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Abstract.

A self-consistent transport code is used to evaluate how plasma confinement in
tokamaks is influenced by the microturbulent fields which are excited by the
dissipative trapped electron (DTE) instability. As shown previously, the satu-
ration theory on which the code is based has been developed from first prin-
ciples. The toroidal coupling resulting from the ion magnetic drifts is ne-
glected; arguments are presented to justify this approximation. The numerical
results reproduce well the neo-Alcator scaling law observed experimentally -

e.g. in TEXTOR - in non detached ohmic discharges, the confinement degradation



which results when auxiliary heating is applied, as well as a large number of
other experimental observations. We also assess the possible impact of the to-
roidal ion temperature gradient (ni) mode on energy confinement by estima-

ting the ion thermal flux with the help of the mixing length approximation.

We compare and analyse the temperature and density profiles measured in TEXTOR

(qa= 2.45), at either variable mean density or variable additional power and
check their stability against DTE and ﬂi modes using, in the later case, a
new criterion valid for arbitrary curvature. A1l profiles examined are margi-
nally unstable against both modes, essentially between the gq=1 and q=2 magne-

tic surfaces.

The code results and the stability analysis lead to the following conclusions
and suggestions: (1) the DTE instability suffices to explain the anomalous
electron heat transport in low density discharges (attached plasmas) with or
without additional heating; the marginal instability for the DTE mode thus
follows from heat fluxes constraints; (2) the simultaneous marginal instabili-
ty against the n, mode must then follow from particle fluxes constraints;
(3) the conditions that both Y. and  Yprp (v = growth rate) must be small
are consequently probably the r;strictions which determine the profiles cor-
responding to each experimental condition and, to a large extent, profile con-
sistency; (4) we suggest finally that the deviation from neo-Alcator scaling,
the density 1imit, and the phenomenon of plasma detachment are interrelated
effects which arise at high densities when the constraint on the electron heat

flux becomes crucial.



1. Introduction.

Anomalous plasma transport and the occurrence of a density limit present
intellectual challenges on the path leading to an economic tokamak fusion re-
actor. The agreement between theoretical predictions and observations has im-
proved considerably in recent years:

(1) Theoreticians at Princeton and at G.A. Technologies have reported that the
electron thermal transport resulting from the dissipative trapped electron
(DTE) mode can account for the Neo-Alcator scaling law whereas the ion thermal
losses associated with the ion temperature gradient (ni) mode might explain
the saturation of the energy confinement time which is observed at high densi-
ties /1,2/; the G.A. model predicts furthermore confinement degradation in
beam heated discharges /2/.

(ii) Our group has come to the same conclusion concerning the importance of
the DTE mode /3/ and has furthermore shown that the modulation - observed for
the first time in TEXTOR /4/ - of the line integrated turbulence level during
the periodical temperature collapses on axis (sawteeth) is well reproduced by
a transport code in which the turbulence level and its spectrum are calculated
self-consistently at each point in the plasma /5/. The calculated amplitude of
the modulation, the absolute turbulence level and the energy confinement time
agree well with the measured data. These observations provide strong confi-

dence into the theoretical model on which the code is based.

Although the three groups agree that the DTE mode is the keypath to anomalous

transport in tokamaks of the present generation, there are important differen-

ces in the equations used to evaluate the saturation level of DTE turbulence.



This has a profound impact on the transport properties predicted by the re-
spective models.

(1) At Princeton and at G.A. Technologies mixing length estimates are used;
these do not rely on a first principle theory and imply certain Ansdtze con-
cerning the turbulence spectrum. In Jiilich, we calculate the latter from a
self consistent nonlinear theory of the instability /6,7/.

(2) In toroidal systems, in which conditions vary over magnetic surfaces,
waves localized on different surfaces - which would be independent in the
plane-slab model - become coupled. As a result, shear damping may be inhibited
/8/ - generally for modes ballooning outside of the torus - or may be rein-
forced /9/ =~ generally for modes ballooning inside of the torus. The mixing
length estimate used by the two first groups is based on the growth rate of
the most unstable modes for which shear stabilization is absent. However it
can be shown that all modes interact with each other in their nonlinear stage
/10/; thus shear damping influences the saturated turbulence level and tran-
sport in general. Any selection of modes which is based on the absence of
shear stabilization in the linear approximation tends to be arbitrary and mis-
leading. We consider that a nonlinear theory which retains all modes but ne-
glects, on the ground of simplicity, toroidal mode coupling is likely to be a
better appoximation. Our nonlinear theory has thus been developed for the
modes belonging to the so-called slab branch, all of which being equally

shear-stabilized in the linear approximation.

The most striking difference between the transport properties of the resulting
models 1is that ours predicts the existence of threshold plasma states which
depend on B, I, N . Anomalous transport does not occur below threshold: shear

stabilization prevails. Transport increases rapidly beyond threshold, where it



depends strongly on the linear growth rate of the instability. This leads to a
tight retroaction between profiles and confinement in the transport code. Such
a retroaction is a necessary prerequisite to account for the observed profile
consistency /11/ and to explain more particularily why both the electron heat
conduction coefficient inferred experimentally /12,13/ and the measured rela-
tive density fluctuations /4,14/ vary much more than the temperature and the
gradient lengths. These observations cannot be explained when the "mixing

length" relationship is used.

The degradation of energy confinement with auxiliary power predicted by our
transport model agrees quite well with experiment. It is not necessary to
assume that another instability than the dissipative trapped electron mode
contributes to the anomalous heat conduction. This point of view seems corro--
borated by recent results from coherent scattering measurements on TFR /14/
which suggest a continuity of the turbulence processes in the ohmic and the
auxiliary heating phases: the correlation between the electron transport and
density fluctuations is similar and the k@ spectrum is almost unchanged. In
TEXTOR, confinement degradation appears - at constant density - so to say with
the first kilowatt of injected RF power /13/. This pleads for the existence of
threshold plasma states and of a non-linear relationship between heat trans-

port and growth rates.

It will be shown that our transport model furthermore reproduces remarkably
well the neo-Alcator scaling observed in TEXTOR up to Ne = 3.6 x 1012 m™3 for

I, =480 kA, B=1.9T (q

D = 2.4).

a

The favourable Ne scaling of the global energy confinement time in ohmic



discharges is thus consistent with our theory of the dissipative trapped elec-

-

tron mode. However the number of trapped electrons decreases when Ne in-
creases. The relative weight of other mechanisms, such as those which deter-
mine the density profile, may thus increase at very high densities, and pos-
sibly modify the overall confinement picture, or even prevent the existence of

stationary solutions (disruptions).

Saturation of TE has actually been observed experimentally in Doublet III /15/

and other devices. In Doublet TIII it occurs e.g. at 60 msec for
- 9 -3

Ne= 4 x 101 m = when Ip=473 kA and B=24 kG. This saturation has been attri-
buted by the Princeton and G.A. Technologies groups to the n; mode /16,2/.
This choice appears to be reasonable in so far as the linear growth rate of
this mode is practically independent of Ne‘ We compare therefore the stabi-
1ity of the n; mode with the stability of the DTE mode in the TEXTOR plasma.
For this we use a recent analysis /17,18/ which avoids expanding in Ly/Lg, the
ratio of the density length scale to the curvature length scale: LN/LB is lar-
ger than unity in TEXTOR when r/a < 0.55, i.e. over a sizeable part of the
plasma region of interest. This analysis confirms that - whereas the DTE in-
stability tends to weaken at the higher densities - the growth rate of the

n; mode is, at constant temperature, almost independent of Ne‘ In contrast
the stability properties of the two modes change only slightly when the input
power is varied at constant density. However temperature variations arise
during density scans at constant heating power; their role is examinded here.

Finally it is worthwhile to note that even under the most extreme situations

investigated, the profiles are close to the marginal instability threshold

both of the DTE mode (this recalls an earlier result of Manheimer and Antonsen

/19/) and of the n. mode.




