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ABSTRACT.

A periodic enhancement of the microturbulence 1level by
sawtooth relaxations has been detected by CO2 laser forward
scattering in the TEXTOR tokamak. This feature is reproduced
guantitatively by a heat transport <code in which the
anomalous electron transport coefficient 1is calculated self
consistently following a theoretical model of the saturation
of the dissipative trapped electron instability. The code also
predicts a strong modulation of the heat flux throughout the
whole plasma and a strong "profile consistency" as continuous
temperature measurements have demonstrated. A simple
interpretation of these results is given. Calculated global
plasma parameters, such as the energy confinement time and the
loop voltage, are in good agreement with the measured values.
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1. INTRODUCTION.

Microturbulence (KLai~1; a; = jon Larmor radius) is a distinct
feature of tokamak plasmas /1-9/ as many laser coherent
scattering experiments have reported. Its spectral distribution
can be measured and/or calculated from suitable nonlinear
theories describing the saturation of the associated 1low
frequency instabilities (w « fli = jon gyrofrequency). This
spectral distribution yields, by a simple calculation, the
"anomalous" transport coefficients of heat, base particles,
and impurities. Different saturation mechanisms have been
proposed leading not only to different transport rates, but
also to distinct pictures of transport /10-14/. We consider
here the implications of the theory developed in References
/13, 14/.

This model, in which nonlinear saturation occurs through
Compton and induced scattering (respectively diffraction by
the bare particles and by their shielding cloud) predicts both
an energy cascade towards Tlong wavelengths (if k‘Lai<]J or
short wavelengths (if klai>1), and a direct energy transfer
from the low to the high mode numbers of the spectrum
characterized by equal frequencies. Associated transport
calculations further showed that the high mode numbers provide
the dominant contribution to the heat conduction and the
particle diffusion coefficients while the 1low mode numbers
account for most of the density autocorrelation. A crucial
result of the theoretical investigation was the discovery that
both the transport and the turbulence level are very sensitive
functions of the linear growth rate of the instability, and
thereby of the temperat%re Te’ the density N, their gradients,
and the shear parameterog= dlng/dlinr /15/.

This sensitivity, if verified by the experiment, suggests that
both the transport coefficients and the turbulence level are
actually modulated by the sawtooth relaxations of the hot
plasma core since the expelled energy pulse modifies locally
the temperature, the density, etc...., as it propagates
towards the plasma edge.



The pulse thus influences its own transport rate, somewhat as
the steepening of a collisionless shock wave interferes with
its own dissipation rate /16/. In particular, the small time
delays required to arrive at the limiter or the neutralizer
plate /17,18/ could be explained by the formula

Up = - = — —

since the propagating front is expected to be localized (u_ is
the propagation velocity of the pulse and Ke the heat
conduction coefficient).

Before concluding this section, we recall the shortcomings of
the theory. It relies, at present, on the weak turbulence
approach - it is thus unable to explain the observed line
broadening - and on a temperature ratio (Ti/Te'«l) expansion.
Both approximations, introduced to simplify extremely
complicated equations, are inadequate for a fusion plasma.
Nevertheless the calculation predicts correctly both the value
of kga, at which the density spectrum maximizes, and the

i
spectral index at high mode numbers /4,6,7,8,9,19/.

EXPERIMENTAL RESULTS.

A CO2 laser forward scattering experiment has been mounted on
TEXTOR (Tokamak EXperiment for Technology Oriented Research:

Ro = 175 cm, ag§ 50 cm). The results are described in
References /6-9/. Particularly of interest here is that the

experiment has demonstrated that

(i) a periodic enhancement of the turbulence level, integrated
along a central vertical chord (owing to the small scattering
angle), precedes and follows the sawtooth relaxations of the
Tine average density and of the temperature on axis. The
maximum enhancement occurs practically simultaneously with the
relaxation on the (central) ECE temperature trace. Its rise



time is = 3.6 msec and its decay time is = 10.4 msec; the
period of the sawtooth is = 14 msec. The amplitude of the
modulation is 60% of the background level. (Fig. la); it is
worth noting that the observed increase of the turbulence
level 1is maximum when it coincides with the relaxation on
axis, which suggests that the apparent idrregularity of the
scattering signal (Fig. 1la) 1is due to the imperfect time
resolution.

