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Abstract. The non-local effects of turbulence can affect the transport especially in devices when 
the ration of ion gyroradius to plasma size (p,*) is large. We show how the local linear and non
linear ITG flux-tube results are modified when the simulations are done with finite p,* in a global 
code. 
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INTRODUCTION 

In tokamak plasmas the turbulence due to microinstabilites is known to be responsible 
for most of the cross-field transport of heat from the core of the plasma to the edge. The 
diffusivity associated with this "anomalous" transport is usually one order of magnitude 
laiger than that of ion collisional transport. The frequencies of the observed micro-
instabilities are much lower than the gyrofrequencies (Q = ZseB/ms) of plasma particles 
s. This allows averaging particle motion over its gyro orbits leading to the gyrokinetic 
model of plasma instabilities. 

The perpendicular wavelength of micro-instabilities are of the order of the gyroradius 
iPs = Cs/Q., where ĉ  is the sound speed) of particles. Therefore, the gyromotion of 
particles have to be taken into account by gyroaveraging the fields within the particle 
orbit instead of using the value at the gyrocentre. 

In this paper we use the gyrokinetic model to simulate turbulence in so called CY
CLONE base case [1] and experimental MAST [2] plasmas with two codes: GS2 [3] 
that is a local flux-tube code and ORBS [4, 5] that is a global code. The GS2 code 
is used to study sheared flow effects on hnear stabflity and simulating non-linearly the 
microtearing modes. With ORBS we investigate the global effect on ion temperature gra
dient (ITG) turbulence in a simple CYCLONE base case and then show the first results 
from non-linear simulations of MAST. 
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MAST PLASMAS AND THEIR SPECIAL EFFECTS ON 
GYROKINETIC SIMULATIONS 

MAST is a spherical tokamak with achieved global parameters ofR « 0.85/w, a « 0.5m, 
BT < 0.52T, Ip < lAMA. As can be seen from MAST plasma dimensions, a spherical 
tokamak has aspect ratio A =R/a of the order of unity. The ratio of plasma pressure to 
the magnetic pressure ji =<p> /jM)B^ is usually larger in spherical than in conventional 
laige aspect ratio tokamaks. Due to the highNBI power to volume ratio and small radius 
plasma rotation speeds close to the ion sound speed can be achieved. 

These properties specific to spherical tokamaks and MAST in particular affect the mi-
croinstabilities both linearly and non-linearly. The laige variation of the toroidal mag
netic field and the strong poloidal field that is comparable to the toroidal field enhance 
the V5 drifts. The laige trapped particle fraction r^ \/TJA can drive modes that combine 
the drive from temperature gradient and trapped electron drift precession frequency res
onances. Laige /3 means that the modes with magnetic perturbations become significant 
and they can not be ignored in the simulations. Electro magnetic modes such as mi-
crotearing mode can dominate the electro static modes especially at long wave lengths. 
On the other hand increasing /3 can have stabilising effect on toroidal drift modes [6]. 
The high /3 indicates also that for a relatively low magnetic field, MAST has a reason
ably high temperature plasmas. Consequently, the ion gyroradius p, is no longer small 
compared to the plasma radius a and the assumption that the equilibrium profiles to be 
constant in a simulation that spans several p, in width is less valid. 

The large rotation shear (DSE can stabilize especially the long wave length ITG modes 
that have a relatively slow growth rate. The electron temperature gradient (ETG) modes 
are much less strongly affected by the flow shear. 

FLUX TUBE GYROKINETIC SIMULATIONS OF MAST 

We use GS2 gyrokinetic code for investigating the local microstabflity properties of 
MAST plasmas. GS2 is an initial value code that includes the full magnetic perturbation 
and collisions. It uses flux tube geometry that foUows the field lines around the plasma 
from the outboard mid-plane to the inboard mid-plane. The code makes periodic copies 
of these flux tubes to make up the full annulus of the torus. The flux tube approximation 
assumes that the densities and temperatures and their gradient scale lengths are constant 
within the simulation domain. In GS2 x is the radial coordinate and y is the coordinate 
parallel to the flux surface but perpendicular to the magnetic field. 