In section 2 we recall our theories of nonlinear saturation and turbulent
transport for the DTE instability; we describe our numerical code and present
the results obtained for a density scan of ohmic discharges and a power scan
(ICRH) at constant density, both at R = 2.4, In Section 3 we outline the im-
proved theory of the M4 mode and obtain the corresponding quasilinear trans-
port predicted by mixing length estimates. We also apply the new criterion for
the N4 mode - which is valid for arbitrary curvature - to experimental pro-
files, and compare the evolution of both instabilities throughout the density
and power scans. In Section 4, we summarize our results, draw conclusions, and

emit some hypotheses.



2. Numerical Description of DTE Anomalous Transport.

2.1 Model and Numerical Code

2.1.1 Nonlinear Saturation Theory

The nonlinear evolution of the DTE instability - and more generally of
drift waves - has been described theoretically in earlier publications /6,7/.
It is assumed that nonlinear ion Landau damping (i.e. Compton scattering by
the bare particles and induced scattering by the shielding clouds) plays a do-
minant role in the coupling and saturation processes and that wave-particle-
wave interactions are more important in our inhomogeneous plasmas than three-
waves resonant interactions. The resulting equations can be solved analytical-
1y when a weak turbulence approach is followed and when an expansion in T1-/Te
is made. We feel that these approximations are not crucial but intend never-

theless to remove them in an ulterior theory.

Wave-particle-wave processes are efficient when the beating eigenmodes have

close frequencies. They lead to an energy cascade towards lower poloidal wave
1

numbers when the mode numbers ke and kO (Fig. 1) of the interacting waves

(ky)

are both smaller ("close interactions") than (k o’ max

G)max; is the mode

number for which the frequency is maximum in the dispersion curve; in our case

a-l; a, = ai/Te/Ti where aj is the ion Larmor radius. They lead to

(kO)max= S

an energy cascade towards higher poloidal mode numbers when the two wave num-

' are larger than (k)

+ +
bers (ke) and (k o) max

e) (again "close interaction").They



give finally rise to a direct transfer of energy from waves with low mode num-

bers [i.e. ke < (ko)O = 0.62/as] to waves with high mode numbers

((kg) > 1/0.62 as] and approximately equal frequencies ("distant interacti-
ons"); (ke)0 is the value of kg at which distant interactions suddenly

sets 1in, according to theory when one moves away from (k towards

@)max
smaller k@ values. The reverse distant interaction and energy transfer from
high towards low wave numbers is of course also taken into account but is sub-
dominant. The slow phase velocities Aw/Ak” of the virtual beat waves resul-
ting from either close or distant interactions explain why ion Landau damping

is significant ( k, = E-E/B is the projection of the mode number along the

direction of the magnetic field).

The energy cascade phenomenon at low mode numbers had previously been ana-
lysed by Sagdeev and Galeev /20/, Krommes /21/, Diamond and Rosenbluth /22/,
and others; they noted that it would Tead to a catastrophic condensation ef-
fect unless it were balanced by other nonlinear processes. Sagdeev and Galeev
thus invoked three-waves resonant coupling in their theory of homogeneous tur-
bulence. The distant energy transfer, also induced by nonlinear Landau dam-
ping, that we have discovered /6,7/ is, we believe, more appropriate for an

inhomogeneous medium,
The calculation of the turbulence spectrum (Fig. 2, solid line) shows that:

(a) it has a maximum for keas = (k@)oas = 0,62 and

(b)lnk /N[2 is proportional to llkg at large mode numbers i.e. when ke-> @,
0

These results do not depend on the linear stability properties as long as
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nonlinear ion Landau damping remains the dominant nonlinear process; they are

universal characteristics of drift wave turbulence. They are rather well con-

firmed by measurements on TFR /23/, PLT /24/, MACROTOR /25/, TEXTOR /4/, and

other machines. The calculated spectrum however vanishes for ke = k

disagreement with experiment. This failure is related to the obvious inaccura-

0, max mn
cy, which arises in a first order mathematical development in dw/dke, when
the value of this derivative is about zero. It is encouraging however that the

cascading directions on either side of k lead to different slopes in the

O, max

s

spectrum. This is in agreement with experimental results /26/. Fig. 2 (dotted
T1ine) also shows the ideal spectrum that we hope theory will provide when the
k@ = kO nax spectral region is properly handled; we feel that this local in-

accuracy in the calculation of the !nk /N l2 value is unimportant as far as
0
transport is concerned but want to point out this weakness of the present sa-

turation theory.

2.1.2 Thermal Conductivity and Turbulence Level

The evaluation of the transport as a function of the local parameters is
straightforward when a self-consistent theory 1is available which allows to

calculate the turbulence spectrum explicitly /6,7/. The spectral equation [eq.

(8) together with the definition (10) in ref. /27/] depends on only two inde-
pendent combinations of plasma parameters. The spectrum, the turbulence level
and the transport can therefore be evaluated by two-parameter functions. A
number of cases have been solved explicitly from the full equations. In order
to save computer time, we have however introduced a simplification in the re-

presentation of these 2D numerical results: we have treated them as if they
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could be approximated by a product of two separable functions. The numerically
adjusted expressions - which represent well the exact results of the full

equation - have been given in /5/; they are rewritten here in a more practical

form.
Firstly,
3 53/2T;/2 (1+0.4 ngl) * - * 4.63
X, = 4.25 x 10 5 bp(/V ) g(x) [y -1]"
q RL BN, (147 cc)

(1)

when the quantity in the square bracket is positive and Xe =0 (i.e. turbu-

lence 1is shear stabilized) otherwise. In this equation, the collisionality

factor is

* 2 -3 3/2.2
v =t =1,12x10 " gR Ne (1+Zeff)/€ Te
(1a)
and the normalized growth rate in the absence of shear stabilization is
*
. 83/2T§ Lb (/v
y = 23p
/Ai LN LT Ne (1+Zeff7
(1b)
We have used the abbreviations
2 2 2 3
x = (ILN[LS/q R™) - 0.004 5 b (t)=(1+1t+1t7/2+1t7/3) exp(-t) ;
_ 2 3 4
bp(t) = (1+ t+ t°/2 + t7/6 + t/15) exp (-t) and
2 (1c)

g(x) = [1 - exp(-azx)] (1 +asx)/(1+ a,x + agx")
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In these expressions, a, = 7.87, a3 = 1.54, a, = 3.685, a5 = 0.0707;
e = r/R is the inverse of the local aspect ratio; Ly = (d]nN/dr)'l, Ly =
(d1nT/dr)~! and Lg =!qR(d1nq/d1nr)'1Iare the density, the temperature and the

shear lengths respectively; N = L, /L A

N T
has its usual definition and the value of the Coulomb logarithm has been taken

; 1s the atomic mass number, Z.¢¢

to be 17.5; u 1is a fitting parameter of which the value (close to unity) is
adjusted once and for all for a reference discharge. Its insertion is justi-
fied by the fact that both the linear and the nonlinear theories of the insta-
bility make use of mathematical idealizations of the actual world (e.g. para-
bolic magnetic well approximation, pitch angle collision operator, weak turbu-
lence approximation) which introduce "theoretical uncertainties". Finally the

units are Te(keV); B(Tesla); L(m); Ne(m'3); Xe(mzs'l).

Secondly, the turbulence level is given by

~ 2 T A,
’ﬂl - 150 x 1070 €L 5 M [Y112 2
N Lol | B

again when the quantity in the square bracket is positive and zero otherwise.

