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In the Phaedrus-T tokamé4R. A. Breunet al, Fusion Technoll19, 1327(1991)], Alfvén waves are
indirectly driven by a fast wave antenna array. Small fractions of minority ions are shown to have

a large effect on the Alfve spectrum, as measured at the edge. An ion—ion hybrid Alfwede has

been identified by measuring dispersion properties. Landau damping is predicted to be large and
spatially localized. These Alfwéc waves are experimentally shown to generate correlated electron
heating and changes in density near the core of the tokamak plasma. Fast wave antenna fields can
mode convert at a hybrid Alfreresonance and provide a promising route to spatially localized
tokamak heating and current drive, even for low effective ionic chdge-1.3-2.

© 1996 American Institute of Physids$1070-664X96)00804-3

I. INTRODUCTION nant heatind;® antenna loading, and wave fields in
) . ) ) . tokamaks® that have been carried out with nominally “pure”
For a magnetized plasma with gradients in density Of,yqrogen plasmas. Impurity or minority ion effects may be
magnetic field, there have been many theoretical predictionge,y gitficult to avoid when explaining the interactions of the
that Alfven waves can have a resonahemd heat the elec-  Alfvén wave with plasma electrons. A cylindrical model ap-
trons at a spatially localized surfat®.Some examples in- pears to be adequate to explain the data shown in this paper,

clude the solar cororfain a tgkamak‘s, and in auroral arcd.  oyen though the Phaedrus-T tokamak has significant tor-
In a tokamak, electron heating and current drive in the Al-g;gicity at an aspect ratié~3.7, leading one to expect tor-
fven regime is accessible using ICRiBn cyclotron range of iy effects.

frequenciesfast wave antenna heating systems that take ad-  1he connections between ion—ion hybrid waves and the

vantage of mode conversion from antenna launched fast,.; that they are due to hybrid effects on the Afivepec-
magnetosonic wave fields. o trum have not received much attention. The recent success
~ In the Phaedrus-T tokamak Alfaewaves are indirectly \ith mode conversion heating in the Tokamak Fusion Test
driven by a fast wave antenna array, and can generate eleggaciol! (TFTR) has generated more interest in this type of
tron heating in the plasma core. A low-power frequencyyegime. Scenarios where fast wave antenna fields mode con-
sweep experiment was used to measure the dispersion propsrt 14 an ion—ion hybrid Alfva resonance promise routes to

erties: This wave behaves like an Alf\j_e wave gssociateq tokamak heating and current drive.

not with the nominally pure hydrogen ion species, but with

an ion—ion hybrid Alfve continuum. The presence of impu-

rity ions such as fully stripped &, D' create a gap in the , ,

dispersion curve near the ion minority gyrofrequency and!- ALFVEN AND ALFVE N-ION-ION-HYBRID MODES

add another mode above the ion—ion hybrid frequency. In the usual picture of the Alfue resonance, the cylin-

A radio-frequency(RF) power pulse experiment along | . : : )
. A : e drically symmetric density an8, gradients allow the local
with Beam Emission SpectroscogBES) identified a local Alfvén speed v a(r)=B(r)/[ wemn(r)]2 and frequency

(5—6 cm radial width RF power deposition region at the .
core, as predicted. The exploration of advanced tokamak op“-’A(r) to match the pump field phase spaeg,
[n+m/q(r)]? (1 wa(r)

erating regimes will require off axis current dri¢€D) to ) 5
maintain reversed shear in the safety facigy, (which also wa(r)= Rz Y )UA(Y), 1)
appears to lead to desirable reduced radial transport proper- “
ties. For this reason the radial localization of the RF powemhere the parallel helical wave number=(n+m/q)/R is
deposition attainable with the scenario we demonstrate hemerived from toroidal and azimuthal mode numbem=sndm,
may turn out to be useful for other tokamak off axis CD the ion cyclotron frequency i&(r =0), and the safety fac-
experiments. tor is q(r)=rBy/RyB,. Here the toroidal magnetic field
Here we show experimental data from related experiBy;=B,;,(R=R;) and the major radiuR, are considered to
ments at both high and low ICRF power. Core electron heatbe fixed. A schematic of this geometry is shown in Fig. 1,
ing from ICRF waves is demonstrated at high power. At lowwhere the antennas in the experiment are located on the low-
power we show that small impurity fractions, e.g., effectivefield side, although the cylinder model cannot distinguish
ionic charge Z,4~1.3-2 induce large changes from the between the high- and low-field side. i#f,,<v,, theory
single species Alf#e spectrum. This may help to explain a predict$> > mode conversion to a kinetic Alfve wave
number of laboratory measurements, including Affveso-  (KAW), with substantial Landau damping onto the electrons.
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FIG. 2. Calculated slab model dispersion relation for the single species
FIG. 1. Schematic of the basic cylindrical geometry including the toroidal, Alfvén waves(dotted ling given in Eq.(6), and the two hybrid branches,
poloidal, radial, andhelical) parallel directions, along with the associated including the Alfvanic (dash—dot—dottedion—ion hybrid (dash—dotted
wave numbers. The antenna array straps are situated on the low-field sid@odes.
and the sheareB, field is also indicated.

