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Abstract. This paper reviews transport and con�nement in spherical tokamaks (STs)
and our current physics understanding that is partly based on gyrokinetic simulations.
We show that equilibrium 
ow shear can sometimes entirely suppress ion scale turbulence
in today's STs. Advanced nonlinear simulations of electrontemperature gradient (ETG)
driven turbulence, including kinetic ion physics, collisions and equilibrium 
ow shear,
support the model that ETG turbulence can explain electron heat transport in many ST
discharges.

1. Introduction

Data from the 1MA-scale experiments MAST and NSTX are unveiling the nature
of plasma con�nement in spherical tokamaks (STs) [1, 2]. Neutral beam injection
(NBI) drives strong toroidal 
ow in these devices, and radial shear in the component
perpendicular to the magnetic �eld acts to twist the turbulent eddies that may be
responsible for anomalous transport. Perpendicular 
ow shear is characterised by the
parameter, 
 E = dV? =dr, where 1=
 E corresponds to the time for an eddy to be tilted
by 45� in the plane perpendicular to the magnetic �eld. This twisting of turbulent eddies
competes with and potentially disrupts the linear instability drive, and when 
 E exceeds
the linear growth rates, it can suppress turbulence [3, 4]. The parallel component of
the sheared toroidal 
ow, on the other hand, provides a linear drive that can enhance
the turbulence. We show that equilibrium geometry at mid-radius in STs favours the
suppression of turbulence from the perpendicular component of the sheared toroidal 
ow.
In Section 2 we review our current physics understanding of plasma transport in STs,
and highlight the important role of equilibrium 
ow shear in regulating the more slowly
growing longer wavelength modes. Equilibrium 
ow shear canbe accommodated in the
gyrokinetic framework, as outlined in Section 3, and has recently been implemented and
tested in local gyrokinetic codes, GS2 [5] and GKW [6]. Linear gyrokinetic simulations
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demonstrate that, at mid-radius in MAST, the typical experimental level of
 E stabilises
ITG modes, and leaves the faster growing ETG modes unstable.Section 4 assesses the
in
uence of 
ow shear on nonlinear simulations of ETG turbulence that have predicted
signi�cant electron heat transport in MAST [7], and probes the robustness of that
important result using more sophisticated gyrokinetic models that include 
ow shear,
and which also include kinetic ions and collisions. A summary of the main conclusions is
presented in Section 5.

2. Con�nement, Transport and Gyrokinetic Studies of STs

The measured energy con�nement time,� E , in MAST and NSTX is broadly consistent
with the ITER IPB98(y,2) scaling law � E = 0:0562I 0:93

p B 0:15
� P � 0:69

L n0:41M 0:19R1:97(a=R)0:58

� 0:78 [8] derived from conventional aspect ratio devices, where� E , plasma current I p,
toroidal �eld B � , loss powerPL , density n, mean ion mass numberM , and major radius
R are in units s, MA, T, MW, 1019m� 3, AMU, and m respectively, a=R is inverse
aspect ratio and � is elongation. Detailed parameter scans, however, indicate that
con�nement scales di�erently in STs [2,9], and the MAST scaling in terms of engineering
parameters,� E = 0:186I 0:59

p B 1:4
� P � 0:73

L depends more weakly onI p and more strongly on
B � [9]. This scaling, favourable for future ST devices, is not yet understood. NSTX
�nds a similar scaling and attributes the improvement of� E with: (i) increasing B � to
a reduction of transport in the (dominant) electron channel; and (ii) increasing I p to
falling neoclassical ion heat transport [2]. We note that the impact of strong toroidal

ows on energy con�nement is not clearly isolated in these scaling laws{ and perhaps it
should be. In any tokamak plasma heated by toroidally injected NBI (like MAST and
NSTX), toroidal momentum and energy con�nement times can beshown to be related
via: � � � M � (vb=vti )� E , where M � = V� =vti is the toroidal Mach number, V� is the
toroidal 
ow, and vb, vti are the velocities of beam and thermal ions respectively. In
MAST M � � 0:4 and vb=vti �

p
60, which implies � � � 3� E . The fact that � � is

determined by ion con�nement suggests that, for these MAST conditions, the energy
losses are predominantly through the electron channel.

