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ICRF HEATING IN TOKAMAKS (") 

H. TAKAHASHI 

Plasma Physics Laboratory, Princeton University 
Princeton, N. J. 08540, U. S. A. 

Rksumk. - On dkcrit l'etat actuel du chauffage radiofrequence cyclotron ionique (RFCI) 
des plasmas de Tokamaks. Deux aspects du sujet sont discutes : la physique de l'amortissement 
de I'onde, et l'evaluation du chauffage ionique. Des experiences recentes dans plusieurs machines 
Tokamak, au second harmonique de la frkquence cyclotron du deuterium, ont present6 de grands 
ecarts entre l'amortissement d'onde observe, et celui qui ttait prevu. La reflexion actuelle attribue 
ces kcarts A l'influence d'une resonance hybride deux ions, entre les ions majoritaires de deuterium 
et des protons d'impuretes. Un certain nombre d'observations experimentales paraissent consis- 
tantes avec ce point de vue. Cependant, les details des processi physiques qui conduisent a l'amor- 
tissement d'onde ne sont pas encore clairs. Une theorie attribue l'amortissement a une conversion 
de mode lineaire dans la couche hybride a deux ions. Ce processus est important, si le rapport de 
densite proton-deuterium est grand (> 10 %). Une autre explication possible est discutke dans 
cet article, bask sur l'amortissement augmente a l'harmonique cyclotron, en raison de la proximite 
des couches hybrides A deux ions et de resonance cyclotron. Le problbme en conditions aux limites 
de la propagation d'ondes rapides dans un plasma inhomogene A deux ions a kt6 rbolu explicite- 
ment pour obtenir la structure du champ d'onde. Lorsque la concentration en proton est modeste 
( 4  5 %), on trouve un gradient raide du champ Blectrique polarise a gauche, dans la region 
comprise entre les couches hybride et cyclotron resonnante. Ce gradient parait fournir une aug- 
mentation suffisante de Pintensite d'amortissement A l'harmonique deux, pour rendre compte des 
Ccarts observes. Cependant, une mesure fidele de la concentration de proton est nkcessaire pour 
choisir entre ces deux possibilites. Le chauffage ionique a Bte examine en detail dans les experiences 
recentes dans la machine ATC. On montre que le chauffage RFCI peut chauffer la masse des ions 
dans le cceur d'un plasma de Tokamak avec des efficacitks situQs entre 10 et 40 %, en ne causant 
aucun changement significatif du confinement de l'energie ionique. 

Abstract. - The current status of ICRF heating of Tokamak plasmas is described. Two aspects 
of the subject are discussed : the physics of wave damping and the evaluation of ion heating. Recent 
experiments in several Tokamak devices at the second harmonic of the deuteron cyclotron fre- 
quency have exhibited large discrepancies between the observed and predicted wave damping. 
Current thinking attributes these discrepancies to the influence of a two-ion hybrid resonance 
between the majority deuterium ions and impurity protons. A number of experimental observa- 
tions appear to be consistent with this view. However, the details of the physical processes which 
lead to wave damping are still unclear. One theory attributes the damping to a linear mode conver- 
sion at the two-ion hybrid layer. This process is important, if the proton-to-deuteron density 
ratio is large (> 10 %). Another possible explanation, based upon enhanced cyclotron harmonic 
damping due to the proximity of the two-ion hybrid and cyclotron resonance layers, is discussed 
in this paper. The boundary value problem for fast wave propagation in an inhomogeneous two- 
ion plasma has been solved explicitly to obtain the wave field structure. For modest proton con- 
centrations ( < 5 %) a steep gradient in the left-hand polarized electric field is found in the region 
between the hybrid and cyclotron resonant layers. This gradient appears to provide sufficient 
enhancement of the second harmonic damping strength to account for the observed discrepancies. 
However, a reliable measurement of the proton concentration is needed to choose between the 
two possibilities. Ion heating was examined in detail in recent experiments in the ATC device, 
It is shown that ICRF heating can heat the bulk of the ions in the core of a Tokamak plasma with 
efficiencies ranging from 10 to 40 %, without causing any significant change in the ion energy 
confinement. 

Introduction. - I t  is generally believed that Ohmic peratures. One such method of additional heating 
heating in Tokamak devices is not sufficient and currently under intensive experimental and theoretical 
therefore some form of additional heating will be investigation is irradiation of the plasma by electro- 
required to  heat the ions to thermonuclear tem- magnetic fields in the ion cyclotron range of frequen- 

cies (<t ICRF )) heating). The impressed radio fre- 

(*) This work was supported by the Energy Research and quency (rf) field generates in the plasma fast corn- 
Development Administration Contract EY-76-C-02-3073. pressional AlfvCn waves whose energy is absorbed 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1977616

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1977616


C6-172 H. TAKAHASHI 

by the ions (and possibly also by electrons) through member running in the toroidal direction as in 
various field-particle resonant interactions. Require- TM-1-VCh. An example of such an antenna, used 
ments of the ICRF heating for access to the plasma in the recent ATC experiments, is shown in figure 1. 
are modest. In this respect, the subject is of parti- 
cular interest for Tokamaks with limited access R F  FEED 

for which neutral beam heating may be difficult. 
While D-T plasmas are of interest from reactor 
considerations, this paper reviews the current status 
of ICRF heating of deuterium plasmas near the 
second harmonic of the deuteron cyclotron frequency. 

Usefulness of cyclotron damping as a means of 
increasing ion energy was successfully demonstrated R F  ANTENNA 

in linear geometries such as mirror devices and the 
straight segment of the race-track shaped C-Stel- 
larator (see, e.g., Rothman, et al. [I]). In these 
experiments, the slow branch of the low frequency 
cold plasma wave, also called the torsional AlfvCn TERMINATING 

wave or the ion cyclotron wave, was utilized in magne- UMPER CAPACITOR 

tic beach configurations. Use of the fast branch 
(the compressional Alfvtn wave, or the fast wave) at 
the fundamental and second harmonic of the ion 
cyclotron frequency (52 = o/oCi = 1 or 2) in toroidal 
devices was first suggested by Adam and Samain [2]. 
In toroidal geometry one possible mechanism for 
dissipating wave energy is again ion cyclotron damp- 
ing. However, in the inhomogeneous B-field of a 
Tokamak the cyclotron resonant conditions (52 = 1 
or 2) are met only on a roughly cylindrical surface 
at constant major radius. Ion thermal motion parallel 
to the B-field makes the resonant region a layer of 
finite thickness which is referred to as a (ion cyclotron) 
resonant layer. 

Waves are generated by passing an rf current through 
a suitable coil or antenna structure located within the 
Tokamak vacuum chamber but outside the dense 
plasma core. In the absence of strong damping, 
the waves may propagate around the torus many 
times and produce interference of their fields. Under 
proper plasma conditions the interference is cons- 
tructive and the Tokamak vessel acts as a toroidal 
resonant cavity. These resonances are often referred 
to as toroidal eigenmode resonances. Studies of wave 
generation and propagation were the principal 
subjects of early experiments in TO-1 (Ivanov, Kovan 
and Los7 [3]), TM-1-VCh (~dovin,  et al. [4]) and 
ST (Hooke and Hosea [5], Hosea and Hooke [6], 
Adam, et al. [7]). An early theoretical analy~is of the 
toroidal resonances was provided by Perkins, Chance 
and Kindel [8]. These resonances are important for 
physical and technological reasons. For example, 
study of their properties allows determination of the 
wave damping strength, and high loading resistance 
at the peaks of resonance helps to hold the antenna 
voltage down and thus reduce the risk of electrical 
breakdown. The antenna may be a full-turn loop 
that encloses the plasma column as in the T-4 device, 
or a half-turn arc placed on the inner (high field) 
side of the plasma torus as in ST or on the outer 
(low field) side as in ATC. It may have a structural 

FIG. 1. - Rf coupling structure used in the recent ATC 
experiments. 

Understanding of the wave damping processes is 
one of the principal concerns of the current ICRF 
theory and experiment. This is the subject of Part-1 
of this paper. Following historical progression of 
thought on this subject, we first describe earlier 
theories on the second harmonic heating and minority 
heating. Next, the results are described from recent 
experiments carried out in Tokamaks including TFR 
(TFR-Group [9-lo]), TM-1-VCh (Vdovin, Shapo- 
tokovskii and Rusanov [Ill), T-4 (Ivanov, Kovan and 
Sokolov El21 ; Buzankin, et al. [13]) and ATC (Gre- 
enough, Paoloni and Takahashi [14]). These experi- 
ments showed, however, large deviation from pre- 
dictions of these earlier theories. This led to con- 
sideration of the influence of two-ion hybrid resonance 
between the majority deuteron and minority proton 
species : At sufficiently high proton concentrations 
a linear mode conversion process can divert the energy 
into shorter wavelength modes and thus damp the 
fast waves. At small proton concentrations the 
hybrid layer lies spatially close to the cyclotron 
layer and the rapid variation of the wave E-field 
polarization near the hybrid resonance layer has 
important influence on the second harmonic damping. 
The latter is a situation that has not, so far, been 
studied and is discussed in this paper. 