wheren and m are, respectively, the toroidal and poloidal

In the above high RF power heating experiment, the iorfmode numbers. This dispersion relation is shown by the dot-
species mix consisted of a majority H, with a heavier minor-t€d line in Fig. 2.
ity of impurity carbon that could not be reduced below  The presence of impurity ions such as C, D adds another
ne/ny~1%-2%. Our suspicion that the observed electrormode to the Alfve continuum dispersidf abovew>w;;,
heating was due to an Alfwic ion—ion hybrid wave moti- @nd & gap at the ion gyrofrequency of the minority species
vated a series of low RF power wave physics experiments?cz<@<wj; , along with the Alfven branch associated with
We added heavier ion species fractions such as deuteriuri{l€ lower gyrofrequency ion, and changes the discrete Alfve
and covered the rangep/n~0%-200%. The results of SPectrum as well? The two branches are shown schemati-
these low-power experiments are shown in Sec. V, and makeally in Fig. 2,,Where for simplicity we will refer to the lower
a case that the mode converted wave is an Afwave as- Pranch as Alfvaic (dash—dot—dottgdand the upper one as
sociated, not with the nominally pure hydrogen ion speciesthe hybrid branctidash—dotted
but with a minority species ion—ion hybrid Alfne con- ‘The perpendicular resonance including the sum over mi-
tinuum. These ion—ion hybrid waves occur at frequencied0rity ion species contributions corresponds\fo='S, where

above the ion—ion hybri§ frequencyw;; , w2
S=1+> 4, (5)
0l 1+p,10Q, R
w_gz - 1+p,Q," @ and the subscript refers to all the electron and ion species,

and we use the usual Stix notatihrhis approach was used
where the ion gyrofrequencies for species 1 and 2are by Elfimov*? et al. for a cold plasma cylinder approximation
andwg,, p,=n,m,/(nym,) andQ,= w.,/w.=Zmy/m, are, for the hybrid Alfven continuum. The Alfva hybrid fre-
respectively, the mass density and gyrofrequency ratios foguency spectrum normalized to the hydrogen cyclotron fre-
ion species 2 with respect to ion specieéspecies 1 is hy- quency as a function of wave number is then
drogen herg ( + )2

The theoretically expected dispersion for the pure H Al- Pad

fvéen continuum from Eq(1), WcH

Ltp ER{(14p 62— 4xTlp+ AL+ )]}

o __Za_ 3 2 py+ AX(L+ <)) '
weh  (1+kj)

(6)
asymptotes taw ~ w4 as k; gets large. The toroidal and whereA=Q;1=m,/Zm,, &= Kf(1+A2).
parallel wave numberk; andk; are normalized to the ion For our electron heating experiment, the antenna was on
skin depth atr=0 so thatk, = kt/wpy(r = 0) andx;  the |ow-field side, the majority species 1 was H, the hydro-

= Kiclwpy(r = 0), wherew, is the ion plasma frequency. gen gyrofrequency = we; = wey Was outside the low-field
Since the Alfvex wave has flux surface symmetry and fol- gjye imiter, and the minority cyclotrom=w,, and hybrid

lows helical magnetic field lines, our launchkghas a cor- ,— .. frequencies were just inside the high-field side lim-
responding theoretical parallel wave number, iter. In Fig. 3 we show slab model radial profiles of some

typical experimental parameters for 1.4% carbof\ Bhpu-
m  n+m/q(r) yp P P ) P

K=k, + — (4) rity minority in a hydrogen plasma,B,=0.67 T,
“q(NRo Ro (ng)=8x10"® m™3 RF frequency of 7 MHz, launched
1332 Phys. Plasmas, Vol. 3, No. 4, April 1996 Intrator et al.
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expected electron Landau damping is quite large.

Q'g 2F 15@ A scenario where fast wave antenna fields mode convert
= 08f E 10§ to this type of ion—ion hybrid Alfva resonance is promising

— E | 5 = . . . .

X 04f 1°% for tokamak heating and current drive. In principle, the reso-
= 0. "S=0 ai N2 1 0 nant location can be moved from the core to either edge by
S | 0= O S adjusting species mix, density profiles, or evenin real

< E S ; 4,25

ZEENYC) _\’ N0 ] time®*2>with our phase tunable antenna array.

