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ABSTRACT

The nonlinear transition to large heat fluxes in local gyrokinetic simulations of electromagnetic turbulence in STEP (a
conceptual spherical tokamak power plant) is investigated. Consistent with results reported elsewhere, the onset of enhanced
transport is shown to depend on a critical value of ¢?3. and appears closely connected to a limit on Spo1. A broad set of
simulations demonstrates that the transition is mediated by the competition between £ X B and magnetic-flutter momentum
fluxes. Access to a second-stable regime allows a return to more modest fluxes at higher 5’. The ideal ballooning mode
(IBM) threshold is identified as a useful proxy for charting these regions of parameter space. These findings establish a
predictive framework for recognising “no-go” zones in local gyrokinetics and provide new insight into the saturation physics
of electromagnetic turbulence in STEP and potentially in other high-¢° 3. devices.

1. INTRODUCTION

The performance of magnetic-confinement-fusion (MCF) devices, such as spherical tokamaks (STs), is often
limited by turbulent fluctuations, which dominate losses of heat, particles, and momentum. Predicting turbulence-
driven transport is therefore essential for optimising future STs. The UK STEP fusion programme [/1] aims to
develop a compact power plant generating over 100 MW of net electric power, based on the ST concept. STEP
is expected to operate at significantly higher values of plasma [3.—the ratio of plasma (electron) pressure to
magnetic pressure—than conventional-aspect-ratio present-day machines [2[], where electromagnetic (EM) effects
are predicted to strongly influence turbulent transport. In such regimes, local gyrokinetic (GK) simulations provide
a first-principles framework capable of capturing the relevant dynamics and are increasingly relied upon to guide
scenario development.

The first GK analysis of one of STEP’s reference flat-top operating points, STEP-EC-HD [3]], was conducted
in [4]]. This study identified unstable hybrid kinetic ballooning modes (hKBMs)—which combine features of
kinetic ballooning modes (KBMs), ion-temperature-gradient-driven modes (ITGs), and trapped-electron modes
(TEMs)—as the dominant instabilities, with subdominant microtearing modes (MTMs) also present. Subsequent
nonlinear simulations [5 |6]] revealed that, in the absence of equilibrium flow shear, hKBM-driven turbulence can
generate particle and heat fluxes far exceeding the available heating and fuelling rates. Simulations of STEP’s
reference flat-top operating points are often difficult to saturate, with phases of apparent saturation punctuated by
transient bursts of transport and a transition to extreme heat fluxes. However, it was also shown in [5]] that in scans
where 3’ o< 3. saturation at reasonable fluxes is possible at both larger and smaller values of f3,.

Figure |1{ shows the turbulent heat flux from locaﬂ gyrokinetic GENE [7] calculations at various (. values, with
B’ scaled such that 8’ o< 3.. Simulations correspond to a mid-radius surface of the STEP-EC-HD variant studied

! All simulations in this paper are local simulations; i.e., they are performed in a domain whose perpendicular size is infinitesimal compared
with the equilibrium scale lengths, which are taken to be constant across the domain.
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FIG. 1. Electrostatic and electromagnetic electron and ion heat fluxes as functions of 3, from nonlinear simulations
using GENE. In this work, the pressure gradient, 3’, is always scaled  f3.. Simulations are shown for a mid-radius
surface in an early design of STEP-EC-HD examined in [4} 5] where the nominal value of 3. is given by the black
dashed line. The red horizontal line denotes the available heating power.

in [4, 5], use identical parameters to [5], and omit equilibrium flow shealﬂ The black dashed line indicates the
consistent . for this flux-surface, while the red dashed line marks the available heating power. Two transitions are
observed: a sharp increase in heat flux by two orders of magnitude at 3, € [0.02,0.03], and a smoother reduction
at S. > 0.10. This work focuses on analysing these transitions, with the eventual aim of identifying gyrokinetic
“no-go” zones and assessing viable operating points [8].

1.1. Non-zonal transition

Similar nonlinear behaviour to that found in STEP has long been reported in electromagnetic simulations of
ITG-driven turbulence, where at finite 5. the system can undergo an electromagnetic runaway [9). In these cases,
simulations that initially appear saturated lose regulation and develop extreme transport, a transition not tied to any
linear instability threshold. Following [9], this first transition is referred to as the non-zonal transition, marking
the suppression of zonal flow activity. Explanations for the non-zonal transition include disruption of zonal flows
and magnetic stochasticity, while more recent work has attributed the transition to a cancellation between E x B
and magnetic-flutter stresses [[10]. A hallmark of this regime is the appearance of streamer-like radial structures
that efficiently transport heat and are incompatible with zonal flows. The present study (see also [11}|8]]) focuses
on identifying the (. threshold for this non-zonal transition in STEP and exploring whether it can be moderated.

