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Consequences of profile shearing on toroidal momentum transport
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Introduction

Turbulent momentum transport in tokamaks is intimately linked to broken parallel symmetry
(symmetry with respect to the midplane, following a magnetic field line). Amongst other mech-
anisms, radial inhomogeneity in the equilibrium can induce parallel symmetry breaking and, as
a consequence, momentum transport. The residual stress (non-diagonal non-pinch momentum
flux) resulting from background E x B sheared flows is a well known example of this effect.
It is however not the only one: radial variation of the plasma profiles (temperature and den-
sity) and magnetic equilibrium, refered to as “profile shearing” in the following, will also result
into parallel symmetry breaking. The impact of profile shearing on turbulent momentum trans-
port has recently been investigated [1] and the main results are summarised here. The study
is conducted in the linear regime, without background E x B flows, to focus on the physical

mechanism description in preparation of a future quantitative study in the non-linear regime.

Impact of profile shearing on the linear eigenmode

The starting point of the present study is the impact of profile shearing on the global structure
of ion-scale turbulence. It was demonstrated in the 90s that, to lowest order in 1/n, where n is
the instability toroidal mode number, and after expansion of the (slowly varying) equilibrium
quantities around a rational flux surface, the linear eigenvalue problem reduces to a 1D differ-
ential equation. The most unstable mode is ballooned at the low field side (LFS) midplane and
poloidally symmetric. To next order in 1/n, however, the mode structure needs to accommo-
date the radial variation of the equilibrium (temperature, density, flows, magnetic field) and the
2D envelope results from the interplay between the shear in the mode frequency, the advection
by plasma flows and the constraint given by the magnetic field (magnetic shear). As a conse-
quence, the most unstable mode is in general no longer aligned with the radial direction but
poloidally tilted and the radial envelope modified accordingly. Analytical expressions of the ra-
dial envelope and poloidal tilt have been derived in various limits. For instance, as shown in [2],
assuming a linear pressure profile and no background flows, the radial envelope is a Gaussian
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whose width is given by Ar = [2yysin 8y /(kgSw))] '~ with r the radial coordinate, § the mag-
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netic shear at the flux surface ry under consideration and 6y the Bloch shift parameter related to
the poloidal tilt of the mode. The Bloch shift parameter is defined as 6y = —k,/(§kg) where k,
and kg are the radial and poloidal wave vectors at the LFS midplane in standard (r, 8) coordi-
nates. The usual approximation kg ~ ng(ry)/ro for circular concentric flux surfaces is used. The
eigenfrequency and the mode growth rate are assumed to have a form typical of electrostatic
drift waves: @, = w,(ro) + wl.(r — ro) and y = ypcos By with Y the growth rate of the lowest
order solution. In the 2D envelope problem, the most unstable mode is then characterised by a

finite poloidal tilt (or equivalently finite k,):
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Interestingly, the 2D mode structure (poloidal tilt and radial width of the Gaussian) can be
directly inferred from the dependencies of the lowest order eigenvalues. Eq. (1) shows that
the poloidal tilt arises from the radial shear in the mode frequency ), which for toroidal ion
temperature gradient (ITG) mode is roughly proportional to the radial shear in the magnetic drift
frequency w; = kgT /(RZeB) with T the temperature, R the major radius, Ze the ion charge and
B the magnetic field. Note that a temperature profile with constant gradient is sufficient to tilt

the eigenmode, no curvature in the profile is required.

Local simulations: effect of the mode tilting on momentum transport
To investigate the effect of mode tilting on toroidal momentum transport, local gyrokinetic
simulations are then performed with the flux-tube code GKW [3] for the Cyclone base case.