- %

g (x) 1is given by equation (lc) but with
* *_ ‘k_ *—-O
a, = 26.17, ag = 3.54, a, = 3.16 and ag = 0.
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2.1.3 Discussion of Equations (1) and (2)

a) The domain which can be best described by our numerical code is the so-
called "confinement region" of the plasma wherein the temperature and density
gradients are large. In this annular zone, DTE transport prevails because of
the Tow or medium collisionality; thus Eq. (1) applies. It Ties between an in-
ner core and an outer region where other transport mechanisms dominate. We

note indeed that:

i) In spite of the weak shear (LS > ) the DTE transport is negligible in
the vicinity of the magnetic axis where the density and temperature profiles
are flat (LN and Lt are Targe) and the inverse aspect ratio € is small (few
trapped electrons). Thus Y* (eq. 1b) 1is smaller than unity and Xe = 0. The
transport via other instabilities overwhelms. An important contribution comes
from sawtooth transport of which the influence will be taken, according to Ka-

domsev /28/, to extend up to a radius ro = /?rl; r. (= .19 m here) 1is the

1
experimental radius at which the safety factor q is unity. A phenomenological,
stationary model of the central thermal conductivity is injected in the code.
Its value is adjusted so that either the temperature measured on axis or the
central safety factor calculated from the measured current density profile is

reproduced numerically. Tests have shown that the results of the code are in-

sensitive to the details of the model used for such adjustments.

ii) Similarly, the DTE transport is negligible in the outer plasma domains
where the collisionality factor (« Ne/TZ) is large. A rapid energy transport
occurs here but it results from other causes such as radiation, and perhaps

rippling instabilities /1/, island formation /2/, or magnetic ripple... .
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Since DTE transport is not dominant, eq. (1) cannot account for the plasma

profiles in these outer regions either. The outer boundary condition used in

our transport code is therefore not at the limiter radius a = 0.46 m but some-

what inwards: we assume that (Te) = (Ti) = 0.1 keV at r
b b
= 0.87). The calculated T and Xe profiles are - except very close to ry = in-

ry = 0.40 m (r/a

dependent of the exact value chosen: if T, has been chosen too small, the cal-
culated anomalous transport coefficient is extremely small; the temperature
gradient automatically steepens to provide the required heat flux. If Ty is
too large, the theoretical Xo is large; the temperature gradient automatically
flattens. We find that the temperature and X, curves obtained starting from

different Ty values coincide already 2 cm inwards from ry.

b) It is interesting to note that the heat conductivity (eq. 1) and the
turbulence level (eq. 2) obtained from the analytical nonlinear theory depend
on high powers (4.62 and 2.22 respectively) of the normalized growth rate

*

*
Yiot = Y -1, This is in glaring contradiction with the mixing length rela-

tionships which assume that

Xg = ¥ e oand LA 1? e /o,

*
The factor vy -1 1is here determinant as concerns the scaling. Worth noting

are

i) the favourable dependence with ion mass

ii) the absence of dependence with toroidal magnetic field.
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These are qualitatively - failing quantitative estimates - in agreement with
experimental results. By contrast, a favourable B dependence is a major pro-

blem encountered by the mixing length model.

c¢) In fact only small changes of Te’ N, LN’ LT or LS are necessary to in-
*

crease Y by some ten percents from, say 2.5 to 2.75 (typical values). This

causes however enhancements of Xe by a factor of ~ 2 and of l;{/Nl 2

by a
factor of ~ 1.4 even without considering the enhancement of the factors in
front of the square brackets in Eq. (1) and (2). The variation of X, versus
y* is shown on figure 3. As stated in Ref. /5/, a consequence of this abrupt
variation is that the Te profiles - for a given Ng profile - should tend to be
frozen in the rather narrow range for which Y*- 1 is of the order of unity
)N

* *
[ 1im (v - 1)" is discontinuous for vy = 1], 1i.e. a significant profile con-

n->e
sistency should result.

d) A further consequence - also pointed out in /5/ - is that relatively
small temporal perturbations of the local parameters should lead to large
changes in the transport. For instance the moderate increases of T, and varia-
tions of Ly which occur when the heat pulse which follows a sawtooth collapse
propagates across the confinement zone should significantly enhance Xo. We ex-
pect therefore that the values of (Xe)HP which are deduced from the speed of
propagation of these pulses should be appreciably higher than the quasi-sta-

tionary Xe values which prevail during the time elapsed between pulses.

*
e) The fact that the ratio a2/a2 = 3,325 is larger than unity corroborates
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a remark made previously /5, 27/ namely that short wavelength modes contribute

relatively more to transport than Tlong wavelengths modes. The exponents
(*)

2

neighbouring rational surfaces, (k®§)~1, to the radial widths of the eigen-

modes, ag [LS/ ILNI (1+kga§)]l/2; in the calculation of the turbulence level,

x are indeed weighted measures of the ratios of the distances between

the weight is on the low mode numbers; in the calculation of the thermal con-

ductivity it is on the high mode numbers. For this reason,
-k 22
g (x) =26 |LN| Lo/aR

and

5 ol (- 19222
557

EZ: -
‘N 12 =4 x 10 75

will often be good approximations.

* -
f) We note finally that y 1is proportional to Ail/z. This implies that

energy confinement should be somewhat poorer in H than e.g. in deuterium,

which is consistent with observation.

2.1.4 The Numerical Code

The main elements of the numerical code - which was described in /5/ and
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will be discussed in details in an ulterior publication - are:

- Equation (1); neoclassical ion transport (taken to be three times larger
than given by Hinton and Haseltine /29/); classical energy exchange between
ions and electrons; neoclassical thermal pinch and electrical resistivity; the
values of the magnetic field and of the total plasma current.

- The boundary conditions (Ti)b= (Te)b= 0.1 keV at ry = 0.4 m and the
measured values of the central electron temperature (Te)0 or of the central

safety factor q, (see above, § 2.1.3). To s interpolated between

ro =7ve " and r = 0 assuming a phenomenological, uniform and time independent

value of Xe'
- The value of Zogs is taken to be constant across the plasma; this assump-
tion is uncritical since Z,p¢ is small in the carbonized TEXTOR surrounding

/30,31/. Radiation losses are described by the formula

_ Crad 1 f

P, = i p'dp' pay *+ (PP )Py
rad 1 prad P o OH rad ' "OH

for p=r/a>p and Prad = 0 for p <o Here p.,q and pgy are the ra-

rad rad’

diated and ohmic power densities.

Thus the ratio

Praa (7 PPrag
pOH (o) rad 1-prad

of the integrated powers follows a linear law; the latter was established in
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TFR 400 /32/. In the present calculations, we have assumed p = 0.3 and

rad

Crad = 0.25; thus about one quarter of the total ohmic power is radiated

inside of the radius r = 0.46 m, and twenty percents inside of the radius ry =
0.4 m.

- As in Princeton and at G.A. Technologies, the density profiles are not
calculated self-consistently but taken from the experimental data base ex-

pressed in the form

Qa

_ _ N
N, = N (o) [1- (r/a) "].

aN , the density profile parameter, is derived directly from the density pro-
files obtained at TEXTOR by an HCN polari-interferometer with 9 spatial chan-
nels /33/. The necessity to use an experimental density profile in the numeri-
cal calculations results from the fact that particle transport based on DTE
turbulence theory is purely diffusive. Innovation in this respect is needed!
The results of section (3) suggest a possible approach (see conclusions).
Using the above mentioned elements, the code calculates the temperatures
and the current density self-consistently and iteratively, going inwards from
rp until the radius rg is reached. The value of Te(ro) is then compared with
the value of (Te)O measured experimentally (for the density scan discussed be-
Tow) and the phenomenological interpolation allows to complete the integra-
tion, yielding e.g. the total plasma energy or electrical resistance. In the
case of the power scan discussed hereunder, it was the value of g, which was

used for the central fit. This was derived from
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a
ar) =3 (1 - rfrafy !

(4)

obtained from the current density J(r) profiles which are also given by the
polari-interferometer; %5 is the current density parameter.
The agreement between experimental data and experimental results is equally

satisfactory when either of the two above mentioned methods is used to account

for the central region.

