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Microtearing Modes in high-β Spherical Tokamaks

D. Kennedy1, B.S. Patel1, and C. M. Roach1

1 Culham Centre for Fusion Energy Abingdon, Oxfordshire, OX14 5EB, UK

Microinstabilities often result in turbulence that influences energy confinement in tokamak discharges.

One such microinstability, of particular importance to the design of next-generation spherical tokamaks

(STs) such as STEP [1], is the microtearing mode (MTM).

Figure 1: Growth rate and frequencies of the dominant

odd and even parity micro-instabilities as a function of kyρs

with θ0 = 0 for the ρψ = 0.5 surface of the baseline equi-

librium calculated by GS2. Figure adapted from [1].

MTMs tear equilibrium flux surfaces and are

driven on rational surfaces primarily by the

electron-temperature gradient R/LTe. MTMs are

electromagnetic modes which propagate in the elec-

tron diamagnetic direction. In STEP-like equilibria,

we find that MTMs can be unstable over a wide

range of binormal scales (see Fig. (1)). At kyρi� 1

(N), MTMs are often sub-dominant to KBMs, and

MTM eigenfunctions in φ are highly extended in

ballooning space (i.e. access high kx). At kyρi ≥ 1

(�), the MTM eigenfunctions in φ are highly bal-

looning and localised about θ = 0. We are particu-

larly concerned by MTMs at kyρs� 1 (N), as these

low ky MTMs are more weakly affected by flow

shear and tend to dominate large fluxes at late times in nonlinear simulations.

In STEP-like parameter regimes, nonlinear gyrokinetic (GK) simulations tend to either: (i) reach a quasi-

saturated state at where the associated fluxes far exceed experimental operating limits; or (ii) fail to saturate

entirely. Local GK simulations of type (i) tend to be accompanied by an unphysical end-state with box-scale

turbulent structures that cannot be accurately described within the local GK framework, so it is therefore

unclear whether the runaway and/or large flux saturated states are physical.

Predictions of the performance of future ST fusion plants require reliable models that can describe MTM

driven turbulent transport. In this short paper, we explore two paths towards progress on this front: (A)

progress on reduced models of MTM-driven electron thermal transport; and (B) progress on global GK

simulations of MTMs.

(A) Reduced models of MTM turbulence

One such reduced model [2], hereinafter the RAFIQ model, has been successful at modelling experimen-

tal discharges in NSTX and reproducing the trends predicted by GK simulations [3]. In the RAFIQ model,

the MTM electron thermal diffusivity is computed according to the Rechester–Rosenbluth model [4] and,

in principle, the entire spectrum of magnetic fluctuations is needed to calculate the heat flux. However, [2]



argues that the use of most unstable linear MTM is sufficient and thus the real workhorse of the RAFIQ

model is the dispersion relation used to calculate the growth rate of the fastest growing unstable MTM.

Unfortunately, despite successfully modelling MTM-dominated discharges in existing experiments (e.g.,

[3]), we find that the linear solver (i.e., the linear limit of the dispersion relation in [2]) in the RAFIQ

model does a poorer job of capturing linear MTMs in a STEP-like equilibria (see Fig. (2)). In order to try

to pinpoint where the RAFIQ model might be failing we developed an IN HOUSE model making similar

physics assumptions to RAFIQ, but avoiding approximations that may not be valid for MTMs in STEP-like

plasmas (we avoid using a cut-off to approximate velocity space integrals).

Our starting point is the linear electron gyrokinetic equation(
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distribution function is written as fk = δ f ≡ g+ eφ

T f0, where g is the gyrophase-independent part of the

distribution function.
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As discussed previously, we are mostly concerned with the collisional MTM at kyρi � 1 with very low

k‖. As such, we can neglect k‖. Armed with this assumption, substituting Eq. (2) into Ampére’s law j‖ ≡
−∫ e fkv‖ d3v = 1

µ0
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A Python script is used to find the zeros of the function F1, and we use the approximations in [2] to

evaluate ωDe and ν . In Fig. (2) we compare the results of the RAFIQ and IN HOUSE models against

local GK (CGYRO) in two ST geometries. It appears that RAFIQ is the better model for NSTX, but the

IN HOUSE calculation is better for STEP! We are working on developing reduced models for the different

classes of MTMs that appear at low and high ky in STEP-like plasmas, including an assessment of the MTM

susceptibility to stabilisation by sheared flows.

(B) Global simulations of MTMs

In the absence of experiments close to STEP-like parameters, the litmus test for reduced models will be

whether we can benchmark reduced models against saturated nonlinear GK simulations.
1see https://github.com/bpatel2107/mtm_solver.



