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Abstract
Magnetic stochastic perturbations can strongly influence cross-field transport in high β tokamak
plasmas. The impact of stochastic magnetic fields on electron heat transport in MAST/MAST-U
is studied over a range in collisionality. The physics guided semi-empirical
Rechester-Rosenbluth and Rebut-Lallia-Walkins models are separately used to describe the
stochastic field contribution to electron heat transport, and to supplement TGLF reduced model
predictions of the transport from electrostatic turbulence. These combined models of anomalous
transport are implemented in the JINTRAC code, and applied to transport simulations of the
flat-top phase in MAST/MAST-U. The different ranges of validity of the stochastic transport
models are briefly reviewed, focusing on the length-scales involved in the transport process. The
principal relevant length-scales have been calculated using the plasma equilibrium
characteristics, and used to determine the most appropriate stochastic transport model that is
then applied in each shot. This analysis strongly suggests that stochasticity is an important
transport mechanism in spherical tokamaks that should be included in ST plasma scenarios
where strong electron heat transport is not described by other instabilities.

Keywords: stochastic transport, spherical tokamaks, MAST-U, electron transport, MAST, STEP

1. Introduction

Magnetic confinement fusion (MCF) research has largely
focused on the design and optimisation of conventional aspect
ratio tokamaks, but in parallel other configurations of devices
including stellarators [1] and spherical tokamaks (STs) [2],
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have also been developed. These latter configurations could,
in principle, obviate some of the engineering and more purely
scientific challenges associated with delivering fusion energy
fromMCF devices. In fact, STs offer several practical techno-
logical advantages including: radial compactness; high effect-
ive TF coils, potentially lower cost components. From the sci-
entific point of view, STs hold an improved plasma stability
that allows operation at lower magnetic field compared to tra-
ditional tokamaks. Moreover, low aspect ratio and enhanced
stability at high elongation gives STs access to operating
regimes where a large fraction of the total plasma current is the
self-driven bootstrap current. STs can operate at high β (where
β is the ratio of plasma pressure to magnetic field energy
density), and have achieved stable operation across a wide

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6587/add59d
https://orcid.org/0000-0002-7524-3248
https://orcid.org/0000-0001-5371-5876
https://orcid.org/0000-0002-3796-9814
https://orcid.org/0000-0003-0270-9630
https://orcid.org/0000-0001-5856-0287
mailto:francesco.palermo@ukaea.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6587/add59d&domain=pdf&date_stamp=2025-5-19
https://creativecommons.org/licenses/by/4.0/


Plasma Phys. Control. Fusion 67 (2025) 065004 F Palermo et al

space in κ and β/li [3, 4], with energy confinement times that,
while broadly consistent with multi-machine scaling laws,
scale favourably with collisionality [5, 6].

The interest in STs has led to the construction of several
machines in the past decades, including START [7], NSTX
[8, 9], Pegasus [10], MAST [11], GLOBUS-M [12] and -M2
[13], MAST-U [14], ST40 [15], NSTX-U [16]. More recently,
the UK has embarked on the STEP project to develop an ST-
based fusion power plant (FPP) concept, with a major radius
R≈ 3.6 and an aspect ratio A≈ 1.8, with the goal of operat-
ing in a fully non-inductive regime and generating net electri-
city with a fusion power Pf ≈ 1.5GW [17]. The design of this
reactor relies on experience gained from building and oper-
ating compact STs, such as MAST and MAST-U, that have
found how challenges for STs differ from those facing con-
ventional tokamaks.

Turbulence generally dominates transport in tokamaks, but
the nature of this turbulence depends on plasma parameters
and can therefore be extremely diverse. In particular, elec-
tromagnetic effects and magnetic fluctuations become more
important at higher pressure gradient and at higher β values,
that are more typically achieved in STs. Consequently it is to
be expected that in STs, especially at high β, electrostatic tur-
bulence will be supplemented and potentially dominated by
turbulence that is electromagnetic in character.

Magnetic fluctuations can have non-negligible transport
implications, and often must be accounted for in the modelling
of ST plasmas. In STs the turbulence is subject to stabilising
effects arising from strong toroidicity reducing the impact of
bad curvature, and relatively large E×B shearing rates that
act to de-correlate turbulent cells [18]. However, other kind of
instabilities such as Kelvin–Helmholtz (KH) can destabilize
the E×B shear [19–22] as observed in gyrokinetic simula-
tions of plasma in ST geometry configuration [23].

In STs it is often reported that the ion heat transport is close
to neoclassical level [6] (although this is relatively large com-
pared to high performing plasmas in conventional tokamaks)
and that electron heat transport dominates the heat losses. For
this reason the electron heat transport channels in STs from
ETG and MTM turbulence have received particular attention
[18, 24–26]. Nonlinear simulations of electromagnetic turbu-
lence have proved more challenging computationally than for
electrostatic turbulence, but a few such simulations studies
have been performed for ST experiments and conceptual FFPs
[26–28].

Microtearing instabilities, MTM, offer one mechanism that
could be responsible for electron heat transport in STs, as these
saturate at large amplitudes at the lowermagnetic fields in STs.
MTMs are electromagnetic instabilities, and resemble high-
wavenumber tearing modes [29], and are so-named because
of the mode’s characteristic breaking of equilibrium mag-
netic field lines to generate localized magnetic islands. There
are several analytic theories of MTM instabilities in differ-
ent regimes, but the drive mechanisms are less well val-
idated against experiments than those associated with kin-
etic ballooning modes (KBM) or electrostatic instabilities.
The analytic theories of MTMs generally apply in idealised
regimes, and numerical investigations have proved essential

for exploring this instability in the conditions of ST experi-
mental plasmas. Gyrokinetic studies have demonstrated that
microtearing instabilities can play significant roles not only in
spherical, but also in conventional aspect ratio tokamaks [27,
29–31]. Moreover, gyrokinetic simulations show that MTM is
unstable over a wide range of collisional regimes [32].

The saturation of MTM turbulence and dependencies on
collisionality and temperature gradient have been studied
numerically in [26, 28, 33]. Depending on local equilibrium
conditions, microtearingmode turbulence can be sensitive [27]
or insensitive to [30] equilibrium E×B flow shear stabilisa-
tion effects, and this may be due to differences in magnetic
shear [34, 35]. These subtle influences on the saturation of
microtearing modes are probably related to a global stochastic
behaviour of the magnetic field lines, and have an import-
ant impact on the associated transport. Owing to the rapid
parallel streaming of electrons, reduced models of stochastic
transport traditionally focussed solely on the transport of elec-
tron heat, which is consistent with findings from gyrokinetic
calculations of MTM turbulence in STs [26, 27]. We note,
however, that there is evidence from experiments with ambi-
ent stochastic field regions in stellarators [36] and in toka-
maks with externally imposed resonant perturbations [37], that
stochasticity static relative to the turbulence can also induce
particle and momentum transport; theory has recently been
developed to understand this [39]. This paper concerns turbu-
lent (i.e. not ambient) stochastic fields in the core of tokamaks,
however, and uses models where electron heat is the dom-
inant and only stochastic transport channel. Reduced models
for the core transport from MTM turbulence are required for
integrated transport scenario modelling, but are not yet highly
developed or validated against experiments. Previous trans-
port simulations applying the reduced core transport model
TGLF [40]4 to MAST and NSTX discharges, underestimated
the electron transport to varying degrees, indicating that other
transport mechanisms may be playing an important role in
electron heat transport [41].

In a recent extension of previous studies, transport simu-
lations using the TGLF model and NEO for the neoclassical
transport were found to be consistent with experimental data
from two NSTX discharges dominated by electrostatic turbu-
lence, one in L-mode and one in H-mode [42].

It is important to note that there is no exhaustive theory
to describe turbulent diffusion of plasma in a stochastic mag-
netic field. This problem involves the interaction of different
scales in turbulent transport and represents a very fascinat-
ing subject in plasma physics. Magnetic reconnection can be
driven by large-scale and micro-scale physics over a broad
range of timescales, and the resulting stochastic fields can
affect the transport evolution of global plasma equilibrium
profiles. This complex picture has been approached by differ-
ent reduced models among which one of the most important

4 While the TGLF model includes magnetic fluctuations, the model was
developed to describe turbulent transport from electrostatic turbulence, which
dominates transport in the gyrokinetic simulations uponmodel is based. TGLF
does not capture transport from MTM turbulence.

2



Plasma Phys. Control. Fusion 67 (2025) 065004 F Palermo et al

has been developed by Rechester and Rosenbluth (RR) to cap-
ture the essential physics [43, 44]. Other approximate theoret-
ical and semi-theoretical models, such as those due to Rafiq
[45, 46], Rebut-Lallia-Watkins [47], Hamed et al [48] have
been developed. A robust test of the stochastic transport mod-
els against a large common dataset would be highly desirable,
but this does not yet exist. An interesting recent analysis of
a database of JET discarges finds support for non-diffusive
transport [49], that is challenging for local transport models.