2.2. Numerical Results.

We consider two series of TEXTOR discharges; in the first (density scan)
the mean density was varied in the absence of additional power; in the second
(power scan) the mean density Ne was kept constant at 3.95 x 1019 m™3 and
the applied ICRH power was varied. The plasma current was I, = 480 kA in both
cases; the toroidal magnetic field was By = 1.9 T (qa = 2.39) for the density
scan and By = 1.95 T (qa = 2.46) for the power scan. The other experimental
data used in the code are given in Tables (1) and (2) respectively. The fit-

ting parameter u has been taken equal to 0.5 everywhere.
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2.2.1. The density scan.

a) The value of the effective charge Zeff was first derived as follows:
Table 1 shows that the measured values, V., of the loop voltage are, within
experimental errors (+ 5 %), independent of Ne' The average value is 1.25 V,

Using the code, we evaluate the loop voltage for shot 12942 at

Ny = 2.68 x 1012 n73,

value is also V. = 1.25. The value (Zeff)ref = 1.37 is thus obtained for this

varying the input value of Z,¢¢ until the calculated

reference discharge. For the other discharges of this series, Logg was calcu-
lated under the assumption that the total number of impurity ions in the plas-

ma was constant. We thus use the dilution formula

- = - )
1) (Zeff 1)ref ¢ Ne/ ref/ <Ne>

where according to eq (3):

(N> = (o + 1) N/ (ay +2)

is the volume average density.

b) the calculated values (Z,ee). given in Table 1 are a little lower than
those [(Zeff)m = 1.4 to 1.7] deduced from soft X ray measurements but agree-

ment is nevertheless satisfactory. Also the assumed tendency for Z,¢¢ to de-



- 21 -

crease with increasing density is typical of TEXTOR plasmas. The calculated
values of the loop voltage decrease systematically but slowly with increasing
Ne‘ This trend is certainly strongly influenced by our assumption regarding
the effective charge. The measured value Vin fluctuates within the statistical

error bars. The agreement between V, and V. is thus fair (Table 1).

¢) The measured confinement times (diamagnetic measurements taken from Ref.
/34/ fig. 10 ) are compared to the calculated values on figure 4., A striking
observation is that the code reproduces extremely well the neo-Alcator scaling
(rE « ﬂe); that this would be the case was far from obvious, considering the
complexity of eq. (1)! The values of the calculated and measured energy con-
finement times are in the ratio (TE)C/(TE)m = 1.3C0. This agreement is sur-
prisingly good when one remembers that our theory starts from first prin-
ciples, contains a number of simplifications, a rather crude radiation pro-

file, and that the diamagnetic measurements themselves have also error bars.

d) The collisionality parameter tends to increase when the density increa-
ses. Hence X (Eq. 1) tends to decrease. In spite of that, the calculated tem-
perature profiles in the confining zone are very nearly independent of the
mean density (Fig. 5a). This result is at first sight (see (f) below) surpri-
sing but is nonetheless in agreement with the conclusions from a recent stati-
stical analysis of temperature profiles in ASDEX /35,36/ which was aimed at
quantifying the concept of profile consistency.

e) v is very nearly proportional to Ne in the confinement zone, wherein
the neoclassical conductivity and the current density increase with N as

e
shown in Fig. 5b. J(r) must then decrease in the central region (since the to-
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tal current is kept constant), leading to an increase of the central q value,
to a broader current profile, and to a decrease of the o5 parameter (Eq. 4).
These predictions of the numerical code agree also with the observations

(Table 1).

f) Still in agreement with the observations, the reduced ohmic power depo-
sited in the core at higher values of Ne leads to smaller central tempera-
tures (Fig. 5a). The energy flux per particle leaving the core is thus lower
at higher densities; this explains, at least qualitatively, how the tempera-
ture profiles can be independent of Ne in the confining zone although X, is
not. This discussion shows the importance of tackling the problem of heat
transport in a global sense since the same factor influences usually both the

transport coefficients and the distribution of the absorbed power.

g) The calculated values (qo)C of the safety factor on the magnetic axis
fall in the range 0.63 to 0.87. This aqrees nicely with the measured values

(qo)m obtained by polarimetry /37/ for other, but similar, discharges: (qo)m

values in the range 0.68 to 0.9 are usually obtained.

h) It is finally gratifying that the procedure used here has led - in all

cases except at the highest density - to Te (ro) values which are sightly lo-

wer than the central values (Te)o. For Ne = 3.63 x 1019 m—3, T (r.) has

e 0

however been calculated to be some 3 % higher than the measured (Te)o; this
might result from experimental errors, although the presence of a slight cen-
tral temperature minimum after a sawtooth collapse at high densities cannot be
excluded by the experimental ECE measurements on TEXTOR (Cao and G. Waidmann,

private communication). The fact that the code evaluates a decrease of the
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difference [Te(ro) - (Te)o] when Ne increases can be correlated to the re-

marks made under (d-e-f) above.

i) Figure 6a shows the dependence of the calculated DTE thermal conducti-

vity on radius in the confinement zone at the densities

N = 2.26 x 1019 m_3 and 3.63 x 1019 m-3.

o The large value of the thermal

conductivity in the central plasma regions (r < ro ™ 0.28 m here) 1is not due
to DTE thermal transport but to some other mechanism (e.g. sawtooth activity).
As already stated, this value is introduced phenomenologically into the code.
The apparent decrease of X, between r = 0.38 and 0.40 m is non-physical: it
results from the choice of T, = 0.1 keV which was somewhat low for these ca-

ses.

j) It is interesting to note that XatXy (see Figs. 6a and 6b) is nearly

proportional to Ne in the confinement zone. The XotX; ratio for

Ne = 3.63 x 1019 m«3 and Ne = 2.26 x 1019 w3 is 0.52 at r = 0.34 m whereas

the Ne ratio is 0.62. This result is not inconsistent with the neo-Alcator

scaling law.

k) We have also plotted on the same graph the values of (Xe)HP obtained

from studies of the propagation of heat pulses initiated by the sawtooth col-

lapses in TEXTOR /38/. The density was higher: ﬁe = 4,6 X 1019m-3 (Ip = 480

kA, B = 2.25 T, q4 = 2.83). In the middle of the confining zone the value of
(Xe)HP is 2.5 times larger than the steady state value of Xe predicted by our
code at Ne = 3.63 x 1019 m-3. When corrections are made for the differences
in the gy and N, values, we obtain (Xe)HP/(Xe)C ~ 3.4, This agrees quali-
tatively with the predictions of our DTE transport equations (see § 2.1.3).
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1) Fig. 6b is a plot of the values of X; (taken to be three times the neo-
classical ion thermal conductivity (Xi H-H) of Hinton and Hazeltine /29/)
which has been evaluated by our code. We note that this value depends little

on N_; it is almost equal to that of Xo 1in the confinement region at the

e
highest density considered here, whereas X1-/Xe is only =1/3 at Ne = 2,26 x
1019 m'3. Thus ion losses should become dominant, according to our code, at

densities of ~4 x 1022 m™> or higher,

m) Fig. 7 shows that the normalized growth rate Y*, evaluated at the ra-
dius r = 0.34 m, remains almost constant through the density scan. The con-
stancy is clearly a consequence of the high power dependence on (Y*—l) which
appears in Eq. (1). The finite value of y* ("weakly" unstable DTE modes)
prevents one from obtaining a simple scaling law for X, as function of tempe-

rature.