= 10—

£ 3. o Ill. DESCRIPTION OF HEATING EXPERIMENT

ST N, 2<0 E Phaedrus-T is a medium-sized tokarffakith a major

radiusRy=0.93 m, minor radiug=0.25 m, with a central
electron temperatur&,(0)~400—600 eV. For this experi-
ment we operated the device with a plasma currettsf70

6. 3. Siab model of R t Crcton of i kA, edge q(a)~3.7, line-average densityn,)~8x 10
. 3. Slab model plasma and calculated parameters as a function of mingg,—3 ] )
radius withr>0 on the low-field side, includinga) density n(r) (solid % - In the Phaedrus-T tokamak a two strap fast wave an

line), majority gyrofrequency(dashes minority gyrofrequency(dash—  t€nna array consisting of two toroidally spaced poloidal cur-
dotted, launched RF frequency(b) calculated Stix parametes (solid), ~ rent straps is used to drive low phase velocity wave fields.
launched refractive indern,~90, n2~8100, the location of the ion—ion For the peak in the Vacuumz spectrum the wave phase

hybrid frequency aB=0; and(c) calculated perpendicular refractive index _ - .
nZ with both slow(solid) and fast wave rootédash—dotted wheren2<0 speedv bz wlk; is substantially less than the core electron

corresponds to evanescent fields amfd>0 corresponds to propagating thermal speed ,,~0.2-0.3,, where the electron speed
waves. ve=(Te/me) 2, corresponding to a parallel refraction index

N,~150.

4 . i . o The antenna straps were operated at a frequency of 7
k,~0.12 cm~. The density profilgsolid line) and majority  n1Hz with strap phasing of,=[0,7] with a measured peak
(dashep and minority (dash—dotted gyrofrequencies as a 4ng minimum of the vacuurk, spectrum ak,~0.2 and 0.0
function of minor radius are indicated in Fig(@®. The lim- cm L, respectively. We observed electron core heating of
iters and antennas are locatedr at+25.5 cm. In Fig. 8) 15%-30%, along with a 15%—-25% drop in loop voltage.
we show the calculated local values of the Stix param8ter the evanescent wave fields penetrate into the plasma, ap-
(solid line), tr]e launched value @42 (dot9, and indicate the proximately ase~"™*)". Where the density is high enough,
nominal Alfvenic resonance a;=S, along with the loca- e |ocal Alfvn speed can match the launched pump field
tion of the conventional Buchsbaum—BJé‘ra?n—mn_hybnd v 4, and mode conversion can occur. These mode converted
resonance &=0 with o= w;; . The conventional picture of 5yes also have slow phase speed and are predicted to be a
minority ion—ion hybrid heating would lead to high-field ghear Alfver wave-13-15 (SAW) or a mostly electrostatic
side edge ion heat?ng and not our experimentally o_bserveg[,ave, such as the kinetic Alfwewave(KAW). The KAW is
core electron heating. In Fig.(§ we show for a given pregicted to have substantial Landau damping onto the large
N,= 90 the calculated cold plasma slab model parallel refracpopulation of subthermal electrons, so that single pass ab-
tive indicesN2 for both the slow(solid line) and fast(dash— sorbtion of wave power could be quite high. The lon Bern-
dotted wave roots. The fast wave is evanescent at the loWztein Waves(IBW), which can occur between ion cyclotron

field side edge near the antgnﬂMﬁ@O), and we see the slab harmonics of a multi-ion species plasma are analogous to the
model Alfven ion—ion hybrid resonances &;=S corre-  kaw in the ion—ion hybrid region.

sponding to Fig. ®).

We inferred the fully stripped carbon'Cminority frac-
tion from opticalZ. (at 5236 A%?°measurements and soft
x-ray measurements. Fractions of ng/ny~1%—-2% for In Fig. 4 we show the ICRF powed? gating on with
Ohmic discharges andq/ny~2%-4% for high RF power 330 kW average power during the time 100—150 ms. The
discharges were estimated and their distributions were takgmlasma current is regulated by a feedback system, so that the
to be parabolic, consistent with tivesT codé? model. Inthe  loop voltageV, drops promptly some 15%—20%, while the
following sections we will display two base cases for com-plasma current, and the interferometer line density change
parison, with nominally pure Hho/ny~1.4% during Ohmic  only slightly. Soft x-ray(SXR) signals show increased saw-
discharges, climbing to 3% during RF power injection, astooth activity compared with a similar shot with no RF
well as a different case with added minority/ny~25%,  power. In Fig. 5 we display an inset where the time scale is
which from Eq.(2) is equivalent ton/ny~4.25%. expanded betweeh=110-130 ms and the SXR sawtooth

Better models of the RF wave behavior including kineticbehavior is easier to see.
effects were also used, and provided more information about In a similar series of shots the electron temperature as
power deposition and the discrete mode structure embeddedeasured by Thomson scattering increases 15%—30% in the
within the approximations described above. According tocore, and also increases somewhatr&>0.6—0.7, as
elfimov and computer codersi-2223(described in Sec. Iy shown in Fig. €a). The drop inV, is consistent with the
the plasma heating is predicted and observed to be localizetblume-averaged change T of 15%—20% and the associ-
to a small region near the tokamak core, and theated decrease in Spitzer resistivity, the increasé,jn along

30 20 <100 10 20 30
minor radius (cm)