To date these reduced stochastic models have been used
to predict transport in a very modest number of ST dis-
charges, and most publications have tested only a single
model. Stochastic electron heat transport from MTM turbu-
lence has been estimated for an NSTX discharge in [50], using
an empirical modification of the RR model that includes an
impact of the density gradient. The role of density gradient is
still not clear in stochastic theory applied to tokamaks. The
normalised density gradient scale-length, R/Ln, is included
in the RLW model, and gave reasonable matches to Texp at
radii and times where gyrokinetic calculations predict unstable
MTMs [51] for NSTX shots. It has more recently been repor-
ted that including a model for stochastic transport fromMTMs
in the multimode model improves transport predictions for a
high collisionality NSTX discharge [46].

A high-fidelity reduced model for core transport from
MTM turbulence is needed to complement models for other
classes of turbulence. One of the main goals of this paper is to
provide a more complete transport model for use in the integ-
rated modeling tools widely used for tokamak scenario pre-
diction, like JINTRAC [52] and ASTRA [53]. In this work
we implement reduced models of stochastic field transport
in JINTRAC to supplement the transport from TGLF. While
TGLF may be used in electrostatic or electromagnetic mode,
in electromagnetic mode it has insufficient radial resolution to
captureMTMs. Reducedmodels forMTM transport have been
implemented in the code bymaking few physical assumptions.
In particular, on the basis of theoretical and numerical works
[54, 55], magnetic fluctuations δB/B have been related to equi-
librium parameters such as the temperature gradient. A similar
approach has been used to select the most appropriate colli-
sionality regime to use in the RR model. In the RLW model,
transport just above the threshold critical temperature gradi-
ent for the onset of stochastic transport, is modelled using a
hyperbolic tangent instead of the original Heaviside function,
in order to improve the numerical stability. Transport calcula-
tions with these more complete TGLF+stochastic models are
performed to predict equilibrium ion and electron temperature
profiles. These predictions are then compared with measured
profiles in the flat-top phase of experimental discharges from
MAST/MAST-U.

The rest of this paper is structured as follows. In section 2
we describe the physics basis of reduced models of stochastic
transport, emphasizing main model assumptions and regimes
of validity. Brief descriptions of the JINTRAC transport
suite and the reduced transport model, TGLF, follow in
sections 3 and 4, respectively. Then section 5 describes
the MAST/MAST-U discharges selected for transport ana-
lysis, and section 6 compares transport model predictions for

these discharges against the experimentally measured profiles.
Finally the conclusions are developed in section 7.

2. Stochastic models

Perturbations of the magnetic field can have a big impact on
transport processes in tokamak devices, and affect the plasma
equilibrium and its evolution. If the magnetic perturbations
involve reconnection and are sufficiently strong, they destroy
magnetic flux surfaces and can generate stochastic magnetic
field regions. The locus of points at the intersection of the
magnetic field with a poloidal cross-section of the plasma is
no longer a smoothly defined curve belonging to a particular
magnetic surface, but becomes an area-filling set of irregular
random points. The magnetic field becomes stochastic at the
surface q= m/n (where m and n are integer poloidal and tor-
oidal mode numbers) when width of the locally resonant mag-
netic island, wi given by [56]:

wi = 4

(
δB
B0

r
n

1
dq/dr

)1/2

(1)

exceeds the distance between rational surfaces, δrres:

δrres =
1

ndq/dr
. (2)

The stochasticity condition, wi > δrres(r), requires:

δB
B0

>
1
42

r
R

1
q2

1
ns

(3)

where safety factor q∼ rB0/RBθ and magnetic shear s=
r/qdq/dr. The stochasticity threshold in equation (3) is
exceeded at a critical mode amplitude that depends on tor-
oidal mode number, safety factor, and magnetic shear. The
relative amplitude of magnetic fluctuations, δB/B0, increases
with β, and this is often sufficiently large in STs to exceed the
stochasticity threshold.

Different reduced models have been developed to describe
stochasticity, though this is a complicated problem that is far
from fully understood. The basic assumption is to consider
an equilibrium magnetic field B0 perturbed through a radial
stochastic displacement δx in the direction perpendicular toB0

corresponding to a magnetic field perturbation of amplitude
δB. The equation of the perturbed field line relates δx to the
parallel length, l||p, of the perturbation in the B0 direction:

δx
l||p

=
δB
B0

. (4)

By assuming that l||p length is travelled with a v velocity in a
time δt= l||p/vwe can write for the diffusion coefficient along
the perpendicular direction:

Deff =
δx2

δt
=

(
δB
B0

)2

l||pv= Dmv (5)

where Dm is the magnetic diffusion coefficient that has
the dimension of a length. The Dm coefficient provides a
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Figure 1. Stochastic perturbed magnetic field lines that approach
each other at a decorrelation distance l⊥c generally of the order of
the electron Larmor radius ρe allowing an electron the possibility to
jump from one line to another line via collisional process. The
maximum distance between the magnetic field line is represented by
∆r.

measure of the stochastic behaviour of the magnetic field
via the unknown longitudinal length scale l||p. The quant-
ity v in equation (5) is a characteristic velocity associated
to the event. This velocity could be, for example, the velo-
city of an electron that moves along the magnetic field
with a gyroradius equal to ρe. This latter parameter, as dis-
cussed in section 3.1, plays via its dependency on temperat-
ure and magnetic field an important role in setting magnetic
fluctuations. Thus, it is not difficult to understand depend-
ency of δB/B on the β = n(Te+Ti)/(B2/2µ0) value. Finally,
it is important to observe that a plasma consists of many
particles and exhibits a collective behaviour, so it is import-
ant to generalize these considerations by taking a statistical
approach.

2.1. Kadomsev and Pogutse model

By considering collisional effects in the framework of a diffus-
ive plasma, Kadomsev and Pogutse in [57] developed a model
able to describe the stochastic dynamics establishing a relation
between the perpendicular direction characterized by a colli-
sion decorrelation length and the parallel z direction with aD||
diffusivity. This model can be introduced by defining l⊥c as
the perpendicular displacement required for a particle to trans-
fer to an uncorrelated field line. In the decorrelation time δt⊥
required for this transition, the particles diffuses along the lon-
gitudinal direction over a length l|| =

√
D||δt⊥.

Figure 1 illustrates this mechanism whereby a particle tra-
jectory transfers from one perturbed field line to an uncor-
related one when the perpendicular displacement from the
initial field-line exceeds l⊥c. The circle in figure 1 repres-
ents the Larmor orbit of an electron of radius ρe. In this
model ρe = O(l⊥c)≪∆r, where ∆r is the maximum separ-
ation between the distinct field lines. Defining a transverse
diffusion coefficient D⊥ = l2⊥c/δt⊥, allows the decorrelation

time to be expressed:

δt⊥ =
l2⊥c

D⊥
. (6)

Substituting for the decorrelation time into the parallel diffu-
sion equation, l|| =

√
D||δt⊥, gives:

l|| =

(
D||

D⊥

)1/2

l⊥c. (7)

Now the effective velocity of particles parallel to the mag-
netic field v= l||/δt⊥, can be expressed using (7) as:

v=

√
D||D⊥

l⊥c
(8)

and the collective diffusive process for a collisional plasma by
substituting equation (8) into equation (5) to obtain:

Deff = Dmv= Dm

(
D||D⊥

)1/2
l⊥c

. (9)

This formula describes collisional particle motion in terms of
diffusion both parallel and perpendicular to the perturbed field,
and particles transfer to uncorrelated field lines when the per-
pendicular displacement exceeds l⊥c; this dynamics gives rise
to anomalous transport in the radial direction. The model is
‘collisional’ in the sense that the perpendicular displacement
of particles, between distinct magnetic field lines, is assumed
to be completely due to collisional processes. However, in
stochastic magnetic fields, collisions are not the only process
that contribute to the radial transport.

2.2. Rechester-Rosenbluth model

In the same year as [57], Rechester and Rosenbluth described
an alternative more efficient decorrelation mechanism [43,
44]. RR highlighted that in a stochastic field, two neighbor-
ing magnetic field lines separated by a perpendicular distance
xd, at one location, become exponentially separated on advan-
cing in the direction of the magnetic field; i.e. the separation
between particles, x(t), following field-lines initially separated
by xd, increases with the parallel displacement z(t) according
to:

x(t) = xde
z(t)/lK (10)

where lK, the Kolmogorov length scale, is an important para-
meter characterizing the chaotic motion of the magnetic field.
This scale contains ‘information’ associated with the traject-
ories of the system, and is related to the dynamic entropy
[58, 59]. The Kolmogorov statistical approach is adopted and
extended by RR to a deterministic stochastically unstable sys-
tem in which lK is determined also from the geometrical con-
figuration of themagnetic field; in tokamaks the field geometry
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is characterised by the magnetic shear, which changes in the
radial direction. In the Rechester-Rosenbluth mechanism the
decorrelation of the magnetic field experienced by a particle,
arises primarily because of the divergence of themagnetic field
lines, with collisions playing a modest but yet essential role in
seeding the process.

