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PHYSICS OF PLASMAS VOLUME 6, NUMBER 4 APRIL 1999

What is the “beta-induced Alfve “n eigenmode?”

W. W. Heidbrink,® E. Ruskov,” E. M. Carolipio, J. Fang, and M. A. van Zeeland®
University of California, Irvine, California 92697

R. A. James?
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 5 March 1998; accepted 14 December 1998

An instability with a lower frequency than the toroidicity-induced Alfveigenmode was initially
identified as a beta-induced AlfuesigenmodeBAE). Instabilities with the characteristic spectral
features of this “BAE” are observed in a wide variety of tokamak plasmas, including plasmas with
negative magnetic shear. These modes are destabilized by circulating beam ions and they transport
circulating beam ions from the plasma core. The frequency scalings of these “BAEs” are compared
to theoretical predictions for Alfwemodes, kinetic ballooning modes, ion thermal velocity modes,

and energetic particle modes. None of these simple theories match the daf®99cAmerican
Institute of Physicg.S1070-664X99)00204-9

I. INTRODUCTION The “BAE” can expel large numbers of beam ions from
the plasma. In one early experiment, internal vessel hardware
Intense, suprathermal fast-ion populations can drive inwas damaged in plasmas with both “BAE” and TAE
stabilities. In tokamaks, the most extensively studied fast-ioractivity.* Under some conditions, “BAEs” caused the loss
driven instabilitie$ are the “fishbone” instability and the of over half of the beam power.
toroidicity-induced Alfven eigenmod&TAE). In the DIII-D The “BAE” was first reported in low toroidal-field dis-
tokamak? the frequency of the fishbone in the laboratory charges in DIII-D? Subsequently, similar instabilities were
frame is typically 10—25 kHz, while the frequency of the observed in high-field DIII-D discharggsnd on the Toka-
TAE is generally 150—250 kHz. mak Fusion Test ReactofTFTR)®® and Joint European
During intense neutral beam injection into high-betaTorus? The TFTR “BAES” may have been kinetic balloon-
DIII-D plasmas, an instability of intermediate frequency wasing modes’
observed This instability resembled the TAE, but the fre- Four possible theoretical identifications of the “BAE”
quency was lower. The toroidal field; was scanned be- have been proposed: an Alfveeigenmodé? a kinetic bal-
tween 0.6 and 1.4 T. At each value of the toroidal field,looning modei! a mode that propagates at the ion thermal
injection of 5 MW of neutral beam power destabilized theSpeedl,2 or an energetic particle mod&;1®
TAE, but injection of 10 MW caused the frequency to drop  This paper has two purposes: to document the experi-
to ~40% of the TAE frequency. The frequency of both in- mental “BAE” with data from the DIII-D and TFTR toka-
stabilities scaled linearly with the toroidal field, as expectednaks and to determine the correct theoretical identification
for Alfvén waves. The intermediate-frequency modes weref the instability. Although there are a number of points of
only seen in plasmas with relatively large values of normal-2greement between the theoretical models and the experi-
ized beta,8y=B:aB/1,=2.5. (Here §; is the toroidal beta mental results, none of the theories match all of the data.
in percenta is the horizontal minor radius in meters, ang
is the plasma current in MABased primarily on these ob- |I. SURVEY OF THEORETICAL WORK
servations, the new instability was dubbed a beta-induced
Alfvén eigenmod&BAE).
The characteristic experimental feature of this instability

One of the proposed explanations for the “BAE” is that
it is an Alfven eigenmode. In cylindrical geometry in the

is a cluster of unstable peaks in the magnetics spectrum at eal magnetohydrodynami{¢4HD) model, the spectrum of

frequency intermediate between that of the fishbone and th% gtae rmAg\r/:]fg ":\//ﬁs 'dsa?gnggu?nusa ?glgatr?é\f '%i:vrzsgfs gf t:ien
TAE (Fig. 1). Bach peak i the cluster corresponds to a dif_tr)(e frequency s e{:trumpare. associated Wi,th de artL;rgsF:‘rom
ferent toroidal mode. In this paper, any instability with a _ . d y sp 6 . . P
. ) : cylindrical symmetry'® there is a toroidicity-induced gap,
cluster of intermediate frequency peaks is called an experi- LTl g . o
o yon " . , an ellipticity-induced gap® and a triangularity-induced gap.

mental “BAE.” A “BAE” is not necessarily an Alfven " . ) .

eigenmode. In addition to these gaps associated with coupling between

two Alfvén waves of differing poloidal harmonics, there is a
low-frequency gap caused by coupling between an Afve
?Electronic mail: wwheidbr@uci.edu wave and a sound wave; geometrically, geodesic curvature

Ppresent address: Princeton Plasma Physics Laboratory, Princeto&nd compressibility are responsible for the departure from
NJ 08543.

9Present address: DuraSwitch, Scottsdale, AZ 85251. cylindrical Syr_nmetry_ that Create_s the |0W"frequency gap.
9present address: LockheedMartin, Sunnyvale, CA 94089. The size of this gap increases with increasing plasma’feta.
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3 TABLE |. Theoretical “BAE” models.
10 -
Mirnov
10 Hypothesis Nominal frequency scaling  Omitted dependence
Pif) 1 Alfvén eigenmode vaxB/\n, 8.9
(Tj&z) 10 lon sound vicT,
kHz o Ballooning w4 pi*Btdp; /dr 7i
10 Energetic particle Veire®q L p
10"
-2
10 o s0 100 150 200 250 found that the measured frequencies scaled linearly with
LAB FREQUENCY (kHz) w,pi (correlation coefficientr?=0.6). Also, the TFTR

FIG. 1. An example of a “BAE cluster” in the cross-power spectrum of a “BAES” Occu_rred In plasmas that _Were near the stability
pair of magnetic probes. The numbers beside the peaks indicate the toroidiireshold for ideal ballooning mod&s®** Subsequently, the
mode numben of each mode. The “BAE cluster” is the set of peaks with theory was extended to include diamagnetic effects and
2 i i ety oy e e, seeoflasma comressiiiy, wit the concluson thl, in e mast
(r)1/=2), third, and fourth harm):)nics of thi)r/::l modz are also visit’JIe in the ﬂnStable reglrr]e,' the kinetic balloonlr'lg. modes ar.e strongly
spectrum. Parameters: discharge 82989, 1021.5-10235 msed, 5T, ~ coupled to Alfvenic modes due to the finite thermal ion tem-
l,=15MA, By=2.4, elongationk=2.0, line-averaged electron density perature gradieny;=(d InT;/dr)/(dInn; /dr).?? For compari-
Ne=4.2x10"cm®, double-null divertor, and beam powBg =16 MW. sons with experiment, the predicted frequefieyw, /2 is
evaluated using the approximatidp=ng/pa, wheren is

the toroidal mode number angd is the normalized radial
coordinate(the square root of the toroidal fluxThe gradient

of the ion pressure; is also evaluated in the horizontal
midplane,d In p;/dr=dIn p;/d(ap).

