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In the Phaedrus-T tokamdR. Majeskiet al, Phys Fluids B5, 2506 (1993], Alfvén waves are
indirectly driven by a fast wave antenna array. Small fractions of minority ions can couplenAlfve
and ion—ion hybrid waves and have a large effect on the wave numbers accessible for a given
launched frequency. A discrete spectrum and toroidal damping for these modes has been identified
by measuring dispersion properties at the edge. Landau damping is predicted to be large and
spatially localized and to be responsible for the experimentally observed electron tigalimator

et al, “Alfve n ion—ion hybrid wave heating in the Phaedrus-T tokamak,” to appear in Phys.
Plasmap and current drive near the core of the tokamak plasmasl9@6 American Institute of
Physics[S1070-664X96)02603-4

I. INTRODUCTION tinuum. The presence of impurity ions such as fully stripped
For a magnetized plasma with gradients in density orC , D" create a gap in the dispersion curve near the ion

magnetic field, there have been many theoretical prediction[c,nlnorlty gyrofrequency and add another mode above the

that Alfven waves can have a resonahemd heat the elec- ‘on—lon hybrid freqqency, as WPT” as.changmg the dlscrete
) . : Alfven spectrum. This approach is a different way of looking
trons at a spatially localized surfat®.Some examples in-

clude the solar cororfhjn a tokamal and in auroral arc®. ﬁ:r:i?ee dwg I-tI;r;onvn dlfon_elr?nr:z)i/'k())rrli? Wa};iﬂig?:g?g\?;iggg in
Electron heating and current drive in the Alfveegime is yarog jority

indirectly accessible in a tokamak using ICR&n cyclotron Phaedrus-T.

range of frequencigdast wave antenna heating systems that” ALEVE N AND ALFVE N-ION=ION-HYBRID MODES
take advantage of mode conversion from antenna launched o o
fast magnetosonic wave fields. When a plasma equilibrium is spatially inhomogeneous,

In the Phaedrus-T tokamak core electron hedtihignd  the linearized equations of magnetohydrodynaniid$iD)
current drivé®!! has been observed in the Aliveregime allow waves with both continuous and discrete spectra. The
below the hydrogen cyclotron frequency. The plasma wasecond-order differential equations usually associated with
nominally pure H with impurity minority species &. This  the Alfven waves in slab or cylindrical geometry admit two
electron heating was shown to be caused by Alifi@—ion solutions. One solution has non-square-integrable spatial
hybrid wave& by comparing high-power heating shots with singularitie$® located about equilibrium magnetic surfaces,
|OW_power frequencyu Swept measurements of wave num- and is associated with the continuum Component. The term
berk, and dispersion relations(k,) at the plasma edge. continuum refers here to the continuous range of frequencies

In this paper we are concerned with the further analysigor which the Alfven resonance can exist in a plasma.
of these data, which shows for the first time the existence oBoundary conditions can be easily satisfied because the sin-
discrete eigenmode spectra for these hybrid modes. This Bular solutions are small everywhere, except at the resonance
similar to the well-known discrete spectrum for Alfve location. For this Alfve-type resonance that we will be dis-
waves in nominally one species plasmas, as measured é#ssing, the dominant fields in cylindrical geometry are ra-
many devices, including PRETEXT, Tokamak de Chauff- dial electric fieldE, and azimuthal magnetic field, and
age Alfv'eﬂ TCA® Torus of the University of Sydney E, By (r—rg) L, 1)
TORTUS;" Tokamak Experiment for Technically Oriented ) ) o
Research TEXTOR).!® The discrete Alfva spectrum fol- wheren, is the resonant radius. The other solution is regular
lows from many theoretical treatments of Alfvewaves, (i.e., nonsingulgr and if boundary conditions can be satis-
which include boundary conditiot&17A cylindrical model fied, these regular solutions lead to a discrete spectrum for
not a toroidal one, appears to be adequate to explain the daf3€ Alfven waves. These solutions will form the discrete ra-
shown in this paper, even though the Phaedrus-T tokama®ial elg_enmode spectrum that we discuss later for Alfee
has significant toroidicity at an aspect rafie=3.7. waves in Sec. IV. _ s

A low-power frequency sweep experiment was used to  FOr the cold plasma casen.—0) and if the equilibrium
measure the continuous and discrete dispersion propertigdlasma parameters are constant along magnetic field lines,
wave damping, and a relation between wave damping anthe resonance condition manifests itself as a singularity in
fluctuations in the ensemble averages of measured waWRgrpendicular wave number,

numbers. This relation will be referred to later as a statistical (S—N?)2-D?
fluctuation—dissipation relation. This wave behaves like an Nf=ﬂ2—, (2
I

Alfvénic wave associated not with the nominally pure hydro-
gen ion species, but with an ion—ion hybrid Alfveecon-  where
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antenna array

—

Bdot probes /

k-=n/R
poloidal ke=m/q(r)R
helical ki =[n+m/q(r)]/R

In the Phaedrus-T high-power radio frequen@yF)
heating experimehthat we mention in the Introduction, the
ion species mix consisted of a majority H, with a heavier
minority of impurity carbon that could not be reduced below
no/ny~1%-2%. The heating and current drive effects were
largest atw =~ 0.7w.4(r = 0). This fact and others led to our
suspicion that the observed electron heating was due to an
Alfvénic ion—ion hybrid wave, and motivated a series of low
RF power wave physics experiments. We added heavier ion
species fractions such as deuterium, and covered the range
np/ny~0%—-200%. We believe that the mode converted
wave is an Alfve wave associated not with the nominally
pure hydrogen ion species, but with a hybrid wave that fol-
lows from the coupling of the minority species with the Al-

_ o _ fvén continuum. These Alfue ion—ion hybrid waves occur
FIG. 1. Schematic of the basic cylindrical, @,z) geometry, where is the

toroidal direction parallel to the background magnetic figjgand the elec- at frequencies above the ion—ion hybrid frequengy,

tron tokamak current. The positive current flows in the direction of waves 2
traveling the short way around the torus from antenna to B-dot probes. The ﬂ _ 1+ pZ/QZ
antenna array straps and B-dot probes are situated on the low-field side, and wgz 1+ PzQz !
the sheare®,, field is also indicated.