Recent work by Zhang et al. [11] shows that the non-zonal transition in nonlinear GK simulations occurs when
magnetic-flutter stress extracts energy from zonal flows faster than it is injected by £/ x B stress, leading to weak
zonal flows and elevated transport. The transition was demonstrated across multiple geometries, with the critical
value of ¢2f3, (above which the transition occurs) found to depend on device and equilibrium shaping. A practical
estimate of this threshold was proposed, based on the observation that the stress ratio scales as (q2 ﬂe)2 at low (e,
enabling extrapolation of the transition boundary from a single nonlinear simulation. Building on the Zhang et
al. [11] framework, this paper (see also [6]) extends the analysis to STEP, emphasising the role of second-stability
enabling a return to more modest fluxes at larger ¢ 3., and examining the usefulness of the ideal ballooning mode
(e.g., [12]) as a proxy for the transition boundary.

2. ZONAL ENERGY BALANCE AND NONLINEAR THRESHOLD OF ZHANG ET AL. [11]

We begin by summarising the coordinate conventions used in [11]]. The equilibrium magnetic field is expressed
in Clebsch form, B = Va x V1), with ¢ labelling flux surfaces (e.g. poloidal magnetic flux, set to zero on-axis)

2STEP is expected to have minimal external momentum injection.
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and o = ¢ — q(v))6 labelling fieldlines within a surface (e.g., [13]]). To work in the local, flux-tube approximation
[14]], we adopt field-aligned coordinates (x Yy, Z), Where

dy

= (v — 1
T = dw (@ — o), V=1 (o — ), (1

denote radial and binormal displacements, and z is the coordinate along the fieldline. These coordinates are
defined so that B/ By = Va X Vy, where x and y have units of length (By is a reference magnetic-field strength).

In axisymmetry, equilibrium quantities are independent of ¥, so fluctuations may be expanded as

ng ikerthyy), ©)

with statistical periodicity assumed in the perpendicular plane.

Zonal perturbations (constant on a flux-surface) are naturally extracted using the flux-surface average

= lim 71 3 = —
(o= Jm g o, GO V@) =V A) -~ V@), G

In [L1]] it was shown from the quasineutrality equation that the zonal fields in an electromagnetic plasma evolve
according to

(SBHkJ_

Z qsns 1 - FOS (bkl Z qsnsrls

where the LHS represents the flux-surface-averaged time evolution of the generalised polarisation charge, includ-
ing electrostatic and magnetic compressibility effects, while the RHS includes linear and nonlinear (turbulence-
driven) contributions to the divergence of the radial flux surface averaged current density . Here ¢ is the per-
turbed electrostatic potential, A is the component of the vector potential parallel to the equilibrium field, 6B
is the perturbation of the magnetic field parallel to B, and h; is the non-adiabatic part of the perturbed dis-
tribution function, defined in guiding centre space by 0fs = —(qs¢/Ts)Fs + hs for species s with equilib-
rium distribution Fy, charge ¢, density ng, and temperature T;. The functions T'os(cs) = Ip(as)e™ s and
Tis(as) = [To(as) — I (as)]e”* are finite-Larmor-radius operators, where «gy = %(klps)Q, Ps = Vms/|Qs]
is the species Larmor radius, vys = 1/275/m is the thermal speed, and 2, = ¢sB/(msc) is the cyclotron
frequency. The electromagnetic fields appearing in (@) are determined by quasineutrality and Ampere’s law,

qsns 3
Sie= T [#eta ®
VLXZqS/dvvlh>] (6)

where v and v are particle velocity components parallel and perpendicular to the equilibrium field, b = B/B,
¢ is the speed of light, and the gyroaverage (. .. ), denotes averaging over gyrophase at fixed particle position.

