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A novel rotatable two-strap antenna has been installed in the current drive experiment upgrade
(CDX-U) [T. Jones, Ph.D. thesis, Princeton Univer$it995] in order to investigate high-harmonic

fast wave coupling, propagation, and electron heating as a function of strap angle and strap phasing
in a spherical torus plasma. Radio-frequency-driven sheath effects are found to fit antenna loading
trends at very low power and become negligible above a few kilowatts. At sufficiently high power,
the measured coupling efficiency as a function of strap angle is found to agree favorably with cold
plasma wave theory. Far-forward microwave scattering from wave-induced density fluctuations in
the plasma core tracks the predicted fast wave loading as the antenna is rotated. Signs of electron
heating during rf power injection have been observed in CDX-U with central Thomson scattering,
impurity ion spectroscopy, and Langmuir probes. While these initial results appear promising,
damping of the fast wave on thermal ions at high ion-cyclotron-harmonic number may compete with
electron damping at sufficiently high ioB—possibly resulting in a significantly reduced current
drive efficiency and production of a fast ion population. Preliminary results from ray-tracing
calculations which include these ion damping effects are presented.99® American Institute of
Physics[S1070-664X99)97305-4

I. INTRODUCTION ments required the generation of a fast electron population
for the wave to damp dfi*°and required a careful choice of

Spherical torusST) plasma$ have received consider- plasma parametefs!’ to eliminate slow wave propagation
able attention recently due primarily to encouraging magneand slow wave current drive. Fast wave experiments on the
tohydrodynamidMHD) stability results from the small tight DIII-D tokamak have shown that with a careful choice of
aspect ratio tokamakSTART) experiment® and promising  wave parameters, optimal launch spectrum, and wall condi-
theoretical  predictions  regarding  stabifitf and  tioning via boronization, nearly 100% of the incident fast
confinement. However, the compact geometry of the ST wave power can be absorbed by electrbhémportantly,
greatly limits the inductive heating and current drive capa-nearly all of these fast wave experiments were constrained to
bility of the ohmic heating solenoid. Further, to maximize w,e/Q~1.
the space available for toroidal field conductors in the center To better understand the meaning of this constraint, it
column, the ohmic heating solenoid should ideally be absentan be showr(see, for example, Ref. 13hat the inverse
Thus, the development of noninductive plasma start-up, heaperpendicular electron damping length of the fast wave is
ing, and current drive methods is essential if the ST is to bfbroportional to kﬂ,Begee*gg. Here K, ,~wglva,va
a net power producing devie. ~c(Qi/wy), Be=2moNeTe/B%, &u= olKVre, and Vi

In this regard, fast magnetosonic waves are predicted te- \/2T_/m,. The relative phase velocity, is typically cho-
damp strongly on electrons in the highplasmad of next-  sen by antenna phasingaunchedk) to maximize either
generation ST devices such as the national spherical torygeating or current drive efficiency, so the inverse damping
experiment(NSTX)'® and the mega amp spherical tokamak|ength scales roughly asvpe/ Qe)*Te. From this relation it
(MAST)** and should be capable of generating significants immediately obvious why additional electron heatitog
plasma current. The idea of using fast waves to heat eleggjl formation is often used to increase wave damping.
trons via Landau and transit-time damping is not rféand As discussed in Ref. 9, the feature of a higtplasma
the theory of electron heating and current drive using fasinost relevant to fast wave damping is the relatively low
waves is well developed for standard tokamak plastas. magnetic field or, equivalently, large perpendicular permit-
However, experimental verification of the feasibility of gen- tjvity q%(wpe/Qe)Z and slow Alfven speedv,. For the
erating direct fast wave electron heating and current drive irexpected NSTX plasma parametersng=5x 10'° m~3 and
a tokamak plasma is relatively recent. Several early experiB=0.3 T, wpe/ Qe~T7. Thus, in a ST plasma, fast waves at
high harmonics of the ion cyclotron frequency may damp so
*Paper H4I1.4 Bull. Am. Phys. Sod3, 1773(1998. strongly on electrons that efficient off-axis current drive and
"Invited speaker. current profile control might be possible provided that para-
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sitic ion damping at cyclotron harmonics is sufficiently OH stray fleld

