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Recently reported measurements of the electron cyclotron emission 

from the TFK Tokamak plasma are analyzed and compared to theoretical 

predictions. 

The line shape of an optically thick harmonic in a vertical observa

tion is explained by wall reflections, plasma-detector arrangement and 

reabsorption. 

Non thermal emission at the electron plasma frequency is related to the 

presence of a high energy tail in the electron distribution function and 

might be the cause of the observed reduced runaway creation rate. 
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1, INTRODUCTION 

The measurements of the electron cyclotron emisaiondone on the TFR 

device [1,2,3] have yielded a fairly good understanding of this emission. 

The main conclusions of these studies were the following : 

1. The electron cyclotron emission ÎB very sensitive to the presence 

of high energy electrons in the discharge. As it could be expected the 

lower is the electron density n - the higher is the proportion of non

thermal electrons and the stranger is the emission intensity in the range 

0.5 ai - 4 w where to is the center electron cyclotron frequency, 
ceo ceo ceo J ^ 

2. in high density plasmas (type D discharges in reference [3 ]), where 

— 13 -3 

the average electron density n is larger than 2-3.10 cm , a good agree

ment was obtained between the meadared spectra in the horizontal direction 

and the predictions of tho computer code developped by Dr. Tamor for ther

mal emission [4] . Figure 1 (after [5]> shows a comparison between the 

absolute measured spectral distribution and the code predictions. 

The agreement is good enough to infer the electron temperature profile 

from the line shape of the second harmonic (ui = 2(o } in an observation 

along the major radius of the torus (fig. 2, after [2]). In this measu

rement the frequency resolution R was 13 GHz, which corresponds to a 

spatial resolution ûr of 6cm at 40KGs and of 4cm at 60 KGs (in TFR), 

since Ar = R R/(2f )where R is the torus major radius and f the 
o ceo o J ceo 

central electron cyclotron frequency. However a few points remain unex

plained. They are the following 

a) The relative heights of the harmonics are not exactly as predic

ted and the observed ratio of the ordinary to extraordinary mode emissions, 

ci03e to 1, is larger than predicted. 
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b) the observed spectra along the horizontal direction (along a 

major radius of the torus) and along a vertical off-centered chord were 

found to be identical, within the experimental uncertainties (fig. 3 

after [l]). This effect was related to the numerous reflections experi

enced by the radiation inside the torus before it enters the detectors 

[5]. 

c) even in high density, near thermal plasmas, an emission at the 

electron plasma frequency f corresponding to the central electron den

sity n was observed [2]. 

eo 

Point a) was dealt with in reference [5] ; the first discrepancy was 

related to a change of path of the radiation inside the torus, due to wall 

reflections ; the second discrepancy was tentatively ascribed to an over

simplification of the phenomenon of polarization scrambling on reflection or 

to polarization scrambling by turbulence in the plasma. In this eeport we 

shall examine more recent information [6] on point b) (comparison of 

"vertical" and "horizontal" spectra) and on point c) (non-thermal emission 

at the electron plasma frequency). 
II. EXPERIMENTAL SET-UP 

2. Description of the port geometry. Coupling of the detector to the plasma. 

The experiments were carried out using, as before, the technique developed 

by A.E. Costley and formerly used on the CLEO Tokamak [7] . Radiation from 

the plasma is transmitted through wedge-shape Z-cut crystal quartz windows 

along a major radius (horizontal direction) and at right angle (vertical 

direction) to a major radius. Because of the limited number of ports verti

cal observation was done along a vertical chord off-centered by 10 cm (the 

plasma radius being usually 20cm). Fig.. 4 shows the observation port, the 

location of the quartz windows and the directions of observation. There is 

a major difference between the cross-sections of the vertical and horizontal 
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ports ; the vertical port is a narrow slit, 42 cm high and 4.5 cm wide 

so that the radiation coming from the plasma can be reflected on the port 

wall and enter the detector ; the horizontal port has a wider cross section 

(16 cmx 12 cm) and a shorter length (21 cm) ; in the horizontal direction 

the radiation entering the detector acceptance cone (which has, typically, 

an opening angle of ^ 6") comes directly from the plasma without any reflec

tion on the torus side-arm walls. Absolute measurements of the emitted 

power [1,5] were made in the horizontal direction. In the vertical direc

tion no absolute measurement could be made, because of the uncertainty on 

the "true" acceptance cone due to reflections inaide the vertical port. We 

note, in passing, that the top port does not behave as an ideal light dump : 