Consider field lines passing through a small circular area
A= π x2d of radius xd in the poloidal plane of a tokamak
plasma. The fields passing through the circle at z= 0 diverge
and the outer radius of the locus of the field lines increases as
x(z) = xdez/lK from equation (10). From conservation of mag-
netic flux it follows that as the fields expand, this locus must
also develop increasingly fine scale dendritic structures (of
width δ ∼ xde−z/lK) in the perpendicular plane as z increases.
We apply this argument to field lines bounded at z= 0 by a
circle of radius l⊥c, where l⊥c characterises the field decorrel-
ation distance, to find that the separation between uncorrelated
fields, rc(z), narrows with z as:

rc (z) = l⊥ce
−z/lK . (11)

Assuming collisional particle trajectories governed by par-
allel and perpendicular diffusion:

r=
√
D⊥t z=

√
D∥t (12)

it follows that:

r=

√
D⊥

D∥
z. (13)

In the limit where stochasticity plays no role, i.e. lK =∞,
the decorrelation length l⊥c is accessed through collisions
alone. Setting r(l∥c) = l⊥c using equation 13. directly gives
the Kadomtsev and Pogutse result of equation (6), l∥c =
l⊥c
√
D∥/D⊥ [60].

Now let us consider an element of plasma of perpendicu-
lar thickness δ in a stochastic magnetic field. The collisional
particle trajectories are governed by equation (13), and follow
correlated fields described in equation (11). At increasing z
the element thickness, δ, of the correlated plasma is simultan-
eously subjected to narrowing by stochasticity and to expan-
sion from particle collisions, so that:

dδ
dz

=− δ

lK
+

√
D⊥

D∥
. (14)

The typical thickness of this correlated region of plasma
is estimated from when these opposing influences balance;
i.e. when dδ

dz = 0 at:

δ = lK

√
D⊥

D∥
. (15)

Now δ = rc(l∥c), so we obtain the parallel correlation length
l∥c by combining equation (11) and equation (15) to give:

l∥c = lK ln

[
l⊥c
lK

√
D∥

D⊥

]
. (16)

This gives all the information required to determine the
stochastic diffusion coefficient from equation (5). The charac-
teristic velocity, v= D∥/l∥c arises from parallel diffusion (and
is obtained using v= l∥c/δt together with D∥ = l2∥c/δt). From
equation (5) we have:

Deff = Dmv=

(
δB
B

)2 l∥p
l∥c
D∥. (17)

Substituting equation (16) into equation (17) gives the gen-
eral expression for the RR model transport diffusivity. In
section 3.1. Equation (17) will be used as the basis of RR-
based models in collisional and collisionless limits in JETTO.

The RR model establishes different scales that are fun-
damental to stochastic transport (e.g. l||c, l⊥c l∥p, and lK)
but does not quantify all of them, which is the price paid
for the RR model’s simplified description of stochastic trans-
port. Appropriatemodels are needed to independently estimate
these scales from the characteristics of the plasma configura-
tion, and this represents the main difficulty in exploiting the
model.

2.3. Rebut-Lallia-Watkins model

As discussed in section 2, if magnetic islands are sufficiently
large to overlap they generate stochastic, or ergodic, magnetic
field regions. The Rebut-Lallia-Watkins (RLW) model [47] is
a semi-empirical description of plasma transport under such
conditions, and its model predictions have been comparedwith
measured profiles from an NSTX H-mode plasma [51].

The RLW model is based on dimensionless plasma para-
meters, and was first developed to predict plasma profiles in
ohmic and L-mode JET discharges by exploiting an analogy
between fluid and plasma turbulence. In fluids the dimen-
sionless Reynolds number Re, which characterizes the relative
importance of momentum transport by convection and by vis-
cous diffusion, allows to fix the transition from the laminar to
the turbulence regime when Re exceeds a critical value, Re,c.
The corresponding change in radial heat and particle flows
observed in fluids is also observed in tokamaks by consid-
ering this latter as an open thermodynamic system in which
heat flow could influence its stability. Thus, the RLW model
determines a critical temperature gradient |∇Te|c for a plasma,
equivalent to a critical Reynolds number to define the develop-
ment of turbulence due to a stochastic instability in a tokamak:

|∇Te|c =
∣∣∣dTe
dr

∣∣∣
c
= 0.06

e

(µ0m0.5
e )

0.5

1
q

(
ηJB3

neT0.5e

)0.5

(18)
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where η is the Spitzer resistivity and J is the current dens-
ity. When the electron temperature gradient exceeds |∇Te|c
the electron transport becomes:

χRLW = 0.5c2
√
µ0mi

(1−
√
r/R)

BR0.5

(
Te
Ti

)0.5

×
(

1
Te

dTe
dr

+ 2
1
ne

dne
dr

)
q2

dq/dr

×
√

1+Zeff

(
1− |∇Te|c

|∇Te|

)
×H(|∇Te| − |∇Te|c) H

(
dq
dr

)
(19)

where the Heaviside functions, denoted H(..), trigger anom-
alous transport above the critical electron temperature gradi-
ent in regions with dq/dr> 0. The RLW model is also sensit-
ive to the density gradient; indeed while the model only trig-
gers transport above a threshold in ∇Te, the ensuing trans-
port is twice as sensitive to the logarithmic density gradi-
ent as to the logarithmic electron temperature gradient. (This
transport sensitivity to density gradient is not present in the
RR models of stochastic transport discussed above.) Although
the modelled microtearing transport level in equation (19) is
strongly dependent on ne, Te, Ti, q, and their gradients, there
is no clear dependence on either collisionality or βe which
should also influence microtearing-induced transport. Some
of these dependences are implicitly in the critical gradient
of equation (18), but this has virtually no effect on transport
when the temperature gradient exceeds the critical threshold
across the radial cross-section (as for the NSTX shot analysed
in [51])5.

All of the models for stochastic field transport described in
section 2 have been implemented in the integrated modelling
tool JINTRAC. Transport calculations using these stochastic
transport models, together with models like TGLF to describe
the transport from electrostatic turbulence, to test and valid-
ate these models against experimental data from MAST and
MAST-U, will be reported in section 6.

3. JINTRAC code

JINTRAC [52] is a popular transport simulation tool used by
the fusion community to model and optimize tokamak plasma
scenarios, and to make predictions for future devices. It incor-
porates a wide range of physics-modules to model different
aspects of the tokamak plasma discharge, and the variousmod-
ules can be selected and configured via a convenient bespoke
JAMS interface. This is extremely flexible and facilitates a
wide range of simulations with different levels of complexity
and fidelity.

5 RLWmodel predicted Te profiles were reported in [51] to be in good agree-
ment with measurements from an NSTX discharge at times when gyrokinetic
simulations revealed MTMs to be unstable and dominant, but less well for
times when MTMs were stable or sub-dominant.

Here we exploit JETTO, the core transport solver at the
heart of JINTRAC, to model the transport evolution of fixed-
boundary plasma equilibria. JETTO solves the plasma fluid
transport equations for quantities that are averaged over mag-
netic surfaces6, and requires the 2D plasma equilibrium for a
prescribed boundary in the poloidal plane. The 2D equilibrium
is either computed self-consistently using JINTRAC’s internal
equilibrium module ESCO, or taken from an external calcula-
tion. JETTO can be used to model a wide variety of tokamak
transport problems of interest.

The transport matrix contains the various contributions to
the fluxes of heat and particles, and its coefficients must be
calculated for each species. This contains contributions from
both neoclassical and anomalous transport. The neoclassical
transport contribution is calculated independently using the
NCLASSmodule and this is added to the anomalous transport.
Calculation of the various transport coefficients requires as
inputs: density, temperature, momentum and the gradients of
these quantities for electrons and all ion species, and the Grad-
Shafranov equilibrium (which includes themagnetic shear and
q profiles). The transport models are computed within JETTO
at each time step to obtain the transport matrix, and the profiles
are evolved forwards in time by inverting a matrix equation
[61].

Different anomalous transport models are available in
JETTO such as Bohm/gyroBohm [62] and TGLF [40, 63, 64].
The latter will be used in this paper’s simulations. We will
additionally include the RR and RLW models of transport
from stochastic magnetic fields, and we will specify regions
of validity for the RR models.