Both MAST and NSTX have frequently observed the suppressionof anomalous ion
heat transport, with the measured ion thermal di�usivity � i approaching the neoclassical
prediction � nc

i , while the experimental electron thermal di�usivity � e is usually much
larger [2,10]. Analysis of ion channel internal transport barriers in co-NBI MAST plasmas
suggests that these arise owing to the sheared 
ow suppression of ITG turbulence [10].
Transport analysis of similar L- and H-mode MAST plasmas [10] revealed forr=a > 0:5 :
� i � � nc

i and � e � (2 � 4)� nc
i in H-mode; however, both� i ; � e > � nc

i in L-mode. z The
Trapped-Gyro-Landau Fluid model (TGLF) for anomalous transport [12] is applicable to
shaped lowR=a plasmas, and �rst comparisons with MAST and NSTX data [13] also
suggest that sheared 
ow plays a vital role in stabilising ITG turbulence. For the MAST
and NSTX plasmas analysed, TGLF predicts� i � � nc

i over a signi�cant fraction of the
minor radius, and that ETG turbulence dominates electron heat 
ux qe for q > 1, but

z Data from the MAST discharges in [10] are available through the 2008 public release of the ITPA
international multi-tokamak con�nement pro�le database [ 11].
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overestimatesTe in the core. In the MAST L-mode discharge #8505 [10], where ion heat
transport was anomalous, ITG turbulence was modelled, without 
ow shear x, using the
global gyrokinetic particle-in-cell code ORB5 [14]. In thegradient zone the nonlinearly
saturated � i was found to be signi�cantly larger than the measured value,indicating the
importance of including 
ow shear in the modelling of ion scale turbulence in MAST.

Gyrokinetic simulation for STs faces a number of challenges: (i) the gyrokinetic
expansion parameter� = � i =L is not very small (L is the equilibrium length scale and
� i =L � 0:02 in MAST); (ii) highly shaped low aspect ratio plasmas ruleout simple analytic
equilibrium models; (iii) magnetic perturbations can be important if � is large; (iv) strong
toroidal 
ows with M � � 1; (v) radially sheared 
ows impact on microturbulence; and
(vi) there can be signi�cant populations of super-Alfv�enic fast particles. Gyrokinetics
codes are rising to meet many of these challenges: Appendix Ademonstrates close
agreement in electrostatic microstability results from three local 
ux-tube gyrokinetic
codes (GKW, GS2 and GYRO [15]) for a typical strongly shaped MAST equilibrium

ux surface. Microinstability based transport mechanismsin STs have been explored
using linear studies (mainly with GS2 and GYRO). The e�ect ofincluding � B was found,
using GS2, to be signi�cant at mid-radius in MAST [16, 17], where locally � � 0:1: at
k? � i <� 1, wherek? is the perpendicular wavenumber, electromagnetic modes dominated
over ITG modes, and these exhibited tearing and twisting parity in the H-mode and
L-mode plasmas respectively; furthermore including�B k reduced the growth rates of
ETG instabilities [17]. A detailed study of microtearing modes found that they are not
peculiar to the ST and that their growth rate is sensitive todTe=dr, magnetic drifts,
and � � e [18]. Microtearing modes have since been found in conventional aspect ratio
tokamak plasmas [19,20], and a nonlinear microtearing modesaturation theory estimate
of � e was found to be consistent with NSTX measurements [21]. Electron heat transport
was observed to increase dramatically with rising beam power in the core of NSTX,
where fast particle instabilities were observed and thermal temperature gradients were too
low to drive transport via the usual mechanisms [22]. Microtearing modes, fast particle
instabilities, and sonic 
ows will not be addressed furtherin this paper.

GS2 microstability analyses of MAST discharges, without 
ow shear, have revealed
that the sheared 
ow stabilisation criterion 
 E = r=q d(qvE =r)=dr > 
 max [4] (where
vE is the equilibrium E � B velocity and 
 max is the maximum linear growth rate)
is often satis�ed for ITG but not ETG modes in MAST plasmas [16, 17]. Nonlinear
calculations for STs have therefore generally focussed on modelling ETG turbulence. GS2
simulations (without 
ow shear) for a typical H-mode plasma, suggest that ETG can carry
signi�cant electron heat 
ux at mid-radius in MAST [7], consistent with �ndings from
GYRO simulations for NSTX [2]. In this paper 
ow shear will beincluded self-consistently
in local gyrokinetic simulations, to assess more thoroughly the impact of 
ow shear on
ITG and ETG turbulence in MAST.

x The TGLF model predicts that 
ow shear partly suppresses ITG turbulence in this plasma.
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3. Gyrokinetics with Equilibrium Flow Shear