radiation entering this port can, in principle^ bounce on the port walls and 

on the metallic flanges ending the port and reenter the plasma and the bottom 

port. Thus radiation entering the detector located beyond the vertical port 

window has three possible geographical origins inside the plasma : first it 

can be emitted by the part of the plasma located inside the true acceptance 

angle (i.e. the detector acceptance angle corrected by reflections on the 

vertical port walls) ; second it can be emitted by a part of the plasma loca

ted in the acceptance angle after multiple reflections on the torus walls 

(see below) ; third it can be emitted by a part of the plasma located in the 

acceptance angle of the detector after reflections in the top vertical port 

facing the detector port. Tracking the true ray path of the detected photons 

is not easy in the first case, difficult in the second case and probably 

impossible in the third case. However the experimental results given below 

show that the third contribution is probably much less important than the 

first and second ones. 

In the horizontal direction the situation is much simpler, reflections 

on the port walls are negligible, photons entering the detector are emitted 

in a direction close to the horizontal direction inside the detector 
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acceptance angle ; most of them enter the detector after undergoing reflec

tions only on the torus wall. We note in passing that these reflections 

must be numerous enough to ensure the complete depolariaation previously 

observed [5] unless some other scrambling mechanism is efficient enough to 

depolarise the radiation. 

2. Description of the apparatus. 

Radiation escaping from the torus through the window is directed with 

overmoded light pipes (diameter = 4.5 cm ^ 10 X ) into a two-beam pola

rization type interferometer [8] , and the output of the latter is detected 

with a Putley indium antimonide detector. The path difference (x) within 

the interferometer is scanned rapidly - typically in 10 ms and over the range -

1 mm < x < 14 mm - by electromechanical oscillation of one of the interfero

meter mirrors ; the detected interference patterns are Fourier transformed ; 

calibration of the apparatus yields the emission spectra. 

The uncertainties in the measurement method are such that the relative 

shape and frequency positions of the spectral features are reliable to about 

10%, that the absolute level of the emission in the radial direction is relia

ble to about ±40% and that the level of the emission in the vertical uirection 

is reliable to about a factor of 4. This latter uncertainty arises mainly 

because of the influence of the multiple reflections in the vertical port, as 

explained above. The resolution (R) in the spectrum depends on x (R = c x,. ) 

and varies from 13 GHz to 22 GHz. 

III. OBSERVATIONS ALONG A VERTICAL CHORD. 

First we develop a simple geometrical schematic of the detected photons 

path when the detector is located under the vertical port window. Our analysis 

is directed in explaining the line shape of the second harmonic (f=2f ) 

so that we can neglect plasma effects on the propagation of the considered 
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photons ; since u < u> , refraction is negligible ; the wave at w = 2u 

does not undergo any cutoff or resonance in its propagation through the 

plasma. 

Fig. 5a shows a plan of the torus cross-section and of the detected 

photons path. For sake of simplicity we neglect the top vertical port and 

we assume that the wall facing •"he bottom vertical port is a continuous wall 

without any port hole. Further we assume that wall reflections are specular 

and that wall irregularities can be neglected. 

To enter the detector a photon must satisfy two conditions : 

a) it must be emitted inside the detector acceptance angle or its image 

through reflections on the torus wall (hatched area on the figure). 

b) it must have the proper direction of emission. 

A-type photons will be detected;B-type photons will not. Photons emitted by 

the inner hot plasma core will not be detected.Fig. 5h shows (hatched area) 

the part of the plasma which will not be seen by the detector. 

These simple rules have immediate consequences on the line shape of an 

optically thick harmonic. Figure 6 shows the line shape of an optically thick 

harmonic in an observation along the major radius (curve I). The frequency 

broadening is determined by the magnetic field variation across the plasma 

diameter ; the amplitude is determined by the local value of the electron tem

perature T (r). In an observation along the vertical chord the purely geome

trical effects discussed above will give a truncation of the line and will 

yield to a line shape schematically shown by curve II on figure 6. 

Intuitively one can predict another effect which will modify the line 

shape of an optically thick harmonic in the vertical off-centered observation. 

Type-C photons (fig. 5a) which are emitted near the vertical plasma diameter 
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will have a reabsorotionprobability higher than, say, type-A photons, since 

they will cross the plasma many times before being detected. Reabsorption 

near the line center will be stronger than on the line wings and will yield 

qualitatively a line shape given by curve III on fig. 6. 