The preceeding three hypotheses identify the “BAE”
focfrae=B1/(4mqRY4mn;m;). (1) with a weakly damped normal mode of the background
plasma. For a plasma mode, the fast-ion population destabi-
lizes the moddalters w;) but has little effect on the mode
. ot frequency ;). A fourth hypothesis is that the “BAE” is an
density. A kinetic theory of low-frequency Alfvewaves that energetic particle mod€-15that is, a wave branch that does

included ion motion along the magnetic field found that, for L . . ;
) X . not exist in the absence of an energetic particle population
subsonic modes, toroidal effects lead to an effective en- . : L
N - .~ .~ and whose real frequeney, is determined principally by the
hancement of the ion inertia and a large reduction in ion

Landau damping® The expected frequency of this subsonic properties of the energetic ion population. When driven very
beta-induced AIf\'}a mode isf = frag/2q strongly, the frequency of the predicted energetic particle
- ~ I TAE .

A second hypothesis is that the frequency of the “BAE” modes depends solely on the circulation frequency of the

. . energetic ionsp=uv,/qR.*> However, for weaker drive, the
should depend on the ion thermal speged Numerical solu- : .
. . . - numerical results indicate that the frequency also depends on
tions of the equations of compressible resistive MHD found

. 5 . _
a global eigenmode at about half the frequency of the FAE. the core pressure gradléﬁﬂ As the core plasma beta in-
creases, there is a transition from a TAE to an energetic

Analytical arguments and numerical results indicated that the

. . . . 4’15
frequency of this eigenmode varies as the square root of th%art'de mode:(EPM). to a kinetic ballooning mod€:™ For a
temperaturew= \T.12 According to Ref. 20, a reduction in pure energetic particle mode, the laboratory frequency scales

damping occurs wheh<<\r/Rf,;/q, where

2T Im,g flap=v/2mqR="fgpy, (4)

5 (2)  whereu, is the velocity parallel to the magnetic field of the
injected beam ions. In this papdgp), is evaluated using the

(Herer is the minor radius and; is the ion temperature.  nominal angle of beam injection and the beam injection en-

A third hypothesis is that “BAE” modes are actually ergy.

kinetic baIIooning modes. Analysis of the ballooning mode The expected parametric dependencies of the frequency

equations including energetic ion effects leads to the predicfor the four hypotheses are summarized in Table I. Important

tion of an unstable MHD gap mode with a frequenaye-  factors that are not included in the basic scaling relationships

tweenw, ,i/2 andw, ,; when the plasma is unstable to ideal gre also noted.

ballooning moded! Here

Global eigenmodes with the dominant polarization of Affve
eigenmodes exist in this “beta-induced” g&pFor the beta-
induced Alfven mode, the predicted frequency scaling in the
plasma frame is

For DIII-D, the mass density;m; is well approximated as
nemy, wheremy is the deuteron mass amg is the electron

foi= 4mR

_ cT; K.V 1IN o 3) Ill. DETERMINATION OF THE EXPERIMENTAL
OxpiT 7B, Y Pi FREQUENCY IN THE PLASMA FRAME
wherec is the speed of lightT; is the ion temperatur&eis The predicted frequenci¢gqgs.(1)—(4)] discussed in the

the ion chargek, is the poloidal wave number, angl is the  previous section are local expressions that do not include the
thermal ion pressure. AnalySisf nine “BAEs” from TFTR effect of plasma rotation. In reality, the measured frequencies
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FREQUENCY (kHz)

0.0 0.2 0.4 0.6 0.8 1.0
NORMALIZED RADIUS

FIG. 2. Radial profiles of measured frequencies shifted to the plasma frame
for two “clusters” of spectral peaks. Each mode is labeled by its toroidal
mode number. The frequency in the plasma framé=d,,—nf,, where

f4 is obtained from a spline fit to the measured toroidal rotation of carbon.
Also shown is the nominal frequency of the center of the TAE @igshed

line). The various toroidal modes in a cluster have the same valtiatdhe
“intersection radius” (dotted vertical ling in this case, the intersection
radius is the same for the two clusters. The frequency of the upper cluster is
consistent with a TAE, while the frequency of the lower cluster is that of a
“BAE.” Parameters: discharge 71519, 2165-2167 msB¢=0.8T, I,

=0.6 MA, poloidal betag,=1.3, k=1.6, n;=5.1x 10" cm™3, inner-wall
limiter, and Pg=10 MW.

are affected by the structure of the radial eigenfunction and T 5 i - T 5' T 7.

by the Doppler shift. This section explains how the experi- R (m)
mental frequency measurements are related to local theoret-
ical predictions. FIG. 3. Elevation of the DIII-D vacuum vessel showing the flux surfaces for

discharge 71519 and the soft x-ray chordal views for the channels with valid

Theoretlca”yz’ the frequencyf in the frame wheres fluctuation data. The| values of some of the flux surfaces are given.

=0 differs from the measured laboratory frequerigy due
to the Doppler shift. Profiles of the toroidal plasma rotation

f, are inferred from spectroscopic measurenfénts the  from the “BAE.”) These data are also useful in disproving
toroidal rotation of carbon which, except at the plasma edgee hypothesis that the “BAE” is actually an edge TAE. The
is nearly identical to the bulk plasma rotatihBecause all novak computer code calculated the eigenfunction of an
of the neutral beams in DIII-D inject parallel to the plasman=3 TAE in this dischargé® the eigenfunction peaks near
current, the plasma rotates rapidly toroidally so p=0.9 on the low-field side of the torus. Simulated chordal
(5) data based on this eigenfunction peak at larger radii than the

) ) _ _ measured profilgFig. 4). The true eigenfunction of the
wheren is the toroidal mode number. Since the toroidal ro-«BAE” is large in the plasma core.

tationf , is a function of position, the Doppler-corrected fre-
guency in the plasma franfeis also a function of position
(Fig. 2. The laboratory frequencfy,, and the toroidal mode

f2f|ab_nf¢,

A

6f rizon
numbern are measured by a toroidal array of eight unevenly § ab AA R roree to,
spaced magnetic prob8%the data are digitized at 500 kHz = %i Jf Ta
for all of the discharges in this study. Equati¢i states that £ 2p 7 x { )L A
the frequency in the ion framedepends on the measured 0 N
laboratory frequency,,,, the measured toroidal mode num-
bern, the measured rotation profifg,, and the radius of the o 6 T Vertical
mode. The first three quantities are known accurately for 24 * E
most DIII-D discharges(Typical uncertainties are 0.5%, 0%, o i ]
and 10% forf 4, n, andf ,, respectively. In contrast, com- < ot kmek woy
plete profiles of the radial eigenfunction are rarely available. 0.0 0.5 ' 1.0

When “BAE” activity is observed by magnetic probes, Minimum Radius

the fluctuations gre usua”y detected .by Some Qf the SOflglG. 4. Chord-integrated amplitude of the soft x-ray fluctations forrthe
x-ray channels(Flg. 3), but adequate S'Qnal'tQ'n0|Se for a _3 “gAE” at 51 kHz between 2165-2167 msec in discharge 71519. The
full profile is rare. Good profile data are available for thedata are plotted versus the minimum radjusf the soft x-ray chordthe
case shown in Fig. 2, however. These measurements shdiigtance of closest approach to the magnetic)dristhe horizontal camera

