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Effect of fast electrons on the stability of resistive interchange modes
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Introduction

In stellarators, populations of fast electrons are usually generated in plasmas of relatively low
density heated by ECR [1, 2]. In a series of dedicated experiments to characterize the transport
of suprathermal electrons in the TJ-II stellarator, plasmas were initially heated by ECRH, and
after ECRH switch-off, heating was taken over by neutral beam injection (NBI) with an overlap
between the two heating phases of less than 10 ms. In this study, a vorticity probe was used to
determine the magnetic fluctuations in three coordinate directions, together with an electrostatic
probe array. The most outstanding and somewhat surprising finding is the substantial reduction,
by a factor of 3.5, of the magnetic fluctuations in the NBI phase as compared with the ECRH
phase.

Experimental results in high 8 plasmas show an increase of magnetic fluctuations with beta.
Resistive MHD models using reduced MHD equations have been successful in explaining MHD
activity in stellarators. The reduction of magnetic fluctuations described above cannot be ex-
plained by a pure resistive MHD model. It is pertinent to investigate whether the presence of
fast electrons can modify the behavior of plasma instabilities substantially. Therefore, in the
following we study the effect of adding a fast electron component to an MHD model in order to

try to understand the experimental results qualitatively.

MHD Model

The role of fast electrons has already been studied in the context of MHD models. These
models have been used mostly to study runaway electrons. Here, we introduce a simple mod-
ification of the resistive MHD equations, similar to the one used in Ref. [3], to investigate the
potential impact of fast electrons on turbulence. In this model, both thermal and fast electrons
contribute to the total current. However, the resistive term in the Ohm’s law only contains the
current carried by thermal electrons. The equation for the current density of the fast electrons
is derived from the drift kinetic equation in the zero-gyroradius limit [3]. The geometry is a

periodic cylinder. The dimensionless equations are [4]:
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Here, vy is the poloidal magnetic flux, U = { -V x v, /B is the toroidal component of the
vorticity, v, is the perpendicular component of the velocity, n is the density, Jy = Viy/ is the
total current, and Jy is the current of the fast electrons. The parameters in the equations are
defined in Ref. [4]; V)= ‘L'AvH/ Ry, where V)| is the velocity of fast electrons along the field line,
and 74 is the Alfvén time.

To model TJ-II plasmas, we have used the e e ()65

g-profile corresponding to the so-called (stan-
dard) magnetic configuration 100_44_64 [5],
the same as those used in the experiments,

and the corresponding curvature of the vac-

Q
uum configuration. Furthermore, we have
used equilibrium electron temperature and
density profiles similar in shape to the ex-
perimental ones. These are shown in Fig. 1,
-0.6

normalized to the values at the magnetic axis.
In the same figure, we show the fast electron
equilibrium profile used in the calculations. Figure 1: Equilibrium profiles used in single (sh)
Here we assume the existence of a source of

and multiple helicity (mh) simulations.

fast electrons. It is expressed as fast electron

current profile. Since one of the sources of the instability is the gradient of the equilibrium
current density, for single helicity simulations we choose a current profile peaked at the mag-
netic axis and with slope different from zero only in a region close to the rational surface of
the dominant component of the fluctuations. The value of the fast electron current density at the
magnetic axis is Jy, we will use Jy as a parameter to characterize the variation of the population

of the fast electrons.
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The effect of fast electrons on the linear R T TR
growth rate is weak, but the poloidal flux

function of the fastest growing mode changes

parity with respect to the rational surface for

relatively small values of the the fast electron
current. When Jy = 0, the eigenfunction cor-
responds to an interchange mode driven by
the gradient of density, and the poloidal flux

profile has almost an odd structure with re-

spect to the rational surface. When we include

the effect of fast electrons, there is a second
drive for the instability, namely the gradient
of the current of fast electrons. Fig. 2 shows Figure 2: Total current density J¢, the current of the
the total current density Jy for Jo = 0.02 to- fast electrons J7, and the current carried by thermal
gether with the current of the fast electrons J;  electrons Jys for Jo = 0.02. The vertical line indi-
and the current carried by thermal electrons cates the position of the rational surface.

Jres = J¢ = Jy. They correspond to the linear

eigenfunction of the (m = 5,n = 8) mode. The current carried by thermal electrons has almost
an odd structure with respect to the rational surface, while the current of the fast electrons has
almost an even structure. The reason is that the latter is mainly driven by the gradient of the
equilibrium current of fast electrons. As Jy increases, the fraction of the total current due to
fast electrons increases, and there is a continuous change in the structure of the mode from

interchange to tearing-like.

Nonlinear calculations

We have carried out first ¢ = 5/8 single helicity nonlinear calculations, as this is the helicity
with lowest poloidal mode number m in this magnetic configuration. The rational surface is
relatively close to the plasma boundary. The experimental measurements suggest that this is the
dominant component of the fluctuations.

The impact of fast electrons on the nonlinear saturation levels is stronger than the impact on
the linear growth rates. The nonlinear calculations show an enhancement of all fluctuations. The
main effect of the trapping of fast electron by magnetic islands induced by MHD turbulence is
to increase the magnetic component of the fluctuations. The trapped electrons also modify the
rotation of the islands. The rotation of the magnetic islands changes in direction and magnitude

from the case without fast electrons. The increase in fluctuations also causes an increase of
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the averaged quantities through nonlinear couplings. Such is the case of the average poloidal
velocity, i.e., the zonal flow associated with the magnetic island. However, their increase is
small compared with the change of the magnetic island rotation velocity. All these effects seem
to explain some of the experimental observations well.

We have also considered the effect of the energy of fast electrons. For TJ-II, the energy
corresponds to V)| = 8, while the case in which v|| approaches the speed of light corresponds
to v); = 20. The parallel velocity narrows the eigenfunctions and decreases significantly the
saturation level. The results for v = 8 and v|| = 20 are very similar.

We have started nonlinear multiple helicity

. _ eqe . _ 4 10'5 PR T U N T T N T 1 Add
calculations for TJ-II. The equilibrium cur —J,=02s, mh
rent profile is different from the case of sin- —1J = 0.10, sh

gle helicity. The slope is different from zero 3 10'5_ -
over the whole radius. Fig. 3 shows the pro-
file of the time-averaged mean square pertur-
bation for a multiple helicity (mh) and a sin-

gle helicity (sh) case. v} is 8 for both simu-

lations. The values of Jy are chosen to have

the same current gradient at the ¢ = 5/8 ra-

tional surface. As can be seen from the fig- 04 05 06 07 08 09 1
r

ure, the fluctuation level increases strongly in

the multiple helicity case. This is because the Figure 3: Profiles of the time-averaged mean

lower-m resonant modes in the different re- gquared perturbations of the current of fast electrons
gions are nonlinearly coupled through modes  for a multiple helicity and a single helicity case.

resonant at higher-order rational surfaces lo-
cated in between. Due to the low magnetic shear, the modes are spatially separated, but they
are also broad. The calculation includes a large number of Fourier components (and helicities

n/m), allowing for effective nonlinear coupling.
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