Equlibrium Flow Shear Effects on ITG Stability 

Recently GS2 has been upgraded to handle sheared equilibrium E x B rotation [7]. 
The sheared rotation means that the radial mode number k^ changes during the simula
tion. In GS2 this is done so that the simulation is initialized with a range of kx response 
matrices and the change in k^ is tracked and the nearest point approximation is used to 
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FIGURE 1. The linear growth rate as a function of rotation shear (a). Full stability is reached at when 
the growth rate becomes zero. This is marked with the critical rotation shear O ,̂. The critical rotation shear 
as a function of magnetic shear (b). 

determine which matrix is used. Although this requires more computation in the initial
ization part, it is far cheaper than recalculating the implicit response matrices at every 
time step. 

In a linear analysis we investigate a low-ky mode stability as a function of rotation 
shear We use the CYCLONE base case[l] equilibrium. The plasma shape is circular 
and the global physical parameters are Bf = 1.91T, a = 0.48m, i?o=l-32m, Te = Tt. The 
local parameters at mid radius {r/a = 0.5) are ^'=1.42, RQ/LT=6.9, L„/LT=3.12. We 
compare the maximum growth rate jmax (no rotation shear) to the amount of rotation 
shear required to fully stabflize the mode, indicated by Qc in Fig. 1 (a). 

When we vary the local magnetic shear we find that the ratio Oc/7max grows almost 
linearly with the shear as is shown in Fig 1 (b). The reason for this is that at high shear 
the resonant flux surfaces are closer to each other and the modes overlap more than 
at low shear This makes it more difficult to tear the turbulent eddies apart by sheared 
rotation. The low magnetic shear in MAST core region combined with fast rotation can 
explain the low ion diffusivities observed in MAST [9]. 

Progress on Microtearing Simulations 

GS2 calculations have found that microtearing modes, driven by the electron tempera
ture gradient, are frequently hnearly unstable at mid-radius in MAST plasma conditions 
[10]. Extensive gyrokinetic hnear studies of microtearing mode properties [11] found 
the following: the primary microtearing mode drive is through the electron temperature 
gradient, but the growth rate is sensitive to magnetic drifts, collisionality, and /3; the 
microtearing mode remained unstable even with an eneigy independent colhsion fre
quency, which would stabihse the mode in most analytic theories of microtearing; and 
an aspect ratio scan found that the microtearing mode drive reduced weakly with faUing 
inverse aspect ratio r/R, and the instability remained for r/R as low as 0.1. The local 
aspect ratio of the typical ST flux surfaces where microtearing modes are unstable, is 
close to the aspect ratio of the edge region in conventional tokamaks. 

It has been shown by a nonlinear model of microtearing turbulence that this could 
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FIGURE 2. (a) Volume averaged amplitude of ^ n versus time for nonliner microtearing simulations 
with different values of turbulent hyperviscosity D. (b) Electron parallel heat flux versus time for two 
nonlinear simulations resolving kyPi = 0,0.2,04,0.6 (blue), and kyPi = 0,0.1,0.2,0.3,0.4,0.5,0.6,0.7 
(red), (c) {AMy)"^) at the final state for the simulation resolving 8 and 4 ky modes (red and blue 
respectively). 

be responsible for a substantial fraction of the electron heat flux in the region of NSTX 
plasmas where there is a significant electron temperature gradient [14]. Nonlinear gy-
rokinetic microtearing calculations are computationally demanding and have proved dif
ficult [12, 13]. First simulations were carried out using an approximate s-a model fit to 
a MAST equilibrium, with some parameters tuned to reduce the parallel extent of the 
mode. Keeping only four perpendicular wavenumbers ky (in the in-surface perpendicular 
direction), the turbulence started to saturate, but then the calculation became impractical 
owing to rapid growth at the highest radial wavenumbers k^. An improvement to the GS2 
collision operator [10] only transiently fixed the problem. The growth at high kx is not 
believed to be physical, and could be arising from the accumulation of errors including 
those from the modelled collision operator 

More recent progress has been made by including a turbulent hyperviscosity damping 
term in the gyrokinetic equation: 

Sk^,ky 
= -D[ 

kx,ky 

yhc + K) Kky 

Including turbulent hyperviscosity had no impact on the linear physics, and suppressed 
rapid growth at high k^ later in the simulations. Furthermore, as shown in Figure 2(a) 
the turbulence saturation level was found to be insensitive to the numerical value of 
D. Having solved the problem at high kx, the calculations proved to be sensitive with 
respect to resolution in ky. Figures 2(b) and (c) show results from simulations with 
kyp, = 0,0.2,0.4,0.6, and kyp, = 0,0.1,0.2,0.3,0.4,0.5,0.6,0.7. The simulation that 
resolves lower ky values finds significantly laiger fluxes, and in both simulations the 
spectra show very large amplitudes in the lowest finite ky that is resolved. It should 
be noted that for the approximate MAST parameters of this equilibrium, kyPi = 0.1 
corresponds to a very low toroidal mode number n ^^ 4. The magnetic shear in the 
simulation was artificially enhanced, and at low to moderate magnetic shear the large 
width in X of the required flux-tube may chaUenge the validity of the flux-tube approach. 
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GLOBAL GYROKEVETIC SIMULATIONS 