2.2.2 The Power Scan

a) These experiments were made on a different day. We have therefore de-
rived a new value of Z.,¢¢ (= 1.27), using the numerical procedure described
under (2.2.1.a) and the plasma parameters measured /34/ during the ohmic shot
of the series. The agreement with the values obtained during the density scan
shows that the contamination level was the same during both scans. We assume
that Zg¢¢ is independent of the level of auxiliary power which is applied, as

has been indicated by the experiments.
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b) It has been found experimentally that the current profile parameter o
(eq. 4) is practically independent of the power level (Table 2). This has led
us to inject here the values of Ne’ % and 9 [instead of (Te)O for the den-
sity scan] in the code. We note however that the experimental values of (Te)o
and the calculated values of Te(ro) are again consistent, as they were for
the discharges of the density scan.

c) The calculated and the measured (see ref. /34/) values of the confine-
ment time are compared on figure 8a which shows that the code reproduces ex-
tremely well the observed degradation of the energy confinement time with
additional power. Calling Pi the total power (PRF + Pgy) and defining the de-
= (t.),, /(%)

gradation ratio n we find that

d - e'ee Ve owe
- My T 0.41 both experimentally and numerically when Pt

1.85 Md (P./Pqy

3.53) and

- T 0.79 experimentally and 0.80 numerically when Py = 0.70 MW (Pt/POH

1.34)

This degradation had been anticipated qualitatively earlier /27,39/ but it was
far from evident that the use of Eq.(l) in the numerical code would lead to
such a quantitative agreement.

d) In a single case (Pt = 1.85 MW) it has not been possible to adjust the
calculated central safety factor [(qo)C = 0.82] to the measured value

[(q.)

ola. = 0.84]. This may be due to experimental and/or numerical errors but

could a%so be explained if the experimental temperature profile were slightly
hollow.

e) Fig. 8b shows that the relation between plasma kinetic energy and total
power is well represented by an offset linear law; this result and the value

of the incremental confinement time Tinc = Awp/APt = 21 msec (Wp is the to-

tal plasma kinetic energy) are in agreement with world wide results within ex-
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perimental error bars: indeed, according to a vrecent vreview /40/,

T, ~0.12 a°
p

inc for plasmas 1in the L-mode: this expression yields

Tine 25 msec if a, = 0.46 m and Tine ~ 19 msec if ap = 0.4 m,

f) The calculated values of the central electron temperature and of the
loop voltage are given in table 2 for different values of the total heating
power. The former are also compared to the measured values on Fig. 9. Both
curves are linear, but their slopes differ slightly. The values of (T,), dif-
fer by 15 % at Ppp = 1.5 M.

g) Figure 10 shows that the values of X, obtained from the code in the case
of maximum RF power and in the ohmic case are in the ratio 4.5/1. This is a
consequence of Eg. 1: a slight increase of T, and decrease of Ly influences
strongly X5, and accounts for the degradation of (Te)c.

h) The results shown here as full lines - and also those in figures 8 and 9
- were evaluated by assuming that the RF power was deposited uniformly within
an annulus of radius r = 0.25 m and that no power was deposited outside of
this volume. Ray tracing studies have however shown that the RF power deposi-
tion is excentered in TEXTOR /41/. We have therefore rerun the code, assuming
that Ppc = (r/a)[l—(r/a)3], an expression which describes well the results
of ray tracing. Strikingly, the calculated Te values are almost unaffected:
we find now 47.1 msec instead of 49.1 msec for the centered RF deposition pro-
file. This result follows from the fact that the energy deposited in the cen-
ter is virtually unconfined up to the radius 2 ryoon the one hand, and
suggests that the temperature profile in the confinement region is particular-
1y resilient to any change on the other hand. The corresponding Xe values are
shown by dashed Tines on Figure 10. We note that the minimum in X, at r = 0.29

m is deeper with the broader deposition profile: only 46 % of the total power

is deposited in the central core.
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i) Figures 1la and 11lb confirm this latter point. They show that the calcu-
lated central temperature and current density are almost identical in the ca-
ses of peaked (full line) and excentered (dashed line) power deposition and
that the temperature profiles in the confinement zone are almost independent
of the deposition profile. These results also agree with the conclusions from
the statistical analysis performed on ASDEX profiles /35,36/.
The resilience to any change is an undeniable hint that confinement is not a
local but a global affair in our transport model. It could be illustrated ana-
lytically by demonstrating that a narrow perturbation, e.g. of the form
ATe(r,ti) « 5(r-ri) (6 being Dirac's function) superposed on an equilibrium
profile at time t; and location r; would propagate rapidly across the plasma -
like a wavelet propagates along a string - and finally dematerialize due to
heat flux losses at the edge. This simple problem, also related to heat pulse
propagation, will be tackled in the near future.

j) Fig. 12 shows that the normalized growth rate Y*, calculated at the
radius r = 0,34 m, is almost constant also through the power scan.

k) We observe also (Fig. 11b) that the calculated current profile is almost
independent of the RF power level; this is in agreement with the observed con-

stancy of aJ through the scan.
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3. The n; mode.

It has been noted in the introduction that the decrease in the number of
trapped electrons which results from a density increase should reduce the in-
fluence of the DTE mode as compared to other instability modes and possibly
modify the overall confinement picture. A potentially important instability is
the toroidal ion temperature gradient (ni) mode of which the discovery goes
back to 1967 /46/. More recent developments are given in refs. /47-50/ and
/43/. In this section we briefly outline the improved theory of this mode
/17,18/, estimate the order of magnitude of the associated ion heat transport

and apply the n. stability criterion to the TEXTOR profiles.

3.1 The Linear Instability Model

Earlier studies of the n; mode have used an expansion of the fluid equations
in the curvature parameter g, = wDe/w: = 2LN/LB, where “ya is the e]ectron
magnetic drift frequency and Lg = R/[l-e(l-qaz)]. This approximation fails
near the plasma center, typically for r/a < 0.55 for the TEXTOR discharges
discussed here. To circumvent this difficulty, a collisionless fluid ion den-
sity response has been recently derived which retains all curvature effects
and is valid for arbitrary ion temperature and density gradients /17/. One
consequence of this modification is that, in contrast with earlier results,
the n; mode is now predicted to be stable near the magnetic axis. Both the

earlier and the new theories predict that it is also stable in the outer la-

yers.
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Neglecting the parallel ion motion, the equation of state takes the form

*
W

op; =3 (1+58) Toon + G- n) =L (1 +36) neo

(6)

_ . _ _5 R . R
where n, = LN/LTi’ 8 = wDi/(w 3 wDi) describes the contribution from the
curvature term which occurs in taking the divergence of the ion diamagnetic
> N > . .
heat flux q; = (5cPi/ZeffeB) (nxVT); P; is the ion pressure,
* IS
w, = ke(cTi/eB)/LN is the ion diamagnetic drift frequency, and n is the unit

vector along the field line. The unexpanded ion density response takes the

form

*
W, w
* 2 i“pi 5 . 2.2,
5n —w +'er1.+1(§ n].)———r(1+36) ka].(w wT)X%dl
N~ 5 2
w3y L3 ¢

* *
= 22 -
where w.. = o, (1 + ni). We note here that for Wi 2> W, &> -3/5, 6p1+Ti5ni
and éni/N > -e¢/Ti in agreement with kinetic theory. It is also straightfor-
ward to expand (7) and compare with an expansion of the kinetic integral. This
has been done up to order (wD/w)2 with good agreement.
For the electrons we take a Boltzmann response

éne/N = ecb/Te (8)

The dispersion relation, using quasineutrality, reduces fortunately to a qua-



_30..

dratic equation with the solutions /18/

* 2 2
w 4e k- a.
w= e2 5 {ht [n2- TN [ni »% + % €N(1+‘%) + % - ! (l+ni)] (1+ kzai)]llz}
2(1+k ai)
(9)
where k2a2
h=1-e (L+30) -—L(1+n +3e),
T = Te/Ti'

A consequence of the quadratic nature of the dispersion relation is that
there are both a lower and an upper stability regions as functions of all
parameters. The explicit expressions for the stability boundaries in n; be-

come rather length but were given in Ref. /18/.

