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Abstract

Transport due to toroidal 77* and collisionless trapped electron modes is
studied using an advanced reactive fluid model. Transport code simula-
tions of DIII-D and JET discharges are analyzed. The recent experimen-
tal results with off axis electron cyclotron heating in the DIII-D tokamak
(Phys. Rev. Lett. 68, 52 (1992)) are recovered with inward flow of
electron energy and peaked electron temperature profile. For the JET
equilibria the model gives heat diffusivities of the correct order of magni-
tude which grow with radius up to r/a = 0.8.



1. Introduct ion

The evidence for turbulence as the main cause of anomalous transport in
magnetic confinement systems is steadily increasing. Th°re is, however.
still no consencus concerning the detailed nature of the driving mecha-
nisms of the turbulence. It now seems that the gyrokinetic simulations
may soon be able to resolve these questions. One particular feature, which
has now been verified by the gyrokinetic simulations,1*-2 is the dominance
of toroidal effects. Toroidal effects are clearly very fundamental since they
are associated with the basic property of the magnetic field of confining
the plasma only in two dimensions. By bending the system to a torus
we seem to eliminate the third dimension but instead we introduce the
curvature effects. The most fundamental property of a magnetic confine-
ment system, its ability to confine plasma pressure, is clearly limited by
the toroidal effects through the magnetohydrodynamic (MHD) ballooning
mode which limits the total pressure gradient. On the next level enter
the reactive drift modes, which in their toroidal version are very similar
to the MHD ballooning mode. These modes resolve the degeneracy in
Vp and specify that the density and temperature scale lengths will tend
to equilibrate on a timescale shorter than the confinement time. These
modes are accordingly very strong candidates for explaining the anoma-
lous transport in tokamaks. Due to the dominance of toroidal effects
it is essential t.» have a physics model that includes the toroidal effects
with sufficier . ( uracy. Thus while the inclusion of only the toroidic-
ity drive fo- • p odes essentially gives a slab mode with an enhanced
growthrate, , .ere complete model which consistently includes also the
isothermal r- :c where u>£> >> u> introduces a new regime of resonant
modes (w- ' • p where also stabilizing effects of toroidicity are present.3rl

In this nev. /..me the diffusion coefficients tend to grow with ladius, at
least up tr r .-• of the small radius and in the fiat density limit (en > > 1)
the densi'j <:ale length (Ln) scales out.

Also the i; />ct of toroidicity on the radial variation of \ , has now been
verified by he gyrokinetic simulations1 which in the cylinder geometry
produce a _, that decreases with radius in agreement with simpler drift
wave modt but in toroidal geometry gives a \ , which grows with radius
and is of t' .-• same order of magnitude as observed in the experiments.
Both the tindency for the dominance of toroidal effects and the radial
growth of \ , are emphasized in the reactive limit when the kinetic wave
particle resonances are averaged out by nonlinear effects in velocity space.5

The influence of parallel ion motion, including the slab driving effect, is
in fact usually negligible when ion Landau damping is absent. In this
limit the description becomes two dimensional. The radial profile of \ , is
improved by the stabilizing effects of toroidicity which are strongest close
to the axis. Nonlinearly these stabilizing effects appear as pinch fluxes



which reduce the effective \ , towards the axis. This connects the problem
of the radial variation of the effective transport coefficients to the often
observed nondiffusive properties of tokamak transport.

A typical example of a nondiffusive phenomenon is the offset linear scal-
ings of fluxes with gradients obtained in many experiments.6-7 This is
often interpreted as due to a convection and can also be described as an
off diagonal term in a diffusion matrix. Such a term usually corresponds
to a flux along the gradient of the considered quantity, i.e. opposite to
the normal diffusion. This is referred to as a pinch effect.

Another phenomenon which also often has been considered to be non-
diffusive is the insensitivity of the temperature profiles to the location
of the heat sources. This is called profile consistency8 and is closely re-
lated to the marginal stability hypothesis9 according to which the profiles
of density and temperature have to stay close to those corresponding to
marginal stability of a strong mode. The importance of heat pinch effects
for profile consistency in connection with pellet fuelling was discussed in
detail in Ref. 10.

