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Abstract

Recent theoretical and experimental results on confinement of hot
plasmas in toroidal devices, particularly tokamaks are discussed from
general principal points of view and related to predictions from a
toroidal drift wave model using a full transport matrix including off
diagonal terms. A reactive fluid model corresponding to a two pole
approximation of the kinetic response is used. This model has the ability
to reproduce both adiabatic and isothermal limits of the perpendicular
dynamics.
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Introduction

As the time for the final setting of the ITER design is approaching1, the
need for a reliable extrapolation of the confinement time becomes more
and more urgent. Although the work on understanding transport in
magnetic confinement systems has now been going on for more than 40
years, the understanding of transport in toroidal systems is still an
"ultimate scientific issue"2'3. The evidence for an anomalously large level
of transport (larger than neoclassical) is now overwhelming also for ions
in present day auxiliary heated large tokamaks4. The general
interpretation of the anomalously high level of transport is that it is due
to turbulence and this view has recently received further support5'6.

The progress in transport research has during the last years been
significant with improvements both in diagnostic techniques6"9 and
theoretical tools such as gyrokinetic10"13 and advanced fluid
simulations14"17. Recent experimental results8 show .. it the turbulent
spectrum peaks at radial wavelengths approaching vhe system size while
the poloidal wavelength is just a few gyro-radia. The correlation length,
however, turned out to be a few Cf-Jtimetres and isotropic. This indicates
that the correlation length, which determines the local transport, is
determined by nor.vnear effects. Such a type of spectrum is, in fact, also
expected1 8 and * i at comes out of mode coupling simulations using a
simple slab ge r «'-yi4fi5,19,20 (corresponding to localized modes in the
strong balloor > _; limit). It indicates a situation which is strongly
nonlinear in sj &> e so that the isotropizing nonlinear effects can overcome
the shear dair y.ig. We also note that nonlinearly vparametrically)
undamped mecj » have been found both in sheared slab geometry21 and
in sheared t > idal geometry22. The experimental results focus interest
oi. long wa\ length modes such as ion temperature gradient driven
modes, trappet ion and trapped electron modes. Such modes were also
recently fouc-cl to dominate in comprehensive linear numerical
investigations 3 . The existence of driftwaves that are very extended in
the radial direction was recently pointed out in Ref. 24. Similar linear
results for toroidal modes were also reported25"26. Also the trend for
isotropic space structures in the nonlinear regime has been seen in
toroidal gyrokinetic simulations11'12.

A particularly interesting result from the toroidal gyrokinetic
simulations is the dominance of toroidal effects. This is also consistent
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with the strong empirical R scaling of tokamak transport. It was also
found that Xi (due to the toroidal tjj mode) is comparable to the

experimental and grows with radius in the toroidal case 1 2 . That the
radial growth of Xi *s a toroidal effect is in agreement15'16 with the

advanced reactive fluid model 27"30 we will discuss in this paper.

Several interesting implications can be found or anticipated from these
results. First we note that toroidal effects must be very fundamental to
toroidal confinement systems since the magnetic field confines the
plasma in only two dimensions and since the toroidal effects appear
when an attempt is made to eliminate the third dimension by bending
the system to a torus. The most fundamental property of a magnetic
confinement scheme, 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 the reactive drift modes may resolve the degeneracy by specifying
that the length scales of temperatures and density will tend to
equilibrate on a time scale that is shorter than that of the overall
relaxation. This leads to profile consistency31 as pointed out in Refs: 15
and 30. The strong dominance of toroidal effects also lead to the result
that parallel ion motion under most circumstances becomes
subdominant32. All these trends are in a fluid description emphasized in
the reactive limit which is justified and even called for in the collision
less case when nonlinearities in velocity space eliminate the dissipative
wave-particle resonance 3 3 . The good agreement between the
electrostatic toroidal gyrokinetic simulations and experiments concerning
magnitude and radial variation of Xi 1 2 *s a^so in support of electrostatic

turbulence as the main cause of ion heat transport in tokamaks.

One of the most central issues in the extrapolation of transport to ITER is
that of the scaling of the correlaticn length34'35. While most drift wave
theories assume that the correlation length scales with the gyroradius
(Gyro-Bohm scaling) most experiments indicate a scaling with machine
size (Bohm scaling). The most recent experimental results36 in fact show
different behaviour in this respect between electrons (Gyro-Bohm) and
ions (worse than Bohm). As mentioned above the correlation length
seems to be determined by nonlinear effects. It has been found to be
isotropic and fairly independent of radius8. In simple e^;imates the
diffusion coefficient is taken as3 7

D=AwLc
2 (1)
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where Aw is the inverse correlation time and Lc is the correlation length.

