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ABSTRACT

Fast wave heating in the ion cyclotron range of frequencies (ICRF) is being
studied on the Princeton Large Torus (PLT) 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 ronducted with a
single 1/2 turn antenna up to wave powers of Prf : 330 kW for durations of >100 ms
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
distriburions, energy flow to the electrons resiulus from electron drag. Substan-
tial ion heating is found for D-p mixtures; 4Tq(0) = 600 eV for 350 kW with

ne = 2 x 1013 cw=3. The deuteron heating efficiency is improved by about a factor
of -2 in D-3he mixtures; 4T4(0) : 500 eV for 150 kW with fip = 2.1 x 1013 cm=3,

1. TINTRODUCTION

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
(¢.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 ~xcited 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,

*Presented at the Course and Worksnop on Physics of Plasmas Close to Thermonuclear
Conditions, Varenna, Italy, August 1979.
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especially at higher densities, will readily demonstrate the applicobility of ICRF

heating to the next generation of tokamaks. Such a result, coupled with & thorough
understanding of the heating process(es) and followed by an exztensive cffort to )

develop suitable wave generation structures, should qualify ICRF hzating for use

in a Teacter.

Ultimately, ~5 MW of rf power will be applied to heat PLT in suiteble wave regines.
Leading up to this applicarion, Colestock (1978) and Hosca (1978) began th= PLT
program by exploring the vave properties for the various regimes and developing
wave tracking techniques for conditions which support toroidal eigenmodes. lMore
recently, we have begun un-optimized heating studies at moderate powers with a
single 1/2 turn antenna in the two-ion regime, some of the results of which will

be presented in this paper. Two-coil operation et higher power and with some k
selection will be investigated in the near future as will heating for the othev:l
wave regimes, especially the pure sccond harionic regime for which mode—tracking
should permit rather precise k}lseloction.

Subsequently, mulitiple array antennae suitably designed for adequate rinde salectivity
and power transfer will be employed in the more promising regimes at the iaxinum ’
power level of -5 MW. Such operation is projected to produce substantjal heatzing

at densities in the range of ~10Y% cm~3 gad should serve as a definitive test of
ICRF heating.

Pertinent theoretiecal considerations are discussed briefly in Section 2. The

experimental conditions are presented in Scction 3, and some of the heatis
results obtained for the two-ion regime are given in Sectioas 4% and 5., The izmplii-

cations of the heating results are discussed furthner in Section 6.

2. THEORETICAL CONSIDERATIOUNS

he 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 dampi
dominates thz wave absorption which results in the production of icen energy
distributions having energetic "tails" (Adam, 1975; Stix, 1975). For the tun
the ion-ion hybrid resonance layer is located imside the plasma, causing
either fast wave mode conversion to occur with electron Landau damping, minoriiy

ion fundamental cyclotron camping, and majority ion secend harmonic damping {if
present), competing in the wave absorptien or, for sufficiently small cone=ntrations
of minority ions so that uode cenversion is absent, an enhancement of direct mine-
rity ion fundamental cyclotron damping which then dominates the wave absorption

and leads once again to ion (minority) energy distributions having energztic

"rails" (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 crass-section and, in the cases for vhich energetic "tails"
are produced, the controlled deposition must be coupled with appropriate plasca
conditions to minimize the escape of the energetic ions via banana orbits which
intercept the limiter or vessel (llosea, 1976; Smith, 1975).

rmeo

Previous ICRF experiments on relatively small, low-current tokamiks were perfo
in the two-ion (deuteron-proton) regime and resulted in heating efficicncics in
the range of 20-40% and an enhancement of particle recycling luce the pl
(Adam, 1975; Takaliashi, 1977). Relatively poor cenfinement of energetic iens and

surface heating by the excitation of wave modes having larg: vlectric fields and
field gradients at the plasma surface are suspected to be the primary factors
ts (Hosea, 1976). Projections to

limiting the ICRF performance in these cxperime
large high-current tokamaks such as PLT supgest t
should improve substantially, especially in the cere of the plas: E
proper sclection of propagating modes can be us to favor deposition of the ri power

=, and that the
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in the core of the plasma whilec minimizing the surface heating so that the true
potential of ILCRF heating for use in large tori may be established (Hosea, 1976).