Rf power high enough to affect the ion thermal 
energy significantly was employed in recent experi- 
ments in TO-1 (Ivanov, Kovan and Svischev [15]), 
ST [7], TM-1-VCh [ll], T-4 [12, 131 and ATC (Taka- 
hashi, et al. [16, 171). One observation common to 
all of these experiments, made through charge exchange 
neutral diagnostics, is significant alteration of the 
ion energy distribution and particularly formation 
of a high energy tail. The non-Maxwellian distribution 
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of the rf heated ions complicates interpretation of the 
charge exchange spectra and assessment of ion 
heating. In the latest ATC experiments 1171 the 
nature of the observed ion heating was studied in 
detail using several diagnostic techniques. This is 
the subject of Part-2 of this paper. 

1. Physics of ICRF heating. - 1.1 EARLIER 
THEORIES. - The fast wave considered here has 
predominantly right-handed (with respect to the 
B-field) polarization. It is, however, the small left- 
handed polarized component of the wave E-field 
in the ion cyclotron resonance layer that causes wave 
damping and ion heating. The resonance layer thick- 
ness is given (Adam and Samain [2])  approximately 
by 2 R, Vthi/VII, where R,, V,,, = (2 k Filmi) and 
VII = o/kll are the Tokamak major radius, ion ther- 
mal and parallel wave phase speeds, respectively 
(Fig. 2a). Figure 2b depicts an elementary picture of 
the cyclotron acceleration of a deuterium ion at its 
second harmonic cyclotron frequency. Since the 
wave field varies twice as fast as the cyclotron period, 
the ion would experience acceleration during one 

(b) 

DECEL. 

ACCEL 

FIG. 2. - (a) Cross-section of a Tokamak plasma. The reso- 
nant surface is roughly a cylindrical surface of a constant major 
radius. Thermal effects make the surface a region of a finite 
width shown shaded. Ions moving along a field line enters the 
region and recieves a kick in their perpendicular energy. (b) An 
elementary physical picture of cyclotron harmonic acceleration. 
The wave field varies twice as fast as the ion Larmor motion. 
The ion is accelerated and then decelerated over one Larmor 
period, but its energy does not in general return to its original 

value due to inhomogenuity of the wave field. 

half of its Larmor cycle and decceleration during 
the other half. In a homogeneous field there is no net 
gain in particle energy. In an inhomogeneous wave 
field (i. e., non-zero perpendicular wavelength), 
however, the acceleration and decceleration are in 
general unequal. On taking a statistical average over 
an ensemble of particles with their motion randomly 
phased with respect to the wave field, there is a net 
transfer of energy from the wave to the particles. 
The strength of wave damping by this mechanism 
is therefore dependent on the Larmor radius and 
the gradient of the left-hand polarized electric field. 
The second harmonic damping is a weak mechanism 
under present-day Tokamak conditions, unless the 
gradient becomes very large. On the other hand, if the 
ion is a proton, it experiences the electric field at its 
fundamental cyclotron frequency and it keeps accele- 
rating in a familiar spiraling motion. If there are too 
many protons, their coherent motion tends to shield 
out the wave electric field and the. wave damping is 
consequently weak. When there are only a few percent 
of protons mixed in a deuterium plasma, damping 
by this mechanism (commonly called miilority species 
heating) can be much stronger than the second harmo- 
nic damping. 

Adam and Samain [2] showed that both of these 
physical processes could be used to heat toroidal 
plasmas. They have calculated the second harmonic 
cyclotron damping strength in a one-ion species 
plasma and the fundamental cyclotron damping 
(by a minority species) in a two-ion species plasma. 
(In a later section we point out that the second har- 
monic damping (by the majority species) in a two-ion 
species plasma may play an important role in many 
experimental situations because of enhancement of 
the harmonic damping due to the two-ion hybrid 
resonance.) They found, as might be expected from 
the above physical .picture, that the power absorption 
by second harmonic damping is proportional to 
I E, 1' and to 1/2(k, p,)' where E+ and p, are the 
complex amplitude of the left-handed polarized 
electric field and ion Larmor radius, respectively. 
The effect of the field gradient is manifest through 
k,. (Later we encounter a situation in which the 
magnitude of complex k, is not large, but the gradient 
of E,  is very large because of rapidly varying pola- 
rization.) 

A self-consistent treatment of second harmonic 
cyclotron damping in an inhomogeneous plasma 
would require dealing with a differential equation 
of a high order. Stix [IS] introduces an alternative 
approach depicted in figure 2a. An ion moving along 
a B-field line which twists around the magnetic axis 
goes through the resonant layer twice each complete 
revolution. On each passage the ion receives a kick 
in its perpendicular energy. Between passages the 
ion loses, due to collisions, phase coherence between 
its motion and the electric field - a basis for using 
a quasi-linear diffusion coefficient to obtain time 
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evolution of the ion distribution function in spite A N T I - R E S O N A N C E  

of the monochromatic nature of the wave field. His RESONANCE 
results for the heating rates are essentially identical 
to those of Adam and Samain (but see ref. I231 1 
of ref. [18]). In a similar fashion, Perkins (see ref. 141) 1 
finds that the quasi-linear diffusion coefficient res- 
ponsible for the second harmonic damping is actually 1 
proportional to the perpendicular gradient of the 
left-handed electric field. 

The fast wave dispersion relation can be cast into 
the following. a ~ ~ r o x i m a t e  form. 

where N ,  and NII are the perpendicular and parallel 
components of Alfvvhn refractive index, N = k V,/o. 
Here, E is unity (I) and V, the AlfvCn speed. Stix [I81 
expresses the wave damping strength in terms of the 
quality factor of a resonant cavity. For the second 
harmonic and minority heating it is given respectively 
by, 

where a and r,,, are respectively the plasma minor 
radius and the distance between the cyclotron reso- 
nance layer and the magnetic axis, n,, n, and v, 
are the deuteron and proton densities and proton 
thermal speed, respectively. At high densities v / ~ / u ~  
is not too large and the minority damping is much 
stronger than the second harmonic damping. However, 
at low densities the wave phase speed is large and this 
conclusion no longer holds true. The quality factor is 
related to the wave damping length through, 

where the parallel group velocity is given by, 

Either Q or LD can be measured experimentally under 
some circumstances as discussed in the next section. 

1.2 WAVE DAMPING EXPERIMENTS. - The strength 
of wave damping can be determined experimentally 
by taking advantage of the toroidal eigenmode reso- 
nances in several ways. The oscillogram in Figure 3 
shows signals (rf envelopes) from magnetic probes 
placed within the vacuum vessel but outside the limiter 

(1) An approximation in which E is zero is sometimes used. 
This would result in the group velocity which is too small by a 
factor between 3 and 4.5 (see eq. (5)). 

FIG. 3. - Oscillogram of magnetic probe signals showing 
toroidal cavity resonance and anti-resonance. The two probes are 

located near the top and bottom of the plasma. 

radius. Sharp peaks in the envelope evidently cor- 
respond to resonances. These peaks often appear in 
pairs without a significant trough between the two 
members of the pair (see, e. g., the second and third 
peaks at 3 and 5 ms in the oscillogram). Such pairs 
are at present interpreted as mode splitting. The 
waves propagating in the opposite toroidal directions 
are affected by the poloidal magnetic field in different 
manners (except for the m = 0 mode). Consequently, 
they come into resonance at two different values of the 
plasma density. The mode splitting, first predicted by 
Perkins and Chance [19] and investigated in some 
detail by Adam and Jacquinot [20], is believed to be 
observed in several experiments [7, 101, but detailed 
confirmation has not yet been reported. Occurence 
of the mode splitting is of some practical significance. 
We first note that each member of the pair represents 
a resonance created by a unidirectionally travelling 
wave rather than a standing wave composed of two 
oppositely travelling waves. Verification of this fact 
provides important evidence for the existence of mode 
splitting. At such a travelling wave resonance the 
parallel wavelength can be determined by a simple 
phase comparison of signals from probes positioned 
at some distance apart in the toroidal direction. 
This is a much simpler procedure than determi- 
nation of the wavelength of a standing wave. Absence 
of stationary nodal and loop points also means 
more uniform heating around the torus. 