(ii) the turbulence level, integrated along a central vertical
chord, is strongly correlated with the density length scale
evaluated between the radii r = 20 cm and r = 30 cm:

(ﬂzhij&S with Ly = (dlnN/dr)'l. This latter conclusion was
obtained by monitoring LN with radio frequency (ICRH) heating.
(Fig. 2). A similar correlation is not observed if LN is
evaluated at other radii. Here, as in (i), "turbulence level”
refers to the frequency integrated spectrum at a fixed

kp= ke =26 cnl (Aks2.3 en™) (i.e. kga; = 2.34 for a

20 kG hydrogen plasma at the temperature Te = 0.4 keV
prevailing at the radius r = 25 cm). @ is the poloidal angle.

(iii) the increase within the frequency spectrum (for ke = 24 cm

triggered by the sawtooth relaxations occurs mainly in the low
frequency range. Fig. (3) shows that the dominant spectral
component (f0 = 140 khz) is particularly enhanced which leads
to a narrowing of the spectrum at the peak of the sawtooth

(f/ Af=2, Af being limited by the finite bandwidth of the

filters)

These observations, to our knowledge obtained on a tokamak for
the first time, imply that a small perturbation of the line
average density ( € 2%) and of the temperature (~ 12%) are
sufficient to induce a finite modification of the turbulence
level (~ 60%). Likewise, @ small change in the density length
scale (e.q.20%), and presumably in the temperature length
scale (not recorded continuously), correlates to a finite
(x2.25) modification of <n2>ke. The turbulence level is thus
shown experimentally to be a very sensitive function of the
local plasma parameters suggesting that indeed <n2> , and by
extension Ke’ are actually sensitive functions of the linear

growth rate ¥, of the instability driving the turbulence.

L

L



By starting 3.6 msec before the relaxation of the central
electron temperature, the enhancement of the turbulence level
shows that energy is already leaking out of the core before
the expanding magnetic island - which, according to Kadomtsev
/20/ and others /21,22/, triggers this relaxation - has
reached the magnetic axis; this time delay 1is believed to

provide valuable information on the expansion velocity of the
island.

THEORETICAL MODEL.

Our purpose here 1is to show that the modulation of the
turbulence 1level can be reproduced quantitatively with the
help of a numerical code in which the anomalous electron heat
transport coefficient is fitted to a set of values calculated
consistently from the theoretical fluctuation spectra provided
by the saturation theory of the dissipative trapped electron
instability described in References /13,14/ (no fitting
parameter!).

The ion conduction coefficient is taken to be three times the
neoclassical value of Hinton and Hazeltine /23/ but the
results of the code are essentially independent of the ion
neoclassical anomaly. The theoretical anomalous electron heat
conduction coefficient is thus, with the notations of
Reference /14/:

<o> o, ) al ¢
Ketn = 2 O(Me)” & — v 1bp(viAGy s

' 3 mi/ kS | Lsl
2
_ 0TV et ppvr12) Gy 8

VA ILsl

where Gl(r) is an integral over all wave 1lengths and
frequencies of the fluctuation spectrum. It can be approxima-



ted by 6;(r) = (1+0.6dp) Gy (r); 6y(r) = g(E)h(c); c is the
parameter defined in Eq. (14-7b) (equation 7b of Reference
14), and E = Ly / qR3'. The other definitions are

hic) = (c-2)483 (20)
1+ a3 X
(E) =gy [1-expl(-g;x)]
J 1 P1-02 l+Q,X+ Q5 X ? (2b)
with the numerical coefficients a; = 8120, a, = 7.87,

ag = 1.54, a, = 3.685, ag = 0.0707, and x ="E - E0

The function g(E) and the instability threshold E, = 0.004 E
blternative]y the function h(c)] was obtained by fitting the
exact results (calculated from the theoretical spectrum) for

c = 10 (for E = 0.09); ¢ = 2 1is the absolute instability
threshold. We note that c{(r) and E(r) are the only two
independent parameters entering the normalized growth rate
%ér) (Eq. 14-7a) which itself determines completely the
spectrum (Eq. 14-8); rigorously speaking, Gl(E,c) is however
no separable function of E and c. Likewise the turbulence
level can be fitted by the curve (Eq. 14-21)

