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ABSTRACT
Ii

High-frequency pressure-driven modes have been observed in high-poloidal-[3 discharges

in the Princeton Beta Experiment-Modification (PBX-M). These modes are excited in a

non-axisymmetric equilibrium characterized by a large, low frequency ml=l/nl=l island,

and they are capable of expelling fast ions. The modes reside on or very close to the q=l

surface, and have mode numbers with either mh=nh or (less probably) mh/nh=mh/(m h- 1),

with mh varying between 3 and 10. Occasionally, these modes are simultaneously localized

in the vicinity of the ml=2/nl=l island. The high frequency modes near the q--1 surface also

exhibit a ballooning character, being significantly stronger on the large major radius side of

the plasma. When a large ml=l/ni---1 island is present the mode is poloidally localized in the

immediate vicinity of the x-point of the island. The modes, which occur exclusively in

high-I_ discharges, appear to be driven by the plasma pressure or pressure gradient. They

can thus be a manifestation of either a toroidicity-induced shear Alfv6n eigenmode (TAE) at

q=(2mh+ 1)/2n h, a kinetic ballooning mode (KBM), or some other type of pressure-driven

. mode. Theory predicts that the TAE mode is a gap mode, but the high frequency modes in

PBX-M are found exclusively on or in the immediate neighborhood of magnetic surfaces

with low rational numbers (q--l, 2, ..).



1. INTRODUCTION

The central purpose of the Princeton Beta Experiment-Modification (PBX-M) is to

achieve andexplore the second regime of stability to ideal ballooning modes. To effect this

goal, the PBX-M program has focussed on plasmas in two operating domains. The first I

was characterized by l_ighplasma current relative to minorradius and magnetic field (I/aB ,,
2.1 MA/m-T). In this scenario, a rapid current ramp (up to 2.4 MA/see) broadened the

current prof'fleby adding edge current. These plasmas had values of the volume-averaged

toroidal beta, <[3t>,up to 6.8%, and a maximum normalized beta, <_n> = <_t>/(I/aB), of

3.5%-m-T/MA.[ 1,2] The objective of the high-<_n> operating regime was to approach the
threshold of second stability with plasmas at high values of poloidal beta

(_pol=8Wtot/(3goRolp 2) = 2.4). At moderate I/aB (= 0.9 MA/m-T), a _n of 4.5 was
achieved.

Strong high frequency MHD phenomena that appearto be related to plasmapressure
have been observed in several tokamaks.Deuterium neutral beams with energies up to 110
keV were injected into plasmas with low magnetic fields (lT) in TFTR.[3,4] The beam

injection velocities (vr) were comparable to the Alfven velocity (VA),so that toroidicity-

induced shear Alfven eigenmodes (TAE) were excited. There was a clear correlation

between the high-frequency (h. f.) bursts in the Mirnov coil signal and decreases in the

neutron emission rate. In DIII-D expedients with low magnetic fields (0.6 - 1.4T),

magnetic oscillations in the TAE range (50-200 kHz) were also detected during neutral

beam injection.[5,6] Beam power losses of over 50% were reported at the largest TAE

amplitudes. A sharp onset threshold at vr/vA - 1 was not observed, which is consistent

with the theoretical prediction that sideband coupling permits the mode to be driven by fast

ions as slow as vf = VA/3.This suggests that the instabilities flu'stobserved with tangential

neutral beam injection in high-[3PBX plasmas were indeed TAE; although the fast ion

velocities were substantially below vA, h. f. bursts were detected with the Mimov coils,

and they were clearly correlated with significant changes in the neutron emissivity.J7] A

somewhat different ballooning mode of much lower frequency (36 khz), with an ron=76

"wave packet" character that was stationary in the moving plasma frame, was observed in

TFrR.[8].
Modes very similar to those seen in TFTR, D-III-D, and PBX have been found during

the 1988/1989 experimental periodon PBX-M.[1,2,9] The experimental conditions under

which these modes were observed includedhighvalues of J3po! and J]n,which were around
2 and 4 respectively. These values were achieved with neutral beam injection, Pb, of 5



MW, plasma current, Ip, of 320 to 350 kA, toroidal magnetic field, Bt, of 1.3 T, electron
temperature of 2 keV, ion temperature of 4 keV, elongation of 1.9, indentation of 15%-

, 18%, and triangularity of 0.3. The neutral beam power at an injection energy of 40 keV

was approximately equally divided into near-parallel (tangency radius: Rtan=130 cm) and

near-perpendicular (Rtan=35 eta) directions.
O

Typical equilibrium magnetic surfaces for the high-_q_oI case are shown in Fig. 1. MHD

mode activity in these H-mode discharges varied as the discharge progressed.

Representative plasma parameters for a typical high-13poI discharge are shown in Fig. 2,

where an H-mode sets in at 360 ms. During the last phase of the li-increase period,

sawteeth and very weak low-n modes are observed. The 13-saturation period is

characterized by sawteeth, weaker n=l to 3 modes, grassy ELM-like events, and isolated

weak ELM's. Grassy ELM-like events are edge phenomena propagating in a finite time

toward the center of the discharge. They induce energy losses between 1 to 2% and have

repetition rates of 0.5 to 2 kHz, and they seem to be mainly responsible for the 13-

saturation. In Fig. 2, there are two such periods where the _ saturates: one from 460 to 490

ms and the other from 510 to 535 ms, The 13-collapse is normally initiated by a giant ELM

• (at 535ms in Fig. 2), followed by very strong low-n activity (primarily n = 1 but -

occasionally having n values up to 4), interspersed with additional giant ELM's. Giant

, ELM's in PBX-M are ELM's of very short duration (= 5001.ts)and are associated with very

large plasma energy losses (between 10 to 30%). It is during these three periods that the

high frequency (h.f.) mode activity was observed.

The diagnostics used to obtain the principal measttrement_ in the present report were the

soft x-ray diode array, motional Stark effect (MSE) polarimetry, and the neutron fluctuation

diagnostic. The sightlines of the 32 soft X-ray diodes are shown in Fig. 1. The array

provides coverage of the poloidal cross section of the plasma with 2 cna spatial resolution.

The MSE technique was pioneered on PBX-M as a means of obtaining q profiles in high

temperature tokamak plasmas.[10] The motion of a neutral hydrogen beam across the

confining magnetic field introduces a Stark splitting in the Hot emission. The photons are

polarized in the direction of the magnetic field, and local values of q are determined from

the intersection of the polarimeter sightline and the trajectory of the horizontaUy-seanning

neutral probe beam.[ 11] The neutron fluctuation diagnostic consist__of two counters, a

" plastic scintillator (NEl02) for fast time resolution and a thin ZnS scin_llat0r (NE422) with

less sensitivity to hard X-rays.[12] Correlations with other diagnostics were made using

" data primarily from the NE422 detector.

The present work focuses on three areas: the detailed internal structure of the mode



(amplitude and phase profiles); clear establishment of a strong ballooning character for this

mode; and, finally, recognition for the first time of the importance of a strongly non-

axisymmetric equilibrium for the excitation and the strength of this mode.

