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ABSTRACT 

Fast wave heating in the ion cyclotron range ox frequencies (ICRF) is being 
studied on the Princeton Large Torus (FLT) to evaluate its potential for heating 
large reactor-scale toroidal plasmas. Of primary interest are the two-ion and 
pure second harmonic neating regimes which, with proper control of the ion energy 
distribution and the rf power deposition profile, permit substantial energy glow 
into the bulk plasma ions. Initial heating experiments have been conducted with a 
single 1/2 tutu antenna up to wave powers of P rf ; 350 kW for durations of >100 ins 
in the two-ion regime under conditions for which direct fundamental cyclotron 
damping on the minority ion species dominates the wave absorption. Ion-ion 
coupling serves to heat the majority ions and for energetic minority ion energy 
distributions, energy flow to the electrons results from electron drag. Substan­
tial ion heating is found for D-p mixtures; ATjfO) ; 600 eV for 350 kW with 
n e r 2 * io!3 c m - 3 . The deuteron heating efficiency is improved by about a factor 
of -2 in D-3he mixtures; AT d(0) .- 500 eV for 150 kw with n e = 2.1 * 1 0 1 3 cu" 3. 

1• INTRODUCTION 

The experimental ICRF program on PLT is directed toward optimizing the heating 
performance in the various wave regimes of possible interest for heating large 
reactor-scale tori and toward contributing to the understanding of the physics 
which will permit extrapolation of proven regimes to reactor conditions. Experi­
mental conditions for determining the potential of ICRF heating are greatly improved 
in PLT over those previously employed in relatively small, low-current tokamaks 
(e.g., ST and ATC) (Hosea, 1976); in particular: 1. high current operation affords 
good energetic ion confinement; 2. the large minor radius permits a large number of 
modes to be excited from which those favoring bulk heating may be selected; and 
3. wave conditions should be obtainable at high density, which are representative 
of machines of the size of TFTR and JET. Thus, the attainment of efficient heating 
of several keV without serious deleterious effects on the discharge in PLT, 
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especially at higher densities, will readily demonstrate the applicability of ICRF 
heating to the next generation of tokamaks. Such a result, couplc-d with a thorough 
understanding of the heating process(es) and followed by an extensive effort to 
develop suitable wave generation structures, should qualify ICRF heating for use-
in a reactor. 

Ultimately, ~5 MW of rf power will be applied to heat PLT in suitable wave regimes. 
Leading up to this application, Colestock (1978) and Hosea (1978) began the PLT 
program by exploring the wave properties for the various regimes and developing 
wave tracking techniques for conditions which support toroidal eigentnod'\s. More 
recently, we have begun un-optinized heating studies at moderate powers with a 
single 1/2 turn antenna in the two-ion regime, sone of the results of v.-hich wil] 
be presented in this paper. Two-coil operation at higher power and with iorr.e kp 
selection will be investigated in the near future as will heating for ihe other" 
wave regimes, especially the pure second harmonic regime for which mod!—tracking 
should permit rather precise k< selection. 

il 

Subsequently, multiple array antennae suitably designed for adequate r:od-j. selectivity 
and power transfer will be employed in the more promising regimes at the ."-axir.ua 
power level of -5 MW. Such operation is projected to produce substantial heating 
at densities in the range of -lO-*-1 era" 3 a n d should serve as a definitive test of 
ICRF heating. 

Pertinent theoretical considerations are discussed briefly in Section 2. The 
experimental conditions are presented in Section 3, and sone of the heating 
results obtained for the two-ion regime are given in Sections 4 and 5. The i-pii-
cations of the heating results are discussed further in Section 6. 

2. THEORETICAL CONSIDERATIONS 

The ion heating wave regimes of primary interest in PLT are the pure second harmonic 
regime and the two-ion regime. For the former, second harmonic cyclotron damping 
dominates th2 wave absorption which results in the production of ion energy 
distributions having energetic "tails" (Adam, 1975; Stix, 1975). For the two-ion 
regime, the ion-ion hybrid resonance layer is located inside the plasma, causing 
cither fast wave mode conversion to occur with electron Landau damping, minority 
ion fundamental cyclotron damping, and majority ion second harmonic damping (if 
present), competing in the wave absorption or, for sufficiently small concentrations 
of minority ions so that mode conversion is absent, an enhancement of direct mino­
rity ion fundamental cyclotron damping which then dominates the wave absorption 
and leads once again to ion (minority) energy distributions having energetic 
"tails" (Stix, 1975; Perkins, 1977; Jacquinot, 1978; Takahashi, 1977; Vdovin, 1977). 
For both regimes, efficient ion heating requires controlled deposition of the rf 
energy over the plasma cross-section and, in the cases for which energetic "tails" 
are produced, the controlled deposition must be coupled with appropriate plasma 
conditions to minimize the escape of the energetic ions via banana orbits which 
intercept the limiter or vessel (Rosea, 1976; Smith, 1975). 

