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PHYSICS OF PLASMAS VOLUME 8, NUMBER 7 JULY 2001
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The internal structure of the toroidicity-induced Alfveigenmod€éTAE) is studied by comparing

soft x-ray profile and beam ion loss data taken during TAE activity in the DIII-D tokaMakw.
Heidbrink et al., Nucl. Fusion37, 1411 (1997] with predictions from theories based on ideal
magnetohydrodynamiéMHD), gyrofluid, and gyrokinetic models. The soft x-ray measurements
indicate a centrally peaked eigenfunction, a feature which is closest to the gyrokinetic model's
prediction. The beam ion losses are simulated using a guiding center code. In the simulations, the
TAE eigenfunction calculated using the ideal MHD model acts as a perturbation to the equilibrium
field. The predicted beam ion losses are an order of magnitude less than the obsé%se®@%

losses at the peak experimental amplitudéBf/By,=2-5x10"4. © 2001 American Institute of
Physics. [DOI: 10.1063/1.1378066

I. INTRODUCTION damping layers Subsequent papers stressed modifications
] of the eigenfunction by kinetic effects. The eigenfunction is
Toroidicity-induced Alfven eigenmodes$TAES) are fast-  altered by coupling to other plasma wav8s!?by energetic
ion driven instabilities that can cause energetic particleparticles’3~*"and by sheared rotation profil&s.
losses in tokamaks. These losses are a concern for future Experimentally, there have been many studies of various
devices with reactor-like plasmas since losses Signiﬁcant|¥)roperties of the TAHRef. 19 but accurate measurements
degrade performance and escaping particles may cause dagf-the TAE eigenfunction are rare. At the Tokamak Fusion
age to the vacuum vessel and to plasma-facing compohentsrest Reacto(TFTR), beam emission spectroscopy and re-
Theoretical work on the TAE is extensive. Initial papers flectometry were used to make fluctuation measurements. In
noted the existence of a spectral gap in the ideal magnetghe former measurement, the poloidal mode number derived
hydrodynamic(MHD) continuunt that supported an eigen- from beam emission spectroscopy was consistent with pre-
modé and pointed out that fast ions could destabilize thegictions of ideal MHD to within~50% uncertaintie€ In
mode’* After the instability was observed experimentéfly the reflectometry measurements, Nazikieinal. measured
work intensified on understanding the stability properties ofthe radial structure of alpha particle driven TAEs over sev-
the mode. Inclusion of damping effects associated with thera| shots with similar Mirnov activit§* The structure of an
coupling to kinetic Alfven wave$™ gave better agreement =4 TAE had qualitative agreement with a prediction from
with the experimentally observed stability thresholds. Thesgy, ideal MHD model but an=2 TAE which coexisted with
treatments of “continuum” and “radiative” damping em- the other mode had a core-localized antiballooning structure
ployed the global MHD eigenfunctiofoutside of narrow  nconsistent with theory(n is the toroidal mode number and
m is the poloidal mode numbegrReflectometry measure-
dElectronic mail: wwheidbr@uci.edu ments of amm=1 TAE on JT-60U found qualitative agree-
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ment with the expected ballooning structéfdn DIII-D, a  ture implied by measurements from a poloidal array of
poloidal array of magnetic probes was used to measure fluirnov coils?® The gyrokinetic prediction compares well
tuations during TAE activity> Although the amplitude of with the data qualitatively but quantitative discrepancies ex-
the fluctuations did not agree with predictions from ideal andst, although these may by accounted for by uncertainties in
resistive MHD models, it compared fairly well with the pre- the modeling.
dictions of a model retaining Landau damping and finite Lar-  The second set of data is the 2.5 MeV neutron signal
mor radius(FLR) effects. For this model, the comparison during TAE bursts. Drops in this signal imply significant
yielded reducedy®’s of 1.2 and 1.6, respectively, for two losses of beam ions. To properly make this comparison, we
different toroidal mode numbers. On the W7-AS stellarator,use a guiding center code to simulate fast ion motion in the
an x-ray imaging system consisting of 200—-400 sightlinegpresence of TAE activity, similar to the work done for fish-
was used to construct a three-dimensional rendering of thiones on PDX?® Here, the TAE eigenfunction is generated
TAE,?*yielding the most detailed picture of the internal TAE using the ideal MHD model and introduced in the code as a
mode structure to date. So far, the data have not been cortime dependent perturbation to the equilibrium. Particle
pared with theory. losses over a range of amplitudes are calculated and com-