If we ascertain or assume that two neighboring 
peaks represent resonances with two adjacent toroidal 
eigenvalues within the same family of minor azimuthal 
and radial eigenmodes and hence the trough between 
the peaks represents the anti-resonance conditions, 
then the wave damping length can be determined 
from the peak-to-trough amplitude ratio as follows. 
Suppose that the antenna carrying unit rf current 
generates a wave field of amplitude u in the absence of 
toroidal effects (i. e., waves do not come back to the 
antenna location). In a toroidal geometry with dissi- 
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pation, the waves experience a complex phase shift 
ikL each time they go around the torus, where L is 
the toroidal circumference. The total field for an rf 
current of I for the waves propagating around the 
torus many times is obtained by summing an infinite 
series, 

At resonances and anti-resonances U becomes pure 
real and is given by, 

where a = exp (- ki L) and I, and I, are the rf 
current at resonance and anti-resonance. The latter 
two quantities are experimentally measurable. Here, 
we have also assumed the plasma conditions vary 
only slightly between these two points and hence the 
coupling efficiency represented by u can be regarded 
constant. Then, this quantity, which is in general not 
directly measurable, can be eliminated by forming 
the amplitude ratio at a resonance and an adjacent 
anti-resonance. Solving for the wave damping length 
we obtain, 

where y = I, U,/IR U,. The advantage of this for- 
malism is that knowledge of density variation and 
coupling efficiency is not needed. The normalized 
damping length LD/L is the number of times the waves 
go around the torus before their amplitude e-folds. 

The damping length determined [14] in this way for 
different values of toroidal magnetic field are shown 
in figure 4a. The abscissa is the major radius location 
of the cyclotron resonance layer. The density, which is 
not the same for each case due to varying toroidal 
field, is low enough (n,, = 0.4 - 0.9 x 1019/m3) 
for the m = 0 azimuthal mode to be cut-off. It is also 
experimentally verified that the prominent resonant 
peaks are the m = + 1 mode (for the field variation 
of the form exp i(kll z + m 0 - o t ) ) .  Nonetheless, 
very small amplitude modes (e. g., m = 2, etc.) may 
affect significantly the measurement of small ampli- 
tude at the anti-resonance. The values of LD/L given 
here should therefore be interpreted as a lower bound. 
Another possible source of error in the measurement 
is the amplitude variation caused by the motion of 
plasma toward and away from the probes. In order 
to partially account for these effects, the average of 
the signals from two probes located near the top and 
bottom of the plasmas is taken. 

The quality factor of the cavity can also be deter- 
mined from signals such as ones shown in figure 3. 

FIG. 4. - (a) Variation of the wave damping length nor- 
malized by the toroidal circumferrence as the toroidal field 
strength is varied. The abscissa is the major radius location of 
the second harmonic deuteron resonance layer. The region of 
the minimum damping length is asymmetric with respect to 
the nominal plasma center a t  87 cm. (6) Variation of bolometer 
signal which registers power loss through charge exchange and 
radiation. The net difference between discharges with and 
without rf pulse is plotted. The nominal extent of the plasma 
region is indicated. The outer bumper limiter is positioned at 

107 cm. 

These resonant curves are traced out by varying 
electron density rather than the wave frequency as is 
customary in Q measurements. It can be shown using 
the dispersion relation (Eq. (1)) that these two pro- 
cedures are approximately equivalent and Q can be 
calculated by, 

00 , CopiO - 2ne0 Q = - -  
Ao - Am,, An, 

where o,,, and n,, are the ion plasma frequency and 
electron density at the resonance and Ampi and 
An, are the differences in these quantities at two 
half-power points. This method requires measurement 
of very small variation in electron density, especially 
under high-Q conditions. The toroidal resonance 
is also quite sensitive to a change in density profile 
such as one caused by internal disruptions (9). 

Pronounced decrease in the damping length 
(Fig. 4a) as the cyclotron layer moves into the plasma 



region indicates presence of strong damping pro- 
cesses on or near the resonance layer. Under these 
conditions L,/L determined from the amplitude ratio 
method (Eq. (9)) is 4 - 10, which is consistent with 
Q = 20 - 40 determined from the resonance width 
method (Eq. (10)). These values are far smaller than 
theoretical predictions. The second harmonic dam- 
ping theory (Eq. 2), predicts Q 1: 1 700. The minority 
heating theory (Eq. 3), gives Q 1: 1 600 - 3 500, 
provided the proton concentration is taken to be 
3 % and vll/v, = 25 - 40. The latter ratio in these 
low density cases is calculated from the straight 
cylindrical plasma model and corresponds to the 
toroidal eigennumber of 2 - 3. Another notable 
feature of this curve is that the region of the maximum 
damping is not symmetric with respect to the magnetic 
axis at R = 87 cm and is shifted toward the larger 
major radius side. This is in contrast to prediction 
of (Eq. 2). Both of these features were also observed 
in TFR experiments (9,lO). 

Another manifestation of the asymmetry [21] is 
shown in Figure 4b. The abscissa is identical to that 
of Figure 4a. The ordinate is the output voltage of a 
bolometer facing the plasma and is proportional to 
the power loss due to charge exchange and radiation 
integrated over the period of rf heating pulse. The net 
difference between discharges with and without 
the heating pulse is plotted. A sharp peak is located 
on the larger major radius side of the magnetic axis 
where the center of the strong damping region in 
Figure 4a is also located. Under these conditions the 
rf power is evidently more efficiently absorbed by the 
ions, some of which become lost through charge 
exchange and intercepted by the bolometer. 

An additional observation made in the TFR 
experiments (9, 10) is that in a pure hydrogen plasma 
the wave damping at the second harmonic proton 
cyclotron frequency is weak and generally in line 
with theoretical expectations. In TM-1-VCh expe- 
riments (11) a controlled amount of hydrogen was 
added to a deuterium plasma and broadening of the 
resonat peaks was observed. Observations described 
in this and preceding paragraphs appear to be con- 
sistent with the notion of a two-ion hybrid resonance 
between deuterons and protons. The latter may be 
incidentally present in small quantities in deuterium 
plasmas as an imputity species. Note that the second 
harmonic deuteron and fundamental proton cyclotron 
frequencies are identical. In such a case the hybrid 
resonance layer is located near the cyclotron resonance 
layer on its high field side. For the experimental 
conditions considered here protons are the only 
minority species with a hybrid resonance within 
the plasma (see a later section for other possibilities). 
As will be seen below, effects of the additional damp- 
ing mechanisms due to the hybrid resonance can be 
strong and asymmetric with respect to the magnetic 
axis. In a predominantly hydrogen plasma, on the 
other hand, no hybrid layer exists within the plasma. 

Peaks and troughs of the toroidal resonances also 
appear in variation of the series loading resistance of 
the antenna defined as the ratio of the net rf power 
fed into the antenna to the square of its rf current. 
Signals from directional couplers measuring the inci- 
dent and reflected powers and from a probe measuring 
antenna current are fed into an analog circuit to 
display the resistance on an oscilloscope. Time evo- 
lution of the loading resistance obtained in this way 
for different levels of electron density is shown in 
figure 5 together with the central electron density 
variations. The ordinate of each of these oscillograms 
is proportional approximately - there is some ins- 
trumental error - to the loading resistance. The resis- 
tance contains power loss from the antenna not 
directly associated with radiation of the waves (circuit 
loss, wall loss caused by near field, etc.). At higher 
densities there are also more than one mode excited 
simultaneously. For these reasons it is difficult to 
obtain the damping strength reliably from these data. 
However, a qualitative trend seems clear : As the 
density increases, the resonant peaks broaden and 
finally at the highest density shown here they become 
hardly recognizable. Under these conditions the nor- 
malized damping length is probably much smaller 
than unity. In fact, the measured loading resistance 
is roughly in line with radiation resistance calculated 
for an infinite cylindrical geometry. (Because of pecu- 
liarity of the vacuum vessel shape, presence of a 
large port and bumper limiters placed near the an- 
tenna, modeling of the antenna region of ATC by 
a cylindrical waveguide is not accurate.) The ma- 
gnitude of the loading resistance (values measured 
at troughs) also increases with increasing electron 
density (14). 

1.3 Two-ION HYBRID RESONANCE. - The two-ion 
hybrid resonance was discovered by Buchsbaum [22]. 
He investigated its use for plasma heating taking 
advantage of efficient dissipation due to collisions 
among ions with different charge-to-mass ratios 1231. 
Accessibility of this resonance in inhomogeneous 
cold plasmas was examined by Stix [24]. Effects of 
this resonance in toroidal geometry was observed by 
Adam, Alvarez de Toledo and Feltin [25]. Observa- 
tion of plasma heating has been reported by Tara- 
senko, et al. 1261 and by Burchenko, et al. [27]. 
Klima, Longinov and Stepanov 1281 examined acces- 
sibility of the hybrid resonance in hot Tokamak 
plasmas. They considered possibilities of electron 
heating through a series of mode conversion processes 
and Landau damping of the fast waves. The two-ion 
hybrid resonance in Tokamak plasmas falls into a 
class of wave propagation problems in inhomogeneous 
media described by a wave equation (so called Bud- 
den's equation) with closely located resonance and 
cut-off layers. This class of problems was first inves- 
tigated by Budden [29] in connection with radio 
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wave propagation in the ionosphere. Early studies of 
absorption and reflection at an isolated two-ion 
hybrid resonance were made by Stix [30]. Swan- 
son [31] examined a mode conversion process of the 
fast wave perpendicularly incident on the hybrid 
resonance/cut-off layer and obtained absorption, 
reflection and tunnelling coefficients. He found strong 
damping of the fast waves by this process in reactor- 
like D-T plasmas. 