One of the most important problems that remain to be solved is to find
the magnitude and scaling of Lc as a function of the relevant system

parameters. This requires a nonlinear theory in toroidal geometry. Such
a theory would primarily aim at explaining the apparent Bohm scaling in
experiments but may well also be able to explain isotope scaling and
current dependence.

Reactive drift modes

The model we will discuss here is based on reactive drift modes. These
differ from dissipative drift waves by being more global (2jcp/Lc ~ 0.3)

and not requiring dissipation to be unstable. The main difference to MHD
modes is that the reactive drift modes are electrostatic and more
localized (at least as regards the correlation length). Since the ideal MHD
modes generally have to be stable in fusion machines, the reactive drift
modes, which are the second most dangerous class of modes, are the
potentially most likely candidates for explaining the observed transport
in tokamaks. The first reactive drift-mode to be discovered was the slab
version of the ion temperature gradient driven mode38*39 (T|J mode).

Another class of modes that are also to be considered as reactive drift
modes are the trapped electron modes driven by magnetic drifts40*41.
These were found next. Later a toroidal version of the T|J mode was
found42 '43 . The toroidal T|| mode is in the two-dimensional limit very
similar to the trapped ion T|| mode44. In an early kinetic description45

with both ions and electrons trapped, destabilizing effcts of temperature
gradients in combination with toroidicity were found. This was the first
indication of the kinetic collisionless trapped electron46 and trapped
ion44 modes. The system studied in this paper is a fluid version of this
system where, however, the ions are treated as free but two dimensional
(usual toroidal TJJ mode).

The -nymode has been successful in explaining the improvement in
confinement when the density profile is peakened47 and the saturation
of the Neo-Alcator scaling with density48'49. The Neo-Alcator scaling
itself is consistent with transport due to the trapped electron mode in
the collision dominated regime48*50. Recently also the density
modification experiments on TFTR51, transport in the hot ion H-mode on
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D-I I I -D 5 2 and electron energy pinches53 have been found to be
consistent with toroidal drift mode transport54*57.

We should also mention here that several types of trapped electron
modes have been discussed in the literature. They may be divided into
modes driven by charge separation and modes driven by
compressibility. Modes driven by charge separation are driven by a
combination of electron and ion magnetic drifts as the Ubiquitons mode
discussed in Refs 41, 42 while the toroidal r\\ mode found in Ref 42 is
driven by compressibility and only the ion magnetic drift.

A third fluid mode, driven by only the electron magnetic drift and
compressibility, is the trapped electron, i\c mode found in Ref 30.

Contrary to the Ubiquitons mode this mode typically propagates in the
electron drift direction.

Advanced reacuvt fluid model

The particular features of the model to be discussed here is the use of a
reactive fluid model58 which corresponds to a two pole approximation of
the kinetic density response59. A main problem in the physics
description of toroidal modes is that typically the mode frequency is
comparable to the magnetic drift frequency. This means that the kinetic
integral cannot be expanded and in principle a full kinetic description,
linearly as well as nonlinearly is required. This leads to a nonlinear
problem in six-dimensional phase space in toroidal geometry which is
still intractable also with the fastest computers. Accordingly some kind
of truncation of the full kinetic problem is necessary.

Models using velocity space distributions (kinetic) generally truncate the
nonlinear dynamics in velocity space. This, unfortunately, leads to a
description which is not self-consistent60, i.e. gradients in velocity space
may drive transport without being relaxed nonlinearly.

Moment models (fluid) have the drawback of treating the linear problem
less accurately. It was, in fact, until quite recently thought that fluid
models could only treat the limit to « corj)43'61 (adiabatic limit) for the

perpendicular motion. It has, however, recently been shown that more
complete fluid models can reproduce also the isothermal limit58-62 (cojy »

G>). Such models correspond to two pole, or higher order, approximations
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of the kinetic density response. Two pole approximations have been
found to give good accuracy for the plasma dispersion function59. The
two pole approximation results from including non-adiabatic magnetic
drift effects in the energy equation58. Since, as pointed out above,
toroidal effects dominate in gyrokinetic simulations11'12 and since we
aim at an accurate calculation of energy transport, it is natural to
carefully include toroidal effects in the energy equation. We may also
adopt the point of view that since the instabilities we want to consider
are of a reactive fluid nature and since we are only interested in
transport in real space, a sufficiently accurate fluid model should be
adequate.

The fluid model used here was derived for treating the
magnetohydrodynamic (MHD) ballooning mode branch in 198658.

