hand, the dominant mode switches to a positive
frequency (see the inset in figure 1b) and very different parallel mode structures in ¢ and
8A). The parallel mode structure of a low k, mode with positive frequency is shown in
figures 3(c) and 3(d): the parallel structure closely resemble figure 2, indicating that the
hybrid-KBM is linearly dominant at low k,. Although these low k, hybrid-KBMs are only
weakly unstable, they nevertheless contribute significantly to the turbulent transport, as
will be discussed in § 2.2.

The analysis of Kennedy et al. (2023) showed that hybrid-KBM is highly ballooned with
growth rates that are extremely sensitive of the ballooning parameter, 6,. This suggests that
hybrid-KBM turbulence should be sensitive to equilibrium flow shear, as was subsequently
confirmed in Giacomin et al. (2024). Figure 4(b) shows the dependence on 6, of growth
rates on the outermost surface at ¥, = 0.8, where hybrid-KBMs similar to the modes at
¥, = 0.49 dominate: the hybrid-KBM growth rates are strongly suppressed as 6, increases
from zero (the slowly growing unstable mode on this surface at ) = 7 and k,p; >~ 0.03 is
a MTM). Figure 4(a), however, shows that the situation is quite different on the innermost
surface at ¥, = 0.15: here, the MTM growth rates at k,p, >~ 0.8 and k,p, >~ 1.3 are
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FIGURE 4. Dependence of the growth rate on ¢y at three different values of kyp; on the

surfaces at ¥, = 0.15 (a) and ¥, = 0.8 (b). Stable modes are shown with y = 0 and open
markers.

v, Akyps ky,maxps Akypg kx,maxps ny ny ny
0.15 0.02 1.28 0.02 2.56 32 16 32
0.36 0.016 1.02 0.03 0.96 32 16 32
0.8 0.02 1.28 0.025 1.6 32 16 32

TaBLE 2. Numerical resolution of the nonlinear GENE simulations at the different radial

locations. In the table, n, is number of grid points in the u = vf_ /(2B) direction and n, is
number of velocity grid points.

insensitive to 6, although in contrast the dominant hybrid-KBM at kyps 22 0.05 has a
growth rate that decreases with 6, albeit remaining unstable across the entire 8, domain.

2.2. Nonlinear simulations results

This section presents a brief overview of local nonlinear gyrokinetic simulations carried
out on three radial surfaces, ¥, € {0.15, 0.36, 0.8}, of STEP-EC-HD. This analysis
extends the investigation carried out at ¥, = 0.49 by Giacomin et al. (2024), providing
further nonlinear simulations to be used in the development of a reduced turbulent
transport model to account for hybrid-KBMs. The nonlinear gyrokinetic simulations are
carried out with the GENE code (Jenko et al. 2000) using the advanced Sugama collision
operator (Sugama, Watanabe & Nunami 2009). The numerical resolutions used in these
simulations is reported in table 2. We highlight the higher radial resolution required by
MTMs at ¥, = 0.15. Simulations are performed without and with equilibrium flow shear.
All the simulations are performed over a time interval that covers at least a growth time of

the slowest growing low k, mode of each surface, corresponding to several growth times
of the most unstable mode.

2.2.1. Innermost surface dominated linearly by MTMs (¥, = 0.15)
Figure 5 shows the time trace of the total heat and particle flux k, spectrum, normalised
to Qe = p2n.T.cy and Iy = pln.c,, from a nonlinear simulation at ¥, = 0.15 without

4See Hardman e al. (2023) and Patel et al. (2023) for a detailed discussion of the relationship between yMIM g0y
and the sensitivity of MTM turbulence to equilibrium flow shear.

https://doi.org/10.1017/50022377824001107 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824001107

8 M. Giacomin and others

(a) _ (b) _
Y,=0.15 W,=0.15
10°
1.5 1.5 0
10! 10
f%: 1.0 100 ;Q f%: 1.0 10-1 ;Q
I I
& =
0.5 10 1 0.5 10_2
O.D J 0‘0 _-H
200 400 600 200 400 600
(csfa)t (cs/a)t

FIGURE 5. Total heat (a) and particle (b) flux as functions of ky and time from the nonlinear
simulation at ¥, = 0.15. The equilibrium flow shear is not included.

equilibrium flow shear. The heat flux contribution from ko, ~ 0.25 increases until
t >~ 250 a/c, where it reaches values of the order of Q,g, and then remains approximately
constant until # 2 600 a/c,. The particle flux contributions from k, o, > 0.2 are negligible,
as expected from MTM-driven turbulent transport in this k, range on this surface (see,
e.g. Doerk et al. (2011), Guttenfelder et al. (2011), Hatch et al. (2016) and Giacomin et al.
(2023) for details on MTM turbulence). On the other hand, the heat and particle flux
contributions from k,p, < 0.2 steadily grow (the total heat flux grows to exceed 100 Qgg)
and show no signs of saturation within the simulated time interval. Figure 5 suggests that
the large turbulent fluxes at low k, are driven by the hybrid-KBMs that are linearly unstable
at the lowest binormal wavenumbers in figure 1.

The sensitivity of y*P™(k,p, = 0.05) to 6, shown in figure 4(a), together with the low
hybrid-KBM growth rate, implies that equilibrium flow shear may be important here even
at small shearing rates near the diamagnetic level, y2, where

. pd[E pd| 1 1 dp;
J/Ed‘ _ —— = —— | — 77+U¢B€)_U(JB¢ s (21)
g p \RBy q p LRBy \me dr

with E, the neoclassical radial electric field, n; and p; the thermal ion density and pressure,
vy and vy the poloidal and toroidal velocities and B, and B, the poloidal and toroidal
magnetic field components. In the JINTRAC flat-top operating point considered here,
vy is evaluated using NCLASS (Houlberg et al. 1997) while v, = 0. Figure 6 shows
the time trace of the electrostatic and electromagnetic heat and particle fluxes from
a nonlinear simulation at ¥, = 0.15 with y; = y2* ~ 0.01 ¢,/a. When the equilibrium
flow shear is included at t = 150 a/cy, the heat flux reduces slightly and saturates at
approximately 5 MW m~2. The runaway fluxes are completely avoided in the simulation
with yr = 0.01 ¢;/a. Figure 7 shows, however, that, even with this level of flow shear, the
saturated heat and particle fluxes nevertheless remain above the values required to achieve
a transport steady state on this surface in STEP-EC-HD with the available heat and particle
sources.

2.2.2. Further out radially where hybrid-KBMs dominate (¥, = 0.36)

Figure 8 compares the heat and particle fluxes averaged over time in the saturated phase
from nonlinear simulations without and with equilibrium flow shear of the order of the
diamagnetic level, y2# ~ 0.05 ¢,/a. Although this nonlinear simulation at y; = 0 appears

to saturate within the time simulated, the corresponding heat and particle fluxes exceed
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FIGURE 6. Time trace of the electromagnetic and electrostatic heat (a) and particle (b) fluxes
from the nonlinear simulation at ¥, = 0.15 with yg = 0.01 ¢y/a. The equilibrium flow shear is
active from t = 150 a/cy, as indicated by the dashed vertical line.

(@) W,=0.15 (b) ¥,=0.15

r[102° m~2s-1]

Ye=0 ye=0.01cs/a Ye=0 ye=0.01lcs/a
FIGURE 7. Total heat (a) and particle (b) fluxes from nonlinear simulations at ¥,, = 0.15 with
(red) and without (blue) equilibrium flow shear. The heat and particle fluxes in the simulation
without equilibrium flow shear exceed the value of 10> MW m~2 and 10?2 particles (m? s)~!
with no saturation within the simulation time considered here, as indicated by the triangle on
the top of the bar. The dashed horizontal line denotes the target heat and particle flux values at
¥, = 0.15 computed from the JETTO heat and particle sources.

