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Neutral Beam Driven Global Alfvén Eigenmodes in the Wendelstein W7-AS Stellarator
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During neutral beam injection coherent magnetohydrodynamic activity occurs at low and medium S,
which is driven by the energetic beam particles. An interpretation is given in terms of marginally stable
global Alfvén eigenmodes (GAE), which are destabilized by Landau resonances of the fast circulating
particles. Toroidicity induced gaps for toroidal Alfvén eigenmodes do not occur in W7-AS, but GAE
modes in gaps below the shear Alfvén continua can be excited. This is investigated within a gyrofluid
model, which has been used successfully for tokamak cases previously.

PACS numbers: 52.55.Hc

Introduction.— The effect of the destabilization of dis-
crete magnetohydrodynamic (MHD) modes in the shear
Alfvén spectrum by energetic particles has received in-
creasing attention over the last years from experiment
and theory. The confinement of fusion a particles and
energetic particles used for plasma heating and for
current drive is an important issue in future fusion de-
vices. Wave particle resonances are predicted to cause
enhanced losses of fast particles [1,2]. Therefore, these
instabilities could impose additional operating constraints
in the reactor regime.

Global Alfvén waves have been identified experimental-
ly in large tokamak devices as toroidal Alfvén eigenmodes
(TAE) [3-6], which are excited inside toroidicity induced
gaps of the shear Alfvén continua. Considerable progress
has been made in achieving a good quantitative descrip-
tion by theoretical models [7-12].

Modification of the Alfvén spectra and the particle de-
stabilization mechanisms are expected in stellarators,
where the magnetic field is nonaxisymmetric and the
magnetic shear and the aspect ratio are different from
tokamaks. If the helical magnetic field ripple is large,
helicity induced discrete Alfvén modes [13] can be
formed. In the partially optimized stellarator Wendel-
stein W7-AS [14] (R=2m, a<0.17 m, 5 field periods,
modular stellarator coil system, additional toroidal field
coils), the most relevant effects of the magnetic config-
uration are associated with the weak shear, by which low
order rational values of the rotational transform r=1/g
can be avoided. The stability of resonant pressure driven
modes relies mainly on a magnetic well, which is in the
order of 2%. Optimum confinement in W7-AS is found
in the vicinity of =1/3 and 1/2 due to the lower density
of low order rational values #=n/m. Therefore, cou-
plings between adjacent poloidal mode numbers m and
m+1 (with same toroidal mode number n) and conse-
quently toroidicity induced gaps cannot occur. However,
gaps below the minima of the low order shear Alfvén con-
tinua with (n,n) =(2,1), (3,1), (5,2), and (5,3) are typi-
cally formed. Discrete global Alfvén eigenmodes (GAE)
with frequencies wgag < kiv4=w,4 [parallel wave num-
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ber ky=(mr—n)/R, Alfvén speed v4=B//4rnn;m;,
shear Alfvén continuum frequency w4l are predicted in
the Alfvén spectrum [15-171.

In tokamaks GAE modes with n/m#> 0 (same helicity
as for main field) have not been observed. This can be
due to the requirement of weak central shear and r<|1
(in order to keep the gap open). In the case where k=0,
GAE modes do not exist, and kink modes may occur
[18,19]. GAE modes with n/mr<0 have been predicted
and seen as resonances in radio frequency excitation ex-
periments [15,20-22]. Energetic particle destabilization
in the latter case has not been observed because of the
high excitation energies required (large ky and frequen-
cies). In the case of W7-AS a weak shear with #<1 and
the absence of kink modes (no toroidal current) allow
destabilization of n/mr> 0 GAE modes. Since this type
of GAE mode has been observed the first time in experi-
ment, the present results, therefore, are believed to be
relevant with respect to the performance of present and
future stellarators like the proposed W7-X device. They
also contribute to a wider theoretical understanding of
the Alfvén spectra in toroidal devices by combining the
results of stellarators with those of tokamaks.

Neutral beam driven mode activity and relation to
global Alfvéen waves.—Plasmas in Wendelstein W7-AS
are produced and heated by electron cyclotron resonance
heating (ECRH) at main fields of 1.25 or 2.5 T (Pgcru
<0.8 MW, 70 GHz). Neutral beam injection (NBI)
with two almost tangential beam lines (codirection and
counterdirection, Pnp1<1.6 MW, 45 keV hydrogen
beam) gives access to higher densities and higher plasma
pressure.