©)

where the ion gyrofrequencies for species 1 and 2agke
and wgy, p,=n,m,/(ngmy) andQ,= w/ w.=2Zmy/m, are,
respectively, the mass density and gyrofrequency ratios for
ion species 2 with respect to ion speciessfecies 1 is hy-
drogen herg

The theoretically expected dispersion for the pure H
Alfvén continuum,

S=1+2 [0l /(w2 — w?)]

and

D=2 [weswl,)o(w?—w?,)] ] ®)
o (l)CH (1+ K” )
are the Stix parametércfsfor the dielectric tensor. The.per'— asymptotes taw ~ wy as k; gets large. The toroidal and
pendicular resonance including the sum over minority I0Nparallel wave numberk, and k, are normalized to the ion
species contributions correspondsNﬁ= S, where the sub-  gkin depth atr=0 so that k,=k,C/wyu(r=0) and «

script o refers to all the electron and ion species. The per— kc/wpu(r=0), wherew,y is the hydrogen ion plasma
pendicular refractive index i, =ck, /w, the parallel one is  frequency.
N;=ckj/w, k is the wave numbery is the wave angular The presence of impurity ions such as C, D adds another
frequency,w;, is the plasma frequency, and} is the cyclo-  mode to the Alfva continuum dispersiéf above w>w; ,
tron f_requency. ] and a gap at the ion gyrofrequency of the minority species

Since the Alfven wave has flux surface symmetry and , ,< <, , along with the Alfven branch associated with
follows helical magnetic field lines, our launchégd has a  the |ower gyrofrequency ion, and changes the discrete Alfve
corresponding theoretical parallel wave number, spectrum as wefl® For simplicity, we will refer to the lower

branch as Alfveic and the upper one as the hybrid branch.
3 Borg and Cros¥ may have observed these types of waves in
the small tokamak TORTUS.

wheren and m are, respectively, the toroidal and poloidal  Elfimov? et al. Used a cold plasma local approximation
mode numbersR, is the major radius on the axis where the (i.€., @ slab modelfor the cylinder hybrid Alfvex continuum
minor radiusr =0, and the safety factor i5(r). A schematic ~and showed that thdlf=S condition can be written down
of this cylinder geometry is shown in Fig. 1. analytically as

In the usual picture of the Alfueresonance, the cylin- 2

. h . : WpH

drically symmetric density an8, gradients allow the local )
Alfvén speed,v(r)=B(r)/[ uomn(r)]¥? and frequency ' ®cH
wa(r) to match the pump field phase spaeg,

+m/ 2 2
w(n= A0S (1—“’—

m n+m/q(r)
2t = )
ad(r)Ro Ro

kH:k

Lt pt E{[L+p,+ EPP— A pt AL+ kD)
- 2 p,+AP(1+x)] '

va(r), (4)

2
ci

0
where the ion cyclotron frequency ie. (r=0). If v,,  The left-hand side is the Alfwehybrid frequency spectrum
<v,, theory predict®2°?! mode conversion to a kinetic normalized to the hydrogen cyclotron frequency as a func-
Alfvén wave(KAW), with substantial Landau damping onto tion of wave number wherd=Q; '=m,/Zm,, é=«?(1

the electrons. +A?). The “extra” hybrid mode in Eq.(7) is the finite k,
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generalization of the well-known Buchsbaum—Beren—  were monitored. Group delays,=Jd¢/dw derived from sig-
ion hybrid resonance. Ab=w;; we have the parallel cutoff nal phased(w) corresponding to cable length and electronic
limit k,—0 of the perpendicular resonanke—x. Typically = delays were measured as a function of frequency, and were
in the tokamak case, where the standard approximation is mormalized out of the phase measurements. Circulating cur-
slab model with gradients iB(r) andn(r) perpendicular to rent was of the order of A4, .
the background,, field, a local estimate with, fixed and Wave magnetic fields were measured with BZdot
variablek, is used. For our dispersion relation approach inprobes at a minor radius 0&=22.5 cm, 2.5 cm on the plasma
Eq. (7), we have fixedk, and solved fok,. This is a differ-  side of the limiter, i.e. in the plasma on the equatorial plane,
ent way of looking at an old problem. approximately 90 cm toroidally from the antenna array, and
In the following sections we will display two base cases630 cm the other way around the torus.. Assuming that there
for comparison, with nominally pure hydrogeg/ny~1.4% were damped waves propagating a8(w,k,;2)
during Ohmic discharges, compared with a different case in= Be/lkZ(®)ztmo~otl = gd () \yeinferred a complex-valued
cluding added minoritynp/ny~=25%, which from Eq(5) is  k,(w)=Re(,) +i-Im(k,) from the signal phase and ampli-

equivalent tong/ny~4.25%. tudes ensemble averaged over many shots. We inferred the
wave number with a two probk,(w) measurement, where
IIl. DESCRIPTION OF EXPERIMENT k, was assumed to be the phase difference divided by the

probe separation along a toroidal arc. We note that the phase
speetvy, = wl/k, as well as the group speegd = dw/Jk can
be inferred from frequency swept data. In this case, the di-
rection from the antenna to the B-dot probes corresponded to
,<<0, wherek,>0 would be parallel to the backgroury,
field and antiparallel to the plasnieon) current, as seen in
Fig. 1.

