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Energetic-lon-Driven Toroidal Alfvén Eigenmodes Observed
in aHeliotron/Tor satron Plasma
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Toroidal Alfvén eigenmodes (TAEs) of low toroidal mode numbers= 1 and 2, are observed in
neutral-beam-heated plasmas in the compact helical system heliotron/torsatron. The observed frequency
is proportional to the computed TAE frequency and lies near the lower bound of the innermost TAE
gap. The modes are excited only when the beam velocity exceeds about half the central Alfvén velocity
and when the net plasma current induced by coinjected neutral beams is in the required range. The
modes are localized in the plasma core region, between 0.2 and 0.6 of the plasma minor radius.

PACS numbers: 52.35.Bj, 52.35.Py, 52.35.Qz, 52.55.Hc

In a fusion reactor, it is predicted that Alfvén eigen- mak configuration. As a result, the frequency of a TAE in
modes—such as the toroidal Alfvén eigenmodes (TAE}he plasma core usually intersects the Alfvén continuum in
[1]—which are destabilized by the pressure gradient of enthe plasma edge where the magnetic shear is high, which
ergetic alpha particles with super-Alfvénic velocity, could can cause the corresponding TAE to be stabilized due to
expel the alpha particles before thermalization, and consestrong continuum damping [12,13]. However, it is possi-
quently lead to the quenching of ignition and damage to thdle for TAEs to be destabilized in this configuration if the
first wall [2]. Accordingly, it is very important to clarify magnetic shear in the plasma core is appreciably reduced
the excitation mechanism for TAEs, in order to be able tdoy net plasma currert, or finite plasma pressure. In this
suppress TAE-induced alpha patrticle loss. In large tokaketter, we describe the first observation of TAEs excited
maks, the excitation of TAEs has been extensively studby energetic ions in CHS.
ied by the use of energetic ions generated by neutral beam In CHS, a hydrogen beam was tangentially injected
injection (NBI) [3—5] and ion cryclotron heating [4,6—8] into a hydrogen plasma so that the spectrum of TAE
and also by the use of alpha particles in a deuterium-tritiunfluctuations appeared in the frequency range higher than
plasma [9]. about 100 kHz and consequently was not contaminated

TAE research is also important for helical systemsby normal pressure-driven MHD modes whose frequency
which are thought to be a promising alternative concept tas typically less than 80 kHz. The toroidal field and line
the tokamak. The first observation of Alfvén eigenmodesaveraged electron density were scanned in the range of
in a helical system was achieved in W7-AS, where the soB;, = 0.7-1.5 T and 7, = (0.5-3) X 10" m~3, respec-
called global Alfvén eigenmode (GAE) was excited by en-tively. The injection energy of the hydrogen beaty
ergetic beam ions [10]. Because of its very low magnetiavas varied from 28 to 40 keV. With this variation of
shear configuration, the GAE was the most likely Alfvénplasma parameters, the ratio of the beam ion velocity
eigenmode to be seen in the W7-AS stellarator. In con¥, to the central Alfvén velocityV4(0) was scanned
trast, a heliotron/torsatron is a helical system with moderin the range0.2 = V,/V4(0) = 1. In these experiments
ate or high magnetic shear, comparable to that in a tokamake energetic beam-ion beta value was relatively high
but with negative sign (whergis the safety factor and the ({(8)veam = 0.1%—-0.3%), being comparable to the bulk
radial derivativeg’ < 0). In the present work we inves- plasma beta value. Magnetic fluctuations near the last
tigate Alfvén eigenmodes in NBI-heated plasmas in theclosed flux surface (LCFS) were measured with a mov-
low-aspect-ratio compact helical system (CHS) heliotronfible magnetic probe array, by means of which magnetic
torsatron [11], which has major radid& =~ 1 m, average fluctuations at six radial positions could be simultane-
minor radius(a) = 0.2 m, and toroidal and poloidal field ously obtained [14]. In CHS, because five magnetic
period numbersv = 8 and |= 2, respectively. In CHS probes for measuring the toroidal mode numbeare
plasmas, the TAE frequency, estimated from the formularranged only ever¢5° in the toroidal direction, we can
ftag = Va/(dmwRq) where V, is the Alfvén velocity, only measuren in the combinationn + 8k (for integer
increases rapidly towards the plasma edge becaude k). The radial profile for the magnetic fluctuations as
creases towards the edge—just the opposite to the tokabtained from the movable probe array gives information
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about the dominant poloidal mode number m, being as-
sumed that the probe array is placed in the scrape-
off plasma without any current perturbations due to the
magnetic fluctuations. Using both the probe array and
Mirnov probes, we successfully determined n of the TAE
oscillations [14]. The TAE radial mode structure was ob-
tained from a 20-channel soft x-ray detector array (SX
array) with fast time response (up to 200 kHz) [15] and
from a heavy ion beam probe (HIBP) [16].