From the continuity equation we obtain

• ^ ( 2 ,

where t = Te/Tj

We here used the drift expansion

where vE is the EXB drift, v , is the diamagnetic drift containing the
-» -»

presssure perturbation, vp is the polarization drift and v* is the stress

tensor drift, here included only to give the lowest order non-curvature
finite Larmor radius (FLR) effect. The magnetic drift frequencies are due

to including effects of magnetic inhomogeneities on V • vE and V • (nv.).

The energy equation is written in the form

(3a)
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where

(3b)

and e,, = B/B.

Now using

"* 5 "* 5 ~*
q. = - — n v . • vT + — nv D -VT,

substituting the continuity equation for V • Vj and cancelling convective

diamagnetic effects we obtain

Here the cop part of the denominator is due to V • q, which is the highest

order moment included. It is only because of this part that the
temperature perturbation knows about the © D resonance (as it must in

the kinetic formualtion). We also observe that it is due to V - q , that we

ST*
recover the isothermal limit i.e. ~Z,—> 0 when G>D » ©

The denominator in (4) is different from that in (2) and upon
substitution of (4) into (2) we obtain a 2 pole response for 6n. We

immediately see from (2) that a>n » w. »* and STj -> 0 yields — - = - -7- i
n Tj

the isothermal limit as it should. The response may be written

7 in
n T

g n . ö>(0>.e-Ö>De)+[Tli-|- + |-enj0),cö)D i-FL

2 10
(0 - - J -
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where

FL = k2pI ( Ö>

and en =

© - —

In the first work that applied this fluid model to the toroidal r\x mode 2 8 ,
the response (5) was used for the ions and the electromagnetic
eigenvalue problem was solved. In the electrostatic limit a dispersion
relation with Boltzmann electrons was combined with (5) and a quadratic
dispersion relation resulted. This dispersion relation has the
characteristic feature, as seen also kinetically, that the system is stable
both for very weak and for very strong toroidal effects. A typical
marginal stability diagram is shown in Fig. 1

(a)
T = 1.0
k*p* = 0.0

Fluid

Elastic

Fig. 1 Marginal stability

curves from using the ion

response (S) (fluid) and

kinetic ion response

(kinetic)

For large e n the critical temperature gradient becomes independent of
the density scale length Ln . The asymptotic stability condition is

11 1
9x + 2

(6)

where we ignored FLR effects.

As an example of the accuracy of (6) v/e note that it is within 5% of the
exact kinetic result for x = 1 (L T i /L B = 0.368 and 0.350 respectively).

This is better than the result obtained by using the constant energy
approximation in the kinetic integral63. As it turns out, the asymptotic
part of the threshold is usually relevant in a major part of a tokamak
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discharge. Typical profiles of T|i »*n ***& <ö/ä>*e * « shown for a TEXTOR
shot in Fig 2.

Radial profiles from a TEXTOR shot (Rcf 50) and associated eigenvalue
profiles for the toroidal T| j mode.

Fig 2

An expansion in (Op/o) is only valid below 0.1 which is almost always

unrealistic in tokamaks. It should also be noted that an expansion in
(Dp/co is not always equivalent to an expansion in en since there may be
resonant modes with to « a>r>

The diamagnetic heat flow given by (3b) has been obtained by
Braghinski i 6 4 in the collision dominated case. It has, however, also
recently been obtained as a limiting case for isotropic temperature
perturbation from a collisionless fluid model65. As it turns out effects of
unisotropic temperature perturbations are significant mainly in the three
dimensional case66* 102.

From Fig 1 it is evident that the toroidal effects become stabilizing for
large e n . This is why the toroidal T| j mode is stable near the axis in the

TEXTOR shot shown in Fig 2. This seems to be the first time that this
typical feature has been pointed out. As will be pointed out in more
detail later, the two pole model used here gives a dramatic improvement
in the agreement with experimental results on transport over
corresponding one pole models.
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Mode coupling saturation

We consider a situation where the turbulence is driven by a linear
instability in some finite range of k. The linear instability is then
saturated by nonlinear mode-coupling which carries energy to other
regions in k which are stable and undamped (inertial range) and further
to damped regions. In the simplest Markovian system the nonlinear
effects appear as a diffusion while the de-correlation frequency Aco is the
linear growth-rate67 '68. The balance between linear growthrate and
nonlinear effects then leads to (1). The correlation length is the
characteristic length of variation in space and represents an effective
inverse mode-number. In order to try to estimate the saturation level
from the fluid equations we may conveniently use the effective space

variation in order to avoid convolution sums in k space. We thus
introduce k = 1/LC.

