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Abstract. Resistive wall mode stability limits have been probed by MHD
spectroscopy and numerical modelling. MAST plasmas have operated up to βN =
5.7, well above the predicted ideal kink no-wall limit or measured resonant field
amplification limits due to a combination of rotation and kinetic damping. By varying
the density, both the rotation and the fast ion distribution function have been changed
dramatically. Detailed drift kinetic modelling shows that whilst the contribution of
energetic beam ions to resistive wall mode damping does increase at sufficiently high
plasma rotation as to allow resonance with the fast ion precession frequency, the
thermal ion damping always dominates over the fast ion contribution.
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1. Introduction

In order to operate a future fusion power plant at an optimal cost of electricity it is

necessary to develop a plasma scenario which optimises the ratio of the plasma energy

to the magnetic field energy (ie maximise β where β = 2µ0〈p〉/B2
0 and 〈p〉 is the volume-

averaged plasma pressure and B0 is the equilibrium toroidal magnetic field) whilst

simultaneously minimising the amount of power required to supply the current non-

inductively. Indeed, the EU Power Plant Conceptual Study (PPCS) [1] concluded that

in order to produce electricity at economically attractive rates in a future fusion power

plant, plasma performance beyond the ITER baseline level [2] is required [3]. One goal

of ITER [2] is to demonstrate reactor-scale steady-state tokamak operation. ‘Advanced

tokamak scenarios’ [4–8] maximise the self-generated non-inductively driven bootstrap

current [9] through a combination of operating at high plasma pressure and low plasma

current. However, such plasma parameters make the discharges more susceptible to

deleterious magnetohydrodynamic (MHD) instabilities which would not be unstable

with conventional H-mode profiles [10,11]. The ultimate performance limit in advanced

tokamak scenario operation is often set by the resistive wall mode (RWM). The RWM

is a macroscopic pressure-driven kink mode, whose stability is mainly determined by

damping arising from the relative rotation between the fast rotating plasma and the

slowly rotating wall mode. In the absence of a surrounding wall, the plasma is stable

to kink modes until the normalised plasma pressure, β = 2µ0〈p〉/B2, exceeds a critical

value, β∞. In the presence of an ideally conducting wall, the plasma is stable to a critical

value, βb, with the range β∞ < β < βb called the wall-stabilised region. In practice, the

vessel wall has a finite resistivity. Thus, on the time scale required for eddy currents

to decay resistively, the magnetic perturbation of the external kink mode can penetrate

the wall and so wall-stabilisation is lost.

It has been shown in a number of machines that the plasma can operate above the

no-wall β-limit [12–19], even with very low rotation [20–23]. Recent experiments with

nearly balanced neutral beam injection (NBI) [20, 21] have found a critical velocity for

RWM stabilisation well below that found in previous magnetic braking experiments [19].

Consequently, in order to make reliable extrapolation to ITER performance, it is crucial

to understand the passive stabilisation allowing operation above the predicted no-wall

stability limits. Various models have been presented to explain the RWM damping

due to kinetic effects, such as sound-wave damping [24], ion Landau damping [25], or

damping arising from resonance with the precessional drift of thermal ions [26, 27].

Numerical simulation has shown that the damping from resonance with the precession

frequency of thermal ions [28–30] or fast ions [31, 32] can significantly raise the RWM

stability limit. In order to explicate the effects of energetic ions in determining the

RWM stability limits, dedicated experiments with different fast ion distributions have

been performed in MAST plasmas operated well above the ideal no-wall stability limit

predicted by either linear stability analysis (where rigorous equilibrium reconstruction

has been shown to be highly accurate in the saturated internal mode onset studies in
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ref [33]) or from the resonant field amplification limit, which is understood to provide

information on the no-wall limit [34]. In order to test whether significant damping is

caused by the NBI fast ions, the plasma response has been measured for a range of fast

ion distributions – achieved by varying plasma density – and compared to the damping

rate. In section 2 the experimental measurements of proximity to RWM stability limits

are presented for plasmas with different NBI fast ion populations. The distribution of

the fast particles is assessed in section 3 and used to consider the kinetic damping effects

on the external kink mode in these MAST plasmas in section 4. Finally, conclusions

and implications for RWM stability limits are discussed in section 5.

2. Resonant Field Amplification Experiments in MAST

A weakly damped mode, such as the RWM in the presence of rotation or kinetic

damping, can amplify the resonant component of magnetic field asymmetries [35]. This

means that RWM stability can be probed experimentally by examining the plasma

response to externally applied non-axisymmetric magnetic fields. When the plasma

pressure exceeds the no-wall β-limit, strong resonant field amplification (RFA) of the

applied field occurs, meaning that RFA can be used to infer the ideal no-wall β-limit.

The measured frequency spectrum of the RFA to externally applied rotating magnetic

fields has been described by a single-mode approach [34]. This allows an absolute

measurement of the damping rate and natural mode rotation frequency of the RWM.