IV. AW HEATING AND COMPUTER CALCULATION
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Te(r) profile for a series of shots witlidiamond$ and without (filled
circles RF power, wherd,=0.67 T,fge=7 MHz, Pg-=330 kW coupled,
(Ney=8x10"® m™3, (b) Calculated radial RF power density depositiep
; ; L (solid line) from the one-dimensional cylinder boundary fully kinetic wave
show the time history of loop voltage, RF powekg, soft x-ray emission codeepst2. Integrated fluxbf3"Pp(r)r dr dé in the form of a transmis-

SXR for Sh_OtS with and without RF’_ total emitted radlgtlon detected bysion coefficient is shown by the dashed line. Plasma parameters identical to
bolometer, interferometer measured line-averaged density. Fig. 2@, with 1<q(r)<3.4, ndny=0.032, —9<n<0, m=-1
. ) B ) H— V. 5 ll = ll
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FIG. 4. Typical shot data for nominally pure’HFrom top to bottom we

with some current drivé?1%2023The plasma loading is ap-
proximately 200—300 £, in addition to vacuum loading of be due to RF, requiring 260 J/1.9 m$37 kW. From this, we
approximately 80 ) per strap. infer that approximately 40% of th&®ge couples to the
For our Alfven wave heating and current drive experi- volume-averaged change in energy density.
ments, we desire an estimate of the fractiorPgf coupled To model the wave power deposition we used a com-
to the plasma stored energy. Since we do not have marguter codeeps-2%? that calculates the boundary-valued
proﬁ|e diagnostics in p|ace, we make a crude estimate bproblem for a plasma cylinder with pertubative treatment of
assuming that the energy confinement deteriorates as witfieé poloidal equilibrium magnetic field due to the plasma
L-mode scalingd®?%?’ Then additional energy coupled by current. In this one-dimensional model, kinetic effects are
adding more  Pge only scales as (total included along with finite Larmor radius effects. We pre-
powed 2= (Pgy,+ Prp) ™% For Ohmic shots with ndPge, sumed a 3% & impurity with a parabolic density profile
Ponn=110 kW with an estimatéd Goldston energy confine- and the electron temperature radial profiles guided by the
ment timerz~ 3.2 ms. At the time of the Thomson scattering Thomson scattering electron temperatdr& T,) results. A
measurements, the RF power input was approximatelgalculated radial power density deposition profile is shown in
Pre~330 kW, with Ohmic powelPp,,~90 kW, so thatrz ~ Fig. 6b) (solid ling) that is very similar to the TS . The
(during RB~1.9 ms. Using the data in Fig(® and assum- heating is predicted to follow from mode converted discrete
|ng T 0. GTE! we estimate the stored energy for Ohmic Alfvén ion—ion hybrld modes and Landau damplng on elec-
shots to beW;,,~350 J and for RF shot#/r=~430 J. At  trons. The radially integrated flux is indicated by the dashed
the reducedrz (during RB, 170 J of the increased stored line in Fig. &b).
energy is due to Ohmic heating and the 260 J balance must Even though the predicted RF power deposition is hol-
low near the axis, the experimental data shows thatTthe
profile is either slightly peaked or flat inside &5 cm. In
general equilibriumT, profiles tend to be very similar, or
exhibit “profile consistency,” even for differing auxiliary
heating regime&® For off axis heating, diffusive transport
50 |- should lead to a temperature profile that is flat inside the
heating radius. We speculate that there may be some inward
heat pinch, as well as outward diffusive heat flux, similar to

SXR (nA)

25 the examples shown in the DIII-D tokamak with off axis
0 r=-1.3cm SXR ECH heating®® There is also a predicted RF power deposi-
110 120 130 tion near the edge at~15-20 cm but little increase if,

time (msec) there. One reason may be that radial heat diffusion is typi-

cally much higher at the edge than at the cSrespecially

FIG. 5. Inset from Fig. 4 SXR data for the smaller time interval 110-130With the addition of auxiliary RF power that is coupling
ms, showing the sawtoothing behavior near the axis. through the edge.
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pump duct My AN FIG. 8. Radial dependence of correlations calculated from BES data, where
- = A RF matchbox . . . .
Y 'S ) ) the line of sight of each particular channel intersects the DNB paih.
' 36.000" /"B dot probes ¢~ _LOW'F‘eld Side: ZStr-ap _ Positive correlation amplitude§(At)>0 are shown by the squares, with
o \ High Field Side: Stacked Strip Line filled circles indicating the corresponding causal correlation tithes 0,
[ meter 'SXR Array Visible showing a positively correlated pulse propagating inward from the antenna
- SPRED Monochromator side or low field side edge toward the cofk) Negative correlation ampli-

tudesC(At)<0 are shown by the diamonds with filled circles, indicating

the correspondingt>0, showing a negatively correlated pulse propagating
FIG. 7. Schematic of the Phaedrus-T tokamak showing locations of lowputward from the core to the low-field side edge.