3.1. Implementation of the reduced stochastic models in
JINTRAC

In order to implement stochastic models in JINTRAC, differ-
ent assumptions and approximations have been done. For con-
venience we rewrite equation (17) to make the magnetic dif-
fusivity dependence on δB/B0 explicit:

Deff = Dm
D||

l||c
=

(
δB
B0

)2

l||p
D||

l||c
. (20)

Nonlinear drift-kinetic theory of the stochastic turbulence sug-
gests saturation occurs at amplitude [54]

δB
B

=
ρe
LT

(21)

where ρe is the thermal electron gyroradius and LT is the elec-
tron temperature gradient scale length. Equation (21) has been
obtained in [54] in the framework of a drift-kinetic theory.
While gyrokinetic simulations of MTM turbulence performed
with GENE at conventional aspect ratio [30, 55] and with
GYRO and CGYRO for STs [26, 33], are broadly consistent

6 JETTO solves 1D transport equations for the plasma radial profiles together
with a 2D equilibrium equation, following the standard 1.5D approach to
model transport in tokamaks.
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with equation (21) across a range of parameters, δB/B is also
strongly sensitive to other plasma parameters including βe, νei,
flow shear, and other equilibrium quantities [26, 33].

There are several possible approaches to improve on δB/B
from equation (21):

• more detailed reduced models for δB/B may emerge from
nonlinear gyrokinetic simulations;

• Rafiq’s reduced model of stochastic transport from MTMs
[45] estimates δB/B from a nonlinear dispersion relation in
simplified geometry that is independent of equation (21);

• the TGLF model can provide an estimate of δB/B (though
TGLF does not reliably capture MTMs).

Thus, further works are required to assess the sensitivity of
predictions to the model input parameters, with particular
attention in comparing alternative approaches to modelling
δB/B. Length-scale parameters l||p and l||c are also required
in equation (20). We assume l||p to be of the order of the major
radius, R, of the tokamak [27, 50], and estimate l∥c from exper-
imental conditions using the analytic formula of equation (27)
as discussed in section 6.

Thermal conduction coefficients come from kinetic the-
ory, which gives De,i

|| ∼ χe,i|| ∝ Te,iτe,i/me where τe,i is the

electron/ion collision time, and De,i
⊥ ∼ χe,i⊥ ∝ Te,i/me,iω

2
e,iτe,i

where ωe,i is the electron/ion gyrofrequency for species e, i
along parallel and perpendicular direction respectively. Thus,
we can write for electrons:

De
|| ∼ χe|| = 3.16

Teτe
me

∼ v2eτei ∼
v2e
νei

. (22)

We assume the following expression for the electron–ion col-
lision time:

τei = 2π
ϵ20m

0.5
e (kBTe)

3/2

Z2effni e
4 lnΛ

. (23)

where ϵ0 is the electric susceptibility and lnΛ is the
Coulomb logarithm. By observing that v2eτei ∼ v2e/νei ∼
veλmfp, equation (20) becomes:

χeRRcoll ≈
(

ρe
LTe

)2

Rve
λmfp

l||c
. (24)

This equation has been adopted as collisional model of the RR
theory. In [43] it is emphasized that equation (24) works well
when l||c > λmfp. Then, equation (24) predicts a transport that
is more or less λmfp/l||c time larger than that one of the colli-
sionless regimes. For collisionless model we have:

χeRRc−less
≈
(

ρe
LTe

)2

Rve2

√
2
π

(
1−

√
r
R

)
(25)

where the last right term is a parameter related to the frac-
tion of passing particles [65, 66]. The adoption of fp is also
supported by gyrokinetic simulations devoted to investigate
stochastic regime [67].

Concerning the RLWmodel, in JETTO the Heaviside func-
tion of temperature gradient that appears in the RLW heat dif-
fusivity of equation (19), is replaced with:

H(|∇Te| − |∇Te|c) =
1
2

[
tanh

(
|∇Te (r) |
b|∇Te (r) |c

− a
b

)
+ 1

]
(26)

where a= 0.9 and b= 0.01 are parameters in a hyperbolic
tangent representation of the Heaviside function that regu-
late the position of the critical gradient and its steepness on
threshold. This smoothed representation improves numerical
stability with respect to discontinuous changes in time of trans-
port close to threshold.

4. TGLF code

The trapped-gyro-Landau-fluid (TGLF) code is a first-
principles-based quasi-linear reduced core transport model
that was developed to describe anomalous transport from pre-
dominantly electrostatic turbulence. TGLF solves linearised
gyrofluid equations that account for kinetic effects includ-
ing Landau damping, gyro-averaging, electron–ion collisions,
impurities, trapping and other toroidal geometry effects. TGLF
describes turbulent transport from various classes of microin-
stabilities including ion temperature gradient modes (ITG),
electron temperature gradient modes (ETGs), and trapped
electron modes (TEMs). TGLF calculates magnetic fluctu-
ations so can also compute the linear properties of electro-
magnetic modes like KBMs and Alfvénic ITG modes, that
may be important for transport in higher β regimes. Physics
properties of the dominant linear eigenmodes are calculated
by TGLF’s gyro-fluid solver, and this is supplemented by sat-
uration rules to set the model transport fluxes. These satur-
ation rules were tuned to fit turbulent fluxes from databases
of nonlinear gyrokinetic simulations across a wide range of
plasma conditions. Several different saturation rules have been
developed and released as this database has expanded: SAT0
[40], SAT1 [68], SAT2 [69], and SAT3 [70].

While TGLF captures some electromagnetic modes lin-
early, its saturation models (which is obviously critical to
transport prediction) are tuned to gyrokinetic simulations of
predominantly electrostatic turbulence. Moreover, the basis
functions do not easily support the resolution required to
resolve MTM. TGLF has been used routinely to model anom-
alous transport in conventional aspect ratio tokamaks like JET
and DIII-D, including high βp steady state plasma scenarios
[71–73].

TGLF can describe transport contributions from electro-
static turbulence in STs, and there have been several compar-
isons of TGLF predictions against data from ST discharges
[42, 74]. We note that first transport simulations for NSTX
[42] using NEO for the neoclassical fluxes together with
TGLF(SAT1) are found to be more stable than those using
those using NEO with TGLF(SAT2), and that TGLF(SAT2)
simulations for an NSTX H-mode were found to over-predict
the contribution of low-k modes to the total turbulent flux
whilst those using TGLF(SAT1) were consistent with power
balance analysis [42]. TGLF does not capture MTMs, and
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no saturation model has been developed in TGLF to describe
transport from stochastic fields.

This is addressed here by supplementing TGLF with other
models to describe the missing transport from stochastic mag-
netic fields. In this work TGLF is mainly run with the SAT1
and SAT2 saturation rules7, and the anomalous fluxes are sup-
plemented using the reduced models of stochastic field trans-
port described in section 2.

5. Experimental data selection and data analysis

In this work stochastic models have been supplemented with
TGLF, for the first time, to make transport predictions for
MAST and MAST-U plasmas. This section discusses the
selection of shots for this analysis. Key parameters for MAST
and MAST-U are: major radius R= 0.85m, minor radius a=
0.65m, plasma current IpM , IpMU ⩽ 1.3,2MA, magnetic field
BM ,BMU ⩽ 0.52,0.75 T and pulse length TpM ,TpMU ⩽ 0.6,5 s.
Where quantities differ between these devices, these are distin-
guished using the subscriptsM andMU. Longer pulse lengths
should give MAST-U longer and steadier flat-top phases than
were accessible in MAST. We also note that at constant pres-
sure, the lower magnetic field in MAST increases β and the
likely impacts of transport from stochastic fields.

Transport analysis and model validation is more robust
when it is applied using data to steady state shots that are
MHD stable. This first analysis focuses on a small number
of such discharges, but after verifying this approach it can be
extended to a broader database of discharges in future work.
We have selected experimental discharges, where the variation
in time on temperature and density at ρn = 0.5 in the middle
of the radial domain (which we label g) is characterized by
G= 1/g(dg/dt)< 3s−1. We have applied this selection cri-
terion to high fidelity interpretive TRANSP simulations from
MAST and MAST-U to find the most suitable discharges that
are analysed in this paper. Four discharges that survive these
selection criteria will be used in this paper at particular times,
and these are: #22664, #22769 from MAST; and #46978,
#47003 from MAST-U. We have also required that thermal
transport is not strongly affected by Magnetohydrodynamic
(MHD) instabilities in the period of interest. To illustrate this,
figure 2 shows the time evolution of 1

g
dg
dt for MAST-U#47003,

and figure 3 shows the corresponding profile measurements
and the TRANSP fits that were used. In particular, figure
shows profiles of electron temperature (red colour), ion tem-
perature (blue colour) and density (green colour) at t= 0.451 s.
In the same way, figures 4–6 show profile comparison between
experiments and TRANSP fits for shots #46978 MAST-U at
t= 0.615 s, #22664 MAST at t= 0.230s and #22769 MAST
at t= 0.2 s respectively.