An alternative method of testing theoretically predictedpared with losses in the range of experimental mode ampli-
eigenfunctions is to use particle simulations. By following tudes(Sec. IV). The particle simulations predict only a frac-
fast ion trajectories in the presence of a perturbation to th&ion of the losses measured in the experiment.
equilibrium field, particle transport with different TAE A discussion on possible reasons why the data do not
eigenfunctions can be calculated and those losses comparedmpare well with theoretical predictions, and the conse-
with observations. A study of this type was done in the Po-quences, is presented in Sec. V. Conclusions from this study
loidal Divertor Experiment for fishbones, an MHD mode are summarized in Sec. VI.
with a simpler structure. The model eigenfunction in that
case successfully predicted anomaldie losses over a
range of mode amplitudés.Similar comparisons have been
performed for the sawtooth instabilf?’ and for tearing For this study we select a well-documented DIII-D dis-
modes?®?° For the TAE, particle simulation studies have charge, shot 71524. This discharge is a low fi€dd8 T),
focused on the mode’s interaction with alpha particles. Parinner-wall limited deuterium plasma of moderate elongation
ticle simulations have been used to investigate the effect ofL.6) that is heated by 5 MW of deuterium neutral beams.
TAE modes on alpha particle transport in the InternationalThe flux surfaces and kinetic profiles appear in Figs. 3-5 of
Tokamak Engineering ReactdiTER),*° the nonlinear satu- Ref. 35 and the time evolution in Refs. 36 and 37. The TAE
ration of the instability due to alpha particle redistributidn, activity occurs in~1 ms bursts separated by8 ms; the
the expected alpha particle diffusion from observed TAEs ircycle resembles those shown in Ref. 38 and is caused by
the Joint European ToruSET),*? and the effect of the TAE beam-ion losses(The escaping particles are observed to
on fast particles in spherical tokamaKsUnfortunately, in  reach the vessel wallEach burst contains a “cluster” of
deuterium—tritium(D—T) experiments, no anomalous alpha several toroidal modes with mode numbansanging from 1
particle losses were observed in TFTRef. 33 and no to 92° The Fourier spectrum and the Alfven gap structiire
alpha-driven TAEs were detected in JERef. 39 D-T ex-  for one of the bursts are shown in Fig. 1. The splitting of the
periments, so comparisons between particle simulations angeaks in the spectrum is caused by the Doppler shift al-
experiment were impossible. though for some of the bursts each peak in the spectrum
Verification of the theoretical models for the TAE with contains more than one toroidal motidf one assumes that
experimental evidence is necessary in order to have confdifferent toroidal modes are excited in the same region in the
dence in our ability to use these models to predict highplasma, the spectral data indicate that the mode is excited
frequency Alfven activity in future devices. The investiga- near theq=1 surfaceFig. 1(b)]. The inferred frequency in
tion reported in this paper is part of the effort to understandhe plasma frame is near the bottom of the toroidicity-
the details of the TAE mode structure. In this study, we takénduced gap and may actually lie in the continuum. The
two sets of data acquired during a DIII-D discharge withdominant toroidal mode numbers in the TAE feature are usu-
TAE activity (shot 71524 and compare them with predic- ally n=3-5. Although fishbone activity is also pres¢hig.
tions based on several theoretical models. 1(a)], the TAEs are primarily responsible for beam-ion
The first set of data consists of soft x-ray measurementsansport:® The drop in the neutron emission at the burst
from two arrays(one array has a vertical view of the plasma analyzed in Sec. IV indicates that an8% loss of the in-
while the other has a horizontal vigwn DIII-D during TAE  jected beam particles occurs.
activity. These data depend directly on the mode’s spatial Three separate wave codes that feature different physical
structure. We compare them with the expected soft x-raynodels are used to calculate the linear response of the
emission from then=5 linear eigenfunctions generated by plasma.(Only one of the codes is used for the particle simu-
codes based on ideal MHD, gyrofluid and gyrokinetic mod-lation analysis, see Sec. IMNone of the models takes into
els. The models and the discharge are described in detail imccount the effect of the energetic ions on the mode struc-
Sec. Il while specifics of the comparison and the results aréure. In the calculations, all three codes use a numerical equi-
given in Sec. lll. The data show an eigenfunction with alibrium that is based on the experimental equilibrium fitting
strongly peaked amplitude in the center, similar to the struceode EFIT#