STEP-EC-HD transport steady-state values for this surface by more than three orders of
magnitude. When flow shear is included, both heat and particle fluxes reduce significantly,
but remain well above the transport steady-state values, as shown in figure 8.

The outermost flux surface, where hybrid-KBMs also dominate (¥, = 0.8):

Nonlinear simulations deliver similar findings at ¥, = 0.8. Figure 9 shows the heat
and particle fluxes from nonlinear simulations without and with equilibrium flow shear
(ye = 0.1 ¢,/a). The simulation without equilibrium flow shear does not saturate within
the considered simulation time interval, reaching values larger than 10> MW m~2. The
simulation with equilibrium flow shear saturates at much lower values, but turbulent
fluxes remain an order of magnitude larger than the transport steady-state values for
STEP-EC-HD at ¥, = 0.8.

2.2.3. Summary of § 2

This brief nonlinear survey suggests that anomalous transport would be dominated by
hybrid-KBM turbulence across a wide radial region in STEP-EC-HD. In the absence of
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FIGURE 8. Total heat (a) and particle (b) fluxes from nonlinear simulations at ¥, = 0.36 with
(red) and without (blue) equilibrium flow shear. The dashed horizontal line denotes the target
flux value at ¥, = 0.36 computed from JETTO heat and particle sources.
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FIGURE 9. Saturated value of the total heat (a) and particle (b) fluxes from nonlinear
simulations at ¥, = 0.80 with (red) and without (blue) equilibrium flow shear. The heat and
particle fluxes in the simulation without equilibrium flow shear exceed 10° MW m~2 and
1023 particles (m? s)~! with no saturation within the simulation time considered here, as
indicated by the triangular arrow at the top of the bar. The dashed horizontal line denotes the
target flux value at ¥,, = 0.80 computed from the JETTO heat and particle sources.

equilibrium flow shear, the associated turbulent fluxes exceed values required to reach
a transport steady state in STEP-EC-HD by several orders of magnitude. The fluxes
are very sensitive to flow shear, and including a diamagnetic level of yr reduces the
fluxes significantly. Nevertheless this is insufficient to reduce fluxes to the values required
in a transport steady state; i.e. STEP-EC-HD is not a transport steady state. To reach
such a kinetic equilibrium, the temperature and density profiles need to be evolved
self-consistently with turbulent transport from hybrid-KBMs. This clearly motivates the
need for a computationally affordable reduced model to describe turbulent transport in
STEP-relevant regimes. The development of such a model is detailed in the next section.

3. A reduced transport model for STEP

Transport will play an important role in governing all aspects of the plasma scenarios
that are viable in STEP, including the fusion power that can be achieved in the flat top. One
of the most urgent priorities for the STEP programme is to develop robust physics-based
models to predict plasma confinement. The highest-fidelity approach available would use
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nonlinear gyrokinetic simulations to compute the turbulent transport, but in STEP-like
regimes this is prohibitively expensive computationally even using local gyrokinetics
codes. A reduced core transport model is urgently required to describe turbulent transport
in high-8 STEP regimes faithfully and in a computationally affordable way.

Here, we describe in detail one approach to obtain such a reduced turbulent
transport model, retaining first-principles linear physics from gyrokinetic calculations, and
exploiting a set of nonlinear gyrokinetic simulations in STEP-relevant regimes to obtain
an empirical functional relationship between the quasi-linear and the nonlinear fluxes. We
stress that this model is not intended for application beyond STEP plasma conditions,
although the general approach may have value for reduced model development in broader
plasma regimes. Our approach has some parallel with earlier efforts to improve reduced
model descriptions of magnetic flutter transport, where the goal was to better describe
transport from KBMs in JET discharges (see Kumar et al. 2021).

In local 8f gyrokinetics, where the distribution function f is the sum of the equilibrium
distribution function fy and a perturbation §f, the nonlinear electrostatic £ x B drift
term competes with the linear drive, i.e. y&f ~ (k,8¢/B)k.Sf, at sufficient perturbation
amplitude when 6¢ /B ~ y/(k.k,). Quasi-linear models assume saturation occurs when
d.p ~ k.8p, allowing the total electrostatic heat flux to be estimated as Q5 ~ §pk,3¢ /B ~
(y /k»)d,p. If the turbulence is isotropic, with k, ~ k, ~ k., this can be written as Q5 ~
(y /k*)d,p, corresponding to a turbulent thermal diffusivity of y /k2.

3.1. Quasi-linear reduced transport model

In the quasi-linear inspired reduced model developed here, the saturation rule describes
the total heat flux,’ which is modelled as®

Qg = QA% 3.1

where the quasi-linear metric A (involving y /k?, all fields and describing flow shear) is
at the heart of the model, and Q, and « are constants chosen to fit the total turbulent heat
transport in the regime of interest. In § 3.2, O and « will be optimised to describe the total
heat flux from hybrid-KBM turbulence in STEP. Firstly we define A and then we specify
the species decomposition of the model transport fluxes.

In ballooning space local perturbed modes are labelled by the bi-normal perpendicular
wavenumber and ballooning parameter, k, and 6y, respectively. For each mode (i.e. k, and
) and field y; € {edo/T,, 5A/(psBo), 6B, /Bo}, we define a perpendicular wavenumber
averaged in poloidal angle 6, following Jenko, Dannert & Angioni (2005), as

0 k5.(0, ky, 60) J(0) | x:(0) |

2
(k) k00,0 =

, (32)
/ 48 70 x:(0)

SImposing a saturation rule for the total heat flux implies saturation levels for all the fields, because these are related
through the quasi-linear weights; this differs from quasi-linear models where the saturation rule is applied directly to
the electrostatic potential, but is similar to the concept of turbulence intensity used to define saturation in some models
(Kinsey, Staebler & Waltz 2008).

%Note that the relationship between the total heat flux and y /ki depends on the turbulent regime and might not
be linear (see e.g. Ricci, Rogers & Dorland 2006; Giacomin & Ricci 2020; Dudding et al. 2022). For example, if §p ~
(8¢ /T)p, the electrostatic heat flux becomes QFS ~ (yz/ki)(qB/T)kLp. Including the parameter « in (3.1) allows the
model to describe such a different turbulence regime.
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where k% (0, ky, 6p) = g”'(@)k% +2gY (0)k.ky + g5 (0K, k, = 560pk,, g7, g~ and g™ are
metric tensor elements and J(0) is the Jacobian (these geometric quantities are defined for
GS2 in Kotschenreuther, Rewoldt & Tang 1995; Dorland et al. 2000).

By using (ki) k,.60.i from (3.2) and summing over all three fields, we define

3
A i(ky, 6y, 0 k,, 0
A(k),Qo):ZmaX9|X() 0 )| J/() 0)

maxgy IX] (kya 90’ 9)' <ki(ky7 907 0)>G.i '

(3.3)

i=1

When modes are strongly electromagnetic, /i(ky, 6y) has substantial contributions from
magnetic perturbations.” On the other hand, when §A; and 8B, vanish (e.g. at low B),
(3.3) reduces to the electrostatic model of Jenko et al. (2005).

The dependence of A on 6, in (3.3) can be exploited to capture the effect of equilibrium
flow shear® on the quasi-linear turbulent transport. Equilibrium flow shear advects local
modes in the ballooning parameter at a rate df,/d¢ = y/s, which is accounted for by

averaging A(ky, 6p) over a suitable 6, interval

_ 1 00,max (ky, V) R
A(ky) = —/ A(k,, 6p) dOy, 3.4)
! QO,max(kya ve) Jo » !
where
. YE
GO,max = min (,\_v T[) . (35)
sy

The 6, interval is the advection range over one growth time, from the typically most
unstable mode at 6y = 0 to 6y max = Ye/(Sy), with y the growth rate at 6, = 0. In the low
flow shear limit, g < 5y, A(ky) reduces to /i(ky, 0); in the high flow shear limit where
ye > Sy T, the average is calculated over a reduced 6, range [0, 7], justified by periodicity.
The 6, average in (3.4) allows the quasi-linear model to capture flow shear suppression of
turbulence at finite yz. We note that, if y () is narrowly peaked close to 6y = 0, A(k,)
can be sharply reduced even at small values of yr. As shown in figure 4 and in Kennedy
et al. (2023), the growth rate of hybrid-KBMs can peak strongly at 6y = 0 in STEP.