The experimental results are described in the second section: the spectral structure of

these modes; their localization and their spatial structure in minor radius relative to their •

corresponding q-values; identification of m- and n-numbers; central fast ion losses and

central electron thermal energy losses; and in summary, a physical picture for these modes.

In the third section the data are compared with several fast ion theories, suggesting TAE or

KBM as the two possible explanations for these modes.

2. EXPERIMENTAL OBSERVATIONS

2.1. Spectral Structure of the Modes

The 13-saturation and _-collapse periods in the high-_pol, high-Troyon parameter

discharges in PBX-M are characterized by strong MHD activity. Very often we observe

giant ELMs with a repetition rate on the order of 10 ms, and a strong saturated n= 1 mode

with a frequency of 7 kHz. In addition, we sometimes observe high frequency bursting at ,

100 kHz and above. The high frequency mode appears as a sequence of bursts because it is

modulated by the ni= 1, low frequency (l.f.) mode. This modulation is a case of a nonlinear

interaction of two modes, a low-frequency/low-n and a high-frequency/high-n mode,

localized very near each other.

A typical case of such a nonlinear interaction is shown in Fig. 3, where soft x-ray diode

signals for the central part of the plasma are depicted. The h. f. mode is observed only

during the crest of the 1. f. mode, and it rotates with the crest of that mode in the poloidal

and/or toroidal direction. The top and the bottom signals are coming from the plasma shell

located roughly in the vicinity of the q= 1 surface. Two signals from the same diode are

oveflayed on each other:, in one case the signal is digitally filtered with a high pass filter of

0.5 kHz and in the other case with a high pass filter of 90 kHz. The h. f. mode is observed

primarily in the central part of the plasma, so that the nonlinear interaction of the h. f. mode

occurs mainly with the ml= 1 component of the global nl=l eigenmode. The 1.f. nl=l mode

has a strong ml= 1 central component.

If the maximum soft x-ray radiation occurs around the x-point of an ml= 1 island, and

this perturbation has an island structure, Fig. 3 suggests that the h. f. mode is localized
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near the x-point of the low frequency ml--I/ni--1 mode. The h. f. perturbation (or h.f.

burst), carried on top of the crest of the 1.f. perturbation, is observed in a particular diode

only during the passage of the 1. f. crest in front of that diode. The burst itself thus shows a

"light-house" effect, i.e., a beacon rotating poloidally or toroidally wh'ch follows a helical

line in the torus defined by the crest of the ml= 1/nl=l mode. Other features in Fig. 3 are
described in sections below.

The Fourier power spectrum analysis of these signals for the central part of the plasma

is shown in Fig. 4. The 1.f. part of the spectra is omitted from the figure because of the

very large amplitude of the low frequency mode. We note that in the central part of the

plasma there are many peaks between 70 and 180 kHz. In some cases over fifteen

simultaneous h.f. peaks are observed. They are regularly spaced, and their separation on

average is 7.3 kHz. This separation is equal to the frequency of the 1. f. mode. The h. f.

mode disappears outside z=23 eta, which is equivalent to a midplane minor radius, rmid, of

14 cm. The integration time needed to obtain these spectra is 2 ms. Longer time windows

cause the individual peaks to broaden and even to overlap into a single broad peak, due to

the changing frequency of the h.f. mode with time.

The spectral structure of Fig. 4 with many h.f. peaks is to a large degree explained by

the very non-sinusoidal modulation (envelope) of the h.f. m oa_ewith the l.f. mode (Fig. 3).

The fact that the l.f. envelope of the ia.f. mode is so strongly non-sinusoidal will create
4P

many strong sidebands around the frequency, coh, of the h.f. mode. The amplitude of the

sideband peaks (Fig. 4) is proportional to the degree of the distortion of the envelope of the

h.f. mode in the time domain (Fig. 3). These sidebands are defined by

C0h:V.kCOl/mh:flcml/nh:V.knl,where o I is the l.f. mode frequency, mh, nh ,ml= 1, and ni= 1 are

poloidal and toroidal mode number of the h.f. and l.f. perturbation respectively, and k is an

integer, k = 0, 1, 2, 3, .... Because the l.f. envelope of the h.f. mode can be assumed to be

an even function, the power spectrum of Fig. 3, shown in Fig.4, is, therefore, described

by a Fourier series S(t, oh, COl)= gkan cos(oh:t.kc00.Ek denotes the summation over ali

k's. The coefficient an converges rather slowly, because of the strong distortion of the

envelope. This is reflected in the many strong peaks of Fig 4.

2.2. Spatial Localization of the Mode

2.2.1. H.F. Mode Localized Near q - 1

In order to localize the mode and give some indication of the m- and n-number of the
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mode, we have obtained the spatial profiles of the auto power spectra and the cross phase

for a given peak in the high frequency spectrum. Such an analysis of the peaks at 103, 110,

118, and 125 kHz in Fig. 4 is shown in Figs. 5 and 7. From Fig. 5 one can conclude that

the modes are localized inside z=20 cm or rmid = 12 cm. rmid is the midplane minor radius

ofthemagneticsurfaceonw',fichthediodesightline(identifiedbytheverticalpositionz)is

tangent.Theiramplitudesfallprecipitouslyoutsidez=20cm (tracesH2, H3,H4 andH5)

anddisappearintothephotonnoise(tracePh).Becausethesteepoutsidewings(z>20cm)

oftheh.f.mode profilefollowcloselythoseofthel.f.mode profile(traceL I),andthel.f.

mode isanml=I/nl=1mode,onecanconcludethattheh.f.mode islocalizedeitheronor

veryneartheq=I surface.The jaggednessofthecentralpartoftheprofileisreal,and

couldb¢causedbythediodeline-of-sightpassingtwicethroughtheperturbedshell,i.e.,

onceeachonitslargeandsmallmajorradiusside.The oscillationsthusreflectthein-phase

orout-of-phasesupcrpositionofthesetwo contributions.Anotherpossibilityisthatthis

profilejaggednessiscausedbyafixedpoloidalphaserelationshipbetweenthel.f.andh.f.

modes,whichresultina standingwave patternintheh.f.mode amplitude.Ineithercase,

fromthenumberofpeaksandvalleys,them-numbermustbchighcrthan3.

The power spectrumprofileformostofthesespectralpeaksisbroadand,despitethe

jaggedness,fairlyflatinsidez=20cre.We thusconcludethatthemode islocalizedina

narrowshelljustinsidez=20cm andoutsidez=15cre,i.e.,themode probablydeesnot
extendmuch towardthecenter.

2.2.2.A Merc GlobalH.F.Mode

A somewhat different case of h.f. modes is shown in Fig. 6. Here the normalized soft

x-ray spectral profiles, Sf/So, of three of these modes (96, 103, and 110 kHz) and the low

frequency n=l mode are shown.

Before discussing the h.f. mode further, we describe the l.f. mode and locate the

positions of the q=l, 2 surfaces from the power profile of the l.f. mode. The spectral

power in the l.f. mode is more than an order of magnitude larger than for the h.f. modes.