In MAST at mid radius p, > lO^^a. ITG modes have k^ ranging from 0.1 to 1 .Op,. Thus, 
the radial extent of the box for non-linear ITG flux tube simulations would become 
so large that the assumption that the eqmlibrium quantities and their gradient scale 
lengths are constant within the simulation region would be inaccurate. The only way to 
accurately simulate ITG turbulence in MAST is to use a global code that has a reahstic 
equilibrium and models the profile variation within the simulation domain. 

For global ITG simulations we have used the ORBS code that uses the Particle-ln-
CeU (PIC) scheme for solving the gyrokinetic equation for the distribution function and 
combines this with a Poisson solver for the electric field. ORBS uses the 5f method, i.e. 
the distribution function is composed of equilibrium part that does not depend on the 
time and a perturbation that is time dependent, f{R,t) = /o(R) + Sf{R,t). In order to 
reduce noise ORBS can use field-aligned filter that keeps only the modes with poloidal 
mode numbers m = —nq{s) ± A/w, where n is the toroidal mode number, q is the safety 
factor and Am is an input parameter The filter is apphed to the discretized perturbed 
density. The removed modes are not physically relevant since ITG modes tend to have 
m « —nq. 

Linear Simulation for CYCLONE Base Case 

First we compare hnear GS2 flux tube code simulations with the global simulations 
using ORBS for the CYCLONE test case. GS2 is run on a flux tube at mid radius and 
ORBS is naturally a global simulation with radially varying profiles. We test the flux 
tube approximation by varying in the global simulation the p * = pt/a parameter as weU 
as varying the width of the steep temperature gradient region. In ORBS the temperature 
profile is parametrisized by formula: 

1 ^ - a c o s h - ^ ( ^ ) - c o s h - ^ ( f ) 
Tdxi/^~Lr i _ c o s h - 2 ( | ) (1) 

Here Zy, A and SQ are free parameters, xj/ is the normahzed poloidal flux and s = ^/\j7. 
In the width scan we keep all other parameters constant, but vary A. Therefore, the 
temperature and its gradient at mid radius (corresponds to so = 0.624) stay constant. 
Figure 3 b) shows the profile variation with the A parameter We compare the maximum 
linear growth rate from GS2 with the maximum linear growth rate of ORBS which is 
affected by both p * and the profile shape. 

We use 40 milhon markers in ORBS simulations and adjust the grid size according 
to p* so that A';, > O.S/p*, N^ > 2/q{r = 0.5a)/p* and Ne > 3/p*. Here Ns,N^ and 
NQ are the number of radial, toroidal and poloidal grid points, respectively. We find that 
at small values of p* the linear growth rates (normalized to vth/a) of local and global 
codes agree within 10% of the growth rate, but as p* gets laige > 1/SO, the results start 
to deviate from each other This is shown in Fig. 3 a). The reduction in growth rate for 
laige values of p * agrees with linear modelling by Garbet and Waltz [ 1S] as well as Lin 
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FIGURE 3. The hnear growth rate of GS2 and ORBS codes for CYCLONE test case as a function of 
p * (a). The normalized temperature profiles as a function of 5 = yTj^ used in the simulations (b). 

et al. [16]. On the other hand, the width of the gradient region has only weak effect on 
the normahzed linear growth rate. 

Non-Linear Simulation for CYCLONE Base Case 

We have also run ORBS in non-linear mode. Since there are no sources, the profiles 
relax due to the turbulence fluxes during the non-linear phase. The reduction in the 
gradient lowers the turbulence drive. Eventually the diffusivity decreases so much that 
the profile relaxation slows down and the simulation reaches a quasi steady state. At 
this point we stop the simulation and consider this the non-linear stabflity threshold. 
We vary p* in the simulations and compare the relaxed normalized inverse temperature 
gradient length RQ/LT (averaged around the steepest gradient region) at the threshold. 
As shown in Fig. 4, even though the linear growth rate showed a clear increasing trend 
with decreasing p* the non-linear threshold is quite insensitive to the variation of p*. 
This result is similar to what has been obtained with the full-/ code GYSELA [17]. 