In )2 ] o o 312 ¥
- d f
N2 12mkfaf ILyLs! fo '

0.54

“(E) h* (¢)
Ll (3)

- *
where g *(E) has the form (2b) with a] = 5.60x107%, a, = 26.17,

a = 3.54, a = 3.16, a =0; g (E ) = 0; furthermore
2 42 22 >
h (c) = (c-2)

At present, we have not attempted to solve consistently the



continuity equation 1in order to avoid the arbitrariness
connected with particle transport: indeed, a phenomenological
pinching effect is still requested in order to explain the
observed density profiles /24/.The density profile is thus
frozen to a suitable time average provided by the experiment.
This procedure, however, leads to a systematic underestimate
of the period of the sawteeth. To remedy this situation, we
have assumed the amplitude of the density relaxation

AN/N =d£§Te/Te; experimentally £ £2/3 in TEXTOR; for the shot
considered here, = 0.5.

Since the trapped electron mode is stable in the neighbourhood
of the magnetic axis, the electron conduction coefficient (1)
leads to a peaking of the central temperature - at least if
the ion neoclassical transport is small, which is the case at
low densities-. The central value of the safety factor has
thus a tendency to drop below unity, which, naturally, leads
to the onset of the tearing instability; the latter develops
into a magnetic island which triggers the sawtooth relaxation.
As suggested by the experimental results, we have assumed that
the magnetic island invades the <core progressively. More
specifically, after the safety factor on axis has reached a
value qo,c’ we switch on large electron and ion heat transport
coefficients Ke,cn and Ki,aa in the flux tube Timited by the
magnetic surfaces ro(t) and rz(t) of equations

R(1) =r(t)(1-t/T) (ba)
r, (1) =6 (D1+(V2-1) /7] (Lb)

where rl(t) is the radius of the g=1 surface. (t = 0 is the

n

switch-on time). We note that (rz-ro)/(rl-ro) = /E: At time
t =¢C, ro =0 ; we then switch off the 1large
transport coefficients K(D; the safety factor on axis recovers

thereafter.

The time scale T should be related to the growth rate of the
tearing instability (see /25/,/21/, and References herein):
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3
. 't
T lwe Wil (1+1.71Me)( 147 ) (5)

=
!

where ¥, = t4{4/3tgf/3 is the Furth-Ki]]een-ﬁfsenb1uth growth
rate /26/ for negligible density gradients (w « UT);

Tp ® 231r% o'“/c2 (respectively Ty = LS/CA) is the resistive
(the hydromagnetic) time scale; oqlis the parallel Spitzer
conductivity and CA the Alfvén velocity. The transprot
coefficients Ke’w and Ki#v are related to the free streaming
(except for the build up of an ambipolar potential) along
perturbed magnetic field lines having a radial component, and

therefore to the saturation level of the tearing instability.

Present theories do not provide the relation linking T and K,
*

on the one hand and ¥ 7 on the other hand. We shall assume
TIT ~ - ) 5 2. -1
T 5 and Ke,a» Ki,¢~ 2 x 10"cm~sec .

for retaining here ion transport is that experiment has shown
that the sawteeth have a cleaning action on the impurities. We

The justification

note that the results we obtain are largely independent of
these choices; however when Kgsis increased above a certain
value, the peak of the turbulent signal in Fig. 1b becomes
larger and narrower.

Neither the sawtooth model of Kadomtsev /20/ nor that of
Dubois and Samain /22/ specify the critical safety factor qo,c
for which the relaxation occurs (alternatively the radius of
the corresponding q = 1 surface) although we note the attempt
by Parail and Pereverzev /27/ to resolve this question. As in
other works /28,29/, qo,c

relative amplitude of the electron temperature relaxation on

is thus chosen to yield the correct
axis.

In view of the inadequacies (which have still been exemplified
by the recent experimental results of Soltwisch et al /30/) of
the existing relaxation models, we have chosen to simplify the
calculation by assuming that the current density J is propor-

tional to Te3/2 (Spitzer conductivity). This implies that we



assume 1instantaneous penetration of the magnetic field (no
skin effect). This hypothesis has as a consequence that the
calculated sawtooth period is too short, but has virtually no
impact on what is here our main concern, i.e. the calculation
of the enhancement of the turbulence signal outside the core
by the internal relaxations. (We note however that when the
skin effect is taken into account, we observe the formation of
hollow current profiles in agreement with the discussion
developed in Ref. /27/.)