compensation coil

weak. d
Another unique feature of ST plasmas relevant to wave Zf C.‘L. PF coil ‘{ T,F/Coil

o o X . ) R ki
excitation and propagation is the strong field line tilt and Ogcz\ﬁ's' X | N

shear at the outboard side of the plasma. The magnitude an
potential variability of this tilt during a plasma discharge
could complicate coupling to the fast wave. To address suct
coupling issues and attempt to observe electron heating usin %4
high frequency fast waves, a two strap antenna with arbitrary J ‘ romm—
strap phasing was installed in the current drive experiment b | _
upgrade(CDX-U) spherical torus® The novel feature of this b ‘ [ l o | Plasma " N ﬂ
antenna is that it is manually rotatable between plasma dis ° ' =
charges. In this paper, we report on recent experimental an |
theoretical investigations of high frequency fast wave cou- [
pling and heating physics as a function of the angle betweer ,Ri : 4] X Naculim
the antenna current straps and the edge magnetic?field. T ! ‘ chaniber
The remainder of this article is organized as follows: a / cylinder
description of the experimental apparatus used during the X / ‘ X
CDX-U experiments is described in Sec. Il. Systematic mea—éﬁ;ﬁg / | J

Bp |
T OH solenoid P 100PS

Limiter plate —

X

surements of plasma loading are described in Sec. Ill. Mea: Center column
surements of internal rf wave fields obtained using far-
forward microwave scattering are discussed in Sec. IV.
Observations of electron temperature increases during high
harmonic fast wavéHHFW) excitation are discussed in Sec.
V. Ray-tracing calculations incorporating the effect of power FIG. 1. Layout of the CDX-U device, December 1997.
absorption by thermal ions at high ion-cyclotron-harmonic

number are discussed in Sec. VI. Finally, a summary of these

plate

Support leg ==
—

results is given in Sec. VII. ing resistanceRp asua, is defined as the difference between
Rstrap @and the intrinsic resistance of each strap in vacuum.
Il. EXPERIMENTAL APPARATUS Systematic measurements of plasma loading resistance as a

function of input power, strap angle, and relative strap phas-
CDX-U is a low-aspect-ratio tokamak facility witR,  ing provide insight into the mechanisms which dissipate an-
~35 cm,A=Ry/a=1.5,k=bla~1.5B,;<1.2 kG, andlp tenna input power.
=50-80 kA. The total discharge pulse length is roughly 20 . .
ms with a flattop duration of approximately 5 ms. The peal(a" Loading as a function of power

central electron density is typically 082 x 10" cm™3, the Early measurements of plasma loading resistance found
line-averaged density is 2-410'? cm™3, and T,(0)~100 that loading was largest at very low power levels and asymp-
eV. A drawing of the device is shown in Fig. 1. totically approached a constant value above a few kW. Load-

The CDX-U rotatable HHFW antenna is capable of cou-ing due to the radiation of waves is expected to be indepen-
pling several hundred kilowatts to the plasrfar typical dent of power since power flux out of the antenna is
loading values for pulse durations o&<10 ms. The strap proportional to the square of the wave electric fiétrap
height, width, and center-to-center separation are approxeurrenj. One mechanism which can introduce power-
mately 27, 3.8, and 22 cm, respectively. The strap separatiosependent loading is ponderomotive density expulsion in
was chosen to launch toroidal mode numbgr8 with 0°—  front of the antenn&??*In principle, density expulsion could
180° phasing. Each antenna strap is surrounded by fousxplain the loading drop observed in the CDX-U experi-
0.635 cm thick boron nitride insulating limiter plates to mini- ments by reducing the fast wave coupling efficiency as the
mize radio-frequency sheath effeétsMore details of the power is increased. Ponderomotive density expulsion was
CDX-U antenna can be found in Ref. 20. For all data belowjnvoked to explain poor coupling to the ion Bernstein wave
either hydrogen or deuterium plasmas were used, and th@8W) in DIII-D,?* and more recent experimefit$® and
antenna frequency was 12 MHz correspondingt6);~8  theory’® convincingly show that such effects can be impor-
and w/Qp~16 at the antenna. tant. For CDX-U parameter$.=15 eV (edge and =12