Il. THEORETICAL MODELING
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FIG. 1. (a) Cross-power spectrum from a pair of magnetic probes at 1883-1886 ms in discharge 71524. The numbers by the spectral peaks represent the
toroidal mode numbers obtained from a toroidal array of eight unequally spaced probes. The low frequency feature with therdethipeak is a fishbone

oscillation; the cluster of spectral peaks around 100 kHz is the TAE fedh)rBadial profiles of Doppler-shift-corrected frequencigg— nf,; for the TAE

feature. Heref ,, is the measured frequency in the laboratory frame fpds the measured toroidal rotation frequency. If one assumes that the different
toroidal mode numbers have the same frequency in the plasma frantae intersection of the curvémdicated by the solid dpis f, . Also shown are the

frequency of the center of the TAE gap/4wqR (dashed ling the radial location of theg=1 surface(dashed—dotted lingand the envelopes of the Alfue

continuum as calculated by the CONT caddRef. 39 (dotted lineg. The CONT code includes plasma pressure terms that create a beta-iiBéd&edgap

and raise the frequencies of the TAE and ellipticity-indu¢e4E) gaps.

The NOVA codé? solves the linearized ideal MHD using NOVA are shown in Fig.(2). Though not shown, the
equations using cubiB spline finite elements and a Fourier solutions for then=4 and 5 modes are qualitatively similar
expansion in a general flux coordinate system. The code was the n=3, peaking aroundy,/#; ¢qq6=0.93 but with the
updated to include Landau and radiative damping in its stam=10 andm=13 poloidal components being strongest for
bility model (the NOVA-K codg though the updated version eachn, respectively.
still uses the same “ideal MHD” model to solve for the The FAR cod&* is a program that solves initial value
linear eigenfunction. A search for core localized modes foproblems in full toroidal geometry. A modified version
this discharge was conducted using this updated code b(TAE/FL) of this codé® was used to calculate the linear TAE
none were found, most likely because the core TAE does natigenfunction for this burst. This version uses a “gyrofluid”
exist in plasmas with a large pressure graditand the ex- model that retains ion and electron Landau damping and
perimental pressure gradients are a factor of 2 larger than titeermal ion FLR effects but ignores the fast Alivevave.
critical value. We solve for three unstable eigenfunctionsThe background plasma is modeled using the reduced MHD
with toroidal mode numbers 3, 4, and 5, all with frequenciesequations with a consistent Landau closure in slab geometry
of 64 kHz in the plasma frame. The poloidal componentsto account for the energetic species moment equalfim@is
ranging fromm=1 through 15 for then=3 TAE calculated taining the shear Alfue spectrum and continuum dampjng

GYROFLUID

FIG. 2. Comparison ofi=3 TAE eigenfunctions from
three different codes. Plotted are the unnormalized am-
plitudes of the Fourier decomposed poloidal harmonics
as functions of normalized poloidal flux, /¢, wai -
The harmonics are given asna, since 6&B,
~ma,,/qr. (@) For the NOVA case, solutions for the
m=1-15 harmonics are providetcomponents with
amplitudes<10% of the peak amplitude are not shown
evaluated in a straight-field line coordinate system with
a Jacobiard~B 2. (b) For TAE/FL case, solutions for
them=1-15 harmonics are providédomponents with
amplitudes<5% of the peak amplitude not shoyin a
coordinate system wittl~R™2. Not pictured is the

3 1t P imaginary part of this eigenfunctior(c)—(d) For the
08f .42 4\ © If (@ B>t ] PENN case, pictured iffc) are them=1-4 (heavy

b N 1F 3 solid, heavy dashed, light solid, and light dashed trace,
respectively while shown in(d) are them=5-9 har-
monics (heavy solid, heavy dashed, light solid, light
dashed, and very light solid trace, respectiyelfhis
eigenfunction also has radially dependent phaggs,
= onm(¥p), Which are not pictured, and was evaluated
in the same coordinate system as the NOVA case.
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FIG. 3. Logarithmic contours of the amplitude of the
n=>5 eigenfunction calculated by the NOVA, TAE/FL,
and PENN codes, respectively. The heavy line is the
plasma boundary.
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and the assumption that the fast ion distribution is Maxwell-waves, the electron and ion fluids are expected to oscillate
ian. Linearly unstable modes are found by calculating growtlwith the field, so oscillations in the soft x-ray emis-
rates of possible modes using an expression derived from thavity S are related to the radial displacement of the figly
gyrofluid equations. The Fourier components of the real paf§= & Vs.
of the eigenfunction from this code are given in Figb)2 At the time of the experiment, the poloidal soft x-ray
The PENN cod® solves the Maxwell equations using array at DIII-D (Ref. 48 consisted of two sets of silicon
cubic finite elements in the radial and poloidal directions. Andiodes. The horizontal camera had 32 channels, while the
oscillating helical source current is distributed inside thevertical camera had 16 channels. All of the channels mea-
plasma to excite bulk modegin the experiment, these sured the slowly varying “dc” soft x-ray emission, but only
modes are driven by the energetic beam-ip@mly eigen-  half of the channels were instrumented to measure high-
modes with sufficiently small damping and wavefields inde-frequency fluctuations. The frequency response of the instru-
pendent of the excitation are regarded as physically mearmmented channels was 250 kHz.
ingful. The linear response of the plasma is defined in terms  The dc emissivity profiles is inferred from inversion of
of a dielectric tensor featuring a resistive plasma model and ghe chordal measurements. Because the data are too sparse
kinetic FLR model that is appropriate for higher tempera-for a complete tomographic inversiosijs assumed to be an
tures. By taking into account the FLR excursions, the driftsaxisymmetric function of the magnetic flufig. 4). (Actu-
of thermal particles and the resonant Landau interactionsally, in rotating plasmas, centrifugal effects cause an outward
this “gyrokinetic” model not only is well-suited for the shift of the impurity density, ,*® but we ignore this effect in
propagation of the fast waves but also models the |ineafhese p|asmas with subsonic carbon |mpuril|é'$]e geom-
mode conversion to the slower waves such as the kinetigiry of the flux surfaces is obtained from the EFIT equilib-
Alfven, the ion acoustic, and drift waves. Several unstablgjum reconstruction. The plasma is first partitioned into a
modes with sufficiently small damping were found; the lin- finite number of flux zones then the path length of each soft
ear response of the plasma in this discharge was calculatgdray chord through each zone is computed. The results are
for a 62.5 kHzn=3 mode[as shown in Figs.(2) and 2d)]  assembled into a response matrix. A vector of the measured
and for a 71 kHzn=5 mode. chord-averaged signa is also constructed. The emissivity
The differences in the predicted mode structlf@s.  profile is then obtained by matrix inversion using singular
2-3 are striking.(Remember, these predictions are for theyajye decomposition. To check the inversion, the expected
sameTAE mode) Some of these differences are attributed tochord-averaged signalS are compared with the measured
numerics(both different computational techniques and equi-yajyess, (Fig. 5. The agreement betwe@andS, is opti-
librium processingand some have their origin in different mized for 9-11 flux zoneéwith subsequent smoothing of
physical approximations. For example, the ideal MHD eigenthe s profile). The biggest discrepancy between the measured
function calculated by NOVA peaks qt=0.8, while the  profiles and the simulated profiles is in the horizontal cam-
ideal MHD eigenfunction calculated by the GATO code gra, For this symmetric plasma that was limited on the inner
(Fig. 3 of Ref. 47 peaks ap=0.6. Despite these differences, ||, the simulated profiles are vertically symmetric, but the
the ideal MHD eigenfunctions are qualitatively similar and 5ta1 emission from the upper half of the plasma is some-
both lack the large central wavefields predicted by the gyrogy,at larger than the emission from the lower half.
kinetic code. The dramatic differences in Figs. 2—3 indicate . : . =
. L . To obtain the amplitude of the fluctuatioss, the fast
that comparison with internal measurements can provide Bouri .
sensitive test of the validity of the theoretical treatments ourier transform of the cross power is computed forman
" =5 TAE mode with a frequency of 118 kHz in the labora-