The radial profiles have been measured by using differ-
ent diagnostic systems. The electron plasma temperature and

7 SAT1, described in [68], replaces flow shear quench rule of SAT0 [40] with
a spectral shift model and accommodates findings from the first multi-scale
gyrokinetic simulations, while SAT2 [69] refines SAT1 to accommodate more
detailed analysis of spectra from nonlinear GK simulations.

Figure 2. Time evolution of G= 1/g(dg/dt) quantity that
represents the average along the radial domain for electron (red), ion
(blue) temperature and density (green) profiles for the MAST-U
case 47 003.

Figure 3. Comparison of density (green), electron (red), ion (blue)
temperature profiles between experimental and interpretative
TRANSP fit at the selected time t= 0.451 s in the flat-top phase for
the MAST-U case #47003.

Figure 4. Comparison of density (green), electron (red), ion (blue)
temperature profiles between experimental and interpretative
TRANSP fit at the selected time t= 0.615 s in the flat-top phase for
the MAST-U case #46978.

electron density have been obtained using the Thomson scat-
tering system, which measures from the high field side to
the low field side, along the plasma midplane. The toroidal
rotation profiles have been determined by Charge Exchange
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Figure 5. Comparison of density (green), electron (red), ion (blue)
temperature profiles between experimental and interpretative
TRANSP fit at the selected time t= 0.23 s in the flat-top phase for
the MAST case #22664.

Figure 6. Comparison of density (green), electron (red), ion (blue)
temperature profiles between experimental and interpretative
TRANSP fit at the selected time t= 0.2 s in the flat-top phase for the
MAST case #22769.

Recombination Spectroscopy, and the impurity concentra-
tion was estimated by the effective plasma charge (Zeff).
Radiated power profiles have been measured by the bolometer
diagnostic.

All the kinetic and MHD equilibrium reconstruction have
been obtained through running TRANSP [40, 75] and EFIT
[76, 77] integrated workflows using the OMFIT [78, 79]
framework. The magnetic equilibrium configurations are
shown in figure 7, where from left to right there is a clear
gradual increase in the elongation from κ= 1.73 to κ= 2.15.
Safety factor profiles are plotted in figure 8. Although the case
22664 presents a safety factor value close to q= 1 , within
the limit of measurements, in all selected shots, the minimum
safety factor has been maintained above unity. In agreement
with this fact, no periodic MHD activity (from measurement
by Mirnov coils) correlated with equilibrium quantity vari-
ations related to the presence of sawtooth, fishbones phe-
nomena, has been detected. Values of elongation and q are

Figure 7. Magnetic configuration for MAST cases 22664 (t= 0.23
s) and 22769 (t= 0.2 s) and MAST-U cases 47003 (t= 0.451 s) and
46978 (t= 0.615 s). It is possible to appreciate the change in
elongation from MAST to MAST-U cases.

Figure 8. Safety factor profiles for MAST cases 22664 (t= 0.23 s)
and 22769 (t= 0.2 s) and MAST-U cases 47003 (t= 0.451 s) and
46978 (t= 0.615 s).

reported in table 1 together with the other main plasma para-
meters such as plasma current Ip, vacuum toroidal magnetic
field on axis B0, inverse aspect ratio etc. In figure 9, angu-
lar frequency profiles are shown. For the cases #22769 (blue),
#47003 (red), #46978 (brown) a low frequency value f≈ 7kHz
has been observed. The case #22664 presents a larger value
of frequency f≈ 24kHz close to the axis and this can help
to stabilize the plasma from the point of view of MHD activ-
ity. As mentioned in the introduction, the interaction between
plasma rotation and stochasticity is an important and complex
subject8.

TheMAST discharges are in L-mode and were produced as
part of a collisional scan to test the sensitivity of confinement,
and they have been discussed in [5]. These latter together with
MAST-U cases have been selected with the goal to explore a
certain range of collisionality that represents a good parameter
value for the applicability of the stochastic model. TheMAST-
U cases are in H-mode regime.

8 Magnetic stochasticity has been demonstrated to affect plasma rotation
in both stellarators [36] and tokamaks with externally imposed resonant
magnetic perturbations [37]. The models used in this paper do not include
momentum transport. The observed rotation profile is used in the TGLFmodel
to capture the impact of flow shear on drift-wave turbulence.
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Table 1. Values of parameters for the MAST shot 22664, 22769 and MAST-U shots 47003, 46978. We report the following quantities:
current Ip, vacuum toroidal magnetic field at geometric axis B0, Mach number M, auxiliary power PNBI from NBI, q95, Zeff,
β = n(Te+Ti)/[B2

0/(2µ0)], elongation κ, inverse aspect ratio ϵ= a/R, H-factor defined as the ratio between the global energy
confinement time τE and value of τE obtained via the IPB98(y,2) scaling.

Shot number Ip(kA) B0 (T) M PNBI q95 Zeff β κ ϵ H98

22664 886 0.50 0.35 3.2 7.2 1.3 0.067 1.73 0.71 1.35
22769 592 0.34 0.32 3.0 9.6 1.3 0.094 1.80 0.7 0.8
47003 730 0.66 0.19 1.3 7.8 1.5 0.051 2.00 0.81 1.34
46978 750 0.60 0.25 3.0 8.5 1.5 0.060 2.15 0.75 1.20

Figure 9. Angular frequency profiles for MAST cases 22664
(t= 0.23 s) and 22769 (t= 0.2 s) and MAST-U cases 47003
(t= 0.451 s) and 46978 (t= 0.615 s). The colours associated to
shots are the same of figure 8.

6. Results

Here, we describe results of JINTRAC calculations using
a variety of stochastic transport models to supplement
TGLF (using SAT1 and SAT2) in the JETTO transport
solver. In TGLF EM simulations both B|| and B⊥ were
included. MAST-U TGLF calculations were performed with
17 radial points, 2 ion species (D and C) and the following
TGLF input file parameters: nbasis_min= 2, nbasis_max=
10, nmodes= 2, USE_MHD_RULE= F, kygrid_model= 4,
nky= 12, theta_trapped= 0.7, find_width= T, nwidth= 21,
nxgrid= 16, width= 1.65, filter= 2.0, alpha_zf=−1. The
other not specified parameters are set to the default values.
The choice of parameter values has been made on the basis
of discussions with the TGLF authors [38]. For example, the
option alpha_zf=−1 is used to avoid the situation where the
saturation rule spuriously finds the lowest ky mode as the dom-
inant contributor to the flux, another consequence of using
TGLF outside its usual domain. Ideally, future improvements
to TGLF will include a quasilinear saturation rule developed
and tuned specifically for ST turbulence (which is out of scope
of this work). Simulations have been performed for the predic-
tion of electron and ion temperature profiles, Te and Ti, with
density and rotation set to fit the experimentally measured pro-
files, and impurity density profiles estimated using the meas-
ured Zeff. Our simulations have additionally required as inputs
the magnetic equilibrium configuration, and temperatures at
the boundary point fixed at r/a= 0.9. Table 2 gives the char-
acteristic mid-radius values of some key plasma parameters
from each discharge.

The selected shots span a range in collisionality (indeed the
selected MAST discharges are from the extremes of the colli-
sional scan described in [5]), which, as discussed earlier, is an
important parameter in the transport processes from stochastic
fields.

To make an initial assessment of the possible importance
of radial stochastic transport, we can compare magnetic island
width, wi, estimated using equation (1) for a given toroidal
mode number, n, with the distance between rational sur-
faces, δrres, from equation (2). It is important to note that
equation (2) is calculated for a single n-mode. Once the com-
plete n-spectrum is considered, the distance between adja-
cent resonant surfaces is lower than δrres and consequently
stochasticity can occur more easily. The comparison between
wi and δrres also requires knowing the amplitude of the mag-
netic fluctuation, which can be estimated using the Drake
ansatz of equation (21). Figure 10 shows this comparison
for #22664 for n= 6 and n= 16. We observe that around
r≈ 0.4 for toroidal number n= 6 (red line), the quantity wi
becomes larger than δrres and consequently we expect that
stochastic process could become important. By increasing n
value the threshold stochastic condition shifts toward lower
values of r, as shown in figure 10 for n= 16 (blue line). This
behaviour is typical in the MAST/MAST-U discharges we
have analysed. In particular, for n= 16 we find wi > δrres
starting from the position r/a= 0.28, 0.36, 0.26, 0.41 for
#47003, #22664, #46798, #22769 respectively.