The trapped electron instability is inadequate to assume the
transport in the cold outer plasma layers characterized by a
high collisionality parameter »" (defined in /14/). We limit
therefore our numerical calculations to the region r ¢ 40 cm.
The boundary electron temperature 1is taken over from
experiment (it is determined by Thompson scattering 100 msec
later), but we note that the results from the code are not
affected by moderate changes 1in Tb. In view of the small
equipartition time at the plasma boundary, we assume

Ti,b = Te,b’ We also remark that the numerical code forces the
temperature modulation, due to the heat pulse, to vanish at
the boundary.

NUMERICAL RESULTS.

Assuming K = K 5 2 1

) = 2 x 107 cm“ sec” ~ and T= 2.5 msec
* » OO i,
(i.e. 3T 5.7 if o= 0.1 and LN = 50 cm), the constraint set

on the amplitude of the temperature relaxation on axis is

u

satisfied when Q9 ¢ ° 0.888 for the discharge considered
(TEXTOR shot 11183, 0.8 sec ¢tg 0.9 sec, Ip = 339 kA,
B,(0) = 2.02T,<N> = 2.2 10"% em™, 7_.. = 1.6, AT /T = 11.5%;

(N> being the volume average density).

eff
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4.1 Global Plasma Parameters

The inner transport coefficients K are introduced when

49 = 99,¢c ~ 0.888, and, consistently r; =(r1(t))Max = 16.2 cm;
the safety factor on axis continues to fall thereafter until
the magnetic island rgaches the center of the discharge at
which time 9, *© qom1n = 0.839. Meanwhile the temperature
profiles have the form shown in Fig. 4a where one sees clearly
the effect of the island. (time t =1t /2 after the introduction
of Ka:). The central cone appearing in Fig. 4a shrinks later on
and completely disappears for t =T, at which time the safety
factor on axis very suddently jumps to 99 = qoMax =’0.994.

The inner transport coefficient is then removed. Subsequent
heating associated to a good thermal insulation of the core
lowers q, until it reaches the value qo,c when the whole pro-
cess is repeated. The temperature profile is shown in Fig. 4b
at the time of switch on and of switch off of K_ . It is seen
that it does not practically change outside the g=1 surface
(r = 16.2 cm). Our model thus explains the "profile consistency"
reported by Coppi /31/ and clearly observed in JET discharges
/32/. The calculated central temperature 771 eV Te,o‘ 865 eV,
loop voltage 1.15 VS UL 1.17 V, energy confinement time

tE= 53 msec., and sawtooth period T = 9.24 ms, are in
satisfactory agreement with the measured values Te,o = 687 eV
(as determined by Thompson scattering 100 ms after the laser
scattering experiment), U = 1.31 V, T = 27 msec (obtained by
diamagnetic loops), and ©T= 14 msec. As concerns the energy
confinement time, the difference between the calculated and
the measured values is clearly within the possible errors
introduced by the radiation losses (not included in the code).
As regards the period, we note that the measured values of
T AT N (=3.12x1083cem™), U, 7., and T are

e,0° = 'e,0’ o ~ 2
inconsistent, leading to T= 3(1+« ) NOZBTe,O/a]’O E® = 6.33 msec.
The paradox can be removed satisfactorily only if we note that
the loop voltage is measured at the periphery, and that the
value on axis can be appreciably lower in view of the 1long
current penetration time. (The numerical calculation including

the skin effect has shown that V /V = 0.69).

axis’ boundary
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4.2 Microturbulence and Local Plasma Properties.