We now describe how equilibrium 
ow shear can be accommodated in the gyrokinetic
equation (GKE) that describes microinstabilities. The GKE for the leading order,
nonadiabatic piece of the perturbed guiding centre distribution, g, with sonic toroidal

ows V = R
(  )e� (where the toroidal frequency 
 is a function of poloidal 
ux  )
appears as equation (56) of [23]. We assume the toroidal 
ow contribution dominates the
radial electric �eld, and take V = R
(  ) � O(M � vti ). Expanding to leading order inM �

(where � i =L < M � < 1) while retaining locally steep radial rotation gradientsby ordering
@V =@r= R2Bp
 0e� � O(vti =L) (where 0 denotesd=d ), and dropping nonlinear and
magnetic perturbation terms for brevity, yields the linearelectrostatic GKE with subsonic
sheared toroidal 
ow:

�
@
@t

+ V :r ?

�
g +

�
ckb + cD 0

�
:r Rg = �

qJ0

m
@F
@�

�
@
@t

+ V :r ?

�
~�

�
qJ0

m

b � r R ~� :r RF +

qJ0

m
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@�

b � r R ~� :
�
ckR
 0B �

B
r  

�
(1)

where the guiding centre velocityv = V + c, cD 0 = b=
 �
�

c2
? =2r logB + c2

kb:r b
�

contains the magnetic drifts,V = ( R
 0 + R
 0( �  0))e� , F = A( )e� m�=T ( ) is the
isotropic equilibrium distribution function in the co-moving frame, and� = c2

k=2 + c2
? =2.

Terms in grey are due to sheared toroidal 
ow. TheV :r ? terms act to di�erentially
advect perturbations. In a local 
ux tube, 
 0 appears as a Doppler shift in the
perturbation frequency, and in codes, like GS2 and GKW, where FFTs are used in the
radial direction (x), the radial shearing term is implemented by forcingkx to depend
linearly on time [24]. (Equivalently in ballooning space the shearing term is implemented
by making the ballooning parameter� 0 depend linearly on time.) The �nal term on the
RHS is a linear drive from the parallel component of the sheared equilibrium toroidal
rotation. The shearing term is implemented via the equilibrium 
ow shearing rate,

 E = �

q
d

d� , where � is the radial 
ux surface label. The linear equilibrium drive term

is fully determined by 
 E and is proportional to:

�
ck

v2
tj

qRB�

�B

 E � �

ck

v2
tj

qR
�


 E at large aspect ratio

wherevtj is the thermal velocity of speciesj . The implementation of the linear drive term
in GS2 shows excellent agreement with analytic theory for the radially sheared parallel

ow instability in slab geometry without magnetic shear.

3.1. Linear Impact of Flow Shear on MAST

Linear gyrokinetic microstability calculations for a typical mid-radius 
ux-surface in
MAST were performed in ballooning space using GS2, and here we indicate how e�ective
growth rates were obtained. At �nite 
 E , a linear eigenfunction cannot strictly be
represented by a ballooning mode with a speci�c single choice of the ballooning parameter
� 0, as 
ow shear couples modes with di�erent� 0 that can only be considered to be
independent for 
 E = 0. With in�nitesimal 
ow shear, the true linear eigenmode can
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a b c

Figure 1. � amplitude versus t in linear electrostatic calculations f or a mid-radius
surface in MAST for (a) ky � i = 6, 
 E = 0 :07 and (b) ky � i = 8, 
 E = 0 :5. Horizontal
grey lines indicate the amplitude range used to obtain the e�ective growth rate 
 � . (c)

 � versusky � i for 
 E = 0 (circles) and 
 E = 0 :07a=vti (triangles). The horizontal dashed
line shows the level of
 E . Symbols at the 
 -axis minimum denote stable modes.

be constructed as an ensemble of ballooning modes and has growth rate h
 i � 0 , which
is the � 0 averaged growth rate in the absence of 
ow shear [25]. It is still, however,
useful to consider a pure ballooning mode with speci�ed� 0, and its amplitude will grow
as e(h
 i � 0 + C(t)) t , where C(t) is oscillatory. An example of such growth is illustrated in
Figure 1(b). Linear theory is only ever applicable up to the �nite amplitude where
nonlinear physics becomes important, and from any initial state with �nite amplitude
turbulence due to noise, this nonlinear threshold may be reached after a �nite mode
ampli�cation. The crucial point here is that, even when the true linear eigenmode is
stable for 
 E < 
 max , a pure ballooning mode with speci�ed� 0 can experience many
linear growth times and reach the nonlinear thresholdbeforethe ballooning parameter is
a�ected by 
ow shear. k