MHz, the smallest wave electric field at which such pertur-
Ill. PLASMA LOADING bations will appear is given approximately fiyks)
1/2

~1 kV/m. (U]

One of the first measurements made with the HHFW
antenna was of antenna loading resistance. In the discussions E>
that follow, the strap loading resistand®strap, is defined
as the effective resistance of each strap such that the pow&eking the inductive electric field along the strap as an upper
into each strap is conserved, since the strap input power arlginit on the electric field at the plasma surface, the above
circulating current are measured quantities. The plasma loadihequality implies that ponderomotive effects might begin to

2mew?kgT,
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become important above the 1 kW power level. Since the Fap Afigle: (Dagrass)

loading is already nearly constant above this power levelriG. 3. Plasma loading resistance vs antenna strap angle for 0°~180° strap

ponderomotive effects cannot explain the observed loadingphasing and=50-70 kW in hydrogen. Note that straps are perpendicular
In addition to the observed loading resistance becomindp B at —30".

constant at high power, signs of saturation in the loading

resistance at sufficiently low power were also observed. Both b field v d idl h
trends are consistent with power dissipation in rf-drivennUmper wave fields not only decay more rapidly at the

sheath$’~3! Insight into how rf sheath dissipation should plasma edge, but also must tunnel through a larger cutoff
scale with plasma and antenna parameters can be gaing&ftance at the plasma edge before they begin to propagate.
from an analytic model of an rf-driven plasma-filled parallel Cold plasma slow waves are strongly evanescent for these

plate capacitof! One prediction of this model is that the rf plasma parameters and direct IBW excitation should be

induced change in plasma potential on field lines linking theweak’ so fgst wave ra<.j|apon.sho.uld be the dqmlnant source
f loading if sheath dissipation is comparatively small at

antenna to ground should scale quadratically with oscillatin
v g y igh power. The sheath loading analysis of the preceding

strap current(strap rather than linearly if the strap current A 0 : :
is made sufficiently small. Since the incremental power disSection indicates that less than 5% of total input power is

sipated in sheathidy iong should scale as the product of the dissipated in 'she.:gths for input powers gbove 50 kW. The
ion saturation current and change in plasma potential, th@le of any significant antenna-plasma Interaction at Fhese
predicted parasitic loading caused by sheath dissipatior‘l),oWer levels regardless of antenn_a an_gl_e and phasing is pre-
Rey, should tend to a constant value &s eV, /T.—0. sumably due to the use of insulating limiter plates.

Here V is a voltage proportional to the strap current. The]c Fjguref 3 compares Ith? m;asfggf' plasmal}] Io_ading a;]s a
scaling for arbitrary¢ derived in Ref. 31 is unction of antenna angle for 0°— strap phasing to that

predicted by a cold-plasma coupling code written specifically
R _RE=0 1+0.6¢ 214(§) for these ST experimentS. As seen in the figure, good
sH &)~ Ra 1+& &o(d)’ agreement is obtained between experiment and theory so
wherel, andl; are modified Bessel functions.

long as the straps are not too nearly paralleBtoDensity

Ei 2 sh the loadi ist d and magnetic field profiles derived from equilibrium recon-

nearl)llg(girght 0? dg;gsof riaglfit:::j% :ﬁsézjgéz ??ﬁ;ﬁtriovsgresrtructions were used in the coupling simulations, field-line