The resonant field amplification amplitude is usually defined as the ratio of the

plasma response to the externally applied field, Bext
r . It is found by measuring the

perturbed radial magnetic field at sensors at the wall, Br, and is defined as

ARFA =
Br(r = rsensor)−Bext

r

Bext
r

(1)

The resonant field amplification, ARFA, is a complex number, whose phase angle refers

to the toroidal phase of the plasma response with respect to the externally applied

field [34]. More recently, differences between the RFA limit and the no-wall β-limit

in JET have been negated by redefining the RFA limit as the β value at which the

logarithmic derivative of the measured RFA as a function of βN reaches a maximum [36].

In MAST, oscillating non-axisymmetric magnetic fields have been applied from the

internal coils, consisting of two rows of six coils mounted inside the vacuum vessel,

equally spaced toroidally and located symmetrically above and below the midplane.

The coils are made of four turns and equipped with power supplies that can provide

1.4kA in each turn. In these experiments, toroidally opposite coils are connected in

series with oppositely directed currents to produce an n = 1 field. The external field

has been applied in identical plasma discharges with frequency varying from 30Hz to

100Hz in the same direction as the plasma rotation. By measuring the plasma response

on pairs of saddle coils, both in the same sectors of the vessel as the internal coils from

which the magnetic perturbation is applied, and also in sectors orthogonal to the applied

field, the amplitude of the RFA can be found. Bext
r was measured in a series of vacuum
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Figure 1. The resonant field amplification amplitude as a function of applied
oscillating field frequency. It is apparent that the clearest amplification is observed
when the applied field is at 60Hz.

only discharges, and the saddle coil data are corrected by subtracting the signal from a

plasma with no applied field in order to remove direct pick up from the poloidal field

coils. It should be noted that due to noise in the saddle coil signals, the raw data have

been bandpass filtered by ±4Hz around the applied frequency and the RFA calculated

for any given βN over three cycles. A cross-correlation between the RFA signal produced

and the applied current is then performed, and data are only retained if the coherence

is above a threshold of 0.8. The RFA in a series of MAST discharges for a range of

βN with various applied field frequencies is illustrated in figure 1. It is evident that the

RFA is maximised at an applied field of 60Hz, and so all measurements during βN scans

are performed at this frequency.

In order to assess the effect of the fast ions on the plasma stability limits, the

fast ion distribution function has been varied by changing the plasma density. By

changing the density, the fast ion gradients in both radial and velocity space will

change. As the density increases, the fast ion population becomes broader in radius

and more peaked in energy. Whilst different density would nominally lead to a different

q-profile, which implicitly affects global stability, the density scan was performed in

deliberately vertically-displaced MAST plasmas in order to keep the q-profile relatively

constant. By down-shifting the plasma, the neutral beam deposition is shifted off-axis,

avoiding the strongly stabilising effect on the internal kink mode of a fast ion population

peaked on-axis [37,38]. In a spherical tokamak, where the broad low-shear core q-profile

typically results in rq=1/a ≥ 0.5, a significant fraction of energetic ions inside the q = 1

surface can stabilise the first sawtooth to the extent that it is disruptive. Operating

in single null and moving the beam distribution off-axis permitted access to high βN
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Figure 2. The safety factor profile at t = 0.3s for four MAST plasmas with varying
plasma density, namely 25109 (ne = 6.8 × 1019m−3), 25104 (ne = 5.6 × 1019m−3),
25112 (ne = 5.3× 1019m−3) and 25114 (ne = 3.5× 1019m−3).

since the sawteeth are small and regular. These frequent sawteeth also mediate the

safety factor evolution and consequently the q-profile is approximately constant despite

significant changes in the density. Figure 2 shows clearly that the q-profile calculated

by EFIT equilibrium reconstruction is barely changed by the scan in plasma density.

Here the EFIT reconstruction is constrained by measurements of the magnetic field

pitch angle from the Motional Stark Effect (MSE) diagnostic, electron temperature and

density profiles from the high resolution Thomson Scattering (TS) diagnostic and Dα

measurements to constrain the edge of the plasma. Unfortunately, vertically displacing

the plasma is sub-optimal for some of the diagnostic systems whose line-of-sight is along

the vessel midplane, but sufficiently detailed equilibria can still be reconstructed.

Increasing the density results not only in the fast ion distribution becoming peaked

further off-axis and at lower energies, but also the rotation velocity increases, which

pertinently affects RWM stability. However, the fast ion orbit width (which is significant

in spherical tokamaks, ∆r/a ≈ 0.2 and can play a significant role in RWM stability [39])

remains approximately the same, which is not the case using an alternative experimental

approach of varying Ip/Bt in order to change fast ion confinement whilst keeping q the

same [32].