tory frame.(The toroidal mode numbaen is inferred from
measurements with a toroidal array of eight unequally
The soft x-ray emissivitys depends on the electron den- spaced magnetic probeJhe data with the largest signal to
sity ne, the density of impurity ion),, and the electron noise ratio are from later in the dischar(®17 9 than the
temperatureT,. Since Alfven modes are low frequency time of the theoretical calculationd.875 $ but the differ-

Ill. SOFT X-RAY PROFILES
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kHz, n=5, TAE mode plotted as functions of minimum radig§he mini-

mum radius is defined as theof closest approach to the magnetic axis for

a given channel.The simulation is for th@=5 linear eigenfunction calcu-
lated by NOVA-K; the normalization of the simulated data minimizés

The uncertainties in the simulated signals associated with uncertainties in
the emissivity profiles are comparable to the size of the symbols. The
downward arrows represent the upper bound for channels without detectable
signal.

dient of the dc emissivitys. The expected signals are ob-
. tained by integratingt- Vs over the detector sightlines. The
5.5 resulting comparisons are shown in Figs. 6—8. The profile
R (m) simulated using the NOVA eigenfunction has less variation
) ) o _between edge channels and central channels than the experi-
FIG. 4. Elevation of the DIII-D vessel showing the sightlines for the vertical . . . .
and horizontal soft x-ray cameras. Channels with both DC and TAE signalémz"nta‘I data; also, the predlCteq Slgna_ls for the hor|zoqtal
are represented by solid lines, while channels with only dc signals are refc@mera are larger than the predicted signals for the vertical
resented by dashed lines. Channel numbers employed in Fig. 5 are indicategamera, in contradiction to the data. The NOVA eigenfunc-
?izozjhown are some of the flux surfactotted curvesin discharge  tjon peaks strongly near the inner and outer midplane, but the
' soft x-ray data are inconsistent with strong peaking at the
periphery.[Use of the ideal MHD eigenfunction computed
ences in plasma parameters are sntalll0% changes in Py GATO (Ref. 47 yields a similar conclusiofh.The con-
density,3, B¢, and centraly). The uncertainty in the ampli- trast between edge channels and central channels is greater
tude is estimated from the coherency and from the amplitudéor the eigenfunction calculated by the gyrofluid code, but is
at 110 kHz(in a “valley” between the TAE peaks in spec- Still less than the measured contrast. The contrast between
trum); the two methods yield comparable error estimates. Fopdge and central channels predicted by the PENN code is
both the horizontal and vertical cameras, the signals are agPmparable to the experimental observations. This reflects
order of magnitude larger for the central channels than fofhe relatively large central displacement of the PENN eigen-
the edge channels. function.
To compare with the theoretical predictions, the calcu-
lated perturbatior¢ for the n=5 mode is converted to an

image on a uniform gridFig. 3) and multiplied by the gra- 10.00 8 GYROFLUID :
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0 ﬁlé ) R FIG. 7. MeasuredX) and simulatedA) chord-averaged signals for the 118
0 10 20 30 40 kHz, n=5, TAE mode. The simulation is for the=5 linear eigenfunction
CHANNEL NUMBER calculated by the gyrofluid code; the normalization of the simulated data
minimizes y?. The uncertainties in the simulated signals associated with
FIG. 5. Average amplitude of the measured) and simulatedA) chord- uncertainties in the emissivity profile are comparable to the size of the

averaged signals at the time of the TAE burst. symbols.
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FIG. 8. Measuredx) and simulatedA) chord-averaged signals for the 118 FIG. 9. (a) Envelope of a digitally-filtered80 kHz high passB, signal in

