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Abstract. In this work, we extend previous analytic theories for the neoclassical
transport of a trace heavy impurity in a rotating plasma in the Pfirsch-Schlüter
regime. The complete diffusive and convective components of the ambipolar
particle flux are derived. The solution is valid for arbitrary impurity charge and
impurity Mach number and for general geometry. Inclusion of finite main ion
temperature gradient effects is shown in the small ion Mach number limit. A
simple interpolation formula is derived for the case of high impurity charge and
circular geometry. While an enhancement of the diffusion coefficient is found for
order one impurity Mach number, a reduction due to the rotation-driven poloidal
asymmetry in the density occurs for very large Mach number.

1. Introduction

Strong toroidal rotation – that is, rotation for which the plasma toroidal velocity
is on the order of the thermal velocity rather than the diamagnetic velocity – can
significantly influence neoclassical transport, particularly in tokamaks which contain
heavy impurities. Sonic rotation in tokamaks can arise from torque due to neutral
beam injection. This rotation produces a strong centrifugal force that pushes the ions
toroidally outward causing them to redistribute nonuniformly around a flux surface.
As a result of quasineutrality, a poloidally-varying electrostatic potential is generated
to balance the density asymmetry. For heavy impurity ions, the influence of the
centrifugal force is amplified by their greater mass. In the Pfirsch-Schlüter regime,
this force enhances the effective toroidal curvature and can lead to an increase in the
neoclassical transport.

Full implementation of sonic rotation in drift-kinetic calculations can be
challenging, especially in multi-species plasmas, due to the induced equilibrium-scale
density asymmetries. Nevertheless, analytic theories of neoclassical impurity transport
in limited regimes have provided simple formulae useful for physical intuition. For
example, early calculations for a two-ion plasma in the banana regime using a
variational approach showed significant enhancement of the particle and energy fluxes
due to the rotation [1]. Subsequent calculations focusing on more experimentally-
relevant regimes for the impurities found similar results using a fluid-like approach
for the treatment of the impurities. Specifically, Romanelli and Ottaviani [2] used
a generalization of the Braginskii approach adopted years earlier by Rutherford [3]
to estimate the finite-Mach-number modification of the ambipolar particle flux in a