The quasi-linear metric A in (3.1) is then obtained by integrating A(k,) in (3.4) over k,,
and normalised to p,.c

A=t /dky/i(ky)

PxCs
1 1 o 2 i(ky, 6o, 0 ky, 6
_ /dky / d@o Z maXg |X( ys Y0 )| . J/( y 0) ) (36)
PxCs 00,max 0 maxXg |X1 (kys 907 9)| (kl(kya 607 9))9,1’

i=1

This quantity depends only on linear physics, so its evaluation requires only linear
gyrokinetic simulations over the unstable spectrum in (k,, 6;). We highlight that A has
been derived rather generally without any specific assumption on the turbulence regime.
The parameters Qg and «, which appear in (3.1), are the only free parameters to influence
the turbulence saturation level in this reduced model.

"The quantity /i(ky, 6p) defined in (3.3) is implemented in GS2 and available as an output from commit 415983d.
8A similar novel approach to flow shear has recently been included in a new quasi-linear model for momentum
transport (Sun et al. 2024).
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Species heat and particle fluxes are obtained (from (3.7) and (3.8) below) using the total
model heat flux, Qg = QpA“ defined in (3.1) that sets the turbulence saturation amplitude,
together with the quasi-linear weights Q,,/Q; and I ;/Q,, where Q, ; and I are the linear
heat and particle fluxes for species s, and Q; = ) Q,, is the total linear heat flux; all linear
fluxes are taken from the final time point in a converged linear simulation for a given mode
(i.e. ky, 8p). The quasi-linear weights apportion contributions to transport fluxes for each
species for a given mode (depending on k, and 6,) must be included in the integrands of
(3.7) and (3.8) to obtain the total species heat and particle fluxes

1 o Q5 (ky, Bp) 2
)/dky O,max-/(; de Ql(kw 90) A(ky’e()) (37)

1 1 600, max g(k , 0 )
ru (50) [z [ ey kw0

where we note that Y Qg = Qq = QoA

qu,s = Q()/lm_1 (

PxCs

3.2. Application to STEP-relevant regimes

The parameters Qy and «, which link A to the quasi-linear heat flux Qy via (3.1), are tuned
here to optimise the description of the total heat transport from hybrid-KBM turbulence
in STEP. Suitable values are determined by fitting the nonlinear saturated heat fluxes
from a set of nonlinear gyrokinetic simulations for STEP-relevant local equilibria. This
database contains nonlinear simulations performed using local parameters from various
reference surfaces in STEP-EC-HD. The parameter scans reported in Kennedy et al.
(2023) and Giacomin et al. (2024) already cover many of the most important local
parameters, including pressure gradient, 8, flow shear, ¢ and s, to which hybrid-KBM
turbulence is sensitive. Those scans provide the bulk of the database used to develop
the quasi-linear model. In detail, we include several parameter scans at ¥, = 0.49 with
ve €{0.05,0.1,0.2} ¢;/a, q € {3,3.5,4.0,4.5}, B €{0.005,0.02,0.09} and L, /L, €
{0.8, 1.0, 1.2} from Giacomin et al. (2024) and an additional scan with § € {0.3, O 6, 1.2}
for yg = 0. The database also includes the simulations at ¥, = 0.36 (yy =0 and yx =
0.05¢,/a) and at ¥, = 0.8 (yr = 0.1 ¢,/a) described in § 2.2, as well as an additional scan
with ¢ € {3.0,3.5,4.0,4.5} for yp = 0 at ¥, = 0.36.

Figure 10 compares the total normalised heat flux, Q/Qgg, from nonlinear simulations
with that from the best-fit quasi-linear model defined in (3.1), as functions of A, where
A is defined in (3.6) and obtained from linear gyrokinetic simulations. Each point in
figure 10 corresponds to a nonlinear simulation and the colour distinguishes simulations
with and without equilibrium flow shear. The uncertainty in the average nonlinear heat
flux from each simulation is taken as the standard deviation in the saturated phase.” These
uncertainties are accounted for by using a weighted fit to obtain the best values for the
model parameters Q and c. This gives Qy/Qp >~ 25 and o >~ 2.5, with a fitting quality of
R? ~ 0.8. The unweighted fit returns values of « and Q, that differ approximately by 20 %,
which can be considered as an estimate of the uncertainty in the fit values. The quasi-linear
model reproduces acceptably well the nonlinear heat flux across a range of more than three
orders of magnitude, although we highlight significant scatter. The discrepancy between
the reduced model and simulations approaches an order of magnitude in a few cases,
illustrating a limitation in the reduced transport model. A comparison of the nonlinear

The stationary phases are identified by applying the augmented Dickey—Fuller test to the flux time traces, as
described in Giacomin et al. (2024).
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FIGURE 10. Normalised total heat flux Qt/Qgp from nonlinear gyrokinetic simulations as a
function of A. The dashed line represents the best weighted fit, Qo = Qo A%, with Qg and « the
fitting coefficients. The error bar in the heat flux is taken as the standard deviation of the heat
flux time trace in the saturated phase. Black and red markers correspond to simulations without
and with equilibrium flow shear, respectively.

species heat and particle fluxes with the quasi-linear predictions given by (3.7) and (3.8)
is reported in the Appendix.

Turbulent transport in the nonlinear simulations of figure 10 is predominantly dominated
by hybrid-KBM turbulence, but in two low S cases turbulence is from electrostatic
ITG and TEM. In principle, MTMs may generate magnetic stochastic transport if the
separation between the magnetic islands from the tearing perturbation is smaller than
the island width (see, e.g. Doerk et al. 2011; Guttenfelder et al. 2011; Nevins, Wang &
Candy 2011; Giacomin et al. 2023), but this physics is not captured here or in most other
quasi-linear models since it would require predictions of the saturated magnetic island
width generated by the underlying MTM instability. On the other hand, the nonlinear
gyrokinetic simulations of Giacomin et al. (2024) suggest that magnetic stochastic
transport should be modest on most STEP-EC-HD surfaces that have been analysed.
Other simulations, however, suggest that stochastic transport may be significant in some
spherical tokamak plasmas from NSTX (Guttenfelder e al. 2011) and MAST (Giacomin
et al. 2023). It is entirely possible that MTM induced magnetic stochastic transport will be
substantial under some plasma conditions in STEP, and investigating this is an important
area for future work. It is therefore likely that the reduced turbulent transport model
developed here will need to be extended to account for magnetic stochastic turbulent
transport from MTMs. We note that the development of such models is an active research
area (Rafiq et al. 2016; Curie et al. 2022; Hamed et al. 2023; Hornsby et al. 2024).

Figure 11(a) shows examples of the §¢ and A contributions to the k, spectrum of
/i(ky) for the surface at ¥, = 0.36 of STEP-EC-HD without and with flow shear (yy = 0
and yr = 0.05 ¢;/a). Both contributions to /i(k,,) peak at low k, with and without flow
shear, but at yz = 0 the peaks are significantly larger and at longer wavelength. We note
that, in this local equilibrium, the 6A contribution to A(k,) dominates both at yz = 0 and
ve = 0.05 ¢,/a, highlighting the need to include §A in (3.6).
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FIGURE 11. (a) Contributions of the §¢ and 6A | terms in (3.4) to /i(ky) without (round markers)
and with (squared markers) equilibrium flow shear. The contribution from §B)| is negligible and
not shown. () Comparison between the nonlinear and the quasi-linear total heat flux for the two
cases considered in (a). These simulations are performed at ¥, = 0.36 of STEP-EC-HD.
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FIGURE 12. Two-dimensional (g, 5) scan of the quasi-linear heat flux (normalised to O,B) at
¥, = 0.36 (a) and ¥, = 0.49 (b). The white stars indicate the nominal values of g and § of

the chosen STEP flat-top operating point. The simulation at § = 0.8, ¢ = 1.5 and ¥, = 0.36 is
stable. In this figure, the quasi-linear heat flux is computed without equilibrium flow shear.