Previous ICRF experiments on relatively small, low-current tokom-iks were performed 
in the two-ion (deutcron-proton) regime and resulted in heating efficiencies in 
the range of 20-40% and an enhancement of particle recycling into the plasma 
(Adam, 1975; Takahashi, 1977). Relatively poor confinement of energetic ions and 
surface heating by the excitation of wave modes having large electric fields and 
field gradients at the plasma surface are suspected to be the prinary factors 
limiting the ICRF performance in these experiments (Hos.-a, 1976). Projections to 
large liigh-current tokamaks such as PLT suggest that the energetic ion confinement 
should improve substantially, especially in the core of the plasma, and that the 
proper select ion of propng.it ing modes can be used to favor deposition of the rf power 
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in the core of the plasma while minimizing the surface heating so that the true 
potential of ICRF heating for use in large tori may be established (Hosea, 1976). 

We now turn our attention to the two-ion regime for '..-hich heating results will be 
presented. In recent years, the importance of the tvo-ion hybrid resonance on 
fast wave damping has been observed in several tokacaks (Takahashi, 1977; 
EQUIPE TFR, 1976; Vdovin, 1976) and has received considerable theoretical analysis 
(Perkins, 1977; Jacquinot, 1976; Takahashi, 1977; Vdovin, 1977; Jacquinot, 1977; 
Klima, 1975). Mode conversion occurs when the concentration of the ion minority 
specie, resonant at its fundamental cyclotron frequency, is sufficiently high as 
is illustrated for D-h and D-^he mixtures in Figs. 1 and 2. Roughly, the concen­
trations required for mode conversion for these minorities are 

% > 5 ( B e T h / 2 T c ) 1 / 2 S,,<4/3 + S2) (la) 

and 

> 3(2B T,, /3 
He 

T ) 1 / 2 (16/7 + S 2)S e o , (lb) 

where n = 2a (minority)/n.,, S = kC/wpd, and k̂ . and k'l are the wave numbers along the 
toroidal and total magnetic field, respectively. At lower concentrations than 
given by Eq. 1, mode conversion is absent, but the effect of the two-ion hybrid zone 
on wave polarization enhances the direct minority fundamental damping as shown. 
Upon application of rf power, the minority ions can receive sufficient energy even 
when mode conversion is present initially to heat up and push into the direct 
minority damping regime in accordance with Eq. 1. 

The minority ion energy distribution will be governed by the Fokker-Planck theory, 
including the quasilinear diffusion produced by the power absorbed by the minority 
ions. The form of the distribution in the range of ion energies for which the 
distribution should be essentially isotropic (E ̂  9kT e ) has been evaluated in 
the absence of charge exchange to be (Stix, i975) 

In f(E) = kT c(l+0 V i + v o "(E.) (2) 

m<P> 
K 1/2 ? it . , on n nZ e £nA 

2k T 1/2 
(3) 

and where the other terms arc defined (Stix, 1975). 
exchange we solve numerically the relation 

To incorporate charge 

11 
Dt i)v 

( - u v 2 f + l J L [ ? , v 2 f | + K v r - ' ) _ f „ o < C c j t V . + L L (A) 

where a c x is the charge exchange cross-section, f s is the assumed distribution of 
replacement minority ions, and T S is the replacement time. 
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By adjusting £ to be sufficiently large to give the direct minority damping case 
(Eei. 1), all of the rf power will be transferred to the minority ions. If, in 
tur.., f. is not allowed to become too large, most of this power will be transferred 
via ion-ion coupling to the majority ions and very little power will be transferred 
through electron drag or lost by escaping energetic ions. Thus, the t, parameter 
provides the prescription for proper control of the minority distribution for a 
given rf power level. These considerations are illustrated for a constant 
minority concentration in Fig. 3. The power per deuteron peaks at a given density 
where electron heating is diminished, and this critical density increases with rf 
power. In Fig. 3, charge exchange losses have been included for the proton case 
but are negligible for the helium-3 case. 