It is straightforward to specify a prescription for obtaining an e�ective linear growth
rate 
 � for a pure ballooning mode with a particular choice ofky. In an initial value code
like GS2, it is su�cient to track the amplitude of the mode, following the associated
evolution in � 0(t). We adopt the following simple model to determine the e�ective
linear growth rate 
 � : (i) specify a �nite mode ampli�cation factor FNL (here we set
FNL = 100), (ii) when/if a mode becomes ampli�ed by FNL , we consider it unstable
and ignore subsequent linear evolution, (iii) determine
 � by �tting �( ky; � 0(t); t) over the
range oft that achieved the required mode ampli�cation, starting from an initial minimum
in the amplitude. This procedure is illustrated in Figures 1(a) and (b), and was followed
to obtain the mid-radius MAST growth rate spectra in Figure 1(c) for 
 E = 0; 0:07vti =a.

Figure 1(c) clearly illustrates, using linear results fromGS2, that ITG modes
(ky � i < 1) at mid-radius in MAST can be stabilised by a conservative level of 
 E , while
more rapidly growing ETG modes remain unstable.

3.2. Nonlinear ITG Simulations with Flow Shear for Large Aspect Ratio Plasmas

Nonlinear calculations of ITG turbulence assuming adiabatic electrons (AE) and including
equilibrium 
ow shear, have been carried out with GS2 and GKWboth for circular

k A related discussion for gyro
uid calculations with 
ow she ar in ballooning space is given in [26].
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a b

Figure 2. (a) Electrostatic GS2 simulations for the Cyclone parameters described for
various levels of
 E =
 max , without the 
ow shear linear drive term, showing qi versus t.
In (b) the ratio of saturated qi to that with 
 E = 0 is plotted versus 
 E =
 max : circles
show GS2 results for the Cyclone equilibrium described with(solid) and without (open)
the shear 
ow linear drive term; and GKW results with the shear 
ow linear drive term
for the standard case of [27] (crosses).

Cyclone [28] plasma equilibrium parameters (R=a = 3, r=a = 0:54, q = 1:39, ŝ =
(r=q)dq=dr = 0:8, � = � 0 = 0, R=LTi = 6:9, R=Ln = 2:2, Ti = Te) and for the
slightly di�erent standard case of [27] with q = 2, ŝ = 1:0 and r=a = 0:5. These
simulations included 16 modes in the binormal perpendicular wavenumber that span
0:05 < k y � i < 0:75, and were carried out for di�erent levels of
 E , both with and without
the linear drive term. Simulations with �nite 
 E were performed either: (i) as warm-
starts from the saturated state of the
 E = 0 simulation, or (ii) as cold-starts from low
amplitude noise. The same saturated ion heat 
uxqi was reached in either scenario,
as illustrated for 
 E =
 max = 1:11 in Figure 2(a). GS2 results in Figure 2(b) show that
without the linear drive term, qi is increasingly suppressed as the 
ow shear increases in
strength, and becomes fully suppressed close to
 E =
 max � 2 (as was found in [27]). When
the linear drive is included, at low
 E , qi falls with increasing 
ow shear to a minimum
where it is not fully suppressed, and starts to increase with
 E above
 E =
 max � 1:5 due
to the additional linear drive that enhances the ITG growth rate [29]. GKW results in
Figure 2(b) con�rm that turbulence suppression is extremely modest for the standard
case parameters of [27], where the linear drive term is stronger due to the larger factor
qR=r = 12 (N.B. qR=r = 7:7 for the Cyclone equilibrium). At mid-radius in MAST this
geometric factor is smaller:qR=r � 4. Given that the linear drive is reduced at lower
values ofqR=r and B � =B, shear 
ow suppression of turbulence is favoured by geometry
at mid-radius in STs, where and the component of toroidal 
owalong the magnetic �eld
is smaller than in conventional devices.