Figure 3 shows plasma parameters of a typical MAST plasma in the middle of the

density scan. During the discharge the neutral beam heating power is increased and

then the plasma current is ramped down from 600kA to 500kA in order to progressively

increase βN , allowing the plasma response to be measured for different values of plasma

pressure. The toroidal magnetic field is held fixed at Bt = 0.5T and the electron density

is varied in the range ne ∈ [3.0, 6.8]× 1019m−3. The oscillating external field is applied

at 60Hz in H-mode plasmas which reach βN ∼ 5.5, and exceed the ideal no-wall MHD
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Figure 3. (a) The plasma current; (b) The applied oscillating field; (c) The injected
NBI power and (d) βN calculated by EFIT for MAST discharge 25105.

stability limit predicted by linear MHD stability analysis using the Mishka-1 code [40].

As the NBI power is increased, the toroidal rotation increases too, which together with

the kinetic effects discussed in section 4, means that the plasma operates above the

no-wall limit without the RWM becoming unstable.

Although the RWM is stable in these MAST plasmas, an increase in resonant field

amplification can be viewed as a proxy for the ideal no-wall stability limit [36,41]. The

RFA is measured for a series of MAST plasmas with different density, and thus different

fast ion distributions and different rotation profiles, but ostensibly identical q-profiles

and fast ion orbit widths. Figure 4 shows the RFA measured by midplane saddle coils

with respect to the βN calculated by EFIT equilibrium reconstruction for five MAST

plasmas. The RFA limit is seen at approximately the same βN for a range of different

densities, confirming that the plasma parameters that dominate ideal fluid stability are

essentially unchanged. However, in all cases, the plasma is able to operate above the

RFA limit, due to a combination of rotation stabilisation and kinetic damping.

Whilst the RFA only predicts the no-wall limit, it is possible to infer the plasma

response to the externally applied oscillating external field by using a simple single mode

model [34], which can then be directly compared to quantification of the mode damping

rate from numerical assessment. The plasma response at the wall is given by

δBs,plasma =
M∗

sc(γ0τw + 1)Ic
(iωextτw − γ0τw)(iωextτw + 1)

(2)

where γ0 is the growth rate of the RWM in the absence of applied fields, Ic is the current
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Figure 4. The RFA amplitude as a function of βN for five MAST discharges
with different plasma density, namely 25109 (ne = 6.8 × 1019m−3), 25104 (ne =
5.6× 1019m−3), 25105 (ne = 5.8× 1019m−3), 25101 (ne = 4.9× 1019m−3) and 25041
(ne = 3.9× 1019m−3. The no-wall stability limit is taken to be where the RFA begins
to markedly increase as the mode approaches marginal stability.

in the perturbing external coils, τw is the characteristic resistive decay time for currents

in the wall induced by the RWM and M∗
sc is the effective mutual inductance describing

the direct coupling between the coils and the resonant component of the externally

applied field at the wall. It is possible to fit the free parameters γ0 and M∗
sc to the

measured RFA as a function of the frequency of the applied magnetic field. Figure 5

shows the RFA as a function of applied frequency with the amplitude of the RFA fit

according to [34]

ARFA = −M
∗
sc

Msc

1 + γ0τw
γ0τw

(3)

where Msc is the externally applied field detected by the saddle coil sensors and the

wall time τw = 37.5ms is found from vacuum response data. Having found the γ0 and

M∗
sc free parameters by fitting the frequency-dependence of the RFA to equation 3, the

plasma response to the applied fields can be found using equation 2. Comparison of the

plasma response to the damping rate found by detailed modelling is given in section 4.

3. Equilibria and fast ion distributions

Equilibria have been reconstructed for a number of timeslices as the βN increases during

each MAST discharge with a different plasma density. The equilibria are generated using

the Helena code [42] which is supplied with the Efit [43] equilibrium and constrained

by the position of the q = 1 surface from the measured inversion radius observed in

the soft X-ray emission. The Efit equilibria are constrained by the MSE measurement

of the magnetic field pitch angle and the TS measurement of the electron density and
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Figure 5. The RFA amplitude (symbols) as a function of applied field frequency for
three different plasma pressures. Shown for comparison (lines) is the RFA amplitude
predicted by equation 3, used to ascertain the free parameters γ0 and M∗

sc.

temperature profiles. The current density profile is taken from Transp [44] calculations

in order to accurately include the neutral beam driven current. Unfortunately, the MSE

measures the pitch of the field lines along the path of the neutral beam, which is not near

the magnetic axis in these vertically displaced MAST plasmas, resulting in a greater

uncertainty in the core q-profile predicted by Efit. However, the qualitative comparison

between the discharges with different densities indicates no significant relative variation

in the q-profile.

In order to facilitate modelling of the effect of the fast ions on the stability of

the resistive wall mode, the fast ion distribution in phase space must be calculated.