0.2 0.4

Figure 11(b) compares the nonlinear and quasi-linear model heat fluxes, where the
reduced model used Qp and « in (3.1) from the fit in figure 11. The quasi-linear
and nonlinear heat fluxes agree within 30 %, although it is pertinent to note that both
simulations were included in the database used to obtain Q, and «. The reduction in the
heat flux attributable to flow shear approaches two orders of magnitude, and this is largely

captured by the quasi-linear model. The reduction in the quasi-linear heat flux is slightly
weaker than found in the nonlinear simulations, where the saturated total heat flux is 30 %

lower at yg = 0.05 ¢,/a.
We underline that the nonlinear heat flux calculations in the two cases of figure 11
requires more than 5 x 10° core hours for each simulation, corresponding to a week
running on 32 nodes of the ARCHER?2 high performance computing facility (Edinburgh,
UK); in contrast computing the quasi-linear metric takes approximately 100 core
hours, corresponding to 10 minutes running on 4 nodes of ARCHER?2. Computing the
quasi-linear metric is at least a factor of 10 less expensive than computing the nonlinear

heat flux.

Motivated by the analysis of Giacomin et al. (2024) that finds a significant influence
of g on hybrid-KBM turbulence at mid-radius in STEP-EC-HD, figure 12 explores the
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sensitivity of the quasi-linear heat flux to ¢ and § at ¥, = 0.36 and ¥, = 0.49. Equilibrium
flow shear is not included in this two-dimensional parameter scan. At ¥, = 0.49, O/ Qs
increases monotonically as § increases or g decreases, which is consistent with the
nonlinear ¢ scan presented in Giacomin et al. (2024). At ¥, = 0.36, the dependence of
Qq/Q.p On ¢ and § is non-monotonic, with a maximum at ¢ = 3.0; at ¢ values higher
or smaller than the nominal value, the quasi-linear heat flux decreases as § increases. In
particular, figure 12 shows the presence of a low turbulent transport regime that could
be achieved by varying § and ¢ from their nominal values, which are denoted by the
white stars in figure 12; determining whether such local equilibrium conditions can be
accessed across a significant radial region, while still satisfying operational constraints,
clearly requires integrated scenario modelling (Tholerus et al. 2024).

4. Flux-driven STEP simulations

Section 2.2 demonstrates that a diamagnetic level of equilibrium flow shear is
insufficient to reduce the hybrid-KBM-driven heat flux below the level required to achieve
a transport steady state in STEP-EC-HD with the assumed sources. The imbalance
between the turbulent fluxes crossing a surface and the available sources will result in
the density and temperature profiles undergoing transport evolution from this state. Other
local equilibrium parameters, such as S, B', collisionality and eventually ¢, § and A’, are
also affected by transport evolution, with the self-consistent Grad—Shafranov equilibrium
and current evolving on a longer resistive time scale: local transport is affected by these
local equilibrium quantities as well as the temperature and density gradients.

In this section, we report on the implementation of the quasi-linear reduced model of
§ 3 in the T3D code, and its exploitation to evolve the temperature and density profiles of
electron and main ion plasma species in the STEP flat-top operating point introduced in
§2.

4.1. Implementation of the reduced model in T3D

T3D (Qian et al. 2022) is a transport code that has been recently developed from
TRINITY (Barnes et al. 2010). It is a very flexible and modular tool that facilitates the
implementation of new transport models. The transport equations solved by T3D are (see
Barnes et al. 2010)

ons L 190 =5 @.1)
ot Vaw o YV TMY '
3op, 1 9 . — 3 _
= : ——(V s) = S su Tu - Tv S ss 4.2
5o T e (V) 2”‘2,,:‘) ( )+ 5, (4.2)

where n; and p, are the density and pressure of the species s, ¥ is the flux label, V is the
volume enclosed by the surface ¥, V' is the derivative of V with respect to ¥, 'y and Q; are
the total particle and heat fluxes of a given species s including the classical, neoclassical
and turbulent contributions and S, ; and S, ; are the particle and the heat sources. The
overline denotes a flux-surface average. The term proportional to vy, is the collisional
energy exchange term, with v, taken from Huba (1998). Density and temperature profiles
are discretised on a uniformly spaced radial grid, and gradients are computed using a
sixth-order finite difference scheme on interior radial grid points and a second-order
finite difference scheme at the boundary. A non-zero Dirichlet boundary condition is
applied at the outermost radial grid point, while the physical zero flux condition is
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applied at the magnetic axis.' Equations (4.1) and (4.2) are evolved using a semi-implicit
method. Further details on the transport equations and on their numerical implementation
are reported in Barnes et al. (2010).

Evaluating the fluxes Iy and Q; in (4.1) and (4.2) requires a transport model. For
instance, the coupling between T3D and GX (Mandell et al. 2024), a local gyrokinetic code
developed to run natively on graphics processing units, allows T3D to submit nonlinear
gyrokinetic simulations at each radial location to compute Iy and Q; from first-principles
simulations. A total number of (N, — 1)(N, + 1) simulations per iteration is required,
where N, is the number of radial grid points and N, is the number of evolved profiles.
We note that N, + 1 evaluations are required at each radial location to compute the local
flux derivatives with respect to each evolved profile gradient (see Barnes et al. (2010) for
details). The quasi-neutrality condition is applied to impose the density value of the last
evolved species. Our T3D simulations for STEP use the quasi-linear reduced transport flux
equations (3.7) and (3.8), which have been implemented in T3D, and exploit a coupling to
GS2 for the linear calculations required to compute the quasi-linear fluxes.

The workflow of T3D-GS2 is shown in figure 13. After initialisation, where the input
file (containing run configuration data, such as the radial grid resolution, the maximum
number of iteration and the transport model selection), geometry,!! initial profiles and
sources are loaded, T3D-GS2 enters into the main loop, which is divided in four substeps.
In the first substep, T3D writes the GS2 input files for each radial grid point and (k,, 6))
mode, according to the specified numerical resolutions. Several GS2 calculations are
then distributed over the available MPI (Message Passing Interface) tasks. Depending
on the numerical resolutions and on the number of linear gyrokinetic simulations to be
performed, T3D-GS2 can efficiently scale to thousands of cores. Once all the GS2 linear
simulations are completed, results are gathered and the quasi-linear fluxes are computed
using (3.7) and (3.8). In the last sub-step, density and pressure profiles are evolved
using (4.1) and (4.2). The transport calculation terminates when the maximum number
of iterations or the maximum simulation time is reached. It is possible to restart from
the final state of a previous T3D run, which is invaluable when a transport steady-state
solution (characterised by power and particle losses that match sources and profiles that
are constant in time) is not reached within a single run.

4.2. Evolution of density and temperature profiles in a STEP case

Here, we present results from the first flux-driven transport simulations to account for
hybrid-KBM turbulence in a STEP flat-top operating point.

4.2.1. Transport simulation set-up and assumptions

In this first analysis, we have made a number of simplifying approximations that are
detailed below. First, only density and temperature profiles of electrons and a single
thermal ion species are evolved. The quasi-neutrality is enforced on the ion species, such
that n; = np + ny = n, where np = ny = n;/2 with np and ny being the deuterium and
tritium density, respectively. The deuterium and tritium temperatures are set to be equal to
each other, i.e. only one ion temperature profile is evolved, with 7; = Tp = Tr. We note

10The first radial grid point is located at r = Ar/2, where Ar is the radial grid spacing. Fluxes and gradients are
evaluated on interior radial grid points (apart from the magnetic axis where fluxes vanish) up to the outermost radial grid
point ry, — Ar/2. The values of density and temperature at the magnetic axis can be evaluated using the zero flux on-axis
boundary condition.