kHz, n=5, TAE mode. The simulation is for the=5 linear eigenfunction  discharge 71524. The probe is mounted near the midplane close to the outer

calculated by the PENN code; the normalization of the simulated data miniwall. The transport simulation&otted ling assume constant TAE ampli-

mizesy?. The error bars on the simulated signals represent the sensitivity teude. for the duration of the simulations0.43 ms.(b) Derivative of the 2.5

uncertainties in the position of tleg=1 surface and to the pressure gradient MeV neutron signat- (dS, /dt)/(S,). The signal is smoothe®.3 ms av-

nearq=1. eraging prior to differentiating, so the actual duration of the losses may be
shorter than shown. The dotted line indicates the average slope between
TAE bursts(the recovery rate of the neutron signal

Qualitatively, the data agree best with the PENN predic-
tion, but the quantitative agreement is poor for all of the
calculated eigenfunctions. The experimental uncertainties areode follows the trajectories of the particles’ guiding centers.
known accurately, but the uncertainties in the theoretical preParticles whose guiding centers cross the plasma boundary
dictions are difficult to quantify. The sensitivity of the pre- before the end of the run are judged lost. The same EFIT
dictions to the inversion of the dc emissivityvas studied by  equilibrium used with the other codes is adapted for these
using different EFIT equilibria and by varying the order of simulations, with both axisymmetry and up—down symmetry
the inversion matrix. Because the predicted signals are domassumed.
nated by the edge, the NOVA predictions were sensitive to  Establishing the length for a run to simulate the burst is
these variations, but the PENN and gyrofluid predictionsnontrivial. Data from a typical burst appear in Fig. 9. The
were scarcely affected. The sensitivity of the eigenfunctionTAE mode amplitude evolves rapidly, with the entire burst
itself was studied three ways. For NOVA, pressure, densitypersisting for longer than a millisecond. However, as in the
andq profiles at the extremes of the experimental errors wer€ase shown in Fig. 9, the bulk of the losses generally occur
generated and employed in a series of runs, but all of thé the 0.1-0.3 ms range when the mode is near its maximum
calculated eigenfunctions peaked strongly at the edge. F@mplitude. In the simulations, the mode amplitude is as-
the gyrofluid code, the sensitivity to uncertainties in the gapsumed constant in time and the total run duration is set at
structure was artificially explored by varying the assumed~430 us, or about 30 toroidal transits for a deeply passing
value of v, /v,; this shifts the location of the peak of the 75 keV deuteron.(The nominal transit time iS7yans
eigenfunction. The differences in simulated signalsfolv, ~ =4.3uS.) The equations of motion are solved at intervals of
between 0.3 and 0.85 are comparable to the symbol sizes in 74and300, and the energy change per particle is limited to
Fig. 7. The PENN prediction is sensitive to the position ofless than 20%. The run time is sufficiently short compared to
the q=1 surface and to the pressure gradient in this regionany characteristic collision time that no collisional effects are
which have experimental uncertainties of approximatelyincluded in the simulations. Beam fueling is also ignored.
10% and 20%, respectively. Estimates of the likely effect of ~ For the beam ion distribution function, the pitch
these errors were used to distort the calculated eigenfunctiorv, /v, energyE, poloidal angled, and minor radius along
(Fig. 3), and the effect on the simulated soft x-ray signalsthe midplane of individual particles are randomly generated
was explored(The PENN prediction is too computationally using a Monte Carlo prescription that “fits” the population
expensive for a rigorous sensitivity stuplyThis sensitivity —to a specified probability distribution. The code TRANSP
study suggests that, with judicious adjustment of the inputRef. 5] is used to determine the initial distribution of beam
parameters within experimental uncertainties, the PENNons for this dischargéwith the additional assumption that
eigenfunctioncould be made consistent with the measuredthe particles are uniformly distributed #. In the TRANSP

profile. calculation, profiles of the electron density and temperature
were used to calculate the beam deposition. Because we are
IV. PARTICLE TRANSPORT SIMULATIONS inferring beam ion confinement from the 2.5 MeV neutron

measurement, only particles above the injection half-energy
(E>38keV) are considered. The initial particle distribution
The Hamiltonian guiding-center code ORB(Ref. 50 used in this study is shown in Fig. 10 and is in essence a
is used to simulate the effect of TAE modes on beam iorclassical slowing down distribution. Most ions are on co-
confinement. In ORBIT, an ensemble of particles are “born” going passing orbits. The particle population is calculated in
according to a user-defined probability distribution then thethe lab frame, while the simulations are done the plasma

A. Simulation details
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300 TABLE I. Summary of peak values 0B, /B, obtained using different

(a) PITCH approaches.