Therefore, the fast ion distribution function for the different plasmas discussed in

section 2 has been assessed with the Transp code [44].The TRANSP code was used

in these studies as it enables use of the detailed Monte Carlo beam module NUBEAM

in a convenient, integrated plasma simulation environment. The beam ion distribution

function integrated over all particle energies and pitch angles is shown in poloidal cross-

section for four MAST plasmas with varying plasma density in figure 6. In all cases

the fast ion population is peaked off-axis, though well inside the q = 2 surface which

plays an important role in determining RWM stability. Incidentally, it is the off-axis

nature of the fast ion distribution which produces small, frequent sawteeth [37] allowing

operation at high-βN in MAST. Figure 6 shows that as the density is decreased, the

fast ion density increases by nearly a factor of two and the distribution becomes more

peaked towards the axis.

Figure 7, which shows the beam ion density as a function of normalised minor

radius, clearly indicates both the increase in fast ion density and the inward shift of the

peak of fast ion deposition as the density is decreased. Here the fast ion distribution

is integrated over all energies and pitch angles. As the density decreases, the radial
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Figure 6. The NBI fast ion density at t = 0.3s as predicted by Transp for
MAST discharges 25109 (ne = 6.8 × 1019m−3), 25104 (ne = 5.6 × 1019m−3), 25041
(ne = 3.9×1019m−3) and 25045 (ne = 3.1×1019m−3). As the plasma density decreases,
the fast ion density increases and becomes more peaked.

gradient of the fast ion density on the high-field side of the peak of beam ion deposition

does not change as much as on the low-field side of the distribution peak. This means

that ∂fh/∂r across the q = 2 surface changes significantly, which together with the

increase in βh is likely to strongly affect the change in the potential energy of the kink

mode arising from the presence of the fast ions.

The variation in pitch angle and the trapped fraction do not change significantly

with the plasma density. However, there is a significant change in the beam ion

distribution as a function of particle energy as ne changes, as illustrated in figure 8. As

the density decreases, the fast ion density at higher particle energy increases, broadening

the distribution function in energy space. These more energetic ions have a larger orbit

width – since ∆r increases with the parallel velocity – which is likely to lead to a stronger

influence upon kink mode stability.

The final part of the plasma equilibrium which is significantly affected by the

variation in plasma density is the toroidal rotation profile. Since the plasma is vertically

displaced in the open MAST vessel, the angular momentum imparted by NBI heating
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Figure 7. The fast ion density predicted by Transp as a function of r/a at t = 0.3s for
four MAST plasmas, namely 25109 (ne = 6.8×1019m−3), 25104 (ne = 5.6×1019m−3),
25041 (ne = 3.9× 1019m−3) and 25045 (ne = 3.1× 1019m−3).
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Figure 8. The fast ion density predicted by Transp as a function of particle energy
at t = 0.3s for four MAST plasmas, namely 25109 (ne = 6.8 × 1019m−3), 25104
(ne = 5.6× 1019m−3), 25041 (ne = 3.9× 1019m−3) and 25045 (ne = 3.1× 1019m−3).

is decreased, meaning that the plasmas studied here rotate much slower than typical

double-null MAST plasmas. Such strongly sub-Alfvénic rotation speeds enhance the

ITER relevance of these plasmas. Table 1 shows the plasma rotation speed relative

to the Alfvén speed and the fraction of the plasma pressure contributed by the fast

particles, where v0/vA ≤ 10% and βh/βtotal ≤ 60%. As the mass density changes, the

torque resulting from neutral beam injection varies and consequently the centrifugal

effects on the equilibrium alter, and more importantly, the Doppler-shift of the kink

mode frequency changes which strongly affects the resonant interaction between the

mode and the natural frequencies of species of both thermal and energetic particles.



The Effect of Energetic Particles on Resistive Wall Mode Stability in MAST 11

Shot ne × 1019m−3 v0/vA βh/βtotal

25109 6.8 0.103 0.091

25104 5.6 0.070 0.167

25041 3.9 0.046 0.337

25045 3.1 0.012 0.589

Table 1. Table giving the plasma velocity normalised to the Alfvén velocity and the
fast particle contribution to the β normalised to the total β for MAST plasmas with
different densities.
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Figure 9. The toroidal rotation velocity measured by Charge Exchange spectroscopy
as a function of major radius at t = 0.3s for three MAST plasmas, namely 25109
(ne = 6.8× 1019m−3), 25041 (ne = 3.9× 1019m−3) and 25045 (ne = 3.1× 1019m−3).
The thin bounding lines represent the error bar on the measurement. For comparison,
the q = 2 surface from Efit equilibrium reconstruction is at approximately R = 1.25m
in all cases.

The toroidal rotation for three MAST plasmas of different density is shown in figure 9.

At higher density, the toroidal rotation in the core is much larger. Efit equilibrium

reconstruction suggests that the q = 2 surface is at approximately R = 1.25m in all

three plasmas shown in figure 9. At this radial location, the rotation frequency does

not change significantly as the plasma density increases. However, subtle changes in

the rotation frequency can significantly affect the particles with which the RWM is in

resonance, as discussed in section 4. The stronger sheared rotation at higher density

can also affect RWM stability directly [19,45,46].