From the phase shifts of the shear field comporient

Phaedrus-T is a medium-sized tokarffakith a major
radiusRy=0.93 m, minor radiua=0.25 m, with a central
electron temperaturé.(0)~400-600 eV. In order to inves-
tigate the wave physics, we performed low RF power experi
ments on standard Ohmic tokamak discharges, where R
induced core electron heating was obser{/@drhe plasma
current wad ,~70 kA, edgeq(a)~3.7, line average density

(Ng)~8X 10%'m 3. A wo strap fast wave antenna array had . :
two toroidally spaced poloidal current straps driving low we measured the average values of the wave dispersion prop-

phase velocity wave fields. The frequency was swept fronﬁarties k%(w)' Statistical properties of the collective modes,

far below to abovew.y, while maintaining strap phasing of wave dispersion, qnd dampmg' prqpertles were accessible by
6,,=[0,7]. The measured peak and minimum of the Vacuumensemble averaging the regllz'atlons over many tokamak
k, spectrum werek,~0.2 and 0.0 cm?, respectively. This shots, and multiple sweeps within shots, and over the neigh-

experiment was very similar to a frequency sweep experi-borhOOd frequency points to each composite dataset.

ment carried out on TEXTOR where they identified a dis-

crete MHD Alfven spectrum. IV. FREQUENCY SWEEP DATA
Four 30 ms sweeps consisting of a 20 ms sweep plus 12

ms of dead time were carried out per shot. The 200 ms tok-"

amak shot typically had a plasma flat top period of 100 ms, Even though the fast wave antenna is nominally a com-

so that at least several of the sweeps had usable data. TheessionaB, launcher, substantial shear fields are launéhed

frequency tracking linearity of the sweep was verified byfrom feeds and near fields, and the shear Aifueave(SAW)

directly digitizing the frequency sweep time record. Typicalwe seek has principally shear polarization. It is well known

frequency resolution was set by the digitizer sample rate ofhat near an Alfve resonance zone, the wave group speed

40 K sample/s, which for a 2—10 MHz sweep over 20 msslows down and th8&, wave energy “piles up” and swells.

corresponded to 10 kHz change in sweep frequency duringfistorically the experimental signature of Alfwewaves,

each sample. This may have limited our resolution of dis-even at the core of a largely inaccessible plasma, has been

crete eigenmode structures that appear in the data shown @bserved to be the edd®, wave field>~**°so our use of

this paper. edge B-dot probes to measure core wave properties has some
The frequency source was a Wavetek 178 frequencyradition behind it.

sweepable signal generator, power split to provide both a For a nominally pure H plasma withd,,=[0,7], the

local oscillator reference for a broadband vector voltmeteresults of an ensemble-averagkd @) measurements are

and RF driver signal for a low-power 0°-180° hybrid split- shown in Fig. 2, where toroidal mode numiret k,R,<<0 is

ter. The split signal drove two broadband power amplifiersjndicated on the top axis and normalized wave numbger

which excited the two antenna straps through matched= k,c/wpy(r = 0) on the bottom. Frequency is normalized to

lengths of cable with[0,7] phasing’ The antennas were the ion gyrofrequency on axis.,(r = 0). The theoretically

driven through a voltage measurement feedpoint, inserted sexpected dispersion for the pure H Alfveontinuum is in-

as to avoid the series matchbox capacitor, and drive the padicated with a dotted line. We plot the relation given by the

allel combination of the strap inductance and parallel matchslab model equatiof6) for w(«;)/wcy as a function ofx,,

ing capacitor directly. The parallel capacitor was adjusted tdor m=—1, where we have used E¢3) and invoked an

the minimum value so that the resonance was at the higheaterage value of the safety fact(g)=2. We have plotted

possible frequency>25 MHz). the m=—1 dispersion, because this is what is expected for
Amplitudes and phases of the antenna drive signals, arthe mode converted shear wave, even though the directly

tenna circulating currents, and B-dot protids the plasma launched compression&l, wave fields haven=+1. Both

Dispersion
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FIG. 2. Axial wave numbek, and toroidal mode number for the low-power

sweep experiment withBy=0.8 T, (n.)=8x10"® m3 estimated FIG. 3. Dispersion plots are shown with expanded frequency scale to show
nc/ny=1.4%. Herek, is inferred from B-dotB, data, and is shown as a the hybrid branch in more detail. Circles indicag®ene calculated discrete
dispersion plot of normalized frequeney w¢y versus the normalized wave modes, filled circles indicate modes with the largest predicted loading, and
numberk, = k,C/wyu(r = 0). The calculated slab model continuum bound- diamonds correspond to the calculated SQEW edge low-density modes.

aries form=—1 are shown for the pure hydrogen Alfvenode(dotted ling, Normalized frequency i&/w.y(r = 0) on the hybrid branch that is above
the Alfvenic branch(dash—dottedbelow w/wqy = o/ wp0.5 and hybrid w; and is plotted against normalized wave numher= K,c/wpy for the
branch(dash—dot—dottedabovew;; for w/wyy > 0.53. TheisMENE calcu- low-power sweep experiment witB,=0.8 T, (n.)=8x10"® m 3, Actual

lated discrete modes are shown in circles where the filled circles corresporsiveep frequency in MHz is on the right-hand axis. The poloidal mode

to the largest calculated loading. Tts#eENE calculated surface eigenmodes numbers used for the slab model calculated continuum edge are keyed as

for both Alfvénic and ion—ion hybrid branches corresponding to surfacem=—1 hybrid mode (dash—dotted m=+1 hybrid mode (dash—dash—

quasielectrostatic waveSQEW) are also indicated with diamonds. The dotted, m=—1 Alfvénic mode (dash—dot—dotted and m=+1 Alfvénic

B-dot data do not resemble the SQEW predictions. mode (dash—dashed (a) Estimated minority species density fraction
nc/ny=1.4%. (b) Estimatedny/n,=25%.