The ratio between wi and δrres is a good approximation of
the so called stochastic parameter. This parameter have been
introduced in [80] and could be used to give an estimation of
l||c quantity via the following analytical expression:

l||c ≈
πR

ln [πwi/(2δrres)]
. (27)

It is important to note that equation (27) has been derived for
one single nmode [43]. The general expression for a complete
spectrum of n is unknown. However, we expect for this case,
a value of l||c lower than that one obtained in equation (27). In
this paper for MAST/MAST-U we always use n= 16 to com-
pute l||c, because this is the principal toroidal wave number
that emerges in gyrokinetic simulations of MTM turbulence in
MAST discharges [26]. It is important to point out that l∥c is
only weakly sensitive to this choice of n because of the log-
arithmic dependence in equation (27). To identify the most
appropriate reduced stochastic transport model, it is import-
ant to consider the collisional regime that is relevant to the
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Table 2. Local values of parameters for the MAST shots 22664, 22769 and MAST-U shots 47003, 46978. All the value have been
calculated in the middle of the radial domain at r/a= 0.5. We report electron Te and ion Ti temperatures, density ne, ion ρi and electron ρe
Larmor radius. Mean free path λmfp, electron-ion collisional frequency νei and longitudinal decorrelation scale l||c are averaged in the
central region 0.45< r/a< 0.75 of the radial domain.

Shot Te [eV] Ti [eV] ne(1019m−3) ρi (m) ρe [m] ⟨λmfp⟩ [m] ⟨νei⟩ [s−1] ⟨l||c⟩ (m)

22664 600.0 683.3 3.2 1.1 · 10−2 1.6 · 10−4 8.39 1.90 · 106 2.18
22769 361.6 438.5 3.4 1.3 · 10−2 1.9 · 10−4 3.07 4.02 · 106 2.89
47003 570.1 616.0 4.7 7.7 · 10−3 1.2 · 10−4 6.78 2.10 · 106 4.19
46978 541.8 595.0 4.64 8.3 · 10−3 1.3 · 10−4 5.81 2.33 · 106 2.86

Figure 10. Comparison between magnetic island wi and distance
between rational surfaces δrres for n= 6 (red lines) and n= 16 (blue
lines). The curves referred to the 22664 MAST case.

Figure 11. Mean free path λmfp and l||c parameters expressed in
meters (m) as a function of collisionality νei in [s−1].

experimental conditions. In figure 11, we compare the mean
free path λmfp and the l||c value calculated in the middle of the
radial domain, for each of the four discharges. Both quantities
are plotted as a function of the mid-radius collisionality νei,
which varies across the discharges, and Figure 12 compares
radial averages ⟨λmfp⟩ and ⟨l||c⟩ as functions of ⟨νei⟩, where
the average is performed over the region 0.45< r/a< 0.75.

Figures 11 and 12 clearly demonstrate that λmfp > l||c in
the lowest collisional MAST discharge #22664, and that this
criterion is also satisfied less strongly in MAST-U discharges
#47003 and #46978. Satisfying λmfp > l||c indicates that the
more suitable RR stochastic model for these discharges will
be the ‘collisionless’ model (see section 3.1). Identifying
the appropriate RR collisional regime is more ambiguous
for MAST #22769 where λmfp ≈ l||c. The RR-collisionless

Figure 12. Average mean free path ⟨λmfp⟩ and average ⟨l||c⟩
parameters expressed in meters (m) as a function of the average
collisionality ⟨νei⟩ in [s−1]. Quantities are averaged between
r= 0.45a and r= 0.75a.

RRc−less model has been used in JETTO together with either
TGLF(SAT1) or TGLF(SAT2).

6.1. RR and TGLF(SAT1)

Here, we first report transport simulations for the MAST-U H-
mode #47003, using the RRc-less model and TGLF(SAT1)
excluding further effects from magnetic fluctuations
(TGLF(SAT1)ES). The top panel of figure 13 compares Te and
Ti experimental profiles (dash-dotted lines) with the transport
steady state profile predictions (continuous lines). The bottom
panel shows the total electron and ion thermal diffusivities,
χe and χi, together with their respective contributions from
the RRc−less model, and from ion neoclassical heat transport,
χineo . Ion heat transport is entirely dominated by the neoclas-
sical term #47003, while electron heat transport is dominated
by stochasticity, in particular in the central box around r= 0.4
with the peak electron heat diffusivity χe ∼ χeRR ∼ 3m2 s−1.

Modelling the same discharge including electromagnetic
effects in TGLF (RRc−less+TGLF(SAT1)EM) gives the sim-
ilar temperature profile predictions illustrated in the top panel
of figure 14. The bottom panel shows that the small change
in profiles is due to the presence of enhanced ion transport
between 0.6< r< 0.8, and comparison with figure 13 indic-
ates that this can be attributed to the inclusion ofmagnetic fluc-
tuations in TGLF(SAT1)EM9.

9 The nature of the electromagnetic modes predicted by TGLF EM in this
region will be investigated in future work, and may be due to the onset of
hybrid-KBMs [81].
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Figure 13. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 47 003 in electrostatic
transport model . (Bottom panel) Associated total ion and electron
diffusion coefficient χi and χe in blue and red continuous lines
respectively. Rechester-Rosenbluth χRR and neoclassical diffusion
χineo coefficients in red dashed and blue dotted lines respectively.
Diffusion coefficients are expressed in [m2 s−1]. The used model
has been the RRc−less+TGLF(SAT1).

RRc−less+TGLF(SAT1)EM transport simulations for
MAST-U #46978 give the profile predictions shown in
figure 15. The top panel shows that both electron/ion profiles,
and especially Ti, are under-predicted. Neoclassical transport,
shown in the bottom panel, dominates the ion heat chan-
nel across most of the radial profile, and is similar to that
in MAST-U #47003. Electron heat transport is lower than
the ion heat transport, and is always dominated by stochasti-
city. Replacing TGLF(SAT1)EM by TGLF(SAT1)ES in the
transport calculation results in extremely similar profile pre-
dictions, indicating that TGLF(SAT1)EM is not finding signi-
ficant transport from electromagnetic modes in this discharge.

RRc−less+TGLF(SAT1)EM transport simulations for
MAST #22664 are shown in figure 16. In this discharge the
temperature profiles are over-predicted in both channels for

Figure 14. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 47 003 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. Diffusion coefficients are
expressed in [m2 s−1]. The used model has been the
RRc−less+TGLF(SAT1).

r/a< 0.4. The RR modelled stochastic transport coefficients
are notably larger than in both MAST-U H-mode discharges,
and χc−less

eRR peaks at a value of 5m2 s−1 around r= 0.3. As for
#46978, replacing TGLF(SAT1)EM by TGLF(SAT1)ES has
minimal impact on the transport steady state profiles, so the
significant enhancement of χe over χeRR at r/a> 0.4 predicted
by TGLF can be attributed to electrostatic instabilities; ETG
would be a likely candidate. Neoclassical ion heat transport
still dominates the ion heat transport channel, but χi,neo is
rather lower than in the MAST-U discharges.

6.2. RR-hybrid + TGLF(SAT1)EM

For the more ambiguous collisional discharge, #22769, with
λmfp ≈ l||c, we adopt the following RR-hybrid model that
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Figure 15. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 46 978 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. Diffusion coefficients are
expressed in [m2 s−1]. The used model has been the
RRc−less+TGLF(SAT1).

should be more appropriate for describing the stochastic trans-
port at transitional collisionality:

χeHy =

(
1

χeRRc−less

+
1

χeRRcoll

)−1

. (28)

This model combines the RR-collisionless RRc−less and RR-
collisional RRcoll models, and accounts for collisionality
increasing towards the edge because of the reduction in λmfp.
Towards the edge wemay expect to find λmfp < l||c, which will
reduce transport coefficients by a factor λmfp/l||c with respect
to the RRc-less model.

Transport calculations using RR-hybrid + TGLF
(SAT1)EM for MAST #22769 are shown in figure 17. We note
that transport calculations using this model for the other dis-
charges find no substantial differences to the RR-collisionless
results presented in figures 14–16. This is because for these

Figure 16. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 22 664 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. Diffusion coefficients are
expressed in [m2 s−1]. The used model has been the
RRc−less+TGLF(SAT1).

discharges λmfp > l||c at least for r/a≲ 0.9 after which we
impose boundary conditions.

An extension of this hybrid model will be developed in
a future work. It is also interesting to note that χe and χeRR
are larger in the two MAST than in the MAST-U that we
have examined. This is probably due to the different gradients
involved and, as mentioned, to the fact that magnetic field is
larger in the two MAST-U cases.

