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Prediction of Alfve "n eigenmode dampings in the Joint European Torus
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Predictions from a gyrokinetic toroidal plasma model reproduce for the first time the evolution of
Alfvén eigenmode AE) dampings over a range of discharges. The coupling between shear-and
kinetic-Alfvén waves is responsible for the main source of damping through Landau interactions
and can be an order of magnitude larger than fluid predictions neglecting global kinetic effects.
Strong stabilization occurs when the wave field gets localized radially by a rise in the edge magnetic
shear, explaining why global AEs have never been detected in the Joint Europear Helus,
Bickerton, and Keen, Nucl. Fusidzb, 1011(1985] in the presence of aK point and suggesting

how global Alfven instabilities could be avoided in future reactors. 1©98 American Institute of
Physics[S1070-664X98)02508-1

I. INTRODUCTION weak magnetic shear in the plasma core. In the studies be-
low, the gyrokinetic predictions are found to agree with the
fusi . : L .__measured frequencies and damping rdteser a range of
usion-borna particles are stable is a critical issue for fusion . . . :
devices such as the International Thermonuclear Experimer?ij-ISChargeS and times, this in contrf'ist with computed damp-
tal Reactor(ITER).> The growth rate of the instability de- ing rgtes that are an order of magnitude smallgr vyhen global
pends on the strength of the-particle pressure gradient kllnetl_c effects are ne.glected. Apart from quantifying for.the
drive, which has to remain smaller than the overall dampind!"St ime the relative importance of what could be associated
from the collisions and the resonant Landau interactions bl Simplified models with continuum and radiative damping,
tween the particles and the wave field. Because the prediéhe results |IIust_rate that when the central _magnetlc shear
tions are very sensitive to the spatial structure of the eigen= (p/@)(9a/dp) is smaller thane=p/R the inverse aspect
mode which in turn depends on the equilibrium prof”es,rano, there can be a dramatic change in the AE structure due
magnetohydrodynamigMHD) models have been developed to mode conversion to the kinetic-Alfae wave, which
assimilating the bulk plasma with an ideal or resistivestrongly enhances the Landau absorption in the plasma core.
f|uid_2_7 Growth rates may then be evaluated approximate|yThe calculations also show the StabIIIZIng effect of a hlgh
from the shear-Alfva wave field with simplified models in- magnetic shear at the plasma edge, giving a plausible expla-
cluding direct Landau dampirtf, continuum damping;1?  nation why antenna excitedglobal) Alfven eigenmodes
and radiative dampin% Even if the theoretical (AES) have never been observed in Joint European Torus
calculation$® performed in this manner could only occa- (JET) X-point configurations. To our knowledge, this study
sionally explain the observed instability thresholds when thds the most detailed comparison which has been undertaken
mode coupling to kinetic waves did not affect the eigenmodédetween a nonideal MHD spectrum and experimental mea-
structure, it is remarkable how the theoretical understandingurements; it also provides a strong validity check for the
of the beam Landau dampitfgpaved the way for the first ITER predictions, showing that in a reference equilibrium,
observation ofa-particle driven toroidicity Alfve eigen- AEs with low to intermediate toroidal mode numbens
modes(TAEs).?® =1-12 are stable for a large variety of burn conditiéhs.
Having chosen a discharge with good damping measure-
ments, the equilibrium magnetic field, the density, and tem-
perature profiles have been reconstructed with the best pos-
A proper evaluation of the growth rate requires takingsible fit to the experimental diagnosti®s>* The gyrokinetic
into account the finite ion gyroradius responsible for thetoroidal PENN codé® is then used to predict the spectrum
mode conversion from fast to slow waves such as thdrom the equilibrium data only, monitoring the response
kinetic-Alfvéen'® and the drift waves. This generally occurs peaks in the same manner as in the experini@ef. 19 to
when the spatial scale of two waves match at a resonancédgtermine the frequency and damping of AEs that are suffi-
but can also be induced through mode coupling by the maggiently global to reach the saddle coil antenna at the bottom
netic field curvaturt'®and, as will be shown below, by the of the plasma. The plasma motfeis based on a finite Lar-