"Local equilibrium shaping parameters, g and § are computed from the initial state and kept constant during the
T3D simulation, while local 8 is updated every time step consistently with the pressure profile. There is a plan in the
future to allow the magnetic equilibrium in T3D to be recomputed self-consistently from the pressure profile every N
time steps.
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FIGURE 13. Workflow of T3D-GS2. The main cycle is decomposed in four main blocks (in
black): writing GS2 input files, running GS2, computing the quasi-linear heat flux and evolving
the density and temperature profiles. The blocks in grey are executed only once per simulation.

that the nonlinear gyrokinetic simulations used to develop the reduced model parameters,
Qo and « in (3.1), excluded impurities, helium ash and fast o particles. It will be an
important future research direction to include these additional ion species in nonlinear
gyrokinetic simulations, and to extend the reduced model to accommodate their impacts on
the turbulent fluxes. Second, the geometrical shaping parameters, ¢ and § are held constant
while evolving the pressure profile. If the initial and final pressure profiles are similar, the
magnetic equilibrium should change only slightly, although even small variation of safety
factor or magnetic shear may impact turbulence (see, e.g. the dependence on the safety
factor in figure 12). On the other hand, the value of B’ is evolved self-consistently with
the pressure profile in our T3D simulations, and this is known to have a strong impact
on turbulence in STEP-EC-HD (see Giacomin et al. 2024). Finally, the equilibrium flow
shear has been computed from (2.1), where E, is taken from the JINTRAC STEP flat-top
operating point, and has been kept constant as the kinetic profiles evolve. There is no
external torque in STEP, so equilibrium flow shear is relatively small (yz < 0.05¢,/a).
Sensitivity to yg is addressed specifically through T3D simulations with y(r) varied by
40 % around y2. In addition, the model parameters o and Q, are varied within 20 %
(which is the uncertainty given by the weighted/unweighted fit in figure 10) to investigate
the impacts of uncertainties on these parameters. The reference case is performed using the
values of Qp and « from the fit in § 3, and setting yr = [0.01, 0.01, 0.02, 0.03, 0.05] ¢;/a
atr/a = [0.16, 0.33, 0.49, 0.65, 0.82], respectively.

Our T3D simulations use six radial grid points uniformly distributed over the radial
domain, extending from the magnetic axis to r/a = 0.9 close to the pedestal top. At each
radial position and for each profile, a total of n;, x ng, = 12 x 6 = 72 linear modes are
evolved, using a non-uniform grid spacing in k, and 6, to improve resolution at low k,
and low 6y, which is the region contributing most strongly to the quasi-linear metric. A
minimum k,p, is imposed to resolve only toroidal mode numbers n > 1, and its value
depends on radial location and plasma profiles. Each mode is evolved by an independent
GS2 simulation in ballooning space. The GS2 simulations are performed using 33 grid
points along 6, 24 pitch angles and 10 energy grid points. The total number of GS2
simulations in ballooning space carried out at each step is N = (N, — )(N,, + 1)my ng, =
1440, where N, = 3 as n, T, and T; are evolved here. The GS2 simulations are performed
in parallel depending on the number of available MPI tasks. The auxiliary heating power
density profile from electron cyclotron resonant heating (Pgc = 150 MW in total), radiated
power density profile (P.,q = 340 MW in total) and particle source from pellet injection
(corresponding to a fuelling rate ~10°* particles s™!) are taken from the JINTRAC
simulation of STEP-EC-HD (see Tholerus et al. (2024) for details), and kept constant
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throughout the T3D transport calculation. Fusion a-particle heating and collisional energy
exchange contributions to (4.2) evolve with the density and temperature profiles and
are calculated self-consistently. The ion density is multiplied by a dilution factor, fi. =
0.9, when computing the fusion power in order to account for the dilution effect from
helium ash. Motivated by the presence of subdominant MTM turbulence in the STEP
initial condition (Giacomin et al. 2024), a small additional Rechester-Rosenbluth-like
contribution is included in the electron heat flux proportional to (a/Ly,)? (see Doerk et al.
2011). This helps convergence, while it has a negligible impact in the final T3D steady
state. Neoclassical transport is included in the following T3D simulations and is computed
using the neoclassical code NEO (Belli & Candy 2008).

4.2.2. Transport simulation results

Figure 14 compares the initial temperature, density and pressure profiles and their
gradients taken from the JINTRAC STEP flat-top operating point with the corresponding
profiles from the final state of the reference T3D simulation. Fluxes and gradients in
T3D are computed at the mid-point between each radial grid point. The final electron
temperature profile values are lower than in the initial condition, with the largest reduction
occurring near the magnetic axis where 7, decreases by approximately 10 %. The final
normalised logarithmic electron temperature gradient, a/Lr,, oscillates radially around
its initial profile, and the largest difference is in the inner core, where the final electron
temperature profile is flatter than the initial one.

A significant reduction is observed in the ion temperature profile for r/a < 0.4, where
there is a 20 % reduction in 7; near the magnetic axis. On the other hand, the initial
and final ion temperature profiles are very similar in the outer core at r/a > 0.5. The
ITG is smaller than the initial temperature gradient over the entire radial domain, except
near r/a >~ 0.8, where it is slightly larger. We note that the initial ion temperature profile
is significantly higher than the electron temperature despite this flat-top operating point
being dominated by electron heating: this arises because the transport model used to
design STEP-EC-HD assumed negligible turbulent ion heat transport. This feature is not
recovered in the T3D calculation using our reduced model for hybrid-KBM turbulence,
where the ion turbulent transport is non-negligible and the final 7; and 7, profiles are
very similar, with a/Ly;, reducing significantly compared with its initial value between
r/a >~ 0.4 and r/a >~ 0.65.

The final T3D electron density is close to the initial profile for »/a < 0.6, but higher
for r/a > 0.6: i.e. there is a small increase in the edge density gradient for r/a >~ 0.8
and a relaxation of the gradient around r/a ~ 0.65. We note that the density increase
occurs in proximity of the maximum density source due to pellet injection, shown in
figure 14(c). The particle confinement time evaluated from the T3D steady-state solution is
1, = [n,dV/ [ S,dn = 12.5 s, which is close to that assumed in STEP-EC-HD (Tholerus
et al. 2024). We highlight that the T3D steady-state ion temperature and density gradients
at r/a ~ 0.8 are larger than in the initial condition from STEP-EC-HD. This may appear
counter-intuitive, especially given that the reduced model heat and particle fluxes are much
larger than the available sources at the STEP-EC-HD initial condition, as illustrated in
figure 16. On the other hand, the dependence of the turbulent fluxes on the temperature
and density gradients is non-monotonic in STEP-EC-HD because of the stabilising 8’
effect, as pointed out in Giacomin et al. (2024). The profile evolution in the initial phase
leads to a steepening of temperature and density profile in the outer core region, which
causes a local increase of the 8’ value and a subsequent reduction of turbulent fluxes,
thus sustaining larger density and temperature gradients in the outer core region. We note,
however, that the variation of other parameters, such as 8 and collisionality, the evolution
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FIGURE 14. Comparison of initial (dotted lines) and final (solid lines) temperature (a), density
(c) and pressure (e) profiles as well as their inverse gradient scale lengths (b.d,f). The initial
profiles are taken from the JINTRAC analysis (Tholerus et al. 2024). The round markers denote
the position of the radial grid points in the T3D grid. The value of the density and pressure
at the outermost radial grid point is imposed by the finite Dirichlet boundary condition. The
shaded area represents the profile variation corresponding to a 40 % variation in yg and a
£20 % variation in Qp and «. The solid line represents an interpolation through the T3D radial
grid points. The particle source (star markers) as well as the electron (square markers) and ion
(diamond markers) total power sources are shown in (c,e).

of the fusion power and the contribution from the neoclassical fluxes make the dynamics
regulating the profile evolution strongly nonlinear: this effect cannot be solely explained
by the dependence of turbulent fluxes on gradients.

