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ABSTRACT 

Microwave radiation measurements in the region u . << u < u 
pi ce 

in a high-density (u >> u ) tokamak with turbulent skin heating 

show evidence of a Cerenkov beam-plasma instability during the first 

few microseconds of the heating pulse. It is proposed that the instab

ility is caused by the interaction of populations of freely accelerated 

electrons with the bulk of the plasma, and corresponds to the unstable 

propagation of oblique whistlers along group-velocity resonance cones. 

Measured microwave spectra and their interpretation are presented. 

* On leave from Département de Physique, Université de Montreal, Montreal, Canada 
(present address). 
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Plasmas heated by current-driven turbulence generally emit micro

wave radiation, often at frequencies near the ion-plasma frequency, but 

also at higher frequencies near the electron-cyclotron and electron plas

ma frequency. The measurement of emission spectra can be used to iden

tify some features of the instabilities associated with the plasma tur

bulence ' ' . The plasmas for which spectra have been measured are gen

erally of low density, and with low magnetic field. Here we wish to 

report on the determination and interpretation of microwave spectra in 

the frequency range u> <, u for a high density toroidal plasma with 

turbulent skin heating under conditions such thct c*) >> <i> . 
J pe ce 

The measurements were made on the TORTUR machine, a tokamak-like 

device with R = o.46 m, r = 0.09 m, and toroidal fields up to 1.6tesla. 

The plasma is ionized and confined using a combination of slow capa

citor banks producing a low temperature (T ~ 20 eV), high density 

(n ~ 10ll* cm - 3), fully ionized plasma of about 1 ms duration, which 

is further heated by a 125 kJ, 50 kV, 70 kHz bank, which causes plasma 

currents up to 200 kA to flow for several microseconds, heating the 

plasma through processes of ion-acoustic turbulence to instantaneous 

values of T of up to 1 keV. The high currant, which can be crowbarred, 

flows through a toroidal skin of a few centimetres thickness lasting 

for about 5 ysec, and the turbulent heating of the plasma occurs in 

this skin region. A more detailed description of this experiment and 

its general results can be found elsewhere ' ' . 

As far as its turbulent characteristics are concerned, radiation 

at ui < m . points to ion-acoustic modes being present and responsible 

for much of the plasma heating as has been the case in many similar ex

periments ' ' ' . In this paper, we report measurements of radiation 

at to » WDi' **" w a s m o ni t o r e <^ with a ten-channel microwave spectrometer 

consisting of a tapered wave guide with ten side arms, each arm con

taining a narrow-band filter, attenuator, crystal detector and video-

amplifier. The spectrometer response was carefully calibrated using 

standard microwave equipment. The channel frequencies are between B 

and 40 GHz, and have bandwidth ratios of less than 1%. 

Figure 1 (a) shows the temporal variation of the emitted radia

tion intensity at 11.4 GHz for a typical discharge. Figure 1 (b) and 

figure 1 (c) show the plasma current and applied voltage on the same 

time-scale. 
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Fig. 1 (a) Typical r*'.1'3wave radiation bursts at f = 11.4 GHz for B = 1.26 T, 
Egyo, = 1.. it.Vm and nfc = l*10

i4 cc~3. Time base is O.S vss/div. 
Rise tine ri individual pulses < 20 r.sec. 

[b) Plasma curr.. t iotr the above conditions (50 kA/div). 
(c) Inductive'y applied voltage for the above conditiDns (5 kV/div). 
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Fiq. 2, Emitted microwave power spoctrum averaged over 2 micro-seconds of the turbu
lent heating pulse, for various values of the magnetic field B, The value of 
B given corresponds to the local value in the turbulent skin near the obser
vation port. 
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Figure 2 shows the frequency spectrum obtained at high density 

for various values of the Magnetic field. Because of the relatively 

large statistical fluctuations in the strength of the microwave emission, 

the signals for each channel were averaged over several shots and also 

averaged over the time for which they were in excess of the noise level 

(generally about 2 us) . One notes that for all values of B, an apparent 

cutoff exists near u * w . 
ce 

In interpreting these measurements, we note first that the plasma 

cannot support the ordinary or extraordinary modes of electromagnetic 

radiation, since w <_ w and w << w . We propose instead that the 
Cc CC pC 

emission observed results from the conversion of electrostatic modes 

corresponding to a beam-plasma instability associated with unstable 

whistler propagation along resonance cones. In what follows, we shall 

Show how low density beams can develop in the skin region and how the 

instability proposed can explain several of the significant features 

of the radiation emission measured. 

Plasmas using high electric fields for turbulent heating may be 

characterized by a turbulence parameter g H eE/mu> v
th» which is the 

inverse of the number of electron plasma periods that are necessary for 

freely accelerated electrons to reach the electron thermal velocity v .. 

In turbulent heating experiments with moderate electric fields 

(g <, 10~3), it would take many ion plasma periods to reach v.. after 

the initial application of E, and it has been demonstrated both in ex-
2 5 6) 

periments and in calculations ' ' , that under these conditions the 
main body of plasma electrons in the skin does not acquire drift speeds 

in excess of a few times the ion-acoustic speed, due to the occurrence 

of the ion-acoustic instability which effectively transforms the drift 

energy of the electron current to random thermal energy, thus heating 

the plasma. This is also the case in our experiment. However, even under 

such conditions, it is rather likely that small populations of elec

trons near the high-energy tail of the distribution function are free-

ly accelerated. According to Rudakov and Korablev such free accelera

tion can take place after a time of the order of t = 1/gu ., which for 
c o pi 

our conditions corresponds to a few tenths of microseconds. The freely 

accelerated population then can form a bump in the tail of the dis

tribution function which can cause the beam-plasma instability proposed. 