are within the broad measured poloidal mode spectrum of . . .
_2<VrVTI]<|2 that our antennaulaunc[?]esl pectru mately in the region for the slab fluid model of E). The

The split hybrid Alfven continua from the slab model range in slab modeb(x,) for the ion—ion hybrid branch

equation(7), including our actual impurity fraction of 1.4% correhsp(;)ndr:ngd tt? ;hemh=—1 (dals:h—dotteblsan_cil T::—hl
carbon, has been calculated for the perpendicular resonané%aS —dash—dottgds shown in Fig. &). Similarly, the

_ . ; ; fvénic branch corresponding fom=-1 (dash—dot—
N?=S. The two split branches include the hybrid branch - g
above w;; (dot—dashedand the Alfvanic branch beloww,p _(Ij_ﬁtteq ardm—gl(j(dash—(jdashe)ds alsodsthO\;\r/]n n F'g.' (?)d di
= wcy/2 (dash—dot—dottedas shown in Fig. 2, along with € circles and diamonds correspond fo the predicted dis-

the frequency gap in between. The hybrid branch asymptotet ete e|genm(§>((jje que strgc(tjyre that dIS S:f n mo:e Cli.a rly in
to w=aw, at smalllk|=|k,+m/qRg|—0, which form=—1 e measured damping and discussed in the next section.

corresponds t&,= —m/qRy~or x,~0.03>0, i.e., to the left Figure 3b) shows the same type of dataset as Fig) 3

of the vertical axis ak,=0. The Alfvenic branch(dash—dot— :‘(or/a dis_pgrsi(k))ntfcurve otl)istpla%{eldf a&:/wcH(]cr;Q) Vs.t
dotted on the bottom half of Fig. 2 asymptotes i® 6/ wrp(r =0), but for a substantial fraction of D impurity,

— 0.50g at large|i, i.e., ask,——1. For these discussions np/ny=25%. The vertical scale has been expanded to show

we will refer to the continuum and its boundary as the Atfve the region of interest and dispersion of the hybrid branch.

continuum, even though the reader must bear in mind that Wghe whole dispersion curve has moved upward in frequency

usually will be referring to the ion—ion hybrid branch of the with the gap now be!ovw = O'Gwc.H(r =0), as expecte_d. We
split Alfvénic spectrum use the same labeling convention as for Fi@),3and indi-

The hybrid (dot—dashed and Alfvénic (dash—dot— cate slab model estimations far=*+1 hybrid andm=*1

dotted lines are the slab model Alfwéc continua evaluated Alfvénic branghes. we will return to these figures when we
for the on axisB, and density. This also approximately cor- discuss the discrete mode spectrum in the next section.
responds to the lower-frequency edge of the continua in % Discrete mode structure
cold plasma MHD cylinder model specified by the highest™
density on axis at=0. A kinetic calculation of antenna load- The discrete spectrum of the Alfw and hybrid
ing includingq(r) profiles could also be displayed as a con-branches has been calculated wismeNE.*®3C ISMENE is a
tour on a dispersion diagram like Fig. 2. This continuumone-dimensionafradia) cylinder model computer code that
edge turns out to be more consistent with discrete modesncludes kinetic effects and radial derivatives equivalent to
which are described in the next section. We note in passingecond order irk?p?, axial plasma current, and mode con-
that there are also backward propagating waves in the “forversion and Alfve continuum, kinetic Alfva waves(KAW),
bidden” frequency gap.p < @ < ;i , which turn outto be  ion Bernstein wave§BW), and discrete Alfve eigenmodes
highly damped in the toroidal direction. (DAE). On a dispersion diagram(k) such as Figs. 2 and 3,
In Fig. 3@ we show the phase data from the B-dotthe calculated discrete modes form a series that crosses the
probes along with calculations, but for an expanded scale im=—1 continuum boundary. In a slab or MHD cylinder
the region of interest. The measured dispersion fits approximodel, the Alfven resonances can exist for values af k
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frequency scale. The circles indicas#eNE calculated discrete modes, with
00 02 04 06 08 1.0 filled circles corresponding to those modes with the largest predicted load-
r/a ing. The right-hand axis shows the discrete toroidal mode numpahich

also corresponds to the data in Figga)3and 3b). (a) For estimated

nc/ny=1.4%, there is a correspondence betweetENE calculated discrete
FIG. 4. For thesMmeNE calculations we assumed radial profiles of density = modes and local minima in damping for toroidal moaes—7 to —8 and
electron temperaturd ., safety factorg, and current density;, and n=-11 to —16. (b) For estimatechp/n,=25%, there is a correspondence
Z5=2.3. betweensMmeNE calculated discrete modes and local minima in damping for
toroidal modesn=—4 to —12.

o frr (MHz)
g 8 9
g 2 nc/ng=14% | |
- |31
x +4-18 &
= § o N ol-16 &
= N
3 E 12 2
< 02 > 2 3
B ) 10 g
0.0 g 18 —
é’ 3 3 16D
= np/mg=25% |1 -4 £
= 2 = a3 o o 4 -2 §
m 1 = o
[ 0.0 ‘ ‘ ‘ 0
s 0 0.55 0.60 0.65 0.70 0.75
< 100} Zegg=23 o/ @cr(r=0)
ﬁ 50 ¢ E FIG. 5. Fractional damping given by the measured ratioklyiRe(k,) for
= ot 1 frequency swept data, where we show the hybrid branch on an expanded
k)
E
-

with phase speeds/k, that can be no slower than those atith partially stripped ion species, but still qualitatively
the continuum boundary. On the-k dispersion diagram the  |5oks like an Alfven dispersion characteristic.