The poloidal tilt 6y is varied

by changing the input &, (both 3l
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growth rate decreases when | 6|

increases, as shown in the left Figure 1: Mode growth rate and residual stress coefficient as
plot of Fig. 1. To address momen- a function of 6y in local simulations with adiabatic (crosses)
tum transport, the toroidal angu- and kinetic (circles) electrons.

lar momentum flux is decomposed into diagonal, pinch and residual stress parts, as is custom-
ary, and the normalised ratio of the residual stress to the momentum diffusivity C*/ Xy is used

to characterise the residual stress part (see [1] for more details). The most important impact of
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a finite ) in the local simulations is the generation of a residual stress whose sign depends on
the sign of 6y, right plot in Fig. 1. The residual stress is found smaller with kinetic electrons
than with adiabatic electrons, but in both cases represents a significant contribution to the total
momentum flux. The origin of the residual stress lies in the radial component of the vertical
curvature and [IB drift that is antisymmetric with respect to the midplane and leads to parallel

symmetry breaking provided 6y [J k, is finite.

Global simulations: self-consistent mode structure and momentum transport

Motivated by these results, global simu-
lations are performed with the code GT5D
[4] to compute the poloidal tilt and the cor-
responding momentum flux self-consistently.

A first set of simulations is performed for

the global version of the Cyclone base case
with adiabatic electrons at p, = pr.f/a = Figure 2: Electrostatic potential perturbations in
0.518 x 1072 and n = 30 (most unstable the poloidal plane for R/Lr; = 6.6 (left) and
mode). The poloidal tilt of the electro- R/Lr;=9.85 (right).

static perturbations is found to increase with the normalised temperature gradient R/Ly;
(Fig. 2) and, as in the local simulations, it induces a significant residual stress (Fig. 3)

Comparable values of resid-

IS NN I S N oal ual stress are obained by per-

osf forming local simulations with
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the 6y values that were obtained

in the global simulations, Fig. 3.
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stress obtained in the global sim-

Figure 3: Residual stress C*/Xy (left) obtained in global ulations is mainly due to the

simulations (full line) and in local simulations (dashed line) mode structure modification by

at 8y = 0 (circles) and at finite 6 (crosses), with the value profile shearing. A second set of

taken from global simulations. The mode growth rates y are global simulations is performed

shown in the right plot. with kinetic electrons at p, =
1.0359 x 1072 and n = 15, varying the normalised temperature to density gradient
Ni = L,/Ly;. The simulations are performed with a reduced ion to electron mass ra-
tio m;/m, = 100 to minimise the computational costs. For n; < 2, the most unstable

mode is a Trapped Electron Mode (TEM) while for n; > 2.5 it is an Ion Tempera-
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ture Gradient mode (ITG). The poloidal tilt of the electrostatic potential perturbations
changes sign at the TEM/ITG transition, following the sign of the mode frequency shear.

The ratio of the momentum flux to the total heat

0.1
flux (with zero rotation and the convective contri-

butions subtracted) is shown as a function of n; in
Fig. 4. The direction of the residual stress changes
from outward to inward at the TEM/ITG transition

in close relationship with the change of 6. The

global mode structure modification (poloidal tilt) by e .

profile shearing is again the main mechanism gener- “0 1 % 3 4
ating the residual stress in the global simulations, as

demonstrated by imposing a finite value of 6y in the Figure 4: Momentum to heat flux ratio
local simulations, with the value of 6 taken from as a function of n; for global simulations
the global simulations. It is checked with GKW that (full line) and local simulations (dashed
using the actual ion to electron mass ratio does not line) with m;/m, = 100 (crosses) and the

significantly change the picture. real m; /m, (circles).

Conclusions

The impact of profile shearing on momentum transport has been investigated in linear gyroki-
netic simulations. The radial profile inhomogeneity modifies the global structure of the linear
eigenmode and induces a poloidal tilt of the electrostatic potential perturbations. This effect is
related to the shear in the mode frequency and is therefore also observed for linear profiles (con-
stant gradient). The resulting parallel symmetry breaking induces a finite residual stress. Profile
shearing residual stress changes sign at the TEM/ITG transition, following the sign of the mode
frequency shear. It enhances co-current rotation in ITG turbulence and counter-current rotation
in TEM turbulence. The magnitude of the effect (quasi-linear estimate) is very large (of the
order of a couple of NBI beams!). The study now needs to be extended to the non-linear regime

to provide a definite prediction of the magnitude.
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