. . o pitch and shear effects were found to be important, and all

gzgg tzrsiir:i';fgggrfoﬁ?g'fsysfzgg?{ ed to tr:;n dsheath relevant 1R effects are included in the equations for the fast
SH » Vrf STRAP:

asymptotic loading value of 1., As seen in the figure, this wave fields in front of the antenna. The uncertainty in the

; ) redicted loading is due primarily to the uncertainty in the
three parameter model provides a good fit to the data, agbsolute magnitude of the electron density which was mea-

;hofgwhe change in _slope n thhet theoretme_x(lj %‘rve n thfesured using a triple Langmuir proB&Without the inclusion
— POWer range 1s somewhat more rapid than experiae o tangential electromagnetic fields from the strap feeds
mentally measured. From this fi,; is estimated to be ap-

. : : in the modeling?* the predicted loading is four times larger
proximately 20%-40% of the inductive voltage drop alongthan measured. The antenna is modeled without a Faraday
the length of the strap.

shield, as earlier coupling simulations with an ideal shield
included® predicted unrealistically large loading values for
strap angles nonorthogonal B

In general, plasma loading was observed to decrease as
the antenna straps beca.me.paralleB.%tCalthOL.Jgh sometimes V. MICROWAVE SCATTERING MEASUREMENTS
only weakly). This behavior is consistent with fast wave ex-
citation, since the fast wave is predominantly a compres- To better understand fast wave coupling and propagation
sional wave. Further, the strap phasing which launches thphysics in CDX-U, the vertical beam of the CDX-U 2 mm
largest parallel wave numbér.e., 0°~180° strap phasing interferometef® has been used to measure far-forward mi-
exhibited the smallest loading of any phasing. This is alsacrowave scattering off of electron density fluctuations in-
consistent with fast wave excitation since high parallel waveduced by rf wave fields in the plasma. The interferometer

)

B. High-power loading as a function of antenna angle
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FIG. 5. Electron temperature measured with a triple Langmuir probe at
FIG. 4. The square of the 12 MHz scattering signal at fixed strap currenseveral major-radial locations in the outer part of the CDX-U plasma. Dot-
(500 A,_,) compared to the predicted fast wave loading resistance bottied lines represent raw data, solid lines the raw data smoothed over several
renormalized to their respective values-aB0° strap angle. Data taken in MHD periods. Data taken in hydrogen with vertical straps and 0°-180°
hydrogen with 0°-180° strap phasing. phasing.

beam is located 90% away from the antenna toroidally, an%as been observed in hydrogen and deuterium plasmas usin
should therefore be relatively unaffected by antenna near yarog P 9

fields. The beam major radius can be varied from a few triple Langmuir probe, <_:arbon \CV) spectroscopy, and
. o . ; central Thomson scattering. Unfortunately, however, the
centimeters inside the magnetic axis to the edge of the . : . )
. . . . central Thomson scattering diagnostic was not available dur-

plasma, but scattered signals are typically quite weak outside

r/a=0.5. One fortunate side effeaith regard to the scat- Ing many of the rf heating experiments. The characteristic

tering experimenisof these MHD active plasmas is the e-folding times of the rise and decay phases of the electron

: . i . . temperature increase during @neasured using the triple
peaking of the electron density profile. This peaking causesrobe are consistent with the global energy confinement

the scattered signal to be dominated by scattering from thEme (80-1008) of these MHD-active plasmd&.and en-
core, and therefore allows accurate measurement of varia-

tions in the core wave field amplitude as antenna parametes 3. balance calculations using this confinement time and
are chanaed P P {Re measured increases in radiated power and electron stored
gea. energy find that 50%—-80% of the rf input power can be

Under the above conditions, the core wave-field energy L
density should be approximately proportional to faccounted.for._The glectron density risee-integrated dur-
ing rf heating is typically less than 10%.

