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Alfvén eigenmodeqAEs) are studied to assess their stability in high density reactor relevant
regimes whereT,=T, and as a diagnostic tool. Stable AEs are excited with active
magnetohydrodynamics antennas in the range of the expected AE frequency. Toroidal Alfvén
eigenmodgTAE) damping rates between 0.5%y/ v <4.5% have been observed in diverted and
limited Ohmic plasmas. Unstable AEs are excited with a fast ion tail driven by H minority ion
cyclotron radio frequencyICRF) heating with electron densities in the range mf=0.5-2

X 107 m™3. Energetic particle modes or TAEs have been observed to decrease in frequency and
mode number with time up to a large sawtooth collapse, indicating the role fast particles play in
stabilizing sawteeth. In the current rise phase, unstable modes with frequencies that increase rapidly
with time are observed with magnetic pick-up coils at the wall and phase contrast imaging density
fluctuation measurements in the core. Modeling of these modes constrains the calculated safety
factor profile to be very flat or with slightly reversed shear. AEs are found to be more stable for an
inboard than for central or outboard ICRF resonances in qualitative agreement with modeling.
© 2005 American Institute of PhysidDOI: 10.1063/1.1865012

I. INTRODUCTION low toroidal mode numbem<2, active magnetohydrody-
namics(MHD) antenna¥ ‘°that excite stable Alfvén eigen-
Alfvén eigenmodes have been studied on a number ofnodes in the plasma at the expected mode frequency, which
magnetic fusion devices since the first experimental observéor toroidal Alfvén eigenmode$TAES) is given approxi-
tions on the Tokamak Fusion Test ReadfbFTR).*™ Calcu- mately by the center of the gap frequeiHchwTAE
lations indicate that fusion generatedparticles may desta- =v,/(2gR), where v, =B/(mn)%° is the Alfvén velocity.
bilize these modes in next step devices, such as thelere,B is the magnetic field on axisy, is the effective ion
International Thermonuclear Experimental ReadtdER),° mass,h; is the ion densityq is the safety factor at the reso-
and if the modes are large enough to transport substantiaant surface, an® is the major radius of the magnetic axis.
amounts of hotr particles from the core of the plasma, they These stable modes are excited in Ohmic plasmas in the
could quench the fusion burn or lead to damage to the firsabsence of energetic particles to ensure that the energetic
wall. The energetic ions that destabilize Alfvén eigenmodegarticle drive terms are zero in order to isolate the damping
in present devices are produced by neutral beam injection gate of the mode. On Alcator C-Mod, similar experiments
ion cyclotron radio frequencylCRF) heating. The growth have begun with moderate| <16 active MHD antenna$
rate of these modes depends on a balance of energetic p&ince moderate are expected to be the most unstable in
ticle drive™® with a number of possible damping ITER.? These modes are excited in C-Mod plasmas with the
mechanisms®*? same toroidal field and density expected in ITER and with
To separate the damping from the drive, experimentgquilibrated ion and electron temperatures required for such

have been performed on the Joint European T6}ES) with @ burning plasma.
Alfvén eigenmodes have been observed during sawtooth
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Plnvited speaker. Electronic mail: snipes@psfc.mit.edu Upgrade (JT-60U),” JET,;” Doublet IlID,” and TFTR:
1070-664X/2005/12(5)/056102/8/$22.50 12, 056102-1 © 2005 American Institute of Physics

Downloaded 11 Apr 2005 to 198.125.178.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1865012

056102-2 Snipes et al. Phys. Plasmas 12, 056102 (2005)

These modes indicate the presence of fast particles that are
believed to be responsible for stabilizing the sawtééth.
Analysis of these experiments has shown that fast ions are
expelled from within theg=1 radius because of these modes.
This redistribution of fast ions weakens sawtooth stabiliza-
tion leading to the large sawtooth collapse. Similar modes
are observed during sawtooth stabilization in Alcator C-Mod
even with densities up tB,~ 2 X 10°° m™3, indicating that a
high energy fast ion tail is produced with sufficient ICRF
heating. =5
With strong heating in the current rise, rapidly changing
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function of the minimuny value FIG. 1. (Color onling. Fourier spectrogram and time average of a poloidal
' field pickup coil signal showing two clear resonances during excitation of