Theoretically, particle pinch effects at the edge were obtained for drift
wave systems several years ago.11'12 Heat pinch effects have also recently
been obtained13"17 as well as particle pinches in the bulk region.13'14

A new experimental result during 1992 which challenges the estimated
level of the transport in most physics based models of transport is the
observation that the k-spectrum peaks at considerably lower mode num-
bers than seen before.18 This is particularly pronounced for kT where the
peak can not be distinguished from the fundamental mode. We note here
that the scale-length used in our transport estimate corresponds to the
average space variation and should rather be compared to the correlation
length which is isotropic and of comparable magnitude.

In this work we present transport code simulations of reactive driftwave
systems with special emphasis on pinch flows and the radial variation of
the diffusion coefficients. In particular, the off axis heating experiment in
DIII-D is simulated selfconsistently and some recent JET equilibria are
investigated with the interpretative transport code.



2. Fluid model of toroidal drift wave transport

An improved two-dimensional toroidal fiuidmodel is used to derive the
density perturbation for ions, trapped electrons and free electrons as (for
details see Refs.13 and 14)
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whore f{^) = (u ; - ^wxp){jjj^,e + Ö£n/3r), u\} is the diamagnetic drift fre-

quency of species j , w.ip = -.-..(I + ijt), ft = \/'2c/(\ + t) where t = r/R,

T = TJTt, tn = ~ol~. = 'ILrJLs , Vj = LJLTJ and .Y, = J* - f ^

The collisionless model includes first order Finite-Larmor-radii effects
(FLR). polarisation drift efTects. compressibility due to field curvature
and perpendicular diamagnetic heat flow in the energy balance. We note
that Eqs.(l-3) agree exactly with kinetic theory in both the adiabatic and
isothermal limits. Recently. Waltz et al19 rederi ved the ion density per-
turbation (1) from a more general gyrofluid theory in the relevant limit.

The quasincutrality condition

(4)
nft

leads to a quartic dispersion relation describing the toroidal r;,-mode and
an essentially symmetric collisionless trapped electron mode (CTE-mode).
These modes are driven by fluid resonances when u> ~ u>£>. The resonances
are similar to the fluid resonance in a two-stream instability. We note the
very close similarity between the trapped ion mode and the toroidal r)f-
mode in the two dimensional limit as used here. This limit becomes
relevant for the toroidal »j.-mode when wave particle resonances are aver-
aged out by nonlinear effects in velocity space.5 In realistic cases it seems
that both free and trapped ions may contribute to the same type of flute



mode response.

3. Transport code simulations

The transport code selfconsistently solves the time-dependent radial dif-
fusion equations

d I T'\ 1 d I x" Xtt Xin\ d ( Ti\ ( Si\ ( Te ~Tt

dt\ n ) rdr \0 Dne DnJdr\n ) \SJ { 0
(5)

where R(r, t) = 2i/eime/m, is the resistive temperature equilibration term
and S3(r,t) represents other sources and sinks.

The effective quasi-linear diffusion coefficients, originally derived in Ref. 13
are defined as Xj= -(&T}VET) I dTjjdr and D= - (SnvEr) / dn/dr and be-
come

, 1 . 2 2 . .
»/e 3 3 (w r - 5wDe/3) 2 + 7 2
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where kz = ky and /:2^J = 0.1 are used and where the contributions
from the trapped electron mode and the 17,-mode are added together.
The complicated expressions for A, appear due to the trapped electron
responce and are given in Refs.13 and 14. In Eqs.(6-8), a modified mixing
length estimate of the saturation level is used, i.e. ê >/Te = 7/w« • l/kxLn

(obtained by balancing the linear growth with the main convective nonlin-
earity). This estimate of the saturation amplitude is in better agreement
with experiments (giving a fluctuation level which increase with radius)
than the usual mixing length level. In addition, it leads to quasilinear
expressions which are in good agreement with nonlinear mode coupling
simulations14 except very close to the marginal stability limit, where the
transport is underestimated. We emphasize that the diffusivities may
become negative. This corresponds to a net pinch effect which tends to



equilibrate the length scales Lj,> Ljt and Ln. In this process the total
energy flux is always outward.