Alfven continuum, i.e., the spectrum of resonances lies  gince there are(r) andq(r) gradients in the cylinder,
above them=—1 ion—ion hybrid continuum boundary, as the dispersion from Eq7) only indicates the lower edge of
shown by the dash—dotted lines in Figs. 2 and 3. The calCune highest-densityw,(r =0) [see Eq(4)] in the Alfvén con-
lated discrete modes are not resonances, but eigenmodes thgt,um. But discrete surface modes associated with the low-
transition from surface wave DAE's at lown| to global  gensity plasma edge gradient can also be calculated with
Alfven eigenmode$GAE) at larger|n|. TheselSMENE cal-  |gvene and are indicated with diamonds in Figs. 2 and 3.
culations were carried out as frequency scans for each agnhe swept frequency data coincide with the dispersion rela-
sumed discreten, and the frequency at peak loading wasijon associated with the lower Alfvecontinuum edge and
identified as the mode of interest. The radial profiles we aspigh-density core, and not the calculated discrete surface
sumed for theisMENE calculations are shown in Fig. 4, modes associated with the low-density ed@@metimes
where we use the dimensionless radiusr/a. The density  ca|led surface quasielectrostatic modé§.

was taken to be parabolit;a(zr%/ne(O)f1—p2, electron tem- In Fig. 5@ we show the damping Ik()/Re(k,) mea-
peratureTe(r)/Te(0)=(1—p)", the ion temperaturdi(r)  gyred with pairs of probes on an expanded scale, for a nomi-
was taken to be equal ,(r), the loop voltage was taken t0 najly pure H plasma. Calculated DAE modes occun at6

be 2 V, and the effective ionic charge wdgs=2.3. The 35 _g andn=-11 to —16 on the hybrid branch, and they
calculated Spitzer resistivity yields a current dendity) and  orrelate with measured dips in damping. The sharpness of
safety factorq(p) profile that are consistent with our mea- iye discrete structure may be blurred from the spreat¥s)
sured edgey(p=1) and measured(p) for the Phaedrus-T i density for the shots and multiple frequency sweeps in this
tokamak. . o data ensemble, and possibly toroidicity effects.

In Fig. 3 the calculated discrete spectrum is indicated by | Fig. 5(b) we show the frequency spectrum of damping
the circles, where the filled ones correspond to the modegy k,)/Re(k,) for the case of substantial D impurity fraction,
with the largest predicted loading. The discrete modes ligyheren,/n,,~25%. The circles represent the discrete modes
near the slab approximatidiB,, n atr=0) continuum edge predicted byisMENE, with solid ones having the largest pre-
for both Alfven and hybrid branches. The continuum, as eX-yicted loading. The calculated DAG=—5 to —12) discrete
plained in ,Sec. Il, is the continuous frequency range thaj,gdes on the hybrid branao correlate with dips in frac-
admits Alfven resonant solutions inside the bounded plasmagjgng damping, as expected for resonant modes.
cylinder. The lower-frequency bound of the Alfvecon-
tinuum corresponds to the maximum density at the COT€r o ctuation dissipati lati
which in turn gives the lowest Alfue speed and lowest uctuation dissipation refation
Alfvén frequency according to E@4). In Fig. 2 the Alfven For many-particle systems in or near thermodynamic
branch for the swept frequency data in Fig(@<w;;, ®  equilibrium, the fluctuation—dissipation theorem furnishes a
< w¢p portion probably includes discrete modes associatedconnection between the dissipation of excited modes and the
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correlation function of the forces or quantities that drive that fluctuations vs damping
dissipation. This theorem is a fundamental property of many frr (MHz)

statistical systems and connects the equilibrium properties 8 e 2. 0.8
(fluctuationg with irreversible processe@issipation that \ ne/mp=1.4%; 3,

) o 0.2 YV
drive the system away from equilibrium. In our case the 106

wave numbek, measurements follow from a two-point cor-
relation functions that have been ensemble averaged, and
Figs. 2 and 3 show our measured frequency spectig, of
The dissipation follows from the imaginary part of the linear
response function, or the measured wave damping frequency
spectrum, such as shown in Fig. 5. Landau damping is pre-
sumed to couple wave energy to the electrons, which results
in the electron heating we measuré.Therefore wave en- . LY ‘
ergy and momentum is carried away from the waves via 055 060 065 070 0.75
Coulomb electron—electron collisions. W/ 0cu(r=0)
We make two assumptions about the statistics. First, that

the measurement time is much shorter than the dissipatiofiG. 6. Jitter frequency spectrum(w) is shown by the solid line in units
time, so that it is the dissipation that dominates the decorrediven by the left-hand axis evaluated over the ensemble of the datasets. This

! . . Is compared with fractional dampinglashed ling given by the measured
lation process. The correlation measur_emem time S,Cfile Bitio Im(k,)/Re(k,) in units specified by the right-hand axis. The discrete
presumed to be of the order of the transit time of the Alfve mode numbers are the same as Figs. 3 arfd) Estimated minority species
wave between the two B-dot probes, or approximatelydensity fractiomnc/n,=1.4%.(b) For estimatedhp/n,=25%.
Teorr=90 Ns. The dissipation time for electron—electron col-
lisions from Spitzer resistivity is approximately~5-20
us. Second, we assume that the process is stationary, i.e. that . o
the correlation depends only the tirfer spatial separation damped waves. This also suggests that the dissipation in
of the measurements. Thus, successive frequency sweeps Questionis a truly irreversible departure from the equilibrium
ery 30 ms are uncorrelated and separated by a time |Ongg'uctuation spectrum, consistent with the electron heating

R : =~ observed®in Phaedrus-T at the samgw.4(r = 0) ~ 0.7.

than the dissipation time. The sample time per data poinPS€! X ! cHAT
during each sweep was 28, which was of the order of the As will be shown in Sec. V, there is a connection betwBgn
dissipation time, so that there is some utility in regarding'Ve measure at the edge, at the resonance location, and the

data from successive sweeps as equivalent to a time histo%,ssociated electrostatic damping. Hence, there is a legitimate
of correlation measurements. link between thek, correlation functions we invoke and the

Here Rek,) was calculated as an average over an endamping they eng_ender. If some p_hase mixing phenomena or
semble of datasets. For the many realizations in the erfi'ée-wave coupling was cascading the energy away from
semble, the distribution of calculated wave numbers also half'€ région of interest, we would expect to see the “missing
some spread about the mean. We will express this jitter in thEN€rdy correlated at some other frequency. This issue merits
data as a standard deviation(t) time record, further investigation.