« "o : : : _ (top) and for the vertical camer@ottom). The error bars are obtained from
that the “BAE" is mOS_t _strongly excited in the %Iéasma inte the incoherent background at 46 kHError bars obtained from the coher-
rior under these _Cond|t_|0n$-_rhe measured profife for th? ency are comparableAlso shown(A) are the expected chord-integrated
TAE also peaks in the interior, although the structure differssignals for the edga=3 TAE mode computed byova-k.
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Since the full radial eigenfunction is generally unavail-

) . 3 80 [Alfven (a) 80[ ion Thermal (b)
able, ancillary assumptions are required to evaluate(Bq. = ~
. T 60 T 60
In the construction of our databaésec. IV), we have used = =
two independent approaches. One approach is to evdlaate Z 0 + i 2«0 i JF
fixed values of the minor radiug. The other approach, S ol okt S ol wopot g
which is explained below, is to evaludtat the “intersection = ¥ & ¥
radius” where the frequency of the various unstable toroidal 0 ¢
modes are equal. 80 (BT 200 —
) allooning (c) v Energetic Particle (d)
Apart from the lower frequency, the magnetics spectra & col ] Z .
for “BAEs” resemble the spectra for TAEs. In both cases, < o * 5 1s0f BN
the principal “signature” of the instability is the appearance 2z 401 - % =t PO
of a cluster of peaks in the magnetics spectriffig. 1). A 3 ol e ¢4 ] g 10 x
detailed study of TAE spectra in DIII-D concludes that the * . 2 wle
multiple toroidal modes have approximately the same fre- 05 1o 5 05 1o s
guency in the plasma frame and are excited at nearly identi- TOROIDAL FIELD (T) TOROIDAL FIELD (T)

cal radial locations in the pIasrﬁ%.Figure 2 ShOWS the  Fig. 5. Frequency versus toroidal field during a scan from 0.6-1.4 T in
Doppler-corrected frequendyas a function of radius for an discharges like 71519; all frequencies are evaluated at the “intersection
unusual spectrum that contains a TAE cluster of peaks andradius” (Sec. ll). (a) Doppler-corrected frequendy<) and 0.281ae (A).
“BAE” cluster. (“BAE” and TAE clusters do not often (b) Doppler-corrected frequenci<) and \T;(0) (A) (normalized atBy

. . . . =1.0). (c) Doppler-corrected frequendy) and w, ,;/27 for two different
coexist, but the_:y_ do occasionally during the transmon_ fromassumptions abol, . In one casen—>5 is assumé’dm); in the other(A),
one type of activity to the othgrThe three different toroidal  the most unstable for each datum is used in the evaluationaf ,; . (d)
modes in the TAE cluster have the same frequehagar  Laboratory frequencyx) and fepy (A).
p=0.42. The value of at this “intersection radius” is con-
sistent with the theoretically expected TAE frequency. This
behavior is typical for TAE spectr@. Surprisingly, the dif-  depends upon the poloidal wave numkgias well as on the
ferent toroidal modes in the "BAE" cluster also intersect pressure gradierfiEg. (3)]. During this scan, the most un-
nearp=0.42! This suggests that the “BAE"” frequency in stable toroidal moda varied so thatw, ,,; increased mono-

the plasma frame is given Hyat the “intersection radius,” tonically with B even though the pressure gradient did not

as it is for the TAE. [Fig. 5(c)]. Thus, the kinetic ballooning mode theory is con-
In the following sectionf is evaluated both at fixed radii sistent with experimental results for this scan. The prediction
and at the intersection radius. of the energetic particle mode thediqg. (4)], that the labo-

ratory frequency should vary inversely withis inconsistent
with the data for this scafFig. 5(d)].

The stability of “BAE” modes depends on the angle of

This section compares “BAE” data from different dis- beam injection. The DIII-D neutral beams inject at two ori-
charges with the four candidate theories discussed in Sec. lgntations relative to the field: the so-called “left” beams
In the first subsection, systematic scans and representativi@iect more circulating beam iongtangency radiusRy,,
discharges are examined, while the latter subsections preserfl10 cm) than the “right” beamsR,~76 cm). A direct
results from DIII-D and TFTR databases. comparison of the angle of injection on “BAE” and TAE
activity was already published in Fig. 8 of Ref. 30: in low-
field (1.0 T), low-confinement, discharges with a conven-

A toroidal field scan betweeB;=0.6 and 1.4 T in oth- tional monotonically increasing profile, “BAE” activity is
erwise similar discharges is one of the best sets of data avaithiven more strongly by the left beams than by the right
able for testing the theoretical predictiori¥he plasma cur- beams. A similar comparison for high-confinement, 2.0 T,
rent was constant so the edgend shear also varied & reversed-shear discharges is shown in Fig. 6. Evidently, sub-
changed; however, the centionly varied~20% in these  Alfvénic circulating beam ionsu(, /v 4=0.4) also destabilize
sawtoothing dischargesThe results of this scan already ap- “BAE” activity more readily than trapped beam ions.
peared in the original paper on “BAE” modésThese data Another empirical observation is that “BAE” activity
are compared with the four candidate theories of the “BAE” can be stabilized by lowering the beam injection energy. A
in Fig. 5. As previously reported, the frequency scales apreduction in energy from 75 te- 55 kV (even with a con-
proximately linearly with the Alfve speed, as expected for comitant increase in the number of sources to maintain con-
an Alfven mode[Fig. 5a@)]. In contrast, the ion temperature stant injected power has suppressed the amplitude of
only increases slightly with increasirg), so the prediction “BAE” activity both in 1.0 T discharges and in 2.0 T dis-
of the ion-thermal theory thatec \/T; is in poor agreement charges. In addition to reducing,, lowering the voltage
with experimen{Fig. 5b)]. The comparison with the kinetic reduces the beam-ion density and flattens the beam-density
ballooning mode theory is more subtle. The simplest predicgradient(by broadening the deposition profileso it is not
tion is that the frequency should scale with the pressure greclear which physical effect is responsible for the improved
dient,dp; /dr. This simple prediction is inconsistent with the stability.
data[Fig. 5(c)]. On the other hand, the expected frequency = The “BAE” activity has been observed in a wide vari-

IV. PARAMETRIC DEPENDENCIES

A. Scans and representative discharges
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10° 3 neutron emission, which is predominately produced by
1 4 Left/1 Right beam-plasma reactions in these conditions, indicates the de-
10 3 velopment of a large beam-ion population around 800 msec.
o i < Left/a Rigt Concurrently, high-frequency magnetic activity is detected
p(f) and persists throughout the period of high-power beam injec-
2,20 10° tion. Analysis of the magnetic spectra indicates that the in-
%) stabilities are predominately “BAEs” that lie in the beta-
10 induced gap in the Alfve continuum of ideal MHD; there
; are also some weaker modes that fall in the TAE gap. During
10 this phase of the discharge, the measured neutron emission is
o . . ‘ ; ~40% lower than the classically expected value. This
50 100 | , 200 anomaly in the beam pressure is corroborated by equilibrium
LAB FREQUENCY (kHz) reconstructions witheriT,3* which require~40% reductions