We now turn our attention to the two-ion regime for which heating results will be
presented. In rccent years, the importance of the two-ion hybrid resonance on
fast wave damping has been observed in several tokamaks (Takahashi, 1977;

EQUIPE TFR, 1976; Vdovin, 1976) and has received considerable theorctical analysis
(Perkins, 1977; Jacquinot, 1978; Takahashi, 1977; Vdovin, 1977; Jacquinot, 1977;
Klima, 1975). Mode conversion occurs wheu the conceatration of the ion minority
specie, resonant at its fundamental cyclotron fregueacy, is sufficiently high as
is illustrated for D-h and D-3he mixtures in Figs. 1 and 2. Roughly, the concen-
trations rzquired for mode conversion for these minorities are

ny 2 58,1, /21 )M 5)[(4/3 + 52) (1a)

and

.~ 172 - 2
n3H 2 30@8,Ty /37T (16/7 + so)s (1b)
e He

where n = in (mlnority)/nc, S = kC/upg, and k¢ and k1 are the wave numbers zlong the
toroidal and total magnetic field, respectively. At lower concentrations than

given by Eq. 1, mode conversion is absent, it 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 ioms can rececive sufficicnt 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 governzd 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 energics for which the
distribution should be essentially i<otropic (E & 9kT, ) has been evaluated in
the absence of charge exchange to be (Stix, 1975)

R.(T -T.+:1T)
E i e j-e E
tn £(E) = - t—— 7 - E;
n £(E) L | DT TR D H(E.) @
j j J
i
2k T 1/2
.- n<P> e (3
> 2
8nl/“nen22e4 £nh Te

and vhere the other terms arc defined (Stix, 1975). To incorporate charge
exchange we solve numerically the relation

o2 13 7,2 s fs
, ( av f + 5 Sz-luv f] + h\:) - fn0<ccxv~ + ?: (4)

where 0., is the charge exchange cross-scction, fg is the assuped distribution of
replacement minority ions, and tg is the replacement time.
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By adjusting € to be sufficicncly large to give the direct minerity dampling case
(Eq. 1), all of the rf power will be transferred to the minority iens. 1f, in
turi, { is not allowed to bccowe too large, most of this power will be transferred
via ion-ion coupling to the majority ions and very little power will bc transferred
through ¢lectron drag or lost by escaping energetic jons. Thus, the { parameter
provides the prescription for proper control of the minority distribution for a
given r{ power level. These considerations are illustratcd for a comstzant
minority concentration in Fig. 3. The power per deuteron peaks at a given densi
where electron hcating is diminished, and this critical density increases with
power. 1In Fig. 3, charge exchonge 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 dirwct
nminvrity damping regime. At low densities, this regime favors wajerity ion heaa
Also, it is of considerable importance whea extrapelated te reactcr conditions for
substantial minority concentrations and for several rinority epecics. lHowever, the
mode conversion regime is attractive as well at high deasitics where the electrons
and ions are more tightly coupled.

3. EXPERTMENTAL ARRANGEHEN

A single 1/2 turn coil located in PLT as shown in Fig. 4 has been employed to
cxcite fast weves at 24.6 MHz in deuterium plasmas of moderate density -

n, x 1-2.5 = 10 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). Tt favors m=0,+1 poloidal mode excitation (meaningful when the
wave damping length is comparable to or lcnger than the coil diameter) but provides
no spectral selection in k[l. In the presence of toroidal eigenmodess, mode tracking
can be employed for k selection. However, for most two-~ion regimes stadicd, these
modes are damped so that the coil loading by the waves is relatively coustant.
Medest ki contrel in the two~ion regire hes been exzreised by adjusting the den=i
to provige dawped modes relatively near onset. The wave coupling efficiency in
latter case is found to be ~80% for the coil design now in use. This
should improve when nultiple coil arravs are employed in the future.

Feedback is currently used to hold the forward powar to the coil systen constant
over the duration of the rf pulse. The ceoil measurements are illustrated in
5 where PypT to the coil is 3400 kW znd Prg to the waves is 300 kW. The

Fig.
constant Pop obtained in this manner facilirates the icterpretation of

ncarly
the time behavior of the plasma response.

A larpe nunber of diagnostics are available on PLT which are well suited te rhe
study of the plasma regime and its response to auxiliary heating (Rol and /LT Group,
1978 Eubank and PLT Group, 1978, 1979). These include several independent mea-
surements of ion temperaturce, electron temperature, and stability characteristics.
Alto, dmpurity cffccts are monitored and contrclled to the extent possible with

the techniques developed for tokamaks over the past several vears (Bol and PLT
Group, 19783 Hoscn, 1979a).