The ni is rather insensitive to the finite Larmor radius (FLR) parameter

2a§ in the region of applicability of the present model. For kzaf < 0.1
2.2

parallel ijon motion exerts a stabilizing influence /42/ while for k a; > 0.2

k

there seems to be a stabilizing tendency from finite B effects /18/. We assume
therefore that kzaf = 0.1 for the most unstable modes, neglect the FLR terms
in Eq. (9) and obtain the following expressions for the normalized frequency

and growth rate:
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€ 2
|.;;’-"- T R A UL R S R R (10)
*
w €
w=2[1-2 &), (11)

3.2 Transport Estimates from the ni Mode

In order to obtain an insight into the transport properties of the ni mode
we have calculated the ion thermal conductivity X; in the quasilinear approxi-

mation, i.e.
(12a)

The expressions for Xy which are obtained from the average E X § flux of ion
pressure [i.e. from Eqs. (6) and (7)] are lengthy. We have reduced them here
by neglecting the kzai terms and substituting the resulting Egs. (10) and (11)

into the coefficients. The result is

E(-8—E'-]_) £
s » 2 5 N'3 N 10 N
=2y -3 [1+3 55 20 T T 7
Yo+ g (1-g)) Yo+ g (1-gy)
(12b)
where ? = Re (Y/w:) is given by Eq. (10) and we have assumed Ti = Te. The
transport coefficient X; for the ohmic case with ﬂe = 1.91 '1019 m_3 is shown
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in Fig. 13 and that for the RF case with P = ,704 MW in Fig. 14. We can obtain
an approximate scaling and an upper estimate of the ion energy transport by
using the mixing length estimate & < Kr/Z where & | is the ExB displace-

ment, EL = -ick@¢/w8, and Xr the radial wavelength; this leads to

<o 77 (13a)

8
N L cT =g~ 1
2 T * “e _2 5 3 N

X_i<215 -IZ—L?YEB—' [(T)1 3)(1+3n-.2.-ﬂe)

15N i 3 9 N

(13b)
_ 10 1/ ]
9

It is pointed out that ; = Re (Y/w:) = 0 when the denominators appearing in
the square bracket vanish [1inear1y stable modes, see Eq. (10)]. The inequali-
ty (13b) is thus always meaningful. For TEXTOR parameters, we have typically
2 m2/sec and k; Ly~ 50; we thus obtain Qi < 102 mz/sec

which clearly indicates that the mixing length amplitude is far from being

cT/eB ~ 4 x 10

reached in experiments. We also note that there is no explicit dependence on

density. An implicit dependence would have to enter through the spectrum.

We should note that, as presented here, this mode does not cause particle

diffusion because of the ambipolarity requirement and the assumption of adia-
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baticity for the electron response. Neither does it lead to an electron heat
transport. However, a recent more detailed theory /43/ has shown that the ni

mode might also produce significant particle and electron thermal transport.

3.3 Application of the Linear Stability criterion of the n, Mode to the

TEXTOR Profiles

It seems interesting to check whether the n; mode is unstable in TEXTOR
by applying the linear stability criterion to the experimental profiles. We
compare moreover the resulting stability properties to those of the DTE mode

of which we have seen in §2 that it is unstable in the confinement region.

Accurate and detailed density profiles were available both during the den-
sity and the power scans discussed in §2 and here; the information concerning
the electron temperature (Te) profile was unfortunately not as direct. We have
evaluated the latter from the experimentally derived current profile parameter

o /33/: the current density profile was calculated via Eq. (4). The Te pro-

files were then deduced using the neoclassical Ohm's law J = o E with

RS T Rl S op = 1.065 x 10° v 12/%

/7

e !ZoggeInh

(14)

Te is in keV, the Spitzer electrical conductivity GSP in mks units; YE is

the dimensionless factor defined in /51/; TnA = 17,5 was assumed; and Z,¢¢
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was taken to be constant across the plasma and to have the values which we
have derived in §2. The To profiles which are thus deduced are not very accu-
rate, particularly in the vicinity of the magnetic axis when unrealistic tem-
perature minima are derived. This results probably from the fact that Eq. (4)
is a too crude description of the current profile. We feel however that the
temperature profiles which are thus deduced (see e.g. Figs. 15 and 16) should

not be too inaccurate in the confinement region.

Equation (3) was used to fit the density profiles from the experimental da-
ta. These profiles are broad: the transition point Ly = a is situated at r/a =
0.6 and the value of LN/a is of the order of 4 to 5 at the g=1 surface. This
emphasizes the need to avoid the usual expansion in the curvature parameter

ey = 2LN/LB which is far from small in the region of interest here!

Tables 3 and 4 summarize the results of the stability analyses in the cases
of the density and of the power scans respectively. It presents

*
- the ratio ne/n = vy of ne to its threshold value for the DTE mode

e,thr
as evaluated in §2 for r = 0.34 m (see Figs. 7 and 12),

- the maximum value of the ratio ni/n = Hi for the ni mode (n

i,thr
is the threshold value for this mode) together with

i,thr

- the radii for which the ni maxima occur.

The values of Hi are plotted versus the reduced radius on Figs. 17 and 18
for four typical experiments belonging to the density and power scans respec-

tively. The values of H; were calculated under the simplifying assumption Te =

Ti.
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The following conclusions can be drawn:

- The values of H; evaluated in the confinement region are larger than
one and smaller than two. Thus the ni mode appears to be marginally un-
stable for all cases considered.

- The DTE mode is also always close to marginal instability: we have indi-
cated in §2 that, as a consequence of the high power dependence of the

(y*-l) factor which appears in Eq. (1) the Y* values should in principle
not become much larger than 2 (see Fig. 3).

- It appears that the n, mode scales overall unfavourably with tempera-
ture. This is why an increase of the applied power increases H; whereas an in-
crease of Ne - because it decreases the temperature - causes a slight de-
crease of Hj.

- Also in the case of the DTE mode, an increase of Ne decreases Y* (re-
duction of number of trapped electrons) whereas an increase of Pi increases

Y*. (Note that the y* values are given at the same radius, not where y*
reaches exactly its maximum).

Figs. 17 and 18 confirm our earlier statement: according to the equations
derived in Ref. /17/ and /18/, the n; mode becomes stable not only above but
also below some critical radii. It appears to be unstable in the confinement

region only.

A *
The profiles of Nis &y ¥ and Re(w/we) are plotted on Figure 19 for the
discharge made at Ne = 1.91 x 101? o3 during the density scan. The rapid
increase of ey is typical of all discharges; it is responsible for the sharp

cut-off of the growth rate at small radii r.
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The results of this section suggest:

(1) That the existence of a 1ink between the n; mode and the saturation
of the energy confinement time observed at high densities cannot be excluded
although this does not appear clearly: our analysis indicates indeed that the
ratio H; = ni/ni,thr tends to decrease when the temperature is lowered as is
the case when N is increased. Thus both Y* and H; tend to be Tower at

e
higher densities. It is not yet evident that a cross-over of the dominant un-
stable mode occurs. Other effects connected to the radiated power at the plas-
ma edge ("detached plasmas") and/or neoclassical ion transport may be respon-
sible for this saturation of e
(2) That a possible role of the n; mode in explaining the degradation of
e observed with auxiliary power is even less likely.

(3) But perhaps the most important conclusion is that the n; mode has
been found to be marginally unstable across the confinement region for all ex-
periments considered here. This suggests that the ni mode could be the
physical relation which controls the density profile. The consequence of using

simultaneously the DTE and the ni stability criteria to evaluate the parame-

ter profiles in a tokamak is discussed in Section 4.
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4. Summary, Conclusions and Conjectures

We have examined the results obtained during low q TEXTOR discharges in the

course of a density scan at almost constant OH power and of R.F. power scan at

= 19 -3
m

N =3.95 x 10

o . We have first compared the results with the predicti-

ons of a self-consistent transport code based on a theoretical non-linear mo-
del of the Dissipative Trapped Electron (DTE) mode /3,5,6,7,27,39,52/; this
code uses Zoggs the density profile and either the temperature or the safety
factor on axis as input and calculates therefrom the temperature and current
density profiles in the confinement zone, the total plasma energy and the
energy confinement time. We have furthermore compared the experimental pro-
files of No and Te with the stability criterion valid for the toroidal ion
temperature gradient drift (ni) mode, of which the theory has recently been
extended /17,18/ to apply to arbitrary values of the curvature parameter. We
have finally estimated the transport induced by the ni mode on the basis of

the mixing length approximation.