FIG. 6. Cross-power spectra for a pair of toroidally separated magneti(in the central beam-ion pressu(aalative to the classical
probes at 1735—1740 msec for three discharges with nearly identical plasmé&lué to achieve agreement with the location of the mag-
E)aranj’eters but with different combinations of injected beams. The larg;etic axis [as measured by electron cyclotron emission
e e e et o wnatsasy (ECE) and softxray diagnostigsThe faston contrbution
mode in the “BAE” cluster. Parameters for the discharge with four left {0 the total stored energy/,, must also be reduced to obtain
beams: discharge 8732B:=2.1T, 1,=1.8MA, B,=1.1, k=2.0, 0, a credible equilibrium. Additional evidence of anomalous
=6.4x10"*cm™, double-null divertor, an®g=11 MW. beam-ion behavior is obtained from comparison of the equi-
librium stored energyV,, with the stored energy measured
N . ) by a diamagnetic loopWg,. The plasma anisotropgW,
ety of plasm{:\ COﬂdItIOHS: These mclude the or!g:‘]HQW— =2(Weq— Wyio) is reduced during the “BAE” activity, pre-
field DIII-D discharges with super-Alfueic beam ions, su-  symaply because the “BAEs” interact strongly with circu-
pershots on TFTIﬁ,,and the reversed-shear discharges Showrl‘ating beam ions. At 2550 msec the beam power is halved
in Fig. 6. The Alfven gap structure for these three represen-yng the “BAE” activity ceases. Despite the reduction in
tative cases are shown in Fig. 4 of Ref. 3, Fig. 3 of Ref. 8,6am power, the neutron emission and plasma stored energy
and Fig. 7 of this paper. Clearly, the modes can exist for garely change. This is consistent with the interpretation that
wide variety of gap structures. The plasma profiles for these_5gos of the beam power was expelled from the plasma
three cases are compared in Fig'82Evidently, instability during the high-power heating phase. Interestinglyy; ac-
does not require a particular density, temperatgyey rota- tually increasesvhen the “BAE” activity ceases.
tion profile, nor does a threshold value Bf/ T, or 7; seem Active charge exchange data obtained during a toroidal
essential. The MHD ballooning instability is also not neces+ia|d scan provide further evidence that “BAES” degrade the
sary. Analysis of the profiles for the reversed-shear discharggynfinement of circulating beam ions. In this experiment, 7
shows that the measured pressure gradient is far from theny of the left neutral beams were injected into a low-
infinite-n ballooning boundaries throughout the plasma Coregensity fi,=4x10cm3), 0.6 MA, double-null divertor

~ Another plasma condition with "BAE” activity is the  plasma. The toroidal field was reduced from 2.1 to 1.0 T on
high B, regime in DIlI-D* Figure 9 shows the temporal g ccessive discharges to alter the virulence of iHetivity.
evolution of a discharge with anomalously low beam-ionThe amplitude of Alfve activity steadily increased as the
confinement. The discharge is formed by early beam injectie|q was reduced, with the 2.1 T discharges being stable to
tion into a low-current(0.6 MA), low-density plasma. The alfvén activity, the 1.7 T discharges containing occasional
hints of instability, and the 1.0 and 1.4 T discharges evidenc-
ing clear, large amplitude clusters. Although the density
barely changed during the scan, the neutron rate was a factor
of 2 lower at 1.0 T than at 2.1 T. Since the neutron emission
is predominately produced by beam-plasma reactions in
these conditions, this reduction implies thab0% of the
beam power is lodiFig. 10(a)]. Spatially resolved measure-
ments of the 50 kV beam ions confirm that the reduction in
neutron emission is caused by a loss of circulating beam ions
of ‘ , ‘ from the plasma center. The data are obtained by a horizon-
0.0 02 04 06 08 1.0 tally scanning neutral particle analyzer with a sightline that

NORMALIZED RADIUS intersects two of the heating beafiss the Alfven activity

FIG. 7. Profiles of observed frequencies shifted to the plasma frame for thiﬂf‘Creases in strength, the central density of beam ions de-
cluster of spectral peaks in discharge 87329. Each mode is labeled by igreasegFigs. 1db) and 1Qc)]. The reduction is not caused
toroidal mode numben. Also shown is the envelope of the TAE gap as by classical effects, which account fe¥20% of the reduc-

calculated by theonT code (Ref. 19; the mode frequency at the intersec- . . 0 . .
tion radius (dotted ling is in the beta-induced gap. The safety factpr tion. [The density changeet10% for discharges in the scan

(multiplied by 100 is also shown[The MSE data were corrected fé, _and_, as _Shown in Fig. 10), changes in the classical th_erm_al'
effects(Ref. 40 in the equilibrium reconstructioh. ization time were smal).Concurrently with the reduction in
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FIG. 8. Profiles ofne,T¢,T;,f,4,q, and the classical beam density vergufr three different discharges: DIII-D loB+ discharge 71519solid), DIlI-D
reversed-shear discharge 873@6tted, and TFTR supershot discharge 8586ashegl The first four profiles are from fits to the measured datagtheofile
is from kineticeFIT reconstructions using MSE data, and the beam density is calculatedesywc™ (DIII-D) and byTransF? (TFTR).

central beam-ion density, the passive charge-exchange sigralift at the intersection radius cannot be determined for a
produced by beam-ion collisions with edge neutrals increasesingle peakSec. Ill). Modes with a frequency that “chirps”
[Fig. 10b)]. The increase is probably caused by an increase factor of 2 in 1-2 msec occur rarely in DIII-#5,and only

in the number of beam ions at the edge, although the edgieur examples of “chirping modes” appear in the database.
neutral density at the midplane may also incregszssibly Profile analysis was performed for each of the selected
due to bombardment of the walls by the escaping bean).ionsdischarges. First, the equilibrium was reconstructedry**

The similarity between the observations for different pitchusing magnetics data and motional Stark effé¢SE) mea-
angles(Fig. 10 suggests that anomalous pitch-angle scattersurements of the internal fiefd. The electron density was

ing is modest relative to radial transport. measured by four CQinterferometers and by Thomson
scattering’® the electron temperature by Thomson scattering
B. DIlI-D database and electron cyclotron emissidh,and the ion temperature,