Va the upper active MHD antenna at constant freque®® kH2 as the TAE

— + wg. (1) frequency in the plasma is ramped through the active frequency twice by
Ro ramping the toroidal field down and backup during the discharge.
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The value of the minimum frequenay, is determined by
continuum damping including pressure effects. This simple
model fits the JET data very well and allows the Alfvén sweep the density or toroidal field so that the center of the
cascades to constrad,, Together with calculations of the TAE gap frequency in the plasma passes through the active
Alfvén eigenmode structure with the MISHKA coleit is MHD frequency. This avoids any problems with matching to
then possible to model the cogeprofile evolution based on the antenna inductance or any resonance in the circuit so that
the Alfvén cascades. In this way, Alfvén cascades in Alcatoeven a rather weak resonance may be observed. Figure 1
C-Mod have been used to model the evolution of gh@ro-  shows an example where the toroidal field was ramped down
file in the current rise of strongly ICRF heated discharges. and then back up so that the TAE frequency in the plasma
passed through the active MHD frequency twice and two
Il. STABLE ALFVEN EIGENMODE EXPERIMENTS clear resonances are observed on the Fourier transform of a
pickup coil signal. The TAE resonances are observed to co-
incide with the TAE frequency at thg=1.5 surface, as also
observed in JET.This is expected theoretically, as long as

installed on C-Mod to excite a broad toroidal mode SPectiUMye antennas couple to this resonance, since the least stable

(|nFWHM|~%6) _(FWHM’ full width at half maximu'n) of  TAE s at theq=1.5 surface for a monotonig profile, half-
stable Alfvén eigenmodes and measure their damping rates \Way between then=1 andm=2 continua®

ITER toroidal fields and densities with equilibrated ion and
electron temperaturé%.Each antenna has five turns each 15¢51low the resonance in time, the antenna frequency can be

C'g] toroidgllg >|< 25hcm pct))loidglly,.dcintered ab?]ut 18 M g\vept up and down through the expected TAE resonant fre-
above and below the outboard midplane. For these eXper?’uency in the plasméFig. 2). To maintain sufficient match-

ments, only the upper antenna was excited with an amplifief, , ot veen the antenna and the amplifier to observe reso-
that coupled up to 3 kW of power at 10 A. Sp, .t.he exc'tednances, the frequency could be swept by at mos® kHz.
perturbations are so small that they do not S|gn|f|cangy perThrough software synchronous detection between the an-

turb the plasma and the resulting AE resonan¢Bs  tenna current and the pickup coil signiizhe damping rate
<1076 T) can only be observed with the most sensitive fluc-of the mode was found to be/ w~ 4.5% withn=12 in this

tuation diagnostics. Toroidal arrays of three magnetic pickugase.
coils mounted beneath the tiles 10 cm above and below the In previous experiments Comparing diverted and inner

outboard midplane on each of two limiters were used to meaya|| limited discharges with varying outer gap between the
sure the AEs in the plasma through software synchronouseparatrix and the outboard limiter, the measured damping
detection with the antenna current. They can measure flugate was found to be larger for inner wall limited discharges
tuation levels down to abouB,~10'T. The data were with larger outer gaps than for diverted discharges with outer
sampled for 12 signals throughout the discharge at 2.5 MHzgaps of less than 1 c.This was an unexpected result since
Note that the core plasma rotation for these Ohmic plasmasn JET for lown=2 the measured damping rate increased
is at most a few kHz so that the Doppler shift of the fre-with increasing edge sheH.

quency is small except for high toroidal mode numbers. To further check the dependence of the TAE damping

The simplest way to excite TAE resonances in therate on edge shear, an experiment was performed at constant

plasma is to drive the antenna at constant frequency and thexctive MHD frequency ramping the toroidal field for a num-

-n

w(t) = ’

To complement the previous lowm experiments on
JETR ™4 pair of moderaten active MHD antennas was

To observe multiple resonances in a single discharge and
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Active TAE Damping Rate vs Elongation
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FIG. 2. (Color onling. (a) Fourier spectrogram of a poloidal field pickup
coil signal during programmed frequency sweeping of the active MHD an-

tenna together witl(b) the time average of the perturbed poloidal field. 2.0¢
Weak resonances are found @3 the active frequency passes through the E\j F .
TAE frequency in the plasma calculated at tjrel.5 surface. a3 1.5 — .
R