Figure 14 shows also a comparison between the initial and final pressure profile: the
reduced final pressure for r/a < 0.6 is consistent with lower 7, and 7; in this region
of the plasma; for r/a > 0.6 both the electron and ion final pressure profiles are larger
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than the initial profiles, mostly because of the increased density. If we do not separate
transport and radiation losses, the energy confinement time using the final steady-state
pressure profile gives 1z = % f pdV /Py = 1.5s, with Py = P, + Pgc. If we exclude
radiation losses from the net loss power using P, = P, + Pgc — Py, this gives 177 =
% [ pdV/P:, =4.6s. These energy confinement times are similar to those assumed in
the original STEP flat-top operating point'? (Tholerus et al. 2024). We highlight, however,
that the radial domain evolved by these T3D simulations does not include the pedestal
region. The outermost radial grid point boundary condition of the density and temperature
is taken from near the pedestal top of the JINTRAC initial profiles (see figure 14); the
pedestal model used in the JINTRAC modelling of this STEP flat-top operating point is
described in Tholerus et al. (2024). Any variation of the pedestal top, and therefore of the
outer boundary condition, is likely to impact core transport and the energy confinement
time. Assessing the sensitivity on the outer boundary condition, i.e. on the density
and temperature values at the pedestal top, is clearly a very important topic for future
investigation.

The shaded area in figure 14 indicates the range of profiles variation obtained from T3D
simulations with local values of yx varied by £40 % from the nominal value, and also
includes additional T3D simulations where Qy and o are varied by £20 % to assess the
impacts of uncertainties in the reduced model parameters. The variation in the density and
temperature profiles is comparatively small, which may seem surprising given the large
sensitivity of fluxes to yx in STEP-EC-HD. This relatively weak sensitivity of the kinetic
profiles on the shearing rate can be explained (i) by T3D converging to a regime where the
hybrid-KBM turbulence is closer to marginal, especially at low k,, in the transport steady
state, owing reductions of the density gradient in the core and increases in 8 at the edge;
and (ii) by large transport stiffness, where small variations in the temperature and density
gradients lead to large changes in the turbulent flux. High transport stiffness improves the
robustness of the T3D steady state.

Figure 15 shows the time evolution of the density and temperature gradients as well
as of the power and particle losses over the duration of the T3D reference simulation.
The time traces can be divided in three main phases. The first phase is very short (0 <
t < 0.1, 50 solver iterations) and is characterised by a fast evolution of the profiles that
leads to a substantial reduction of power and particle losses. This fast initial phase is
caused by the strong initial particle and power imbalance, as shown in figures 16(a) and
16(c). The second phase (0.1 < ¢ < 9's, 100 solver iterations) is characterised by a slow
evolution of gradients and fluxes towards a steady-state solution. In this phase, the particle
fluxes at r/a >~ 0.16 and r/a >~ 0.33 drop to negligible values, which is consistent with an
approach to steady state with no particle source in the core. There is a transitory ripple in
the time evolution of the power and particle losses at ¥/a >~ 0.33 and r/a >~ 0.49, while the
density and temperature gradients vary smoothly; this is caused by low k, hybrid-KBMs
being stabilised or destabilised while T3D profiles are slowly converging to a steady-state
solution, and it is amplified by stiff transport. Apart from the ripple and slow increase
of particle flux at r/a ~ 0.5, power and particle losses do not vary significantly in the
second phase. The final phase (40 solver iterations) reaches the transport steady state,
where the kinetic gradients, power and particle losses are constant in time. Figure 16 shows
excellent agreement between transport losses and sources in the T3D transport steady
state.

12The T3D steady-state energy confinement time is slightly higher than in the original STEP-EC-HD (tz = 1.24 s
and 7 = 4.20 s) because of the larger density in the outer core, which leads to a slightly larger [ pdV.
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FIGURE 15. Time evolution of the density and temperature gradients as well as of the power and
particle losses in the reference T3D simulation. The initial profiles are taken from the JETTO
STEP-EC-HD flat-top operating point. Different colours represent different radial surfaces
(fluxes and gradients in T3D are computed at the mid-point between each radial grid point).

The heating power density radial profiles from auxiliary and o-particle heating,
collisional exchange and radiation are shown in figure 17(a) for the final T3D steady state,
while the evolution of the fusion power is shown in figure 17(b). Consistently with the
pressure profile evolution, the fusion power rapidly decreases in the initial phase, which is
followed by a slower evolution. The final fusion power is approximately 10 % smaller than

its initial value.
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FIGURE 16. Power (a,b) and particle (c,d) balance in the initial and final states of the reference
T3D simulation. Heat and particle sources are denoted with open markers, and heat and particle
losses with solid markers. The initial state is taken from JINTRAC-JETTO STEP flat top.
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FIGURE 17. (a) Power source radial profile in the final T3D steady state of the auxiliary
heating (Saux), a-particle heating (Sy . and Sy ;), collisional exchange (Scon.e = —Scolr,;) and

radiation (Sraq). (b) Fusion power evolution in the reference T3D simulation. The fusion power
is normalised to its initial value of 1.7 GW.

5. Gyrokinetic analysis of the T3D transport steady state

The aim of this section is to verify whether fluxes from nonlinear gyrokinetic
simulations remain consistent with our reduced model in the transport steady state from
T3D. This verifies whether the quasi-linear reduced transport model of (3.7) and (3.8)
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FIGURE 18. Growth rate (a) and mode frequency (b) as functions of k, at r/a = 0.5 (blue dots),
r/a = 0.65 (orange dots) and r/a = 0.8 (green dots) from linear simulations of the new STEP
density and temperature profiles.

faithfully describes turbulent transport in an equilibrium that was not in the database used
to tune the model parameters in § 3. This test is performed at the three outermost T3D
radial grid points, i.e. r/a € {0.5, 0.65, 0.8}, which are the most critical surfaces for fusion
performance. !

5.1. Linear analysis

Linear simulations are performed on these three surfaces with GS2, using numerical
resolutions similar to those used in § 2.1, except setting nperioa = 32 at r/a = 0.5. The
dominant mode growth rates and mode frequencies are shown as functions of k, in
figure 18. The mode frequency at r/a = 0.5 shows a discontinuity between k,p, =
0.15 and k,p;, = 0.2, which corresponds to a transition of the dominant mode from
hybrid-KBMs to MTMs. The §¢ parallel mode structures at k0, > 0.07 and k, o, > 0.83,
corresponding to the fastest growing hybrid-KBM and MTM respectively, are shown in
figure 19. The hybrid-KBM eigenfunction is narrow in € and has even parity, while the
MTM eigenfunction has odd parity and is much more extended in 6. A sign change on
the mode frequency is also observed in figure 18 at »/a = 0.8 around k,p, >~ 0.2. In this
case, however, the parallel structures of modes with positive and negative frequencies are
similar. This is consistent with the complex nature of the hybrid-KBM, involving both
trapped electron and ion dynamics, discussed in Kennedy et al. (2023).

Figure 20 shows a comparison of the growth rate values between the initial and final
STEP plasma profiles at r/a = 0.5, r/a = 0.65 and r/a = 0.8. Beyond the difference on
the dominant instability at r/a = 0.5 (the hybrid-KBM and MTM instabilities dominate in
the original STEP case and in the new T3D steady state, respectively), a strong stabilisation
at low k, and a substantial growth rate maximum shift at higher k, are observed in the new
T3D steady state. At both r/a = 0.65 and r/a = 0.8 cases, where the dominant instability
remains the hybrid-KBM, there is a clear reduction of the growth rates across most of the
spectrum, including at low k, which typically dominates the turbulent fluxes. This linear
comparison underlies the substantial reduction of turbulent flux predictions by the reduced
transport model between the initial condition and the transport steady state. This will now
be compared with nonlinear gyrokinetic simulations.