A representative sampling of over 200 DIII-D dischargestoroidal rotation, and carbon density: were measured by
from 1991-1996 were chosen for detailed analysis. For eacfharge-exchange recombination spectroscdpdfter map-
discharge, dozens of magnetics spectra were evaluated aRihg the measurements onto the equilibrium, spline fits to the
the discharge was classified as “stable” if no evidence ofprofiles ofne, Te, Ti, f,, andnc were performed. The
propagating modes below 250 kHz appeared in any of thétted plasma data were then analyzed. The Alfgap struc-
spectra. Discharges were classified as “marginal” if only ature was computed by theonT code’® The mode frequency
few spectra showed evidence of clusters and if the ampliin the plasma frame was obtained from the magnetics spectra
tudes of the peaks were barely discernible above the nois@nd the profile of ,, as in Fig. 2. The predicted frequencies
Discharges with many strong “BAE” clusters were catego- [Egs.(1)—(4)] were computed. TheNETWO transport cod®
rized as unstable. Discharges with a single, constant fresalculated the classical beam density. All of these quantities
guency, propagating mode were classified as “solo” insta-at several radial locations were entered into a database.
bilities; although these modes are probably “BAEs,” they The database was constructed before it was recognized
were excluded from the frequency study because the Doppléhat the radial electric field can have an appreciable effect
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FIG. 9. Time evolution of the neutral beam power, the neutron rate, the oo — ™ >

equilibrium stored energW,q, the plasma anisotrop¥W, , the amplitude TORGIDAL FIELD (T)
of magnetic activityB between 70—250 kHz, and the amplitude of magnetic

activity B below 25 kHz in a highg, discharge with anomalous beam—ion FIG. 10. (&) Fraction of the beam power that is lost from the plagina

confinement. Parameters at 2160 msec: discharge 8B¢#22.0T, |, ferred from the reduction in neutron emissigref. 4] for the discharges in

=0.6 MA, k=1.9,Ti,=2.7x 108 cm 3, B,=2.0, and double-null divertor. the 1994 toroidal field scan. The data are averaged between 1.6—2(#)sec.
Active charge exchange signal of 50 kV neutrals at 1.75 sec obtained by
modulating the left 150° neutral beam for three different orientations of the

- Fhe neutral particle analyzer. The major radius and pitch anglé](:m§/v) of
on the reconstructedq proflle for hlgh performance the measured neutrals: 1.55 m and 4V9, 1.83 m and 24{X), 2.04 m and

. 0 . . .
d|SCharge§- Also, in many Cases_’ an automated fitting prq— 10° (OJ). Also shown is the thermalization time; ! for 50 kV ions. (c)
cedure was used to analyze the ion temperature and toroidattive charge exchange signal at 1.75 sec obtained by modulating the right
rotation from the charge-exchange recombination data. Thug50° neutral beam for three different analyzer orientations. The major radius

- : fres d pitch angle of the measured neutrals: 1.40 m and¥1°1.78 m and
there are systematic errors in the database that are difficult tQ,, (X). and 2.02 m and 7(). (d) Passive(backgroung charge exchange

assess quantitatively. An example of the magnitude of thesggnal at 1.75 s for three different analyzer orientations: tangency radius
errors on the computed profiles is shown in Fig. 11. Ther,,=1.05(V), 1.68(x), and 2.01 m{J). Parameters for 81386 at 1.75 sec:
errors in the profiles alter the frequencies in the database byiection energyE;=75kV, Pg=73 MW, Br=1.7T, 1,=0.6 MA, B,
<10% (Table 1l). These uncertainties are too small to ac- ~ 2-1%: k=2.0,ne(0)=3.1x 10%em s, Te(0)=3.9kV, Tj(0)=10.3kV,
. .and double-null divertor.

count for the poor correlation between theory and experi-
ment that is discussed below.

For this database, the measured mode frequencies do not
scale with any of the theoretical expressions. The Dopplerg, . (A minimum value ofgy=1.6 or3,= 1 is necessary for
corrected frequency measurements were studied at seveiabtability, howevey.
locations, includingp=0.25, p=0.50, and the “intersection The toroidal mode number of the most unstable mode
radius” (Sec. I, but the correlation with theoretical quan- does not correlate strongly with any of the parameters in the
tities is very weak at all radii. Figure 12 shofas a function  database, including the fieldB¢,1,,q), the shapéx, trian-
of the Alfven speed; there is essentially no correlation. Anygularity 8), or the plasma parametefs(0),T(0),T;(0),
dependence of the frequency on the safety factor is weak,(0),5;,8,, the central beam betg,, »=(dInT;/dr)/
(Fig. 12. The frequency of the BAE gap as calculated by(dInn./dr)]. The most unstable toroidal mode number spans
CONT does not correlate with either. The strongest fre- a similar range for the “BAE” as the TAE, although there is
guency dependence in the database is the correlatidn ofa slight tendency for instability to occur at lower valuesof
with frae at the intersection radiug{=0.16); f is essen- as the ion diamagnetic frequency increaes. 13. (An
tially uncorrelated withf ;; and w, (r?=0.00) at all radii. inverse dependence af on dp;/dr is expected if the
Also, the laboratory frequenct,, does not correlate with “BAE” is a hybrid Alfve n/kinetic ballooning mode witfw
fepm. The use of constraints based on the gap structure has w, ,i~ wtag/2.)
no effect on these correlation coefficients. Identifying the free energy that drives the mode can pro-

In contrast to the data in the original paper on thevide insight into the nature of the instability. For both TAEs
“BAE,” 3for this larger set of data, the normalized Doppler-and “BAEs,” the beam parameters have the largest impact
corrected frequency/f;az does not correlate wittBy or  on stability. Instability is most likely if the beam ions are
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FIG. 11. The effect of different analysis techniques on the plasma profiles for discharge &J3@0.temperature profile from spline fits to charge-exchange
recombination spectroscopy data analyzeasriT (solid) and analyzed by an automated spectral fitting progi@nrquick) (dashedl The difference in this
case is larger than usugb) f , from spline fits to data analyzed lgrrIT (solid) and bycerquick (dashedl The difference in this case is smaller than usual.
(c) q profile from aneriT reconstruction that includes kinetic data, magnetics data, and MSE data that are corredteddolid) and from aneriT
reconstruction based on magnetics and uncorrected MSEadakshed The difference in this case is larger than usual bec#&yds relatively large.

super-Alfvanic and if the gradient of the beam beta is largemagnetic shedy but the stability properties of the discharge
(Fig. 14). (The stability properties also correlate wiig and  do not depend upon the particular valueagf.
with the stored beam energy, but the correlation is strongest In some discharges, only a single unstable toroidal mode
with dB,/dr.) The dependence an /v and ondgB,/dris s excited rather than a cluster of modes. To date, these
similar for the “BAE"” and the TAE. The stability properties «“solo” instabilities with flap>f 4,(0) only occur in high per-
do not depend systematically on any of the basic plasmgmance discharge§ig. 15 with high central electron tem-
parameters. There is also no correlation \{Vlth*pi_, perature[ T,(0)=5 kV], ion temperaturg T;(0)=12KkV],
@y pil @, vi, Orvilva. In the theory of energetic particle g rotation frequencyf 4(0)=21kHz]. (Other parameters
modes, the beam-ion pressure gradient must gxceed a certain asBy, |,, and 3, span similar ranges for clusters and
threzshold valug;  the thresh(_)lq condition ay= solo peaks.Perhaps the shear associated with strong rotation
—a°(R/2)dB,/dr=0.7sv, /v, Is satisfied for all of the un- .y, oo e coupling between different toroidal mdties
stable modes in the databaldeere,s=(r/q)dg/dr is the TR : i
On occasion, “chirping” modes appear in the same fre-
quency band as the “BAE.” These modes are distinguished
by their rapid change in frequency, which drops by a factor
fTABLE Il Effect of systematic errors img, T;, and f, on computed of 2 in a single~1 msec burst(In contrast, the frequency of
requentes the “BAE” changes<1 kHz in a single burst.When chirp-