Whether global modes of the Alfmewave driven by

Il. MODELING
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FIG. 2. AE moden=2 at 266 kHz in the discharge No. 33273 at 16.35 s
FIG. 1. AE moden=2 at 161 kHz in the discharge No. 31561 at 10 s with with parametersB;=3.1T, ,=0.86, q,=4.46, ny(0)=np(0)=4.48
parameters B;=1.65T, (o=1.13, ,=5.49, ng(0)=np(0)=1.6 X10° m™3, T,(0)=Tp(0)=2 keV. The same type of plots as in Fig. 1.
X110 m™3, T,(0)=Tp(0)=2keV. The plots show a sketch of the shear
Alfvén spectrum with a dashed line for the global AE frequefaly the
Fourier components of the radial electric fiéke(E,) in (b) andP(s) the
power absorption integrated from the cen@r with circles identifying the good agreement with the predicted value. FigL(r@ thows

radial discretization as a function of the normalized radius that the mode has a global radial extension: the toroidicity
induced variation of the shear-Alfaavave field matches the

mor radius expansion for the passing bulk particles and takddnetic-Alfven wavelength in the—2,~3) TAE gap and cre-

into account the magnetic and diamagnetic drifts induced b)gtes Ztagdmg wa;e hbetvxlleen Rl 1_2;“026 cloupllmg_ region
the equilibrium inhomogeneities. Resonant wave—particle in2round s=0.35 and the plasma cofé.The electric field

teractions are modeled with an approximate functional defomponent parallel to Fhe magnetic fietig givgg rise to_an
pendence for the parallel wave vectar=n/R, wheren is electron Landau damping which can be partitioned with the

1 H — S ’ I 1 .
the toroidal mode number ari@d the major radius, justified mtggrated poweP(s)—fOP(s_)ds, in Fig. 1_(C) as fOH_OWS'
by an iterative evaluation df, from the wave field along the 70% absorbed by the k|n.et|c-AIfmewave induced in the
same lines as in Ref. 23. THENN code has been success- ¢0'€ Where no resonance Is present, 5%—-10% by mode con-
fully tested for heating scenarios from the ion-Berndein Version at Alfver resonancess¢=0.62, 0.68, 0.7p and the
down to the Alfve range of frequencied, and has been '€Maining 20%-25% by direct Landau damping of the
validated for lower frequencies with measurements of the AESh€ar-Alfver wave field in the edge region, where the mag-

spectruni® and eigenmode structufdsn the JET tokamak. netic shear'localizes the mode r.adial'ly' and thereby.incr.e.ases
the absorption. From the wave field, it is clear that simplified

models such as radiative damping and continuum damping
I1l. ANALYSIS . . L

are not applicable, the former because a standing kinetic

The first discharge being analyzédo. 31561 at 10)sis  wave is created in the core and the latter because the kinetic

an ohmic fat pear-shaped plasma with a weak magnetic shearavelength is comparable with the gap size. The global char-
S<e from the core out to a normalized radiss=+yy  acter of wave fields such as the one in Fitp)lalso explains
=0.18, wherey stands for the poloidal magnetic flux. The why no correlation is observed in Fig. 5 of Ref. 27 between
safety factorq(s) rises rapidly toward the edge so that athe highn radiative damping mod¥ and the AE damping
multitude of gaps appears in Fig(al by the coupling of measurements in JET.
neighboring poloidal Fourier harmonias= —2,....— 10. The The second discharg®lo. 33273 at 16.35)ds an elon-
misalignment of individual gap frequenciéshich decrease gated pear-shaped plasma which has been examined experi-
with the deuterium densityp as 1j\Jnp when moving ra- mentally in Ref. 27. Twa=2 global AEs are predicted in
dially outward formally closes the global gap in the fluid the interval[100;304 kHz, one around 140 kHz with a weak
spectrum, so that an Alfveresonance remains in the plasmaantenna coupling and relatively large damping and a second
for all frequencies. Scanning the interyaR0;180 kHz, an  with a 30 times better coupling at 266 kHz and a weak
n=2 AE is predicted at 161 kHz with a damping rate of damping y/ »f¥=0.0026+ 0.0004 depending rather sensi-
¥l ©preq=0.013+0.003, where the uncertainty refers to oscil- tively on the magnetic shear. Two modes are also found in
lations in the numerical convergence. A single 2 eigen- the experiment at 142 and 277 kHz; the first disappears in the
mode is also observed in the experiment with a frequency ofwe@ 1 s later, in agreement with the theoretical prediction
131 kHz which is somewhat lower, probably because of thef weak coupling for the lower frequency mode, while the
uncertainty on the safety factor in the core which is largedamping measured for the secomdus)ﬁ)'f_=0.0014 is a fac-
when no sawtooth inversion radius can be used as a diagno®r of 2 smaller than the experimental value. Figure 2 shows
tic; the damping ratey/ we,,=0.0146 is, however, in very that 60% of the electron Landau absorption occurs through
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mode conversion at the Alfweresonancesst0.52, 0.83,
another 20% by mode coupling in the weak magnetic shear
region (5<0.17), and the remaining 20% by direct damping
of the shear-Alfva wave field in the edge where the mag-
netic shear is stronger. This global wave field with kinetic