4. Assessment of Kinetic Damping

In the MAST experiments outlined in section 2, the plasma is sustained well above

the RFA limit and the calculated no-wall linear stability limit. Thus, it is important
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to understand the passive stabilisation allowing stable operation in the wall-stabilised

regime without direct suppression of the RWM, with a view to making reliable

predictions for RWM stability in ITER and future power plants, which are predicated

upon RWM avoidance [47, 48]. The earliest models for kinetic damping of the RWM

were based upon parallel viscosity or sound wave damping of the mode [24,49]. Later it

was suggested that the RWM would be damped due to a resonance between the mode

frequency and the transit (bounce) frequency of the passing (trapped) energetic ions

in the plasma [25]. More recently, kinetic theory has also been applied to suggest that

the RWM will be damped in the presence of trapped thermal ions due to a resonance

between the mode and the drift precessional motion of the particles [26, 27]. In this

study, the Hagis drift kinetic code [50] has been used to compute the change in the

potential energy of the kink mode in the presence of both thermal and energetic particles,

δWK = δWth+δWh. Hagis is a particle-orbit code following the guiding centre motion of

the particles, meaning that all the relevant resonances with particle motion are included

rigorously. This modelling includes finite orbit width effects that have been neglected

in previous studies [27,29–31].

The growth rate of the RWM can be formulated in terms of the MHD perturbed

energy, as [51]

γτW = −δW∞
δWb

(4)

where δWb,∞ represents the sum of the plasma and vacuum energy with and without a

wall respectively. Equation 4 can be extended to include the kinetic contribution to the

plasma energy, δWK , for low frequency modes [27], such that

γτW = −δW∞ + δWK

δWb + δWK

(5)

where δW∞ < 0 and δWb > 0, indicating that the plasma is in the region where the

ideal external kink mode is stable, but the RWM is MHD unstable.

The change in the potential energy of the unstable mode due to kinetic effects is

expressed as [52]

δWK = −1

2

∫
ξ∗⊥ · (∇ · P̃K)dV (6)

where ξ is the plasma displacement eigenfunction, P̃K is the perturbed pressure tensor

which can be found by taking moments of the perturbed distribution function, which

itself can be found by solving the linearised drift kinetic equation, and V is phase space

including both velocity and volume integrals. By solving the drift kinetic equation and

substituting in for P̃K then performing phase space integrals over particle energy, E ,

pitch angle, λ = v‖/v, and flux, ψ, it can be shown that the kinetic potential energy of

the mode incorporates a frequency resonance condition [26,32,53],

δWK ∼
∞∑

l=−∞

(ω − nωE)∂fj/∂E − 1
eZj
∂fj/∂ψ

ω − nωE + iνeff,j − 〈ω〉d,j − lωb,j

(7)
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where ω is the complex eigenmode frequency, the E × B frequency is ωE = ωφ − ω∗i,
ωφ is the toroidal rotation frequency, ω∗i is the ion diamagnetic frequency, Z is the

effective plasma charge, e is the electron charge, the particle energy is E = v2/2,

〈ω〉d is the orbit-averaged drift precession frequency, ωb is the trapped-particle bounce

frequency and νeff is the collision frequency. Using the Hagis code, all of the toroidal

and poloidal bounce(transit)-averaged frequencies for any species of particles can be

calculated, though collisions are neglected. It is clear from equation 7 that a resonance

between the Doppler shifted mode frequency and these particle frequencies can occur

when the denominator vanishes. Since the natural particle orbit frequencies vary

by orders of magnitude, such resonances occur with either the transit frequency of

passing particles, ω − ωE ∼ ωt ∼ v/R; the bounce frequency of the trapped particles,

ω − ωE ∼ ωt ∼
√
r/R(v/R); or the precession drift motion, ω − ωE ∼ ωt ∼ ρ/r(v/R),

where ωd ¿ ωb < ωt and ρ is the Larmor radius, ρ = mv⊥/eB and v⊥ is the particle

speed perpendicular to the magnetic field. Whilst it has been shown that the low-

frequency RWM can resonate with both the precession drift frequency and bounce

frequencies of thermal ions (depending on the plasma rotation) [28–30], for energetic

particles typically ωd, ωb À ω−ωE. Consequently, it is likely that the contribution from

the energetic particles is not a resonant process, but related to (i) an increase in the

resistance to changes in the magnetic flux by the kink mode through an inhibition of

toroidal coupling of harmonics and (ii) finite orbit width effects of the energetic ions. The

two conditions where a resonant contribution may persist are either when the hot ions

are near the trapped-passing boundary, or when they experience a toroidal precession

reversal. Recent studies have suggested that neutral beam ions [32] and fusion-born

alpha particles [31] are stabilising to the RWM, but that their effect is less significant

than the thermal species. However, these studies used the MISK [26] and MARS-K [53]

codes respectively, neither of which incorporates the radial excursion of the particles.

As observed in figure 2, the safety factor in these MAST plasmas has a wide region of

low magnetic shear, extending beyond mid-radius. Consequently, these plasmas become

unstable to global kink-ballooning modes at sufficiently high pressure gradients [54].