rf 2 rf : hali
[/neo(2)d2 W.hereanO(Z.)dZ'S th? 12 MHz Ime integrated One of the more surprising findings from both central
electron density fluctuation amplitude. For fixed strap cur-

rent, the power radiated into the fast wave should be proporThomson scattering and CV spectroscopy measurements was

tional to the radiation resistance of the fast wave. Assuminthat the central electron temperature increase during rf was

the fast wave damping rate is constant during the shibt ( %ersstently smaller than expected. Typical central electron

<500 us) scattering measurement, the wave-field energ);temperature increases during rf were in the range of 10-15

. ) S . 2%V, and similar increases were measured in the outer regions
density(at fixed strap curreptand fast wave radiation resis- 9

tance should therefore be linearly related. A comparison be(—)f the plasma. Heating outside the core of the plasma is

. . .~ evident in Fig. 5 which shows the electron temperature mea-
tween the scattered signal amplitude and the theoretlcal_lgured using a triple Langmuir probe located 10° away from

predicted fast wave loading as a function of strap angle i$e antenna toroidally at a normalized minor radiia
" 0.6 on the equatorial midplane. In contrast, Fig. 6 shows

passing throug_h the magnenc axis and both curves are N%e predicted power deposition profiles computed using both
malized to their respective values when the straps are or-

thogonal toB. As seen in the figure, both curves show a very:alsa:t:'gﬁvzgﬁzetgaﬁ:ﬁ%:f Sgdazg t?hee ht% tr'gildegltr?onn dgiigfrlgg
similar dependence on strap angle, and together imply thEﬁORIC) full-wave codeé’8 Clearly, the measured profile of
most of the rf input power is radiated into the fast wave um”electron heating is appérently m’uch broader than predicted
the straps become nearly parallelBo When the straps are by either code

parallel toB, half of the input power is apparently dissipated :

o One possible explanation of this discrepancy is that col-
by some means other thaeold plasmafast wave radiation. lisionless electron heating in the antenna near Yfélcom-

petitive with linear Landau damping in the plasma core.
Such nonlinear effects are not included in either of the afore-
With antenna limiter bakeout and steady-state titaniunmentioned codes. Another possibility is that since the pre-rf
sublimation gettering, increases in carbon and oxygen lineentral electron temperature is typically just below 100 eV,
radiation consume no more than 20% of the coupled rf inputost of the core rf power is consumed through impurity
power (=100 kW) even when the straps are parallel to theionization and radiation rather than increases in electron
edge equilibriumB. In such discharges, rf electron heating stored energy. While most rf heated discharges have not

V. ELECTRON HEATING



2006 Phys. Plasmas, Vol. 6, No. 5, May 1999 Menard et al.

Power deposition profiles Power deposition profiles

0
°
'
)

(]
e
(7]
o
T
1

dP/dV for electrons (MW/m®)
IS

1
Absorbed power density (arb.)
o
Y]
(=]

2 0.10F 7
0 L 0.00 . . -
0.0 0.8 1.0 00 0.2 04 0.6 0.8 1.0
Vy
FIG. 6. Predicted power deposition profiles for electron heating in CDX-UFIG. 7. Predicted power deposition profiles for NSTX using cold-ion ray
computed using hot-electron ray tracifgplid line) and the TORIC full-  tracing for the equilibrium of Sec. VI and a launched toroidal mode number
wave code(dashed lingfor an rf input power of 100 kW. n,=6. The solid line includes the full equilibrium magnetic field, while the

equilibrium poloidal field has been reduced by 90% for the dashed curve.

