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ABSTRACT 

The spectrum of tow frequency turbulence in the TFR tokamak, as 

observed along a central chord by a CO- laser light diffusion diagnostic, 

appears to be representable by four monomial branches joining to three vertices. 

This schematic representation permits Lo follow more easily the evolution 

of the turbulence during the life of the plasma, including the ohmic regime, 

the transitions to auxiliary heating and the minor and major disruptions. 
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INTRODUCTION 

Anomalous transport in magnetically confined plasmas due to 
a low frequency microturbulence and major disruptions which may end discharges 
in Tokamak plasmas are probably among the most challenging issues in fusion 
research today. 

Although many theoretical ' 1 _' 3' and experimental ' 1 4" 1 9' works have 
been devoted to these problems, up to now no fully satisfactory explanation 
have been given of these phenomena. Low frequency turbulence (LF) is often 
considered to originate from drift type modes. These modes would result from 
the combined effects of density gradient, ion inertia and electron parallel 
motion. The mechanism for stabilization in linear theory is provided in the 
collisionless regime by the ion Landau damping and in the collislonal regime 
by the combined effects of ion Larmor radius and ion-ion collisions (viscosity). 
Mode-mode coupling and wave-particle interactions can explain saturation in 
non linear theories. In fact, scattering experiments in Tokamaks ' ' show 
a broad wave spectrum =^j- > 2 * 4 at fixed wave number suggesting that plasma 
evolve very rapidly to a non linear level and that a strong turbulent state 
with unstable modes which are strongly decorrelated 1s established. Concerning 

/21/ 
the disruption, four phases have been identified ' '. Although the magnetical 
character of the phenomena 1s well recognized, the existence of electrostatic 

722-247 
turbulence 1s suggested 1n some models ' '. Usually considered indepen
dently L.F. turbulence and disruption have aspects in commun. In particular it 
appears useful to analyze 1n detail these phenomena from the view point of 
the induced turbulence. A precise, complete and well-documented analysis of 
the turbulence is needed in the interpretation. To facilitate this analysis a 
modeling of the turbulence spectrum is proposed which permits an easy and 
quantitative estimation of the turbulence and its evolution. 

The object of this paper is to describe the shape and amplitude 
of the L.F. turbulence spectrum (F < a few MHz) as well as its time evolution. 
A C0 2 scattering experiment ' ' mounted on TFR has been used for this purpose. 
A main feature which has been added to the previous experimental studies 
concerns the acquisition and analysis of the "instantaneous" spectrum, i.e., 
the spectrum recorded 1n a time short compared to the macroscopic evolution 
of the plasma (500 us >, T > 50 us). On the other hand a "modeling" of the 
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spectrum 1s proposed. The general shape of the turbulent spectrum appears to 
be well approximated by a 4 sections curve which holds over the course of a 
discharge. The main Interest of the modeling 1s to let an easy analysis of the 
evolution of the spectrum in time and to suggest some explanations concerning 
the origin of the turbulence and the mechanism of saturation. 

This paper 1s organized as follows. In section II we briefly review 
the experimental C0~ scattering experimental apparatus, the numerical analysis 
of the turbulence spectrum and the "modeling" chosen to analyze it. Using this 
model the low frequency (L.F.) turbulent spectrum observed during ohmlc dis
charges and its evolution during auxiliary heating {neutral injection (MI) 
and ion cyclotron resonance frequency (ICRF)} 1s described in section III. 
In section IV, evolution of the L.F. turbulent spectrum before and during minor 
and major disruptions 1s discussed and compared with evolution of the main 
parameters of the discharge. Finally a quantitative analysis of the turbulence 
is given in appendix. 

Section II 

Shown in Fig. I is a schematic diagram of the experimental arran- . 
gement . A 3 W CO» single mode laser with a beam of radius 1.3 cm in plasma 
is used. The beam crosses the plasma vertically and can be scanned along the 
major radial direction between r « + 4 cm to r = - 8 cm, negative values 
corresponding to the high field side of the configuration. The scattered light 
is mixed with a fraction of the incident beam (homodyne technique) in order to 
increase the sensitivity of the diagnostic. The scattering angle is weak and 
variable (8 > 1 mrd) corresponding to 0 6 cm* . In the experiments reported 
here, the scattering volume corresponds to a vertical chord and k„ 1s chosen -1 equal to 6 cm . The latter corresponds to a maximum of the amplitude of L.F. 
turbulent spectrum (Kj.0j * . 8). The detector is a H g C^ T g photo diode which 
1s biased negatively and used 1n a photo-conductive mode. Its quantum efficiency 
n = 0.3 1s extremely good. The detector 1s mounted in a Faraday cage to prevent 
spurious signals. The detector current IS fed to a fast (100 MHz) 32 K digitizer 
and sent to the main computer of TFR. The scattered power 1s proportional to 
the Fourier transform S (lc,ai) of the space and time auto-correlation function 
of the fluctuating density n (r, t), i.e. P s c a t t - I "t|2-
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Three separate algorithms for determining the Fourier spectrum of 
the turbulence have been tested and compared : the Blackman - Tukey method, 
the fast Fourier transform (FFT) and the maximum entropy method (HEM). 
At least 500 time samples are necessary in order to obtain a satisfactory 
description of the spectrum. An "instantaneous" spectrum can be obtained every 
50 us (or less if necessary). In most cases, 32 running spectra, each with 
1024 points and acquired during 100, 200 or 500 us will be discussed 
in the present paper. 