These eigenmodes do have external components which, in the absence of dissipative

stabilising effects, would cause eddy currents in the toroidally continuous poloidal field

coil casings which act as the wall in MAST when the plasma pressure is above the no-

wall limit, allowing a RWM – albeit with an infernal mode structure [10] rather than

external kink – to grow unstable. This global eigenmode is a resistive wall mode in the

sense that bringing a perfectly-conducting wall sufficiently close to the plasma boundary

stabilises the mode numerically.

The plasma response measurements in the MAST shots in section 2 show that the

RFA limit does not vary significantly with density. Indeed, figure 4 shows that the

increase in RFA always occurs in the range βN ∈ [3.7, 4.2] The ideal no-wall and with-

wall stability limits of these plasmas has been tested using the Mishka-1 linear stability

code [40] after the equilibria had been reconstructed as described in section 3 at the

time point at which the RFA is seen to markedly increase. Here, the wall constitutes
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Figure 10. The RFA limit measured experimentally compared to the no-wall and
with-wall ideal stability limits predicted by Mishka linear stability analysis for three
MAST plasmas, namely 25109 (ne = 6.8× 1019m−3), 25111 (ne = 3.1× 1019m−3) and
25112 (ne = 5.3× 1019m−3).

the vacuum vessel and the toroidally-continuous conducting casings which surround the

poloidal field coils. The growth rate of the limiting n = 1 mode as a function of βN

is shown in figure 10 and compared to the RFA limit, assessed as the normalised beta

at which the RFA amplitude begins to sharply increase. It is clear that in all cases,

the measured RFA limit is below the predicted ideal no-wall limit, but that across the

scan in density, these two limits remain relatively constant. The small variation in the

β-limits between discharges arises due to different trajectories in (βN , qmin) space as the

plasma evolves at different densities. Results from JET also find the RFA limit is often

below the ideal no-wall limit, leading to a redefinition of the RFA limit as the βN at

which the logarithmic derivative of the RFA is maximised [36]. However, the oscillations

in the MAST data illustrated in figure 4 mean that the logarithmic derivative of the RFA

does not have a clear maximum, so cannot be used to infer the experimental no-wall

stability limit. Nonetheless, the qualitative agreement between the RFA measurements

and the linear stability analysis, coupled with similar discrepancies between the two

limits in other devices, gives reasonable confidence that the modelling is an accurate

representation of the β-limits in these MAST plasmas. Consequently, these calculated

stability limits can be used in equation 5 to predict the damping rate of the stable RWM

in these plasmas.

4.1. Role of energetic beam ions

As discussed in the previous section, few energetic ions contribute to δWK through

a resonant interaction since the mode frequency corrected by the plasma rotation

(ω − ωE) in equation 7 only approaches the bounce or precession frequencies for high
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rotation speeds. However, in a spherical tokamak two factors mean that at least a small

proportion of the energetic ions can undergo a resonant interaction: Firstly, the small

moment of inertia of a low aspect-ratio device coupled with the large injected neutral

beam power per unit volume mean that significant rotation speeds, approaching the

ion sound speed, can be achieved; secondly, the high beta inherent in an ST together

with the low aspect ratio result in lower toroidal precession frequencies, meaning that

ω − ωE → 〈ω〉d,h. Furthermore, at high particle energies associated with NBI ions,

the gap between the bounce frequency and the precession frequency is reduced, since

(approximately [55]) ωb = v⊥
√
ε/
√

2qR and ωd = qv2
⊥/2εR

2Ωc where ε = a/R is the

inverse aspect ratio and Ωc is the cyclotron frequency, Ωc = eB/m, meaning that

ωb

ωd

∼ r

q2ρ

√
2r

R
(8)

In order to explicate the role of the beam ions in damping the RWM in MAST, δWK

has been calculated with Hagis for MAST plasmas with different plasma densities as

described in section 3. By using a drift kinetic code, the frequencies of all of the particles

can be calculated rigorously as ωφ =
∮
φdt/

∮
dt integrating along a closed poloidal orbit

and ωθ = 2π/∆t without making ensemble averages. Whilst the particle orbits and

finite radial excursion are treated comprehensively, using Hagis involves a perturbative

approach whereby the drift kinetic modification of the RWM eigenfunction is neglected

and the eigenfunction of the ideal external kink or kink-ballooning mode produced by

Mishka is not corrected. Although this is usually acceptable, the perturbative approach

has been shown to over-predict stability [31, 53].