In addition, the low frequency mode has at least three maxima, an indication of a saturated

global mode with strong ml=l, 2, 3, ... components (islands). Motional Stark Effect

(MSE) measurements of the q profile have been made on similar discharges, and they show

that the locations of the q=l, q=2, and q=3 surfaces are located around z=20, 40, and 47

cre, agreeing well with the locations of the ml=l, 2, 3 components of the nl=l mode

shown in Fig 6. (The comments regarding 1.f.mode are also valid for the case described in



Section 2.2.1.).

Unlike Fig.5, where the h.f. mode was sharply localized, this h.f. mode shows more

" of the character of a global mode with amplitude peaks: one just outside z=15 cm and the

other near and outside z--25 cre. This puts the location of the internal peaks of the h.f.

modes very near orjust outside the the q= 1 surface.

The external peaks of the h.f. mode follow closely the shape of the ml--2/nl= 1

component of the l.f. mode, suggesting that this component of the h.f. mode is localized

very near the q=2 surface. The amplitude of the external peak is smaller than the internal

peak amplitude by more than factor of 5, and the soft x-ray array resolution around the q=2

surface is rather poor. It is thus impossible to establish either the m- or n-number of this

mode or the exact location of the mode) relative to the q-2 surface. For the same reasons, it

is not possible to say anything definite about the ballooning character of the external mode.

2.3. m- and n-Number of the Mode

o

The spatial profile of the phase of the successive frequency peaks in Fig. 5 (96, 103,

110, 118, and 125 khz) are depicted in Fig. 7a. The phase changes monotonically across

the center between z=20 and -20 cre. The total phase change, A0)h, across the plasma

. between z=+20 and -20 cre, which are the radial positions close to the magnetic surface

where the perturbation resides, increases with each successive spectral peak. The phase

change between two successive peaks, AOm, corresponds to a change in mh-number of

' Amh=AOm/A_g=-1. A_)g=140° is the corresponding poloidal geometry angle subtended by

the two extreme diodes of Fig. 3. The mh-mOde number difference (Amh=l) is to be

expected if these reside on the m/n rational surfaces, with m h and n h increasing by 1 when

moving inward toward the q=l surface. As the spectral peaks become weaker, the phase

difference A(1)mbecomes smaller (H4 and H5 in Fig. 7a). This smaller A¢_m might be a

consequence either of noise (weaker peaks) and/or the fact that these other peaks were more

• an artifact of the "light-house" effect. The photon noise contribution to these peaks

becomes also substantial causing a "flattening" of the phase profile. Note also that the

phase profiles for _ are more "noisy," and that the phase difference there is more difficult

to establish. This is a consequence of the unexplained increase in noise in the diode signals

for z_.

: The large phase change across the plasma for a given spectral peak is an indication that

" the mh-number of the high frequency mode must be rather high. By simple comparison of



8

the phase profiles of the h.f. modes and l.f. harmonics in Fig. 7a and 7b, we can conclude

that the 103 kHz mode should have an mh-nUmber of at least 3 but not larger than 5, the

1l0 kHz mode should be between 4 and 6, and so forth. We assume here that the h.f.

mode with the same mh-number as the l.f. harmonic has a similar phase profile. Note that

as the l.f. harmonic numbers increase, and the amplitude of the l.f. harmonic becomes too

weak and approaches the photon noise, the phase profile stops changing (curves L4 and L5
in Fig. 7b).

The mh-number can be also found directly from the Fig. 3 (or Fig. 10) by noting that

the total phase change across ali the diodes from z-15.9 to-15.9 cm is approximately,

A@h=720".Since the geometrical angle between the two extreme diodes is A@g=140", one
gets mh=A@h/A@g=5.1for the mh-number.

Because the h.f. modes are located either on or very near the q-1 surface, the toroidal

nh-number is either equal or very close to the mh-number. If we assume that for the 110

kHz peak the mh-number is 5, then the nh-number is either hb=mh=5 or nh=mh- 1---4.As

already mentioned, the high mh-number is impossible to analyze with the poloidal set of

magnetic probes. The magnetic probe measurement of the toroidal mode number was not "
available for this experiment.

2.4. Fast Ion and Thermal Electron Losses

The h.f. bursts arc accompanied by a weak drop in the neutron rate. Beam target and

beam-beam reactions dominate in PBX-M plasmas, so this drop in neutron rate indicates a

loss of fast ions from the center of the discharge. The correlation between the gradual

decrease in neutron rate and h.f. bursts is seen in Fig. 8 between 550 to 552 ms, 554 to

556 ms, and 572 to 574 ms. The large drop in the neutron rate at 565 ms is caused by one

neutral beam being switched off. For a typical h.f. burst of 2 to 3 ms duration, this loss in

neutron rate could be as much as 10%. In some cases, we observe an increased activity of

these h.f. bursts a few ms preceding a giant ELM. In Fig. 8, this is observed for the giant

ELM's at 557 and 565 ms. These neutron rate losses are largest for the case of a strong,

bursting h.f. mode, associated with a strong non-axisymmetric configuration caused by a

large ml=l/ni-1 island. In the case of a weak non-axisymmetric (small ml=l/nl=l island)
and axisymmetric configuration (no ml=l/nl=l island), it was difficult to correlate these

modes with any neutron rate drop. The reason might be that the peak amplitude of a h.f.

bursting mode in a strongly non-axisymmetric equilibrium is an order of magnitude greater

than the amplitude of the continuous h.f. mode in an axisymmetric equilibrium, and is also



greater than the amplitude of the h.f. mode in a weakly non-axisymmetric equilibrium.

These h.f. bursts are accompanied by a drop in the central soft x-ray signals, not unlike

. the one accompanying a sawtooth crash. This indicates that the electron thermal energy is

being lost from the center during the h.f. burst. As shown in Fig. 9, the loss in soft x-ray

. intensity, localized in the vicinity of the qffiI surface, can be as high as 10%. This drop in

electron thermal energy looks very much like a sawtooth with an inversion radius of z = 22

cre. It is not a sawtooth, however, as the mlfl/nl=l large island is not affected by this

drop. In addition, a sawtooth crash has the largest drop in the center,,indicating electron

thermal loss everywhere inside the qffil surface. In an h.f. electron thermal energy crash,

however, the electron thermal energy is preferentially lost around z = 20 cm (Fig. 9), i.e.,

the loss is very localized. This is the position of either the qTAEf(2mh+l)/2n h, q=mh/nh=l,

or qffimh/(mh- I) shells where these h.f. modes are situated. The crash in electron thermal

energy is also not sudden, but is a slower process spread over the h.f burst duration.

Finally, in a sawtooth, the time evolution of the neutron rate follows the drop in the

electron thermal energy crash, and is of very short duration. In the h.f. burst, this loss in

the neutron rate is spread over the duration of the h.f. burst.