In the heating experiments to be reported here, we have concentrated on the direct: 
minority damping regime. At low densities, this regime favors majority ion hsatii.g. 
Also, it is of considerable importance when extrapolated to reactc.r conditions for 
substantial minority concentrations and for several rmority species. However, the 
mode conversion regime is attractive as well at high densities where the electrons 
and ions are more tightly coupled. 

3. EXPERIMENTAL ARRANGEMENT 

A single 1/2 turn coil located in PL! as shown in Fig, 4 has been employed to 
excite fast wsves at 24.6 MHz in deuterium plasmas of moderate density -
fie ; 1-2.5 x l O " cm"3 - having resonant minority concentration of protons or 
helium-3. The design of this coil is similar to that developed for the ST Tokamak 
(Knutson, 1973). It favors m=0,+l poloidal mode excitation (meaningful when the 
wave damping length is comparable to or longer than the coil diameter) but provides 
no spectral selection in kll. In the presence of toroidal eigenmodes, mode tracking 
can be employed for k selection. However, for most two-ion regimes studied, these 
modes are damped so that the coil loading by the waves is relatively constant. 
Modest k|| control in the two-ion regime has been exercised by adjusting the- density 
to provide damped modes relatively near onset. The wave coupling efficiency in this 
latter case is found to be -80% for the coil design now in use. This efficiency 
should improve when multiple coil nrra'S are employed in the future. 

Feedback is currently used to hold the forward power to the coil systen constant 
over the* duration of the rf pulse. The ceil measurements are illustrated in 
Fig. 5 where I'NET t 0 t l i e coil is =400 kW and P rf to the waves is =300 kW. The 
nearly constant P rf obtained in this manner facilitates the interpretation of 
tile time behavior of the plasma response. 

A large number of diagnostics are available on PLT which are well suited to the 
study of the plasm;-, regime and its response to auxiliary heating, (Rol and i'i,T Group, 
1978; Eubank and PLT Group, 1978, 1979). These include several independent mea-
surr-m'-nts of ion temperature, electron temperature, and stability characteristics. 
Also, impurity effects jte monitored and controlled to the extent possible with 
the techniques developed for tokamaks over the past several years (Bol and PLT 
Group, 1978; Hosc-a, 1979a). 

A r.-tss discriminating charge exchange system (Davis, 1979), located on the opposite-
side of I'L'J' from the rf coil and directed app; oxir.ately tow.ird the major axis of 
the torus, is of particular importance for studying the response of the individual 
species to tlie- applied rf power. This system is ccrrpl et r. -eat ed by a. second he-ri-
y.untally scanning charge exchange system (without r.ass discrimination) located 
near tin- coi 1 -

* 
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4. HEATING RESULTS FOR THE D-h REGIME 

Initial heating results were obtained first with a test 1/2 run coil with 
P rf = 30-70 kW for D-h plasmas (Hosea, 1976). The proton concentrations were pro­
vided by the residual hydrogen and were typically n h - 3-10%. These results 
revealed that the proton energy distributions produced were very energetic 

Theff (̂  keV-40 keV) 7 keV , were consistent with the Fokker-Planck theory as 
prescribed by Stix Rj = zeff( r ah Te/ me Td) > a n d ' aused direct minority damping to 
dominate the wave absorption. Significant heating of the deuterons occurred via 
ion-ion coupling (-2 eV/kW at n e = 1.5 x 10*-* cm 1) and for some cond: t-.ions 
electron heating could be sustained through the electron drag. 

Preliminary measurements of the proton energy distributions versus the minor radius 
(Hwang, 1979) and coupled with the inclusion of charge exchange in the: Fokker-
Planck theory (Eq. 4) indicate that virtually all of the rf power is required to 
sustain the proton distributions. For example, analysis of the results of 
Hosea (1976) r'or Frf = 30 kW gives 60%, 16%, and 24% as the /split of the power 
between deuterons, charge exchange, and electrons, respectively. 