Evidence for the presence of suprathermal electrons in our experiment 

may be inferred from X-ray measurements using a scintillation counter 

with copper foil attenuators of varying thickness. The measured atten

uation characteristic at 1 us after the start of the current pulse was 

consistent with a component of the distribution function at 5-8 keV. 

Electron temperature determination from Thomson scattering, diamagnetic 
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loop measurements and soft X-ray analysis at somewhat later times show 

that the bulk of the plasma is not heated beyond T * 1 kev. 

The stability of a beam-plasma system in a magnetic field has 

been described theoretically in detail • , and has recently been 

studied experimentally by Stenzel , who observed growth of launched 

vaves as well as of spontaneous fluctuations in the direction of the 

resonance cones for whistlers. Assuming a distribution function which 

is the sum of a cold Maxwellian component and a warm-beam component of 

the form f. "• exp(-(v-V) 2 / 2 v 2 ) , the cold-plasma, warm-beam dispersion 

relation has unstable roots near the cold-plasma resonances. In the 

limit OJ£ >> w2 , these are at w * <*> cos0 and w * ui . Our measurements 
pe ce' ce pe 

were made at w < <u^„, so that we are interested in the unstable mode near 
ce 

u = u cosö. The angle 8 = cos-1(u/w ) corresponds to the phase veloc

ity resonance cone angle for oblique whistler propagation. The unstable 

mode has local maxima for values of k such that w - *ÜI - kVcosd * 0; 
ce 

ï = 0, + 1, ... . The maximum growth rate occurs for the Cerenkov mode 

(i=0) and in the limit v << V, one obtains for this mode 
Y«ax/u * °-38 a (Vsin9/V0>

2 • 
where a is the ratio of beam density to plasma density. We note that 

Y /w goes to zero for 3 -*• 0 (i.e. u -*• u„) and is an increasing func-' max ' ce * 
tion of 6. If we assume the instability to be saturated in our experi
ment, with a saturation level varying monotonically with ( Y _ _ „ / U ) , then 

max 

these results are consistent with both the apparent cutoff at u = ui 

and the decreasing intensity as a function of u. The drop in intensity 

at f <. 12 GHz for all values of the magnetic field is probably due to 

geometric effects associated with the vessel port opening. For 6=0, 

there is no plasma resonance at w = w , and the growth rate is maximum 

at w * u . Preliminary measurements made with a far-infrared spectro

graph indicate radiation burst near u> - w _ . 
pe 

If the instability is not saturated, the amplitude will be de
termined by k.l, where k. - Y/Iv | is the imaginary part of the wave-
number, v the group velocity, and I the path length in the plasma a-
long the group velocity direction. Using the expressions for v calcu
lated by Swift and Kan , we obtain, for u2 >> u2 and u> * <i> cosd, 
+ + pe ce ce 

v = ee(-Vsin6>. Thus the group velocity is perpendicular to K", which 

gives a path length inside the turbulent skin I - Ó/cose, where 6 is 
the thickness of the skin region. 

Hence, k±l •- 0.38 a V6u>cesin6/v£ 



Thus, also if ve assume a non-saturated instability* the Measured 

spectrum is in qualitative agreement with this theoretical model. 

There are a number of other features of the Measured emission 

which makes the proposed interpretation plausible. Figure 1 (a) shows 

that the radiation consists of rapid burst. If we consider the free ac

celeration of electrons, then an order of magnitude calculation shows 

that for our field strengths, beam velocities several times the thermal 

velocity are achieved in 10-100 nanoseconds. Hence, rise times as ob

served are quite consistent with this picture. The instability effec

tively depletes the beam energy, causinq the repeated occurrence of grow

ing beams and emitted radiation. The fact that few X-rays beyond 10 keV 

are observed in the experiment, indicates that runaways are effectively 

slowed down by this instability before they achieve very large energies. 

Variation of the plasma parameters has shown that the radiated power in

creases with the applied electric field E and decreases with the plasma 

density, which supports our contention that free acceleration of elec

trons is responsible for the radiation. The general form of the spectra 

was independent of the density and the electric field. 

The instability described above was studied under controlled 

conditions by Stenrel . He showed that both externally and sponta

neously generated waves in a beam-plasma system were amplified for prop

agation vectors along the phase-velocity resonance cone characterized by 

0 = cos-5 {<•>/"„_) , in the limit w2 >> w2 . The growth of the waves was ce pe ce 

observed in the direction of the group velocity, perpendicular to k, 

consistent with the theoretical results given above. 

It is of interest to compare our results with those found at the 
2 12 13) 

University of Saskatchewan ' ' .In these experiments radiation was 

found at ui . < u < ui , and interpreted to be due to beam-plasma instab-pi pe 
ilities similar to ours. Because of quite different plasma conditions, 

3) bounded beam-plasma modes are observed , and the low energy component 

is proposed to be an electron population trapped in local inhomogene-

ities of the magnetic field ' . Also in their situation it is pro

posed that free acceleration is effectively stopped due to the onset 

of a beam-plasma instability. 

In conclusion, we propose that the instability described is re

sponsible for the microwave radiation emitted at u < w in this dense, 

turbulently heated plasma. The depletion of freely accelerated electron 

energy by Cerenkov emission could account for the absence of high-

energy runaways in plasmas with turbulent heating. 
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