Alfvén waves damped in the vicinity of the conversion layers . s :ﬁi‘iay : ; ;
provides an example of experimental interest where the con- g 4 s 6 7 8 o 10
tinuum dampingy/ w§/;5~0.01 calculated in Ref. 27 using a
fluid plasma model can be very misleadifgA reason
which may explain the overestimation of the electron Landau
damping in our gyrokinetic calculation could be that we have
neglected the reduction of the number of resonant electrons
by the trapping in the toroidal magnetic field. This has been .1 & ", sovti eyl oo
examined within a large aspect ratio expansion for the shear-  [psarsst*** vt £ :

Alfvén wave field only in Refs. 28 and 29, but would here *s 4 S ME [seZ:]

require a fully toroidal(nonloca) gyrokinetic calculation to

take into account the coupling to the kinetic Alfvevave. FIG. 3. Comparison between time=1 AE frequenciestop) and dampings
Studies carried out by varying the equilibrium parametergPottom predicted(*) and measured+) during the evolution in the dis-

. . charge No. 38573. Experimentally, the systematic error from the choice of
moreover show that when the damplng IS as smallykts the relevant diagnostic channels to fit is the dominant source of uncertainty
=0.001, the theoretical result depends sensitively on the-10%-30% forylw); for the theory the uncertainty comes mainly from the
equilibrium profiles, so that 5% uncertainty in the safety reconstruction of the safety factor profile 10%-20% forq,). Parameters
factor can also account for a factor of 2 discrepancy in thét 40 s areBr=256T, do=1.36, g,=4.62, n,(0)=np(0)=1.75
damping. X 10 m™3, T,(0)=2.62 keV, Tp(0)=1.97 keV.

A third series of predictions has been carried out for the
discharge No. 38573 in which the evolution of ar1 AE
has been measured from its birth arduhs when d—1,—2)
TAE gap is formed aroundy= 1.5 on the plasma axis, drift-
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ferent nature than the mode coupling induced inside the tor-
oidicity gap!’ Studies carried out by varying locally the cen-

ing first rapidly outward tos=0.55 at 4.7 s, the AE going tral magnetic shear show that the oscillations are caused by

through a nonresonant 80 keV beam heating phase betwegﬁI Increase of thTt. km_eu;:r—]Avae(\;vavelength in the v;/r(]eak
5.5 and 7.5 s, until it again disappears after 10 s whe an shear region, resutting In the mode conversion once the spa-

point is formed at the bottom of the elliptical plasma and thetIal scale of the kinetic-Alfive wave matches the shear-

safety factor in the core reaches a minimumagf=0.92 Alfvén wave field scale length. Because of the complicated
Two global kinetic Alfven eigenmodes KAES? are 'pre'_ nature of this mechanism, we believe that it is not possible to

dicted in the interva[160;210 kHz, with wave fields that derive a simplified model that fits well the glppal AE mea-
reflect thel=0,1 radial oscillations of the kinetic-Alfye ~ SUréments. Instead, we use here the predictions from the

wave modulating the TAE wave field inside tlie-1,—2) comprehenswemru_model to illustrate the phenome_non and
gap show not only that it is important, but that it is also in agree-

Because the interval scanned experimentally is Ver);nent with the measurements. Another effect apparent in

small Aw=3y,,, and the antenna coupling to the higher
frequencyl=0 mode is predicted to be better until 4.7 s,
only the high frequency KAE appears on the measurements.
Figure 3 shows that the predicted AE frequencies fall within
~3% of the experimental measurements, reproducing well
the variation from the beam fueling. The agreement achieved
for the damping is around 30% for most of the discharge
except in the beginning when the gap position varies very
rapidly, making the predictions very sensitive to the mode
conversion parameters in the plasma core. This is clearly
apparent in the wave fields of Fig. 4, where the kinetic-
Alfvén wave dominates the mode structure until 4.7 s. Most
important however is that the largest fraction of the Landau
damping from 4.0 to 8.4 s is here induced by short wave-
length oscillations in the plasma cofiig. 5): removing the
kinetic effects artificially from the model for small radis (
<0.2) yields a fluid-like electron Landau damping rate from

EVOLUTION OF THE EIGENMODE STRUCTURE - En(s) [A.U ]
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mainly the shear Alfve wave y/w,=0.003 which is an

order of magnitude smaller than observed in the eXperimenITIG. 4. Evolution of the theoretical eigenmode structtte(E

Since the gap opens up monotonically fress0.65 to the

RADIAL VARIABLE s

. in the
discharge No. 38573. The dotted line locates the weak shear region in the

center, this core-localized mode conversion has to be of difeore wheres=e.
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