FIG. 5. - O~cillograms of output signals from an analog 
circuit which calculates equivalent series loading resistance of the 
antenna. Variation of the peak electron density for each case 
is also shown. The output from the circuit contain some ins- 
trumental effects and the ordinate of the oscillograrns is only 
approximately proportional to the resistance. A qualitative trend 

of diminishing toroidal resonance can be seen. 

It has been suggested that the discrepancies observed 
in the second harmonic heating experiments were 
indeed caused by the hybrid resonance due to protons 
incidentally present in deuterium plasmas. Jacquinot, 
McVey and Scharer [32] derived a Budden's equation 
for obliquely incident fast waves and showed that the 
fast wave damping observed in the TFR experiments 
could be quantitatively explained in terms of mode 
conversion damping, provided the minority proton 

13 
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density was about 20 % of that of the deuterons. 
Most recently Perkins [33] analyzed extensively 
the mode conversion processes. He calculated con- 
figurations of resonance/cut-off pairs in Tokamaks 
for varieties of D-T and D-H plasmas. Treating the 
most general case of arbitrary angle of incidence he 
investigated in detail the fate of wave energy diverted 
to short-wavelength modes and concluded that these 
modes are heavily damped and therefore cause no 
reflection of the wave energy from the boundaries. 
Under these circumstances the Budden's equation 
adequately describes absorption of the wave energy 
through the mode conversion process. 

We begin our discussion of the two-ion hybrid 
resonance by examining the fast wave dispersion 
relation (Eq. (1) is obtained from the equation below 
with further approximation.) and E-field polarization 
given by, 

where 

Here R, L, S and D are the cold plasma dielectric 
tensor elements and are given by (see Stix 1241, 
P. lo), 

where QPj = wpj/o and Oj = wj/w are respectively 
the plasma and cyclotron frequencies of the j-th 
species devided by the wave angular frequency and 
E~ is the sign of the charge. The summation x- is 

over all charged species including electrons. LA us 
designate any charged species which has the funda- 
mental cyclotron resonance layer within the plasma 
as resonant species. In the absence of such resonant 
species, R > 0, L < 0 and S < 0 in the vicinity of 
the second harmonic ion cyclotron frequency of the 

majority species and the fast wave can propagate 
(ni > 0). However, the resonant species' contribu- 
tions to L is positive on the high field sides of their 
respective cyclotron resonances. The contributions 
are sufficiently large in the immediate vicinities of the 
cyclotron layers to produce two-ion hybrid resonance 
and cut-off conditions given respectively by, 

An example of such a hybrid resonance/cut-off 
pair for a D-H plasma is shown schematically in 
Figure 6a along with variation of the dielectric tensor 
elements (Fig. 6b) and the square of the perpendicular 
refractive index (Fig. 6c) along the central chord. 
In the shaded areas of the figure 6a, c the fast wave 
is evanescent. The evanescent region between the 
hybrid resonance and cut-off is usually very thin 

FIG. 6. - (a) Geometry of two-ion hybrid resonancelcut-off 
pair in a D-H plasma (CH = 10 %). The Tokamak center is to 
the right of the figure. In the shaded regions the fast wave is 
evanescent. (b) Variation of the cold plasma dielectic tensor 
elements along the meridian chord for the case shown in (a). 
(c) Variation of the square of the perpendicular refractive 

index. 
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and the waves can tunnel through this region with 
only partial reflection and absorption. The first 
laboratory observation of this Budden tunnelling 
effect was probably made by Yoshikawa, Rothman 
and Sinclair [34]. In these experiments the ion cyclo- 
tron waves were found to tunnel through a magnetic 
beach region due to the presence of a small con- 
centration of H: in a predominantly Hf  plasma. 

In the following sections two different consequences 
of the hybrid resonance are discussed : enhancement 
of the second harmonic cyclotron damping and linear 
mode conversion. 

1 . 4  ENHANCED CYCLOTRON HARMONIC DAMPING. 
- The two-ion hybrid resonance layer lies between 
the fundamental cyclotron resonance layers of the 
two ion species. If one species is a minority, the 
hybrid layer lies close to the cyclotron layer of that 
species. In such a case the strength of the hybrid 
resonance is modified by the fundamental cyclotron 
damping due to the minority species. The case of a 
deuterium plasma with a small concentration of 
protons represents a more complicated situation, 
because of the degeneracy of the fundamental proton 
and second harmonic deuteron cyclotron resonances. 
Here, the second harmonic damping may be pro- 
foundly influenced by the proximity of the hybrid 
resonance. This can be seen qualitatively by exami- 
ning the polarization of the wave E-field near the 
hybrid resonance in the cold plasma approximation. 

From eq. (12) the left- and right-handed components 
of the electric field normalized by iE, is given by, 

At a two-ion hybrid resonance (H = 0) Ex -+ co 
and the field is linearly polarized in the x-direction 
(i. e., the waves are electrostatic). Both E+ and E- 
are infinite. At a hybrid cut-off (G = 0) p = + 1 
and the field is purely left-hand polarized. The pre- 
sence of the hybrid resonance produces another spe- 
cial point at which the polarization takes on a par- 
ticular value : At a point where D = 0, p = 0 and 
the field is linearly polarized in y-direction. Finally, 
at a cyclotron resonance (L = co), p = - 1 and the 
polarization is purely right-handed. These variations 
are shown in Figure 7 along with the direction 
of the E-field vector. Over a small distance from 
the hybrid to the cyclotron resonance, therefore, E+ 
component varies from infinity to zero. This is 
in contrast to the situation without any resonant 
species in which E+ component is but a small fraction 
of the total field and varies only slowly over the region 
of the fast wave propagation. We now recall that the 
strength of the second harmonic heating is propor- 
tional to I grad E+ 1' and that the cyclotron damping 
takes place in the cyclotron layer of small but finite 
thickness due to thermal effects. We are then led to 

FIG. 7. - Polarization of the fast wave electric field near 
two-ion hybrid resonance. Rotation of the E-field vector is 
also indicated (B-field is upward). Rapid variation of the pola- 
rization over a small distance between the hybrid and 
proton cyclotron resonance is notable. A cold plasma with 

nee = 2.5 x 1019/m3, CH = 3 % and rill = 12 are assumed. 

consider the possibility that the second harmonic 
damping strength may be considerably greater in 
two-ion plasmas than in one-ion plasmas which 
have no hybrid resonance. Of course, these same ther- 
mal effects reduce the strength of the hybrid resonance 
and E+ there is finite. The question is how strong 
is the influence of cyclotron damping in reducing 
the strength of hybrid resonance and how strong is 
the influence of the hybrid resonance in modifying 
the field structure and hence the strength of the cyclo- 
tron damping. 

None of the theoretical works mentioned in the 
previous section obtained explicit solutions to a 
boundary value problem to examine the field structure 
inside the plasma in the presence of the hybrid 
resonance. This section presents some preliminary 
results from an analysis in a simple slab geometry. 
The geometry and the coordinate systein are 
shown in Figure 8. A Tokamak-like field variation 
(B = B, .KO/&) and parabolic electron density and 
ion temperature profiles are assumed. Numerical 
examples given below are for R, = 0.9 m, the slab 
half-width, a = 0.17 m and the central electron 
density, n,, = 2.5 x 1019/m3. The origin of the (x, 
y, z) coordinate system is located at the center of the 
slab with x-axis in the direction of inhomogeneity 
pointing toward the high field side. B-field is in the 
positive z-direction and all variations in y-direction 
are ignored. The quantity 5 = k, x = (ole) x is a 
normalized coordinate and its origin may be left 
arbitrary at the moment. 
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Hybrid Resonance 

FIG. 8. - Slab geometry for boundary value problem. The 
staitc B-field is in the positive z-direction (upward) and x-axis 
points to the high field side. Parabolic electron density and ion 
temperature profiles and a Tokamak-like B-field variation 

are assumed. 