field side two strap RF antenriport box 3, DNB in port (port box 5, and

BES diagnostic geometrgport box 6, B-dot probe locationgport box 2, - . .
and Thomson scatteringort box §. Port box numbering is indicated in creasePre—increase inVgeg) promptly or positive correla

boldface and the toroidal magnetic field is parallel to the Ohmic electrontiOns (i.e., decreas®r-—decrease iVgeg) at someAt half
plasma current indicated near port box 4. a square wave period later. To resolve these types of ambi-

guities, different datasets were taken with different modula-
tion times, including sequential power modulation pulses

We used beam emission spectroscaBES?® along with time durations at high and low RF power that were not

with a diagnostic neutral beafbDNB) to view ICRF per- Integer mul_t|ples of each other_. -
. : Delay timesAt corresponding to peak positive correla-
turbed ion density changes that were presumed to be caused . . " : :
" - ion amplitudes for many spatial positions is plottéitled
by the local RF power deposition. The DNB was mJeCtedcircles versus the major radius in Fig(s, along with a
toroidally and the intersection with the BES optics field of ! 9'@, 9

X : ; . curve fitted line. An increase aft toward the outside cor-
view provided a local detection volume 0.5 cm radially, responds to outward propagation of correlation pulses. The
+0.25 cm poloidally, andt6 cm toroidally for each of the P propag P '

six available BES channels. A schematic of tokamak geomgssomated correlation amplitud&(At)>0 (square in-

etry including antenna, DNB, BES, and toroidal field direc- °'€as€ near=102-108 cm. Since th? DNB does not pen-
T — . ) . .~ etrate to the core, the decreasedgfAt) in the core and also
tion is shown in Fig. 7. The BES signal is sensitive to ion

density (mostly and electron densitysomewhat The RF its peakedness off axis may be exaggerated. Scatter of corre-

ower was sauare wave modulated. with varvin eriodsIation timesAt in the core is also large. Figurél8 shows
P q ' ying p At (filled circles corresponding to the peak negative corre-

from 2—11 ms during the RF and DNB pulse duration. The,__. . : . S
. . lation as a function of major radius, and implies inward
pulse modulation periodsy were of the order of the energy . : ; . : .
ropagation of anticorrelation pulses. Anticorrelation ampli-

and particle confinement times, to maximize the observabl udesC(A1)<0 (squares are plotted as well, and presum-

ion density modulation. To interpret this experiment, onlyably indicate density depletion pulses propagating inward.

minimal assumptions need to be invoked about the plasmﬁnticorrelations peak at the edge Rt 115—118 and possi-
physics inside the tokamak. We assumed that the RF pow r,Iy near the core aR=98—103 cm. The antenna limiter is

if it couples to the plasma, will heat up the plasma electronsOn the low-field side and located Rt= 119 cm.

o e e aoe oa. Th BES data G ot prov e exience of R ety
Y, ’ P abut do indicate some RF related phenomena localized to the

ion density. . ; o L
Amplitudes for cross-correlation between RF pumpcore region. This combination of edge and core coupling is
expected theoretical??3The notion of an inward propagat-

power Pre and BES responséges were calculated from the . . :
. . RF > . , ing pulse is not without precedent. One example we alluded
time histories ofPrr and Vgeg USing a correlation function, : ; .
defined as to above is the observation of during electron cyclotron reso-
nance heating on the Doublet I tokanfallll-D by Luce
et al. of a nondiffusive electron heat transport mechari8m,
C(AI)—f Pre(t—At)Vgeg(t)dt, (7 radially inward against the gradient . It may be useful

as a function of the positive causal delay time. Here for 0 ther to_kamak CD experiments to take advantage of the
radial localization we observe here.

C(At) can have positive or negative peaks that correspond to

maximum positive correlation or negative anticorrelation fory. FREQUENCY SWEEP EXPERIMENT
a givenAt. There is some ambiguity inherent in data result-
ing from correlations such as Eq7). For example, it is
difficult to tell for repetitive RF power pulses whether nega- In order to investigate the wave physics, we performed
tive P transitions generated negative correlati¢ins.,, de- low RF power experiment on standard Ohmic tokamak

A. Experimental description
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Amplitudes and phases of the antenna drive signals, an-

Waﬁgek ] svl\jil'::h ] 'ntlig?fk tenna circulating currents, and B-dot proffes the plasma
I were monitored. Group delayg, = d¢/dw derived from sig-
splitterf 1 limiter nal phasep(w) corresponding to cable length and electronic
OIO amp delays were measured as a function of frequency, and were
splitter normalized out of the phase measurements. Circulating cur-
0-0 \;(\),ﬁf rent was of the order of 4,5, and B-dot probe signals were
splitter Vref typically normalized to the excitation antenna currest.
0-m | Vor EX [ Wave magnetic fields were measured with B¥dot
10dB 10dB Vrefl probes at a minor radius af=22.5 cm, 2.5 cm on the
atten atten leirc plasma side of the limiter. Assuming that there were damped
ENI ENI waves propagating as
i B(w,ky;2)~Be ot Mo+ k0)z g e~idl) (®
directional o ’ we inferred a complex-valuek,(w)=Re(k,)+i-Im(k,)
coupler % from the signal phase and amplitudes ensemble averaged
§, ﬁ over many shots. From the phase shifts of the shear field
ﬂ'IL - 7H’_ 2R dot probe componenB, we measured the average values of the wave
:\; g :\; g dispersion propertiek,(w). Statistical properties of the col-
g g lective modes, wave dispersion, and damping properties
s q S were accessible by ensemble averaging the realizations over
q many tokamak shots, and multiple sweeps within shots.

