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ABSTRACT. Predictions from a gyrokinetic toroidal plasma model reproduce for the first
time the evolution of Alfven eigenmode dampings measured in JET over a range of dis-
charges, providing for a credible capability to predict the stability of perturbations which
are known to be near to marginal in the International Thermonuclear Experimental Reactor
(ITER). The coupling between global shear- and kinetic-Alfven waves is responsible for the
main source of damping through resonant interactions and can be an order of magnitude
larger than the fluid predictions which neglect global kinetic effects.
PACS numbers: 52.55.Fa, 52.35.Py, 52.40.Fd, 52.65.Tt

Whether global modes of the Alfven wave driven
by fusion-born a—particles are stable is a critical
issue for fusion devices such as the International
Thermonuclear Experimental Reactor (ITER). The
growth rate of the instability depends on the
strength of the a—particle pressure gradient drive,
which has to remain smaller than the overall damp-
ing from the collisions and the resonant Landau
interactions between the particles and the wave-
field. Because the predictions are very sensitive to
the spatial structure of the eigenmode which in
turn depends on the equilibrium profiles, magneto-
hydrodynamic (MHD) stability codes have been de-
veloped modeling the bulk plasma with an ideal
or resistive fluid [1, 2, 3, 4]. Growth rates may be
evaluated approximatively from the shear-Alfven
wavefield with simplified models including direct
Landau damping [5, 4], continuum damping [6, 7],
and radiative damping [8]. Even if the theoretical
calculations [4, 9] performed in this manner could
only occasionally explain the observed instability
thresholds when the mode coupling to kinetic waves
did not affect the eigenmode structure, it is remark-

able how the theoretical understanding of the beam
Landau damping [10] paved the way to the first
observation of a-particle driven toroidicity Alfven
eigenmodes (TAE) [11].

A proper evaluation of the growth rate requires
taking into account the finite ion gyro-radius re-
sponsible for the mode conversion from fast to slow
waves such as the kinetic-Alfven [12] and the drift
waves. This generally occurs when the spatial scale
of two waves match at a resonance, but can also
be induced through mode coupling by the magnetic
field curvature [13, 14] and, as will be shown below,
by the weak magnetic shear in the plasma core. In
this letter, the gyrokinetic predictions are found to
agree with the measured frequencies and damping
rates [15] over a range of discharges and times, this
in contrast with computed damping rates that are
an order of magnitude smaller when global kinetic
effects are neglected; apart from quantifying for the
first time the relative importance of what could be
associated in simplified models with continuum and
radiative damping, the results illustrate that when

the central magnetic shear s — £ | ^ is smaller than
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e = ^ the inverse aspect ratio, there can be a dra-
matic change in the AE structure due to mode con-
version to the kinetic-Alfven wave, which strongly
enhances the Landau absorption in the plasma core.
The calculations also show the stabilizing effect of
a high magnetic shear at the plasma edge, giving
a plausible explanation why antenna excited AE
have never been observed in JET X-point config-
urations. To our knowledge, this study is the most
detailed comparison which has been undertaken be-
tween a non-ideal MHD spectrum and experimen-
tal measurements; it also provides a strong validity
check for the ITER predictions, showing that in
a reference equilibrium, Alfven eigenmodes (AE)
with low to intermediate toroidal mode numbers
n = 1 - 12 are stable for a large variety of burn
conditions [16].

Having chosen a discharge with good damping
measurements, the equilibrium magnetic field, the
density and temperature profiles have been recon-
structed with the best possible fit to the experimen-
tal diagnostics [17, 18]. The gyrokinetic toroidal
PENN code [19] is then used to predict the spec-
trum from the equilibrium data only, monitoring
the response peaks in the same manner as in the
experiment [15] to determine the frequency and
damping of AEs that are sufficiently global to reach
the saddle coil antenna at the bottom of the plasma.
The plasma model [20] is based on a finite Lar-
mor radius expansion for the passing bulk parti-
cles and takes into account the drifts induced by
the equilibrium inhomogeneities. Resonant wave-
particle interactions are modeled with an approx-
imate functional dependence for the parallel wave
vector fc|) = n/R, where n is the toroidal mode
number and R the major radius. The PENN code
has been successfully tested for heating scenarios
from the ion-Bernstein [21] down to the Alfven
range of frequencies [19], and has been validated
for lower frequencies with measurements of the AE
spectrum [22] and eigenmode structures [23] in the
JET tokamak.