©
—_

jitter oy(w)

e @
(SRS

\GK((D) "‘ /]

. .
[ O=0ij nD/nH=25 % . d
S =0) } s

©)

e

o
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n

Im(k,)/Re(k,) Im(k;)/Re(ks)

jitter o(® )
=

o
o
]
(=

al(t)=(r(1)>= (<X ()Y, ®
in the same units as, where the bracketé ) signify an D Polarization and mode structure
ensemble average. The ISMENE model we rely on for interpreting much of

In Fig. 6(@) we compare the measured damping fractionour data predicts wave polarizations that are qualitatively
Im(k,)/Re(k,) (dashed lingsfrom Fig. 5 and the calculated similar to our measurements. In this section we show probe
standard deviatiow, (solid line9, both as a function of the data for the two cases of minority concentration and compare
swept frequency. Increased damping correlates well with inthem with ISMENE results. For a nominally pure H plasma,
creased jitteto, in the average wave number for this nomi- Fig. 7 shows the magnitude of tH&, data from a B-dot
nally pure H plasma. The indicated discrete modes also coprobe 90 cm(the “short” way around the torysfrom the
respond to localw,k,) regions with reduced damping and antenna. There is enhanced shBgrfor the hybrid branch
o,.. The standard deviations, of the calculated Ré() from  abovew> w;;(r=0) and Alfven branch belown < wp(r
the ensemble ofip/ny=25% datasets is shown in units f = 0). The discrete mode numbers predictedidiyeNE for
in Fig. 60b). The gy jitter spectrum shown in Fig.(6) in-  nc/ny=1.4% are indicated by the circles, filled ones having
creases when wave damping increases, and also where ttiee largest predicted loading, with the<O values shown on
dispersion relation transitions to anomalous dispersion chathe right-hand axis. Enhancement Bf, is apparent for
acter. By anomalous we mean that the group velocity appears=—5,—6 on the Alfven branch and,, B, for n=—7,—8,
to be unphysically large or negative, as is apparent from-11,—12 on the hybrid branch. As will be seen later, the
inspection of Figs. 2 and 3. With large damping is not an  higher-frequency region of the hybrid branch has mBre
appropriate description of a wave pacRet. character, wherd ,=(B,+iB,)/vV2 is the left-hand circu-

These data indicate that some sort of fluctuation dissipalarly polarized (LHCP) component of the field. There are
tion relation holds for the statistical ensemble of thesealso waveddifferent polarizationm) in the frequency gap
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FIG. 9. Radial profiles ofsmENE calculatedB , fields are shown for each
FIG. 7. Amplitudes of wave sheds, (solid line) and LHCPB, (dashed  gjgenmode wittny/n,=25% equivalent tav./n,=4.25%. There is a tran-
line) fields from the frequency swept data of Fig. 6 for estimated sjtion between the discrete surface mode DAE character fofripand core
ne/ny=1.4%, where the top axis indicates the frequency in MHz. Theg|gbal eigenmode GAE character for largat. Note the logarithmic scale.
circles indicatesmeNe calculated discrete modes, with filled circles corre- | Hcp B, field profiles are shown here, where scales for peak valu@s, of
sponding to those modes with the largest predicted loading. Toroidal modgyr n=—12—15 have been suppressed to avoid compressing the vertical
numbers appear on the right-hand axis. The dashed lines call attention togale. Fotn|=12 the GAE's are characterized by LHCP polarization both in
correspondence between calculated discrete modes and local maxima fRe core and at the edge.
field amplitudes for—-n=5, 6, 7, 8, 11, 12, and 13 on both branches.

wep < w < w;; apparently propagating “backwardk,>0 o ]
from Fig. 2 the “long” way around the torus, with a path- The data in Fig. 8 can be compared WifvENE calcu-
length of at least 650 cm. lations of the radial field profiles expected for these discrete

Figure 8 shows the wave polarization measured at th&odes. Figure 9 showsMENE calculated discrete Alfue
B-dot probe 90 cm from the antenna farp/n,=25% mode fields on the hybrid braneb>w;; for the LHCP field
datasets. The she&, (solid) and LHCPB, (dashedcom- B, as a function of discrete toroidal mode numizeand
ponents are indicated. A change occurs in wave characteninor radiusr. The plasma parameters werg(0)=500 eV,
from shear polarization in the smad}, lower-frequency por- np/ny=25%,m=—1, the rest of the profiles as given in Fig.
tion of the DAE seriegn~—7 to —12) to LHCP polarization 4. Eachn corresponds to a different at the loading peak as
for o>w; GAE modes ah=—15. The global GAE mode is we track a dispersion relation such as the one in Fig. 3. The
on the other side of the continuum edge from the DAEGAE's are predicted to be LHCP near the corerier—8 to

modes. The entire discrete series approaches thétfua-  —16, as well as exhibit some surface wave LHCP fields at
tinuum edge(see dispersion diagrams in Figs. 2 andahd  the edge. Figure 9 shows that|as$ increases, edgB ., also
after they cross the edge they become GAE's. increases gradually, and then aspasses by—10, B,

doubles. This is similar to the Fig. 8 data. To avoid com-
pressing the vertical scale, peak valuesBaof for n=—12,
frr (MHz) —15 are truncated at<7 cm, so thatB, i_s cqnsidergbly
70 75 80 85 90 larger than it appears. The edge behavior is qualitatively
‘ ‘ ' i similar to the Fig. 8 data.