Obviously, it is important to control the- proton distribution (c, of Eq. 3) in order 
to minimize the electron drag since energy can easily be radiated away froci the 
electron channel for low density conditions. Bolometer measurements indicate that 
this is the case for the rf experiments which have been conducted. However, prior 
to optimizing the proton distribution as well as the antenna geometry, we have 
progressively Increased the rf power to establish a reference from which optimi­
zation can follow. Thus, in the present experiments we have continued to utilize 
the residual hydrogen level and a single 1/2 turn coil. Heating results for Prf 
levels up to -260 kW are reported in Hwang (1979), and here results are discussed 
for P rj levels up to -350 kK which is comparable to the ohmic heating power for 
the discharge conditions studied. The discharge conditions selected had the 
parameters B. = 17 kG, I p = 300 kA, V, = 1.2 V, Te(0) = 1400 eV, ?. (0) = 600 eV, 
T E s = 20 us, T E i * 60 ms, Zeff = 2-3, and nh =• 5-10%. P r f values of =90, 200, 
and 350 kW were applied from =375 to -380 ms in a consecutive series of experiment;:, 
and the deuterium gas programming was adjusted to give n e ; 2 x 1 0 " cm-- at the 
end of the rf pulse at each power. 

Hydrogen and deuterium energy distributions obtained by perpendicular charge 
exchange measurements from the central core of the plasma at Prf r 350 kW are 
presented in Fig. 6 and 7. The proton distribution is clearly observed up to 
E = 80 keV. The theoretical isotropic Fokker-Planck distribution (including 
charge exchange) is shown for comparison. Energetic protons are indeed confined 
to some extent in the center of the plasma up to 80 keV, but considerable energy-
is coupled to the electrons (see below). Significant deuteron heating is observed 
and there is no production of an observable energetic deuteron tail. 

Td(0) versus time at P r f = 350 kW is shown in Fig. 8. JTd(0) is approximately 
doubled over the ohmic heating value. T,j(0) versus P/ne i<; plotted in Fig. 9 and 
is found to be approximately linear. 

Charge exchange, Doppler broadening of impurity radiation, and neutron measurements 
are combined to give the T d profile of Fig. 10 for Pr£ ; 350 kK. The heating pro­
file is broad and, based on the ohmic heating ion energy confinement tine, indicates 
that -40-50Z of the rf power is coupled frox the protons to the deuterons. 

The neutron production accompanying the deutero- heating is shown in Fig. U 
f n increases by a factor of -50 to a level of -2 » 10 n/sec. Whereas the final tern 
perature deduced from the neutrons is in reasonable agreement with other measurements, 
the initial temperature is -100 eV higher. This probably results from the change in 
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die Tj profile (not taken into account) ;mtl possibly to the- assumption that 7. .-: ]. 

There are density and so'ft x-ray intensity increases with the application of the 
rf power as shown in Fig. 12. The density increases at 90 and 200 kW are larger 
than observed previously (Hwang, 1979) for similar discharge conditions, suggesting 
that the wall and limiter conditioning is nlaying a role. An e versus P suggests 
a saturation at higher power. However, A I X is apparently linear with P. With 
n. at the end of the rf pulse essentially constant, the increase of I x must in part 
be due to an observed increase in T e and in part due to the influx of impurities -
notably AI i/I i - 3-4 increases in Fe and Ti are estimated from impurity radiation 
measurements. 

The escape of energetic protons (Fig. 6) is undoubtedly contributing to the influx 
of impurities into the plasma. However, as indicated by the soft x-ray measure­
ments (Fig. 12), the application of rf power pushes the plasma into the strong 
sawtooth regime. Hence, the particle transport could be changing as well, favoring 
an enhanced influx of particles from the surface of the plasipa, including deuterium, 
hydrogen, and impurities. The change of deuterium influx (density buildup) for 
the transition to the sawtooth regime for ohmic heating alone is dramatic 
(Hosea, 1979a). 

It should be noted that the sawteeth can also be observed on the coil loading 
(Fig. 5). This indicates a dependence of the radiation resistance on the central 
density profile. 

5 . INITIAL HEATING RESULTS FOR THE D - 3 h e REGIME 

As shown in Fig. 2, the dispersion characteristics for D-^he are similar to those 
for D - h with the exception that the second harmonic resonance layer for d is 
no longer degenerate with the JHe fundamental resonance layer. Therefore, we may 
employ the 24.6 MHz system to heat the deuterons via a helium-3 minority. This 
permits operation at higher B and I with improved energetic ion confinement. 
In addition, charge exchange losses should be negligible and better ion-ion 
coupling should ensue. 