The above simulations were done assuming an adiabatic response from the electrons, 
i.e. 5«e/«e = e5(j)/Te, where 5(j) is the perturbed electrostatic potential. Usually, this 
is reasonable assumption since the electron trajectories do not deviate far from the 
flux surfaces. However, treating electrons kinetically can affect the ITG mode stabflity 
[18, 19, 20]. We study the effect of trapped electrons with ORBS by treating the passing 
particles with the adiabatic response but simulating the trapped electrons kinetically. 
The simulation was done in CYCLONE base case geometry with 512 million markers. 
The calculations were performed onHECToR supercomputer using 1024 processors for 
120 hours. In Fig. 5 we show the time evolution of X/XGB as a function of RQ/LT. 

Here XGB = {P'*)^Cs/a is the gyro-Bohm transport coefficient. The simulation starts at 
RO/LT = 6.9. At the end of the simulation the temperature gradients do not change any 
more, but have reached a steady state at RQ/LT^I « 4.7 and Ro/LT^e ~ 5.5. The steady 
state level of RQ/LT^I is significantly lower than the level obtained with the adiabatic 
electron response that was shown above to agree with the results in [1] (shown in Fig. 
5 with a solid black line). This increased ITG turbulence in the non-hnear phase due to 
the trapped electrons agrees with results in [18]. 
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FIGURE 4. (a) The normalized diffusivity (XIXGB) and inverse temperature gradient length {RQ/LT) 
averaged over 0.55 < s < 0.7 as a function of time in a non-linear ORB5 simulation with p * = 1/500. 
The vertical line shows the time when we determine the non-linear threshold, (b) The inverse temperature 
gradient length at the non-linear threshold as a function of 1/p*. The horizontal line shows non-linear 
threshold value oiRo/Lr found in [1] 
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FIGURE 5. The normalized diffusivity ix/Xas) as a function of inverse temperature gradient length 
(RO/LT) in a simulation with kinetic response for trapped electrons. The simulation starts at RQ/LT = 6.9, 
X/XGB^O. The solid line shows the non-linear stability limit for ITG with adiabatic electron response from 
[!]• 

ORBS Simulations of MAST Plasmas 

We use the equilibrium and plasma profiles of two well-diagnosed MAST dischaiges, 
one in L-mode (#12556 at 0.334s), one in H-mode (#13018 at 0.230s) in 0RB5 sim
ulation to determine the global linear and non-linear stability properties in the exper
iment. The global parameters of these dischaiges are identical, 57=0.4IT, Ip=730kA, 
Ptot='2MW. The experimental density and temperature profiles as well as the '̂-profile 
are shown in Fig. 6. The main difference in profiles is that the H-mode density profile is 
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FIGURE 7. The linear growth rate of the fastest growing mode for (a) H-mode and (b) L-mode plasmas 
as a function oiRo/Lrj. The vertical line represents the experimental value . 

very flat except of the very edge. The steep gradient near the edge has little effect on the 
microstability in the gradient region (s < 0.9). Therefore, we ignore it in the simulation 
and assume that the density gradient vanishes at the edge to avoid numerical problems 
associated with steep gradients near the boundary of the simulation region. The temper
ature and '̂-profiles are quite simflar with a shghtly steeper temperature gradient in the 
L-mode. At the steepest gradient location 1/p* =100 in H-mode and 85 in L-mode. 

We vary the steepness of the temperature gradient to determine the linear ITG stability 
limit for both plasmas. The runs are done in global geometry with adiabatic electron 
response using 40 mfllion markers and recording the growth rate of the fastest growing 
mode. As shown in Fig. 7 both experimental plasmas are well within the unstable region. 
Radially the linear modes are localized in the region o f 0 . 6 < 5 < 0 . 8 . This agrees with 
the earlier flux-tube results [10] where unstable ITG modes where found in this region 
of MAST plasmas. 