The system (5) has been solved in the region 0.1 < r/a < 0.9 At the
inner boundary the profiles were kept flat and at the outer boundary the
amplitudes were fixed. The neoclassical contribution to the transport was
neglected.

3.1 Simulation of the DIII-D off axis ECH experiment

The most recent experimental evidence and the first measurement of en-
ergy pinch effects was obtained for off axis electron cyclotron heating
(ECH) in DIII-D.20 In this experiment a peaked electron temperature
profile was obtained although the heat source was located just outside
half of the minor radius. Power balance calculations showed an inward
electron energy flux for radii smaller than that of the heating location.
The DIII-D parameters used in the simulations are a=0.62m, R=1.7m,
B=2.2T and elongation #c = 1.9. We also use sources in accordance with
the experiment, i.e. a localized ECH source and weak Ohmic heating for
electrons and no ion heat sources. The only particle fuelling is located at
the edge (gas puffing). The total energy flux, which is always outward in
our model, is written

(9)

where q = n(6T VET) and Fn = (6n VET)

Since the particle source is located at the edge it follows that Fn = 0
in the interior in stationary state. This means that the off diagonal pinch
fluxes exactly balance the diagonal outward fluxes. Due to the strong
pinch fluxes in our model this occurs for comparatively steep density gra-
dients. The main case of interest in the present study is that of off axis
electron heating. Inside the electron heat source the only source is then
the small Ohmic heating. Neglecting this we then have Q=0 or

qe = -<?, (10)

The positive ion heat flux is driven by the resistive electron-ion tempera-
ture equilibration term in Eq.5 and an electron heat pinch is required to
maintain the electron temperature in the centre. Since Fn = 0 this situa-
tion corresponds to an electron energy pinch. The larger this pinch is, the
larger electron temperature can be maintained in the centre. The condi-



tion FB = 0 and qt=-q, inside the source have to be fulfilled in equilibrium
both in the experiment and in the code. This is a natural consequence of
the location of the sources and stationarity.

In Figs.la.b the stationary temperature (obtained from self consistent
simulation and experiment) and density profiles are given for a 1.2 M\V
localized ECH source centered at 0.55 of the minor radius. In Fig.2 the
corresponding energy fluxes from the simulations are shown.

as -

a t a« ae as

Fig. 1. Stationary density and temperature profiles as a function of radius
as obtained from transport code simulations of off axis electron cyclotron
heating in DIII-D geometry. In (a) the ion and electron temperature pro-
files are given. The 1.2 MW ECH source is located at r/a=0.55 with a
halfuidth of 0.1. Also shown is the experimental electron temperature
profile (taken from Ref.20). In (b) the density profile is shown. The par-
ticle source is centered at r/a=0.65 (gas puffing).



At the resonance location, r,. a rather sharp transition to an electron
heat pinch occurs. For r > r , the electron heat flux is larger than the
ion heat flux. This is in qualitative agreement with • he experiment. We
also note that the neoclassical flux (shown in Ref.20) is negligible in the
present case. As was pointed out in Ref.13 the transport model used
here requires a rather small i)t to give an electron heat pinch. This is
accomplished by a local flattening of the electron temperature within and
just inside the ECU source region as seen in the transport code results.
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!

0.2 0.4 o.e 0.8

r / i
Fig. 2. Stationary electron and ion energy fluxes as a function of radius
as obtained from transport code simulations for the same discharge as in
Fig. 1. The fluxes associated with ohmic heating (qon) and equilibration
(qei) are also shown.

Table I

r s / a

0.25

0.35

0.45

0.55

tE(10-'s)

1.14

1.12

1.12

1.10

Te(r/a=0.1) (keV)

2.6

2.3

2.15

2.0

Table I. Peakedness of the electron temperature profile and the electron
confinement time TE as obtained from numerical simulations for various
choices of heating location r,.