Figure 10 showssMENE calculatedB , radial profiles for
DAE's. Inside the continuum th8, fields have more of a
surface wave character and are dominantly shear polarized
for n~0to —7. The edgeéB, field comes up and then beyond
n=—7 decreases, and then hy-—11 theB, crashes down
again. This is the same trend, as Fig. 7 shows for dgige

N fields during a frequency sweep, wheteor |n| increase,

0.55 0‘60(0/0(3)6‘}6[3:0)0'70 0.75 although the match is not impressive. There is a transition
between the surface wave character for Iy and |n|
FIG. 8. Amplitudes of wave shed, (solid line) and LHCPB. (dashed ~5-9 10 glObe}I,Wav? Charac_ter ,at Ir_lcrea&Ednd|n|~1O_
line) fields from frequency swept data for estimategin,,=25%, where the ~ 12. The transitions in polarization in Fig. 7 and from the
top axis indicates the frequency in MHz and toroidal mode numbers arssurface to global wave in Figs. 8 and 9 are apparent and
shown on the right-hand axis. The wave fields transition from shear tccur for the minimally damped frequency range 7.5-8.5

LHCP polarization as the frequency and wave number increase up the dig- ,
persion curve from 7.5 to 8.5 MHz, corresponding to Fig. 10. The ion—ion Hz. In general, the DAE’s have more Sheﬂﬁ and the

hybrid frequencyw;;(r =0) is shown as well. GAE’s have more LHCHB .

ZOt

Bl (uG)

toroidal mode number
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FIG. 12. 1smeNE calculations of wave phase for each discrete toroidal eigen-
s 1 mode forB, evaluated at the eddequaresand in the corédiamond$. The

R o \/\ difference between the edge and core phase is a constattians, except

for n=—2,—11. Given the discrete eigenspectrum, an edge phase measure-
ment of B, appears to be a useful diagnostic of core fields.

FIG. 10. Radial profiles ofsmeNE calculatedB,, fields are shown for each

eigenmode wittnp/ny=25%. The DAE’s tend to have more shear polariza-

tion at the edge and transition to shear fields that appear progressively far-

ther into the core afn| increases. After launch from the antenna, the evanescent fast mag-

netosonic wave has a stationary phase at the edge. Near the
resonance radius the wawg, field in the plasma acquires
V. EDGE MEASUREMENTS OF CORE WAVE Iarge localk, and during mode conyersion phase shiftssy _
PHYSICS? radians across the resonance. Inside the resonance there is a
stationary phase radial standing wave in the core. Bhe
It is striking that the dispersion characteristics measuredield reversal arises at the KAW resonance zone analogous to
on the edge of a tokamak plasma, as shown in Figs. 2 and $he driven harmonic oscillator when the pump frequency
could track the wave physics in the core. We claim that thecrosses the resonant frequency. Tiefield is continuous
phase of the shed, field appears to be a robust diagnostic and slowly varying across this region, so that we can invoke
of the core wave character. In Fig. 11, we sheweNe'™®®  Ampae’s law in the region oB,, discontinuity in the poloi-
calculations of theB,(r) phase as a function of radius at the dal r-6 plane,
maximum computed antenna loading, for example, eigen-
modes an=-5-10,m=—1. These two cases show mode f V xB-dS~ § Bo-dl~f wod,-dS. (9)
conversion near the edge=-5) and the corgn=-10).
All these Alfven and Alfven-hybrid modes are variations of The surface integral oW xB is nonzero because the line

surface modes, with mode conversion from fast magnetointegral contributions from thé path add and those on the

sonic waves to KAW or IBW with significar, and largek, path cancel, where is at the centroid of the phase jump,
and damping somewhere in the density gradient. Whether Ar

this kinetic ion—ion hybrid wave is in fact a KAW or IBW, or 3§ B-dl~ fMB,,(erAr)dean B, dr’
whether there exists a meaningful distinctionNgt=S, is 0 r+Ar

still an open question, and merits further investigation. The 0 FEAr

KAW and IBW both appear to be highly electrostatic, mostly + f (—By)(r—Ar)do+ f B, dr’
perpendicular propagating waves with laige?. A0 r—Ar

~2B,r A#. (10)

This B, discontinuity is necessary to support the axial wave
R I currentsJ, associated with the KAW electrostatie, and
Landau damping, along with the consequent heating and cur-
rent drive.

Figure 12 shows that the calculat&g (r~core, edgg
phases of the individual modes track each other for each
toroidal mode numbefn=—1 to —15). Each core value
A T I (boxeg is approximatelysr radians out of phase with the

0 10 20 corresponding edg@liamonds value. Calculations were for
r (cm) the discrete mode frequencies corresponding to maximum
antenna loading, as indicated in FigagB
FIG. 11. TypicalismeNE calculations, showing radial profiles of the wave Given the wave model and discrete spectrum we have
phage for sheaB'H(r)' with.nD/nH:25%. We show examples for discrete presented, the edge phaseByfr) appears to track the core
toroidal modes with fields in the cota=—10) and fields nearer to the edge ) ha56 of those discrete modes that exist. Therefore the edge
(n=-5). The jump in phase ofr radians at the Alfve resonance location is . . . . .
evident, although it is not clear whether this should be called an IBW orMeasurement of a core dispersion relation is possible. The
KAW. above signatures could conceivably be an accident of phase

phase(Bg)/nt
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mixing by neighboringh components. But as we saw in Figs. In the search for electron current drive schemes, waves
9 and 10, spatial structures are similar for neighboring toroiwith low parallel phase velocity are ideal candidates because
dal mode numbem, so neighboring overlap would not they interact with the large bulk electron distribution. The
change the story much. few choices consist of ion Bernstein wav@BW), Alfvén
waves(AW), kinetic AW (KAW), and the Alfveic ion—ion
hybrid waves discussed in this paper. In the usual Stix nota-
VI. CONCLUSION tion, the notion of &,— perpendicular resonance at some