Firstly it is interesting to see how changes in the fast ion distribution function affect

the contribution of energetic ions to δWK since the density scan performed in the MAST

experiments had the effect of altering fh significantly, as described in section 3. It is

evident from equation 7 that the change in the potential energy of the mode depends

upon the gradient of the distribution function with respect to energy and radius. As well

as directly affecting the ∂fj/∂E and ∂fj/∂ψ terms, changing fj(E , ψ) also affects the

particles in resonance with the Doppler-shifted mode frequency due to changes in both

the orbit frequencies of the particles and the local plasma rotation at different radii. In

order to illustrate how the radial distribution affects the fast ion contribution to mode

stability, the NBI ions are assumed to be described by a non-symmetric distribution

slowing down in energy, Gaussian with respect to radius and pitch angle [56]:

f p
h = C exp

[ψ − ψ0

∆ψ

]
exp

[λ− λ0

∆λ

] 1

E3/2 + E3/2
c

Erfc

[E − E0

∆E
]

(9)

where ∆ψ = 0.1, λ0 = 0.5, ∆λ = 0.5, E0 = 80keV, Ec = 3keV and ∆E = 3.5keV.

Consequently, the deposition location, ψ0, of the fast ions can be altered whilst keeping

the equilibrium unchanged. Figure 11 shows how δWK varies as ψ0 and E0 are varied,

which effectively moves the peak of the distribution function radially, and changes the

birth energy of the slowing-down distribution in energy space respectively. When ψ0

is varied to move the radial location of the peak of the fast ion distribution function,
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Figure 11. The change in the kink mode potential energy as (a) the peak of the
distribution function is moved radially and (b) the peaking of the distribution function
in energy space is varied.

the change in the potential energy of the mode is increased as the distribution function

aligns with the eigenfunction of the unstable mode. In this case, the slowing down

distribution has E0 = 80keV and the external kink eigenfunction is taken from an actual

MAST plasma, and as such exhibits a rather global structure. It is clear that for the fast

ions to play a significant role they must be well confined near the edge of the plasma,

and this would be exacerbated if the eigenfunction was more edge-localised. As the

energy is varied, the fast ion damping also varies. In this scan, the birth energy of

the slowing down distribution, E0 is varied. Whilst in general more energetic ions have

a stronger effect since their orbit widths are larger, there is some structure when the

proportion of the distribution function with a precession frequency near the Doppler-

shifted mode frequency, here taken from MAST plasma 25109 as described in section 3,

is maximised. In principle, the pitch angle distribution also strongly affects δWK [28]; if

the trapped fraction increases, typically the stabilising effect on the RWM also increases.

That said, however, the distribution of the beam ions with respect to v‖/v does not vary

significantly as the density changes.

As figure 9 shows, the variation in plasma density also has a marked effect on

the plasma rotation. The effect of varying the plasma flow on the kinetic damping

has been analysed by taking a fixed distribution of beam ions given by expression 9

and varying ω − ωE. It is clear that the change in the potential energy of the mode

resulting from the presence of thermal ions has a strong dependence upon velocity. This

is intuitively understood (and reported previously [28–30]) as equation 7 is maximised

when the denominator approaches zero. This happens for the thermal ions in figure

12 when the mode frequency is in resonance with ωd,th or ωb,th. Whilst δWk arising

from thermal ions strongly depends on the rotation, the fast ion response is an almost

constant small increment, increasing slightly as the mode frequency approaches ωd,h at

high plasma flows. Similar results have been reported for NSTX [57] and DIII-D [58]

high-β plasmas. Whilst the effect of the fast ions only makes a comparatively small
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Figure 12. The real part of the change in the potential energy of the mode due to
the kinetic response of the thermal ions and energetic beam ions with respect to the
plasma frequency.

contribution to damping the mode, it can significantly impact the critical rotation at

which the RWM is marginally stable, especially when the thermal ion response is far

from a resonance.

4.2. Damping rates in MAST experiments

By calculating δWk from both thermal and energetic ions for four different density

MAST plasmas, the damping rate found numerically can be compared to the plasma

response measured experimentally. The equilibria are reconstructed above both the RFA

limit and the no-wall limit found using Mishka-1. The beam ion distribution functions

are taken from Transp simulations for each equilibrium. For any fixed distribution of

beam ions, the stabilising effect of the fast particles scales with the energetic particle

pressure. As can be seen in table 1 the contribution of the NBI ions to the total plasma

pressure varies by a factor of six over this scan, and this strongly influences how different

fast ion populations affect the RWM.

At high plasma density, the rotation is sufficiently large that the Doppler shifted

mode frequency approaches the beam ion drift precession frequency. However, the low

fast ion beta (where δWK scales with βh) coupled with increased collisionality (which

slows down the beam ions more rapidly as seen in figure 8) means that the NBI ions do

not strongly damp the RWM. Conversely, at very low density, the high fast ion fraction,

increased effective orbit width effects and low plasma rotation result in enhanced fast

ion stabilisation. As v0/vA → 0.01, ω − ωE has a strong resonance with the precession

frequency of the thermal ions too, significantly increasing δWK . Indeed, even though the

fast ion contribution is strongest at low density, the resulting low rotation means that

the thermal ion stabilisation dominates the kinetic damping of the RWM, as illustrated
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Figure 13. The potential energy of the mode due to the presence of energetic ions
δWk,h and thermal ions δWk,th calculated by Hagis for four different density MAST
plasmas and respective distribution functions.

in figure 13. The RWM is least stable at intermediate densities, where corresponding

intermediate rotation avoids resonance with either the thermal or fast ion precession

frequency or the thermal bounce frequency.