0 ik, T
8t<z "’

ki

> = Ijin + i, 4
P

ViA” —qus/d ’U’UH h >7.7 Vi(SB“ _7b

The first term on the right-hand-side of (@) is the linear contribution to the divergence of the perturbed radial

T e (e few () o (em),)) o

that describes the (radial) drifting of the plasma across flux-surfaces due to the magnetic drifts and the effects of

inter-particle collisions on the gyrokinetic distribution function &4 through the (linearised) collision operator C' SS),

The turbulent (nonlinear) contribution to the divergence of the perturbed radial current in (4) can be written as
IR, v-A
Hturb:_<ZQS/dU Uy - Vh> >1l17 Xzib 8Rg ) _¢ (8)

with contributions conventionally separated into the F x B term Il4, the magnetic-flutter term II Ay and the
compressive term l_LsBH .
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2.1. Zonal energy balance

Following [[11]], we recast (E]) as an energy equation (see details in [[I1]]). Neglecting the small 5BH contribution
on the LHS, and focusing on large-scale zonal flows with k;p; < 1, the ion polarisation terms simplify as
1-Ty~ %kg p?and 'y ~ %k‘i p2, so the zonal-flow inertia reduces to quadratic dependence on k.. Because z is
a flux coordinate, the physical perpendicular wavenumber is k; = k,|Vz|. In this limit, the zonal energy balance

(per k, mode) then reads

Z%n,|Vz|?

&,Ezp(km) = 4T

O [()y s |° = —Vhink, — Vork, — VA by — ViBy ke = —VIZF ki, ©)

where the vz 1, is the turbulent ZF damping term and the different channels are

Vink, = —Re ((6)3 x, iink, ) (10)
Vo, = —Re ((#)7 1, Tk, ) (11)
vay ke = —Re ((9)5 1, Tay k) » (12)
vy ke = —Re (051, Ty k) - (13)

Thus the zonal polarisation energy evolves through a competition between a linear term and the three nonlin-
ear transfer channels. In strongly electromagnetic regimes relevant to STEP, the turbulent contributions often
dominate, particularly during electromagnetic runaway when the heat flux grows rapidly [5} 6]]. The sign and per-
sistence of the different terms (and their sum) on the RHS of @) therefore provide a criterion for zonal saturation.
In saturated turbulence, the RHS of @I) should be close to zero, a net-positive RHS strengthens zonal flows, while
a net-negative RHS damps them, leading to streamer-dominated states with elevated fluxes.

2.2. Threshold for the non-zonal transition

In [11]], the authors argue that the critical plasma beta, g2 3. = C.1, above which electromagnetic turbulence will
fail to saturate, arises from the competition between electrostatic and electromagnetic (Alfvénic) dynamics (in
particular, that the sign of vz is set by competition between the vy . and VA ko which tend to have the
opposite sign). At low beta, the Alfvén speed v4 ~ vi/+/B , s0 magnetic perturbations are rapidly smoothed by
Alfvén-wave propagation. This prevents the magnetic-flutter stress from contributing significantly to zonal-flow
dynamics, leaving saturation governed primarily by £ x B effects. However, as . increases, v4 decreases and
electromagnetic effects become dynamically relevant. Specifically, this happens when the Alfvén frequency for
the lowest parallel wavenumber mode, w3i™ ~ v4/(gR), becomes comparable to the MHD interchange growth
rate ymup ~ Umi/+/ RL7,. Equating these two timescales yields a critical beta,

L,
R’

e ~ (14)
which marks the threshold above which Alfvénic perturbations can interact strongly with drift waves on compa-
rable timescales, allowing magnetic flutter and its associated stresses to influence the turbulenceﬂ

The (. limit in can be related to a limit on By ~ ¢*B.(R/a)? [8]]. Again, Bpol becoming order unity
marks the onset of Alfvénic dynamics. In the large-aspect-ratio limit, the ratio of perpendicular to parallel current
divergence scales as V-J /V-J|| o< Be(qR/a)?, so changes in S, ¢*, or (R/a)? have equivalent impact in driving
the system into a non-zonal regime [8]]. This means that the limit occurs at a lower value of beta (toroidal) in
conventional-aspect-ratio devices, while tighter-aspect-ratio configurations are naturally more resilient at high S,
(for fixed ¢). In practice, however, local gyrokinetic simulations are typically performed at fixed aspect ratio,
so the threshold is most usefully expressed in terms of the control parameter ¢3,. We begin our investigation

by verifying whether the theory developed in [11]] also explains the non-zonal transition observed in gyrokinetic
simulations of STEP-EC-HD (Section [3.1). We then show that turbulence mitigation is possible at larger values
of ¢%f. when /3’ is scaled o . (Section|3.2).

3The estimate can also be derived directly from quasilinear estimates of the terms on the right-hand-side of (4) See Appendix B of
[L1].
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3. NUMERICAL SIMULATIONS OF STEP-EC-HD

The simulations presented in here focus on a single equilibrium flux surface near mid-radius (¢ = 3.5, ¥,, = 0.49)
in the STEP reference scenario STEP—EC—HIf_-L where EC denotes electron cyclotron heating and current drive,
and HD denotes high density. This scenario is an early iteration of the STEP design concept, targeting a fusion
power of Pr,s = 1.7 GW. The same flux surface has been studied previously [4} |5} 6], and is chosen here to enable
direct comparison. All parameter scans are performed with this surface as the reference.