B3The pressure profile in the core for r/a < 0.4 is rather flat and any failure of the reduced transport model in this
region should only weakly influence fusion performance.

https://doi.org/10.1017/50022377824001107 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824001107

A quasi-linear model of electromagnetic turbulent transport 25

b
(@ rla=0.5, kyps = 0.07 ® rla=0.5, k,ps = 0.83
1.00]  nee LT gise
| — 3(6¢) — 3(6¢)
= 0.75 ¢ S 05 ¢
S S
ﬁ 0.501 é
o 2 00
< 0.25] =
S A=
'S 0 —-0.5
0.0/
~0.25 -1.0
20 0 20 20 0 20
o/m o/m
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to the maximum growth rate of the hybrid-KBM and MTM instability, respectively, at r/a = 0.5

of the new STEP profiles obtained from the T3D reference simulation.
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r/a Aky Ps ky, max Os Ak ps kx,max s ng ny ny
0.50 0.035 1.65 0.030 2.0 32 16 28
0.65 0.030 1.10 0.026 1.70 32 16 28
0.80 0.019 0.90 0.034 2.21 64 16 28

TaBLE 3. Numerical resolutions used in nonlinear GENE simulations on three surfaces from
the T3D transport steady state, r/a = [0.5, 0.65, 0.8].

5.2. Nonlinear analysis

Here, we briefly show results from nonlinear gyrokinetic simulations performed using
GENE at r/a = [0.5, 0.65, 0.8] in the T3D steady-state solution: these simulations used
the numerical resolutions listed in table 3. These simulations include equilibrium flow
shear with y; = [0.02, 0.03, 0.05] ¢;/a at r/a = [0.5, 0.65, 0.8], respectively. Figure 21
plots the total heat and particle transport losses across these three surfaces in the transport
steady state, comparing values from the quasi-linear model in T3D with neoclassical and
turbulent fluxes computed using NEO and GENE.

At r/a = 0.5 and r/a = 0.65, figure 21 shows relatively good agreement between the
nonlinear gyrokinetic heat flux and the reduced transport model in T3D. The neoclassical
heat flux is negligible at these radial locations. There is also good agreement between the
gyrokinetic and reduced model particle losses here, and we note that both neoclassical and
turbulent particle fluxes are negligible at r/a = 0.5.
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FIGURE 21. Turbulent (red dots), neoclassical (blue dots) and total (green dots) power
(a) and particle (b) losses at r/a = 0.5, r/a = 0.65 and r/a = 0.8 of the new STEP profiles,
compared with the expected heating power and particle fuelling from the original STEP case
(black dots). The green shaded area corresponds to a £20 % of the total heat (a) and particle
(b) transport. The turbulent fluxes are evaluated from GENE nonlinear gyrokinetic simulations
and the neoclassical fluxes are evaluated from NEO simulations, both considering the T3D
steady-state profiles.

Turbulent transport in the GENE nonlinear simulation at r/a = 0.5 is mainly driven
by hybrid-KBMs, in spite of linearly dominant MTMs (see figure 18): the nonlinearly
dominant mode fields 8¢ (0) and §A(0) have even and odd parity, respectively. Good
agreement in figure 21 at r/a = 0.5 suggests that transport from these hybrid-KBMs is
captured faithfully by the quasi-linear reduced transport model.

At r/a = 0.8, the quasi-linear model overestimates the heat and particle fluxes from the
nonlinear simulation, despite turbulent transport being solely driven by hybrid-KBMs.
Turbulent fluxes should therefore be described well by the quasi-linear model. The
disagreement might be due to some inaccuracy affecting the quasi-linear model, as visible
in figure 10 where a few points exhibit order of magnitude differences between the
quasi-linear and the nonlinear heat flux predictions. In addition, the local equilibrium
at r/a = 0.8 might be near a marginal state where a small increase in drive can boost
the turbulent fluxes significantly: this marginal condition, where simulations are more
difficult and nonlinear effects intrinsically important, might not be described well by
the quasi-linear model, although further investigations, which are outside the aim of this
work, would be required before drawing firm conclusions. We note that transport stiffness
should allow particle and power balance to be restored with a modest increase in the drive
and minimal impact on the overall density and temperature profiles. In fact, transport
stiffness makes flux-driven simulations less sensitive to input parameters and improves
the robustness of the steady-state profile predictions.

In summary, figure 21 shows that gyrokinetic transport fluxes for the T3D transport
steady state in STEP are broadly consistent with the quasi-linear reduced transport model
of (3.7) and (3.8). This gives confidence in the validity of the reduced model within
the parameter space explored in this T3D transport simulation. It is important to stress,
however, that this is a first iteration to develop a suitable reduced model for STEP:
further guidance from higher-fidelity nonlinear gyrokinetic simulations will be required to
overcome important limitations of the reduced transport model presented here, including
the absence of fast o effects. Nevertheless the reduced model and T3D-GS2 are powerful
tools that could be further developed and used more extensively, together with existing
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integrated modelling codes, to assist in the design of new STEP plasmas and flat-top
operating points.

6. Conclusions

Nonlinear gyrokinetic calculations have demonstrated the need to account for transport
from hybrid-KBM turbulence in the design of STEP plasma scenarios (Giacomin et al.
2024). Scenario design therefore needs to model the transport from such turbulence at
modest computational cost, which motivates the development of a new reduced transport
model to describe hybrid-KBM turbulence in STEP-like regimes. The reduced transport
model developed here is inspired by quasi-linear theory, and gives the transport fluxes
of (3.7) and (3.8). The quasi-linear model is applied to the total heat flux through a
quasi-linear metric, A, that lies at the heart of the model. The quantity A is computed
directly from linear gyrokinetic calculations: it is fully electromagnetic with contributions
from all three fields and it exploits the dependence of linear modes on the ballooning
parameter, 6y, to include the impact of flow shear on turbulent saturation. To this
point the model is rather general, but it contains two free parameters, Qy and «, that
link A to the total heat flux. Here, the reduced model total heat flux is optimised for
hybrid-KBM turbulence by tuning these parameters to best match results from a set of
nonlinear gyrokinetic simulations for STEP-relevant parameters, as shown in figure 10.
The saturation rule in (3.1) is in itself rather general, and with suitable different choices of
coefficients Oy and « it may also be applicable to other turbulence regimes.

The new quasi-linear model is first applied to explore the dependence of STEP transport
fluxes on safety factor and magnetic shear. This recovers the strong non-monotonic
dependence of transport fluxes on ¢ that was previously revealed on a mid-radius
surface using nonlinear gyrokinetic simulations Giacomin et al. (2024). Evaluating the
quasi-linear fluxes requires only linear gyrokinetic calculations, which are considerably
cheaper computationally than nonlinear gyrokinetics. A new reduced model with sufficient
fidelity to replace nonlinear gyrokinetics offers enormous potential benefits, including
making the exploration of larger regions of STEP parameter space more tractable.