Frequency p=0.25 p=050 Intersectiop ing modes were first reportéfithey had only been observed
f[Eq. (5] 1814 29126 25121 |n_ _5|x dlscharges; now,_ after examl_natlon of hun_dreds _of_ad—
frae [EQ. (D] 120/104 137/138 137/143 ditional discharges, five more discharges with chirping
f,i [EQ. (2)] 45145 30/30 32/33 modes were found. The plasma regime for the recent obser-
o pil2m [EQ. (3] 164/246 62/67 78/79 vations is similar to the previously published conditions: the
fepm [EQ. (4)] 84/73 84/80 86/85

beam-ion population is larg€volume-averaged classical
3n kHz for (best profile¥/(database profilesn discharge 87 329. beam beta=1%), the beam ions are sub-Alfaie (v,/va
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FIG. 12. Doppler-corrected frequencat the intersection radiusersus the ~ FIG. 14. Approximate gradient in the beam beta versus the nominal ratio of
nominal Alfven speed evaluated using the vacuum magnetic field and the& to v for the DIII-D database. Discharges without Alfvinstabilities are
line-averaged density for 96 DIII-D discharges with TAE or “BAE” clus- classified as stable, discharges with only a few small amplitude clusters are

ters in the magnetics spectra. The symbols represent the minimum value §fassified as marginal, and discharges with frequent strong clusters are “un-
the safety factor. stable.” The ordinate is the central beam beta calculateoNeywo divided

by the minimum value of the beam density scale lengthg It/(3,/dr). For
the abscissay is evaluated for full-energy beam ions injected by the left
beams and 4 is evaluated using the vacuum toroidal field and the central
<0.5), and the plasma is strongly rotatin§,&20kHz).  electron density.
These are only necessary conditions for chirping, however;
“BAES” are more common than chirping modes even in

plasma_s t_hat satisfy these conditions. Heldlc_ﬁf?rﬂpeculates classically, the measured neutron rate approximately equals
that chirping modes occur when the conditiong=fern  the calculated rate while, if the beam-ion confinement is

and f=0 are simultaneously satisfied; this can occur if theanomalous, beam ions are lost before they can produce the
safety factor and rotation profiles are such that the product,nected number of fusion reactions. In stable plasmas, the
qf, is independent of radius. However, for the profiles in the,5iq of the measured rate to the zero-dimensional code pre-
database, there is no S|gn|f|canF d_|fferenceqrh,) betwe_en dicCtion is Syy/Sy=0.92+0.26, in approximate agreement
the “BAE” plasmas and the chirping-mode plasméSg. it classical expectation&ig. 17). (Comparison with the

16), so this hypothesis is discredited. It is not clear why o\erwo prediction is similar, but the correlation is weager.
BAES” appear more frequently than chirping modes. In contrast, the measured neutron emission is significantly

The "BAEs” adversely affect beam-ion confinement. gmajier than the predicted emission (Q:6830) in dis-
The database includes measurements of the neutron eMisSiQharges with “BAEs” and TAEs. The magnitude of the re-
and two calculations of the expected emission. BNETWO 4, i1 does not depend on the frequency of the mode

calculatiori* uses a small-banana-width, steady-state bearﬂNhether it is a “BAE” or a TAE). The anomaly is greatest
distribution and the measured carbon density in a calculatiog,, discharges with low neutron emissimany of which are
that includes beam-beam reactions. A simple zeroy,, fie|d discharges with super-Alfwic beam ions How-
dimensional cod® that neglects beam-beam reactions antayer even discharges wit®,>10'°n/sec and “BAE” ac-

assumes a constant deuterium concentratipim, also cal- tivity have suppressed neutron rate,/Sy=0.78+0.30),
culates the expected neutron emission. Both codes use rec‘?ﬁ&icating that “BAEs” affect performance in high-

fits to thed(d,n) cross sectiof® If the beam ions behave performance plasmas with sub-Alfvie beam ions.
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FIG. 13. Toroidal mode numbaer of the strongest mode versus maximum
value of —dp; /dr for the clusters in the DIII-D database. The modes clas- FIG. 15. Measured laboratory frequency divided by toroidal mode number
sified as TAEs have Doppler-corrected frequencies at the intersection radiugersus central rotation frequency for isolated toroidal modeps and for
that are>60% of the local value of r4¢, while the modes classified as “BAE” clusters (A). Only modes that propagate faster than the central
“BAEs” have f<0.6fag . rotation frequency f,,>nf,(0)] are shown.
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FIG. 18. Observed frequency of the strongest “BAE” mode versus toroidal
FIG. 16. Profiles ofyf, as a function op for chirping modegsolid lineg ~ field for the discharges in the TFTR database. Discharges fueled by both
and for “BAES” with f,(0)>33 kHz (dashed ling The heavy solid line is  tritium and deuterium beams are indicated bja
the profile in discharge 81382 that suggested the hypotliesf 36 that
fepw=nf, for chirping modes.
<0.1) with any other parameters in _the datat_)asg, By,
stored energyV, |, and energy confinement time).
C. TFTR database The toroidal mode number of the most unstable “BAE”
o ) tends to decrease with increasing toroidal field for these data
A week of TFTR operation in April 1995 was devoted to (Fig. 19. The most unstable does not correlate with any
BAE” experiments in low-current (0.7-1.6 MA  other parameters in the database.
supershot§.The basic plasma parameters and magnetics data

from this week were analyzed and entered into a databa
containing 119 “BAEs.” i? TEMPORAL EVOLUTION

In contradiction to the naive expectation for Alfve In this section, the temporal evolution of the frequency
modes, the laboratory frequency tends to decrease with irend stability properties of representative DIII-D discharges
creasing toroidal fieldFig. 18; however, for these TFTR are presented, followed by a discussion of the expected evo-
plasmas with nearly balanced beam injection, the datdution for each of the four theoretical models.
needed to calculatk-Vg are unavailable, so the scaling of Figure 20 shows the temporal evolution of the frequency
the Doppler-corrected frequency with, is uncertain. The in a 1.0 T discharge. At 1500 msec, approximately 10 MW
correlation of laboratory frequency with, is similar to the  of left beams were injected; the first detectable instabilities
correlation withBy. As noted earlief, discharges heated occur ~35 msec later. The modes occur in bursts. As the
with a combination of deuterium and tritium beams are simi-discharge evolves, both the laboratory frequency and the
lar to discharges heated by pure deuterium beams, whicboppler-corrected frequency decrease. Comparison with the
indicates that the weak alpha-particle populatioB,( nominal TAE frequency indicates that the frequency of the
=0.1%) does not have an appreciable effect on “BAE" first burst is close to the TAE frequency but the frequency