In this analysis thermal effects are treated in lowest 
order. All non-resonant species (e. g., deuterons, 
electrons, etc.) are treated in cold plasma approxima- 
tions and the resonant species (e. g., protons) include 
thermal effects only in motion along the B-field. 
The cold electron approximation may be justified 
for small present-day Tokamaks, but may be poor for 
larger and hotter plasmas. Inclusion of the electron 
thermal effects would further reduce the strength of 
the hybrid resonance through electron transit time 
and Landau damping. Finite Larmor radius effects 
are ignored. Hence the results include fundamental 
cyclotron damping due to resonant species but not 
the harmonic damping due to non-resonant species. 
The latter will be estimated in the same spirit as 
Stix's analysis 1181 from the calculated field struc- 
ture. The resonant species' contributions to the die- 
lectric tensor are two-fold : their real part is respon- 
sible for the hybrid resonance and the imaginary 
part for the cyclotron damping. The dielectric tensor 
under these conditions (see, e. g., Stix [24], p. 192) 
can be shown to have the same form as that of a 
cold plasma in that xz, yz, zx and zy components are 
zero. The remaining terms have both real and imagi- 
nary corrections. The differential equation for wave 
propagation then reduces to the following form. 

where nr and p, are complex perpendicular refractive 
index and polarization. These latter two quantities 
reduce respectively to Eqs. (11, 12) in the low tempe- 
rature limit. KR, KL, K, and Kx are warm plasma die- 
lectric tensor elements and are given by, 

KR = R (26) 

where summations C' and C" are over all non-reso- 
u Y 

nant and all resonant species, respectively, and Z 
is the plasma dispersion function. KR has no signi- 
ficant resonant species contributions and is identical 
to its cold plasma counterpart (Eq. 16). 

Since K, is now complex, the denominator of the 
right hand side of eq. (24) does not necessarily vanish. 
We define existence of strong hybrid resonances by 
vanishing of the real part of the denominator. 

The maximum value of the real part of the dispersion 
function, Z(a5 I), is 1.082 (see, e. g., Stix [24], Figure 
8-I), The condition can then be cast into the following 
form : 

ion 

where summation C' is now over non-resonant ions 
u 

only. For a D-H plasma the condition in terms of 
proton concentration (with respect to electron density) 
is given by, 

From this equation we see that for any given value 
of CH the strong resonance disappears, if : (1) rill 
becomes large, (2) density becomes small or (3) tem- 
perature becomes high. The first case was also noted 
by Jacquinot, Scharer and McVey [32]. For 

Ti = 200 eV, n, = 2.5 x 1019/m3 and nil = 20, 

eq. (33) gives n,/n, > 5 %. We are primarily interested 
in cases in which CH is comparable to or smaller 
than the limiting value given by this equation. The 
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resonance is therefore weak and the perpendicular 
wavelength remains of the same order as the parallel 
one. This provides justification for neglecting xz, 
yz, zx and zy elements of the warm plasma dielectric 
tensor. 

Vanishing of the complex electric field, E,, at 
conducting boundaries provides boundary condi- 
tions for Eq. (23). Complex eigenvalues for nu are to 
be found. For each value of nil the field structure 
can then be calculated. The eigenvalue search and 
field calculations were done numerically and some 
examples for conditions, that may approximate high 
density ATC experiments are shown in Figure 9. 

FIG. 9. - (a) Variation of Ez-component of the wave electric 
field across the slab for three different values of B : One for 
which the proton cyclotron resonance falls at the plasma center 
(90 cm) and two others for which the resonance is displaced by 
6 cm on either side of the center. The slab half-width is 17 cm. 
The hybrid resonance has only small effects on Ez, but they 
are asymmetric with respect to the center. (b) Variation of 
E+-field for the same three cases. The hybrid resonance has 
strong effects on E+. Note the appearance of a very steep gradient 

between the hybrid and cyclotron resonance layers. 

The top figures are variations of Ex across the slab 
for three different values of magnetic field : One for 
which the proton cyclotron resonance is located at 
the center and two others for which the resonance is 
displaced by 6 cm on either side of the center. The 
lower figures are variations of the left-hand polarized 
E-field for the corresponding three cases. Locations 
of the ion cyclotron (ICR) and two-ion hybrid (HBR) 
resonances are indicated in these figures. (The latter 
for these weak resonances is defined as. the location 
of the minima of the real part of K, - ni.) Effects 
of weak hybrid resonances appear as small bumps 
on Ex-curves (E, is little affected). The effects are 
stronger on the low field side of the axis, evidently 
as a result of the fact that the field and density gra- 
dients are in the same direction there. However, 
influence of the hybrid resonance on the E+-field 
is significant. Compare CH = 0 and 3 % cases shown 
in the lower central figure. This is a consequence 
of the fact that the field polarization is strongly altered 

by the hybrid resonance. Particularly noteworthy 
here is the appearance of a very steep gradient of 
the E+-field over a narrow region between the cyclo- 
tron and hybrid resonances. In the case shown in the 
lower left figure the gradient in this region is enhanced 
by one order of magnitude over the value obtained 
without hybrid resonance. Then, in the spirit of 
Stix's analysis [IS] discussed earlier, the deuteron 
second harmonic damping could be enhanced by 
two orders of magnitude. (For that matter, any 
species whose cyclotron harmonic resonance falls 
in this region would have greatly enhanced effects on 
wave damping.) With such great enhancement this 
mechanism could possibly account for the observed 
strong damping of the fast wave. We also note that 
the region of cyclotron damping must extend on the 
high field side considerably further than indicated 
in Figure 2a. In order to obtain the precise enhance- 
ment factor, the damping strength must be integrated 
over the width of the resonant region, but this has 
not yet been done here. Also omitted from conside- 
ration is a possibility that this strong harmonic damp- 
ing might reduce the strentgh of the hybrid resonance 
further which in turn would moderate the harmonic 
damping strength. The same can be said of the electron 
transit time and Landau damping. Nonetheless, it is 
clear that the cyclotron harmonic damping strength 
in a two-ion plasma can not be evaluated properly 
without giving considerations to the effects of the 
hybrid resonance. 

The normalized damping length computed from 
the imaginary part of the eigenvalue is plotted in 
Figure 10 as a function of the major radius location 
of the proton cyclotron resonance (CH = 3 %). 
It must be noted that this represents only the minority 

FIG. 10. - Normalized damping length as a function of the 
location of the proton cyclotron resonance layer. The damping 
is due to proton cyclotron damping (minority heating) only. 
The curve labeled w/o HBR is without influence of the hybrid 
resonance. The hybrid resonance enhances the damping some- 

what and accentuates the asymmetry. 
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heating (proton fundamental cyclotron damping). 
The curve again exhibits an asymmetry with respect P = 

(R - ni)2 - - (ko RHB) (R - n;)2 

to the plasma center. As a comparison a few cases -%I  2 ( ( n : - l ) + r  
without the hybrid resonance (the real part of the d t  ,=o i (1 - Q:)' 
resonant species contribution to K, in Eq. (27) is 
set equal to 0) are also shown in the same figure = P2 

1 
2(R - ' 

(36) 
labeled as w/o HBR). Beyond enhancing the minority 
cyclotron damping by a factor up to two or so, the 
effect of the hybrid resonance is to accentuate the 
asymmetry. In figure 11 the damping length is plotted 
as a function of the proton concentration. The damp- 

FIG. 11.  - Dependence of the normalized damping length on 
proton concentration. 

ing length is well over unity for the range of proton 
concentration presented in the figure. Thus even with 
the enhancement by the hybrid resonance the minority 
cyclotron damping alone does not seem to be able to 
account for the observed strong damping and disap- 
pearance of toroidal eigenmodes. 

1.5 DAMPING DUE TO MODE CONVERSION. - In 
the opposite limit of high resonant species con- 
centrations the hybrid and cyclotron resonance layers 
are well removed from each other and the cyclotron 
damping in the vicinity of the hybrid resonance layer 
may be ignored. Then the governing wave equation 
is again Eq. (23), but with ne replaced by its real 
counterpart, n, (Eq. (11)). The resulting physical 
model is identical to the one employed by Jacquinot, 
McVey and Scharer 1321 and is considerability sim- 
pler than the model used by Perkins [33] who treated 
a more general case with k,, # 0. Here, we derive some 
analytical expressions for Budden's parameters and 
wave damping strength. For this purpose it is now 
convenient to fix the origin of the {-coordinate at the 
hybrid resonant layer. The equation then takes the 
form, 

The summation in Eq. (35) is over all ions. RHB is 
the major radius location of the hybrid layer and R, 
Qpi and Qi are to be evaluated there. The quantity 
p2/1' represents the asymptotic value of n: and 
- y2/p the thickness of the evanescent layer between 
the hybrid resonance and cut-off (Fig. (12)). As 

FIG. 12. - Significance of Budden's parameters. A plot of 
the perpendicular refractive index squared against the norma- 
lized coordinate is shown in the vicinity of the hybrid resonance. 
j P / q 2  is the asymptotic value of ni, and - qz/B is the thickness 

of the evanescent layer between the resonance and cut-off. 