FIG. 9. Schematic of the RF drive chain used to excite two straps of the RIB. Frequency sweep data
antenna, along with the vector volt meter and local reference oscillator. A ) )
B-dot wave probe is also shown schematically. Even though the fast wave antenna is nhominally a com-

pressionaB, launcher, substantial shear fields are launéhed
and the shear Alfue wave (SAW) we seek has principally
discharges, with the fast wave antenna array elements phasslear polarization. Near the Alfagesonance zone, the wave
to [0,7], and swept the frequency from far below to abovegroup speed slows down and tBg wave energy “piles up”
wey . Four 30 ms sweeps consisting of a 20 ms sweep pluand swells. Historically the experimental signature of Aifve
10 ms of dead time were carried out per shot. The 200 mgaves, even at the core of a largely inaccessible plasma, has
tokamak shot typically had a plasma flat top period of 100been observed to be the edgg wave field?***so our use
ms, so that at least several of the sweeps had usable data. Téfeedge B-dot probes to measure core wave properties has
frequency tracking linearity of the sweep was verified bysome tradition behind it.
directly digitizing the frequency sweep time record. Typical In a low-power experiment the fast wave antenna array
frequency resolution was set by the digitizer sample rate ofvas frequency was swefpt.g., 2—20 MHz from far below
40 ksample/s, which for a 2-10 MHz sweep over 20 mgto abovew.y. Magnetic wave fields were measured with
corresponded to a 10 kHz change in sweep frequency durinB-dot probed* inside the low-field side limiter, i.e. in the
each sample. plasma on the equatorial plane, approximately 90 cm toroi-
As shown in Fig. 9, the frequency source was a Waveteklally from the antenna array. We inferred the wave number
178 frequency sweepable signal generator, power split twith a two probek,(w) measurement, whekg was assumed
provide both a local oscillator reference for a broadb@d®ie  to be the phase difference divided by the probe separation
=2-20 MHz, IF bandwidtk-40 kH2) vector volt meter and along a toroidal arc. We note that the phase spege w/k,
RF driver signal for a low-powefAnzac HH107, 2—-35 as well as the group speegd =dw/dk can be inferred from
MHz) 0°-180° hybrid splitter. The split signal drove two frequency swept data. In this case, the direction from the
broadband power amplifer&ENI A-500, 500 W, gair-60  antenna to the B-dot probes corresponded,ta0, where
dB, 0.3—35 MHz, 500 W which excited the two antenna k,>0 would be parallel to the backgrourgy}, field and an-
straps through matched lengths of RG17 cable Withr] tiparallel to the plasméion) current.
phasing. Representative frequency sweeps in Fig. 10 for strap
The antennae were driven through a voltage measurgshasinge¢,,=[0,7] show spiky high quality facto>100
ment feedpoint, inserted so as to avoid the series matchbgeaks above > wy(r = 0) that dominatd3, (not shown
capacitor, and drive the parallel combination of the strap inand B, (showr. These peaks are the signature of cylinder
ductance and parallel matching capacitor directly. The paraleigenmodes of the fast magnetosofkiV) wave. For Fig.
lel capacitor was adjusted to the minimum value so that thd0(a) data,By(0)=0.8T, so thaf.4(0) = 12.1 MHz, and for
resonance was at the highest possible frequér@p MH2z), Fig. 1Qb), f.4(0) = 10.6 MHz, where the core and edfe
and the antenna load was primarily inductive, witk700 = f_ and harmonid = 2f, are indicated by arrows. The
nH per strap. The real part of the impedance was due to thigequency regions for FM eigenmodes appear to have lower
small plasma loading, and a typical impedance at 7 MHz wadounds consistent with the cofgy(0). The amplitudes of
Z~0.30+j300Q. B, and B, from B-dot probes show broad lo®<5 reso-
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FIG. 10. Frequency swept data showing amplitude of the sBgdield for FIG. 12. Axial wave numbek, and toroidal mode number for the low-
estimatecho/ny=1.4% as a function of frequency for two valuesBy=0.7 power sweep experiment witB,=0.8 T, (ne)=8x10" m3, estimated
and 0.8 T. The gyrofrequencies on axisy and at the low-field side edge Np/Ny=25%. Wave numbek, is inferred from B-doB,, data, and is shown

are shown, and the fast magnetosonic wave cylinder eigenmodes are alf¥ frequency swept datasets as a dispersion plot of normalized frequency
evident abovey/ wgy > 1. wl wey on the hybrid branch above/w.y > w; versus normalized wave

numberk, = K,C/ wpy .

