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Abstract

The anomalous transport and turbulence driven by a combination
of the toroidal ion temperature gradient (ITG) mode and
dissipative trapped electrons are studied for a collision dominated
plasma. The results from numerical mode coupling simulations
show a good agreement with the results from quasilinear theory.
A transition from the neo-Alcator scaling of the energy
confinement time with density to a saturated state is obtained. It
is shown that ion heat pinch effects (inward transport) may exist
in the process of thermodynamic relaxation of the system.
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1. Introduction

For the anomalous transport in toroidal plasmas, microinstabilities
are expected to play an important role. An important cathegory of
these instabilities which has drawn a lot of attention lately is the
ITG (ion temperature gradient) or Tii (TJI = d InTi/d Inn) mode
(Rudakov and Sagdeev, 1961; Coppi et al., 1967; Coppi and
Pegoraro, 1977; Horton et al., 1981; Guzdar et al., 1983; Jarmén et
al., 1987; Romanelli, 1989). The presence of this mode can
satisfactorily explain a number of experimental results such as the
saturation of the neo-Alcator scaling with density at energy
confinement times much shorter than neo-classical (Ejima et al.,
1982) and improved confinement for peaked density profiles
(Wolfe and Greenwald, 1986; Söldner et al., 1988). ITG mode
theory also seems to cover the case of improved confinement for
very flat density profiles (H-mode) although the theory is here
particularly sensitive to the ion temperature profile (Jarmén et al.,
1987; Dominguez and Waltz, 1988; Romanelli, 1989; Shukla, 1990).

Although often classified as a drift mode the dominating ITG mode
has a comparatively long wavelength - about three times that of a
drift mode i.e about three times the ion Larmor radius - which
enhances the transport. For equal electron and ion temperatures
the stability threshold for TJJ is typically around one which means
a tendency to equilibrate Ln and LTJ (Lj= l(d lnj/dr)~l|) assuming
that the mode strives to adjust the profiles towards marginal
stability. With the ideal T|i mode theory the equilibration is only
possible by means of an outgoing heat flux and no relaxation is
accomplished when Lj>Ln (stability for T(i<l).

The effect of electron trapping was recently studied (Nordman et
al., 1990) using the same toroidal fluid model as was previously
used for the pure rnmode treating ions and trapped electrons in a
symmetrical way. It was shown that for small enough Ln/LB
(LB«R=major radius) the system may be unstable for TIJ<1 and that
both particle and heat pinches may be set up.
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The effect of dissipation on the slab branch of the ITG mode was
studied by Antonsen et al. (1979) and Terry (1989). It was shown
that inward particle diffusion may occur in the edge region. With
both dissipation and trapping taken into account in the form of
dissipative trapped electrons in the collision dominated regime the
stability situation is similar to the nondissipative case but more
strict (Jarmén, 1989 and 1991).

In the present work the turbulence and transport due to the
combined effects of the rjj mode and dissipative trapped electrons
are studied. The plasma is assumed to be in the collision
dominated regime (vei/e>(o). In this limit a comparatively simple
expression for the trapped electron density and temperature
responses may be derived from the kinetic description. By using
also the toroidal fluid model (Jarmén et al., 1987; Andersson and
Weiland, 1988) for the ions a set of nonlinear equations are
obtained. The fluid model has been shown to be in good
agreement with kinetic theory (Nilsson et al., 1990) and makes it
possible to perform nonlinear mode coupling simulations. Such
simulations have been performed for the toroidal Tii-mode in 2D
(Waltz, 1986; Nordman and Weiland, 1989; Hong and Horton,
1990; Ottaviani et al., 1990) and in 3D by Waltz (1988) and a good
agreement with quasilinear theory has been demonstrated (Waltz,
1986; Nordman and Weiland, 1989).

Also in the present work transport coefficients from the numerical
simulations show good agreement with coefficients obtained from
quasilinear estimates. Equilibration is possible by means of ion
heat pinch effects while the electron heat and the particle
transport are always outward. At lower densities a linear growth
of the energy confinement time with density (neo-Alcator scaling)
is obtained, which may be attributed to the dominance of the
trapped electron mode. At higher densities a saturation of the
confinement time takes place, which may be attributed to the
dominance of the Tijmode which is basically not depending on
density (<*collisionality).
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In the following sections the ion and electron models are
described and the density and temperature perturbations derived.
Next the linear stability of the system is treated. The numerical
simulations of the nonlinear evolution equations are discussed and
the results are compared with the results based on the quasilinear
approximation. Finally a summary of the main results are given.