Three different functionnal representations of the same computed 
spectral density S (F) are shown Fig. II : log S = f(F), S = g(F) and 
log S = h(1og F). The first is the usual representation, the second one exhibits 
more strongly the spectrum fine structure and the last one gives a spectrum 
shape which is well approximated by four linear sections. Each of these sections 
is described by two values of the power (Pi) and frequency (F^) and by the slope 
of the line (a, b, c, d) . A bandpass filter is used to select only frequencies 
in the range 3 kHz - 5 MHz and the frequency resolution is usually 5 kHz. 
The P- tre defined as a S/N ratio where N corresponds to the known shot noise 
of the detector. All spectra may be characterized by four linear regions ; 
however, the slope and the extent of each Une 1s, in general, a function of 
plasma characteristics and therefore changes during a discharge as it will be 
discussed later. Several generat remarks can be made : 

1) A different physical mechanism must be dominant 1n each of the 
four defined spectrum regions. These mechanisms may originate from different 
areas of the plasma. 

11) The existence of linear sections means that the spectral 
density may be expressed by the scaling S(u) = a mn. In terms of amplitude 
this becomes A(u) = a'u"' . 

111) The reduction in amplitude at low frequencies, which 1s not 
detectable with a spectrum analyzer (true signal obscured by the finite width 
of the zero frequency line) Is clearly observed and suggests a damping mechanism 
at low frequencies. 
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The power of the turbulence corresponding to one particular K value 

but integrated over frequency is also computed. Using the Parsevat theorem 

vie have checked that 50 samples are enough to obtain a good estimate of the 

turbulent power (e.g. for time intervals > 5 us). 

Section III 

A/ Ohmic Discharges 

Many successive instantaneous L.F. turbulent spectra taken at different 

times during several ohmic (OH) discharges have been studied and results are 

presented below. 

Fig. Ill summarizes the results of such a study of 32 spectra each 

consisting of 1024 time samples and corresponding to a time interval of 500 us. 

Fig. Ill-a is a plot of log S vs log F for one particular spectrum ; III-b shows 

the temporal evolution of the vertex frequencies F., F,, F, defined earlier, 

during the corresponding 16 ms of the discharge. The magnitude of F. is about 

20 kHz and remains fairly constant during this period while F 2 is about 3S0 kHz 

and F 3 about 700 kHï. In order to observe more clearly the relation between 

r. and F_, we have plotted Fig. III-c F. and F 2 vs AF = F- - F.. From this graph 

it can be seen that F. remains constant whereas F, varies. The amplitude of the 

variation of F 2 is typically 100 kHz with F 2 typically a factor of 20 greater 

than F ^ Fig. Ill-d shows the temporal evolution of the amplitude of the vertices. 

P. and P- are in the 40 db range, P is about 28 db and P, 15 db. Again, plotting 

P- and P z vs AP = P_ - P. (Fig. Ill-e) it appears that P 2 fairly remains cons

tant whereas the amplitude of P 1 on the order of 7 db. These results are summa

rized in Fig. Ill-f which shows the schematic evolution of the spectrum in time. 

We see that vertex A changes essentially in amplitude whereas vertex B changes 

in frequency. The characteristic width (F W H H) and the amplitude of the spec

trum vary in such a way to keep the average energy approximately constant. 

This can be seen in Fig. Ill-g which shows a set of power spectra integrated 

every 100 us over a period of 16 ms. The average energy remains constant. 

However a large fluctuating level (Î 25 % A M S) is observed but no direct corre
lation between these fluctuations and the correlative displacement of the ver

tices A and B is noticed. 