In table I the peakedness of the electron temperature profile and the elec-
tron confinement time T£ are given for various choices of heating location
TV We note the weak dependence of the peakedness with r, corresponding
to strong profile consistency. This is made possible by the pinch effect.
We have verified that the heat pinch appears for r < r, in all cases pre-
sented in table I.
The very sharp transition of the electron heat flux is due to the require-
ment that qe = - qi inside the source and qt > g, outside the heat
source. The latter condition follows from the fact that all the heating
is on the electrons and the equilibration term becomes inefficient when T,
approaches Te (The overall flux is given by the sources in equilibrium).
In the drift wave model, qe is given by

where Ae is a very complicated expression due to the trapped electron
response and ft is the fraction of trapped electrons. A similar expression
holds for the particle flux. We note the presence of heat pinch terms
proportional to dn/dr in the expression for qt. In realistic cases, how-
ever, the eigenfrequency is a (strongly nonlinear) function of density and
temperature gradients, making a separation of fluxes into diffusive and
nondiffusive parts intractable.

3.2 Simulation of JET experiments.

In a recent JET report,21 theoretically predicted transport coefficients
due to VXj instabilities were compared with those inferred from experi-
mental measurements. The results emphasized the theoretical problem of
reproducing the increase of \i with radius as observed in the experiments.
In this section the interpretative (time independent) version of the trans-
port code is used to compare the radial profiles of the heat diffusivities
with the two typical JET equilibria presented in Ref.21. In these equilib-
ria a separation between the electron and ion heat fluxes were possible.
The fluid model used here has earlier shown its ability to give radial pro-
files of the diffusion coefficients growing with radius up to r/a=0.S, also
for JET equilibria.14

The results for the L-mode discharge (19699) are shown in Fig.3a. The
results are within the experimental errorbars for 0.5 < r/a < 0.8. For
r/a < 0.5 and r/a > 0.8 the experimental diffusivities are larger than
the theoretical. The increase of the theoretical diffusion coefficients with



radius up to r/a=0.S is both due to the pinch terms (which increase to-
wards the center) and the choice of saturation amplitude.
The corresponding result for the H-mode discharge (24737) is shown in
Fig.3b. Also here, the agreement is good in the main part of the confine-
ment region.

0.4

Fig. 3a. Comparison of the theoretical and experimental heat diffusion
coefficients fur JET L-niodc shot 19G09 (experimental data taken from
Ref/21).

C.5 C.6

Fig. 3b. Comparison of the theoretical and experimental heat diffusion
coefficients for JET H-mode shot 24737 (experimental data taken from
Ref.21).
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4. Conclusions

In this work we have described the most recent results obtained by %
transport model based on reactive drift modes.413"14 New evidence for
t lie relevance of this model has recently been obtained both from a new
derivation by gyrofluid theory19 and gyrokinetic simulations1 showing that
the radial growth of \ , is due to toroidal effects. We have shown the com-
patibility of drift wave transport with the electron energy pinch obtained
in the off axis ECH experiments on DIII-D. This is the first demonstration
of an energy pinch in drift wave transport models. In order to reproduce
the present electron energy pinch in DIII-D a transport model must be
able to give both heat and particle pinches. Although there is no net par-
ticle pinch in this case, the pinch flux is able to cancel the usual outward
particle flux so that what remains is only the inward electron heat flow
and outward ion heat flow. The fluid model used here has these proper-
ties. As is clear from Ref.16 fully kinetic models that linearize in velocity
space give far too weak pinches. Not even the two temperature model
used in Ref.1T is sufficient to obtain an electron energy pinch. This is
mainly because of too weak particle pinch effects.

Our pinches occur mainly due to the inclusion of the diamagnetic heat
flow in the energy equation which introduces pinch terms proportional to
Lnl LB at the same time as it makes the model agree with kinetic theory
also for U-'D >> u;. Kinetic models, of course, are valid for arbitrary U:/U:D

but if these are used it is necessary to consider the full nonlinear relax
ation problem also in velocity space. In the dissipative regime {vti > u\)
the velocity space dynamics is linearized and the pinch effects are consid-
erably weakened.22 In a collisionless system as the present (vei ~ 0.2a;.).
however, the resonances in velocity space tend to be averaged out by the
nonlinearities.5

The here used fluid model seems to be the only present drift wave model
that gives strong enough pinch effects to be able to explain experimental
results of the type considered here. It also gives realistic radial profiles
of diffusion coefficients and ratios of XeJXi- The strong sensitivity of the
diffusion coefficients to the temperature and density profiles makes the
local diffusion coefficients compatible with the strong profile consistency.
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