The simplest and most frequently used condition for saturation is the
wave breaking condition

k r S r * l (7)

where r indicates the radial coordinate and £r is the radial displacement.
The condition (7) then means that the maximum displacement is the
correlation length.

This condition is well fulfilled for convective cells and when the
growthrate is larger than the real eigen-frequency (strongly nonlinear
case).

We may generalize this condition by balancing the linear growth with
the main nonlinearity in the continuity or energy equation:

y8n = v E r - - 8 n (8)

a
Then taking T~ as the total space variation represented by the inverse

correlation length k, Sn drops out. Since vg = - i(o£ a relation

corresponding to (7) is

(9a)



- 11 -

Eq (9a) may also be rewritten as

e6 1 y 1 y
Te krp, kyc$ kjL,, w»e

While the saturation level (7) for incompressible particle diffusion leads
to the ramiliar mixing length diffusivity

D=y/kJ (10)

the level (9a) leads to

(11)
© +•

We note that (11) goes into (10) ir the strongly nonlinear limit y»o>r .
The reduction in D when csr > y is due to the fact that the vortices change

their sense of rotation before overturning. The saturation level (9) was
derived independently in Refs 69 and 70. It has been found to improve
the agreement between analytical diffusion coefficients and the diffusion
obtained in nonlinear mode-coupling simulations considerably as
compared to using (7) 1 1 . When effects of compressibility and non-
adiabaticity are included, the expression (9a), as obtained from the

energy equation, changes so that © is shifted by — ©D where ©D is the

magnetic drift frequency69. For toroidal drift waves the ratio l©r/yl

increases towards the axis, leading to a reduction in D. At the same time
the growthrate itself is reduced by a large ©r . This improves the

agreement with the experimental trend for D to grow towards the edge.

The diffusion coefficient D has recently been rederived and generalized
to include a nonlinear frequency shift by a memory function approach of
a rather general type71. An analytical evaluation of the corresponding %v

including compressibility effects, has also shown a scaling &s a function
of the deviation from a critical temperature gradient in rough agreement
with mode-coupling simulations72.

Of course the main problem in using (9) or its generalization in Ref71 is
how to determine the correlation length Lc . The correlation length in the
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transport work to be reviewed here was determined by mode coupling
simulations in Ref 14. It gave the normalization constant 1 in front of the
quasi-linear % by using only one effective mode corresponding to

k x p s = 0.3 where kj_ then is interpreted as the inverse correlation length.

This normalization has been used throughout.

Another interesting point concerning the correlation length is that (7)
indicates that there is no action at a distance for distances longer than a
correlation length. In spite of this "nonlocal" phenomena are sometimes
reported.

Transport coefficients

As it turns out, the more complete fluid model discussed above leads to
an increase in the ratio cor / y where cor is the real frequency and v the

growthrate. This leads to an improvement in the validity of the
quasilinear approximation. Thus defining the effective Xi through

where r = < 6T V£r > , vgr is the radial component of the E x B drift and 5T

is given by (4). The result for Boltzmann electrons is

-Jö) D i J +Y2

where we used (9) for the saturation level. We here note the presence of

pinch fluxes which would cause a singularity when — - = 0. Since,
dr

however, (12) represents the relaxation of one isolated free energy it can
never be negative i.e. combinations of T| j , en and x that make the first
factor negative correspond to zero growthrate. For large Ln, xj is negative

if

L T J > 7 O L B
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which is clearly a stable case according to (6).

The toroidal pinch flux in (12) (prop to En) is due to the non-adiabaticity

- •

( V q , ) . We recall that en is defined as <OJJ / o>* ~ 2Ln/Lg. As we can see

from Fig 2, which actually shows a typical case, the toroidal pinch usually
is the dominant one. Since it reduces Xi towards the axis, it contributes to
a radial growth of Xi • Such an effect is also obtained by the "rocking" of
the vortices due to the increase of Icor/Yl towards the axis. The latter

effect is also due to toroidicity. We also note that the toroidal pinch can
contribute to a small Xi in H mode56 equilibria with flat density profiles.

This effect is emphasized in the hot ion mode52. The main question in
applying (12) is of course how to estimate the radial correlation length
l/kx . As seen both in experiments8 and mode coupling simulations14 the

correlation length is isotropic. The value used in the work to be
described here was obtained by comparing (12) to the mode coupling
simulations in Ref 14. This gave kj_ p s = 0.3. This value has been used

throughout in all the following comparisons with experiments for all
types of transport coefficients, i.e. no free parameter has been
introduced.