nances beIOV.WCH(r. = a), where the ion gyrofrequency €N is normalized tavey(r = 0). The theoretically expected dis-
te.rs the low-field side edge._ Rgpresentatlve frequency Swee‘f)%rsion from Eq(3) for the pure H Alfve continuum with
With ¢,,=[0,0] (not shown indicate a very smaltg corre- 1\ 4 s indicated with a dotted line. The split hybrid Al-
lspondll_ng_to faB(, grlool;p sp;ee?: toohlarge ‘3 rg%aséure with 4fvén continuua from Eq(6), including our actual impurity
ower fimit of v => C_T s For tf eseﬁam—.[ 0] data we ¢ tion of 1.4% carbon, is shown by the dashed lines for the
measuredk'z%0.055 cm -, approximately independent of resonanceNfzs. The two branches abow@ybrid) and be-
frquency n th_e rT\Inge 5 M:ZfFF<9 MHZ' 10 h low (Alfvénic) w;; are apparent in Fig. 14), along with the
or a nominally pure H plasma witkps,~[0.7], the gap in between. The hybrid branch asymptotes tow;; at
results of an ensemble-averagkg «) measurements are small|k,| and the Alfva branch asymptotes to = 0.5 at
shown in Fig. 11a), where toroidal mode number Iarge|kz| ¢
n=Kk,R,<0 is indicated on the top axis and normalized In Iéig. 11(b) we show the phase data from these probes
wave numbek;, = k,C/wpy(r = 0) onthe bottom. Frequency o0y with calculations, but for an expanded scale in the
region of interest. The measured dispersion fits approxi-
mately in the region for the cylinder fluid model of E®),

toroidal mode number n where the range ik,(k,) corresponding to the- 1<m<+1
0 -4 -8 -12 : : : -
. : o ; . range in poloidal mode number is shown in Fig(ld1
507 @ ——T e Figure 12 shows the same type of data set as Fig) 11
L L 18 for a dispersion curve displayed as/wqq(r = 0) vs
55 05 = k,c/wpi(r=0), but for a substantial fraction of D impurity,
3 np/ny=25%. The vertical scale has been expanded to show

the region of interest and dispersion of the hybrid branch.

0.3 ¢
The dispersion curve has moved upward in frequency, with

0'755 (b) the gap now beloww ~ 0.6w.4(r = 0), as expected. In a
& 0.70¢ forthcoming papet® we will show from measured toroidal
I F . . . .
= 0.65- damping that there is a discrete eigenmode structure embed-
s ded in the dispersion data of Figs. 11 and 12. This turns out
3 0.60F to be consistent with our identification of the waves as

0.55" =y 7 Alfvénic ion—ion hybrid modes.

“00 02 04 06 -08 -1.0

K=K,/ Wpp(r=0) VI. DISCUSSION

- bek. and toroidal mod ber for the | For plasma heating or current drive we would like to
FIG. 11. Axial wave numbek, and toroidal mode number for the low- ., oyimize the fraction of RF power coupled or at least estab-

power sweep experiment witBo=0.8 T, (n,)=8x10"® m™3, estimated . .
no/ny=1.4%. () Herek, is inferred from B-dotB, data, and is shown for liSh some estimate of the power balance. If, as suggested in

frequency swept datasets as a dispersion plot of normalized frequencgec. |V, the energy confinement deteriorates as L-mode
w/lwcH versus normalized wave nur:bﬁ{: _ch/prr.]TheAva?ig bra_nchh scalind9'27'28 approximately 40% of thePgr power is
belowwep, I.€., w/wey < 0.5 and the hybrid branch above the ion—ion hy- -, h1eq to the increase i,. The rest may be appearing as
brid frequencyw;; , i.e. w/ wyy ~ 0.55 are evidenib) The dispersion plot is . . . .
[gurrent drive or is otherwise unaccounted for. Our conclusion

shown with an expanded frequency scale to show the hybrid branch in mo ) - - )
detail. that the waves responsible are an AHieion—ion hybrid
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mode is supported both by the dispersion relation data anknown but not generally appreciated. This is much more ap-
predicted core RF power perturbations, as measured by BESarent when viewed from the standpoint of the dispersion
that give rise to core heating, as measured byrT profiles.  diagrams, such as shown in Figs. 11 and 12 than it is when
The dispersion relation data of in Figs. 11 and 12 showone looks at a radially localized wave behavior and wave
the two theoretically expected Alfméc (0 < wp) and ion—  number in the sheared tokamak geometry. The dispersion
ion hybrid (w>w;;) branche¥ [cf. Eq. (6)], with a gap in  diagrams suffer the drawback that they follow from cylindri-
between ., < o < w;;). The upper edge of the gap fre- cal boundary-valued models with the sheaBs€d B+ B 4(r)
guency increases with minority concentration, as it shouldield treated as a perturbation. On the other hand, since the
according to Eq(2). Figure 11 also shows the existence of cylinder model has averaged in some sense over radius, glo-
backward propagating waves in the “forbidden” frequency bal behavior is displayed.
gap,w.p < o < w;, that turn out to be highly damped or Hybrid effects on the Alfva spectrum have recently re-
evanescent in the toroidal direction. These backward wavegeived some attentiol,and mode conversion to an ion—ion
are not allowed for in the cylinder or slab model but mayhybrid Alfvén resonance may be very useful for spatially
exist in the edge or from toroidal effects. Figure 12 shows docalized tokamak heating and current drive. Borg and
similar trend, but thé, and wave amplitudes only get small Cross® may have observed a similar hybrid wave with a
andk, does not appear to switch sign. We defer the discuscold, light ion minority plasma, but did not measure any
sion of why the edge measurement of the shear wave phaséspersion, discrete mode characteristics, or heating.
is a robust indicator of Alfveic wave structure, and how the
damping is connected with a discrete eigenmode structure
embedded in the dispersion data of Figs. 11 and 12 to an?!l- CONCLUSION