Figure 1 shows the typical time evolution of the mag-
netic fluctuations in an NBI-heated hydrogen plasma in
CHS for which the magnetic axis position of the vac-
uum field isR,, = 095 m, where B, = 1.2 Tand E, =
39 keV. Two coherent modes are clearly identified, hav-
ing very narrow spectral width (=1 kHz) and fluctua
tion level by =1 X 107° T at the LCFS. The toroidal
mode number isn = 1 for the lower frequency mode, and
n = 2 for the higher one. The dominant poloidal mode
number is m = 2 for the n = 1 mode and m =~ 4 for
the n = 2 mode. Two solid curves in Fig. 1(a) indicate
TAE frequencies corresponding to the innermost TAE gap
(i.e., nearest the magnetic axis) f44:(0), which were es-
timated for a pure hydrogen plasma with the use of 7.(0)
and ¢ at the gap position [i.e., ¢ = (m + 1/2)/n]. The
lower curve shows f#, 5 (0) for the n = 1 mode related to
poloidal mode coupling between the m = 2 and m = 3
harmonics, and the upper curve is /2,5 (0) for the n = 2
mode related to them = 4 and m = 5 coupling. Asseen
from thefigure, both of the observed modefrequencies fops
evolve in time, proportional to /45 (0), dthough f,us are
lower than f4,5(0) by about 30%. Figure 2 shows the
dependence of f,,s for various B, and 7., plotted ver-
sus f#,£(0). This figure clearly indicates that fos for
the magnetic fluctuations scales well with f#,5(0), but is
about 30% lower than f14:(0), just asin Fig. 1. These
resultsin Figs. 1 and 2 suggest that these modes are TAES
excited by injected energetic beam ions. The difference
between fo1s and 7+, 5(0) can be well explained by the
presence of impurity ions and the TAE gap width, as dis-
cussed later. Note that the effect of toroidal plasma rota-
tion on fops is very smal, that is, ~3 kHz for n = 1 and
~6 kHzfor n = 2, respectively, since therotation of about
20 km/sis predicted at the plasma center [17].

Calculation of the TAE gap structure in the three-
dimensiona configuration of CHS is fairly complicated
and at present is not available for our experiments. There-
fore, a simple calculation of the shear Alfvén continua
in a cylindrical configuration is here employed to pre-
dict the frequency range and radia location of the TAE
gap. The TAE gap structure is calculated by a ssimple
dispersion relation for a large-aspect-ratio tokamak equi-
librium [1]. Here, the expression for the TAE (full) gap
width includes the effect of helical field ripple as2Af =
2(e; + &, + A')frag, Where gy, isthehelical ripple, ; is
the toroidal ripple (=(r)/R), and A’ is the radial deriva
tive of the Shafranov shift. Note that in the region of
p = 0.7 (p: the normalized minor radius to the plasma

radius), the width 2Af is dominantly determined by the
term of (e; + A’). The ¢ profile is derived from the sum
of the rotational transform (1/¢) due to I, and the ex-
ternal rotational transform in a three-dimensional current-
free equilibrium with an average total beta of 0.2%, where
the current density profile is assumed to be the shape
jo = jo(1 = p2)*. The peaking parameter A was cho-
sen in the plausiblerange 1 = A = 2. Figure 3(a) shows
a typica example of the uncoupled shear Alfvén spectra
and TAE gaps calculated by the above-mentioned simple
equation for the n = 1 mode observed at 120 ms in the
shot of Fig. 1, where the measured n, profile and the
calculated 1/q profile (solid curve) shown in Fig. 3(c)
wereemployed and A = 1.5 was assumed. Moreover, the
plasma mass density was enhanced by a factor of 1.4 in
order to simulate the presence of fully ionized carbon and
oxygen (the effective plasma charge Z.;s = 2-3). The
1/q profile(dotted curve) in alow I, case without obser-
vation of TAEs is aso shown in Fig. 3(c). As shown in
Fig. 3(a), the observed frequency of n = 1 mode lies near
the lower bound of the innermost TAE gap. The similar
feature was also found for the » = 2 mode, as shown in
Fig. 3(b).