We not that already with Boltzraann electrons this two pole fluid model
leads to a substantial improvement in the agreement between theory
and experiment. Particularly encouraging is that this development of the
fluid model was done systematically according to general principles and
the effects on transport were not known a priori.

When effects of electron trapping were included, several qualitatively
new features, in agreement with experiments, and also improvements in
previous favourable trends were obtained. The principally most
important effect of electron trapping is that it introduces also relaxation
of the electron temperature and density. This means that the coupling
between the free energy sources, as seen already in (12), now becomes
dynamic so that an exchange of free energy between ion and electron
temperature and density inhomogeneities can take place. This also
means that the effective transport coefficients can become negative.
Since electron trapping is destabilizing, also for the t|j mode, and since
the trapped fraction ftincreases towards the edge, the trend for radial
growth of Xi is further enhance' Also Xe anc* D show a trend for growth
with radius typically up to 0.8 of the small radius. We use the same fluid
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model for the trapped electrons as for the ions, leading to a two pole
density response of the form (5) and a temperature perturbation of the
form (4). In calculating the thermal flux we express 8n/n in electron
quantities for all three fluxes. The diffusion coefficients then take
forms15'30

2 ,t - , 1 0 2 r A 1 Y/kJl t.A .
d f ^ e f A j (14a)

Y2

Y3/k2

D = f t A n - i - - i (14c)
co;c

where A; are the phase shifts due to the trapped electron density
perturbation and are quite complicated functions of oo, en , rij ,-qe and
Tl5,30

This system now has a quartic dispersion relation and, in addition to the
toroidal r\x mode, it also contains the collisionless trapped electron mode,

first derived in Ref 30. It does, however, also contain the ubiquitons
mode41' 4 2 which is driven by charge separation and makes the system
unstable for small T|e if en is not too large. In this regime %t has a
tendency to become negative to increase r\t towards 1. The general trend

of the relaxation described by the system (14) is in fact to equilibrate
the length scales Ln , Ljj and L j e on a timescale shorter than the overall

relaxation time. This can be seen as a competition between the
relaxations of gradients in ion and electron temperatures and density
and contributes to profile consistency73. The ion thermal flux may be
written out explicitely as
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(15)

Eq (15) shows that an inward ion thermal flux can be driven by a
density gradient. However, if also Aj is written out explicitely it can be

seen that also an electron temperature gradient can give an inward ion
heat flux. These inward fluxes can be seen as due to off diagonal
elements in a transport matrix. The fact that the ion heat flux is driven
by density and electron temperature gradients means that the ion heat

flux does not vanish when — - = 0 This is sometimes referred to as
dr

offset scaling75*76. We also note that the toroidal pinch flux, present in

dT4 dn
both (12), (14) and (15) does not vanish even if both ?'A — would

dr dr
vanish. This flux is, in fact, driven by the magnetic field gradient which
is kept constant. A general constraint in the relaxation is that the total
energy flux is outward i.e.

p r n >0 (16)

where q = n Pp; , T j t r-p is the heat flux and r n is the particle flux.

The transport coefficients (12) and (14) were tested against mode-
coupling simulations in Refs 14 and 15 with good results both for
outward fluxes and cases with net pinch fluxes. The most striking effect
of entering V • q, was in Ref 14 found to be an inversion of the scaling of
Xi with en i.e. leading to a decrease of %i wi*h e n for e n > 1 . The
qualitative result for radial profiles is shown in fig 4
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Fig. 4 Qualitative difference between radial profiles of
corresonding to 1 and 2 pole models

Physically pinch fluxes are associated with compressibility, either of the
usual particle flux or of the heat flux. Clearly, macroscipically a
compression of a fluid element moves both density and temperature
inward. Microscopically compressior ind rarefactions appear locally and
with different phase relations to the E x B drift. These phase relations
turn out to give the above competition between different relaxations. A
rather general thermodynamic description of the coupling between
temperature and density diffusion was given in Ref 72. Another
experimental indication of heat pinches has been seen in heat pulse
propagation where a beat pulse, which mainly changes the temperature
gradient, experiences a % which is larger than the effective %. This is an
indication that the heat pulse experiences mainly the diagonal element of
the transport matrix7 4 '7 5 . The fact that particle transport has off
diagonal (convective) pinches has been known for a long time4' 77.

Another comment regarding the applicability of the system (14) close to
marginal stability is that it gives a simple scaling of the type Xi * *li -
Tjith' This was seen in mode coupling simulations in Ref 14 and is in

agreement with results from Ref 20. This scaling was also recently
derived analytically for en > I72.