2. Ion model

The ion motion perpendicular to the background magnetic field is
described by an improved fluid model (Jarmén et al., 1987;
Andersson and Weiland, 1988). Here the localization of the
particles is made by the magnetic field. For the parallel ion motion
a kinetic model might be more relevant. It has been shown that
the kinetic dissipation (associated with Landau damping) leads to
a reduction in growthrate and more strict stability criteria (Hong
et al., 1989; Romanell?, 1989; Weiland and Hirose, 1990). As
pointed out earlier, however, (Nordman et al., 1990) a consistent
nonlinear theory must also include diffusion in velocity space
which may saturate the kinetic growthrate on a short time scale.
Thus the parallel dynamics will be neglected here assuming co/k,,»
vthi- By including all curvature effects the model gives the density
response

Srtj - ' i - - w i - ^ 3 <ij Q

where

5 = -
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is due to the diamagnetic heat flux in the energy equation, 4> is the
electrostatic potential, co*iT=o)»i(l +T| i), co»i=lcV»i is the ion
diamagnetic frequency, o)Di=k Voi is the ion magnetic curvature
plus VB drift frequency and pi is the ion Larmor radius. The model
is fully toroidal i.e. there are no restrictions on the level of the
magnetic curvature and VB drift velocities compared to other
characteristic drifts and the phase velocity of the perturbation.

Although the fluid model does not explicitely include kinetic
effects such as magnetic drift resonances extensive comparisons
with the results of a kinetic description have shown a good
agreement also close to marginal stability and at to around o o i
(Nilsson et al., 1990).

For the derivation of the heat transport also the ion temperature
perturbation is needed. Following Jarmén et al. (1987) this is

: 5nj to,:
-T: +

1 n, to

3. Electron model

The trapped electrons cannot move freely along the magnetic field
and their motion is described principally by their E x B drift across
the field. They are described by the linearized Vlasov equation
with an energy dependent Krook model collision term and an
effective collision frequency vef=vei/e which gives the rate of
detrapping. The perturbed trapped electron distribution function
then is (Mannheimer, 1977)
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where ft (»VTe) is the fraction of trapped electrons and fo is the
unperturbed Maxwellian distribution function.

The untrapped electrons are free to move along field lines and are
assumed to follow a Maxwellian at potential <(>. With e<J>/Tc«l the
untrapped-electron distribution function then is

(4)

By summation of (3) and (4) we obtain the total perturbed
electron distribution function

T (mv2 3
G)-<oJ 1+T|J "TP—T

1 \2T e 2
(5)

If we assume Coulomb collisions between electrons and ions vef
has a velocity dependence,

where v(v = v e ) is the electron-ion collision frequency at the

thermal velocity. By integration over velocity space and assuming
a plasma in the collision dominated regime, v/e » oo, we obtain

from (5) and (6)

Sn,, I" . ( 2 G)v-<i>Y|e<t>

where the nonadiabatic modification of the Boltzmann response is
due to <x= (6/V7t)fteTieC0+e/v « 1 which accounts for the dissipative
trapped electron effect. We note that it is directly proportional to
T|e but inversely proportional to v. The collisions obviously strive
to decrease the effect of trapping. The perturbed electron pressure
5PC is obtained as the v^ moment of (5). Using also the linearized
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relation 8Pc = n 5 T e + Tc8n we obtain the perturbed electron
temperature

4. Linear stability

By means of the quasineutrality condition we find from (1) and
(7)

i A ^ j +(Br+iBi)^-+Cr+iCi = 0 (9a)

where using the relations too/to* = e\ co^eAo^i = -x = -Tc/Tj and
p 2 = P s 2 = p i 2 x

Ar=l+k2p2

and

2££l
3 * " (9c)

V^j " ^ ^ I

Here the (co#e-w)/ö)*e part of the nonadiabatic electron response
has been neglected. If this part is taken into account a small cubic
term, ia/r\e((o/to*e)^> is added in the dispersion relation. This will
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cause a mode solution co=tor+iy with a large growthrate (y/a>*e =
rjc/a, eor/(ö*e= rje+e') which is a spurious solution, however, since tool
>>vcf and the assumption of collisional domination is no longer
valid. The two other modes as given by (9) are in principal not
affected by the (co*e-G>)/w*e contribution. The stability thresholds
are not changed.