] o ) ] ] ) 1.0 n
ber of inner wall limited Ohmic discharges with different ;
elongations. The plasma parameters wdg0.7 MA, o5k ]
47 T<Br<5.6 T, N=2-2.5x10F"m™3, 3.1<(qes<4.5, . 1
and 370< frae(q=1.5 <470 kHz. The outer gap only varied [+ ¢ ) S N S S N SN,
over a small range from 1.2 to 1.7 cm, which should not (p)y 3.0 3.5 4.0 4.5 5.0 33 6.0
affect the growth rate substantially. Figure 3 shows the mea- (r/q da/dr)ss

Sur?d damping rates for each discharge as a function of elo'?’—_IG. 3. The measured TAE damping rate as a function of plasma elongation
gation and edge shear calculated at the 95% flux surface. lhd magnetic shear at the 95% flux surface for a range of moderateles

contrast to the results on JET for lowmodes-* no clear  from 4<n<14.
dependence on edge shear is found for these modarate

modes and the damping rate appears to decrease with in-

creasing elongation. Note that with only a single antenna, ng€nt in the calculated center of the gap frequencydfed
selection can be made for the excited mode number and tHeSt Pefore the sawtooth collapse that ends the H mode. The
plasma responds with measured toroidal mode numbers i§i0des begin with relatively higjn|=8-10 at about 750 kHz,
the range of 4 |n|<14. So, it is possible that a dependencetnen coalesce as the frequency drops to 650 kHz with in-
of the damping rate on mode number could mask a deperf'€asing densny in the H mode and the mode numbers also
dence on edge shear. drop to|n|=4-5 just before the sawtooth collapse. Note that
since the plasma current is negatiebockwise viewed from
aboveg, these modes with negative numbers rotate in the
ion diamagnetic drift direction. The coalescing of the modes
to a single frequency suggests that the AE gap is closing as
Alfvén eigenmodes are observed in C-Mod during thethe sawtooth evolves or that they reach the bottom of the
current flattop in the presence of sawteeth even at electrogyap.30 One would expect that the previous sawtooth collapse
densities up ton,=2x10?°m= when there is sufficient flattens the core profile producing a relatively broad TAE
ICRF heating. Mode frequencies corresponding to the TAEgap. Then, as the sawtooth heats up, the current density pro-
and EAE gaps associated witj=1 are observed with de- file should peak with peaking temperature, which would tend
creasing frequency agevolves up to the sawtooth collapse. to close the TAE gap until the large sawtooth collapse.
Core plasma rotation values in ICRF heated plasmas may be Attempts were made to model the modes with the
as high as 20 kHz so that for high toroidal mode numbersNova-K codé! at t=0.74 andt=0.78 s. Eigenmodes were
the Doppler shift of the frequency may be significant. found in the same range of mode numbers and frequencies as
Figure 4 shows an example of sawtooth stabilizationin the experiment. The radial structuretat0.74 s was that
with ICRF heating during a double null discharge. Theexpected for TAEs with two dominant harmonicsand m
plasma has a brief H mode from 0.76 to 0.784 s where the1 peaked atr/a=0.4, while the radial structure at
central line averaged density rises from 1.6 to nearly 2=0.78 s had multiple poloidal harmonics between<Or4a
X 10°° m™3. The resulting drop in the TAE frequency is evi- <0.9. The trapped particle growth rates were found to be

lll. ALFVEN EIGENMODES DURING SAWTOOTH
STABILIZATION
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Sath i In addition to the magnetic pickup coils on the outboard
I 0 limiters that measure the more radially extended law
600L. ) . ‘ , , r Alfvén eigenmodes, the PCI diagnostic measures the density
074 075 076 077 0.78 fluctuations of the AEs along 32 vertical chords passing
Time (s)