The significance of the electron thermal energy loss is not fully clear. On one hand the -

loss of fast ions due to the h.f. mode burst could reduce the central heating of electrons by

ions and, therefore, produce the local loss in electron energy on a local electron transport

time scale. On the other hand, this could also represent a direct loss of electron (and ion)

thermal energy due to the h.f. burst. The relative increase in the electron thermal energy

outsicie the inversion radius is also very large (see Yig. 9), greater than expected from a
,.

sawtooth. The reason for this might be that the fast ions, expelled by the h.f. burst from the

center.of the discharge, are heating the electrons in the region between z=25 and 50 cre. If

this sawtooth-like crash represents the fast ion loss, the data in Fig. 9 might even shed

some light on the radial position of the fast ions expelled from the center by the h.f. mode

(rmid = 15.5 to 26.5 cm), and the amount of the energy loss due to the expelled fast ions.

3. PHENOMENOLOGICAL PICTURE OF L.F. AND H.F. MODES

3.1. Case of Strongly Non-Axisymmetric Configuration

. An essential condition for exciting the h.f. bursting mode is a strong non-axisymmetdc

equilibrium in the form of a large ml=l/nl=l island. This h.f. bursting perturbation is
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excited either at or just outside the x-point (maximum of the mode) of the ml--1/ni--1

perturbation, i.e., it resides on a rational magnetic surface on or just outside the q= 1
surface.

Table I lists three most probable sets of m/n or q values. This table is based on

combining the best independent m-number estimates from the amplitude profile (number of

peaks) and the slope of the phase profile. The n-number is determined from the m-number

(nh=mh or nh=mh-1), knowing that the mode is on or close to the q-.-I surface. The f'urstset

corresponds to the assumption that the h.f. mode is a toroidicity induced Alfv6n eigenmode

(TAE mode), with its location given by qTAl/=(2mh+ 1)/2n h. Two other sets of mh/n h

numbers reflect the uncertainty in exact localization of the h.f. mode. The S model (Single

shell) is based on the assumption that the mode is localized exactly on the q=mh/nh= 1

surface and the M model (Multiple shells) on the assumption that the h.f. modes are

localized just outside the q=1 surface, i.e., on the q=mh/(mh- 1) surfaces.

a) TAE mode

The location of the h.f. mode is consistent with a TAE mode position of

qTAE=(2mh+l)/2nh, With mh=5/nh=5, qTAEbecomes equal to 11/10, which is so close to

q= 1 that it is hard to discriminate between the two locations. On the other hand, the h.f.

modes in PBX-M are always observed on or in the immediate vicinity of the rational

surfaces of low rational number (q=l, 2 ...) and never in between them. This suggests that

the rational surfaces of low rational numbers may play a decisive role in the excitation of

the h.f. modes.

b) Single Shell Model with q=mh/nh=l

This model assumes that the h.f. mode is located on a rational surface of low rational

number. The mode is located on the q-1 surface, and since the average frequency of the

h.f. mode is about 110 kHz we see from Table I that the dominant mode has approximately

mh=5/nh=5. This model explains the many spectral peaks of Fig. 4 most directly as a

Fourier expansion of a poloidally (and toroidally) distorted mh-5/nh=5 mode (the error in

mh and nh being +1). The distortion is caused by a strong decay of the mode away from the

x-point of the ml-I/ni--1 island, and its strong ballooning character. With this picture the

110 kHz peak represents the dominant mh=5/nh=5 mode, but the other peaks in the

spectrum also reflect real component modes with mh and nh larger or smaller than 5,

depending on the frequency of the peak. These modes, together with the dominant mode,

add up to the observed, strongly-distorted perturbation.

The drawback of this model is that it does not explain the apparent narrowing of the

h.f. mode profiles with each successive peak (see below).



11

b) Multiple SheUs Model with q=mb/(mh-1)

This model is less likely, but it does explain the fact that the mode amplitude profile

. moves slightly inward with each successive peak in spectrum (see Figs. 5, 6, and 11). This

small successive inward movement of the profile could be interpreted as each spectral Peak

representinga mode onitsown rationalsurfaceqfmh/mh-I,wherewitheachsuccessive
w

peakthenumber m h (andnh=mh-l)isincreasedby I,therebymakingq valueofthe

correspondingm handnhnumberssmallerandapproachingI.

A weaknessofthismodel isthatitisdifficulttoseehow a setofthesemodes,on

successiverationalsurfacesnearq=l,can addup tothesimplebutdistortedh.f.mode

observed.Anothercomplicationisthateachoneofthesemodes,sincetheyareindependent

modes,shouldbedistortedbyitselfthroughthepresenceofthel.f.ml=I/nl=1island.This

distortionjhoaldgeneratea seriesofnew sidebandmodes,withfrequenciesandmh/nh

numbersgivenbytheexpressionf_l /mh+-k/nh-'l:k.Thismeansthateachspectralpeak,

representingonemode ononerationalsurface,ispotentiallycontaminatedbythesideband

componentsoftheothermodes onotherrationalsurfaces.

From allthis,itisclearthattheexcitationand propagationofthesehighfrequency

modesistightlycoupledtotheirco-existencewiththeml=l/nl=1andpossiblyml---2/nl=l

modes.Thesemodes weremostlyobservedinconjunctionwitha strongml=l mode.The

conditionfor excitationof theseburstingmodes isa stronglynon-axisymmetric

• equilibrium,createdbyastrongml=I/nl=lisland(andoccasionally,anml=2/nl-1island).

From theamplitudeandpositionoftheml=I/nl=1mode andthesoftx-rayintensityprofile,

a simplesimulationmodelwillgiveusthepositionandthesizeoftheisland.Inthecase

describedinFigs.3 to6,wherethenormalizedmaximum modulation,Sf/So,was 20%,

theverystrongh.f.burstingisexcitedbyanm=I/n=lisland,lthasthemidplaneposition

rmidlI= 14cm andamidplaneislandwidthofWmidlI= 3.2cm,valuesobtainedfromthe

islandsimulation.The stronginfluenceofthenon-axisymmetricequilibrium,causedbya

largeml=I/nl-Iisland,on theexcitationoftheh.f.mode hasbeenobservedexclusively

duringthe _-collapse period.

Allofthesemodes,whetherdescribedbytheTAE, S,orM model,havethesame

frequencyfhinthestationaryplasmaframe.The measuredfrequencyfm isDoppler-

_hifted,andtheDopplershiftisafunctionofthenh-numberofthemode andthetoroidal

velocityoftheplasmaatthepositionofthemode. Sincethetoroidalvelocitycan be

establishedfromthefreq,cncyoftheml=l/nl=1mode,fl,asvtffiR fl,theh.f.frequency

. intheplasmaframeisgivenby fh= fm"n fl.Fortheabovecaseofthestronglybursting

mt,dc,and withf|= 7.3kHz,thisgivesusfh = 73 kHz;themode ispropagatinginthe
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stationary plasma frame, in the fast ion direction (neutral beam injection) with the velocity

of 7.6x10 7 cm/s. This velocity is very close to one-third of the Alfvdn velocity for this

plasma (VAf2.4x108 cm/s).