From the solution of (9) the stability condition on TJJ is obtained as
(Jarmén, 1991)

T|aow<Ti<Ti iup ( 1 O a )

where

2 10 kV
ande'> 1 (10b)

For the system without trapping (a=0) the T]i stability threshold is
(neglecting FLR effects)

Comparing (10) and (11) it is obvious that the thresholds are
discontinously shifted and not sensitive to the magnitude of the
trapping. The scaling of the growthrate and real frequency has the
same character as for the ideal TI i mode (=without trapping).
Without trapping the growthrate of stable modes is identically
zero (not negative) which is a type of degenerate situation. This is
broken by dissipative trapping where the stable modes become
damped. Fig.l illustrates the stability boundaries corresponding to
equations (10) and (l i) and Fig.2 shows the change of growthrate
and real frequency when the effect of dissipative trapped
electrons is taken into account.

An energy analysis of the linear modes shows that they have a
positive energy in the regime given by (10) whereas otherwise
either one or both of the modes have a negative energy. Clearly
the stability behaviour of the dissipative system is related to the
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sign of the energy (positive energy <-» stability). The
nondissipative system, however, can have a negative energy in
the stable regime. The stabilization then can be explained by
dynamic mechanisms which due to frequency broadening are
removed by dissipation.

F.om (9) one also obtains at marginal stability (y=0)

- ( * f i 5 ) (12)

Thus oa/aJDi-3 at the upper stability boundary. An evaluation of
the kinetic integral (Nilsson et al., 1990) shows that the resonant
part then is small. The resonant contribution is important mainly
around a>*tODi. At the lower boundary eo/coDi=O.6 and the result
may be more affected by magnetic drift resonances. Also this
boundary, however, is in good agreement with kinetic theory
(Romanelli and Briguglio, 1989), although less interesting from the
practical point of view for large e1 (flat density profile) where

5. Nonlinear mode coupling-numerical simulations

From the ion continuity and energy balance equations the
following nonlinear evolution equations for the density and
temperature perturbations are obtained
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d -» _ ^ i fT|i 2 V» e* 2

on:

where a' = a/G>,e (see the discussion following eq.9c) and
quasineutrality has been assumed. The electron temperature
perturbations dep ved from the kinetic electron model (section 3)
follow the potential perturbations

6T, -• e<b
~ = (0.5-4<x'v,e-V)^ ( 1 6 )

In the simulations, artificial dampterms of the form Yd^i/no and
•feSTj/Toe are added to the system (13, 14) to represent the effect
of cross field viscosity, thermal conductivity and kinetic damping
mechanisms. The nonlinear terms include ExB convection of the
field perturbations as well as FLR nonlinearities originating from
the polarization and stress tensor drifts. Although not explicitely
shown the FLR terms also enter the ion energy equation (14)
through the compressibility term Vv. In the pure ivmode model
with only adiabatic electrons, the presence of FLR nonlinearities
are essential for the development of a steady state (Nordman and
Weiland, 1989). In the present system the convective
nonlinearities are dominant for relevant a'-values but the FLR
nonlinearities are kept for comparison. The explicite curvature
term in the energy equation originates from the diamagnetic heat
flow term, Vq, and is essential both for the linear description of
the mode (Jarmén et. al., 1987) as well as for the nonlinear
description where the presence of the additional curvature term
improves the radial scaling of the ion heat conductivity (Nordman
and Weiland, 1989).

The system has been solved as an initial value problem assuming
homogeneous turbulence with periodic boundary conditions. A
fully dealiased Fourier spectral method was used in (x,y) and for
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the time evolution a predictor-corrector method was used. A
6 4 x 6 4 grid spanning - 2 . 2 5 ^ k x p , k y p <2.25 has been found
appropriate.

The turbulence is driven at intermediate length scales (kp = 0.3)
and is artificially damped at low and high mode numbers,
representing the effect of ion Landau damping, high-k viscosity
and thermal conductivity (Waltz, 1986, Nordman and Weiland,
1989). Following the procedure by Waltz, we use an absorbing
mantle at high-k, i.e. T& = Y- for k>k_and for the Iow-k damping we

2 2

use T&=TlbO~fc.iAo) for k<ko. In contrast to the artificial high-k
viscosity, the low-k dissipation rates can have a strong influence
on the turbulence level and transport. In this study, the main
interest lies in the scaling properties which are less sensitive to
the exact magnitude of the low-k dissipation term. The presence
of direct cascading through the convective n on linearity in (13) will
also make the low-k damping less important. Recently, it was
shown that the presence of magnetic shear can localize the
turbulence and give a steady state without additional low-k
dissipation (Hong and Horton, 1990).