N
8

Data source 6B, /By

Mirnov data and ideal MHD eigenfunction <2x1074

100 Soft x-ray data >0.7x10"4

PARTICLES

PiTeH which assumes th&t has been Fourier-decomposediand

300 T ‘ ' ' ' ' ' £ with Fourier coefficientst, (i)

(b) ENERGY In the ideal MHD model, electrons rapidly short out the
2008 1 parallel electric field, so the electric field is induced by the
time-dependent magnetic perturbation. In the plasma frame,
the equilibrium electric field is negligible. The perturbed po-
tential ¢, is Fourier analyzed and the coefficients are given

by

PARTICLES

100

4I0 I 5I0 I GIO ‘ 7I0 ' 80
ENERGY (keV)
10° T . r : ¢nm(¢prt):
TRANSP
\\\\\ The singularity whemg=m/n is a by-product of the ideal
MHD model. To smooth the potential inside the magnetic
island at the rational surface, the replacement

S n—m/ —(n—mq)2+5z//§
() DENSITY | | 9= "mg
0 0.2 0.4 0.6 0.8 1
: RHO is made, wheredy,=4q’|ayn//€ is the nominal island

FIG. 10. Birth distribution of 10 000 deuterium beam ions generated from aWidth'

probability distribution calculated by TRANSP using a Monte Carlo pre- To evaluate the effect of the instability on the neutron

sgription- Shown alrle histﬁgramsdfolr tthl_E:OPUfIatrilon in t?rlmé'-;bbim_h afnd rate, we write out the confined particle distribution at the end

;I;:Sgg(ys,oﬁj) \allvrfd uassintg g:zal;ie}a:ﬁ/ ﬂi?clrt0 plr(ca)filoej;sﬁegiaglifcﬁ isedn(asfztgledrc;? _Of each run and calculate the beam-plasm_a reaction prqbabll-

v, /v. All particles are launched along the outer midplage,0. ity ng(ov),., of each particle using profiles of deuterium
density ny and temperaturd 4 inferred from experimental
data. (From TRANSP, the neutron signal is dominated by
beam-plasma reactions with5% contributions from beam-
beam and thermonuclear reactigribhe beam-plasma reac-

frame, but the Doppler shift in particle velocity is neglectedtiyity is approximately® (00)p.p=[1+c,Tg/E]ov, where

since the plasma rotation of10 kHz is small compared to 4 is evaluated at the injection enerfyandc; is a constant

typical transit frequencies. For all simulations, 10 000 birththat depends oF.

particles are initially generated.

In general, an instability can cause spatial transpor
through both its magnetic field and its electric field. For the
magnetic field, the TAE eigenfunction is introduced as an  The available experimental measurements of the mode
oscillating perturbation to the equilibrium field. In this for- amplitude are the magnetic perturbatiafB, near the
malism, the coordinate system is defined by three positiovacuum vessel and the amplitude of the soft x-ray measure-
variables(the poloidal fluxy,, the poloidal angled, and ~ ments. In this subsection, these measurements are related to
toroidal angle?) and a Jacobian of the forgr~ 1/53,52 (Bo the Fourier components,,, employed in the simulation.
represents the unperturbed equilibrium figlhe perturba- Our conclusions are summarized in Table I.
tion 4B is introduced into the equations of motion using the ~ The maximum amplitude obB, measured at a coil
scalar functionx which is related to the perturbation through along the outer midplane is0.6 G; the toroidal field is-0.8
B=V X aBy. The code expects coefficients,(,) fora  T. The magnetics signal is affected by vessel currents so the
Fourier decomposed scalar perturbation(¢,,6,{)  equivalent vacuum field is about half as large. To estimate
=3 amn(#p)SiN(M{—mé+wt), where  is the frequency of | 6B| for the NOVA eigenfunction, we use a formula derived
the mode, andis the time. In the ideal MHD case, NOVA's from a multipole expansion about the magnetic axis,
solution is given as the radial component of the displacemen®B; m|=|8B wal (b/r)™" !, whereb is the distance from
vector =& (Vyp/|y|). To interface properly with the magnetic axis to the coil, ama=sa is the distance from

— Xnm@nm
n—m/q

@)

.....

PARTICLE DENSITY (A.U.)

-
o.

b. Determining the perturbation strength

ORBIT, &, is converted intax using’* the magnetic axis to the radius of maximum amplitude for
the mth poloidal harmonic. For th@=3 case, the largest
_ Ry(m—nq) contributions to the field at the coil are from the=6 and

%nm= 52 nm: @ m=7 poloidal harmonics. The inferred maximum value of
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the total perturbation 5B, /By~2x10*. In the experi- 10°
ment, several toroidal harmonics are simultaneously excited
For the NOVA simulations, the maximum valuesé&B, /B .
inferred for then=3,4,5 toroidal components are in the ratio & °* f - Q----TTTTTT
1.00:1.11:0.74. The measured mode frequencies in theg 3
plasma frame are nearly identical, so a value of 64 kHz isg 4,2
employed for all three toroidal harmonics. =

An independent estimate of the internal perturbation am-
plitude is available from the soft x-ray data. The measuredi- 10 ¢

fluctuation in signal at the TAE frequency & . The dis- . “& TRANSP |
placement, of the flux surface intersected by the soft x-ray | @ Pam?les . l .
chord is¢,=S,/VS,, whereVS, is the gradient of the dc 10’
soft x-ray emissivity at the innermost portion of the soft
x-ray chord. If the perturbed field is “tied” to the fluid, as

expected for a shear Alfvewave, the perturbed field is

6B, =Bk &, where the parallel component of the wave
vector k,=1/2gR for a TAE. Thus,éB,/By=¢§,/20qR. The

maximum measured value @f for the available chords is
~0.4 mm, which implies a maximum perturbati@B, /B,