Fig 1b shows the turbulence spectrum integrated over frequen-
cies and mode numbers, and averaged over the plasma radius.
This calculated signal has obviously the same form as the mea-
sured one (Fig. 1la) although the Tlatter corresponds to the
frequency - dintegrated spectrum at ke= 24 cm"l. Particularly
striking is the amplitude of the modulation (respectively 66 %
and 62 %). The relative fluctuation level &;2>/ N is obtained
by dividing the numerical values shown in Fig. 1b by a 1local
density in the scattering volume; we thus obtain

————'<nz> ~32 x1073
N /i

Extrapolation of the turbulence Tlevel measured in a limited
region of ke- space has led, for similar plasma parameters to
the estimate ( V¢n )/N)exp: 4 x 10'3 (window t, in the

table p.56 and in Fig. 4.1 of Reference /7/)

The code shows that the turbulence Tlevel reaches its largest
value at the radius r = 27 cm (see Fig. 5) during most of the
sawtooth period; this radius however decreases to r = 20 cm
during the first couple of milliseconds following the
introduction of the magnetic island. Fig. 5 also shows that

<n2> has decreased by a factor of 2 at the radii r = 19 cm and
r = 36 cm. These theoretical results agree with the
observation that the central line-integrated turbulence level
correlates well with the density 1length scale evaluated
between 20 and 30 cm but does not correlate with the value of

LN evaluated at other plasma radii.

Another prediction of the code is the periodic enhancement of
the electron heat transport coefficient Ke by a factor 4.15
at the radius r = 25 cm and 2.3 at r = 40 cm (Fig. 6). The
electron heat flux r¢)e = rKeN aTe/ar is modulated similarily
(Fig. 7). These examples show that, in our model, energy is
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released in bursts 1in contrast to the Tlaminar transport
picture of Kadomtsev and Pogutse /10/, Horton and Estes /11/,
Molvig, Hirshman and Whiston /12/, and others. We note that
the existence of an enhanced heat flux on the limiter after
each internal disruption has been <clearly seen on other
machines, e.g. TFR 600 /17/ and ASDEX /18/. We quote (/17/):
"The (internal) disruptions seem to affect the energy
transport during a relatively large time in a large domain
outside the q = 1 surface. Indeed, while no significant

variation of the magnetic activity detected at the plasma edge
is observed, an energy flux of about 500 kW appears at the

limiter after each disruption. This fact is hardly
understandable without a transient increase by a factor 5-10
of the transport coefficients outside the q = 1 surface. A

similar conclusion may be drawn from the observation of bursts
of hard X-rays beginning 200/ysec after each disruption."

Yet another output of the code 1is the evolution of the
electron and ion temperatures at different radii (Fig. 8a, b).
The average velocity defined by the propagation of the maximum

of the electron temperature pulse between the magnetic surface

))Max = 16.2 cm and the "boundary" radius

4 cm sec—l; a similar

of radius (rl(t
ry = 40 cm is approximately up = 1.5 10
result is obtained by considering the curves for the heat
flux. The time required by the pulse to reach the physical
limiter at r = a = 45.7 cm is approximately 2.0 msec, i.e.
more than an order of magnitude shorter than the energy
confinement time. Again, similar conclusions have been reached
from experimental considerations in other devices, including
JET /32/.

Finally, the modifications of the frequency spectrum at fixed

k o induced by the relaxation 1is beyond the scope of our

theoretical model for reasons explained in the Introduction.
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CONCLUSIONS

The CO2 laser forward scattering experiment installed on
TEXTOR /6-9/ has shown that the central 1line-integrated
turbulence level at k; = kg = 24 em™ 1 s

(i) modulated by the heat pulses expelled by the sawtooth
relaxations, and

(ii) correlated with the density length scale.

(iii) The experiment also shows that the frequency spectrum at
fixed ke gets narrower at the maximum of the sawtooth.

A theory /13,14/ developed by two of the authors provides an
anomalous electron heat transport coefficient (no fitting
parameter!) which turns out to be a sensitive function of the
linear growth rate of the instability. The results of a
transport code, developed on this theoretical basis,

(a) are in quantitative agreement with the puzzling
observations reported above (no theoretical information can
however be drawn concerning the frequency spectrum because of
the weak turbulence approach),

(b) predict a modulation of Ko and of the associated heat
flux throughout the plasma as suggested by temperature
measurements at the limiter /17, 18/ in other devices,

(c) explain the "profile consistency" first suggested by Coppi
/31/ and clearly observed in JET discharges /32/, and

(d) yield realistic values for the global plasma parameters
(central temperature, loop voltage, confinement time, period
of sawteeth).

These results are summarized in Table I.