Quantitatively this effect was computed by S.Tamor [4,9] . His code 

computes the radiation transport in axisymmetric systems for arbitrary density 

and temperature profile. It gives the amount of heat transported by emission 

and reabsorption as well as the radiation spectral distribution in any point 

on the wall. The bulk of the electrons are assumed to have a Maxwellian velo

city distribution, while the presence of runaways can be simulated by inclu

ding additional electron populations, each of which is described by a relati-

vistic Maxwellian with respect to a coordinate system moving with arbitrary 

velocity in the toroidal direction. Polarization scrambling on reflection is 

included by introducing a transfer fraction p between the extraordinary and 

ordinary modes. Fig. 7 gives an example of the line shape around w = 2OJ 

and w = 3to for plasma conditions close to TFR conditions in an observation ceo 
along a vertical chord off-centered by 7cm. The predicted width of the frequency 

gap near w = 2w is of the order Aw = 0.2 w . For a magnetic field of ceo ceo 
26 kGs (fig. 3 ) , Aw - 15 GHz which is smaller than, the resolution R (R = 23 GHz) 

used when vertical and horizontal observations were done simultaneously. This 

explains the qualitative similitude between the two measured spectra. 

Recently [6], vertical off-centered observations have been made with an 

improved frequency resolution (R= 13 GHz). The measurement was done for a 

magnetic field of 58 KGs ; for this val*je the expected Aw - 35 GHz is 

larger than R and was indeed observed (fig. 8 ) . When working in these condi

tions (R = 13 GHz, high magnetic field) this ohervation systematically repeats. 

It must be pointed out that the only optical elements between the plasma and 

the Michelson interferometer are one plane metallic mirror and one wedge-shaped 
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crystal quartz (z-cut) window, so chat spurious effects such as destructive 

interferences inside the quartz window cannot occur. 

This observation has two practical consequences : 

1) the agreement between the theory and the experiment, which was 

already good [2] is still improved. The quality of the agreement gives more 

weight to the predictions of the numerical code and to the reliability of 

the experimental methods as a tool for electron temperature profile measure

ments. 

2) for the latter application (T (r) measurements) the acceptance angle 

of the detector and its direction of observation must be chosen in order to 

"see" directly the complete temperature profile. To be specific observations 

along the major radius seem to be the most appropriate since the geometrical 

arrangement of the plasma-detector system is the simplest and since the line 

shape of the second harmonic yields directly the electron temperature profile. 

Finally it must be pointed out that vertical observations will not allow the 

measurement of this profile. 

IV. NON THERMAL EMISSION NEAR THE ELECTRON PLASMA FREQUENCE IN HIGH DENSITY 

DISCHARGES. 

2. Ea%>erimental observations. [lt8,3t536] . 

The spectra of the electron cyclotron emission in the range 0.5 w - 4 u 
ceo ce' 

exhibits very often non-thermal components. The gross characteristics of this 

emission have led to a classification of TFR discharges in four types (fig. 9, 

after ref. [3]) which differ mainly by the average maximum electron density 

and by the behaviour of runaway electrons. We concentrate here on high-density 

type D discharges where the level of runaways is minimum (but not necessarily 

zero). For these discharges the emission at to = 2w and OJ = 3w is a1rfays 
ceo ceo 

close to thermal and its amplitude follows the time evolution of the electron 

temperature [lO]. Very often however, the spectra obtained in these experimental 



amplitude which can be as high as 40 times the blac!r-body level. This peak 
shows up for instance on the spectrum given in fi t. 8, at a frequency close 
to the centrai electron plasma frequency ^ = (n e / e m ) . 

pe>p eo o e 
This peak has been now tracked under a :*\de variety of type Ef discharges 

and we can give some of its characteristics (6] : 
I) within the experimental resolution it occurs always at the central 

electron plasma frequency. Fig. 10 shows the frequency of the non-therraal peak 

that it is always satisfied during the first 100 ms of the discharge, before 

the density reaches its maximum. 

2) the peak intensity is maximum early in the discharge and decays with 

a time constant of the order of 100 ms. Fig. 11 shows the time evolution of 
the spectrum and the corresponding plasma current, loop voltage and electron 
density oscillograms. The central electron temperature T has been measured 
by Thomson scattering and is typically T (t = 50 ms) = 1.7 keV , 
T (t = 100 ms) - 1.5 keV ; T (t = 150 ms) = 1.5 keV. eo eo 

3) Non thermal emission in this range of frequencies is probably related 
to the presence of non thermal electrons in the electron distribution function 
and it was only natural to try to correlate the peak intensity to the presence 
of high energy electrons in the discharge. The problem of the confinement of 
these electrons is not solved yet : we do not know whether their confinement 
time is very short or if they tend to accumulate inside the plasma. 