RAC

Measured =) =8
10 "F Neutron -
Loss <

FRACTION LOST
=]

=0.7x10 . Since the available chords may miss the maxi- W& 10 *F

mum perturbation and the measurements are chord average = TRANSP |

this value is an approximate lower bound. 10° (b) Ne”tr,c’"s , ‘ ,
To relate the amplitude of the mode used in the code to 0 f 1 2 3 4 5

the measured value @B, , this amplitude needs to be con- Exp. Mode 8B,/B x 108

verted into physical units by relating the scalar functioto Amplitude

the perturbation strengthB, /B,. The equilibrium magnetic  FiG, 11. Fraction of losta) particles andb) total neutrons in the simula-
field in the (,,0,{) coordinate system can be expressedtons using then=3-5 eigenfunctions from NOVA with the TRANSP-

= i _ calculated particle distributiofsquaresand the same distribution but with a
as” Bo=9(¢,)V{+1(p)V O+ 8(ihy,,0)V ik, . In this coor lculated particle distributiofsquaresand th distribution but with
dinat t p the J pb' . P |p+ /82 A flat profile in minor radiugcircles. The losses are plotted as functions of

ma_e system, e_ aco Ia.m is givendy (I +9q)/B,. As- perturbation strength. The measured mode amplitude and drop in the 2.5

suming that the minor radius=+2¢,/By, we can express MeV neutron ratedashed—dottecare also indicated.
the radial component of the perturbatiéB, in terms of the
Fourier decomposed scalar perturbatieg,,, as

5B, @ B flattening of the beam ion distribution profile and lead to
B :E F cogn{—mé+ wt), 3 enhanced transport. To test this hypothesis, a distribution
0 nm with an artificially flat profile in minor radiug fpean(r)
with Fon=(r/Ro)[(1+gq)/(nl+mqg)] and Ry, as the ~.1-r] was used as the birth distribution. Simulations
plasma major radius. Only the peak value is required to makeith the flattened radial distribution resulted in a larger par-
the conversion from code to physical units. For te3  ticle loss as compared with the TRANSP caféy. 11(a)]
mode, we evaluate Eq2) for ¢, 6, andt set to 0 and but little change in the predicted drop in neutron emission
find the ratio between the peak valuesdB, /By and e is  [Fig. 11(b)]. Therefore, at least for this ideal MHD case, any

7.4x10°4, prior redistribution of the energetic particle population by
preceding TAE and fishbone bursts has little effect on the
C. Simulation results predicted neutron reduction. As before, additional runs about

the TAE frequency were conducted with a similarly null re-

The simulation results using all three=€ 3—5) toroidal . : e
. I sult. For the record, particle losses with both distributions
components from NOVA are given in Fig. 11. Near the mea- P

sured peak mode amplitude®, /By~2 10-4) and using scaled linearly inéB, over the range of mode amplitudes

S ' . iven in Fig. 11, with correlation coefficients for the least
;heeu:;;?ll:l)isegI;:relbnlfn?r?l?s’cﬁgl(;El\e/;asste; Si;enir;s: r;i)t(l'jt;?;r?ggquares fit of 0.999 and 0.996 for the TRANSP and radially
amplitude ©B,/By=5%10"3), neutron losses only reach Hlatiened cases, respectively.
~4%, still below the observed 6%—8% drop in the neutron
emission. Additional runs are conducted at frequencies closg¢. DISCUSSION
to the observed TAE frequency, i.d54z+50kHz at~10 . .
kHz intervals, with the perturbation strength set at the ex—A - Origin of the discrepancy
perimental mode amplitude to check for the presence of a Neither the soft x-ray data nor the beam-ion loss mea-
transport resonance, but no significant particle losses argurements agree quantitatively with the predictions made us-
seen. ing the ideal MHD, gyrofluid, and gyrokinetic models. This

A lower frequency fishbone is present during the burstsuggests that either the experimental data, the comparisons,
along with the TAE(Fig. 1), which may result in a radial or the theoretical models are erroneous.
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The data are unlikely culprits. The soft x-ray measure-modes. The simulation with the flat beam-ion profile was
ments are valid. At other frequencies in the same dischargéntended to mimic the effect of fishbone activity, but con-
normal m=3, n=2 tearing modes are observed; also, theceivably there is a synergistic effect that was not included in
profile for “BAEs” (Ref. 55 differs considerably from the our simulations.