other papef® The discrete eigenmode spectifralso turns We have carried out two related experiments on the
out to be consistent with our identification of the waves asphaedrus-T tokamak, and have measured core localized RF
Alfvenic ion—ion hybrid modes. A recent thesis study by power deposition with electron heating, and also found the
Vukovic® using a two-dimensional toroidal cold plasma signature of a mode converted Alfvéon—ion-hybrid wave.
code and radially localized microwave scattering informatiomye show that small fractions of minority ions can have a
from reflectometer data also corroborates this conclusion. large effect on the Alfie spectrum, as measured at the edge.
The kinetic cylinder modeEPsi-2 can account for the \We have used a low-power frequency sweeping technique

radially localized power deposition profiles that are consisand experimentally identified the ion—ion hybrid Alfve
tent with the TST, data, showing a core temperature in- ywave.

crease with RF power. With BES we measure outwardly For this hybnd regime neap~ wi; , a small frequency
propagating pulses that are correlated with the RF power anghnge can excite a large rangelgf, and offer a promising
probably the core heating we observe due to mode convertedute to spatially adjustable tokamak heating and current
Alfvenic waves. BES also indicates inwardly propagatingdrive, by adjusting species mix, density profileskor’* Ra-
pulses that are anticorrelated with the RF power that may bgial localization of the RF power deposition demonstrated
associated with the directly driven edge waves and scrape-offere may turn out to be useful for off axis current drive
layer perturbations excited by the RF antenna. tokamak experiments. Edge current drive can drive reversed

In the search for electron current drive schemes, waveshear in the safety factoq), which also appears to lead to
with low parallel phase velocity are ideal candidates becausgesirable reduced radial transport propeﬁ?es_
they interact with the large bulk electron distribution. The ~ Computer models of the hybrid Alfvespectrum predict
few choices consist of ion Bernstein waveBW), Alfvén  resonance locations in Phaedrus-T that are consistent with
waves(AW), kinetic Alfven waves(KAW), and the Alfveic  the experimental Thomson scattering electron heating pro-
ion—ion hybrid waves discussed in this paper. In the usuafiles and BES correlation pulse data we measure, as well as
Stix notation, the notion of & —< perpendicular resonance the measured discrete eigenmode spectrum. At an aspect ra-
at someNf=S location holds equally well for the well- tio of 3.7 this tokamak has significant toroidicity, yet a cy-
known Alfven resonance, and the ion—ion hybrid resonancelindrical model appears to sufficiently explain the data
In these cases the IBW can appear near harmonics of thehown in this paper. The mode conversion waves occur in
heavier species, so these waves are all related &ifheS  the core plasma that has a large local aspect ratio, and may
resonance. In fact, the more familiar Buchsbaum—Bers be why the perturbative treatment of toroidicity is adequate.
ion—ion hybrid resonance is the parallel cutoff limiig 0, Alfvén ion—ion hybrid effects are the necessary result of
S=0) of the general finitd,+0 case, i.e. the Alfueic ion—  impurity ion species, and affect the interactions of these
ion hybrid mode. For larger tokamaks such as TEFR, Alfvénic waves with plasma electrons. A number of labora-
where ion—ion hybrid mode conversion scenarios have beetory measurements, including Alfaeesonant heatidd an-
exploited, the IBW probably plays a role in resolving the tenna loading,and wave fields in tokamakthat have been
resonance. These are higher-order kinetic processes that araried out with nominally “pure” hydrogen plasmas, may
beyond the purview of the kinetic cod®si-2used in this actually have been studies of the Alfvdon—ion hybrid
paper. Even if a higher-order calculation was necessary tavaves. These comments are not restricted to H-minority
resolve the magnitude of the damping, these details do ngilasmas, because even plasmas with a nominal D fill gas and
affect the calculated radial locations of the damping. partially stripped impurities will still exhibit these Alfve

The connection between the Alfwand hybrid modes is hybrid properties, although probably only on the edge.
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