6.3. RR + TGLF(SAT2)EM

Transport calculations using RRc-less + TGLF (SAT2)EM give
significantly stronger transport, and flatter profiles: e.g. see
transport calculation results for MAST-U #47003 in figure 18.
Comparison of these profiles with SAT1 results in figure 13
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Figure 17. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST case 22 769 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. Diffusion coefficients are
expressed in [m2 s−1]. The used model has been the
RRhybrid+TGLF(SAT1).

shows that SAT2 gives higher electron (ion) heat diffusivities
for r/a> 0.5 (r/a> 0.7). In particular, we observe that SAT2
predicted transport becomes extremely strong in correspond-
ence of flat ion/electron temperature profiles when stochastic
diffusivity assumes slow values. This is confirmed by remov-
ing flat ion profile and assuming an ion temperature profile
with a gradient different from zero in the region r/a> 0.7
(not shown). In this case, it is observed that ion heat diffus-
ivity decreases at values lower than 10m2 s−1. This represents
a clear indication of which points need to be investigated to
improve the TGLF(SAT2) model.

6.4. RLW and TGLF(SAT1)EM

Concerning results related to the RLW model, figure 19
shows example transport calculation results using
RLW+TGLF(SAT1)EM for MAST-U #47003.

Figure 18. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 47 003 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. Diffusion coefficients are
expressed in [m2 s−1]. The used model has been the
RRc−less+TGLF(SAT2).

Comparing with the experimentally measured profiles, the
modelled temperature profiles are much flatter at mid-radius
and steeper in the core. The stochastic transport model, χeRLW ,
dominates the transport, though its profile is starkly differ-
ent to that from the other RR stochastic models we have con-
sidered: in particular there is an enormous rise in χeRLW in the
edge plasma, which is absent in χeRR . This edge enhancement
appears in χeRLW principally due to the strong edge density
gradient in the MAST-U plasma. Reducing the amplitude of
the density gradient term in equation (19) would reduce the
edge transport. Strong edge density gradients are typical in
STs, resulting in RLW model predictions of very large trans-
port when above the critical temperature gradient. The reason
for including a density gradient term in a model of stochastic
transport in tokamaks is not completely clear, though we note
that in [50] the authors replaced LT with L= (L−1

T +Ln−1)−1

in a collisional reduced model of stochastic transport and
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Figure 19. (Top panel) Experimental data (dash-dotted line) of ion
and electron temperature profiles compared with simulation profiles
(continuous lines) for the MAST-U case 47 003 in electromagnetic
transport model. (Bottom panel) Associated total ion and electron
diffusion coefficients as in figure 13. The used model has been the
RLW + TGLF(SAT1).

found better agreement with the experimental estimate of
the electron heat diffusivity from an NSTX H-mode plasma.
However, there is no physical explanation for this empirical
dependence and further study is needed.

It is also interesting to note from figure 20 that in MAST
#22664 the temperature gradient exceeds the RLW critical
gradient for the onset of stochastic transport of equation (19)
across the whole radial cross-section, and that this has been
observed in all the MAST shots we have studied.

As previously mentioned, the RLW model is only sensit-
ive to collisionality, current density and other parameters, via
the critical temperature gradient that sets the threshold. Thus
the RLW model confinement scalings are insensitive to these
quantities for plasmas in MAST, where |∇Te|> |∇Te|c across
the whole plasma. This the RLW model cannot explain the
strong favourable energy confinement scaling with collision-
ality that has been reported by ST experiments [5, 6, 82].

Figure 20. Ratio between temperature gradient and temperature
gradient threshold for the case 22 664.

6.5. Summary of model validation

Here we summarise the comparison of MAST and MAST-
U experimental profiles against predictions using each of the
transport models we have tested. This comparison is quanti-
fied for each model prediction by computing the total squared
fractional error, χ2 to measure the quality of agreement with
the measured profile.

We briefly summarise the principal characteristics of the
method presenting the quantities used for the analysis. If there
are xD profile data DExp,j to compare with theoretical predic-
tions, to quantify the discrepancy with data DMod,j of model,
we may compute the χ2 quantity given by:

χ2 =

xD∑
j=1

(DExp,j−DMod,j)
2

D2
Exp,j

. (29)

The number obtained with this procedure must be compared
with the number of degrees of freedom fd that is defined as the
number of data points xD minus the number of free paramet-
ers fp in the model. For these cases we have fp= 1. The total
squared fractional error per degree of freedom is given by the
reduced χ2:

χ̄2 =
χ2

fd
=

χ2

xD− fp
. (30)

Reduced χ̄2 results are shown in figure 21 and in figure 22
for the RRc-less+TGLF(SAT1) and +TGLF(SAT2) respect-
ively and in figure 23 for the RLW + TGLF(SAT1) model.

In this way, we are able to verify if simulation results
are sufficiently close to experiments to decide the reliabil-
ity of models for future predictions. The best values of χ̄2

have been obtained for the RRc-less+TGLF(SAT1) model.
Figures 21 and 22 demonstrate that RRc−less+TGLF(SAT1)
and RRc−less+TGLF(SAT2) agree to within χ̄ < 0.1 and
χ̄2
max ≈ 0.15, respectively, of the experimental profiles. It is

also clear from figure 23 that there is considerably poorer
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Figure 21. Reduced χ̄2 as a function of νei in [s−1] for predictions
obtained with the RRc-less+TGLF(SAT1) model for electrostatic
(red) and electromagnetic (blue) regimes.

Figure 22. Reduced χ̄2 as a function of νei in [s−1] for predictions
obtained with the RRc-less+TGLF(SAT2) model for electrostatic
(red) and electromagnetic (blue) regimes.

agreement using RLW+TGLFsat1. Within the level of χ̄2
max ≈

0.10 and χ̄2
max ≈ 0.15we can see what is the relative difference

in stored energy We,i =
´
3/2KBTe,indV :

∆We,i =
We,isims

−We,iexp

We,iexp

(31)

between experiments and simulations for ions and electrons in
the different studied cases.

These quantities are plotted in the histogram of
figures 24–26 for RR+TGLF(SAT1), RR+TGLF (SAT2) and
RLW+TGLF(SAT1) respectively. Electrostatic and electro-
magnetic simulations are indicated in red and in blue colours
respectively, while ion and electron stored energy quantities
are indicated in lighter and darker tones.

In agreement with χ2 analysis the best results have been
obtained for RR+TGLF(SAT1) case at which we can associ-
ate a ∆Wimax ≈∆Wemax ≈ 20%. Very good results have been
obtained for the stored electron energy for the two L-mode

Figure 23. Reduced χ̄2 as a function of νei in [s−1] for predictions
obtained with the RLW+TGLF(SAT1) model for electrostatic (red)
and electromagnetic (blue) regimes.

Figure 24. Histogram of stored energy difference∆We,i for the
examined shots by adopting the RR+TGLF(SAT1) model.
Electrostatic and electromagnetic setup are indicated by using red
and blue colour respectively. The lines corresponding to ion and
electron are indicated by light and dark colours respectively. Thus
from left to right we have the corresponding ion-,
electron-electrostatic and ion- and electron-electromagnetic lines.

cases. Moreover, we observe that the best results are related
to the RR+ electrostatic TGLF version. The use of the elec-
trostatic version gives slightly better results than electromag-
netic version because probably part of EM effects are con-
sidered at the same time by reduced stochastic model and
by TGLF. These point will be investigated in a future work.
However, results obtained by coupling RR+TGLF(SAT1)
appear quite promising. Concerning the use of SAT2 we have
an energy disagreement∆Wimax ≈∆Wemax ≈ 40%. Good res-
ults have been obtained only for the MAST case 22 769,
but this is only achieved for the total stored energy because
radial regions where the simulated pressure exceeds the exper-
imental profile, compensate for regions in which simulation
pressure under-predicts the experimental profile. By consid-
ering results obtained with the RR+TGLF(SAT1) model, in
figure 27 we plot the ratio between the averaged quantities
of XeRR and Xe as a function of ⟨λmfp⟩/⟨l||c⟩. The red line
is referred to the ratio ⟨XeRR⟩/⟨Xe⟩, whose quantities ⟨XeRR⟩
and ⟨Xe⟩ are respectively averaged in the central radial region
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Figure 25. Histogram of stored energy difference∆We,i for the
examined shots by adopting the RR+TGLF(SAT2) model.
Electrostatic and electromagnetic setup are indicated by using red
and blue colour respectively. The lines corresponding to ion and
electron are indicated by light and dark colours respectively. Thus,
from left to right we have the corresponding ion-,
electron-electrostatic and ion- and electron-electromagnetic lines.