3.1.1. Ballooning Character of L.F. and H.F. Modes

From the directions of plasma current, toroidal field, and the toroidal rotation of

plasma,givenbythedirectionoftheneutralbeam injection,onecansurmisethepoloidal

andtoroidalrotationofthelowfrequencyml=I/nl=1mode.The poloidaldirectionofthe

mlffil/nI=1mode rotationistop-to-bottomonthelargemajorradiussideandbottom-to-top

on thesmallmajorradiussideofthetorus(seeFig.3).Inaddition,forthetophalfofthe

discharge(z>0),thehalf-wavelengthbeforethepeak(x-point)isslowerthanthehalf-

wavelengthfollowingthepeakbyalmost50%. Theoppositeistrueforthebottomhalfof

thedischarge(z<0):thehalf-wavelengthbeforethepeakisfasterthanthehalfwavelength

followinglhcpeak.Thisunevenpoloidalrotationismainlydue tothemlffil/nlffilmode

ballooning,althoughthestrongnon-sinusoidaldistortionofthesignalduetothelargesize

oftheml=I/nifIislandwillcontributetothiseffect.

ThisballooningcanbeobservedinFig.3.Normally,thecentralchannelswouldshow

adoublefrequencywithtwo peaksofequalamplitudeforanml=l mode.Each ofthese

peaks would have up-down apparent phase velocities of the oppo._ite sign, which just

reflects the fact that the x-point on the large major radius side is rotating from top to

bottom, and in the opposite direction on the small major radius side. Here we observe only

one strong peak, and it moves up-down in the posidvc direction (broken line t/b in Fig. 3).

The other peak, moving in the opposite direction, is smaller by a factor of at least 5 (line

b/t). The strong peak thus represents the x-point on the large major radius side, and the

weak peakrepresentsthesamex-pointduringthetimeitrotatesonthesmallmajorradius

side.Thisisaclearindicationoftheballooningcharacteristicofthemlffil/nl=lmode.

The displacementvectoroftheml=I/nl=lmode,_ll-S~ll/gradS (whereS~ll isthe

autopowerspectrumorthemode amplitude,andS isthetotal(DC)softx-rayintensity),is

expectedtobereducedatthelargemajorradiusside,becauseoftheslightlylargergradsat

thelargemajorradiusside(theprofileasymmetrybeinga Shafranovshiftand_-effect).

However,theneteffectisthatthedisplacementvectorisstillmuch largeratthelargemajor

radiussidethanatthesmallmajorradiusside,sinceS~llismorethanfivetimeslargerat

thelargemajorradiusside.

Inaddition,themaximum ofthel.f.envelopeoftheh.f.mode burstisstronglyshifted
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toward the faster (steeper) half wavelength of the l.f. mode, i.e., toward the large major

radius side: for z<0 it is preceding and for z>0 it is following the x-point. This is a clear

indication that the h.f. mode is ballooning even more strongly than the l.f. mode. As a

result of the stronger ballooning of the h.f. mode, the maximum of the h.f. burst (the

envelope) needs less time (40 Its; see "h.f. max" line in Fig. 3) to pass from the top to the

bottom diode than the mt=l/nl=l maximum (55 Its; "l.f. max" line). Another strong

indication of the ballooning character of the high frequency mode is, just like in the case of

the ml=l/ni=l mode, the preferreddirection of the poloidalrotation: the h.f. amplitude peak
is moving from the top diode to the bottom diode, consistent with the h.f. perturbation

localization on the large ,..de of the major radius.

Because the amplitude profile of the h.f. mode is radially modulated with peaks and

valleys, this also might indicate that the amplitude of the h.f. mode on the small major

radius side is not zero but finite. However, a rather shallow depth of the modulation is an

indication that the h.f. mode amplitude at the small radius side is much smaller than at the

large major radius side. This also supportsthe ballooning characterof the h.f. mode.

Another reason for the jaggedness of the profile is thattwo modes (h.f. and l.f.) have a

fixed poloidal relationship due to the fact that the h.f. mode frequency seems to exactly

coincide with the frequency of one l.f. harmonic (fh=15fl). The h.f. and l.f. ampl:_tude

maxima coincide, therefore, at only a limited number of fixed poloidal positions. Because

the h.f. mode decays very strongly away from the x-point of the l.f. island, these two

effects can result in a standing wave pattern for the h.f. amplitude. Strong ballooning

would cause this standing wave pattern to be observed only on the large major radius side.

3.1.2. Simuladon of L.F. and H.F. Modes

With the phenomenological picture of the h.f. mode described in 3.1.1. as guidance,

one can construct mathematical models of the l.f. and h.f. modes such that they simulate

the experimental results of Fig. 3. This model has to incorporatethe observed ballooningof
both modes, and the poloidal decay of the h.f. mode amplitude away from the x-point of

the ml-1/nl=l island. The details of the model are describedin the Appendix.

The results of the simulation are shown in Figs. 10 and 11. In Fig. 10, the

experimental data (a), similar to Fig. 3, are compared to the simulation (b). The poloidal

mode number is set to be mh=5.The simulation duplicates the features of the experimental

data. The simulation shows good agreement with the strength of ballooning of both modes,

and agrees somewhat less with the poloidal decay rate (away from the x-point of the
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ml=l/nl=l island) of the h.f. mode. The stronger ballooning of the h.f. mode is also well

simulated: at the top and bottom of a and b the maximum of the h.f. burst is shifted from

the maximum toward the steep part of the l.f. trace. The phase.velocities of the two modes

and the phase relationship between the two modes are also corr ;ctly described in the

simulation (broken lines I for l.f. - and h for h.f. in Fig. 10a and b).

The simulation of the poloidal structure (amplitude) of the h.f. mode for four

characteristic time points in Fig. 10 (indicated by arrows and numbered I to 4) are shown

in Fig. I I. The polar diagrams I and 2 describe the h.f. mode rotation of 90" when the x-

point is at (I)-=-90"(I) and rotates by Aq)=4.5"(2). I and 2 show both the effect of the

ballooning and the poloidal decay away from the x-point. The polar diagrams 3 and 4 show

two extreme amplitudes of the h.f. mode caused by ballooning: 3 when the x-point of the

l.f. island is at the midplane on the large major radius side ((p--=0"),and 4 when the same x-

point is at the midplane on the small major radius side (_)=180").

In this simulation it was a.ssumed that the profile jaggedness is not caused by the

constructive and destructive interference of two diode line=of=sight contributions from the
o

perturbed shell Instead, it was assumed to be a result of the poloidal standing wave pattern

on the large major radius side, as described in the Section 3.1.1. To determine which of the

two assumptions explains the profile jaggedness further measurements with a diode array

orthogonal to the present soft x-ray system are planned.

The simulation demonstrates that the data support a ballooning structure for both

modes, and the poloidal decay of the h.f. mode away from the x-point of the l.f. island. In

addition, it gives a rough quantitative estimate for both effects.