The GK analysis presented in the paper employed pyrokinetics [|I5]. For the simulations reported here, a
Miller parameterisation [16]] of the local magnetic equilibrium geometry was generated, with shaping parameters
fitted to the chosen surface. Table [1| lists key local equilibrium quantities, including magnetic shear 3, safety
factor ¢, normalised minor radius p/a, elongation « and «’, triangularity ¢ and ¢’, the Shafranov shift derivative
A, and the normalised inverse density and temperature gradient scale lengths a/L,,; and a/Lrs. The binormal
wavenumber %121 ps corresponds to toroidal mode number n = 1. The simulations evolve two species—electrons
and a deuterium—tritium mix—while neglecting impurities and fast particles.

TABLE 1. LOCAL PARAMETERS FOR THE MID-RADIUS SURFACE IN THE STEP-EC-HD
CONFIGURATION.

Parameter Value Parameter Value

3. 009 7 —0.48
q 35 4 1.20
U, 049 p=r/a 0.64
K 256 K 0.06
) 029 ¢ 0.46
A/ —0.40 k;}zlps 0.0047
a/Ln, 1.06  a/Lr, 1.58
a/Ly 106  a/Lr, 1.82

The diagnostics of [[11]], implemented in the gyrokinetic code stella [17], are used to quantify zonal-flow
dynamics across the transition boundary. We use stella to calculate the zonal-flow damping terms, complex
in k, and t. As shown in [11]], the dominant contribution to the ZF damping terms arise from the largest scales,
reflecting that zonal flows suppress turbulence most effectively at scales larger than the outer scale. Large-scale
viscosities are therefore defined, for example, as

Vo= Y. Vok, (15)

kx| <kyo

with ko the outer scale of the turbulence, i.e. the peak of the heat flux spectrum in £,,.

stella employs spatial coordinates (k,, k,, z) and velocity-space coordinates (v, ), identical to the discreti-
sation in GENE, enabling direct comparison. Over 100 nonlinear simulations (and over 1000 linear simulations)
were performed. Table@lists the nominal resolution parameters: ng, is the spectral radial resolution, ny,, the num-
ber of binormal Fourier modes, n the number of grid points along the field line, n,, and n,, the velocity-space
resolutions, and k;“i“ (kminy the smallest non-zonal binormal (radial) wavenumber evolved in the simulation. The
chosen grids are comparable to those used in earlier STEP-EC-HD studies [3} 6. Collisions are modelled with
the Dougherty operator [17]]. The radial box size is set as L, = j/($ky min) With j = 8 to include eight rational
surfaces of the lowest toroidal mode number [5]].

TABLE 2. NOMINAL RESOLUTION PARAMETERS FOR LINEAR (L) AND NONLINEAR (NL)
SIMULATIONS

Simulation ng, nk, n. Ny L M ko kg“n
L 5 1 64 32 16 - -
NL 128 32 32 32 16 0.025 0.025

ISimDB UUID: 2bb77572-d832-11ec-b2e3-679f5f37cafe, Alias: smars/jetto/step/S8888/apr2922/seq-1
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3.1. Forward transition to extreme heat fluxes with increasing 5.; competition between E x B nonlinear
term and magnetic flutter nonlinear term defines a ‘“no-go zone” for local gyrokinetics