48-

FFT method 
Nmax = 1024 N1 = 7169 
NP = 10 NH = 1 MFR*512 
DF = 1.95 kHz 
F peak = 0.2637 MHz 

A78077 transi 
TO s 0.004 sec DT s 0.500 mms 

3.00 3.50 4.00 4.50 5.00 5.50 6.00 
Log 10 F 

FIO I , ONE PARTICULAR TURBULENT SPECTRUM 
log S= h (log F) 



F 1 ( F 2 ,F3 (kHz! 

1000-
Choc 78077 Ech: 500. nsec 

•1=2 

A F 3 

500-

' , • • . • • * • • • V i ' i M U ' T V ' T ^ f r n ) i— Tr^ i * ^ — i r " - 7 — i — T — " — r 
5 Time (ms) 1 0 15 

FIG m„ F, FREQUENCIES VS TIKE IN OHMIC DISCHARGE 



k 

F,, F 2 (kHz) 
• • 

400 

300 

200 

100 

Choc 78077 Ech : 500 . n sec 

• *i'*,y f j r f »• *—E-- _ - - , - F2-F,(kHz) 
OU I ! 1 1 1 I I I I 1 I fc. 

300 350 400 

FIG D I e F, AND F 2 VS (F 2-F,) IN OHMIC DISCHARGE 



50-
Po. Pi. P 2 . P 3 WB) 

Choc 78077 Ech : 500. nsec 

40-

30 

20 

10 

V ^ ï 
• Pi 

* p 2 

• Pi 

Time (ms) 

5 10 15 
PIG I „ Pf VS TIME IN OHMIC DISCHARGE 



r 
Choc 78077 £ch : 500. nsec 

-1 0 1 2 3 4 5 6 P 2 - P, (dB) 

FIG \ P, AND P 2 VS AP=P 2-P, IN OHMIC DISCHARGE 



FIG I f SCHEMATIC REPRESENTATION OF THE EVOLUTION 
OF THE LF TURBULENT SPECTRUM 



i 
3T 

£ 0.06 
o > 

0.04 

0.02 

0.00 

N1 = 300 
Pas s 200 

Nmax = 32766 
OTs 0.500 nuns 

6 9 12 
Time (ms) 

15 18 

FIG 1 - EVOLUTION OF TURBULENT POWER SPECTRUM 
DURING OHMIC DISCHARGE 



6. 

During a discharge the variation of the slopes is relatively weak. 

From Fig. Ill-h we see that a remains in the 1.5 range, b at 0, c is of the order 

of - 9 * 1 and d a - 3. These values were measured in plasma with very different 

conditions (low density, high current plasma ...) and appear valid for all 

TFR ohmic discharges. 

It is worthwhile to note that the observed values c = - 9 a n d d = - 3 

do not apparently bear out observations by Lee et al. (27) made in the UCLA 

Mlcrotor plasma, by Evans et al. (28) made on Tosca Tokamak or by Pots et al. (29) 

made in a hollow cathode discharge. In these earlier experiments the high 

frequency part of the power spectrum decreased according to a power law F"*. 

The most simple explanation of this discrepancy comes from the fact that they 

do not distinguish the b, c and d domains and their estimated value is a compro

mise between the corresponding values. Moreover a smaller dynamic range in the 

earlier measurements masks the effect of the very high frequencies of the spec

trum, thus according a greater weight to the b domain. Nevertheless since these 

observations are made in smaller plasmas, we cannot rule out the possibility 

that different physical mechanisms are important. 

Under these conditions, i.e. for ohmic plasma discharges, a small 

deformation of the L.F. spectrum at constant energy corresponding to a redis

tribution of the energy is observed. The L.F. power spectrum alternately peaks 

and broadens with the low frequency F. staying constant. 

B/ L.F. Turbulence during N.I, heating 

During neutral injection (transmitted power « . 5 MM) the L.F. spec

trum shows a similar evolution to that just described ; nevertheless the varia

tion amplitudes are more important. F. stays constant at about 60 kHz, F« is 

approximately 4B0 kHz and F, is now equal to 1100 kHz. The two frequencies F, 

and F 2 have increased but their ratio li has decreased to a value of a 7. 

The amplitude variation ûP 1s larger 1 than ohmic value and equal to 15 dB. 