During NBI coherent mode activity with frequencies in
the range 20-35 kHz is detected. The modes are clearly
driven by circulating energetic particles, since they decay
rapidly after NBI switch off on a time scale of = 0.3 ms,
which is significantly shorter compared with typical slow-
ing down times of =5 ms and energy confinement times
of =10 ms (Fig. 1). Mode numbers (m,n) and the
direction of propagation are derived from x-ray and Mir-
nov data. The mode spectrum is dominated by single
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FIG. 1. Coherent modes with sharp frequency lines are
driven by NBI. They decay rapidly after NBI switch off (sig-
nals from Mirnov coil and soft x-ray diodes).

small (positive) numbers (m,n) =(3,1), (5,2), (2,1), and
(5,3) depending on the z profile and the proximity to
prominent rational values. The mode helicity is close to
that of the equilibrium field (n/me> 0, very small k) as
inferred from phase analysis at different toroidal posi-
tions. This is in contrast with calculations and observa-
tions in tokamaks and could be explained by the different
MHD mode spectrum in stellarators due to the absence
of the global toroidal current.

The mode propagation does not depend on the direction
of beam injection (co/counter), but changes with the
direction of the magnetic field. In each case the instabili-
ty was found to propagate in the ion diamagnetic drift
direction (thermal and fast ions), opposite to the case of
pressure driven MHD activity at lower frequencies. The
frequencies scale with the Alfvén velocity and agree with
predictions for GAE’s. The result of a magnetic field
scan using nonresonantly produced target plasma [23] for
NBI is shown in Fig. 2. The frequencies cannot be ex-
plained by fluid drifts or plasma rotation. Kinetic bal-
looning modes [24] can be excluded because the plasma
pressure is far below the ideal ballooning stability thresh-
old and the frequencies should scale differently (== w«;).
Therefore, the modes are attributed to Alfvén waves.

Destabilization occurs at intermediate densities ({r,)
<1%x10% m~3) and in the lower B range [B. = (1-4)
x1073, B, = (2-6)x 10 ~* with B., B, the electron and
fast ion betal, where T.,= T; <400 eV. Under these
conditions the full energy hydrogen injection velocity v,
marginally reaches the Alfvén velocity v4 at low field
(1.25 T), but typically one finds vp/v4 =0.35-1.0.

The radial mode structure is centered around r/a
=0.4-0.7 in the pressure gradient region, and its extent
is up to about 1/2 of the plasma radius as deduced from x
rays (Fig. 3) and electron cyclotron emission (ECE).
Even the H, emission is modulated. From the ECE
profile measurements the radial displacement function
can be derived, which is usually qualitatively consistent
with predictions for the fundamental radial eigenfunction.
Frequently also weaker satellite lines are found in the
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FIG. 2. Scaling of the (3,1) mode frequency in a magnetic
field scan (0.9-2.5 T) with the Alfvén velocity. Experimental
values are plotted versus the calculated shear Alfvén continuum
threshold frequency. The data are fitted with ky=3.2x10"*
cm ™! at the mode position in consistency with the z profile
[edge value Aa) =0.35].

spectrum, which are shifted by up to 30%. In those cases,
typically a radial node in the radial eigenfunction is ob-
served.

For a number of different cases the cylindrical shear
Alfvén continua w4 =k v4 have been calculated in order
to relate the observed frequencies to the upper gap fre-
quencies. An example with reference to the case of the
m/n=3/1 mode shown in the previous figures is given in
Fig. 4. Experimentally deduced profiles of plasma densi-
ty and rotational transform have been used to calculate
v4(r) and ky(r). With the observed GAE frequency and
injected beam velocity, one can infer over what radial re-
gions particle-wave resonances should occur. The GAE is
mainly destablized by the two sideband resonances
vp = wgae/ki,m+1, which enter in as a result of the po-
loidal variation of the fast ion magnetic drift velocity.
For a fixed vy, wgag, n, and m resonances at #es =n/(m
+1)+Ar [where Ar=(R/vp)wgag/(m+1) and [=0,
=+ 1] can occur at least one of which presumably must be
contained in the 2 profile. This is not a significant con-
straint for a high shear system, but in W7-AS it can cru-
cially determine whether the GAE will be excited and
with which part of the fast ion distribution it will
resonate. There will also be a shift between coinjected
and counterinjected ions, since their drift orbits are dis-
placed in opposite radial directions, leading accordingly
to changes in #. Taking such effects into account re-
sults in the horizontal bars shown in Fig. 3. These mark
the radial ranges for the GAE frequencies at which beam
wave resonances can take place with velocities down to
1/3 of the full energy injection speed [v, =(1-3)x10%
cm/s].

