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Monte Carlo Jf simulation of wide-orbit
neoclassical transport
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Abstract: Neoclassical ion transport near the axis in a tokamak plasma is studied
with guiding centre particle simulations. The Hamiltonian guiding centre code HAGIS was
augmented by a Monte Carlo procedure for the pitch angle scattering with momentum
conservation. The energy transport in the central part of the plasma is found to be
strongly reduced.

Advanced tokamak scenarios with reversed shear and high safety factor ¢ on the axis
are candidates for a future fusion reactor, and have been studied recently in several
experiments. In discharges with an internal transport barrier (ITB) turbulent transport
can be largely suppressed, and ion heat fluxes of the close to or even below the level
of conventional neoclassical theory have been observed. Hence, a reliable description of
neoclassical transport is needed. Unfortunately, close to the magnetic axis the ordering
of neoclassical theory[l] breaks down, the width of the ion orbits is not small compared
with the minor radius. The critical radius is of the order of a “potato orbit” width[2-4],

Tpotato = (2(]/0)2/3 R(l)/ga (1)

the width of a very fat orbit that passes through the magnetic axis (here for a magnetic
field with concentric circular flux surfaces, ¢ is the safety factor, p the gyro radius and Ry
the major radius at the magnetic axis). In I'TB plasmas, owing to the high safety factor
and the high ion temperatures that are obtained in the core, this radius can be rather
large. Recently, new analytic results for wide-orbit effects on neoclassical transport were
presented, based on the assumption that near the magnetic axis these potato orbits would
take the role of the banana orbits in the conventional theory. The first theory|[3] is based
on a modified random walk model; the result is a very strong reduction of the transport
down to the level of the Pfirsch-Schliiter transport. The second theory[4] is derived from
a kinetic equation and predicts near the axis a transport even higher than the thin-orbit
theory.

With view on this status of the theory, and with the aim of calculating the neoclassical
transport in real tokamak plasmas, we have augmented the df guiding centre particle code
HAGIS[5] by a Monte Carlo pitch angle collision model. HAGIS is based on a Hamiltonian
formulation of the equations of motion for ions in a toroidal magnetic field employing
Boozer coordinates. The § f method is used, the distribution function is split into two
parts f = fo+ 6f = fu(E,¢) + §f, where, in the original HAGIS, f, is a function of
the constants of motion. Here, for the calculation of neoclassical transport, it is more
convenient to choose fy as a Maxwellian with constant density and temperature on a flux
surface. The kinetic equation for 4 f is

a6 f

S (b +v) Vo[ +a-V,6f = C(d) = va- Vs (2)
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where v, 1s the torus drift. Without collisions while a particle moves along it’s orbit, the
weight § f; changes according to

= v V= 3)

The equations for the evolution of poloidal flux ¥, toroidal and pooloidal angle, 8, ¢ and

p|| = v))/wei are[5,6] (with B = gV + IV + Vi)

b= ~LiBn (4
= 2+ LB B )
o= WG - LB B (6
P = —%(PﬁBJru)aa—Z(l—Png’) (7)
D = py(gl'=g'T)+ (I +gq) (8)

where the prime denotes 9/ ¢ and the variables are normalised by major radius and
magnetic field at the axis as well as ion charge and mass.

The collisions are modelled by a Monte Carlo procedure. The scattering operator is
composed of the pitch angle part of the Landau-Fokker-Planck collision operator and a
correction term for ensuring momentum conservation|[7],

o) =22 o)} D) L v o for) uoer) ©

Gz) = ((#? = 1/2) exf(z) + we™ /7)) 2, (10)

¢ =v)/v, and vr = /2T /m. The Monte Carlo procedure amounts to change v and vy

according to
5’U|| = —UHI/At + UULVVAt, (SU?_ = _(2U|| + 51)”)5’0”, (11)

employing random numbers 5 with (n) = 0, (n*) = 1. The parameter w in Eq.(9) is
determined such that the momentum is conserved. This is achieved by a change of the
particle weights,