The slopes remain constant during N.I. but have different values compared with 

the OH case : bat 1 has increased while a and c remain approximately equal 

respectively to + 2 and - 9. 
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C/ L.F. Turbulence during ICRF heating (high field side excitation) 

The L.F. turbulent spectrum is barely changed during ICRF heating 
experiments as compared with OH plasmas. To observe the evolution of the 
spectrum more clearly a time period is chosen which includes the period 
preceeding the RF pulse up to a few ms after the initiation of the pulse. Under 
these conditions, values for P.,, F., a ... previously given in our model still hold, 
exept for two parameters which change significantly. First the parameter c 
increases by one going from c = - 9 to c • - 8. This shows th»*. the RF heating 
preferentially produces turbulence in the high frequency domain of the spectrum. 
When the RF pulse is launched, the change is quasi instantaneous (Fig. Ill-i). 
Second, a small, but significant change in the frequency integrated turbulence 
level is observed (Fig. III-J). The turbulent power increases for a time typically 
equal to 10 ms and then reaches a new saturation level. The saturation level is 
a function of the RF pulse power. The growth of the turbulent power ££ at the 
saturation is proportional to the square root of the RF pulse power (Fig. III-k) 
and is given by : 

(J£) .„V[.*U] 4 

o 's«r 
in watts ; by normalizing with the ohmic power in this particular RF case we can also write 

I p. >w L S3. J 

Note that this increase is not too large. For^R.- = 2 7^ *" '* corresponds 
to an increase of 50 % (1.8 db). 

Section IV 

L.F. Turbulence during major and minor disruptions 

The evolution of the L.F. turbulence during major and minor disrup
tions is studied using the same technique. The terminology employed to describe 
these disruptive phenomena is based on Ref. (21). Because of limitation in the 
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size of the data acquisition system it is necessary to restrict the period of 
acquisition to a few miHiseconds just before and after the disruption. 
This is done by timing the acquisition to occur just after the appearance 
of m = 2 precursor oscillations - which generally precede major disruptions 
in TFR. The same trigger signal is used to synchronise the time evolution of the 
macroscopic plasma parameters with the signal of the L.F. turbulence. 

A/ Major disruption 

As a first example a disruption which terminates a low q discharge 
1s examined. Fig. IV-a shows the evolution of the plasma current ; Fig. IV-b 
shows the simultaneous (for 16 ms) turbulent signal given by the detector as a 
function of time. A large increase of the turbulence coincides with the disrup
tion (fig. IV-c). A study of the envelope of the turbulence shows that it has 
a characteristic growth time equal to T = 50 us and reaches a maximum after 
t a 120 us. Because the exact time of origin of the disruption depends on the 
parameter considered (maximum of the m = 2 mode, peak of the plasma current etc ...) 
we have chosen for simplicity the well defined fast decay of the electron tempe
rature to correspond to t d = 0. Fig. IV-d shows the electron temperature evolution 
for two radii as deduced from soft X-ray estimations and the associated turbulent 
spectrum energy as a function of time. Refering to (21), the disruption takes 
place at t = 294.35 ms and 0.9 ms later the post disruptive phase ends the 
discharge. The corresponding turbu'ent spectrum shows two growth phases : the 
first appears24 60 us after the initial fall of T and the second and larger 
increase occurs roughly 60 us after the second fall of T g. For these two phases 
the power of the turbulent spectrum is well represented by the expression 

foi*, -r P^T 
with - 3.5 < m <--3 and AT = 60 us. For a disruption corresponding to a decay 
of 300 eV, the Increase in turbulent power 1s 7 db while in the post disruptive 
phase corresponding to an additional decay of 300 eV, the turbulence has 
Increased by 20 db. 
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Me may use the previously described modeling to analyse the detailed 
evolution of the spectrum shape • Fig. IV-e ; Fig. IV-f and Fig. IV-g show 
the evolution of the frequencies. F^ remains roughly constant while F« show 
a sudden decay and F, increases when the disruption occurs. Fig. IV-h shows the 
growth in amplitude of the characteristic frequencies of the spectrum. The growth 
is fast and appears at approximately the same time for each component exept P, 
which, in some cases (Fig. IV-i), preceds the temperature drop by a certain 
amount. Concerning the slopes (Fig. IV-j and IV-k), a and b stay constant 
whereas c increases rapidly from - 7 to - 2. The evolution of the spectrum is 
schematically shown on Fig. IV-1. The characteristic width (at 3 db) Is reduced 
(Fig. IV-m) and corresponds to a peaking of the spectrum. However, the full 
width of the spectrum, which 1s calculated at the 40 db points increases, because 
the amplitude of the HF components also increases. 

All these data show that 60 us after the fall of the electron tempe
rature, the total L.F. turbulent power increases by 2 orders of magnitude, in 
two successive phases with a characteristic growth time ? si 50 us and this phsse 
lasts '120 MS during the second phase. 