The energy pinch on D-III-D

The presence of heat pinches has been indicated by offset scalings as
mentioned above and by the rapid increase in temperature after pellet
fuelling78 . It was, however, not until quite recently that conclusive
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evidence for a heat pinch was obtained. This was done in connection with
off axis electron cyclotron beating (ECH) on D-III-D53. Net pinch flows
usually occur only transiently since a steady inward flux would require a
sink in the interior in equilibrium. In the D-III-D case the sink was
provided by the electron-ion resistive equilibration term. Electron
cyclotron heating is particularly suitable for this type of experiment
since it is sharply localized in space and since only electrons are heated.
Inside the heating location exists only the weak Ohmic heating which can
be neglected. Since the only particle source was at the edge, the particle
flux had to vanish in stationary state i.e. r n = 0 in (16) which means that

the diagonal and off diagonal parts of D cancel. Ignoring Ohmic heating,
0 in (16) and

(17)

This experiment was simulated with our predictive transport code using
the model from Ref 30. The simulation recovered the electron heat
(energy) pinch well within the error bars while the tiectron temperature
was just above the errorbars. The ion temperature was almost identical
to that in the experiment.

a t a« \ a « as
ECH source

Fig. S Stationary temperature and density profiles from the experiment Ref 53
and simulation Ref 57 of off axis ECH on D-III-D. Picture from Ref 79.
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III1

-10

-IO1

Qi

0.2 0.4 0.0 0.1
r/a

Fig. 6 Stationary electron and ion energy fluxes as obtained in the simulation in
Fig 2. The experimental error bars are indicated for qc . Fig from Ref 57.

Another very striking similarity with the experiment was the relative
insensitivity of the electron temperature profile lo the location of the
heat source (profile consistency) as shown in the table.

Table I

r s /a Te(r/a = 0.1) (keV)

0.25

0.35

0.45

0.55

1.14

1.12

1.12

1.10

2.6

2.3

2.15

2.0

Table I. Peakedness of the electron temperature profile and the electron
confinement time T £ as obtained from numerical simulations for various

choices of heating location rs.

It seems that the strong profile consistency also inside the heat source is
due to the very low collisonality. In more resistive situations, the ion and
electron temperatures would come closer, in particular inside the heating
location and then the electron temperature would be flatter in this
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region as seen on JET80 . Stronger collisionality would also reduce the
pinch effects, flatten the density profile and drown the electron heat
pinch in Ohmic heating. As is clear from attempts to reproduce this
experimental results with other models, dissipation has a direct effect of
reducing the pinch.

Collisions are rather rare in this experiment but the electron drift
resonances would introduce a strong dissipative effect. In this situation it
becomes important to use a self consistent model that relaxes all sources
or free energy, including the gradient in velocity space, that are active.

RADIAL PROFILES OF DIFFUSION COEFFICIENTS

As mentioned above, the toroidal effects cause the diffusion coefficients
of toroidal drift waves to grow with radius in tokamaks. This is usually
.he case at least up to 0.8 of the small radius. The most direct effect of
toroidicity is to reduce the ratio y/cor. This reduces % due to the non-

Markovian rocking of the vortices according to (11). It also leads to a
reduction of y. Nonlinearly the most important effect is usually the pinch
flux proportional to en in (12). Then also electron trapping contributes to

its destabilizing effect which grows towards the edge. Fig 7 shows the
radial profiles79 of %\ and x e f°r a typical JET shot81 as compared to the

experimental. A similar comparison for TFTR82 was made in Ref 55

Fig 7 Radial profiles of transport coefficients from the transport model (Ref
79). The error bars are from the expeirmental result (Ref 81). The
smoothened temperature and density profiles from 81 were used here.
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Since the experimentally inferred Xi is usually an average over the ion

species in the system, the theoretical profile should be modified due to
impurities in plasmas with high Zeff . The result shown in Fig 7 was

obtained with the system derived in Ref 30, using the normalization
obtained in Ref 14.

RATIO OF x e
 A N D Xi-

The drift wave model used here treats electrons as either free or well
trapped. In reality there are of course also electrons that are barely free
and barely trapped. Since these have responses that are intermediate to
those of free and well trapped electrons we expect that the overall
response can be expressed as some weighted average of the free and
well trapped responses. In practice the usual expression for the trapped
fraction has turned out to give a fairly good agreement with
experiments. Cor xrning ions, it has been found that parallel ion motion
is usually ignorable in the reactive limit32. Compare also the more
complete kinetic results in Refs 83 and 84. In this case we can bridge
the boundary between two dimensional free ions and trapped ions which
have the same type of response. We can then assume all ions to have the
same nonadiabatic response while the nonadiabatic electorn response
enters with the trapped fraction which is typically about 0.5 at half
radius. Since the drift wave model considered here uses the same fluid
model for ions and trapped electrons and since ihz finite Larmor radius
effects are small, the main source of unsymmetry between ion and
electron quantities is the trapped fraction ft for electrons.