We study the non-hnear stabflity properties of the MAST plasmas by initializing the 
profiles shghtly steeper than the actual experimental profiles and letting the turbulence 
develop and relax the profiles untfl we reach a steady-state. However the non-linear 
simulations for MAST plasmas using ORBS are quite demanding because of the noise 
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FIGURE 8. The diffusivity (XIXGB) as a function of inverse temperature gradient length {RQ/LTJ) 
averaged over 0.55 < s < 0.7 for MAST H-mode plasma in ORB5 simulation (a) and the noise to signal 
ratio as a function of time (b). The red circle indicates the time / = 400000^^ where the noise to signal 
without« = 0 ratio starts growing. 

problem in the non-linear part of the simulation (we use 67 million markers). This can be 
seen in Fig. 8 where the normalized diffusivity is plotted as a function of RQ/LT^I. After 
the initial growth the diffusivity decreases as the gradients relax. The turbulence reaches 
a plateau for a while at XIXGB = 0 . 1 , RQ/LT^I = 5, but then the noise starts growing in 
the simulation and after that the results become unphysical. 

We stop the simulation when the initial overshoot of the turbulent flux has disap
peared, but the noise has not started growing and compare dln{\/T)/ds profiles around 
the mid-radius with the experimental MAST profiles at this point. As shown in Fig. 9 
the ORBS profiles are close to the MAST profiles, though sufficient simulation have not 
been performed to confirm this agreement is generally good. It must also be noted that in 
ORBS simulations there are no sources. Nevertheless, the result indicates that the MAST 
temperature gradients are close to the non-linear stability threshold for ITG turbulence. 

CONCLUSIONS AND DISCUSSION 

Much has been learned about microstabflity and turbulence in spherical tokamak plas
mas from local flux-tube simulations using the GS2 code [10]. Local flux-tube studies 
have identified the key linear instabilities, and have suggested that microtearing modes 
[II] should play an important role at mid-radius in MAST plasmas. Nonlinear local 
gyrokinetics simulations have also found that ETC turbulence can carry significant elec
tron heat transport in MAST[21]. Equilibrium flow shear is also found to be comparable 
to the growth rates of ITG modes in MAST. 

More recent advances in local gyrokinetic simulations with GS2 have included adding 
equilibrium ExB flow shear [7], and making progress with nonlinear microtearing sim
ulations. Equilibrium flow shear calculations for the CYCLONE base case equilibrium 
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FIGURE 9. The radial dln{l/T)/ds profiles in MAST discharge (dashed) and at the non-linear stability 
threshold from ORBS for L-mode (a) and H-mode (b) discharges. 

with GS2 find that ITG modes become stabilised when the shearing rate becomes com
parable to the growth rate, and it has also been found that the stabihsing effect is sen
sitive to magnetic shear Low magnetic shear makes the rotation shear more effective 
due to rational surfaces being radially further apart. Including turbulent hyperviscosity 
has permitted advances in nonlinear microtearing simulations. Turbulent hyperviscosity 
does not affect the linear and early nonlinear saturation phase, but selectively dissipates 
at high k±_ where unphysical growth had been responsible for polluted previous simu
lations. In these improved simulations it is now possible to assess convergence in other 
parameters, and at present we are finding that it is important to resolve low-ky modes. 
Indeed for equilibrium parameters guided by those in MAST (but with enhanced mag
netic shear and /3 in order to facilitate the simulations), it has been found necessary to 
resolve toroidal mode numbers n as low as 4. 

Modelling nonlinear ITG turbulence (when these modes are unstable) in MAST 
requires global gyrokinetic simulations, as the local flux-tube approximation becomes 
inaccurate. We have therefore embarked on global gyrokinetic simulations with the 
global code ORBS. 

Flux-tube result for linear ITG growth rates for the CYCLONE base case equilibrium 
has been reproduced using ORBS with small p*. With large values of p* the growth 
rate deviates from the flux-tube result, demonstrating the need for global simulations for 
plasmas in this regime. 

Non-linear simulations (also for CYCLONE base case) show that while the hnear 
growth rate depends on p *, the non-linear threshold is fairly insensitive to p * variation. 
ORBS simulations, including the kinetic response from trapped electrons, significantly 
increase the ITG turbulence compared to that found with a purely adiabatic electron 
response. 

Global MAST simulations of H- and L-mode plasmas confirm the earlier flux-tube 
results that the MAST plasmas are linearly unstable for ITG modes (neglecting equi
librium flow shear). In the non-linear simulation the temperature gradients relax close 
to the experimental profiles showing that the MAST plasmas are close to the non-hnear 
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threshold. Noise in the non-hnear phase causes some problems interpreting the results. 
The future work will make use of the introduction of a Krook operator in ORBS [22] 
that ensures that the marker weights do not grow too much and helps to reduce noise in 
the phase when the simulation approaches steady state. This should alleviate the noise 
problem in the future MAST simulations. 
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