To our knowledge the discrete mode structure of theNf = Slocation holds equally well for the well-known Altve
Alfvénic ion—ion hybrid branch has never been measured€sonance and the ion—ion hybrid resonance. In the;e cases
before. As one increases or |n| or |k,|, the discrete mode e IBW can appear between harmonics of the heavier spe-
series crosses the Alfaecontinuum boundary, as we show in ¢1€S: SO these waves are all related at Ntfe= S resonance.
Figs. 2 and 3. As we see in Figs. 9 and 10 these wave modésSide from the fact that the IBW occurs between gyrohar-
have sufficient global character to exist in the core, but alsgnonics and the KAW is usually regarded as existing below
retain remanent surface fields so that they are susceptible {B€ 9yrofrequency<w;, the physical manifestations of the
pumping by an antenna at the plasma edge. In the find}V0 Waves appear to be very similar. They are both highly
analysis, this may be why pumping at the transition betweefl@mped, largely electrostatic, mostly radially propagating
Alfvénic DAE and core GAE modes from the edge is a useKr>k, waves, with largekp;~1, wherep; is the ion gyro-
ful scenario for the Phaedrus-T tokamak. radius. From the standpoint of thevENE code, we cannot

The Phaedrus-T experiments presented here along withécide whether to call the resonance and jump in Bpe
the heating and current drive results have been carried out ifhase shown in Fig. 10 an IBW or KAW. The distinction
a significantly different regime than the TCA between IBW and KAW may be more semantic than real.
experiment§**that defined the genre of Alfveheating ex- At an aspect ratio of 3.7, the Phaedrus-T tokamak has
periments. Our wave frequency was near the cyclotron fresignificant toroidicity, yet a cylindrical model appears to suf-
quencyw/we(r = 0) ~ 0.7=< 1, and our toroidal mode num- ficiently explain the data shown in this paper. The mode
bers were largeén|>1. The TCA frequency was very low Conversion waves occur in the core plasma, which has a
wlwgy(r = 0) ~ 0.1< 1, with small toroida|n|=0,2,4. This  large local aspect ratio, and may be why the perturbative
removes us from the MHD regime of TCA and others, andtreatment of toroidicity is adequate. A more complete discus-
requires us to include finite/w,; Hall term effects that are Sion of when it is legitimate to invoke a cylinder approxima-
of the same order or larger than the toroidicity effects. Fortion of the toroidal Alfven geometry can be found in a thesis
the Phaedrus-T frequency range and serendipitous smdly Vukovic*® and is based in part on earlier work by Hell-
fraction of minority impurity ions, it may be that access to Sten and Tennfor¥, as well computer codesMENE™ and
core GAE modes is more effective than was possible on theloN.*® Vukovic® also includes reflectometer data that shows
TCA tokamak. We argue that dispersion diagrams like Fig. 3he effects of varying minority concentration.
explain how this would facilitate access to the core using  The dispersion relations(k,) shown in Figs. 2 and 3
antennas on the edge, and may involve access to the igould seem to indicate slopes or group velocities/ok,
Bernstein wavelBW) at the mode conversion region. greater than the speed of light, infinite or negative! This is

It may also be why our heating and current drive resultsactually a manifestation of the fact that when there is signifi-
are more clear than the TGA® experiments. For our toka- cant damping, neither the phase nor group velocity are useful
mak experiment, the electron heatiny and current measures of a wave envelope signal spedissipation of
drive!®!! effects were strongest ab/wqy(r=0)~0.7. In  the wave creates a gross distortion of wave packets, and the
Fig. 3(a), this would put our optimum regime at the upper usual assumptions used to derive the propagation speed of
frequency end of the DAE series, just as the DAE modeghe wave envelope and its energy are no longer valid. The
cross the continuum eddatn=—11,—12,—13) into the re- data above in Figs. 3 and 4 show this anomaly to correlate
gion where GAE modes can existrat —14,—15. For other  with the measured strong damping.
tokamaks this may also turn out to be a useful approach to In principle, there ought to be a connection between
pump RF power into the core, or to maintain Alfvevave  damping and propagation, as explained in our discussion of
current drive off axis2!? the fluctuation dissipation relations inherent in Fig. 5. Con-

We have shown how the more familiar tinuum shear Alfve waves in a collisional plasma have also
Buchsbaum—Befsion—ion (k, —) hybrid resonance is the been shown to obey a similar paradigm. Amagishi and
parallel cutoff limit (k,—0, S=0) of the general finitd,#0  Tanakd> demonstrated that a Kramers—Kronig relation con-
case, i.e. the Alfumic ion—ion hybrid mode. Even though the nected the real and imaginary parts of a wave dielectric func-
Phaedrus-T experiment worked besttwé H majority spe- tion.
cies, the explanations above do not require H majority plas- In summary, we have shown that small fractions of mi-
mas. They only depend on two or more ion species witmority ions can have a large effect on the Alfvepectrum, as
different gyrofrequencies and a minority fraction that sefs measured at the edge. We have used a low-power frequency
near the desired mode conversion location. For larger tokasweeping technique and experimentally identified the ion—
maks such as Tokamak Fusion Test Reactor TEiBn—ion  ion hybrid Alfven wave that was probably observed by Borg
hybrid mode conversion scenarios have been exploited faand Cros$* We have shown for the first time its discrete
radially localized electron heating and current drive. spectrum, which results from the presence of a minority ion
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