shown by Budden [29] the waves incident from the 
high field side are partially transmitted and partially 
absorbed. The transmission coefficient and the frac- 
tion of energy absorbed are given respectively by, 

The waves incident from the low field side are partially 
transmitted, reflected and absorbed with transmission 
and reflection coefficients and the fraction of energy 
absorbed given respectively by, 

Budden's parameters, P and r ] ,  can be obtained by 
expanding the hybrid resonant function, H (Eq. 15), A L =  1 - I TLI2 - I RLI2 = e-n4(l - e-nrl) 
into a Taylor series and retaining only the first term : (41) 
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It was pointed out by Stix 1351 that the important 
quantity, r, is the thickness of the evanescent zone 
measured in the units of the asymptotic wave number. 
In Figure 13a the Budden's parameters are plotted 
as a function of proton concentration. Note that y 

exp (-nq) x I0 

FIG. 13. - (a) Dependence of Budden's parameters on proton 
concentration. The location of the cyclotron layer is k e d  a t  
the plasma center (90 cm) and the concentration is varied 
(nee = 2.5 x 1019Im3, rill = 12). Fall-off of ji' and q at hish 
values of CH is due to lower densities a t  the hybrid layer. 
(b) Variation of Budden's parameters as the cyclotron resonance 
moves across the plasma. Asymmetry of variation with respect 

to the center is again noticeable. 

and hence the absorption is small unless the proton 
concentration exceeds 10 %. (Here, the proton cyclo- 
tron layer is fixed at the plasma center and therefore 
the hybrid layer moves toward the low density plasma 
edge as C, increases. Fall-off of P and y at high 
concentrations is due to lower densities at the hybrid 

FIG. 14. - Simplified boundary value calculations based 
upon Budden's tunnelling factor. Plane waves bounce back 
and forth between two reflecting boundaries and progress also 
in z-direction. Each time they go through the hybrid layer they 

suffer absorption of a part of theri energy. 

(Fig. 14). Starting, e. g., from the high field side 
boundary, the energy remaining in the waves after 
one complete transit (back and forth crossing the 
resonant zone twice) is given by (1 - (1 - Ad A ~ ) .  
If the wave amplitude e-folds after m such transit, 
then m is given by, 

For each transit the waves travel in parallel direction 
a distance d = 4 anll/EL where B, is to be averaged 
over the slab width 2a. The normalized damping 
length can then be calculated crudely (In this analysis 
the fate of the wave reflected at the hybrid layer is 
ignored.) from, 

Using exp (- n y) = 0.6 from Figure 136 and 
- n,/nll = 312 (') we obtain &/L = 2 which is close 
to the value for minority heating obtained at the 
end of the previous section. Thus in order to explain 
experimental observations (&/L < 1) in terms of 
mode conversion damping we must assume a proton 
concentration substantially greater than 3 % used here. 

layer. g he latter is nearly 10 cm away from the 1.6 RESONANT LAYERS IN TOKAMAKS. - Tokamak 
cyclotron layer at CH = 20 %.I Variation of the plasmas contain in general a variety of impurity 
parameters as the cyclotron layer is n~oved across ions in different states of ionization. Therefore, for 
the plasma region is shown in Figure 1% for CH = 3 %. any set of operating conditions there may be many 
The asymmetry characteristic of the hybrid resonance 
can again be seen. 

We may regard the boundary value problem treated ( 2 )  For this small concentration nf is strongly complex near 

in the previous section as damping of a plane wave the hybrid layer. The maximum value of its real part is of the 
order of 600, instead of the asymptotic value 2200 calculated bouncing back and forth between reflecting from Budden's parameters. If we use an average value of 

boundaries while also progressing in z-direction n i  = 450, then we obtain L ~ / L  = 4.5. 
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impurity species with their fundamental cyclotron 
resonance layer within the plasma region. The result 
would be the existence of a multitude of hybrid 
resonances between these ions and the majority 
ion species. It must be remembered in this context 
that the minority species concentration enters into 
equations as ion plasma frequency. A small concen- 
tration of multiply charged impurities can therefore 
have important effects on wave damping and heating. 
For convenience in identifying these ions for any given 
operating ranges, a chart in Figure 15 is prepared. 

I ATC 

Frc. 15. - Cyclotron and cyclotron harmonic resonances of 
various ions. The ordinate is the ratio of the atomic weight to 
the electronic charge number of ions. The abscissa is the loca- 
tions of the resonances in terms of the normalized major radius, 
normalized B-field or normalized frequency. The condition for 
the n-th harmonic resonance is given by y = n/x.  The range- 
bars and a circle with ATC, PLT and TFTR indicate examples 

of the use of this chart (see text). 

Several plasma ion species and commonly found 
light impurities are indicated along the y-axis, which 
is the dimensionless mass-to-charge ratio. The 
x-axis is either frequency, magnetic field or major 
radius location all normalized by their respective 
values for the proton cyclotron resonance. The 
n-th harmonic resonant condition is satisfied for 
y = n/x. The location or the range for the resonance 
in terms of frequency, field or radius can be con- 
veniently found from this chart. For example, for 
TFTR (R, = 2.5 m, a = 0.85 m) operating at 
B = 4.5 T with rf frequency of cc, = 2 .n x 25 MHz, 
what kind of resonances can be found in the plasma ? 
We first calculate the normalizing factor. At 25 MHz 
a proton is resonant at 1.64 T. Therefore, 

The inner and outer edges of the plasma are at 1.65 m 
and 3.35 m. Then, JZIR(QH = 1) = 0.241 - 0.488. 
This range is indicated in the figure by a circle labeled 
TFTR. If the device is run with a D-T plasma, we 
see that between the triton and deuteron resonances 
there are many light impurity ions resonant at their 
fundamental frequencies all with associated two-ion 
hybrid resonances with deuterons. Thus a study of 
physics of heating under such conditions would be 
extremely complicated. In this regard use of a hydro- 
gen and 3H, mixture suggested by Perkins [33] is 
interesting : The second harmonic of 3 ~ z  + cyclotron 
frequency is not degenerate with the fundamental 
proton cyclotron frequency. Furthermore, there are 
no other elements between the fundamental cyclotron 
frequencies of the two elements to complicate the 
picture (Fig. 15). Wave damping experiments with 
this mixture should help resolve many of the ques- 
tions that arose from D-H experiments. Another 
example shown in the figure is for PLT (R = 1.3 m, 
a = 0.4 m) operating at 3.5 T. What are the resonances 
that come into the plasma, if rf frequency is varied 
from 40 to 60 MHz ? The plasma edges are at 0.9 and 
1.7 m and the fields there are 5.06 and 2.68 T, respec- 
tively. The normalization factor o, at these values 
of B are 2 n x (77.1 and 40.8 MHz), respectively. 
We therefore find the range to be o/o, = 0.99 - 1.47, 
which is shown in the figure by a range bar labled 
PLT. Similarly, the range of resonant species that 
crosses the inner edge of ATC plasma, if the B-field 
is varied by 0.4 T around the central value of 1.5 T is 
indicated in the figure. 

2. Ion heating experiments in ATC. - Ion heating 
experiments at high rf power levels have been con- 
ducted earlier in several devices (7, 11, 12, 13, 15). 
Although encouraging results were obtained in that 
the ion energy distribution could be significantly 
affected by the TCRF heating, ion temperature dia- 
gnostics in these experiments were limited and the 
nature of the observed heating was not thoroughly 
studied. Before a conclusion is drawn on the ability 
of ICRF in heating Tokamak plasmas, it must be 
decided whether rf energy is deposited in : (1) the 
core or edge of the plasma, (2) the bulk or tail of 
the ion distribution, (3) perpendicular or parallel 
degree of freedom and (4) the majority or minority 
ion species. In the latest experiments in ATC (17) 
the nature of the observed heating was investigated in 
detail using several diagnostic techniques. Another 
important difference in the ATC experiments is that 
the rf heating pulse was applied over a period con- 
siderablly longer than various ion relaxation times 
(equipartition, deflection times, etc.) and the heating 
at the pulse end could be more reliably assessed. 