shown dramatic core electron temperature increases, there
are a few cases which show as much as a 50% incredie in can alter the power deposition profile of the fast wave and
in the core. For such cases, the measured electron heatiegrrespondingly impact the fraction of power absorbed by
profile more closely resembles the theoretical predictionsthermal ions.
Much of the supporting analysis for these findings can be  Given the short perpendicular wavelength of the fast
found in Ref. 40, and this reference also discusses how th@ave in NSTX plasmas and the dearth of two-dimensional
rapid radial transport in the low-field CDX-U device may (2D) toroidal full wave codes capable of treating waves with
lead to a core impurity accumulation instabiftywhich  (k, p;)2>1, ray tracing is a useful analysis tool for the
would make large increases in core electron temperature difsresent problem. Ray tracing is performed using the hot-
ficult to produce at the rf power levels used in these experielectron(cold-ion dispersion relation from Ref. 9 to deter-
ments. mine the power flow trajectory ang evolution. The full hot
plasma dispersion relation is then solved using the cold-ion
n; and equilibrium quantities along the ray trajectory to ob-
tain the exact electric field polarization and electron and ion
The NSTX device will initially utilize a HHFW antenna absorption within the WKB approximation. As discussed in
capable of delivering 6 MW of 30 MHz rf power as its pri- Ref. 42, the electron and ion kinetic fluxes must be properly
mary auxiliary heating system until its neutral beam injectionaccounted for to obtain positive definite absorption. The ray
system becomes operational. The antenna is comprised of ttacing code is interfaced with J-SOLVERequilibrium so-
toroidally phased straps oriented verticallpoloidally)  lutions to include a realistic equilibrium magnetic field.
which cover 90° in toroidal angle on the outboard midplane.  The reference NSTX equilibrium under consideration is
Similar to the CDX-U antenna, each approximatélm tall ~ taken from Fig. 6 of Ref. 4 and has a vacuum toroidal mag-
strap will have its own Faraday shield and boron nitride in-netic field at the plasma geometric center of 0.3 T and a
sulating plates separating adjacent straps to minimize rfplasma current of 1.1 MA. The central electron and deute-
sheath formation. Given the successful coupling to the fastium densities are taken to be X80 cm™3, the central
wave measured on CDX-U even with large strap-field mis-electron temperature is held fixed at 1.5 keV, and the deute-
alignment angles, it is anticipated that the NSTX antennaium temperatureTp) is varied to determine ion damping as
will also efficiently couple to the fast wave even when thea function of Tp. The density and temperature profiles are
edge poloidal field is similar in magnitude to the toroidal assumed to be broad, and the strong poloidal field typical of

VI. PREDICTIONS FOR NSTX

field. such equilibria helps to form an absolute magnetic well on
Given the thorough WKB analysis originally performed the low-field side of the plasma.
in Ref. 9 and the more recent one-dimensioftED) full- The effect of this strong poloidal field on power flow and

wave analysis described in Ref. 42, there seems to be littldamping is illustrated in Fig. 7 for a launched toroidal mode
doubt theoretically that high-harmonic fast waves can effinumbemn =6. The solid curve in the figure includes the full
ciently heat electrons. Both of the aforementioned articlegquilibrium poloidal field, while the dashed curve has the
also find that ion-cyclotron-harmonic damping can becomepoloidal magnetic field artificially reduced by 90%. In both
important if the ion temperature is sufficiently large. Quan-cases, the group velocitpower flow) has a significant com-
tifying the power absorbed by the ions is difficult, however, ponent parallel to the equilibrium magnetic field, and in the
without including both a realistic equilibrium magnetic field case with the full poloidal field, the power flow develops a
and understanding how these equilibrium effects can altesignificant vertical(as opposed to purely major radial and
the fast wave power flow. The purpose of the following toroida) component. Further, the poloidal magnetic field
analysis is to show briefly how the poloidal magnetic field causes the parallel wave vector to upshift much more rapidly
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14 A novel rotatable two-strap antenna has been installed in
0.0 0.2 0.4 0.6 0.8 1.0 the current drive experiment upgrad@DX-U) in order to
Vy investigate HHFW coupling, propagation, and electron heat-