8/ Minor disruptions 

According to Ref. (21) a minor disruption is similar to.the first phase 
of a major disruption, exept that after this phase the temperature recovers 
The decay 1n temperature is typically 120 to 150 eV. All observations made for 
a major disruption hold for minor disruptions ; in particular a delay time 
AT a 60 us is observed and the turbulent power is still given by : 

with - 3 . 5 < m < - 3 . A s a consequence the observed increase of energy is 
reduced compared with major disruptions and we observe ^4 4 db (Fig. IV-n). 
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CONCLUSION 

In this article the spectrum of L.F. turbulence present in Tokamak 
discharges has been analyzed. 

The spectrum may be divided into four separate regions in which the 
dependence of log P on log F is roughly linear. This implies that the fluctuation 
amplitude in each region obeys the expression A = a F" and suggests that different 
physical processes play the .dominant role in the separate frequency domains. 

. In ohmic discharges the shape of the frequency spectrum évolues in 
time in such a way as to keep the total turbulent power approximately constant. 

. The model is still valid during auxilary heating. However the tur
bulent power modestly increases after a delay time following the heating pulse 

AP 
and at the saturation obeys an expression of the type — 

p ICRF heating in particular. 

. Finally the disruptions have been studied using the same rodel. 
The turbulent level dramatically increases after a short delay time (~60 us) 
following to the onset of the disruption and obeys a law of the type 
P = o exp (r ] which typically reaches 20 db in amplitude. 

&n 3 
In the appendix we estimate the level of the turbulence (r—^ 10" ) 

and the turbulent parameter b( iH' 2.7 x 10 7) which relates the turbulent 
level of the plasma to its thermal notse. 
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APPENDIX 

Density fluctuation evaluation 

The model previously described is used for determining the total 
fluctuation level. 

First of all, according to (30) the mean square density fluctuation 
for a particular value of k can be written : 

where v, A., and P i a s e r are respectively the frequency, the wavelength and the 
power of the laser beam, SI the length of the scattering volume, r„ the classical 

T e 
radius of the electron, n Q the density and _£. the ratio between the spectral 
density of the detected current and the N spectral density of the shot 
noise. All parameters in the right hand side of this expression are well known 
exept 6Y, therefore we combine the two unknown parameters on <5Y into a single 
quantity < Sn St > which can then be solved for in terms of experimentally 
determined quantities. Because the scattering volume is longer in vertical extent 
than the plasma volume we must take as an upper limit for <SY the plasma radius 
(<5Y 4Z= 20 cm). However, based on physical considerations, such as the non homogeneity 
of the turbulence <SY may be somewhat smaller. In order to estimate the fluctuating 
density level, we shall choose St * 10 cm in the numerical calculations, keeping 
in mind that the resulting values are known within a factor of 2, 

Per unit frequency we obtain 

and after integration in frequency 

"o 
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(31-32) 

Previous experiments have shown that the components K R and 

Kg of the turbulent spectrum In a poloTdal cross section are comparable. 

Then, assuming an isotropic distribution of the turbulence in the poloidal plane 

and making the raisonable assumption that the turbulent spectrum width in the 

toroidal direction, AK_ is smaller than the instrumental resolution 
<5KZ (<SK z

e x p = ̂  M1.S cm" 1, W being the beam radius of the C0 2 beam) the total 

density fluctuation level can be written 

where AK X is the width (F W H M) of the turbulent spectrum. 

Per unit frequency we obtain 

• ' " ^ l - 2 - « 

-6 -fc 
10 Hz. 

and after integration in frequency 

~i V, 
an > r.r«| a m » io 

th 
The frequency spectrum of thermal fluctuations, £n can be deduced 

th, ' ' from the scattering form factor S (K, u) : 

-v. th 

>(w) = 

n„ 

r * ^ 

S C i^ «-) cLâiT 

(<o) 

i 

(33) 

According to Sheffield . , the general expression of the form 

factor for a magnetized thermal plasma assuming maxwell Ian distribution functions 

is 
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+ ifcz\»z \l f ^-(W) r„ ftp) e,f -Efr—JW^b]' 

With s L = 1 + H e + H i 

Restricting the integration to the collective regime (K Xg < 1) 
and considering only the zero frequency component S (it, o) of the integral 
(which is a good estimate of the value of S{£, m) for to < u t i when 
J " ' ! e.g. when acoustic waves are damped) we obtain 

We have defined a parameter V which relates the turbulence level of 
the plasma to its thermal noTse, i.e. 

< Sri (f)> 

ft r s 2.1- » lo 

This last expression shows that the maximum level of turbulence 
is74 db above the thermal noTse. Under present experimental conditions, the 
thermal noTse is 30 db below the shot noTse of the detector and no information 
can be deduced from the thermal or non thermal nature of the spectrum at higher 
frequencies (F > a few MH2) where the non thermal turbulence is weak. 
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