4. Improved Nonlinear ETG Simulations for MAST

Figure 1(c) showed that, at mid-radius in MAST, ITG modes arelinearly suppressed by

ow shear, while ETG modes are una�ected : we now explore the signi�cance of ETG
turbulence. Fully electromagnetic simulations with GS2, neglecting 
 E , demonstrated
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that the electron heat 
ux from ETG turbulence can be experimentally signi�cant at mid-
radius in MAST [7]. The reference model in [7] assumed adiabatic ions (AI), no collisions,
spanned 0:01 < k y � e < 0:31 with 32 modes, ran tot � 300 a=vte, and used plasma
parameters: � =  n = 0:4, r=a = 0:566, r=R = 0:35, q = 1:35, ŝ = ( �=q)(dq=d�) = 0 :29,
� e = 0:049,Te = 0:59keV, (1=Te)dTe=d� = � 2:04, ne = 4:4 � 1019m� 3, (1=ne)dne=d� = 0.
The predicted� e values with a range of domain sizes and resolutions, with/without kinetic
ions (KI) and electron collisions, were consistent to within a factor around two [7]. Here we
probe further the robustness of this very important conclusion with longer GS2 simulations
that include kinetic ions, collisions and equilibrium 
ow shear. Despite the large impact
of magnetic perturbations (especially�B k) on linear ETG growth rates [17], the saturated
electron heat 
uxes qe in electrostatic and electromagnetic simulations were similar and
predominantly electrostatic [7, 30]. For reasons of economy with computing resources,
most of the GS2 simulations reported here are electrostatic, although a subset of key
results were checked and found to be consistent with fully electromagnetic simulations.

a b c

d e f

Figure 3. (a) qe versust with collisionless AI and KI, AI with collisions, and collis ionless
AI with 
 E = 0 :005. (b) qe versus t for various 
 E for the Miller equilibrium with
L y = 75� e and Jtwist = 4. For the 
 E = 0 :005 case in (b): (c)h� 2(ky )i versust, where
blue, green and red curves correspond to the lowest, middle and highest ky ; and (d)
ky spectrum of electrostatic contribution to qe at t = 1200. For the 
 E = 0 :02 case in
(b): (e) time (1000 < t < 2000) and �eld line averaged spectrum ofh� 2i (kx ; ky ); and
(f) � contours at the outboard midplane, for t = 2000. (All times and frequencies are
normalised to a=vte and vte =a respectively.)

Recent longer ETG simulations, tot � 1500a=vte, with an electrostatic version of
the AI model of [7], lead at long times to the runaway growth ofqe that is illustrated
in Figure 3(a). At late times the � spectrum becomes dominated by a single kx = 0
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mode at lowky , and this may be associated with a slowly growing mode close to the edge
of the spectral domain. A similar phenomenon in previous AI ETG simulations, for a
large aspect ratio equilibrium, was cured by including kinetic ions [31], but in our case
this merely delayed the onset of the unresolved dominant mode. Figure 3(a) also shows
that: including electron collisions (at the experimental level) in the AI model cures the
problem and considerably improves the convergence of the spectrum (the same is true for
the KI model); and that with a small level of equilibrium 
ow shear (
 E = 0:005vte=a)
the collisionless AI simulation recovers from what appeared a catastrophically unresolved
situation. The healing of the simulation, with the additioneither of electron collisions or

ow shear, is probably due to the stabilisation of weakly unstable trapped electron driven
modes in the regionky � i � 1, as discussed at the end of Appendix A. GYRO simulations
have also found that 
ow shear helps in resolving ETG turbulent saturation with the AI
model [32].

The electron heat 
ux, qe, varies by less than a factor 2 in simulations with di�erent
perpendicular domain sizes: e.g. the 
ux tube extent in the binormal direction at the
outboard midplane, L y , was varied in the range 50< L y=� e < 100; and the radial
size, L x , determined by the parameterJtwist with L x = Jtwist L y=(2� ŝ), was set using
Jtwist = 2 and 4. Linear and nonlinear simulations using both numerical and Miller [33]
equilibria give consistent results. Arti�cial scans in
 E { , both using initial conditions
with low amplitude noise (see Figure 3(b)), and restarting from the saturated state of a
resolved simulation with collisions and
 E = 0, �nd that ETG turbulence is suppressed
at 
 E � 0:05vte=a, which is close to
 max (
 max = 0:04vte=a). The steady and well
resolved spectrum of � in the AI simulation with electron collisions and
 E = 0:005vte=a
is illustrated in Figure 3(c). Figure 3(d) shows the corresponding clearly resolved peak
in the ky distribution of the electrostatic contribution to qe. The shearing of radially
extended ETG streamer structures for the
 E = 0:02vte=a case is evident both in the time
and �eld line averaged spectrumh� 2i (kx ; ky), and in the outboard midplane contour plot
of �, shown in Figures 3(e,f). Turbulence suppression arises at slightly lower 
 E in fully
electromagnetic simulations, where including� B gives a lower
 max = 0:025vte=a.