A rass Jdiscriminating charge exchange system (Davis, 1979), located on the opposite
side of PLY from the vf coil and directed app:oximately toward the wmajor axis of
the torus, is of particular importance for studying the respouse of the individual
This svstem is ceopletrented by a second heri-

species to the applied rf power.
rimination) locatedd

zoutally scanuiug charge vxchange system “without

mass disc

near the coil.
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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

Prg = 30-70 kW for D-h plasmas (Hosea, 1976). The proton concentrations were pro—
vided by the residual hydrogen and were typically np ~ 3-10%. These results
revealed that the proton energy distributions produced were very energetic

Thefs (5 keV-40 keV) 7 keV , were consistent with the Fokker-Planck theory as
prescribed by Stix Ry = Zegg(myTo/meTq) , and caused direct minority damping to
dominate the wave absorption. Significant heating of the deuterons occurred via
ion-ion coupling (-2 eV/kW at fig = 1.5 x 1013 em=J) and for some cond: rions
electron heating could be sustained through the electron drag.

Preliminary measurements of the proton euergy distributions versus the minor radius
(tiwang, 1979) and coupled with the inclusion of charge exchange in the Fokker-
Planck theocry {Eq. 4) indicate that virtually all of the rf powev is required to
sustain the proton distributions. For example, analysis of the results of

Hosea (1976) rfor P.¢ : 30 kW givaes 60%, 16%, and 24% as the gplit of the power
between deuterons, charge exchange, and clectrons, respectively.

Obviously, it is important to control the proton distribution (£ of Eq. 3) in order
to mianimize the electron drag since energy can easily be radiated away from 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/Z turn coil. Heating results for Pyf
levels up to ~260 kW are reported in Hwang (1979), and bere results are discussad
for Py levels up to ~350 kW which is cumparable to the ohmic heating power for

the discharge conditions studied. The discharge conditions selected had the
parameters B, = 17 kG, I, = 300 kA, V, = 1.2V, To(0) = 1400 ev, T, (0) = 600 eV,
Tz = 20 ms, 1g; ~ 60 ws, Zegrf = 2-3, aad np - 5-10%. P s values of =90, 200,
and 350 kW were applied from =375 to -380 ms in a consecutive series of experiments,
and the deuterium gas programming was adjusted to give fiy x 2 x 1013 cx3 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 thz plasma at Py :z 350 kW are
presented in Fig. 6 and 7. The proton distribution is clearly observed up to

E = 80 keV. The theoretical isctropic Fokker~Plaack distribution (including
charge exchange) is shown for comparison. Energeric protons are indeed confired
to some extent in the center of the plasma up to 80 keV, but considerable energy
is coupled to thc electrons (see below). Significant deutesron heating is observed

and there is no production of an observable energ2tic deuteron tail.

Tg(0) versus time at P g = 350 kW is shown in Fig. 8. T3(0} is approximately
doubled over the ohmic heating value. T, (0) versus P/a, is plotted in Fig. 9 and
is found to be approximately linear.

Charge exchange, Doppler broadening of impurity radiation, and neutron m2asurements
are combined to give the Ty profile of Fig. 10 for Prg z 350 kW. The heating pro-
file is broad and, based on the ohmic heating ion energy confinement time, indicates

that -~40-507% of the rf pover is coupled from the protons to the deuterons.

The neutron production accompanying the deuteron heatigg is shown in Fig. 1]
fn increases by a facter of -50 to a level of -2 ~ 10 n/sec. Whereas the final tem-
perature deduced from the nentrons is in reasonable agrecrent with ather measurements,

the initial temperature is -100 ¢V higher. This probably results from the change in



7~
the Ty profile (not taken into account) and possibly to the assumption that Z = 1.
There are density and soft 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. A4n, versus P suggests
a saturation at higher power. However, Aly is apparently lincar with P. With
N, at the end of the rf pulse essentially comstant, the increase of I, must in part
be due to an observed increase in T, and in part due to the influx of impurities -
notably 4I1;/T; ~ 3-4 increases in Fe and Ti are estimated from impurity radiation
peasurements.

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 irto the strong
savtooth regime. Hence, the particle transport could be changing as well, favoring
an enhanced influx of particles from the surface of the plasma, 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, 197%9a).

1t should be noted that the sawteeth can also be observed on the coil loading
(Fig. 5). This indijcates a dependence of the radiation resistance on the centrzal

density profile.