A. The following main conclusions result from these investigations:

1. Our self-consistent transport code, which is based on the DTE mode as
the sole instability mechanism, reproduces extremely well both the neo-Alcator
scaling law observed during the density scan and the confinement degradation
which was experimentally deduced from the power scan (Figs. 4 and 8a). An off-
set linear Taw is obtained when the total plasma energy is plotted versus the
total input power (Fig. 8b). The corresponding incremental confinement time

agrees well with the experimental scaling /40/.
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2. The code predicts that the temperature profile should be almost invari-
ant when Ne is changed or when the assumed power deposition profile (for a
given input power) is changed. This rigidity of the temperature profile agrees

with recent results from statistical analyses /35,36/.

3. It is surprising that the numerical code predicts that the value of the
energy confinement time should depend little on the shape of the power deposi-
tion profile. This can be understood as follows: when the power deposition is
broad, less power is absorbed in the plasma center but it is better confined:
the value of X, at the inner edge of the plasma confinement zone is signifi-
cantly lower (Fig. 10); moreover the temperature gradient is slightly reduced
(Fig. 1la). On the other hand, the power deposited in the outer regions is now

important but its confinement is poor. A compensation result.

4, The temperatures calculated at the Kadomtsev radius r = V2 reo- beyond
which the DTE transport is taken to be dominant - are consistent with the va-
lues measured on axis. Furthermore the values of the safety factor q, calcula-
ted on axis for the density scan are in good agreement with the values which
are usually measured in TEXTOR. The Zogg values computed assuming neoclassical
corrections are slightly lower than those measured from soft X-ray radiation,

but well within error bars.
5. A glance at the theoretical expression (Eq. 1) for Xo shows that the
gratifying outcome of the calculations was far from being evident at the out-

set.

6. Our analysis indicates that the ni mode is unstable in the confinement
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zone of TEXTOR. It is found however to be only marginally unstable: the maxi-

mum value of Hi = ni/ni across the profile lies below 2 except in the

,thr
most powerful R.F. discharge where it reaches the value 2.2.

7. The DTE mode is also found - from our numerical results - to be unstable
in the confinement region; the maximum values of Y* = ne/ne,thr are somewhat
Targer, in the range of 2.6 to 2.9 (see Figs. 7 and 12). However, as pointed
out in the discussion of Eq. (1) and of Fig. 3, Xo should first begin to in-
crease rapidly with y* when the value of this parameter is larger than 2.

Thus, in a broad sense, the DTE mode can also be said to be marginally un-

stable.

8. The degradation of the energy confinement time with auxiliary power has
been tentatively accounted for by the Princeton and G.A. Technologies groups
by a cross over from DTE to ns mode as dominant loss mechanism when additio-
nal power is switched on. We find that the stability degradations with power
of both the ni and DTE modes appear to be comparable at the density

ﬁe = 3.95 x 1019 m-3 considered here. This suggests that there is a continu-
ity of the turbulent process as one passes from ohmic to RF heated discharges:
this agrees with results from correlation studies of coherent scattering in
TFR /14/; moreover, as stated in the introduction, the first kilowatts of RF
power injected in TEXTOR, lead already to a degradation of e they are
clearly insufficient to excite a new instability but they should degrade the

confinement time if the degradation results from a function of the plasma pa-

rameters which increases rapidly above certain threshold state.

9. We find that the stability of the DTE mode seems to improve at higher
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densities (fewer trapped electrons); the situation appears to be more complex
with the n; mode: higher densities seem to make the mode less stable whereas
Tower temperatures improve the stability. Table 3 shows that the overall re-
sults of the density increase at almost constant OH power was a slight reduc-
tion of the growth rate. Thus the question whether the ni mode might become
the dominant instability at high densities - accounting for some observed de-
partures from neo-Alcator scaling - remains open. No such departure was ob-
served during the density scan discussed here. We recall furthermore that
other plausible explanations (e.g. neoclassical ion transport and/or plasma
detachment /53,54,55/) have been advanced to interpret the observed deviations
from neo-Alcator scaling which can arise in the density domain which is dis~

cussed here.
B. We 1ike to conjecture the following:

10. The appearance of the density length scale Ly in the definition of X,
(Eq. 1 and 1b) had already led us to infer (see /3,5,27,39,52/) that the tem-
perature and density profiles should be correlated in the confinement region.
The observation that the n; mode is also marginally unstable in this region
suggests that this mode too might have a significant shaping influence on the
profiles. Indeed the equation Yni= 0 [see equ. (10)] relates directly Ly to
Lt. Thus the simultaneous marginal instability of both modes should restrict
the parameter space available to the tokamak plasmas to a rather narrow domain
which depends on the imposed parameters (e.q. I,B,Pt, fuelling rate...) and on

several "internal" parameters such as Zogs and the radiation profile.

11. Looking ahead, we feel that it would be interesting to insert the mar-
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ginal instability condition for the n; mode into the numerical code in order
to verify to what extent the simultaneous inclusion of both modes might allow
to predict a priory the temperature and density profiles observed in tokamaks
and in particular to account for the existence of "supershots" /56/ and for
the profound changes in temperature and density which are evident in plasmas

wherein hydrogen pellets have been injected. /56,57/
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Appendix A Application of our transport code to a JET discharge

The considerations developed in this paper should, hopefully, not only ap-
ply to medium size tokamaks. In order to verify whether they are also valid
for larger devices, we have applied our DTE transport code to the JET ohmic
discharge discussed in Reference /58/ (see Fig. 2 therein). At the high tempe-
rature and low density characterizing this discharge, the ratio Veff/w had a
value of about 0.54 in JET at the radius r/a = 0.71 whereas its value is typi-
cally 2 to 3 in TEXTOR. When this ratio is small, the normalized growth rate

Y* (Eq. 1b) is reduced by the factor

V2
eff

2

2
[{w” + veee)

which was neglected (i.e. set equal to 1) when Eq. (1b) was used to interpret

the TEXTOR data; its value is ~ 0.22 in JET at r/a = 0.71 where Te = 0.95

_ 19 -3 _ B _ .
keV, Ne = 0.8 x 107°m 7, LN =0.5m € =1/3, Zeff- 3, and the operating

gas was Deuterium.

Figure 20 shows that, also in the case of JET, good agreement between the
calculated and measured electron temperature profiles results. Note that this
figure was obtained by introducing a constant multiplicative factor (0.2) at

- . 2 2 2
all radii rather than using the exact formula veff/(m + Veff)'
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Appendix B Consequence of the constraint Yn = 0 on the density profile
.i

It is easy to see qualitatively what condition the constraint Yn =0 would
i
impose on the density profile.