By using equation 5, the damping/growth rate of the RWM can be found for four

different density MAST plasmas. Figure 14 shows the growth rate of the mode as a

function of cβ = (β − βnowall)/(βwall − βnowall) for a high density MAST plasma (shot

25109, ne = 6.8×1019m−3) and a low density case (discharge 25045, ne = 3.1×1019m−3).

It is clear that the RWM is predicted to be stable to much higher βN in the case of the low

density. This is due in part to the enhanced fast ion stabilisation arising from the high

βh, but primarily from the low rotation which enhances the resonant contribution from

the thermal ion precession frequency. Conversely, at high density, the RWM stability

limit is much lower, though the thermal ion response still incurs a 30% increase in the

βN -limit. At intermediate densities, the non-resonant kinetic effects only result in weak

stabilisation of the RWM.

Finally, it is possible to compare the damping rate of the RWM predicted by the

drift-kinetic calculations presented here to the experimentally observed plasma response.

Figure 15 shows the RWM damping rate at cβ = 0.2, for which the mode is predicted to

be stable for all densities due to the kinetic damping. Correspondingly, the RWM is not

observed in the MAST shots at the time at which these equilibria were reconstructed.

Also shown for comparison is the plasma response according to equation 2. It is

clear that the numerical simulations qualitatively recover the experimental results in

predicting weakest stabilisation of the mode at intermediate densities. The damping is

weakest for such mid-densities because the rotation of the plasma is such that the mode

frequency is not near resonance with the thermal ion precession or bounce frequencies,

as also observed in NSTX [30]. Furthermore, the fast ion response is also minimised
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Figure 14. The growth/damping rate of the RWM for high and low density MAST
plasmas with respect to cβ = (β−βnowall)/(βwall−βnowall). The damping is stronger
for low density. In both cases thermal kinetic effects dominate the NBI contribution.

Figure 15. The damping rate of the resistive wall mode at cβ = 0.2 as a function of
plasma density. Also shown for comparison is the measured plasma response in the
MAST shots for the same time as the equilibria used in the simulations.

at such intermediate densities since the rotation frequency is not sufficiently large as to

approach the fast ion precession frequency and the fast ion beta is not sufficiently large

to give rise to a significant resistance to the perturbation.

5. Conclusions

Dedicated experiments have been performed in MAST to vary the fast ion distribution

in both radial and velocity space as well as significantly in fast ion density so that

βh/βtotal ∈ [0.1, 0.6]. Whilst the damping of the RWM due to the fast ions does change
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over this scan, the dominant passive stabilisation of the mode allowing operation well

above the no-wall limit arises from thermal ion effects. The strongest mode damping

occurs when the plasma density is reduced since this has the effect of reducing the

plasma rotation such that the Doppler-shifted mode frequency approaches a resonance

with the thermal ion precession frequency. The fast ion effect is also maximised at low

density since it scales with the fast ion fraction, which is maximised. At high rotation

frequencies, resonance with both the beam ion precession frequency and thermal ion

bounce frequency lead to significant damping of the mode. The RWM is predicted to be

most unstable at intermediate densities, where kinetic effects are non-resonant, though

still permit operation above the no-wall limit. The plasma response of applied oscillating

fields is stronger for intermediate densities, in qualitative accordance with the predicted

diminished mode damping.

The fact that passive stabilisation arising from both the thermal and energetic

ions is strongly dependent upon the plasma rotation has significant implications for

optimisation of operating regimes in present and future devices. In MAST, access to

very fast rotation speeds which exceed the fast ion precession frequency, or approach

the fast ion bounce frequency, are possible. However, such plasmas are heated by

neutral beam injection on-axis, which has the secondary effect of stabilising sawtooth

oscillations and precluding operation above the no-wall limit. Following an upgrade to

MAST [59], additional complementary off-axis beams will provide the necessary non-

inductive current drive to keep the safety factor above one and access high βN strongly-

rotating plasmas. In this case, the rotation profile may be tailored in order to maximise

the resonance with the ensemble-averaged fast ion precession frequency, or indeed with

the thermal ion bounce frequency. This has potentially beneficial implications for the

operability of an ST-based components test facility or spherical tokamak power plant [60]

above the no-wall β-limit.

The effect of energetic ions in DIII-D has been reported to be stronger than

that observed in these MAST plasmas [58]. This is likely to be because the fast ion

confinement near the edge of the plasma is relatively poor in these MAST plasmas

due to a combination of the large orbit widths and the low plasma current (employed

to maximise βN). Since the RWM eigenfunction is largest near the plasma edge, the

resonant stabilisation of the mode requires a significant fast ion population confined in

this region, which is not the case in these MAST plasmas but is in DIII-D.
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