3..1.3. Effect of Higher L.F. Harmonics On H.F. Mode

The effect of the higher harmonics of the ml=l/nl=l mode, and the role these

harmonics play in the excitation of the h.f. modes, remain unclear. The high harmonics of

mlfl/nlffil arc normally very strong for the conditions where the h.f. bursting is strong,

and they thereby create higher order non-axisymmetric equilibria. If the non-axisymmetric

equilibrium of the ml=l/hill island excites the h.f. modes, so should the higher harmonics

with their non-axisymmetric equilibria.

In addition to the "light-house" effect caused by the fundamental of the l.f. mode, the

higher harmonics of the low frequency mode should contribute to the observed spectral

peaks. This will occur through the nonlinear interaction between the harmonics of the low

frequency mode, la)l/lml/l.nl, and the high frequency mode, oh/m_n h. This means that a
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part of the amplitude of the high frequency peaks is due to the additional, real high

frequency modes, C.Oh:i:l_ / mh:l:lmi / nh:f.ln1, with 1=2, 3 ... obtained through a nonlinear

interaction with the second (I=2), third (1=3), etc. harmonic of the l.f. mode. This kind of

non-tinear interaction of modes of different n has been observed on PBX-M.[9] Note that k

and I are not the same integers: k describes the "light-hease" effect of the h.f. mode and 1

the higher harmonics of the 1.f. mode. This effect is weak and hard to detect, even for the

first l.f. harmonic 1=2. There is, however, a possible indication that the second harmonic

(ml=2/nl=2) does excite a weak h.f. mode, with two bursts of the h.f. mode during one

period of the ml=l/nl=l mode.

Finally, the frequency of the h.f. mode is found to be equal or very close to the

frequency of one of the higher harmonics of the 1.f. mode, COh=15o1.The reason is not

understood, but it is an indication of interaction of the higher harmonics of the l.f. mode

with the h.f. mode.

3.2. H.F. Mode in Weakly Non-Axisymmetric and Axisymmetric Configuration

3.2.1. Weakly Non-Axisymmetric Case

A strong non-axisymmetric equilibrium is not a necessary condition for the excitation

of the h.f. modes. In a much weaker ml=l/nl=l non-axisymmetric equilibrium, having an

ml=l/nl=l island with a normalized maximum modulation of only 0.9% and a width of

about Wmidl I - 0.4 cm at rmidl 1 = 14 cm, the h.f. mode was again modulated by the l.f.

mode. However, the damping in the poloidal direction away from the ml=l/nl=l island x-

point was weaker in this case, and the h.f. mode amplitude was smaller even at the o-side

of the island. This was observed during the I]-saturation period, where the ni,1 global

mode was still weak. A strong n=3 mode was also observed in the central part of the

plasma, but it did not show any effect on the h.f. mode. A possible reason for this might be

that ml=5(?)/nl=3 islands were too far from the h.f. mode to influence it.

3.2.2. Axisymmetric Case
i

We have also observed cases of a continuous, non-bursting h.f. mode with no

presence of any l.f. mode, i.e., the equilibrium was axisymmetric (Fig. 12). This h.f.

mode also shows a preferred poloidal rotation in the top-to-bottom direction (see Fig. 12),

indicating that only the perturbation peak on the large major radius side is observed, and
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none on the small major radius side. This supports the ballooning character of these modes.

These cases were observed early in the neutral beam heating phase, where 13is still

increasing (13tor = 0.018 or lower and 13pol- 1.5), or after one of four neutral beams has

been switched off. The amplitude profiles of the two h.f. peaks at 97 and 114 are shown in

Fig. 13. The profiles of the two other peaks at 140 and 166 kHz are not shown. These

profiles are very similar to the profiles of the bursting h.f. mode of Fig. 5, and the same

comments on the mh-number of the mode (between 4 and 6 at 114 kHz) on a narrow shell

also apply. The 97 kHz mode seems to be independent of the other three modes, and unlike

the others, it eventually disappears. The frequency gap of 26 khz between the other three

modes is not understood, because the ml=l/nl=l mode has a 15 kHz frequency just a few

ms earlier. Comparison of the ml=l/nl=l amplitude profile (trace L) with the h.f. mode

profiles of Fig. 13 (traces H1 and 1-12)suggests that the h.f. mode is localized either on or

close to the q--1 surface. From the top-to-bottom phase change and the mode location on

the q=l surface, the m- and n-numbers are given by mh=5 or 6 and nh=5 or 6. Simulation

of this mode under the assumption of somewhat weaker ballooning, and with m- and n-

numbers mh=5/nh=5, is shown in Figs 12B and 14. The simulation duplicates the features "

of the measurements, thus supporing the model.

These modes have ali of the characteristics of the bursting, non-axisymmetric h.f.

modes (Figs. 3 to 7), so they must have the same physical origin.

These two examples of h.f. modes show that, although the bursting, non-axisymmetric

h.f. modes arc prevalent in PBX-M, the existence of a non-axisymmetric equilibrium (a

strong ml=l/nl=l island) is not a necessary condition for the excitation of the h.f. modes.

4. DISCUSSION

The obvious question is which instability causes this perturbation. One class of

instabilities which could be at work here would involve high energy particles with high

parallel velocities. In our case, they are the neutral beam particles. The instability will be

more readily identified by performing experiments where the relevant plasma parameters

are changed. Ali the data for the present work were obtained under the same plasma

parameter conditions: neither the toroidal magnetic field nor the plasma density varied

substantially. In future work these conditions will be varied. Because this mode is

observed only in high-l_ discharges, the mode is obviously connected to either the pressure

or the pressure gradient. There arc three such possibilities: the toroidicity-induced shear
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Alfvdn eigenmode (TAE) [13,14,15,16,17,18,19] or its derivative EAE (Ellipticity-induced

Alfv(_n Eigenmode) [20], the kinetic ballooning mode (KBM) [13,21,22], or the ideal

ballooning mode [22].

In cylindrical geometry, shear Alfvdn continua can exist with toroidal and poloidal

mode numbers m/n and (m+l)/n, i.e., if they satisfy the Alfvdn resonance condition

to=kuvA, where vA is the Alfvdn velocity, VA=B/(4_mini)l/2. These continua intersect at

the radial position ro, defined by qo(ro)=(2m+ 1)/2n. In toroidal geometry this degeneracy is

resolved with a gap, where ali the frequencies are forbidden except for those constituting

the TAE mode. Earlier it was believed that the TAE mode can be excited with fast

circulating ions only if the injection parallel velocity, vii, satisfies the condition vii>VA.

Biglad ct al have shown that there is another resonance at 1/3v A, so that the general

condition is now vii> 1/3v A.

The real frequency of these modes is given by tor=l/2 toA, where toA=VA/2qoR is the

TAE frequency with qoffi(2m+l)/2n. For the growth rate of the TAE-mode, we will use

two expressions. One is given by Fu and Van Dam [16]:

T/to:-'914{_h(tO*h/tor"1/2)F-_eVA/VTe},

where 13his the beta of fast, circulating ions, to*h=m/r (piVh)/Lph is the diamagnetic

frequency for an average fast ion, (Lph)-1--.d(ln Pih)/dr is the pressure scale length for the

fast ions, F=(l+2x2+2x4)exp(-x2) with X=VA/Vll,13e is the electron pressure, and ve is the

electron thermal velocity.