The first discharge being analyzed (No.31561 at
10 sec) is an ohmic fat pear-shaped plasma with
a weak magnetic shear s < e from the core out
to a normalized radius s = y/tp ~ 0.18, where xp
stands for the poloidal magnetic flux. The safety
factor q{s) rises rapidly towards the edge so that
a multitude of gaps appears in Fig.l(a) by the
coupling of neighboring poloidal Fourier harmon-
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Figure 1: TAE mode n = 2 at 161 kHz in the dis-
charge No.31561 at 10 sec with parameters BT —
1.65 T, q0 = 1.13, qa = 5.49, ne(0) = nD(0) =
1.6 x 1019m-3, Te(0) = TD(0) = 2 keV. The
plots show a sketch of the Alfven gap structure
with a dashed line for the global AE frequency (a),
the Fourier components of the radial electric field
lfte(En) in (b) and P(s) the power absorption inte-
grated from the center (c), with circles identifying
the radial discretization as a function of the nor-
malized radius s.

ics m = -2, . . . - 10. The mis-alignment of indi-
vidual gap frequencies (which decrease as 1/qy/nB
when moving radially outward) formally closes the
global gap in the fluid spectrum, so that an Alfven
resonance remains in the plasma for all frequen-
cies. Scanning the interval [120; 180] kHz, an AE
is predicted at 161 kHz with a damping rate of
-y/upred = 0.013 ± 0.003, where the uncertainty
refers to oscillations in the numerical convergence.
A single eigenmode is also observed in the experi-
ment with a frequency of 131 kHz which is some-
what lower, probably because of the uncertainty in
the core on the safety factor which is larger when
no sawtooth inversion radius can be used as a diag-
nostic; the damping rate 7/u>exp = 0.0146 is how-
ever in very good agreement with the predicted
value. Fig.l(b) shows that the mode has a global
radial extension; the toroidicity induced variation
of the shear-Alfven wavefield matches the kinetic-
Alfven wavelength in the (-2, -3) TAE gap and
creates a standing wave between the mode cou-
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pling region around s — 0.35 and the plasma core
[13]. The electric field component parallel to the
magnetic field E^ gives rise to an electron Lan-
dau damping which can be partitioned with the
integrated power P(s) — J* P(s')ds' in Fig.l(c)
into: 70% absorbed by the kinetic-Alfven wave in-
duced in the core where no resonance is present,
5-10% by mode conversion at Alfven resonances
(s = 0.62,0.68,0.75), and a remaining 20-25% by
direct Landau damping of the shear-Alfven wave-
field in the edge region, where the enhanced mag-
netic shear localizes the mode radially and thereby
increases the absorption. From the wavefield, it is
clear that simplified models such as radiative damp-
ing and continuum damping are not applicable, the
first because a standing kinetic wave is created in
the core and the second because the kinetic wave-
length is comparable with the gap size.

The second discharge (No.33273 at 16.35 sec) is
an elongated pear-shaped plasma which has been
examined experimentally in Ref.[23]. Two global
AE are predicted in the interval [100; 300] kHz,
one around 140 kHz with a weak antenna cou-
pling and relatively large damping and a second
with a 30 times better coupling at 266 kHz and a
weak damping -y/u)fh

AE = 0.0026 ± 0.0004 which
depends rather sensitively on the magnetic shear.
Two modes are also found in the experiment at
142 kHz and 277 kHz; the first disappears in the
sweep 1 sec later, in agreement with the theoret-
ical prediction of weak coupling for the lower fre-
quency mode , while the damping measured for the
second j/ujfx*

E = 0.0014 is a factor two smaller
than the experimental value . Fig.2 shows that 60%
of the electron Landau absorption occurs through
mode conversion at the Alfven resonances (s —
0.52,0.83), another 20% by mode coupling in the
weak magnetic shear region (s < 0.17) and a re-
maining 20% by direct damping of the shear-Alfven
wavefield in the edge where the magnetic shear is
stronger. Further studies carried out by varying the
equilibrium parameters again [13, 22] show that
when the damping is as small as j/u ~ 0.001, the
theoretical result depends rather sensitively on the
equilibrium profiles, and that a ~ 5% uncertainty
in the safety factor can account for the factor two
discrepancy in the damping.