Complementary local simulations were performed with GYRO for MAST-like
parameters, including 
ow shear and KI [34]. These simulations investigated GYRO's
non-periodic radial boundary conditions, and demonstrated quantitative convergence with
grid size and resolution. GYRO simulations predicted a signi�cant level of electron heat
transport, consistent with the above results from GS2. Additional runs demonstrated
that ETG transport is sensitive to q and ŝ, which vary widely across ST plasmas.

In this section we have presented simulations, which run to long times and include the
physics of collisions, kinetic ions and sheared toroidal equilibrum 
ow, that add weight to
the conclusion from [7] that ETG turbulence can carry signi�cant electron heat transport
at mid-radius in MAST.

{ The linear drive term had a negligible impact on ETG turbulence in GYRO simulations for MAST [34],
and was excluded from these GS2 studies of the e�ect of 
ow shear on ETG turbulence. qR=r � 4 on
this MAST surface, and so the linear drive term should be small.
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5. Conclusions

Sheared toroidal equilibrium 
ows can be su�ciently large to suppress ITG turbulence in
STs, and this must signi�cantly a�ect their energy con�nement. Such 
ows can readily be
accommodated within the gyrokinetic framework forV � O(M � vti ), for 1 > M � > � i =a,
and a�ect turbulence through two mechanisms: the sheared perpendicular component of
the toroidal 
ow acts to suppress the transport from microturbulence, but the radial shear
in the parallel component of the equilibrium toroidal 
ow provides a linear drive that can
enhance turbulence. The strength of the linear drive relative to the perpendicular shearing
term is / (qR=r)B � =B, and this factor is relatively small at mid-radius in the ST.We
can therefore expect STs to provide a favourable environment for turbulence suppression
through sheared toroidal 
ow.

Sheared toroidal 
ow has recently been implemented and tested in two local 
ux-tube
gyrokinetic codes (GS2 and GKW). Linear gyrokinetic simulations using GS2, including
equilibrium 
ow shear at the approximate level realised in the MAST experiment,
demonstrate that ITG modes can indeed be suppressed while ETG modes remain unstable.
ETG turbulence simulations have been presented for conditions typical of mid-radius in
MAST, and show that both collisions and modest equilibrium 
ow shear can sharpen
the low ky cut-o� to signi�cantly improve the resolution of the saturated turbulence.
In numerical experiments with arti�cially raised levels of 
 E , it is found that the ETG
turbulence only starts to be diminished as
 E approaches the value of the maximum
linear ETG growth rate. These results add weight to the main conclusion of [7] that ETG
induced transport can be signi�cant at mid-radius in MAST.

Flows in MAST are close to sonic, withM � � 0:4, and to improve current GK
simulations it will be necessary in the future to include self-consistently both the Coriolis
force (which is included in GKW [35]) and the centrifugal force.
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Appendix A. Comparing Electrostatic Microstability Analy ses from Local
GK Codes for a MAST Equilibrium

We have compared linear results from the local gyrokineticscodes GKW, GS2 and GYRO,
using parameters of a strongly shaped equilibrium 
ux surface in the MAST H-mode
discharge #8500 [10, 17]:� = r=a = 0:7, r=R = 0:443, q = 2:1, ŝ = ( �=q)(dq=d�) = 2 :2,
� = 0:06, Ti = 0:385keV, (1=Ti )dTi =d� = � 4:39, Te = 0:346keV, (1=Te)dTe=d� = � 2:79,
ne = 5:7 � 1019m� 3, (1=ne)dne=d� = � 0:44, elongation � = 1:56, d�=d� = 0:5,
triangularity � = 0:2, d�=d� = 0:43, and (1=a)dR=d� = � 0:29. Figure A1(a) demonstrates
good agreement between the computed spectra of the dominantlinear growth rate for a
collisionless electrostatic model with kinetic electronsand without 
ow shear.

Figure A1(b) shows, from GS2 runs using a local Miller parameterisation of the
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a b

Figure A1. 
 normalised to vti =a versusky � i for linear electrostatic calculations with
kinetic electrons for the MAST equilibrium described: (a) without collisions from GS2,
GKW and GYRO and (b) with and without collisions from GS2.

equilibrium [33], that with collisions the modes aroundky � i � 1 become stable.
Estimating the ratio of the electron detrapping frequency to the diamagnetic frequency,
for these parameters, gives� e

detrap =! � >� 1 for ky � i � 1, which is consistent with a reduced
trapped electron drive around this wavenumber.