The background profiles are kept unchanged in the simulations
and hence only nonlinear saturation mechanisms are considered.
The thermal conductivities and particle diffusion coefficients are
calculated as time-space averages over the turbulent stationary
state

•"••> < 1 7 >

* 1 ^ ( 1 8 )

Neglecting the FLR terms, the fluctuating quantities obey the
following conservation law (from eqs (13, 14))
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(20)

where D and Xi are the instantaneous diffusivities. In the
simulations, the timestep was chosen to maintain the conservation
relation (20) to within a few percent. Typical parameter values in
the simulations are ^=2.5, e '=l,x=l, a=0.3, k0p=0.5, Yo=0.6, k,,p=1.5
and Y«op=2. For these parameters the maximum linear growth rate
has kxp = 0 andk y p=0.3 .

In Fig.3 the time evolution of the potential and ion temperature
perturbations is followed well into the nonlinearly saturated
phase. Fig.4 gives the associated isopotentials for two different
times. In Fig.4a, the linear growth phase, the isopotentials are
elongated in the x-direction and the unisotropic driving of the
instability is obvious. Fig.4b shows the effect of isotropization in
the nonlinear phase through the z(VfxVg) form of the nonlinear
terms. In the saturated state a characteristic vortex structure is
developed. The length scales of the large amplitude fluctuations
here typically have kxp = kyp =0.3. The isopotentials also give a
good representation of the plasma flow, since the dominating ExB
drift velocity is directed along the contours of constant potential.

6. Quasilinear diffusion

For the modes studied here we have in general y< cor hence a weak
turbulence approximation is motivated. If thus the perturbed
linear density (7) and temperatures, (2) and (8), excluding the
(co»e-o))/co»e part, are used in (17-19) we obtain the diffusion
coefficients in the quasilinear approximation
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Xi "S" r 5 f , AT (21)

[rfau) +Y2 * * *
( 2 2 )

The saturation level of the potential has been obtained by
balancing the linear growth and the dominant convective
nonlinearity in the energy and continuity equations (Nordman and
Weiland, 1989) which gives e$ne=(y/G>*e) l / (k x L n ) , where
kx=ky=0.3 (normalized) will be used (see previous section). The
normalization constant C replaces the summation over k. We note
that D=xeT|e/4 and that Xe and D are always positive (outward).
The ion heat flux, however, contains pinch terms (proportional to
dn/dr) and may be negative (inward transport).

7. Discussion

In Fig.5 the diffusion coefficients versus a are given as obtained
from the fully nonlinear simulations and from quasilinear theory
for kps=0.3. T pical ASDEX parameters have been used with a=0.4
m, R=1.6 m, Te=Ti=0.5 keV, rn=rte=2 and e'=l. The normalization
constant here is chosen so as to adjust the quasilinear coefficients
to the numerical ones for cc=O. It is obvious that there is a
reasonably good agreement between the results from the
quasilinear theory and the mode coupling simulations, especially
for small values of a. The linear dependence of D and %e f° r small
a is a consequence of the weak dependence of y (and hence the
fluctuation level) on a. The relation between Dsim and Dqi follows
the Xesim-Xeql relation since the particle and electron energy
transport is determined by the linear electrons. The disagreement
for 1-rger a-values is expected since here the expansion in a
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breaks down for the high-k part of the turbulent spectrum. Thus
modes with k^p2;>i w in give a nonnegligible contribution to the
transport giving Xsim > Xql-

In Fig.6 the energy confinement times TEJ06 a^/xj corresponding to
Xe and Xi of Fig.5 are plotted as a function of n« l /oc . The
confinement time saturates when n0 > 7* 10* 3 cm'3 corresponding
to the regime where Xi > Xe- For smaller values of n0 the electron
tiansport dominates giving the neo-Alcator scaling of the
confinement time. The low n0 regime, however, has been excluded
since here the assumption of collision dominance is violated