In this way the observed mode numbers and frequen-
cies could be consistently correlated with predictions for
GAE’s and on the basis of the cylindrical Alfvén con-
tinua. Particular interesting cases are those where GAE’s
and low frequency (=< 8 kHz) pressure driven modes are
excited at the same time. The latter do not suffer a rapid
decay after NBI switch off, rotate in opposite direction
(electron diamagnetic drift), and their poloidal mode
number and radial position always differ from that of the

1221



VOLUME 72, NUMBER 8

PHYSICAL REVIEW LETTERS

21 FEBRUARY 1994

—_ Phase ('cxp.)
—Phase (sim.) |

g of :
1007 -
B-200f imboad S u@-
5 10 15 20 25 30 35

Diode Number

FIG. 3. The poloidal and radial mode structure (=3 in
this case) and the direction of propagation is determined from
fitting the amplitudes and phases of the x-ray modulation by
simulation calculations. On top the radial displacement distri-
bution used in the simulation is given (—2.5-+2.5 cm).

GAE. This behavior can be explained by a rational sur-
face ¥=n/m inside the plasma, where the pressure driven
mode develops, but the GAE of the same mode number
cannot exist, because no gap is formed for this particular
shear Alfvén continuum (k;=0).

An approximate prediction of the stability was ob-
tained from the analytic expression for the linear growth
rate of GAE’s [16,17]:

y B Wx b
= —1{(Rp++Rp-)
wGAaE 4k{fR? | wGaAE b
Be
————(R.,++R.-). )
4k'fR2 e+ e

All the terms in this relation originate from the in-
teraction of the wave with the magnetic curvature drift
motion of passing particles [R;+ (x;+) = x;+ in W7-AS
with x;+ =wGae/|kim+1]vs is proportional to the frac-
tion of resonating ionsl. In particular the fast ion drive
by inverse Landau damping is associated with its pressure
gradient, which is expressed in terms of the diamagnetic
drift velocity w«s. In accordance with the observations,
therefore, the drive is only acting on waves propagating in
the direction of ws«s. The stabilizing Landau damping
terms are due to the gradients in velocity space of fast
ions and electrons. For typical cases in W7-AS where
wxp/0GAE =3-20, vp/v4=0.35-1.0, and Bs/B.=0.05-
0.15 positive growth rates are obtained from Eq. (1).
The excitation as well as the damping are likely to be un-
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FIG. 4. Shear Alfvén continuum for mode numbers (n1,n)
=(3,1) (top) obtained with density and r profiles (below)
derive from experiment (B=2.5T, T. = T; = 300 eV). For the
m =3 GAE mode an eigenfrequency around 25 kHz is predict-
ed below the continuum as indicated by the horizontal bars,
which also mark the radial range of the wave particle resonance
(solid line for codirection, dashed line for counterinjection).

derestimated because of the assumed form of the velocity
distribution and the neglect of collisional damping [25].
In particular, charge exchange losses of fast ions can
modify the slowing down distribution (as indicated by
both calculated and measured distributions) in such a
way as to decrease the fast ion velocity space damping
relative to the configuration space gradient drive, provid-
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FIG. 5. (m,n)=3,1 mode structure from linear gyrofluid

model calculation (top). Linear growth rates (including contin-
uum and Landau damping) are highest for n=1 and peak
around vp/v4(0) =0.2-0.3. Under the influence of the energetic
particles the eigenfrequencies are shifted up (poloidal Alfvén
time 7 wp).
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ing additional free energy for destabilization. Also, since
ve/wgag=1, collisional dissipation can be important.
These two effects, together with density profile changes,
could explain why the destabilization preferentially
occurs under the conditions of low B and temperature.
Towards higher B (typically higher density in W7-AS)
Bs/B. decreases, density profiles flatten, and the shear and
collisional damping increase, eventually causing the
modes to disappear.