stability under these conditions. steadily drops into the “BAE” range as the discharge
The laboratory frequency is weakly anticorrelated with evolves.
the beam power r(=—0.50) and does not correlate?( The first detectable instability does not appear until the

neutron emission has risen t860% of its maximum value.
The delay of~35 msec is comparable to the central slowing-
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FIG. 17. Measured neutron rate versus classically expected rate for the TAE FREQUENCY (kHz)
discharges in the DIII-D database. Discharges with “BAE” or TAE clusters
are represented by A, while discharges without detectable clusters are FIG. 19. Mode numben of the strongest mode verstis,e for the dis-
represented by &. The line indicates perfect agreement. The classical charges in the TFTR database. The vacuum toroidal field, line-average elec-
prediction is from a zero-dimensional co¢Ref. 42. tron density, andj=1.5 were used to evaluafg,g .
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FIG. 20. (a) Time evolution of the observed frequency of the strongest mode in the cl¢sjeof the Doppler-corrected frequency at the intersection radius
(X), and of the nominal TAE frequendytse (solid line) (evaluated using, andq= 1.5) for a DIlI-D discharge in which 10 MW of left beams were injected
beginning at 1500 mse¢b) Time evolution of the normalized befgy, (solid), the neutron ratédotted, the maximum value of the ion pressure gradient
(dot-dash, and \T;(0) (dash). Parameters: discharge 714#,=1.0T, | ,=0.6 MA, x=1.6, and inner-wall limiter.

down time for 75 kV beam ions, but is considerably shorterevolves. Examination of Fig. 21 indicates that the frequency
than the pitch-angle scattering time 8240 msec(Electron  evolution does not correlate closely with the evolution of
drag predominatesln these conditions, calculations indicate g, .

that beam—plasma reactions constitute the dominant compo- |n discharge 71496, the first burst appears 44 msec after
nent of the neutron emission, so the neutron rate dependfe onset of beam injectioas the neutron emission nears its
approximately linearly on the number of confined energetiGnaximum valug suggesting that, like the TAE, the “BAE”
beam ions. Thus, instability does not occur ugilis appre- s griven by, or dg,/dr.

ciable. Since large velocity-space gradients probably occur  gayeral discharges with transitions from TAE to

10-20 msec following the onset of beam injection, the 35.gAE" activity were analyzed in an attempt to determine

msec delay sugge§ts thf”‘t the TAE instability is driven PIMaA3, hat parameters were responsible for the transition. The ba-
rily by spatial gradients in the beam presd@mather than by

anisotropy in velocity spac sic idea underlying the analysis is that, because beam-ion
The “transition” from TAE to “BAE” activity shows a losses cause saturation of the beam-ion pressure near the

wide variety of behaviorgFig. 21). Sometimes the fre- p‘?‘”t O.f marg!nal stability‘f’ only the mqst unst.able beam—
quency gradually evolves with the plasma press@e in driven instability appears at any given time. This expectation

Fig. 20 but, in other cases, the frequency evolution does nofS CONSistent with the observation that TAEs and "BAEs”
correlate with the plasma energy. Comparison of the twd'sually only coc_emst at transm_ons from one type of activity
discharges 71495 and 71496 is particularly interesting. Thes® another(cf. Fig. 21). Accordingly, parameters that affect
nominally identical discharges differ only in the angle of the TAE and “BAE” stability should evolve at a transition.
beam injection: 71495 was heated by left beams alone, whilEigure 22 shows the analysis for the most interesting case. In
71496 was heated by right beams only. As reported previthis discharge, a relatively sharp transition to “BAE” activ-
ously (Fig. 8 of Ref. 30, the amplitude of “BAE” activity is ity occurred when the beam power was increased from 5.0 to
much larger for left beams than for right beams. In contras?.5 MW at 1900 msec, then a transition back to TAE activity
to 71495, in 71496 the first detectable instability is a “BAE” occurred at~2165 msedpossibly triggered by evolution in
and the frequency graduallincreasesas the discharge theq profile associated with an influx of impuritiesA clear
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FIG. 21. Ratio of Doppler-corrected frequency at the intersection radius to nominal TAE freqUeheynd evolution ofg3y (solid line) for six different

discharges. Discharge 71496 is identical to discharge 71495 except that right beams rather than left beams were injected. The parameters for 71517 resemble
the parameters for 71519 and 71524 except that the toroidal fiel®wad.0 T rather than 0.8 T. Parameters for 757B4=0.8 T, | ,=0.6 MA, x=1.8,
Ne=2x10"%cm™3, inner-wall limiter, andPg=7 MW; a minor disruption occurree-40 msec earlier in the discharge. Parameters for 77B28:1.0 T,

1,=0.7MA, B,=1.4,k=1.6,N.=4.3x10¥cm 3, inner-wall limiter, andPz=8 MW.

“back transition” of this sort has only been observed in this (Fig. 20. Also, changes in the ideal ballooning properties of

discharge. the plasma do not correlate with the transitions between TAE
The data in Figs. 20-22 are difficult to reconcile with and “BAE” activity in discharge 71524Fig. 22.

any of the proposed theoretical explanations for the “BAE.”  The temporal evolution of the frequency in discharge
If the “BAE” is an Alfve n eigenmode, one expects a 71495 is inconsistent with the expected evolution for an ion

transition from eigenmodes that lie in the TAE gap to eigenipermal mode(Fig. 20.

modes that fall in the beta-induced gap as the plasma param- rpe hypothesis that the “BAE” is an energetic particle

eters evolve. In some cases, the frequency seems to JUMBode explains some of the observations. In discharge 71495

from one band to another but, in other cases, the evquﬂonaZig 20, the laboratory frequency continues to drop 670

appears continuougrig. 21. Another difficulty s that tran- msec af’ter the neutron emission has reached its maximum

sitions do not generally correlate with increasesjp (Fig. . SR . .

21) or with changes in the structure of the Alfveontinuum va!ue. This evolution is |r_1con5|§tent with the expected evo-

lution of a pure energetic particle mode whose frequency

(Fig. 22. In earlier analysis of the stability of TAEs in
DIII-D, a simple highn calculation of radiative damping 9ePends only ov,). On the other hand, a parameter that

could account for the observed threshold in beam predéure:€volves on the same time scale as the frequency is the

however, changes in the calculated damping rate of the TARlasma pressuréndicated bygy) and this temporal evolu-
do not account for the transitions eith@ig. 22. tion is reminiscent of the predicted dependence on core pres-

In the simplest theory of the kinetic ballooning mode, sure for energetic particle mod¥&s° The gradual transitions
the frequency depends linearly am, j; 48 however, more that are sometimes observéBig. 21) are also consistent
refined theories predict a somewhat weaker dependénige. with identification of the “BAE” as an energetic particle
contrast, in discharge 71496actually decreases with, mode. However, the frequency does not always evolve with