The other expression for the TAE mode and (with Vll_VA)is given by Biglari ct al [19]:

"Y/tor=(r,,q2/3)k0Ph_(R/Lph)[l-3/(2qk0Ph)(VA/Vm)(Lth/R)],

where vm is the maximum injection velocity and 'h' denotes highly energetic component.

For lower fast ion energies, where VA>Vllm > VA/3, the above growth rate is reduced by a
factor of 34.

According to Biglari and Chen [22], the expression for the real frequency of the KBM

mode for the case of the wave-transit ion resonance is tor=to*ip, where to*ip is the

diamagnetic frequency of the thermal ions. The growth rate is given by:

y/_2/16 qo2 e"3/213h(toA/totm)2 {(to*ipto*pm)/(3Otto2)-2E},
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where e is the local inverse aspect ratio, mim =Vllm/2qoR and _*pmfm/r (pmvllm)/L,pmis
the diamagnetic frequency of the fast ions of energy equal to the beam injection energy.

The comparison of the values of the real frequencies and the growth rates for both

expressions for the TAE-mode and for the KBM-mode are shown in Table II. The plasma

parameters for which these high-frequency bursts appear are either obtained directly from

the measurements or indirectly from the TRANSP code calculations based on the measured

plasma profiles. The values of the most important parameters are as follows: ion density

nif2.5xl013 cm "3, ion temperature Ti=2 keV, toroidal field B=l.3 T, neutral beam

injection energy Eta--42 keV, inverse aspect ratio e=0.09, relative fast ion pressure

13h=0.005,and scale lengthsof the thermal and fast ions LpifLphfLpm=l 5 eta. Following

the previous discussion of possible m and n numbers, we assumed an mh=5/nh=5 mode

for the 110 kHz peak of Fig. 5.

The theoretical estimates for the real frequencies are compared to the measured

frequency, including its Doppler-shifted value (fl). This value is estimated from the value -

of the low frequency, fl, usinj relation fh=fm-nh fl. The theoretical values for the TAE-

mode and the KBM-mode are both close to the measured values, so the real frequency

alone cannot distinguish which mode is responsible.

The Biglari theoretical values for the growth rates of the TAE-mode and KBM-mode

are very close. The growth rate according to Fu & van Datum is quite different, but their

formula is valid only for vii>VA• If we divide the Fu & Van Datum value by the same

factor 34 as in the case of Biglari et al., the resultant value of the growth rate is almost

identical to the Biglari et al value, 2.2x 104, showing that the two formulae are consistent.

Unfortunately, the experimental value of the growth rate is difficult to estimate because of

the bursting nature of the high frequency signal; therefore, a comparison between the

theoretical and the experimental values of the growth rates is not possible.

The conclusion from Table II is that either of these modes could be responsible for the

high-frequency bursting, and further studies, possibly involving the scanning of different

plasma parameters, need to be made in order to decide which mode is responsible.

However, there is one difficulty with the TAE explanation. TAE modes are global modes,

and are predicted to be localized in the gaps qof(2m+ 1)/(2n) between two modes m and

m+l. The experimental results show that the h.f. mode is never localized between two

rational surfaces of low rational number (e.g., q=l and q=2). Instead, they are either

exactly on a rational surface or close to it.
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Hegna and CaUen in their paper show that the stability properties of the ideal ballooning

modes are altered on the magnetic surface closest to the x point of the magnetic island.

They also show that the eigenfunctions localized near the x point and on the badcurvature

side of the tokamak are more susceptible to the ballooning instability, because the

stabilizing effect of the field-line bending is reduced there. They also believe that, because

of this presence of a strong m=l island preceding the sawtooth crash, the secondary

ballooning instabilities might play a role in the crash phase of the sawteeth. Our

observations agree very well with the Hegna and Callen model of non-axisymmetric

excitation of the h.f. mode, except that they treat the case of an ideal ballooning mode,

while we obviously see an instability primarily involving the fast ions.

The discharges described in this paper were investigated for their ideal ballooning mode

stability during the discharge period with high-13poI and before the 13-collapse. lt was found
that in a rather large volume of the central part of the discharge, where q<2.5, the plasma is

normally close to the first stability limit. This is shown in Fig. 15, where on the S-ct

diagram for several values of q, the actual pressure gradient and shear found in the

discharge are represented by a point indicated in the figure. The shear and pressure.,gradient "

parameters are defined as S(v)=(2v/q)(dq/dv)(dv/dv) and o_(_)-(-2g o)

(dpldv)(dv/dv/)(v/2n2R) "112,where p, v, and R are the pressure, volume, and the major

radius defined by the flux V, and _ is the poloidal flux.

It is clear that for the part of the discharge where the high frequency modes are found,

the plasma condition., are near the stability boundary for ideal ballooning, lt is conceivable

that the additional term due to the non-axisymmetric equilibrium driving the ballooning

instability could bring the central plasma into the ballooning unstable region. The central

plasma is almost unstable for the ballooning modes, and even if the observed h.f. modes

were not ideal ballooning modes, we should expect IO3M modes because of the large fast

particle 13.The rather large loss of fast particles, compared to the thermal energy loss,

argues for either a KBM mode or a TAE mode modified by the high 13.

In this paper we did not address the possibility of other modes connected with the TALE

modes, like eUipticity- and triangularity-induced Alfv6n eigenmodes (EAE) or kinetic

toroidal Alfv6n eigenmodes (KTAE). The appropriate damping mechanism for the modes

observed in PBX-M plasmas is also uncertain for the same reason that we cannot determine

whether the modes observed are TAE or KBM modes. Future plasma parameter studies are

needed to clarfly these issues.
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4.APPENDIX

Simulation of L.F. and H.F. Modes

A) Using a thin shell approximation, the time evolution of the l.f. and h.f. modes are

simulated with the following functions

a)forthel.f.mode:

Sl(t'_)= Al{exp[Bl[c°s(90°"gl)'I]]exp[Cl[c°s(colt"gl)'I]]c°s(colt"_I)+

¢xp[Bl[cos(90° + gl)-l]]exp[CI[cos(_t+ gl)-l]]cos(colt+ gl)}

b)fortheh.f.mode:

Sh(t,¢_)- Ah {exp[Bh[c°s(90°"_I)"I]]exp[Ch[cos(colt-_I)"l]]cos[coht-mhz l]+

¢xp[Bh [cos(90° + _i)-I]]cxp[Ch [cos(c01t+ _I)-I]]cos[coht+ mhg1].

The subscript I denotes the l.f. mode and h the h.f. mode. The other variables are as

follows:gl=90"-q)d,whereq)di.sthepoloidalpositionofthediode,coIand coharethe

frequenciesofthel.f.andtheh.f.mode,andm h isthepoloidalmode numberoftheh.f.
mode.