Numerical gyrofluid model calculations— We have
analyzed the GAE modes for a few cases with a gyrofluid
model with Landau closure for the energetic particles
[26]. This approach allows one to include Landau
damping/growth effects as well as continuum damping
within a fluid description (with reduced MHD) for the
background plasma and has been successfully used to de-
scribe the behavior of TAE’s in DIII-D and TFTR [27].

A simplified large aspect ratio, averaged equilibrium
which incorporates magnetic well effects and zero toroi-
dal current is used here. The nonaxisymmetric configu-
ration and noncircular magnetic surfaces in W7-AS are
currently neglected. Another simplification used in the
gyrofluid equations is that of a Maxwellian fast ion distri-
bution; we match its mean energy to that of a beam slow-
ing down distribution. Further, effects due to finite fast
ion orbit width have been omitted. Both linear and non-
linear calculations confirm that the GAE is the fastest
growing mode. In the case discussed earlier of the
m/n=3/1 mode with an z profile ranging from 0.36
(center) to 0.34 (edge), the calculations (Fig. 5) are in
very good agreement with the (i) low beam drive thresh-
old due to weak damping with B, =2x10 ~*, where elec-
tron Landau damping is the most important damping
mechanism; (ii) resonant excitation peaking well below
vp/v4=1 as a consequence of low GAE frequency and
sideband excitation, where kym+1>kim; (ii) very
peaked frequency spectrum around 35 kHz; (iv) global
radial mode structure; (v) very peaked poloidal mode
spectrum; and (vi) nonlinear saturated perturbed magnet-
ic field at the edge B¢/B =(1-2)x 10 ~*. Plasma resistivi-
ty, which has been incorporated in the model, leads to a
suppression of the higher toroidal mode numbers, but
does not qualitatively change the dominant n=1 com-
ponent. The results, therefore, remain consistent with ex-
periment.

In conclusion, low frequency GAE modes with small &
are the favored global modes in the shear Alfvén spec-
trum of low shear devices. They are weakly damped and
therefore susceptible to energetic particle destabilization
as experimentally observed in the W7-AS stellarator in
agreement with numerical calculations. The GAE activi-
ty can possibly induce enhanced fast particle losses.
However, there is no experimental evidence for this effect
in W7-AS. In particular, GAE’s are absent at highest 8,
presumably due to broad profiles and low gradients in the
core. Though the avoidance of rational surfaces inside

the plasma and the presence of a magnetic well, key ele-
ments for MHD stable stellarator plasmas, are not ex-
pected to prevent the GAE, it is difficult at present to pre-
dict GAE stability under reactor conditions. The stabili-
ty will be determined by a subtle balance affected by elec-
tron and ion Landau damping, finite Larmor radius, and
finite orbit width effects in the actual magnetic configur-
ation. Specifically, the reduced average curvature (and
therefore the reduced drive for kinetic mode excitation)
in optimized stellarator configurations like the proposed
W7-X could have a stabilizing influence on the GAE.
Another beneficial effect could be caused by the relatively
low velocities (v, = v4/3) of the energetic particles,
which are resonant with the GAE. In particular in the
case of thermalized a’s, it might turn out beneficial to
enhance their losses.
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FIG. 3. The poloidal and radial mode structure (m =3 in
this case) and the direction of propagation is determined from
fitting the amplitudes and phases of the x-ray modulation by
simulation calculations. On top the radial displacement distri-
bution used in the simulation is given (—2.5-+2.5 cm).
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FIG. 5. (m,n)=3,1 mode structure from linear gyrofluid
model calculation (top). Linear growth rates (including contin-
uum and Landau damping) are highest for n=1 and peak
around 5/v,4(0) =0.2-0.3. Under the influence of the energetic
particles the eigenfrequencies are shifted up (poloidal Alfvén

time 7yp).