Initial D-^he results have been obtained for discharge conditions similar to those 
for the D-h case of Section 4, except that B = 24.6 kG, n3he - 5-10%, and plasma 
currents up to -500 kA have been used. The deuteron heating obtained at P rf ; 150 kW 
and n e : 2.1 x 1013 cm -^ is shown in Fig. 13. Similar heating has been observed 
for the protons as well, and no tails lave been produced for either the deuterons 
or the protons. Again, a broad profile of heating has been observed. The deuterium 
heating efficiency is approximately twice that found for the 350 kU" - 2 x l O ^ crj~3 
case in D-h. This is clearly illustrated in Fig. 14 where AT^fO) is plotted versus 
Prf/iie for -'He and H minorities (including the results of previous experiments for 
the latter) (Hosea, 1979; Hwang, 1979). 

The Tj level reached with P rj ; 150 kW as deduced from the neutron emission is 
plotted as a function of I p in Fig. 15. This plot indicates that good minority ion 
coi.fi-ement is achieved above -300 kA. However, the density increase during the 
rf is comparable to that for the 350 kW D-h case as is the soft x-r.-iv sawtooth 
behavior, even at the higher currents. Again, this suggests that a change of 
state may be occurring for the particle transport since the -̂ He energy distribution 
should have been considerably luss energetic than that obtained for the protons. 

6. DISCUSSION 

For a -100 ms du ra t ion for the rf p u l s e , the deuterium hea t ing approaches s a t u r a t i o n 
to within <10Z, as evidenced for longer pu l ses , i n d i c a t i n g a heat ins ' time cons tan t 
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t,-f of" -40 ms on the average. This x rf is expected to be shorter than the energy 
confinement time ijr^, as defined for tlie ohmic heating discharge prior to heating 
with rf power since the ohmic heating power transfer to the ions decreases as I, 
increases: < P 0 H > a (1 - T d / T e ) . A particularly simple illustration of this effect 
is obtained when density, T e , and <P rf> are assumed constant: 

= r do 
<P 

1 + rf 

[' 
- t / T , 

(5) 

where T do i s the s t a r t i n g T d , <PoH> = K d - T d / T e ) , and 

• « - ' « ( ' - T ) 
(6) 

The observed values of T rf are then consistent with the longer -r̂ . (care must 
be taken to include changes in n c and T e for specific cases). 

The heating results obtained in the d-h two-ion regime are comparable with those 
obtained under the same discharge conditions with counter beam injection. ion 
heating efficiency, density and I x increases, and impurity influxes trad. ;-j~ilar.l\ 
For both cases, energetic ions are produced which are more subject to banana or".: it 
losses than for co-beam injection (Eubank and PLT Group, 19/8)." 

For the D--*he regime, the heating efficiency is approximately doubled. This 
indicates that higher ohmic heating current operation in the D-h regime, with 
higher densities to reduce charge exchange losses and with better control of the 
energetic proton distribution, should result in higher ion heating efficiency as 
well. 

The net power delivered to a single 1/2 turn coil on PLT has been sustained at 
PJJJTJ ; 500 kW for durations exceeding 100 ms. Two of these coils coupled together 
should provide wave powers in excess of 1 Mlv', approaching 2 MW to the extent that 
wave interference between the coils occurs. This will permit scaling of the 
heating to higher powers with the additional advantage c£ some antenna kii selection 
to enhance the rf power deposition in the core of the plasma. Based on trie 
present results, the prognosis for the feasibility of achieving efficient ICKF 
heating in the two-ion regime at large powers on PLT is quite optimistic. As 
the power is increased, the density will be increased as well so that greater 
control over the density during the heating should be possible with feedback 
programming of the gas injection. Also, the frequency of the rf system will be 
increase! to provide for higher field, higher plasr.a current D-h operation to 
ensv.ru adequate confinement of the minority ions. 

The direct minority damping case scales favorably to the ]arg£, hot, dense plasna? 
of the reactor, utilizing a number of minority species - D, He, H, etc. in 
tritium, for example. For the reactor, single pass absorption through the reso­
nance layer should he strong, causing this minority damping case to be essentially 
equivalent to the black-body ECRH case. Control over the pc 
must then be designed into the antenna. 

deposition pattern 

In principle, many ICRF regimes may prove to be of potential use for heating the 
reactor plasma. If the sciond harmonic regime proves to he satisfactory, this 
reginie (or a higher harmonic regime which has similar dispersion characteristics) 
may be preferred for heating the reactor plasma since higher frequency operation 
may facilitate the design of a suitable antenna structure. Also, ICKF heating r.ny 
prove useful for purposes other than bulk heating in a reactor, e.g., preferential 

http://ensv.ru
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hfating of alpha particles in the surface of the plasma might lorct- I hem out of 
the plasma along banana orbits and help reduce their recvclinj; into the plasma 
core;. 
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