TAE profile. There is also no question that beam ions are  The third possibility is that the experimental eigenfunc-
really lost under these conditions, as the neutron data aféon really differs from the theoretical eigenfunctions. This
corroborated by stored energy, foil bolometer, and activéypothesis is compatible with prior studies. Although rough
charge exchange diagnostf®S® as well as by observations Consistency between theoretical eigenfunctions and measure-
of internal damage to vacuum vessel compon&hhe ob-  Ments have been reportél?**"the most detailed compari-
servation that the mode amplitude is relatively small is weliSons found discrepanciés?® An earlier study of discharge
documented as well: when “chirping modesthodes with 71524 concluded that the predictions of the MHD model
frequencies that change by a factor of 2 in a millisegond diSagree in both amplitude and phase with the poloidal dis-
cause 8% drops in neutron emission, the magnetic perturbér—'bUt'On_Of edge_ magnetic fluctuations, while the_gyroklnetlc
tion 5B, is an order of magnitude larger than during TAE model glvegs satisfactory agreement for the amplitude but_ not
activity.*® In our analyzed dischargg1524, the soft x-ray € phase: Thus, three sets of data—soft x-ray, beam-ion
fluctuation from then=2 tearing mode was two orders of 0SS: and poloidal magnetic—are all inconsistent with the
magnitude larger than the TAE signal. theoretical predictions for this discharge.

Systematic errors in the comparisons are a more plau- Why might the eigenfunctions be incorrect? It is known

sible culprit. There are two main caveats in the soft X_rayfrom stability studies of discharge 71524 that radiative

comparison. First, because of the coarseness of the array, tﬁgmpmg (or related effectsis needed to account for the

o : . served power threshot@®® Also, to obtain agreement
dc emissivitys was assumed to be a flux function. In reality, L

L . . e with JET measurements of mode damping it was necessary
the emissivity, which depends linearly on the distribution of

) L L . : to include mode coupling to kinetic Alfvewaves®=%2This
impurities, may exhibit significant poloidal asymmetries. In

. ; . - effect is not included in the ideal MHD or gyrofluid models
the comparison, the predicted signals are multiplied by the ) .

; L o .~ and may need further refinements in the PENN treatment.
gradient of the dc emissivity, so the sensitivity to errorsin

. ) Another possibility is that energetic-particle effects associ-
is appreciable. Second, the reported soft x-ray measuremenatl P Y g P

; . ) ith th i ify the eigenfunctidith
are from later in the dischard@.17 9 than the beam-ion loss fed with the beam ions modify the eigenfunctigiihe

. ] beam beta is comparable to the thermal beta in this dis-
data and theoretical calculatiorid.875 3. (Because the charge). A final possibility is that the use of linear eigenfunc-

beam-ion losses caused an influx of impurities, the signal t‘ﬁons does not properly model the experiment. Experimen-

noise ratio of the soft x-ray data is superior later in the dIS-.ta”y, the different toroidal modes tend to lock and rotate

charge). The plasmg parameters at these _tWO times are SIMkygether, even though their expected linear frequencies
lar, however, so this is probably not a major source of error ¢ 36

There are three major caveats in the comparison with the
beam-ion loss data. First, it was not feasible to retain all of
the poloidal and toroidal harmonics that are excited in the3. Mechanism of beam-ion loss
experiment. The largest harmonics were employed in the re- A TAE mode can transport beam ions out of a tokamak
ported simulations and tests indicate only weak sensitivityp|asma in several ways:

(,5,50% enhancement of total Ios$e9 the inclusioq of ad- (@) A class of passing particles can circulate with the mode
ditional modes of comparable amplitude, but this is a potenz 4 resonantly drift out of the plasma via &xB drift

tial source of systematic error. The second caveat is assoimilar to mode-particle pumping for fishborfésThe losses
ated with the choice of the beam-ion distribution function.youid scale as’B, /B, and require only a few transits for

Most of the simulations used the classical beam-ion distribuiysses to oceur.

tion calculated by TRANSP. In the experiment, the 10SSegp) Countergoing ions can be resonantly converted into large
occur in repetitive bursts, so prior bursts almost certainlyhanana orbits that intersect the wall as the particle interacts
altered the distribution function prior to the analyzed burstith the wave over a short period of timi&3 The losses
Available measurements suggest anomalous pitch-angle scajcgle as §B, /By)?2. For significant(>1%) losses, however,
tering is relatively weak, so these modifications likely consistihe time of the run needs to be long compared to the transit
of a broadening of the profiledue to internal transparend  time (the time it takes for a passing particle to complete one
a reduction in low-energy beam iortdue to prior losseés  circuit around the torysas particles need to slow down or
Both effects are expected to increase the calculated lossgsitch-angle scatter into this resonant region of phase space.
although artificial flattening of the profile resulted in only a (c) The particles are born near a loss boundary in phase
small changeFig. 11). The third caveat is that the bursts had space and their resonant interaction with the wave causes
concurrent fishbone activity. Experimentally in DIIIBfor  them to cross that boundary into a loss offiglternatively,

a given amplitude TAE mode, the measured losses are gegome particles may be sent into a ripple-trapped orbit before
erally higher during combined fishbone and TAE activity being lost* The overall losses can occur within a few tran-
than during TAE activity alone, the losses depend muclsits of the particle’s birth and are significant only for a short
more strongly on the TAE amplitude than on the fishboneperiod of time.

amplitude, and losses are negligiltte1%) for pure fishbone (d) Finally, multiple harmonics can lead to islands in the
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particle’s phase space which, at sufficiently large perturbaACKNOWLEDGMENTS
tions, can overlap and the particle’s motion can become
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