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Introduction 
Extrapolation of the confinement of current tokamaks to ITER conditions relies on our 
ability to predict the level of cross-field transport. For this it is necessary to understand the 
processes controlling plasma rotation and momentum transport because sheared flow can 
influence the level of anomalous transport. Sheared ExB flow can reduce the level of 
anomalous transport through the radial de-correlation of turbulence and is one of the factors 
that is involved in the formation of internal transport barriers (ITBs) [1, 2]. Although 
particle and heat diffusivities down to the underlying ion neoclassical level have been 
observed in ITB plasmas [2,3], the momentum diffusivity has always remained anomalous. 
According to neoclassical theory, because trapped particles do not transport angular 
momentum, the momentum diffusivity should be smaller than the ion heat diffusivity by a 
factor O(ε3/2), where ε is the inverse aspect ratio. However, experimentally, the momentum 
diffusivity is usually found to be of the same order as the heat diffusivity [4].              
Recent enhancements to neoclassical theory [5] predict an increase of momentum transport 
in a mixed collisionality plasma in the presence of strong toroidal rotation. The additional 
transport is driven by pressure and temperature gradients rather than rotational shear and 
therefore cannot be expressed in terms of a simple diffusivity. The level of neoclassical 
transport is calculated here using this theory for a MAST spherical tokamak [6] L-mode 
plasma and compared with the experimentally determined fluxes. The test of the the theory 
is made easier because the tangential NBI heating drives strong toroidal rotation in MAST. 

Neoclassical transport 

Cross-field fluxes of particles, heat and angular momentum are related to the gradients of 
pressure, temperature and rotation frequency through the transport matrix, Lij: 
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where Γ is the particle flux, q the heat flux, Π the angular momentum flux and p, T and �  
are pressure, temperature and toroidal angular velocity of the bulk ions respectively. The 
transport coefficients resulting from collisional transport, consisting of both a classical 
contribution due to the particle gyromotion and a neoclassical contribution due to guiding 
centre drifts in a toroidal plasma, have been derived theoretically with increasing levels of 
sophistication. In particular, the influence of impurities and toroidal rotation on the heat and 
particle transport have been considered by Fülop and Helander, who calculated the particle 
and heat transport for a mixed collisionality plasma with strong rotation [14], which is 
typical for MAST plasmas. This theory has recently been extended by Newton and 
Helander to include momentum transport as well [5]. In a strongly rotating plasma, the 
centrifugal force causes ions to distribute non-uniformly around a flux surface [15] and this 
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effect is most pronounced for impurity ions, due to their larger mass. The density 
asymmetry, which is balanced by an electrostatic potential that is set up around the flux 
surfaces, enhances the friction between ions and impurities, leading to enhanced transport. 
The density of an ion species is given by ni = ni,0exp(Mi

2-ziϕ/Ti), and that of the electrons 
by ne = ne,0exp(ϕ/Te), where ni,0 is the density on the outboard mid-plane, z the charge, ϕ 
the potential relative to the outboard midplane, T the temperature in eV. Mi

2 is defined to be 
mi

� 2(R2-R0
2)/2eTi, where mi is the ion mass, �  the angular velocity, R the radius and R0 the 

outboard mid-plane radius of the flux surface. The set of equations is closed by imposing 
quasi-neutrality: Σnizi = ne. 

Calculating the neo-classical transport 

The plasma parameters required to calculate the transport from theory are measured on 
MAST using state-of the-art diagnostics covering the full plasma diameter, including a 
high-resolution Thomson scattering system providing Te and ne profiles [8, 9], a 2D visible 
bremsstrahlung diagnostic providing Zeff profiles [10] and a high resolution charge 
exchange diagnostic measuring ion temperature and toroidal rotation velocity profiles [11]. 
The raw measurement data is prepared in an integrated way for transport analysis using the 
TRANSP transport analysis code [7,13]. This pre-processing accounts for inter-
dependencies of the measurement data, e.g. the evaluation of Zeff requires Te and ne profiles, 
and spatial mapping of profiles to the magnetic equilibrium from EFIT [17]. The actual 
transport fluxes determined from TRANSP can then be compared with the neo-classical 
predictions. 