A third series of predictions has been carried out
for the discharge No.38573 in which the evolution
of an AE has been measured from its birth around
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Figure 2: n = 2 EAE mode at 266 kHz in the
discharge No.33273 at 16.35 sec with parameters
BT = 3.1 T, q0 = 0.86, qa = 4.46, ne(0) = nD(0) =
4.48 x 1019m-3, Te(0) = TD(0) = 2 keV. Same type
of plots as in Figure 1.

3 sec when a ( -1 , -2) TAE gap is formed around
qo — 1.5 on the plasma axis, drifting first rapidly
outward to s ~ 0.55 at 4.7 sec, with the AE going
through a non-resonant 80 keV beam heating phase
between 5.5-7.5 sec, until it again disappears after
10 sec when an X-point is formed at the bottom
of the elliptical plasma and the safety factor in the
core finally reaches a minimum of qo = 0.92 . Two
global kinetic Alfven eigenmodes (KAE) [13, 22] are
predicted in the interval [160; 210] kHz, with wave-
fields that reflect the I = 0,1 radial oscillations of
the kinetic-Alfven wave modulating the TAE wave-
field inside the ( -1 , —2) gap.

Because the interval scanned experimentally is
very small Aw ~ 37eip and the antenna coupling
to the higher frequency / = 0 mode predicted to be
better until 4.7 sec, only the high frequency KAE
appears on the measurements. Fig.3 shows that the
predicted AE frequencies fall within ~ 3% of the
experimental measurements, reproducing well the
strong variation from the beam fueling. The agree-
ment 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 ap-
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Figure 3: Comparison between the AE frequen-
cies (top) and dampings (bottom) predicted (*)
and measured (+) during the evolution in the dis-
charge No.38573. Experimentally, the systematic
error from the choice of the relevant diagnostic
channels to fit is the dominant source of uncertainty
(~ 10-30% for 7/w); for the theory the uncertainty
comes mainly from the reconstruction of the safety
factor profile (~ 10 - 20% for g0). Parameters at
4.0 sec are BT = 2.56 T, q0 = 1.36, qa = 4.62,
ne(0) = nD(0) = 1.75 x 1019m-3, Te(0) = 2.62
keV, TD(0) = 1.97 keV.

parent in the wavefields of Fig.4, where the kinetic-
Alfven wave dominates the mode structure until
4.7 sec. Most important however is that the largest
fraction of the Landau damping from 4.0 to 8.4 sec
is here induced by short wavelength oscillations in
the plasma core: removing the kinetic effects arti-
ficially from the model for small radii (s < 0.2)
yields electron Landau damping rates from mainly
the shear Alfven wave of i/wart — 0.003, an order
of magnitude smaller than observed in the experi-
ment. Since the gap opens up monotonically from
s ~ 0.65 to the center, this core-localized mode
conversion has to be of different nature than the
mode coupling induced inside the toroidicity gap
[13]. Studies carried out by varying locally the cen-
tral magnetic shear show that the oscillations are
caused by an increase of the kinetic-Alfven wave-
length in the weak shear region, resulting in a mode
conversion once the spatial scale of the kinetic-

Figure 4: Evolution of the theoretical eigenmode
structure 5Re(En) in the discharge No.38573. The
dotted line locates the weak shear region in the
core where s = e.

Alfven wave matches the shear-Alfven wavefield
scale length. Because of the complicated nature of
this mechanism, we believe that it is not possible
to derive a simplified model that fits well the global
AE measurements. Instead, we use here the predic-
tions from the comprehensive PENN model to illus-
trate the phenomenon and show not only that it is
important, but that it is also in agreement with the
measurements. Another important effect apparent
in figures 3 and 4 which becomes dominant after
~ 8 sec, is the enhanced global damping rate due
to the radial localization of the shear-Alfven wave-
field in the edge region. This is caused by the rise
of the edge magnetic shear associated with the for-
mation of the X-point and explains why antenna
excited AE have never been observed in JET in
the presence of X-points.

In summary, gyrokinetic calculations of global
AE dampings predicted for JET plasmas are in
good agreement with the measurements and the
uncertainties obtained show to which extent predic-
tions are possible for ITER. Resonant Landau in-
teraction with the global shear- and kinetic-Alfven
wavefield provide for the dominant damping mech-
anism, with mode conversion induced by Alfven
resonances, toroidal mode coupling and the weak
magnetic shear in the plasma core.
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