<latexit sha1_base64="qbAylMjCaZ6qxuqeDHFXCd+5coY="></latexit>

STEP
<latexit sha1_base64="aHFhah39y5G11S9cRlMo/aGVW/o="></latexit>

NSTX
<latexit sha1_base64="pVUFf6GFJM2cltIMPkqYXYbbncg="></latexit>

�(cs/a)
<latexit sha1_base64="pVUFf6GFJM2cltIMPkqYXYbbncg="></latexit>

�(cs/a)
<latexit sha1_base64="D6pXWVAOd1FAcRhjLrGUm6UCCpU="></latexit>

!(cs/a)
<latexit sha1_base64="D6pXWVAOd1FAcRhjLrGUm6UCCpU="></latexit>

!(cs/a)

<latexit sha1_base64="aFw84UvBNBRjWlM6F/X6YTSLPgs="></latexit>

ky(⇢�1
s )

<latexit sha1_base64="aFw84UvBNBRjWlM6F/X6YTSLPgs="></latexit>

ky(⇢�1
s )

<latexit sha1_base64="aFw84UvBNBRjWlM6F/X6YTSLPgs="></latexit>

ky(⇢�1
s )

<latexit sha1_base64="aFw84UvBNBRjWlM6F/X6YTSLPgs="></latexit>

ky(⇢�1
s )

Figure 2: Comparison of existing linear models (RAFIQ [2], and IN HOUSE solution of Eq. (3)) and local GK

(CGYRO) calculations for two different ST geometries STEP [1] (LHS) and NSTX [3] (RHS).
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Figure 3: Time evolution of the heat flux (LHS) and con-

tour plots of the electrostatic φ and magnetic A‖ vector

potentials (RHS) at the final time step in a nonlinear STEP

simulation.

In Fig. (3), we show the results of a generic, lo-

cal 2-field GK simulation (δφ ,δA‖) for a STEP-

like case ([1]) with a/LTi = 0. Whilst the simulation

reaches a quasi-saturated state, the predicted heat

flux greatly exceeds the available power. Moreover,

this quasi-saturated state is accompanied by box-

scale radial streamers (i.e., an unphysical end state).

This result, which is not atypical, departs from the

domain of validity of local GK, and suggests value

in pursuing a global approach.

To understand the impact of global effects at low

poloidal mode number n, we perform global simu-

lations using the GK code GENE [5]. As a first step

in this direction, we aim to compare global GK against local GK in the high n limit. The calculations for

this benchmark were performed in a STEP-like equilibrium with lower βe than that used in the local cal-

culations above. local GK at ρψ = 0.5 predicts that this equilibrium is KBM dominated, with subdominant

unstable MTM, at low kyρi. When attempting this benchmark, we discovered that the maximum radial res-

olution is limited by the resolution of the numerical equilibria. For a numerical STEP equilibrium with

(NR,NZ) = (1600,1600), we find that the radial resolution should be limited to: ∆ρtor ≥ ∆? ≈ 2× 10−3.

Resolving rational spacing ∆rat requires: ∆? < ∆rat, and thus requiring 20 points between rational surfaces

for the equilibrium region studied requires n < 50.

The results of this first linear benchmark are shown in Fig. (4). As expected, the growth rates calculated

by the local and global codes appear to converge as n increases up the scales which we can confidently

resolve. However, a caveat to this is that it appears the local and global codes identify different instabilities

as the most unstable mode (note sign of real frequency). Unsurprisingly, global physics appears to play a



role at low n where the local and global calculations diverge, and where there is a larger variation of the

temperature and density gradients across the radial box (see inset).
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Figure 4: Comparison of LOCAL and GLOBAL GK calculations. Shown is the growth rate γ and real frequency ωr of

the fastest growing linear mode as a function of toriodal mode number n in a STEP-like equilibria. On the right-hand

inset, the variation of the temperature and density gradients (top) are shown alongside the global mode structure

|φ |(x,z)|. (bottom). The buffer regions (where a Krook operator is employed in the global simulations) are shown as

a shaded yellow region. The rational surfaces are shown as dots (top) and white lines (bottom).

Conclusions

Understanding the physics of MTMs, and in particular their nonlinear saturation or lack thereof, is a key

challenge in the design of next-generation STs. We have found that existing reduced models can approxi-

mately match local GK linear properties for some classes of MTM in some ST equilibria, but more effort

is needed to improve the models and their breadth of scope. We have also found that global effects are

significant at low n in STEP, and we will carry out global simulations to investigate STEP-like equilibria

where local GK simulations of low n MTMs fail to saturate with acceptable fluxes.
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