The constantsBl,CI,Bh,and C h arcchosentoobtainthebestagreementwith

experiment: BI=0.7, C1=0.2.5, Bh--2, and Ch=3. Note that the Bh and Ch values are larger

than the corresponding values of B l and C 1,reflecting the stronger ballooning of the h.f.

mode. From experiment, (oh---15(o1.The first exponential simulates the ballooning effect

and the second the decay away from the x-point. The two additive terms in the expressions

for Sl and Sh represent the mode on the large and small major radius sides. The h.f. mode

ballooning is much stronger.

B) The polar plot of the amplitude of the l.f. and h.f. mode (as a function of the

poloidal angle q)) is represented by the following functions:

a) for the l.f. mode:

Sl(q),q)x) = 1 + Ai exp(B 1cosq)) exp[C 1cos(q) - q)x)]cos(q)- q)x)

b)fortheh.f.mode:
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Sh (cp,CPx,_h) = I + Ah exp(B h cos cp)cxp[C h cos(cp- cpx)]c°s[mh (cp" COx)"CPh]'

Here CPxis the poloidal position of the x-point of the ml=I/nl=l island, and cpbis the

arbitrary phase of the h.f. mode.
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FIGURE CAPTIONS

Fig. 1. Equilibriummagnetic surfacesfor a dischargewith the h.f. mode describedin
this paper.The lines-of-sight of individual soft x-ray diodes, used in the MHD analysisof

the h.f. mode, are also shown. Positionof a given diode, z, is defined as the vertical height

from the midplane to the intersectionbetween the diode line-of-sight and a vertical line at
R=165cre.

Fig. 2. Temporal evolution of ,'epresentativeplasma parametersin a typical high-13po!
discharge: toroidal beta, I_a'; e,lectronden,,_ity,ne; soft x-ray signals along center, off-axis,

and edge chords, Ix; Ha signal, IH; and _euwal beam injection power, Ph"Toroidal beta

show.,,several,distinct periods duringthe discharge: [3-rise(from410 to 460 ms and 490 to

510 ms), 13-s_uration(from 460 to 490 ms and 510 to 535 ms) and 13-collapse(after 535

ms).

Fig. 3. Soft x-ray intensity signals in central part of plasma, with high pass filterof 0.5

khz (full line) or 90 kHz (broken line). The scale for the h.f. signals is a factor of 10 -

higher than the l.f. signals. The two lines labeled l.f. max and h.f. max follow the l.f.

amplitude and the h.f. burst envelope maxima, respectively, from top to bottom. Their

offsets indicate a time shift between the two maxima. Broken lines indicate top-to-bottom

(t/b) propagation of the larger1.f.peak at the largemajor radius side, and the bottom-to-top

Co/t)propagationof the smallerpeak on the small major radius side.

Fig. 4. PGwerspectra of high frequency bursts in SX radiation.The regularty-spaced

high frequency peaks occur between 100 and 160 khz, and they are separated by the

frequency o_"the ior_,frequency mode (7.3 kHz). The brokenstraight line represents the

estimatc,d photon noi,,',e.

Fig. 5. Power spectrum profiles of the successive peaks at 103, 110, 118, and 128

kHz (Fig. 3). Modes are localized inside z--20 cre. Curve Ph representscalculated photon
noise.

Fig. 6. Normalized p_wer spectrum of the n--1 mode (L.F.), three consecutive h.f.

modes (H.F.), and calculated photon noise (Ph). Threeconsecutive h.f. modes are at 96

(curve a), 103 (curveb), and 110 (curve c) kHz.
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Fig.7.a)Phaseprofilesoffivesuccessivehighfrequencypeaks(96,103,II0,118

and i25kHz)inFig.4.b)Phaseprofilesofthel.f.m=I/n=Imode anditsfoursuccessive

harmonics:m_-2/n--2,3/3,4/4,and5/5.

Fig.8.Correlationbetweentheh.f.mode and theneutronratedrop.

a)centralsoftx-raydiodesignalshowingstrongn=Iactivity;

b)signalofthesamediodebutdigitallyfilteredbya highpassfilterof60 kHz.

Highpeakscorrespondtoh.f.bursts.

c)Neutronsignaldigitallyfilteredbya lowpassfilterof4 kHz.

d)Threesoftx-raysignalsatthreedifferentradialpositionsdigitallyfilteredby a

lowpassfilterof4 kHz.

Fig.9. Normalizedprofilechangeduringanh.f.burstinsoftx-rayradiation.AIx=

Ix-Ixo,whereIxoandIxaretheintensitiesatthebeginningandattheendoftheh.f.burst.

Fig.10.Comparisonoftheexperimentaldata(a)withthesimulation(b)forthel.f.

(solidline)andh.f.(brokenlines)modes.BrokenstraightlinesdenotedbyIandh arelines

ofconstantphaseforthel.f.(lineI)andh.f.(lineh)modes.

Fig. 11. Polar plot simulation of the amplitude of the h.f. bursting mode for four

different times during one rotation in the poloidal direction (angle cp).The plots 1 to 4

correspond to times in Fig. 10B denoted by arrows labeled 1 to 4. The angular constants cpx

and(PharedefinedinAppendix.

Fig. 12. Continuous h.f. mode in axisymmetric equilibrium (no mffil/n=l island): Soft

x-ray signals digitally filtered with 90 kHz high pass filter at several radial positions: the

broken slolxxl line indicates a continuous change in phase from the top to the bottom diode

and,therefore,a preferentialdirectioninpoloidalphasevelocity("ballooning").PartB:

Simulationshows,thatballooningandmh=5 correcdydescribetheobservedmode.

Fig 13. a) Power spectrum profiles for continuous h.f. modes at 97 (H2), 114 (Hl),

and 1.f.mode (L). Trace Ph represents the estimated photon noise.

Fig. 14. Polar plot simulation of the amplitude of the h.f. continuous mode h)r four
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different times over one h.f. cycle.

Fig. 15. S-o_diagram showing ideal ballooning mode stability limits for a typical high

[3poI discharge at several values of q. Solid squares represent actual experimental equilibria,
and the central values are close to the stability limit. Pressure and q profile, are also shown.
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Table I

Frequency peaks of the h.f. mode ,,withcorresponding m/n values

f [kHz] 95 103 110 118 125 ....

ThE (2m+l)/2n 7/6 9/8 11/10 13/12 15/14

S m/n 3/3 414 515 6/6 7/7 ....

M rn/n 3/2 4/3 5/4 6/5 7/6 .... -



29

Table II

Comparison of Theory and Measurement

(For m=5/n=5 and ni=2.5x1013)

TAE Mode KBM Measured

Fu& van Datum Biglariet al. Biglariet al fmeas fhf=fmeas'rlfo

[kHz] [kHz]

D

Real frequency

fr [kHz] 84 84 68 118 73

Growth rate

y [s-l] 1.SxlO6 2.3x104 * 4.3x103 >104 -

* without 1/(3)4:1.9x106
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