Fig.7 shows the radial variation of the diffusion coefficients for a
TEXTOR experiment (minor radius a = 0.4 m, major radius R = 1.6
m). The temperature and density profiles are modelled as
Ti=T c=T = T 0 [ l - ( r / a ) A 1 ] A 2 and n=no[l-(r/a)W] where Al=2.3,
A2=1.7 and w=3.97. The collision frequency (directly proportional
to density and inversely proportional to T^ /2 ) is here
comparatively large (Icol/vef<0.5 over the whole profile). If the
transport is driven by the most unstable modes a natural
assumption is also kps=0.3. In the interior the mode is stable
(large e\ small TJ) but here other transport mechanisms due to for
example sawtooth activities may be present. At the edge the
transport also drops to zero due to the temperature dependence
and since here the temperature profile makes T|, <X=0. The mode
mainly drives the transport in the confinement region (l<q<2, q =
safety factor). We note that the coefficients are all positive
(outward transport).

Fig.8 shows a situation with small e' where Xi is negative (inward
transport) for small T| i- The agreement between the numerical
simulations and quasilinear theory is good for small r\[ although
the assumption of weak turbulence (y/(oT<l) is violated here. At
larger r\\ values, however, the violation is stronger and the
discrepancy between the simulations and quasilinear theory is
large.
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8. Summary

The particle and heat transport in Tokamaks caused by a
combination of the m mode and the dissipative trapped electron
mode have been studied assuming a collision dominated plasma.

The ions are described by a toroidal fluid model which includes all
the curvature effects in the energy and continuity equations and
where an important role is played by the ion diamagnetic heat
flow. Comparisons between results of the fluid model and of
kinetic models including effects of magnetic drift resonances have
shown a good agreement.

The trapped electrons are described by the Vlasov equation with
an energy dependent Krook collision operator and an effective
collision frequency vef=vei/e giving the rate of detrapping. The
untrapped electrons are assumed to have a Maxwellian
distribution (at the potential perturbation <|>).

A coupled system of nonlinear evolution equations for electric
potential, particle density and temperatures is derived and solved
numerically. Transport coefficients from the numerical simulations
show good agreement with coefficients obtained from quasilinear
estimates when o)r>Y corresponding to the main part of the
confinement region in Tokamaks. In this region the diffusion
coefficients increase with radius. Also the relation between %\, Xe
and D are in rough agreement with experimental trends (Scott et
al., 1990). The transition from the neo-Alcator scaling of the
energy confinement time with density to a saturated state is
obtained.
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As in the case of nondissipative trapping ion heat pinch effects
(inward transport) may exist. The particle and electron diffusion,
however, is always outward. The ion heat pinch effect could be
relevant e.g. in connection with pellet fuelling where the peaking
of the density profile is often observed to be followed by a
peaking of the temperature profile.
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Figure Captions

Fig.l. "Hi stability boundaries as a function of e' for x=l and
k2p2=0.1.
1. ideal m mode (no trapping).
2. with dissipative trapped electrons.

Fig.2. Normalized eigenfrequency (o)r/co*e~ Re and y/o)*e -Im) as a

function of m for x=l, k2p2=o.l and e'=l.

<x=0 solid curve.

a=0.3 dashed curve.

Fig.3. Time evolution (in units of Ln/cs, cs= VTe/mi) of potential ty
and ion temperature perturbation 8Ti (in units of Te /e*Ln /p s and
TeLn/ps respectively) for x=l, e'=l, T|J=3 and <x'=0.1.

Fig.4a. Isopotential map at time ti=15 in Fig.3 (linear growth
phase).

Fig.4b. Isopotential map at time t2=3OO in Fig.3 (nonlinear
saturation phase).

Fig.5. Diffusion coefficients as a function of a obtained from
numerical simulations and quasilinear theory for t=l , e'=l, "Hi=rie=2
and kps=0.3.
O Xc from numerical simulation.
0 D from numerical simulation.
• Xi from numerical simulation.
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Fig.6. Energy confinement times (from Xe and Xi of Fig.5) versus

density.

Fig.7. Radial variation of quasilinear diffusion coefficients for a
TEXTOR profile with central density no= 6*1013 Crrr3 and central
temperature Teo=Tio=0.25 keV with kps=0.3.

Fig.8. Diffusion coefficients as a function of rji obtained from
numerical simulations and quasilinear theory for t= l , e'=0.1, r | e =l ,
a=0.25 and kps=0.3. For small rjj an ion heat pinch is shown (Xi<0).
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