We obtain:

r 4a2 dr

N(r) = exp [ [
R[b(b2-

r

}
X a2)1/2]

where a2 = (v/2)% + 10/9 and b = 1y + (5/2) - 2/3. The denominator is real

if b2 > al, i.e. if

- (2 ao)? o o
2 ]

2
Ny T3 c

2, 40/9)1/2 - T,

2 b

. 22, (s
or if ni 3 ?

thus, if n; < -1orif n; > 4/3 for © = 1. Considering only positive values
of Nis Th will be the outer radius, defined by the condition ni(rb) = 4/3,

where the requirement Yn- = 0 is meaningful. (We note that N, assumes this
value of 4/3 at the outer]instabi1ity 1imit in Figs. 17 and 18). If we assume
that ng > in the core, we find, considering the positive root of bz-az,
that the density profile is flat there; this both justifies the prerequisite

and is in agreement with the observation.
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Note added in proof: Since the submission of this manuscript a recent paper by

Zhang and Balescu /59/ has appeared in which the ballooning representation and
the restriction to one dimensional fluctuations are questioned for the nonli-
near interactions. This confirms our earlier contention /10/ and thus supports
to some extent the approach - described in Section 1 - that we have followed

here, namely the retention of shear stabilization.
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. b5a:

Fig. 5b:

Linear dispersion curve for marginally stable drift waves under the

2 2).

simplifying assumption Ti/Te<< 1 whence w LN/cS = -keas/(1+keaS ;

+
keaS = llkeas.

Plot of the theoretical density fluctuation spectrum (arbitrary
units) on a linear scale (full line). Also shown are: the spectrum
obtained neglecting distant energy transfer (---); the spectrum (***)

which we expect after theory has been improved around k (here =

0,Max
1/ag); the directions of energy cascade and of distant transfer.

* 4,62 * .
Plot of (y -1) versus Y (curve a); the figure also shows the

*
effect of a ten percent increase of y (curve b).

Dependence of the energy confinement time on the line average density
predicted by the theoretical model (+) and obtained experimentally on

TEXTOR /34/.

Electron temperature profiles calculated by the code for two ohmic
discharges. The negligible Ne dependence in the confining zone is

in agreement with results from statistical analysis /35,36/.

Current density profiles calculated by the code for the ohmic dis-

charges shown on Fig. b5a.



Fig. 6a:

Fig. 6b:

Fig. 7:

Fig. 8a:

Fig. 8b:

Fig. 9:

Fig.10:
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Electron heat diffusion coefficient calculated by the code for two
ohmic discharges. The rapid variations seen below ~ 0.29 cm and
above ~ 0.38 cm result from the chosen boundary conditions (see
text). Shown are also the values Xy p obtained from heat pulse propa-

gation studies. (from Ref. /38/).

Plot of the ion heat conduction coefficient (= 3 X H-H) for the

same ohmic discharges as on Fig. 6a.
*
Variation of y at the radius r=0.34 m through the density scan.

Plots of the calculated (full 1line) and the measured (dashed 1ine)
energy confinement times for the power scan. At all powers the degra-

dation of confinement (TE)P /(TE)OH is nearly the same for the two

t
curves.

Plot of calculated plasma energy versus total input power. The offset

linear law agrees with experimental results /40/.

Electron temperatures on the magnetic axis (a) calculated by the the-

oretical code, (b) measured by Electron cyclotron emission.

PTot of the electron heat diffusion coefficient calculated by the
code for two discharges of the power scan. The full lines correspond
to a step-like power deposition profile located within the radius r =
.25 m; the dashed Tine corresponds to an excentric deposition profile

(see text).



Fig.1lla:

Fig.1llb:

Fig.12:

Fig.13:

Fig.14:

Fig.15:

Fig.16:

_47_

Electron temperature profiles calculated by the code for two dischar-
ges of the power scan. The full line corresponds to a centered depo-

sition profile; the dashed Tine to an excentered one. The ijnvariance

of the profile in the confining zone is in agreement with results

from statistical analysis /35,36/.

Current density profiles calculated for the same two discharges.
(Centered power deposition profile). The curves evaluated with the
centered and excentered power deposition profiles coincide practi-

cally.

*
Variation of y at the radius r=0.34 m through the power scan.

A

The transport coefficient Xi for the ohmic discharge at

Ne= 1.91 x 1019073,

A
The transport coefficient Xi for the RF discharge with Py =

0.704 Mw.

Electron temperature (—-) and safety factor (---) profiles in the
confinement region as obtained from the current density profile para-
meters % (which are stored in the TEXTOR data base) for two ohmic
discharges. These curves have been used to test the stability crite-

rion of the ni mode in TEXTOR.

Electron temperature (——) and safety factor (---) profiles in the



Fig.17:

Fig.18:

Fig.19:

Fig.20:
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confinement region as obtained from the current density profile para-

meters %5 for the two extreme discharges of the power scan.

Plots of ni/ni as function of radius corresponding to the n.

,thr

mode for two ohmic discharges. T;(r) = T, (r) has been assumed.

.i

Idem for two RF discharges. The operating density is

N, = 3.95 x 107m7°.

n; mode: Plots of the normalized growth rate, the normalized fre-
quency, the curvature parameter, and of ni as function of radius for

the ohmic shot Ne = 1.91 x 1019m_3.

Plot of the calculated (——) and the measured (V) temperature pro-

files for a JET low density ohmic discharge /Ref. 58/.
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Input data for the Comparison of some measured and calculated data.

Numerical code.

Ne N Teo % Vm Vc (qo)aJ (qo)c (Zeff)c
1.91 4.64 0.905 1.89 1.23 1.30 0.83 0.63 1.51
2.26 4,29 0.829 1.70 1.24 1.28 0.89 0.69 1.43
2.68 4,21 0.760 1.82 1.28 1.25 0.85 0.76 1.37
3.20 4.03 0.699 1.68 1.22 1.24 0.89 0.84 1.31
3.63 3.97 0.666 1.72 1.21 1.19 0.87 0.87 1.27
Table 1. The density scan (shots 18940-18947). The input data for the

numerical code (from TEXTOR data base) are given in the first
three columns (units are 101973 and keV); the calculated loop
voltages V. (Volt) and central safety factors (qo)C are compared
to the measured values [(qo)a is obtained from the relation

9,/a, = 1/(aJ+1)] . J
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Input data for the numerical code.

Some calculated data

Pt N (qo)aJ % Vc (Teo)c
0.524 3.49 .844 ~1.9 1.094 0.756
0.704 3.82 .844 ~1.9 1.042 0.780
0.889 4,16 .844 ~1.9 0.999 0.802
1.081 4,34 .844 ~1.9 0.973 0.817
1,275 4,58 .844 ~1.9 0.948 0.831
1.468 4.87 .844 ~1.9 0.925 0.845
1.657 5.13 .844 ~1.9 0.891 0.872
1.848 5.35 .844 ~1.9 0.860 0.900
Table 2. The power scan (shots 19513-19537). The input data for the

numerical code (from TEXTOR data base) are given in the first

three columns. (Pt in: Mw); the calculated loop voltages (Volt)

and central temperatures (keV) are given in the last two columns.

The operating density was 3.95 x 1019 n73 4 all shots. The value
Zogg = 1.27 which can be calculated from o and T,, in the ohmic

discharge has been assumed to hold throughout.
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N (e ) = 4" (1) H (r/a)
=y —_— = H, r/a
e ne,thr ni,thr Max i ni,Max
1.91 2.9 2.0 0.7
2.26 2.9 1.7 0.7
2.68 2.8 1.8 0.6
3.20 2.8 1.7 0.6
3.63 2.7 1.6 0.6
Table 3. Values of y* = ne/ne thr for the dissipative trapped electron
mode (evaluated at r = 0.34 m as in §2) and of (n./n, ) for
i" i,thr Max
the ion temperature gradient mode across the ohmic discharges. The
normalized radii where the latter maxima occur are also indicated.
n * n,
P (—=—) = v (=—t—),. = H (r/a)
t
ne,thr ni,thr Max i ni,Max
0.524 2.7 1.5 0.6
0.704 2.8 1.7 0.6
0.889 2.8 1.8 0.65
1.081 2.9 1.8 0.6
1.275 2.9 1.9 0.65
1.468 2.9 2.0 0.65
1.657 2.9 1.9 0.65
1.848 2.8 2.2 0.7
Table 4. As in Table 3 but for the power scan at Ne = 3.95 x 1019973,
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