through the plasma core. It is sensitive to major radial wave
=1
FIG. 4. (Color online. (a) Fourier spectrogram of an edge poloidal field numbers from 0.5 kR_<8_Cm an(_j the data are sampled at
pickup coil signal showing multiple Alfvén eigenmodes during sawtooth 10 MHz. The magnetic pickup coils are sampled at 2.5 MHz
stabilization together with the electron temperature measured from ECE angnd can measure toroidal mode numbers up<o/5. Figure
the ICRF power. The plasma is in H mode during the shaded timehe 5 shows a comparison of ACs measured with magnetic
toroidal mode spectrum showing tmenumber begins an|=10 and de- ick il d with PCI. Th | f the AC h
creases tdn|=4 just before the sawtooth collapse. Negativiadicates the p!C up corls and wi : € slopes 0 e Sare _muc
ion diamagnetic drift direction. The frequency and time resolution of thehigher on the PCI measurements than on the magnetic mea-
Fourier transform are also indicated. surements. According to theory, the slopes are proportional
to the n number, implying that the PCI measurements

through the core are more sensitive to higher mode numbers

stable because of relatively large radiative damping even fofan the edge magnetic measurements, similar to what has
flat shearq profiles out tor/a=0.4, varyingg, from 1 down  recently been fOUUd on JET. .

to 0.8 and varying the assumed fast ion tail temperature from The phase differences between toroidally separated
10 to 490 keV. The TRANSP calculated fast ion tail temperaPickup coils during the ACs indicate that the dominant
ture peaked at about 300 keV for these conditions. This mapwodes are lown, but despite detailed m-vessel_callbratlons
indicate that these are energetic particle m&ttémt are not  Of the frequency dependence of the phase differences be-

included in the Nova-K code or core localized TABwith a  tween the coils, the numbers appear to change during the
different q profile. upward sweep in frequency for some cascades. This is in

contrast to the constamt observed in JET and JT-60U for
each frequency sweeping mode. However, in the case of Fig.
IV. ALFVEN CASCADES IN THE CURRENT RISE 5, there are three modes visible in the magnetic spectrogram
starting at about 0.12 s with slopes that are 1, 2, and 3 times
With H minority ICRF heating in the current and density the slope of the dominant mode, indicating that they corre-
rise on C-Mod, an energetic H ion tail is driven that excitesspond ton=1, 2, and 3. The PCI and magnetic measurements
rapidly increasing frequency Alfvén cascades when the minicomplement each other in that the lowasinodes are often
mum in theq profile is substantially greater than unity and not visible on the PCI because the sensitivity of the instru-

has very flat or perhaps slightly reversed shear. Although naient falls off for long wavelength modé&S.
recognized as ACs at the time, these modes were the first

Alfvén eigenmodes observed on C-Mod in the initial current
rise ICRF heating experiments performed in 1896/0re
recent experiments with more than twice as much ICRF  Given then numbers from the slopes of the ACs and the
power and the addition of the phase contrast imagi@|) frequency evolution of the modes, the MISHKA code was
diagnosti¢* have improved our understanding of theseused to model the evolution of tieprofile. Figure 6 shows
modes and the conditions that lead to them. the calculated evolution of the minimum @pfrom the mea-

B. Modeling the evolution of the safety factor profile
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as a function of time during the Alfvén eigenmodes of Fig(l9. Radial
FIG. 6. (Color onling. MISHKA modeling of the evolution of the minimum  profiles of the fast ion tail temperature and the RF power deposition at 0.2 s.
g value based on the frequency evolution of the Alfvén cascades of Fig. 5

together with the modeled profile att=0.12 s and 0.14 s. lated time evolution of the fast hydrogen ion tail temperature
together with its radial profile and the RF power deposition
sured frequency evolution of the modes in Fig. 5 togetheguring the TAEs of Fig. 5. The fast ion tail temperature in
with the modeledy profile at the start of the cascades. TheTRANSP is defined ad,=2/3(E), where(E) is the flux
start of an ac with multlple modes like that at 0.12 s indicate%urface averaged mean energy of the hydrogen minority dis-
that g, is passing through an integer value and then theribution in the lab frame. Under these relatively low density
appearance of anothe=2 mode at about 0.14 s indicates conditions withf,=1.7x 102° m™3, the calculated fast ion
Omin IS Passing through the next half-integer value. Reverseghj| temperature can exceed 300 keV with peaked RF power
shear was not required to find the modes in these calculagensities of 75 W/ci?. For comparison, the Stix effective
tions, but the calculateq profile was rather flat &, outto  temperatur® for these conditions(T,=3200 eV ny/ne
r/a~0.4 then rose t@gs~5. ~0.04 reaches almost 1 MeV. So, for these high power
During the upward frequency sweep of each mode, thgjensities, 300 keV may be a reasonable estimate of the fast
calculated mode structure has a single domimanharacter-  jon tail temperature, but there are large uncertainties in the
istic of an ac. The continuum also has a wide gap, whichgj| temperature because of the uncertainty in the core fast
allows the mode frequency to start well below the TAE fre-jon concentration, which is based on a spectroscopic mea-
quency without being strongly damped by the continuumgyrement of the ratio of H(H,+D,) in the plasma edge.