Details of the ATC device can be found elsewhere 
(Bol, et al. [36]). The experiments are conducted in 
deuterium plasmas at central electron densities of 

R(QH = 1) = 2.5 x 4.511.64 = 6.86 m . 0.5-3.5 (typically 2.5) x 101'/m3 and toroidal magne- 
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tic induction typically of 1.7 tesla. The antenna is 
made of a 135-degree arc-shaped copper strip, 1" x 114" 
in cross-section, encased in a ceramic sheath (Macor 
machinable glass ceramic) and is protected from direct 
contact with the plasma by a pair of stainless-steel 
bumper limiters (Fig. 1). The limiters are separated 
by a distance of 20 cm in the meridian plane (The 
indentations in the limiters are for the purpose of 
accommodating other experiments). The terminating 
capacitor is tuned to bring the virtual ground to the 
antenna mid-point. The impedance matching is 
accomplished through the tuning capacitor and two 
stub tuners (not shown in the figure). The rf power 
level (maximum peak power approximately 200 kW) 
droops considerably during the pulse and all values 
quoted below refer to the time average. The maximum 
rf energy input into the plasma is limited by occurence 
of magnetohydrodynamic (MHD) oscillations that 
often lead to plasma disruption. At high rf power 
levels titanium gettered surfaces (Stott, Daughney 
and Ellis [37] are used to avoid the disruption. When 
m = 2 MHD oscillations are excited, various indi- 
cations of deterioration of ion energy confinement 
are observed (21). In all of the heating experiments 
reported below the rf power and plasma parameters are 
adjusted to avoid m = 2 MHD oscillations. However, 
the rf generator frequency (fixed at 25 MHz corres- 
ponding to the second harmonic deuteron cyclotron 
frequency at 1.64 T) is matched well to the ATC 
device and the experiments can be conducted under 
favorable discharge conditions. Principally for this 
reason, the maximum rf energy input is one order 
of magnitude greater than for the ST experiments (7). 

2.1 ION TEMPERATURE DIAGNOSTICS. - The prin- 
cipal ion temperature diagnostic is a three-channel 
charge exchange (CX) neutral particle analyzer 
aimed perpendicularly (perpendicular temperature) 
at the plasma. There is also a one-channel CX ana- 
lyzer viewing the plasma in the direction tangent to 
the torus (parallel temperature). These analyzers 
are not capable of discriminating mass differences and 
hence their signals contain contributions'not only 
from deuterons but also from minority protons. An 
oscillograph of the perpendicular analyzer output 
and an exaniple of energy spectrum are shown in 
figure 16. At high energies the spectrum is distortedt 
by the presence of a tail created by the rf fields. Inter- 
pretation of the CX spectra is complicated, because 
the high energy part of the spectra that would ordi- 
narily be used to determine the ion temperature in 
the plasma interior (Parsons and Medley [38]) would 
now give temperatures too high as a measure of the 
thermal content of the ion species. The CX spectrum 
for the rf-on case in figure 16 is fitted with two straight 
lines by the least-squares method. The fit in the low 
energy part (900-1 950 eV) is used to determine 
body temperature and the one in the high energy 
part (3 000-4 500 eV) tail temperature. The body 
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FIG. 16. - Perpendicular charge exchange neutral spectra 
with and without an rf pulse. The inset shows an oscillograph 
of three-channel charge exchange analyzer signals (inverted) 
(5 ms/div.) : the analyzer settings are from top to bottom, 

1 .I25 2.24 and 4.5 keV. 

temperatures are used to evaluate the amount of 
heating. 

Impurity ions of given states of ionization are 
concentrated within narrow annular regions in 
Tokamak discharges determined primarily by the 
electron temperature. Moreover, these ions are 
strongly coupled thermally to the majority deuterons 
through frequent collisions. Thus a radial ion tem- 
perature profile can be determined by measurement 
of impurity ion temperatures. The latter may be 
obtained through spectroscopic Doppler width mea- 
surements of line emissions from impurity ions. It 
should be noted that the Doppler profile is deter- 
mined by ions in the thermal (not the tail) part of 
the distribution. Temperatures of OVII, CV and CIV 
(see Fig. 17a) near the end of the rf heating pulse 
(P,, -- 72 kW) are measured by a monochrometer 
equipped with a vibrating LiF plate, which rapidly 
scans the Doppler profile (Suckewer and Hinnov [39]). 
The radial locations of the annuli determined from 
the diffusion velocities and ionization times of these 
impurities [39] are indicated by the horizontal bars 
and the extent of shot-to-shot variation by the vertical 
bars. A factor of two uncertainty in the values of the 
rate constant and diffusion velocity would affect the 
radial positions by less than 1 cm. These impurity 
temperatures are compared with the CX body tem- 
perature. Detailed studies of the CX signal source 
function, using the neutral density profile calculated 
by Stott [40], indicate that the measured CX tempe- 
rature represents an average over the inner half of 
the plasma. A probable profile suggested by these 
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measurements is shown in Figure 17a by a solid curve 
and a profile similarly determined for a discharge 
without heating by broken line. All temperatures 
in the figure, except that of CIV, increase in response 
to application of the heating pulse. 

FIG. 17. - (a) Radial profiles of ion temperature determined 
from various temperature measurements : . charge exchange, 

OVII, A CV, v CIV : Open symbols without and solid sym- 
bols with rf heating (6) Charge exchange temperature (solid 
lines) and neutron temperature (@ with and 0 without rf 

heating) in discharges compressed at 30 ms. 

The narrower profile with rf (Fig. 17a) is believed 
to be a result of peripheral cooling due to additional 
influx of impurities caused by the heating pulse. The 
same influx is thought to be responsible for the obser- 
ved electron density increase which is typically about 
30 % but which may vary greatly depending upon 
plasma conditions. (The fractional increase is smaller 
at higher densities.) Intensities of carbon impurity 
lines increase substantially during the heating pulse. 
However, it is not clearly understood at present 
whether this influx alone is responsible for the obser- 
ved density increase. 

The third method used to determine ion temperature 
makes use of neutron counting (neutron temperature). 
Upon termination of the rf pulse, the plasma is 
compressed to higher temperatures and densities. 
The neutron temperatures are determined assuming 
a deuteron defficiency of 0.5 and are compared with 
the CX body temperatures in Figure 17b. Because of 
high densities (> and consequent short 
relaxation times (< 1 ms), the ion distribution should 
become nearly Maxwellian within a few milliseconds 
after compression. Thereafter, neutron production 
by high energy tail ions should be negligible. More- 
over, the CX ion temperature in the plasma interior 
can be determined more reliably using higher energy 
part of the spectrum. Reasonable agreement bet- 
ween the neutron and CX temperatures is demons- 
trated in the figure. The temperatures reached after 
compression are also in agreement with predictions 
of the adiabatic toroidal compression theory (36) 
indicated in the figure by the lines marked A. T. C. 

The CX diagnostics, which can be used in both 
gettered and ungettered discharges with or without 
compression, are the most convenient technique 
and are used to determine ion heating under various 
conditions. A typical example of the temporal varia- 
tion of the perpendicular body temperature is shown 
in Figure 18a for discharges with and without an rf 
pulse (P,, 1: 72 kW). After termination of the heating 
pulse the temperature relaxes to the value without 
rf in a time consistent with the calculated ion-energy 
replacement time. Thus, the rf heating causes no 
significant change in the ion-energy confinement, 
and the heating is attributable to the rf power input 
and not to a change in Ohmic heating caused by 
impurity influx (7). The parallel body temperature 
exhibits a somewhat higher value, but its temporal 
evolution is essentially the same. 

FIG. 18. - (a) Evolution of perpendicular temperature : 
with rf heating, 0 without rf heating ; (b) Incremental tem- 

perature rise attributable to rf heating : The abscissa is time- 
averaged rf power divided by total number of ions in the device 

(in units of 1019). 

Figure 18b shows the temperature increase attri- 
butable to a 10-ms rf heating pulse. The rf power 
plotted along the abscissa is normalized by the total 
number of ions in the device (calculated on the basis 
of a parabolic ion density distribution). A broken 
line is drawn through the experimental points by the 
least-squares method to indicate an upward trend of 
the temperature rise with increasing rf power per ion. 
The maximum heating results in a 200-eV increase 
in the ion temperature at an average rf power of 
145 kW. An ion heating efficiency may be defined as 
the ratio of the measured to theoretical ion energy 
increase at the end of the heating pulse. The theoretical 
value taking account of the finite ion-energy confine- 
ment time, z, is given by zP(1 - exp - tlz). Here 
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P and t are the rf power and pulse length, respectively. 
In calculating the ion energy increase radial profiles 
of the ion density and temperature are assumed to be 
parabolic. The CX body temperature is taken to be 
the peak temperature (This may be an underestimate- 
see figure 17a). The efficiency ranged from 10 to 
40 %. 

2.2 FAST ION SLOWING-DOWN PROCESS. - Addi- 
tional information on the location of the observed 
heating can be obtained from detailed examinations 
of the CX signals. If the heating were confined within 
the plasma periphery, the dominant ion loss would 
be through uncontained drift orbits with a time cons- 
tant comparable to the bounce time (6 0.1 ms) around 
the banana orbits. The CX signals, especially at high 
energies (say, 3-4.5 keV), would then decay rapidly 
after termination of the heating pulse. On the other 
hand, if the observed signals originate from the 
central core (say, rla < 0.3) the governing fast-ion 
depopulating process is the slowing-down due to the 
ion and electron drag. Thus comparison of the obser- 
ved signal decay time with theoretical predictions 
provides a clue to the origin of the heated ions that 
undergo charge exchange and are intercepted by the 
analyzer. 