Figure 26. Histogram of stored energy difference∆We,i for the
examined shots by adopting the RLW+TGLF(SAT1) model.
electrostatic and electromagnetic setup are indicated by using red
and blue colour respectively. The lines corresponding to ion and
electron are indicated by light and dark colours respectively. Thus
from left to right we have the corresponding ion-,
electron-electrostatic and ion- and electron-electromagnetic lines.

r/a= [0.45,0.75] as for ⟨λmfp⟩ and ⟨l||c⟩. Green line has been
obtained by considering average ⟨XeRR⟩ and ⟨Xe⟩ along the
radial direction until to the boundary conditions at r/a=
0.9. In this way, it is possible to obtain a trend about the
importance of the stochastic transport played in the differ-
ent scenarios. It emerges that by moving from a more colli-
sional regime in which ⟨λmfp⟩ ≈ ⟨l||c⟩ towards to a collision-
less regime in which ⟨λmfp⟩ ≫ ⟨l||c⟩ the stochastic transport
importance increases. This suggest the possibility to qualify
the role of stochasticity in the different scenarios in toka-
maks and in particular in STs via the parameters involved in
two important scales represented by λmfp and l||c. Thus, this
work can be useful in the predictions of ITER scenarios and
in the conception of the STEP design. An exhaustive invest-
igation on this latter subject will be developed in a devoted
paper.

Figure 27. Ratio between averaged quantities of XeRR and Xe as a
function of ⟨λmfp⟩/⟨l||c⟩. The red line is referred to the ratio of
average ⟨XeRR⟩ and ⟨Xe⟩ respectively, in the central radial region
r/a= [0.45,0.75], while green line is referred to the ratio of
average ⟨XeRR⟩ and ⟨Xe⟩ along the radial direction until to the
boundary conditions at r/a= 0.9.

7. Conclusion

Electromagnetic turbulence is likely to be very important for
future plasma regimes, including at high β and in STs, and
is therefore of considerable interest to the fusion community.
Physics-based reduced models of core transport are essen-
tial to improve our capability in integrated scenario model-
ling for future tokamak plasmas, and these models are less
well developed and validated for plasmaswhere the core turbu-
lence is electromagnetic in character. Microtearing modes, for
example, are expected to generate stochastic fields that cause
anomalous electron heat transport in such plasmas.

This paper is focussed on testing physics-inspired semi-
empirical reducedmodels to describe transport from stochastic
fields, and in particular the models developed by Rechester-
Rosenbluth and by Rebut-Lallia-Watkins. In the Rechester-
Rosenbuth model, the character of the stochastic magnetic
field topologymust be specified using input parameters, which
are prescribed here using formulae involving equilibrium para-
meters and the expected dominant toroidal mode number, n;
the latter is estimated using gyrokinetic simulations of micro-
tearing turbulence in a MAST plasma. The same choice of
n is used at all radii and in all of the simulations in this
paper. We note that the RR model could likely be improved
through more careful estimation of these parameters in differ-
ent plasma conditions.

In this work we have implemented, in the JINTRAC integ-
rated modelling suite, three reduced models of anomalous
electron heat transport from stochastic magnetic fields: RR-
collisionless; RR-collisional; and the RLW model. Stochastic
field dynamics provide a parallel mechanism for electron heat
transport, which complements other transport processes from
electrostatic/electromagnetic turbulence that can be described
by the TGLF model, and neoclassical transport that can be
calculated using NCLASS. Four steady discharges suitable
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for transport analysis have been identified from MAST and
MAST-U that span a range in parameters including col-
lisionality. We have tested combinations of the stochastic
models with TGLF and NCLASS by performing JINTRAC
transport simulations for the MAST and MAST-U plasmas.
Inspection of the parameters of the MAST and MAST-U plas-
mas suggests that the RR-collisionless model is the most
suitable collisional regime to describe these experiments and
STEP. We have also proposed a hybrid variant of the RR
model to span collisional regimes. Best transport predictions
for the four discharges have been obtained using the RR-
collisionless+TGLF(SAT1)ESmodel. In the framework of the
transport, results show a trend for which the importance of
the stochasticity with respect to the other electrostatic/electro-
magnetic instabilities increases by increasing the ⟨λmfp⟩/⟨l||c⟩
ratio. This trend could be very useful in the assessment or
qualification of the role of stochasticity in tokamak scen-
arios. Replacing SAT1 with the SAT2 saturation rule in TGLF
renders the predictions less accurate. RLW+TGLF does much
less well than the RR+TGLF models, suggesting that the
Rechester-Rosenbluth approach more faithfully captures the
stochastic transport. To this purpose, we recall that RR model,
based on the intuition of the role played by divergence of
magnetic field lines in defining stochastic transport, identifies
and establishes solid relations between transport and several
important length scales that depend on plasma parameters in
the regime of interest. Instead, the RLW model, via a paral-
lel between fluids and plasmas, identifies in tokamak a ∇Tc
threshold value for stochasticity. In the model, expressions for
threshold and for diffusivity have been derived heuristically
and mainly on the basis of temperature profiles in JET ohmic
plasma scenario. The comparison between these two different
approaches to the problem, reveals how the former is probably
more general than the second in predicting stochastic transport
in different machines. More effort will be required to further
improve andmore extensively validate reduced transport mod-
els for electromagnetic turbulence, either within quasilinear
models like TGLF, or by including particle transport, or by
complementing its approach as proposed here for stochastic
fields using RR-based models.
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Appendix: Extrapolation to STEP

STEP is a conceptual FPP that aims to achieve a fusion power
Pfus = 1.56GW in a device with the following principal para-
meter values: major radius R= 3.6m, aspect ratio A= 1.8,
B= 3.2T and plasma current, Ip = 22.7MA [17]. It is inter-
esting to use the stochastic transport model tested here against
MAST and MAST-U, to make a prediction for STEP, noting
the obvious caveat that this extrapolation assumes the reduced
model tested against MAST/MAST-U also captures the dom-
inant transport in STEP, which will operate in a very different
plasma regime.

Reference profiles of density and ion/electron temper-
atures for a STEP operating point are shown via dashed
lines in the top panel of figure 28. From these profiles it
is possible to deduce a mean free path ⟨λmfp⟩ ≈ 408 m and
a ⟨l||c⟩ ≈ 25 m. These values have been averaged between
0.45< r/a< 0.75. The quantity ⟨l||c⟩ has been calculated for
a toroidal number n= 16 for which wi > δrres starting from
r/a> 0.4. If higher n numbers dominate the toroidal spec-
trum, a comparison between ⟨λmfp⟩ and ⟨l||c⟩ indicates that the
RR-collisionless model is in the more suitable collisionality
regime for predictions.

Preliminary STEP results have been obtained with the
RRc−less +TGLF(SAT1)ES model by considering predictive
density and ion/electron temperatures (only including D and
T ion species). The boundary conditions at the pedestal have
been the same adopted in [17]. Predictions are shown by con-
tinuous lines in the top panel of figure 28 and the model
numerical profiles are not so far from the reference STEP
profiles. The corresponding heat conduction coefficients are
shown in the bottom panel of figure 28. The bottom panel
shows that this transport model predicts a significant electron
heat transport contribution from stochastic fields. We observe
also a comparable transport determined by ITG instability
and a less important transport from ETG instability. In par-
ticular, in a STEP configuration we find ⟨χeRR⟩/⟨χe⟩= 0.7
and ⟨χeRR⟩/⟨χe⟩= 0.65 for average quantities calculated in
the central range r/a= [0.45,0.75] and along the radial dir-
ection until boundary conditions respectively. These values
are in agreement with the trend obtained in figure 27 accord-
ing to which moving towards a scenario with ⟨λmfp⟩ ≫ ⟨l||c⟩
the importance of stochasticity increases. At the same time,
the maximum value of transport along the radial direction is
similar or lower than those of MAST/MAST-U shots. Thus, it
can happen that the relative importance of stochasticity with
respect to other instabilities increases, but the intensity of
transport decreases towards regimes such as STEP.

We note that recent local gyrokinetic simulations for STEP
suggest that hybrid-KBM electromagnetic turbulence could
dominate the transport and that this carries large fluxes at the
reference operating point [28, 81]. First flux-driven transport
simulations using a new reduced transport model for h-KBM
turbulence, however, suggest the existence of a high perform-
ance STEP plasma equilibrium with more suitable transport
[83]. Thus, further studies need to be done; and in future work
we will investigate whether gyrokinetic simulations support
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Figure 28. (Top panel) Comparison between design point for STEP
and profiles obtained by using RRc−less + TGLF(SAT1)ES. (Bottom
panel) Transport diffusion coefficient profiles in [m2 s−1] units.

the existence of regimes in STEPwhereMTMstochastic trans-
port could be dominant.
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