Just after the frequency peaks and begins to decrease, tBfmilar results were obtained for the sawtooth stabilization
mode structure evolves into a TAE structure with comparabl@ase shown in Fig. 4 with fast ion tail temperatures exceed-

amplitudes of two poloidal harmoniecs andm+1. The con-  jng 300 keV during the modes.

tinuum gap then narrows around the TAE frequency. . )
D. Current rise high frequency modes above the TAE

C. Fast particle calculations gap

The TRANSP/FPPRF codewas used with TORIE to In addition to Alfvén eigenmodes with frequencies be-
calculate the RF electric field distribution to estimate the fastow the TAE gap, there are also eigenmodes in the current
particle tail temperature profile. Figure 7 shows the calcutise with twice the Alfvén cascade frequencies and twice the
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FIG. 9. (Color online. Fourier spectrogram of a poloidal field pickup coil
signal showing the appearance of an ellipticity induced Alfvén eigenmode

Magnetics 5 (EAE) associated witlg=2 just before an Alfvén cascade. Curves are shown
tallane seolinge Joonll for the approximate center of the gap frequencies for the HAEe
012 016 020 0.24 =va/(2mqR)] and TAE[frae=va/(47qR)] at q=2 using the core line av-
Time (s) eraged electron density and toroidal field on axi®in

FIG. 8. (Color onling. (a) Fourier spectrogram of phase contrast imaging

density fluctuations during the current rise showing a clear second harmonic . .
of the dominant Alfvén cascadéb) Fourier spectrogram of a poloidal field prOduced at the difference of the frequenCIeS of two of the

pickup coil signal showing that the second harmonic is not visible, thoughl CRF antennas driven at 80 MHz and 80.5 MHz.
other modes at about twice the TAE frequency are observed.

