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Electron cyclotron resonance heating is potentially a very useful 
method both for plasma heating as well as temperature and current profile 
control in tokamaks. One great advantage is that coupling the wave energy 
to the plasma should be independent of conditions at the plasma edge. Also, 
any region in the plasma can be heated by making the lccal electron cyclo
tron frequency equal to the wave frequency, provided the local plasma fre
quency is less than the wave frequency. Finally, the physical mechanism of 
energy absorption is theoretically well understood. 

For radiation in the ordinary polarization (wave electric field E 
parallel to the toroidal magnetic field B) propagating along the major 
radius of the torus at a frequency corresponding to the electron cyclotron 
frequency in the plasma at a plasma radius r c, the power deposited in the 
plasma as a function of radius was taken to be (1) : 
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Here p i» the normalized radius |, a the total plasma radius, w (p) the 
plasma frequency, u>c the cyclotron frequency at the plasma center, au>c the 
frequency of the radiation, mc 2 the rest mass energy of the electron, kT e 

the electron thermal energy, R the major radius of the plasma. The incident 
power ?£ divided by the volume inside the resonant surface irr2 2irR, is 
denoted by Pf. . . . . . 

The diameter of the microwave heating beam is assumed to be small 
compared to the diameter of the plasma ; the absorbed power is assumed to 
heat an entire toroidal shell of plasma of width up and this is calculated 
for the region in the plasma p c » p » C. The évolution of the discharge in 
time and space is then calculated by MAKOKOT (2). 



The results of these numerical calculations depend on the assump
tions made about the scaling of the energy confinement time Tg. In particu
lar, in MAKOKOT T £ is taken to vary as the electron temperature to the 
three-quarters power. 

For TFR (R„-98 cm, a-2C cm) with a toroidal field Bj - 30 kG, a 
plasma current L, - 200 kA, a density profile N(r) »5* 10 B (1 -(-)*) and a 
given impurity profile, a steady state discharge was calculated using 
MAKOKOT. The ohmic heating power for the calculated discharge was 350 kW, 
central electron temperature 1200 eV, and Q(a)«3.1, in reasonable agree
ment with the parameters obtained in TFR discharges for the above initial 
conditions. 

Electron cyclotron heating power F c"81.5 GHz, Pj " 150 kW, (ab
sorbed power 'VlAOkV for one transit through the plasma) was applied with 
the resonance zone close to the plasma center, r c-3 cm, and the evolution 
of the discharge calculated (Fig. 1). 

The electron temperature at the center rises very rapidly to 
1900 eV (ATfi : 700 eV). However, one pays for heating the electrons imme
diately, and the ohmic heating power decreases substantially. Very little 
ion heating is observed due to the difference between the energy 
confinement time T"12.2 msec, and the electron-ion equilibration time 
T e q"36 msec for Te2il300 eV, as calculated from the Spitzer formula. The 
change in Q at the center of the discharge with time indicates that the 
current profile is strongly modified by the heating, but on a much longer 
timescale compared with that for the temperature. 
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Fig. 1 - TFR with P£. - 150 kW, r c - 3 cm 
Another case considered for TFR was with electron cyclotron hea

ting power approximately equal to the initial ohmic heating power 



(PQ-350 kW). The effect of the heating power (?£ - 320 kW, F c-76.4 GHz, 
r c«9.4 cm) is shewn in Fig. 2. The electron temperature at the center of 
the plasma rises from 1200 eV to 4200 eV for a 200 msec heating pulse, while 
the ion temperature remains almost unchanged. The ohmic heating power de
creases to less than 50 kW, so that such a discharge is really dominated 
by external heating. The abrupt decrease in the central Q after the heating 
stops, without a disruption of the discharge, may indicate that the heating 
should diminish over several tens of milliseconds when such large modifica
tions of the temperature and current profile occur. 

Electron cyclotron heating on T-10 (R« 150 cm, a* 36cm) has also 
been investigated using MAKOKOT. This is particularly relevant since T-10 
is the only large tokamak which is attempting to use this heating method 
(Pi * 350 kW, 85 GHz, 100 msec pulse). 

For T-10 with a toroidal field of 30 kG, a plasma current of 
500 kA, a density profile N(r) - 5 * 10 B (1 - (-)2) and a given impurity pro
file, a steady state discharge was calculated using MAKOKOT. The ohmic hea-
,ting power in this discharge was 750 kW, the central electron.temperature 
about 1200 eV, and Q(a)-3.1 in reasonable agreement with parameters obtai
ned in T-10 discharge for the above initial conditions. 

The evolution of the discharge with a heating power of 340 kW 
F c - 16,1* GHz) and a resonant surface located at r c " 14.7 cm, is shown in 
Fig. 3. There is a significant'rise in both electron (AT-, * 200 eV) and ion 



(ATj = 160 eV) temperature, as well a decrease in the ohmic heating power 
for a 100 msec pulse. Due to the longer confinement time in T-IO (T£-308 
msec for these plasma conditions) the ions and electron temperatures are 
closely coupled. The rise in Q(r*0) indicates that the temperature and cur
rent profiles are also significantly modified, but that the current pro
files modification takes place on a much longer timescale compared to the 
temperature profile modification. 
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Fig. 3 - T-10 Discharge with ? i • 340 kW, r c • 14.7 cm 
It is well known that electron do not behave classically with re-

hard to heat transport and energy confinement time in tokamak plasmas. This 
is taken into account in MAK0K0T by multiplying the electron heat conduc
tivity diffusion coefficient inside the Q * 1 surface by a factor of 8 to 
account for the effect of saw-tooth oscillations and other non-classical ef
fects. For the steady state discharges (the target plasmas) computed by 
MAK0K0T the Q«l surface was located at p*0.5. Thus, it appears that the 
enhanced heat conductivity which exists in this region doe? not prevent si
gnificant modification of the current and temperature profiles. For all of 
the cases studied the resonant surface was inside the Q« 1 surface. 

The results of the computer simulation clearly show that both . . 
plasma heating and profile control are possible with electron cyclotron 
heating. 
/!/ Yu. N. DNESTR0VSKI1 et al/, Sov. Phys. Tech. Phys., £, 691 (1964). 
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