The expressions for the transport coefficients include flux surface averages involving, e.g. 
density and magnetic field strength. It is assumed that the sole impurity is C6+. On MAST, 
the bulk ions are deuterium. The bulk and impurity ion densities around the flux surfaces 
are calculated from the above set of equations using the electron density and the Zeff profile. 
In principle the densities can be derived by solving the above equations by, for example, a 
Newton or Broyden method. However, these methods were found to be unsuitable in 
practice and so an analytic approximation was used to interpolate between the two cases for 
which the set can be solved exactly, i.e. the cases of a deuterium plasma with a trace 
amount of carbon, and a carbon plasma with a trace amount of deuterium. The electrostatic 
potential can then be expressed as ϕ = (MD

2+γ MC
2) / (1+τ+γ(zC+τ)), where γ = zCnC/nD and 

τ = Ti /Te. The bulk and impurity ion temperature are assumed equal, as is also assumed in 
the theory. Further necessary conditions for validity of the theory are that the square of the 
toroidal Mach number of the bulk ions, mD

� 2R2/2kTD,  is smaller than 1, and that the 
temperature and density gradient scale lengths are longer than the ion Larmor radius. 

Results 

The results described below are for an L-mode discharge (#12546, 0.245 s, Ip=0.7MA, 
B=0.5T, nD=3.6⋅1019m-3, NBI=1.5MW co, Zeff=1.5-4.5). The carbon ion Mach number, 
mc

� 2R2/2kTc,  was found to be 0.5 and the density and temperature gradient scale lengths 
were 10 times the deuterium Larmor radius, which means that the transport equations are 
valid. Fig 1 shows the normalized transport coefficients (ie. number of units of flux per unit 
gradient) for each of the driving forces ∇ p, ∇ T and ∇ , as well as the predicted and 
measured diffusion coefficients D = -Γ/∇ n , χi = -q/n∇ T  and χϕ = -Π/nmR2∇ , the 
experimental one being determined from the fluxes found by TRANSP, and the predicted  
one from the fluxes predicted by neoclassical theory. The spike in fig (1a) is due to a sign  
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reversal of the density gradient. Since the gradients in a tokamak are typically negative, it is 
seen from fig 1 that the density gradient drives an outward particle and angular momentum 
flux, but an inward heat flux, whereas the temperature gradient drives an inward density 
and angular momentum flux, but an outward heat flux. Velocity shear does not contribute 
to a particle or heat flux, but drives an outward angular momentum flux. The transport 

Fig 2: Classical (blue), neoclassical (red) and 
total (black) particle, heat and angular 
momentum flux with (solid) and without 
(dashed) including carbon, and the TRANSP 
value (black dot-dash), divided by 20 

Fig 1: Normalized transport coefficients corresponding 
to pressure (blue), temperature (red) and velocity 
(green) gradients, left scale, and TRANSP (dot-dash ) 
and predicted (solid black) particle, heat and 
momentum diffusion coefficients, right scale. 
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coeficients increase towards the edge, because both the classical and neoclassical transport 
scale with Zeff. Fig 2 shows the predicted classical and neoclassical fluxes, their sum, and 
the measured fluxes, and makes a comparison between the case where carbon is included in 
the calculations, and where it is not. It is seen from fig 2 that in the absence of impurities, 
there is no particle transport driven by gradients, a well known result. Including impurities 
leads to an increased friction of particles on neighbouring flux surfaces, which enhances 
both the classical fluxes and the neoclassical fluxes. The heat flux is increased by a factor 
between 2 and 20, but remains well below the experimental value. This means that the L-
mode ion heat confinement time is not neoclassical, as one would expect. Increased friction 
causes a significant enhancement of both the classical and neoclassical parts of the angular 
momentum flux. The enhancement of the classical flux varies between a factor of 1.5 in the 
core up to 100 in the edge, and the neoclassical flux increased by as much as four orders of 
magnitude in the edge. Nevertheless, the total angular momentum flux remains about a 
factor of 25 below the experimental value for this L-mode discharge. Due to the similarity 
of the pressure and temperature profiles, both the classical and neoclassical contributions to 
the angular momentum transport due to the pressure and temperature gradients (L31 and 
L32) almost cancel throughout the plasma. In addition, the neoclassical contribution driven 
by the velocity shear (L33) is almost zero, as it scales with the square of the bulk ion Mach 
number, leaving the classical part of L33 as the main source of the angular momentum flux. 
The next step will be to apply this analysis to discharges with moderate to strong ITBs, 
where the off-diagonal terms may play a bigger role. 
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