E. Alfvén eigenmode stability vs ICRF resonance
position

TAE frequencies. Figure 8 shows a comparison of a PClI  To determine the effect of the ICRF resonance position
signal with a magnetic pickup coil signal where there is aon AE stability, an experiment was performed at constant RF
clear second harmonic of the dominant Alfvén cascade fronfrequency changing the toroidal field from shot-to-shot to
about 0.14-0.18 s at exactly twice the frequency and twicenove the hydrogen minority ICRF resonance positigg,,
the slope of the ac in the PCI signal. Its amplitude is aboufrom R,gs/ Rayis=0.9 t0 R/ Rayis=1.11. Figure 10 shows the
1/10th of the first harmonic, indicating the nonlinear charac+ourier spectrograms of the Alfvén eigenmodes for three dis-
ter of these modes as expected by thé&ﬁ%Note that thisis  charges with(a) inboard,(b) central, andc) outboard ICRF
not an instrumental effect in that the overall signal amplituderesonance positions for a central PCI channel and a magnetic
is still quite small, indicating that it is the strong fast particle pickup coil. For the inboard resonance case, the usual Alfvén
drive that enhances the nonlinearity to make the second hacascades and subsequent TAEs are not excited and only at
monic just visible in the PCI data. This is the first time suchmost a couple of weak downward sweeping frequency
a nonlinearly excited second harmonic of Alfvén cascadesnodes are visible on any of the PCI and magnetic pickup
has been reported. Through a detailed examination that is nebil signals. The central resonance has the strongest drive for
visible in Fig. 8, before the frequency peaks, the second haboth the ACs and TAEs though the outboard resonance case
monic is also faintly visible on the magnetic pickup coil also has relatively strong ACs and TAEs despite having sub-
signals suggesting that this mode is more core localized ostantially less average ICRF power.
has shorter wavelength and falls off more rapidly with radius ~ Theory predicts that the drive for AEs should decrease as
than the first harmonic. Just after the frequency peaks anthe resonance is moved toward the inboard side because the
rolls over, the second harmonic becomes more clearly visibléoroidal precession drift frequency decrea¥e¥To attempt
on the magnetic coils, indicating a transition to an eigen-o isolate this physical effect, the central resonance case was
mode with an extended radial structure. modeled with the Nova-K code including finite orbit width
Just before the onset of the ACs there is sometimes alsand finite Larmor radius effectsto calculate the trapped
present a brief downward frequency sweeping mode fronparticle contribution to the growth rate of AEs as a function
typically 1 MHz—900 kHz visible on the magnetic pickup of ICRF resonance position. The fast particle distribution
coils, which is at twice the TAE frequency fo=2, indicat- function in  Nova-K goes as foecexgd—-E/Ty-(p
ing that it is an ellipticity induced Alfvén eigenmode —Res/Raxid?/ (AR/Ryayid?], WhereE=1/2mv?, Ty is the input
(EAE)™ (Fig. 9). This may indicate that thq=2 surface is  fast ion tail temperaturgy= uB,s/ E, u=1/2mv? /B is the
just entering the plasma at that time. Note that the EAEmagnetic moment of the fast iorR,,;s is the major radius of
associated witlg=2 ends just as the TAEs associated withthe magnetic axis, andR is the half-width of the RF power
g=2 appear at the top of the AC. There are also present 50@eposition. The fast particle profiles were calculated with
kHz constant frequency fluctuations visible on the magnetifRANSP/FPPRF at=0.122 s at the top of one of the ACs
pickup coil signals in Figs. 8 and 9 that are RF beat wavesnd R¢s/ Rayis Was varied from 0.8 to 1.14 keeping every-
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FIG. 10. (Color onling. Fourier spectrograms of a magnetic pickup coil and . ) )
a central PCI channel showing Alfvén eigenmodes fa inboard FIG. 11. (Color onling. Nova-K modeling of the growth rate for am=1

(R Ryic=0.9), (b) central (R os/Ruge=1.02, and (C) outboard(Roed/ Ruye mode in the central resonance case from Figb}Ll@s a function ofa) the

=1.11) ICRF resonance positions. The Alfvén cascades and TAEs are clearlfaSt particle tail temperaturg, and(b) the ICRF resonance position, keep-

" all other parameters fixed.
more unstable for central and outboard resonance positions rather than forg P

the inboard resonance position.

ergy particles, both of which would tend to lower the calcu-

) ) ) ) lated growth rate. Figure 1) shows the calculated growth
thing else fixed. They profile was assumed to have slightly .o:e for this mode as a function & ./R
es’

o > ! is at the fast ion
reversed shear withy=2.11 andi,=2.06 atr/a=0.4, then  (5i temperature of 160 keV. The growth rate for the inboard
smoothly matching the equilibrium edgg value. An un-

7 i resonance aRJ/R,,s=0.9 is substantially lower than for
stablen=1 mode was found with a frequency of 342 kHz, gither the central resonance case or the outboard resonance
which is close to the measured AE frequency of 360 kHz.. qe aR ./ Ry=1.11, in qualitative agreement with the ex-

Figure 11a) shows first the calculated trapped particle horiment. This comparison, however, assumes that the damp-
growth rate mclud_lng collisional, radiative, and Landau ing rate does not change substantially from the inboard to the
damping as a function df,. The growth rate peaks at a fast 4 ;1hoard RF resonance. More quantitative agreement for the

ion tail temperature of about 160 keV, which is the sameyitfarent discharges would require measurements of the fast
value that TRANSP/FPPRF calculations give at this time;n gistribution.

The decay in the growth rate with increasing fast ion tail

temperature is due to averaging out of the mode over larger,

and larger Larmor radii. Note that if a Stix distribution wereev' CONCLUSIONS

used, there would be more low energy particles and a sub- Stable and unstable Alfvén eigenmodes are measured on
stantially higher asymptotic tail temperature for the high en-Alcator C-Mod with equilibrated ion and electron tempera-
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