ing as a function of strap angle and strap phasing in a ST
FIG. 8. Predicted power depo§i_tio_n profiles for NSTX witf(0)=1.5 ke\{ plasma. rf-driven sheaths appear to be reSponSibIe for in-
andTp(0)=1 keV for the equilibrium of Sec. VI and a launched toroidal . .
mode numben,, = 12. creases in gntenna Ioad_mg at very low power _Ieyels, but the
loading attributable to this effect becomes negligible above a
few kilowatts for all strap angles and phasings tested. Boron
nitride insulating limiter plates, while apparently not com-
than 1R. These effects, combined with the fact that thepletely eliminating sheath effects, appear to eliminate any
single pass absorption is already approaching 100%, lead &irongly deleterious antenna-plasma interaction local to the
power deposition profiles which are relatively narrow andantenna.
typically localized off axis. At higher launched, (higher At sufficiently high power, i.e., once the loading has
ny), the fast wave damps off axis regardless of the poloidabecome independent of power, the measured coupling effi-
magnetic field strength. For the CDX-U experiments dis-ciency as a function of strap angle is found to agree favor-
cussed in Sec. V, the predicted power deposition profile isbly with cold plasma wave theory until the straps become
peaked on axis despite the strong poloidal field because theearly parallel to the equilibrium magnetic field. When the
single-pass absorption is less than 10%. straps are parallel to the field, half of the coupled input
While these effects are perhaps not surprising, they arpower cannot be accounted for. Far-forward microwave scat-
important with regard to ion damping because the ray trajectering from wave-induced density fluctuations in the plasma
tory determines how many ion-cyclotron resonances are ercore indicates that using cold plasma theory to model fast
countered as the power is deposited, and the parallel wawgave excitation is a good approximation for CDX-U plas-
number and local ion temperature determine the width ofmas, as the predicted fast wave loading and scattering signal
each resonance. FiguréaBshows power deposition profiles show a very similar dependence on strap angle as the antenna
for damping on electrons and deuterium ions for a centrals rotated. Signs of electron heating during rf power injection
deuterium temperature of 1 keV and a launchge-12. As  have been observed in CDX-U with central Thomson scat-
seen in Fig. &), the ray passes through two cyclotron reso-tering, impurity ion spectroscopy, and Langmuir probes. The
nances as it completely damps, and nearly all of the iorcentral electron temperature increase is typically not as large
damping occurs at the 16th harmonic. For this particular seds predicted by standard rf wave heating theory. However,
of parameters, 16% of the fast wave power is predicted to b80%—80% of the rf input power can be accounted for in both
absorbed by thermal deuterium ions. Figure 9 summarizeBydrogen and deuterium plasmas provided the antenna and
the deuterium power absorption fraction for a range of iorvacuum chamber are properly conditioned.
temperatures and launched,. As seen in the figure, the While these initial results appear promising with regard
absorbed fraction increases rapidly with increasing temperae efficiently coupling to the fast wave and heating electrons
ture above 750 eV, and low, absorbs the most power at in NSTX, damping of the fast wave on thermal ions at high
fixed ion temperature. Fan,<4 andTp>1 keV, the ion ion-cyclotron-harmonic number may compete with electron
Bernstein root begins to coalesce with the fast wave root, andamping at sufficiently high io. The present WKB analy-
the damping results become suspect. Launching hjghp-  sis of the ion power absorption predicts that ion heating may
pears to be one way to significantly reduce the ion dampingbecome non-negligible above 1 keV central ion temperature
Lastly, careful adjustment of the equilibriutor wave fre-  for typical NSTX plasma parameters and should be strongly
guency to launch power between edge harmonics can reducdependent on antenna strap phasing. It must be stated, how-
the ion absorption by roughly a factor of 2, but such tailoringever, that while the WKB approximation appears to be well
may be difficult experimentally. satisfied in the region where the power is absorbed by the
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ions (and electrons the present analysis completely ignores, Ohtsuka, S. Sengoku, T. Shoji, N. Suzuki, H. Tamai, T. Yamauchi, and I.
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