We consider relaxation of a small number of fast 
ions slowing down on a steady background plasma. 
The fast ion distribution, f, is assumed to remain 
isotropic throughout the process. This assumption 
is consistent with experimental observations : The 
tail part of the ion distribution tends to be more or 
less isotropic (especially at high densities), presumably 
due to fast deflecting collisions with impurity ions. 
A continuity equation in the velocity space is then, 

Writing out the operator in the spherical coordinates 
and applying the isotropy assumption leads to, 

where E = 112 mi u? is the kinetic energy of an ion. 
The rate of energy loss due to the electron and ion 
drag is given by Stix [41], 

where E, and t, are respectively the critical energy and 
slowing-down time on electrons. Note that the critical 
energy is of the order of 5 keV and hence both the 
electron and ion drag terms are important in the 
present situation. Upon substitutions, z = 3 t / t ,  and 
w = ( ~ / e , ) ~ / ~ ,  the equation takes the form, 

The initial condition is, 

where q(w) is an arbitray function of w. Eq. (47) 
can be integrated by an elementary method (see, 
e. g., Hildebrand [42]) and the solution is given by, 

f(z, w)  = er q[(1 + w) e" - 11 . (49) 

The tail part of an ion distribution measured at the 
end of an rf pulse is represented by a polynomial. 
It is used as an initial distribution (Eq. 48) and the 
fast ion relaxation is caIcuIated from Eq. (49). In 
Figure 19a the CX signal decay process inferred from 
the calculated fast ion relaxation is compared to the 
experimental observation at one value of energy. 
In Figure 19b theoretical and experimental half- 
widths (CX signal decay time to half-height) are 
shown for a range of energies. Good agreement shown 
in these figures is a further indication that the ion 
heating occurs in the central core of the plasma. 

0 I I I 

30 3 2 34 2 1 3.3 4 5 
I 0- 
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FIG. 19. - Charge exchange signal relaxation process after 
termination of the rf pulse. 3 is the CX signal amplitude nor- 
malized by its value at the pulse end. Theory is shown by solid 
curves and experiments by : (a) time evolution at E = 2.7 keV 

(b) Decay time to half-value against energy 

2.3 INFLUENCE OF PROTON IMPURITY. - Examina- 
tion of the time evolution of the CX signals and 
temperatures during the early phase of the heating 
pulse (see Figures 16 and 18a) reveals some anomalies : 
Initially they rise rapidly, sometimes exhibiting a small 
overshoot, and come to saturation well before the 
time expected from the ion energy replacement time. 
These anomalies can be best explained in terms of 
spurious effects of the impurity protons which can 
not be discriminated by the CX analyzers used in the 
present experiments. The impurity protons have 
equipartition times (Spitzer 1431) short (0.1 ms at 
body temperatures and 2 ms at tail temperatures) 
compared to the ion energy confinement time (5-11 ms) 
and their main energy loss is rapid power transfer 
to the deuterons. If the protons absorb rf power 
directly, then they may be heated, due to their small 
thermal inertia, to temperatures much higher than 
deuterons and within a few equipartition times 
quickly come to a saturation temperature determined 
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by the instantaneous power level. During this early 
phase the CX signals contain disproportionately 
large contributions from the protons despite their 
small concentration and the temperature determined 
from these signals is an overestimate of the true 
thermal energy content of the ion species. The situa- 
tion changes, however, as the deuterons heat up and 
the proton temperature falls due to the drooping rf 
power, and at the end of the pulse the proton con- 
tribution becomes negligibly small. The fact that the 
CX body temperature decays with a time scale con- 
sistent with the ion energy confinement time rather 
than the much shorter equipartition time is evidence 
that the non-thermal protons have negligible influence 
on the CX body temperature determination at the 
end of the heating pulse. It should also be noted that, 
because the heating pulse is much longer (10 ms) 
than the equipartition time, the protons would give 
up to the deuterons most of the energy they recieved 
from the rf fields. In order to test the validity of this 
hypothesis a model for the equipartition process is 
constructed based upon equations simular to those 
given by Spitzer [44] but including effects of the 
finite energy replacement time and the rf power 
input. Numerical integration of these non-linear 
equations indicates that the anomalous features 
mentioned earlier can be explained by this model. 

From measurements described in the preceding 
sections it appears reasonable to conclude that the 
observed heating represents increase in thermal 
content of the majority deuterons. However, an 
important question still remains unanswered in a 
satisfactory manner : Do the deuterons themselves 
absorb power from the rf wave field or are they 
heated indirectly through energy exchange with 
protons ? In experiments in the T-4 device (12, 13), 
in which a mass-discriminating CX analyzer was 
used, heating of protons by the wave field was clearly 
observed, while deuteron CX spectra were affected 
only through peripheral heating by the near field of 
the antenna. In these experiments, however, substan- 
tial rf power could be coupled into the plasma only 
during occurence of toroidal eigenmode resonances 
(Sokolov [45]). The duration of each resonance (a 
few hundred microseconds) was much shorter than 
either the deuteron-on-proton equipartition time or 
the deuteron heating time. While these experiments 
clearly establish direct power absorption by the pro- 
tons, no definite conclusion can be drawn on the 
behaviour of the deuterons. Further experiments at 
sustained high power level using mass-discriminating 
analyzers would help clarify the details of the heating 
process. 

3. Concluding remarks. - There are a number of 
experimental indications which support the view 
that the two-ion hybrid resonance plays an important 
role in ICRF heating of a deuterium plasma. They 
are : (1) damping strength in deuterium plasmas 

at the second harmonic deuteron cyclotron frequency, 
which is much stronger than expected, (2) damping 
strength in hydrogen plasmas at the second harmonic 
proton cyclotron frequency, which is weak and roug- 
hly in line with expectations, (3) dependence of 
damping on amount of hydrogen gas injected, 
(4) asymmetry of damping curve, (5) asymmetry 
of charge exchange loss. 

From theory we find : (6) Inclusion of two-ion 
hybrid resonance makes various damping mechanisms 
including proton cyclotron, deuteron second harmo- 
nic and mode conversion damping all asymmetric 
with respect to the plasma center. (7) Proton cyclotron 
damping appears insufficient to explain the observed 
damping strength. (8) Mode conversion damping 
appears to be sufficiently strong to explain experi- 
mental results, provided that proton concentration is 
high. (9) Enhanced second harmonic damping due 
to proximity of two-ion hybrid resonance may be 
strong enough to account for the experiments at 
modest values of proton concentration. 

From these observations it appears reasonable to 
conclude that the two-ion hybrid resonance has 
important influence on ICRF heating of a deuterium 
plasma. However, details of the mechanism with 
which the resonance affects the wave damping seem 
not yet clearly established. As a consequence an 
important question whether deuterons absorb energy 
directly from the rf wave field or indirectly through 
protons is not yet adequately answered. An explana- 
tion based upon a mode conversion at the hybrid 
resonance appears to be promising. However, as 
indicated by the preliminary analysis in this paper, 
there may be another mechanism (enhanced second 
harmonic damping) also caused by the hybrid reso- 
nance that is compatible with experimental observa- 
tions. Thd mode conversion is expected to be strong 
at high resonant species concentration (> 18 %), 
while the enhanced cyclotron damping is strong at 
more modest values of the concentration (< 5 %). 
The latter is peculiar only to deuterium plasmas 
(with proton impurity) under the second harmonic 
heating conditions. 

A vital piece of information needed to distinguish 
between the two possibilities is a reliable measure- 
ment of proton concentration. In TFR proton con- 
centration was measured by residual gas analysis 
after the termination of the discharge and values 
compatible with the mode conversion model were 
found. However, whether a similar fraction of protons 
also existed during the discharge is unclear. In ATC 
no gas analysis was carried out, but there are spec- 
troscopic indications (Suckewer [45]) that the upper 
bound of the proton density was of the order of 5 % 
of the deuteron density. The measurements are, howe- 
ver, not entirely conclusive. The definitive conclusions 
on the details of damping mechanism must therefore 
await more reliable information on the actual proton 
concentration. 
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In this paper we have also described ICRF heating 
of ATC plasmas in the vicinity of the second harmo- 
nic of the deuteron cyclotron frequency. The measured 
heating is shown to represent an increase in the ther- 
mal content of the bulk of the ion species. Heating 
is not limited to the tail of the ion distribution nor 
to the minority ion species. Comparable heating in 
both the perpendicular and parallel degrees of freedom 
is also observed. Furthermore, the heating occurs 
in the central core of the plasma. Maximum heating 
resulted in a 200-eV increase in the ion temperature 

at an rf power level of 145 kW. Heating efficiency 
based upon the ion energy increase and average 
rf power ranged from 10 to 40 % when we take 
account of the finite ion-energy confinement time. 
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