In systems with comparable electron and ion temperature profiles we
now expect ft to be the main cause of difference between x\ a°d Xe •

Xe~ f tXi (18)

This is a rather usual situation in experiments and was in particular
found for typical TFTR L moes (ft = 0.5) in Ref 7. In TFTR supershots with

more peaked density profile %tl%\ is smaller. This situation persisted also
after pellet fuelling at half radius in the density modification
ejxperiments5 1 both in the expeirment and in the transport code5 5 '8 5 .
The general result was:
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Xe < 0.25 (19)

Another extreme case is the usual H-mode with broad density profile. If
such a profile (large en) is combined with hot ions we can see that the

pinch effect in (12) can become very large. This effect has in transport
code simulations in H-mode given a situation where

(20)Xe =
 4Xi

for Tj = 5T e
5 6 . This type of equilibrium with same ratio of Xe an<^ Xi

been seen on D-III-D52. Although there are always uncertainties in these
results, the factor 16 between (19) and (20) is so large that it seems
unlikely that it would be accidental. These questions were also discussed
in Ref 85.

L AND H MODE EQUILIBRIA

In power scans in a predictive code, the reactive drift wave system was
found to give a power scaling of xj; as5 6

(21)

for equal ion and electron heating while the power was about -0.4 for
only ion heating. Both these results appear to be in good agreement with
experiments. Furthermore, when the heating power was increased
further a spontaneous transition to an H-mode occurred (see Fig 8)

Fig 8. Scaling of confinement-time with heating power for ASDEX parameters.

The power is equal for ions and electrons. (From Ref 56)
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The H-mode transition occurred at a higher power than in the
experiment8 6 (about twice). The model used here did, however, not
include any particular edge physics and fixed outer boundaries in
temperature and density were used. The code itself changed the outer
boundary conditions by forming sharp boundary layers similar to those
seen in experiments.

While the edge equilibrium in this simulations is uncertain, it at least
shows that both L and H mode equilibria exist in the core. The
enhancement factor in xg was about 2.S. It was also possible to derive an
analytical edge equilibrium for large T| J and i\c where the toroidal T|J
mode was stabilized by FLR effects. This equilibrium was in rough
agreement with the numerical. It has later been found that the edge
equilibrium changes when collisions on trapped electrons are included.
The core equilibrium does, however, not change. It is also important to
note that the regions with the steepest gradients are those with the best
confinement. This means that the sharp boundary layers at the edge
should be considered as a part of the good confinement region. Then,
following the profiles from the interior we realize that the sharp
boundary layers at the edge imply that the modes responsible for the
transport in the good confinement region are stabilized at the edge. If a
new edge instability is introduced it would just move the point where
the good confinement region starts inward. The same transition can then
occur at the new location.

CORRESPONDENCE BETWEEN LINEAR AND NONLINEAR EFFECTS

As pointed out above, it is essential to consistently include the nonlinear
relaxation of all free energy sources that are active linearly in transport
calculations. This is a special case of a more general principle seen in
both homogeneous87and inhomogenious systems88-89 that the same
physics has to be included linearly and nonlinearly for consistency. One
example is the finite ion Larmor radius effects that enter the ion
diamagnetic drift frequency in the same way linearly and
nonlinearly88 '89. Another example is the competition between different
types of relaxation as seen nonlinearly above. This trend is present
already linearly through the appearance of the parameter rt = L n /L j in

stability boundary and growthrate. Another correspondence is the effect
of toroidicity to reduce the transport towards the axis. This effect
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appears linearly as a reduction of the growthrate and nonlinearly as a
pinch effect. Finally, the growthrate is reduced and the ion heat pinch is
increased in the hot ion mode90. When a kinetic description is used, also
the free energy in velocity space couples to the free energy in real space.
Equipartition of free energy would here mean that the system relaxes
with a non-Maxwellian velocity distribution function. We know that the
velocity distribution in the presence of a wave has a tendency to become
distorted near the resonance. This can be seen as a pinch effect in
velocity space since it takes the distribution function away from
thermodynamic equilibrium. The velocity derivative of the distribution
function may in an inhomogeneous system be written

df 1 ,- _ - 3f - df . „ .