In the first case (very short confinement time) the relevant quantity 
to compare with the UJ peak intensity is the instantaneous runaway creation 
rate ; we notice that the critical velocity that runaways must reach to get 
decoupled from the bulk of the electron distribution function. 



- 9 -

V„„ » (3Ï /m J 1' 2 (E„./E) l / 2 = lo'° cm/a, where E„„ is the so-called Dreicer 

or critical field [13] and E - E(t) is the electric field in the discharge 

is close to the phase velocity of the electron plasma wave (aee below)( Fig. 12 

shows the time evolution of the computed runaway creation rate S(t) for the 

discharge of fig. II. S(t) is maximum early in the discharge and decays rapid

ly (by several orders of magritude) until the dischargs reaches a stationary 

state. Fig. 13 shows that the peak inteusity is apparently correlated to the 

runaway creation rate. However we must keep in mind that 

a) we have no direct measurement of the confined high energy electrons and we 

do not kr.ow the number of electrons in a given range of energies and 

b) such a correlation is net necessarily significant since S(t) 

S(t) ^ exp [-a n (t)/T (t)E(r)] , where a is a constant,is always a decreasing 

function of the time* at least in TFR. 

In the second case (runaways accumulating into the plasma) we must compare 

the intensity of the w peak to the total amount of runaways. Indirect mea

surements of this quantity have been made by monitoring the flux of hard X-rays 

emitted by these electrc <; when they hit the limiter, after an unknown confi

nement time. Assuming these electrons were responsible, before being lost onto 

the limiter, for the electron plasma emission we compare in table I, for three 

different type D discharges, the following quantities : a) the intensity of 

the non thermal peak, measured 50 ms after the discharge initiation ; b) the 

X-ray level monitored by a detector located outside the torus coil assembly 

(the threshold energy of the detected photons is close to 100 keV) and inte

grated over the whole discharge ; c) the runaway rate S calculated early 

in the discharge, where it id maximum (we can assume that all runaways are 

created in the first 10 to 20 ms of the discharge, since S(t) decays very 

rapidly after the discharge initiation). This table shows that there is indeed 

a correlation between the amount of runaways created early in the discharge 

and detected later on, and the intensity of the tu peak. 
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2. Discussion 

For the time being we can only conclude that the instability at the 

central electron plasma frequency is correlated with the presence of run

away electrons into the discharge. Our knowledge of the electron distribution 

function and of its time evolution of stii rather poor but it appears that 

the electrons which create this instability could be created very early in 

the discharge. Other studies done on TFR [15] have shown that the number of 

runaways appearing in type D discharges is much lower (by three orders of 

magnitude) than what can be calculated on the basis of the classical model 

[13] . The reason for this dramatic reduction of S(t) could be an enhanced 

turbulent scattering of the electrons in the velocity space impeding their 

decoupling from the bulk of the electron population. In this line of thought 

the scattering of the electrons in the velocity space with subsequc.it trapping 

in the local mirrors observed in low density type A or type B discharges [ 3] 

would just be a still stronger manifestation of this turbulence. Finally we 

point out that in type D discharges as in type A or B discharges, the first 

milliseconds (breakdown phase) of the discharge appear to play a decisive role 

on the runaway creation and on the growth of this instability. 

To get some insight into the mechanisms involved in the growth of this 

instability we now assume that the existence of the distorted electron distri

bution function drive unsta'.le longitudinal oscillations with frequencies 

close to and below u) . More specifically we assume that the unstable distribu

tion function is represented by F = n F + n F , where F is Maxwellian and 
r J o o r r* o 

F r = 6(v ±) F t v ^ ) , and 

"F (v\, ) - V«-~* -Cor O < V„ < tf„ 
^(1/0*0 ? o r "'I < ° V" > ^ 

where n « n and v » v is the maximum parallel velocity of the supra-

thermal electrons (fig. 14). As show in ref. [11,12] this velocity distribu

tion is unstable against electrostatic oscillations with frequency and wave 

http://subsequc.it


vector given by 

- l - "tL k^1 - "V1" !fi = v (i) 

provided that 

| O t t | < 1 U., | v/r- <• I W. I C 

| W.I vW « ^ a. cJ?t j ky£ | < |W„.| 

velocity, and c the speed of light. These inequalities yield and order of 

magnitude of the parallel wavelength : \ . , = lion. The perpendicular wave-number 

number k , although not zero, must be small enough to keep a> close to u> 

and to ensure that the wave will remain in resonance with the runaways over 

enough spatial periods to reach the observed level. 