5. INITIAL HEATING RESULTS FOR THE p-3pe REGIME

As shown in Fig. 2, the dispersion characteristics for p-3he are sinilar to those
for D = h with the exception that the second harmonic resonance layer for d is

no longer degenerate with the “He 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 additicn, charge exchange losses slould be negligible and better ion-ion
coupling should ensue. °

Inirial D-3Jhe 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 ~300 kA have been used. The deuteron heating obtained at Pyg = 150 kW
and fig, = 2.1 x 1013 c¢m=3 is shown in Fig. 13. Similar heating has been observed

for the protons as well, and ne tails ltave been produced for either the deuterons

or the protons. Again, a broad profilc of heating has been observed. The deuterium
heating efficiency is approximately twice that found for the 350 ki ~ 2 x 1013 ¢p=3
case in b-h. This is clearly illustrated in Fig. 14 where AT4(0) is plotred versus

P g/fi, for JHe and H ninorities (including the results of previous experiments for
the latcer) (Hosra, 1979; Hwang, 1979).

The Tg level reached with P ¢ = 150 kW as deduced from the neutron vmission is
plotted as a function of I, in Fig. 15. This plot indicates that good minority ion
couiirement is achieved above ~300 kA. However, the deasity increase during the

rf is comparable to that for the 350 kW D-hcase as is the soft x-ray sawtooth
behavior, even at the higher currents. Again, this suggests that a change of

state may be occurring for the particle transport since the SHe cnergy distribution
should have been considerably less enorgetic than that obtained for the protons.

6. DISCUSSION

For a -100 ms duration for the rf pulse, the deuterium heating approaches saturation
to within <10%, as evidenced for lenger pulses, indicating a heating vime coustant
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trf of ~40 ms on the average. This 1,5 is expected to be shorter than the energy
confinement time tp;, as defined for the ohmic heating discharge prior to heating
with rf power since the ohmic heating power transfer to the ions decresses as Tq
increnses: <Poy> = (1 - Ty/Te). A particularly simple illustration of this cffect
is obtained when density, Ty, and <Prg> are assumed constant:

<P_.> * "'t/Trr
o m f .
Ty = lda 1+ X 1 ~-e (5)

vhere Tg, 1is the starting Ty, <Pop> = K(1 - Tg/Z.), and

The observed values of Trf are then consistent with the longer 1; (carc must

be taken to include changes in n, and Tg for specific cases).

The heating results obtained in the d-h two~ion regime are comparable with those
obtrained under the same discharge conditions with counter beam injectjion. Ion

heating efficiency, density and I, increases, and impurity influxes trach si~ilarlw.

For both cases, energetic ions are produced which are more subject to banana or:ic
losses than for co-beam injection (Eubank and FLT Group, 1978).°

For the D-3he 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 sxchangc losses and with better control of the
her icn heating efficiency as

energetic proton distribution, should result in hi
well.

The net power delivered to a single 1/2 turn coil on PLT has been sustainsd at
Pygr = 900 kW for durations exceeding 100 ms. Two of these coils coupled together
should provide wave powers in excess of 1 MW, approaching 2 MY to the extant that
wave interference between the coils occurs. This will permit scaling of the
heating to higher powers with the additional advantage ¢ scme antenna ki selestion
to enhance the rf power deposition in the core of the plasma. Based on Lke
present results, the prognosis for the feasibility of achieving efficient 1CKRF
heating in the two-ion regime at large powers on PLT is quite optimistic. As

the power is increased, the density will be increzsed as well so that greater
control over rhe density during the heating should be possible with feecback
programming of the gas injection. Also, the frequancy of the rf system will be

increas2) to provide for higher ficld, higher plasma current D-h cperatica to

ensurc acdequate confinement of the minority ions.

The direct minority damping case scales favorably to the large, hot, dense plasnas
of the reactoer, utilizing a number of minority species - D, He, d, ctc. in
tritium, for example. For the reactor, single pass absorption through the reso-
ance layer should be strong, causing this minority damping casc to be essentiallr
equivaluat to the black-body ECRH case. Control cver the power dueposition pattern

must then be designed into the antenna.

In principle, nony ICRF regimes may prove to be of potential use for heating the
rcactor plasma. If the sciond harmonic regime proves to be satisiactory, this
regime (or a higher harmonic regime which has similar dispersion characreristics)
may be preferred for heating the reactor plasma since higher frequency operation
may facilitate the design of a suitable anterna structure. Also, ICRF heating mav
prove uscful for purpuses other than bulk beating in a reactor, c.g., prefereatial
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heating of alpha particles in the surface of the plasma wight {orce them out of
the plasma along banana orbits aud help reduce their recveling into the plasma

Core.
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