The picture we have proposed of transport, described in the
Introduction, and more specifically the rapid variation of Ke
with respect to the 1linear growth rate ( XL) of the
microinstability, suggests that

(«) scaling laws should not be sought in relation
to a local calculation of Ke (as is usually done) since the
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latter is a very sensitive function of the chosen plasma
parameters;

( ) there is a sharp limit to the performance of
each machine owing to the nonlinear relation Ke(ﬁL);

(Z) if this limit is reached in the ohmic regime,
ther the confinement time will encounter a rapid degradation
once auxiliary heating is applied. Preliminary numerical
calculation (Fig. 4c) with a peaked auxiliary power deposition

profile has verified this intuition: with P P the

Aux OH?

theoretical confinement time falls from 53 to 34 msec.

The phenomena of degradation and profile consistency are in
fact interrelated. The latter is dramatically demonstrated by
comparing Fig. 4b and 4c. Experimentally, the degradation of
energy confinement is one of the most persistent and worrying
features of auxiliary heating /33/ whether by neutral beam
injection or by radio frequency waves; it is also a result
that no empirical code had been able to foresee;

( S ) similar conclusions should apply, "mutatis
mutandis", to pellet fueling experiments. A preleminary run
has indeed shown a rapid reshaping of the temperature profile
in agreement with the observations on ALCATOR C /34/ and TFR
/35/;

( €) increased shear in the vicinity of the
separatrix, leading to an improved stabilization of the
trapped electron mode, should allow steeper temperature
gradients to develop and probably yield improved confinement
in tokamaks with axisymmetric divertors (the so-called H
confinement regime /36/).

In view of the encouraging results reported in this paper, we
plan to analyse systematically a set of discharges with
different magnetic fields, plasma currents, average densities,
and auxiliary power levels. We will also extend the code to
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follow the evolution of the density profile and the current
penetration.

The results described in this paper have been partially
reported at the 2nd International Symposium on Laser Aided
Plasma Diagnostics, Culham, September 1985, /37/.

Table 1: Summary of results for TEXTOR shot 1183. Input parameters:
B = 20 kG, <Ne> = 2.2 1013 (volume average),

Ip = 339 kA, Zeff = 1‘6"5Te,o/Te,o = 11,5 %
Measured Calculated

Central electron temperature (e.V) 687 771£Te<865
Loop voltage (V.) 1.31 1.16
Sawteeth period (msec) 14 9.25
Energy confinement time (msec) 27 53
Inversion radius (cm) 10¢r,< 20 ry = 16.2
Normalized turbulence Teve1\kn2>/N 4 x 10"3 3.3 x 10'3
Modulation of the turbulence level 62 % 66 %
Modulation of the heat flux at 25 cm 430 %
Modulation of the heat flux at 40 cm 260 %
Average propagation velocity of the
heat pulse (cm sec'l) 1.5 x 104

Radius of maximum turbulence Tlevel
(cm) 20<r<30 r = 27
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FIGURE CAPTIONS.

1. Line average turbulence level obtained (a) experimentally
at kg = 24 em™ ! (Akg = 2.3 cm'l); (b) theoretically after
integration over k;

2. Correlation between the central line-integrated turbulence
lTevel and the density length scale evaluated between the
radii r = 20 cm and r = 30 cm (experimental result, log-log
scale). The index "0" refers to the ohmic plasma.

3. Density fluctuation frequency spectrum at t?e maximum and

at the minimum of the sawtooth (k .= 24 cm ~, k. = 2.3 cm

1
e e ).
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a) Electron and ion temperature profiles obtained numerically
at t = 1.25 msec after the birth of the expanding magnetic
island; b) Electron temperature profiles at the switch on
(continuous line) and switch off (dashed lined) times of
the island; c¢) Same as in (b) for a similar discharge with
auxilliary heating (PAux = POH)é

Plot of the turbulence level <n"> as a function of radijus
(theoretical).

. Theoretical curves of the anomalous electron heat transport

coefficient versus time at the radii (a) r = 25 cm,

(b) r = 40 cm.

Theoretical curves of the anomalous electron heat flux rlﬁc=
rKe Na Te/b r versus time at (a) r = 25 cm, (b) r = 40 cm.
Evolution of the electron (a) and ion (b) temperatures at
different radii demonstrating the propagation of the heat
pulse. (theoretical)
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