Following ref. [12] the instabiï -. condition can be written as 

where a =" u / K v f . and n is the density in the runaway tail. For our 

experimental conditions, w /ai - 2 and a > 2, and a runaway density n„ = a 
ce pe _ J J t 

basis of the classical runaway creation rate, such a density should be easily 

reached in TFR discharges, at least in the build-up phase of the plasma. 

The growth of the electrostatic reduced electron plasma wave is the result 

of a competition hetween Landau damping on the bulk of the electron distri

bution function and the growth rate due to cyclotron resonances. The term due 
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D(IOO ms) = 1.2 10 , D(150 ins) = 4.u 10 . This decay shows that Landau dam

ping does not seem to play a major role in the decrease of the co peak. Rather 

this decrease is probably correlated to the decrease of the energy source 

for the electron plasma waves, that is to a decrease of the runaway density. 

Finally the detected instability being of electromagnetic nature, an 

efficient mechanism for conversion of the electrostatic zade into an electro

magnetic one must be found. As shown in ref, [14], as a result of the non linear 

mixing of two longitudinal waves a transverse wave can be obtained whose ampli

tude depends on the amplitude of the fluctuating potentials. In relation to 

this mechanism we note that an electron distribution function with a flat 

plateau is required, so that a wide range of frequencies (given by eq. (I)) can 

be excited. Other distribution functions such as a double Maxwellian or with 

a positive slope in the high energy tail would not allow this non-linear 

mixing. Comparison of the measured level of radiation at the electron plasma 

frequency (^ 10 W cm ) with the calculated one (̂  ]cr 2Wcm"^ assuming the 

fluctuating density at the electron plasma frequency n (ti) ) ^ 10 n [14] 

suggests that the assumed model is justified. 
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FIGURE CAPTIONS. 

Fig. 1. Emission spectra in a high density near thermal plasma. B = 3.95 T. 

T -1,8 keV. eo 
Frequency resolution R = 13 GH . 

Theory : predictions for radial emission. 

Fig. 2. Radial electron temperature profile deduced from the measured electron 

cyclotron emission in an optically thick line (f = 2f ) and comparison 

with the corresponding vertical profile measured by Thomson scattering. 

The temperature deduced from the emission is set equal to that measured 

by Thomson scattering at r = 0. Absolute calibration of the electron 

cyclotron emiss'on measurements system gives T = I.2 + 0.5 keV. 

Fig. 3. Emission specti observed simultaneously along a horizontal diameter 

( ) and along a vertical off centered chord ( — X — ) . The spectra 

have been normalized at u = 2w 
ce 

Fig. 4. Plan of the observation ports and of the windows locations. Scale = 1/10. 

Fig. 5a. Configuration of the detector solid angle and of the plasma cross-section 

Type A photons will be detected after but a few reflection on the torus 

walls ; type B photons will never be detected ; type C photons will 

eventually be detected after many reflections. 

Fig. 5b. The hatched areas will not be seen by the detector. 

Fig. 6. Line shape of an optically thick harmonicas seen horizontally (I) along 

a vertical off-centered chord after correction for geometrical effects 

(II) and after correction for geometrical and reabsorption effects (III) 

(Schematic). 



Fig. 7. Predicted spectrum in an of f-centered v e r t i c a l observation for 

B = 39 kGs, i o 

Dr. S. Tanior. 

Fig. 8. TFR measured spectrum in an off centered vertical obser,ration 

B = 58 kG . R = 13 GH . 
O S Z 

Fig. 9. TFR discharges classified according to the time evolution of the 

density (schematic). 

Fig. 10. Frequency of the non-thermal peak versus calculated centre electron 

plasma frequency {Type D discharges). 

Fig. 11. Time evolution of a typical TFR spectrum (type-D discharge). 

B = 37 kGs 
o 

a) spectrum at t = 50 ms 

b) spectrum at t = 110 ms 

c) spectrum at t = 160 ms 

d) oscillograms of the plasma current, loop voltage and peak electron 

density. 

Fig, 12. Time evolution of S(t). (type D discharge). 

Fig- 13. Intensity of the m peak versus the runaway creation rate, during 

one discharge. 

Fig. 14. Assumed electron distribution function. 
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