Here the first term, which includes the inhomogeneity, corresponds to a
gyrophase derivative. It shows a coupling between gradients in velocity
space and real space. The force on resonant particles is always such that

— tends to zero. This means that in an inhomogeneous system, the

derivative with respect to v± will not tend to zero but to a value that

compensates the space inhomogeneity. Since particles move more easily
in velocity space than in real space, this can easily be accomplished,
either in a stationary way or as an average over oscillations. Then the
effects of velocity space derivatives on the growthrate vanishes and the
fluid growthrate will be the most relevant for the transport. The fact that
particles move more easily in velocity space also shows in that higher
order fluid moments, that depend more sensitively on the velocity
distribution are more sensitive to the lower moments than vice versa. As
an example we may mention that fluxes (diffusion coefficients) are much
more sensitive to the density and temperature profiles than those are to
the fluxes. Concerning the relaxation in velocity space it is also
interesting to note that in a turbulent state we can expect particles to
bounce in potential fluctuations with the correlation length as length
scale. As documented in Ref 29 and 91, it is only the drift resonance
(corresponding to pole contributions higher than 2 in the density
response) that is absent in our advanced fluid model. This can be
concluded from the perfect agreement with the kinetic response for
modes propagating in the direction opposite to the magnetic drift in Ref
29 and from the almost perfect agreement obtained in Ref 91 when the
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drift resonance is added. Ws may therefore have good confidence that
the fluid model adequately reproduces the energy conserving part of the
wave-particle dynamics. The model has also recently been extended to
include collisions for a general collisionality in Ref 92.

The effects of an auxiliary ion species

Auxiliary ions in the form of impurities or cold or hot alpha particles in
burning plasmas are important in almost all tokamak experiments. The
effects of impurities, described in the same way as the main ions (Eq (5))
have been studied for Boltzmann electrons93 and collision dominated
trapped electrons in Ref 94 (linear properties) and 95 (transport). In
general, impurities showed a tendency to move outward for similar main
ion and impurity ion profiles so that an equilibrium with increased
impurity content at the edge can be expected. This has also been
confirmed in recent predictive simulations96'97 where collisionless
electron trapping was used (corresponding to a sixth degree dispersion
relation). In Ref 96 predictive simulations of TFTR L modes with good
agreement with experimental profiles were reported. Ref 97 describes
simulations of ITER in the EDA design including alpha particle heating.
The results here showed ignition with a favourable scaling of the energy
confinement-time with Zeff as

(23)

Here |J depended on the collisionality in the resistive temperature
equilibration term so that a Coulomb logaritm lnA = 10 gave p = 0.S and
In A =30 gave f) = 0.8. The power L of the alpha particle heating power P a

was 0.47 with lnA = 10 and 0.40 with lnA = 30. This result is very similar
to that obtained by using the Rebut Lallia Watkins model98 The reason
for this seems to be that the trapped electron mode dominates when the
heating is on the electrons. The critical stability parameter is then the
electron temperature gradient.

We finally note that impurities may contribute to the experimental mass
(isotope) scaling99 and that also the combination of impurities and
noncircular cross sections have been studied recently100.
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CONCLUSIONS

Although many questions in tokamak transport are still unresolved,
recent rapid progress gives good hope that many questions will soon be
clarified. This is in particular due to better diagnostics and new
theoretical tools such as toroidal gyrokinetic simulations10*13 and
advanced fluid models27-28 '30 '101*102. We have here described a reactive
advanced fluid model for toroidal drift waves which gives such a good
agreement with the main experimental trends that there is strong reason
to believe that the main problem with previous models has been the
truncation of the kinetic dynamics, linearly or nonlinearly. These results
suggest that it is essential to have a model that a) is able to recover the
isothermal limit (ajy » a) for the perpendicular motion and b) treats the

relaxation self consistently so that all sources of free energy that drive
the transport are also relaxed nonlinearly. The main distinct feature of
such a model is that the off diagonal pinch fluxes are as strong as seen
experimentally53 '103. As a consequence of this one obtaines also realistic
radial profiles of diffusion coefficients, profile consistency, H-mode
equilibria and realistic %e/xi- As indicated in the text two of the most

important remaining problems are those of determining the correlation
length in space and understanding the impurity dynamics.

Other areas on which the research has just started are those of
noncircular cross sections1 0 0 '1 0 4 and that of the implications of the
radially extended modes24*26 for H-mode transitions105. We finally note
that some of the results from the transport model reviewed here have
also been included in a recent more general review106.
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