Ad fi = —RvyApy G(vi[vr) far(vifor, i) [
> (Rvir)*G(vi for) folvi/vr, i) AQ; (12)

k3

where, in order to avoid the binning of the particles in the poloidal angle, the toroidal
angular momentum averaged over the flux surface is taken instead of the parallel mo-
mentum. This is justified in the long mean free path regime. Ap; is the momentum
change due to pitch angle scattering, and AQ; is the phase space volume element of the
1th particle.
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The radial fluxes are calculated from the radial particle drift,

r¢:</km-v¢aﬁﬁw, Q¢:</Qh.v¢"? 5f &v) (13)

where the flux surface average is replaced by volume integration over a thin shell

1 3 P48 R )
%/Aﬁdmm/ Aﬁﬂﬁ/ fodQ2. (14)
n =81 =8¢

Owing to the momentum conservation, the particle flux decays on a time scale of order
the collision time 7;. We study the ion energy transport, and assume a diffusive transport
law for calculating a transport coefficient x for the purpose of comparison with the theory.
In reality, the transport near the axis might well depend nonlocally on the temperature
gradient if wide-orbits are important.
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Fig. 1: x; for a plasma with concentric circu-  Fig. 2: Parallel ion current (symbols)
lar magnetic surfaces. Comparison of simu- compared with conventional neoclassical
lation (symbols) and thin-orbil theory (solid theory (solid line).

line), theory I[3] (dashed) and theory II[}]

(dash-dotted), rpotato = (2qp)2/3 R(lJ/S-

As a benchmark we compare the numerical results with the conventional expression for
neoclassical transport. For this purpose calculations with a model equilibrium with con-
centric circular surfaces were performed. For such an equilibrium, in the conventional
theory the heat transport coefficient is[1] x; = v; (q2pf/€3/2) K3, where K, depends on
v, and ¢. In Fig. 1 the match between theory and simulation outside the central region
is shown. Towards the magnetic axis the numerical results deviate from the thin orbit
theory. The critical radius is about twice the potato orbit width [Eq. (1)]. Neither of the
two theories referred to above matches the numerical result in this region. Although the
transport is strongly reduced it remains much higher than the Pfirsch-Schliter transport.
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The ion contribution to the bootstrap current, (en;v;B), is shown in (Fig. 2). It matches
the neoclassical prediction[8], except near the axis, where it is strongly reduced.

The code was applied to a discharge of ASDEX Upgrade with an internal transport
barrier. The magnetic field as well as the density and temperature variation of fy have
been taken from experimental data. The high Z.;; ~ 3 is modelled approximately by
increasing the collision frequency. Owing to the g profile (almost 4 at the axis, 1.5 at half
radius and 4 at the edge) and the high ion temperature in the centre (14 keV), the potato
orbit width is very large. In Fig. 3 the numerical result is compared with the thin-orbit
theory[9] (with (B?), (B™?) and dr/dy> calculated numerically for the experimental flux
surfaces, r is the radius of a circular flux surface with the same volume). Here, x continues
to increase towards the axis, but much less than in the thin-orbit theory; the transport
level is about 5 times the Pfirsch Schliter transport. The parallel ion current is smaller
than predicted by the conventional theory in the central part of the plasma (Fig. 4).
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Fig. 3: x; in a plasma with reversed shear. Com-
parison of simulation resull (symbols), thin-orbil
theory[9] (solid line), theory 1[3] and theory II[]].
Also shown: Pfirsch-Schliter contribution multi-
plied by a factor 5.

Fig. 4: Parallel ion current (sym-
bols) in the same plasma compared
with neoclassical theory (solid line).

Summary: Guiding centre simulations of the collisional ion energy transport in a
tokamak show that near the magnetic axis the transport is smaller than in the conventional
small orbit neoclassical theory; neither of two recent theoretical predictions is confirmed.
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