This reduced transport model is implemented in T3D (Qian et al. 2022), which includes
a flexible transport solver based on the algorithm developed for the TRINITY code (Barnes
et al. 2010). Implementation of the model is achieved by coupling T3D to the local
gyrokinetic code GS2, which is run linearly to determine the quasi-linear fluxes (see
figure 13 for a summary of the code workflow). The T3D-GS2 calculations are performed
from an initial condition set to the STEP-EC-HD flat-top operating point Tholerus et al.
(2024). To test the sensitivity of the resulting transport steady state to uncertainties,
calculations are performed with reasonable variations in the reduced model parameters
Qo and «, and in flow shear. These initial T3D-GS2 simulations converge to a transport
steady state, with density and temperature profiles that are only weakly affected by the
aforementioned variations (see shaded area in figure 14). The robustness of the solution
is likely due to profile relaxation in the presence of highly stiff transport, which is not
captured in gradient-driven simulations (Giacomin ef al. 2024). The transport steady-state
pressure profile from T3D is 20 % lower on-axis but broader than the initial STEP-EC-HD
pressure profile, and the energy confinement times are similar (t; = 4.6 s in the T3D
steady state, while 7 = 4.2 s in the STEP-EC-HD). The total fusion power in the T3D
steady state is lower than in STEP-EC-HD by 10 %, although we note that fusion power
is a highly sensitive parameter that may change significantly when assumptions from this
first physics-based transport calculation are relaxed.

In order to verify whether turbulent transport remains consistent with the reduced model
fluxes in the T3D solution and with the modelled sources and sinks, nonlinear gyrokinetic
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calculations were performed at the three outermost radial grid points of the T3D transport
steady state, at r/a = [0.5, 0.65, 0.8]. These surfaces are the most critical for fusion
performance. The dominant microinstabilities are similar to those in STEP-EC-HD, with
hybrid-KBMs dominant at r/a > 0.6 and MTMs dominant at r/a = 0.5. Hybrid-KBM
linear growth rates, including at low k,, are lower in the transport steady state than in
the STEP-EC-HD initial condition, which is consistent with the substantial reduction in
turbulent transport found nonlinearly. It is important to point out that local gyrokinetics
appears to describe turbulence well in the new T3D steady-state solution, where radial
turbulent structures are much smaller and transport is much closer to threshold than found
in STEP-EC-HD. This nonlinear gyrokinetic analysis supports that (i) the reduced model is
areasonable description of nonlinear fluxes found on these surfaces and (ii) the T3D steady
state is compatible with the modelled sources. The reduced transport model developed
here could be used more routinely to account for hybrid-KBM turbulent transport in STEP
scenario development, which is one of STEP most pressing needs.

First flux-driven calculations using this physics-based reduced model suggest that a
transport steady state exists for STEP, which is broadly compatible with assumed sources
in STEP-EC-HD and delivers close to the target fusion power. The g’ stabilisation at the
edge appears to play a key role in sustaining the stored energy. We highlight, however, that
these initial calculations have made some simplifying assumptions that could impact on
the transport steady state: (i) most magnetic equilibrium parameters are held constant:
shaping, safety factor (and §), but not 8 which evolves with the pressure profile, (ii)
impurities (e.g. from thermalised helium) and fast-« particles are neglected, (iii) the radial
electric field is held constant and (iv) external heat and particle sources and radiation
are constant while fusion «-heating and electron—ion exchange evolve with the kinetic
profiles. We also highlight that a route to access this transport steady state has not been
demonstrated.

In the reference T3D simulation, quasi-linear heat fluxes are computed approximately
300 times at each radial location before the transport steady state is reached, at a total
computational cost of approximately 10° core hours. If fluxes were computed using
nonlinear local gyrokinetics, this computational cost would have exceeded 10® core hours
as a single calculation requires more than 10° cores hours in STEP-like regimes. Starting
from the reduced model transport steady state from T3D as an initial condition, however,
should significantly reduce the computational cost of the nonlinear gyrokinetic approach to
such a flux-driven calculation. It can be envisaged that scenario design for future machines,
including STEP, will benefit from exploiting a hierarchy of tools similar to that outlined
in figure 22: integrated modelling codes like JETTO, with lower computational cost and
fidelity transport models, providing initial profiles; refinement of transport predictions
with intermediate-fidelity physics-based models like the quasi-linear reduced model in
T3D-GS2; and further honing with higher-fidelity flux-driven codes like TANGO-GENE,
T3D-GX or PORTALS-CGYRO, based on nonlinear gyrokinetic fluxes. This approach
may also be used to improve the fidelity of models used in integrated modelling, e.g.
by implementing the reduced transport model of the intermediate approach directly into
JETTO (which would require either using a fast linear eigensolver or building a surrogate
model).

This work motivates many exciting future research directions. The reduced model can
be exploited to seek improved STEP operating points, e.g. through optimising the ¢
profile or other equilibrium properties. More sophisticated and demanding higher-fidelity
flux-driven calculations are needed where auxiliary heating, current drive, magnetic
equilibrium and flow shear are recomputed self-consistently with the kinetic profiles.
The reduced model should be extended to include impurities and fast a-particles, and
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FIGURE 22. Hierarchy of tools that can be used in tandem to design plasma scenarios,
involving lower cost and fidelity (left) and higher cost and fidelity (right) transport simulations.
T3D-GS2 with the quasi-linear model provides an intermediate step between computationally
cheap low-fidelity and more demanding high-fidelity transport simulations using nonlinear
gyrokinetics.

it may also be necessary to include magnetic stochastic turbulent transport from MTMs
if these become dominant when hybrid-KBMs are suppressed. A further key application
for T3D-GS2 and the new model will be to explore the STEP I, ramp-up phase, and to
help find a route to access the high performance flat-top steady state. Last, but certainly
not least, it will be important to seek suitable experimental regimes where this new
quasi-linear model can be validated.
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Appendix. Quasi-linear species flux contributions

The quasi-linear reduced transport model is developed starting from the total heat flux,
as detailed in §3 (see (3.1)). Each species particle and heat flux contribution is then
determined from the quasi-linear weights Q; ;(k,, 6y)/Q;(ky, 6y) and I ,(ky, 6y)/Qi(ky, 6o),

which multiply the quasi-linear metric /i(ky, ) before integrating over 6, and k, (see
(3.7) and (3.8)). Figure 23 compares the nonlinear electron and main ion heat and
particle fluxes computed from the nonlinear gyrokinetic database described in § 3 with

https://doi.org/10.1017/50022377824001107 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824001107

30 M. Giacomin and others

(a) (b) ()
P 10°
103 & ve=0 _i 103 & ve=0 3 ve=0
§ ye>0 ¥ " i ye>o0 A 102 ¥ ve>0 s A
102 3 g 10 L | P |
2 ' 8 3 » 100 ; !
< s e ) e )
S 100 M < 10 < > < 'f H
E A z < 0 P
IS - S L. Z 10 - .
10° . 10 - [ -
* R 107 - .
- 101 =7 s .
10-1] - . - 10-24
16-1 100 10! 102 10° 0% 10° 10' 102  10° 102 1071 100 10* 102
Qql,e/Qqgs Qq1,i/Qqge Fq/Tge

FIGURE 23. Comparison of the electron (a) and main ion (b) heat flux and total particle flux (c)
computed from the nonlinear gyrokinetic database of § 3 with the quasi-linear heat and particle
flux predictions given by (3.7) and (3.8).

the quasi-linear predictions given by (3.7) and (3.8). Parameters « and Q, have the values
determined in the fit of the saturation model in (3.1) to the total heat flux from STEP
nonlinear gyrokinetic simulations shown in figure 10.

An overall good agreement is observed between nonlinear and quasi-linear electron heat
fluxes in figure 23(a), while the quasi-linear ion heat flux as well as the quasi-linear
particle flux tend to overestimate the corresponding nonlinear quantities, as shown
in figures 23(b) and 23(c). This is due to a slight overestimation of the quasi-linear
weights Q;;(ky, 0y)/0i(ky, 0y) and I;(ky, 0y)/Qi(ky, 0y) with respect to nonlinear flux
ratios, Qi i(ky, 60)/Qn(ky, 6p) and I}(ky, 6y)/On(ky, 6p). The agreement between the
quasi-linear and the nonlinear ion heat flux (and the quasi-linear and the nonlinear particle
flux) could be improved by introducing species-dependent coefficients, but this would
further constrain the reduced model to the specific STEP regime of STEP-EC-HD.
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