Figure [2[ (LHS) summarises a parameter scan over the (g, 5.) plane (where 8’ () using 128 nonlinear gy-
rokinetic simulations of the STEP-EC-HD equilibrium performed with stella. Simulations that saturate with
Qrotar < 100 MW/ m? are marked by blue crosses, while red crosses denote cases where the heat flux continued
to rise with no sign of saturation. The threshold of 200 MW/ m? is arbitrary, chosen to represent an order-of-
magnitude increase relative to the well-saturated low-f3. regime; in practice the transition is sharp, corresponding
to a steep increase in dQyota1/dS.. The black dashed line shows the ideal ballooning mode (IBM) threshold com-
puted with the pyrokinetics solver based on the approach used in [[18]], while the solid line corresponds to the
predicted nonlinear boundary ¢, = CSTEP calculated using the approach proposed in [[11], with CSTEP deter-
mined by fitting a single reference case at (¢, 8.) = (3.5,0.026). The close agreement between this prediction and
the observed transition supports the relevance of the ¢, criterion and delineates a local GK “no-go zone” (red
crosses) where fluxes are very large. The reference STEP-EC-HD operating point, (g, 5.) = (3.5,0.09) [black
box], lies within this region. All simulations were performed without equilibrium flow shear, noting the absence
of external momentum injection in STEP-EC-HD (although intrinsic flows are likely and simulations do predict
flow shear can reduce fluxes significantly [5]]). Figure 2] (RHS) zooms in on the dashed box, showing runs close
to the threshold. Green numbers indicate the ratio of |4, |/[ve[, which is seen to cross unity as predicted in [[11].
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FIG. 2. (LHS) Results from nonlinear simulations of STEP-EC-HD at various values of ¢ and 3. using stella.
Apart from 3’, which is always proportional to 3., all other local parameters are fixed. Simulations that converge
t0 Qtotal < 100 MW m~2 are marked by blue crosses. Simulations that do not converge to this threshold within
the simulated timescale are marked by red crosses (see text for details). The dashed black line shows the ideal
ballooning mode threshold calculated with pyrokinetics. The solid black line is the predicted transition curve
q*Be = CSTEP [11]], where CSTEF is obtained by fitting a single simulation at (g, 8.) = (3.5,0.026). The black
box marks the nominal STEP-EC-HD operating point. (RHS) Zoom of the region marked by the dashed box
in the LHS, highlighting multiple simulations near the observed threshold. Green numbers indicate the ratio of
magnetic-flutter to F/ X B viscosity.

3.2. Reverse transition to lower heat fluxes with increasing j3.; the role of 3’ stabilisation and access to
second stability

Nonlinear simulations of STEP and Cyclone-Base-Case geometries reveal the existence of a reverse transition
to reduced heat fluxes at large values of ¢2/3’. This behaviour is associated with the stabilisation of the hybrid
kinetic ballooning mode (hKBM) at large 8’ and the emergence of microtearing modes as the dominant linear
instability, consistent with the /3’-stabilisation mechanism [[19]]. Linear calculations (Figure [3f LHS) demonstrate
that the growth rate of the hKBM decreases as 3. increases, enabling the recovery of zonal regulation and a return
to moderate flux levels despite the large value of ¢,
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FIG. 3. Growth rate (LHS) of the fastest growing linear mode as a function of kyp, and 8. from GENE linear
simulations of STEP-EC-HD for fixed ¢ = 3.5. The values of 3. cover the reverse transition observed in Figure 2]
There is a transition in the dominant instability across the reverse transition from hKBM to MTM. (RHS) growth
rate (positive) and real frequency (negative) of the ideal ballooning mode overplotted on the nonlinear data of
Figure 2] Isolines of the IBM eigenvalue (see text) track the shape of the second-stable region where simulations
saturate at more modest fluxes (upper right corner).

The ideal ballooning mode (IBM) eigenvalue, A = —w?, is obtained from the ballooning mode equation and
quantifies the competition between pressure-gradient drive and field-line bending (e.g., [[12]]). Positive values
correspond to instability (exponentially growing ballooning modes), while negative values indicate stability (os-
cillatory modes), with more negative values denoting stronger Alfvénic restoring forces and greater distance from
the IBM instability boundary. Because the same Alfvénic field-line bending physics underlies the magnetic-flutter
stress in gyrokinetics, A provides a natural link between linear MHD stability and the nonlinear stress balance
that governs saturation. In practice, the IBM stability boundary, parametrised by anmp o ¢?/3’, proves to be a
useful proxy for identifying both the high-flux regime and the second-stable region (Figure [3] RHS). Although it
does not accurately capture the first nonlinear transition—since the runaway occurs below the IBM threshold—it
successfully tracks access to second stability and the associated reduction of turbulent fluxes. This makes the IBM
eigenvalue a computationally inexpensive diagnostic for anticipating saturation behaviour, and highlights a direct
connection between ideal MHD stability and nonlinear gyrokinetic turbulence in STEP.

4. SUMMARY

Local GK predicts the existence of a non-zonal transition to a high-flux regime, which places a clear constraint on
the applicability of local gyrokinetics in STEP-like plasmas. The criterion g3, > Cp can be used as a practical
“no-go” condition to guide conservative scenario design. In addition the return to more modest fluxes at higher
B’ highlights the existence of a plasma state with improved confinement if there is sufficiently deep access to
second-stability (for IBMs). Access to such states needs to be investigated, and the IBM proxy will provide a
computationally efficient diagnostic to help guide scenario planning and optimisation.
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