Phys. Plasmas, Vol. 6, No. 4, April 1999 Heidbrink et al. 1159

100.0 shot 71524 are most affected by “BAEs,” while the charge-exchange
EEA%UENC)( "‘Al"z’ TAE « measurement$¢Fig. 10 imply strong radial transport with
5001 aa AngTA _Aj,MA N ﬁw— minimal pitch-angle scattering.
00 B 87 ppnn0p50080 Of the models advanced to explain the “BAESec. I)),
15 _ the least successful of the four theories is that the “BAE” is
1 dp/dr\————\l_q?l"_j: a MHD mode whose frequency is governed by the thermal
05.] q=1.5/ ion speed. Although the predicted mode frequencies are in
o the observed range, none of the frequency data scales with
06 fui
BALLOONING SURFACES The idea that the “BAE” is a kinetic ballooning mode is
037 consistent with some of the data. In previous wdre
0.0 mode frequency measured in the plasma by a reflectometer
0.8 T GAP WIDTH — was consistent witho, ,;/2 for nine TFTR discharges. In
‘< DIII-D, the frequency scaled wit, ,; for a controlled tor-
067 t/\, TAE oidal field scar{Fig. 5(c)]. On the other hand, although the
04 — “BAE” frequency is usually in the expected range, the fre-
0.30 quency does not scale with, ,; for an extended set of data
015.] GAP HEIGHT ;ﬁ/’ T from DIII-D. Also, the temporal evolution of the mode fre-
] il VS quency is often opposite to that af, ,; (Fig. 20. Another
0.00 difficulty is with the expectatiot that the instability should
04 ADIATIVE DAMPNG > — occur  near the MHD stability threshold. Although
02_' x <1 < x X x many discharges with “BAEs” are near the ballooning
i v Y boundary?~82*some(such as the discharge shown in Fig. 7
0.0 +—————r+— , , —_ are well within the stable regime.
1700 1900 2100 2300 The hypothesis that the “BAE” is an Alfve eigenmode
time (sec)

also appears to have some merit but cannot explain all of the
FIG. 22. Evolution of several parameters of theoretical interest in a disObservations. A point of agreement is that the MHD code
charge (71524 with two transitions between TAE and “BAE” activity ~GATO' computes centrally located modes with predomi-
(vertical I_ines). (a) Doppler-corrected frequency at the intersection radius nately Alfvenic polarization that have frequencies that are
and nominal TAE frequencyb) Pressure gradients at tig=1.1 andq .\ dcient with the experimental observations for both the
=1.5 surfacesnormalized to the first stability boundary for ideal ballooning . . P 3
modes. (c) Fraction of the plasmén terms of the poloidal flux¥) in which low-field DIII-D “BAEs and for the TFTR SUperSh(ﬁs-
ideal ballooning modes are unstakilé) Radial extent of the TAE and BAE  Another successful prediction is that modes generally occur
gaps, i.e., the horizontal width of the gap without intersecting the "Alfve when the beta-induced gap in the Alfveontinuum is |arge_
continuum.(e) Vertical extent(in units of 0%/ w3y, wherewso=v,/qR) of : « "
the TAE and BAE gaps aij=1.5. (f) Radiative damping € y/w,) of the Moreover, the experllmerjtal BA_E frequency usuallput
TAE calculated in the higin- limit at g=1.5 using the formalism of Mett ~ NOt avaaySs falls W'thm this beta-induced gap. ADOther suc-
et al. (Ref. 47 for the measured TAE frequency’) and for the theoretical cess is the scaling of the mode frequency with for a
(Ref. 47 eigenfrequencyX). The vertical error bars at 2150 msec indicate tgroidal field scan on DIII-OFig. 5a)]. On the other hand,
:glepsr(ce)gls;tslvny of the calculated quantities to uncertainties in the experlmenfOr a Iarger dataset from DIII-D, the frequency does not scale
with v 5 (Fig. 12 (although the correlation is higher with,
than with any of the other predicted scalihgalso, for the
changes in3, (Fig. 2, which seems inconsistent with the TFTR data(Fig. 18, the laboratory frequency scales in-
model. versely withv 5, but the(unknown) Doppler-shift correction
In summary, we have not found a Simp|E, universa"ymight mOdlfy this Scaling. Another dlfflCUlty is with the time

applicable explanation for the transition from TAE to evolution of the frequency. Sometimes the frequency jumps

“BAE” activity. suddenly from the TAE gap to the beta-induced gap but, in
other cases, the frequency seems to evolve continuously
(Fig. 23).

V1. DISCUSSION Another hypothesis with partial agreement is that the

Beam ions are expelled from the plasma by “BAEs.” “BAE” is an energetic particle mode. The laboratory fre-
Theoretically, there are two likely mechanisms for thesequency is generally comparabledg/gR, although the pre-
losses. One is anomalous pitch-angle scattering across tliécted parametric dependencies are not observed for the
passed/trapping boundary onto a loss dtbiAnother is  DIII-D toroidal field scan[Fig. 5(d)] or for the DIII-D or
resonant radial transport of circulating ions with little changeTFTR databases. In some cases, the frequency drops with
in parallel velocity®® In an earlier DIII-D study, it was con- core pressuréFig. 20 and Fig. 2 of Ref. 3as predicted
cluded that most lost beam ions spiral out radially with a stegjualitatively***° but, in other cases, the frequency is inde-
size of ~10 cm per toroidal transit, rather than suddenlypendent ofgy (Fig. 21).
jumping from a confined orbit to an unconfined otbithe It is possible that the “BAE” is a hybrid Alfva eigen-
new data presented in this paper support this conclusion. Thmode and kinetic ballooning mode, as suggested in Ref. 22.
strong reduction iIMW, (Fig. 9 indicate that passing ions In the DIII-D toroidal field scan(Fig. 5), the toroidal mode
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number of the most unstable mode varied vBthin such a  for their assistance with the TFTR database. For Fig. 4, G.
manner that the two conditionsxfrae and fxw, ,; were  Huysmans kindly provided IDL routines for the soft x-ray
simultaneously satisfied. Perhaps this is the reason for theomparison and G. Y. Fu calculated the TAE eigenfunction.
apparent dependencembndp;/dr in DIII-D (Fig. 13 and M. Chu supplied working versions of tl@NT code, and Y.
for the dependence afonuv, in TFTR (Fig. 19. R. Lin-Liu and R. Miller developed the code used to calcu-
The parameters with the strongest effect on mode stabilate ballooning stability. L. Chen, E. Lazarus, and T. Taylor
ity are the beam pressure and the angle of beam injectiomrovided helpful insights.
Since all of the models assume the modes are destabilized by This work was principally supported by General Atom-
circulating beam ions, these observations are consistent witles subcontract SC-L134501 under U.S. Department of En-
all four of the candidate explanations. The absence of angrgy contract DE-AC03-89ER51114, by DE-FGO03-
systematic dependence on other paramedtarsh adp; /dr 92ER54145 and W-7405-ENG-48, and by undergraduate
for the kinetic ballooning mode g8, for the Alfven eigen-  research programs sponsored by the Department of Energy
mode agrees best with the hypothesis that the “BAE” is an and the National Science Foundation.
energetic particle mode.
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