The internal structure of TAEsS was measured with
the SX array. However, the soft X-ray fluctuation level
for TAEs is too low to obtain the radia profile of the
fluctuation intensity because of the relatively low electron
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FIG. 1. (a) Contour plot of magnetic fluctuation intensity vs

frequency and time for the NBI-heated plasma shown in (b).
Also shown are the calculated TAE frequencies at the plasma
center for a pure hydrogen plasma. (b) Time evolution of the
electron density and the net plasma current in an NBI-heated
plasma, with B, = 1.2 T. (c) Spectral power density for the
magnetic fluctuations ( = 120—122 ms) in (a).
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FIG. 2. Comparison of the observed TAE frequency, fobs,
with the TAE frequency calculated at the plasma center
fH,£(0), for a pure hydrogen plasma, with the ¢ value
estimated asg = (m + 1/2)/n. Open circledenotesthen = 1
mode, and plus sign indicates the n = 2 mode. The solid line
corresponds to 70% of £, (0).

temperature (.o = 0.3 keV). For this reason, the coher-
ence y between the soft-x-ray signa of each channel and
the magnetic probe signal was calculated in the TAE fre-
quency range. Figure 4(a) shows the radia profiles of
v for the n = 1 and n = 2 TAEs observed in the shot
of Fig. 1, for which R, = 0.95 m. This figure suggests
that the high y region is localized within p = 0.6, where
v = 0.3 for noise. Note that the high y observed around
the plasma center is caused by the integral effect of soft
x-ray emission along the line of sight. Therefore, the
TAEs are estimated to be localized around p = 0.2-0.6.
TAEswithn = 1 are observed also in inward shifted plas-
mas with R,x = 0.92 m, where HIBP data are available.
Figure 4(b) shows the radia profile of the plasma po-
tential fluctuations and of y, where the potential fluctu-
ations are normalized to the TAE magnetic fluctuations bg
in respective shots because HIBP data are obtained shot
by shot. This figure clearly shows mode localization at
p = 0.2-0.6. These results are consistent with the results
shown in Fig. 3. The observed TAEs exhibit ballooning
nature, as can be seen in Fig. 4.

In CHS, when the velocity of tangentially injected
beams V;, exceeds about half the central Alfvén velocity
V4(0), TAE fluctuations are excited well above the noise
level of amagnetic probe. This seems to suggest the side-
band excitation in which passing beam ions resonate with
the TAEs when V,/V, = 1/3 [18]. As was mentioned
earlier, when the magnetic shear in the plasma core is ap-
preciably reduced by 7, induced by co-NBI, it is possible
for TAEs localized in the plasma core to be more unstable
[19]. We have tested this possibility by varying 7,. In
the configuration with R,x = 0.95 m, I, required to ex-
cite TAEsisintherange of 0.5-4.5 kKA when B, = 0.9 T.
Therequired I, increases as B, increases: e.g., the required
1, becomes 3—6 kA when B, = 1.2 T. The upper bound
of 1, isdetermined by elimination of the relevant TAE gap.
These results suggest that |ow magnetic shear created inthe
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FIG. 3. (a) Shear Alfvén continua in the cylindrical geometry

(dotted curve) for the n =1 mode, a 120 ms of Fig. 1,
where the presence of impurity ions is taken into account.
The Alfvén continua are labeled by the respective m. Open
circles indicate the TAE gaps, and the thick curve shows
the calculated TAE gap. The horizontal broken line indicates
the observed frequency. (b) Results for the n = 2 mode.
(c) The radial profiles for the measured electron density and the
calculated rotational transform 1/¢ (solid curve) where the net
current effect is included. The 1/¢ profile in the case without
observation of TAEs is aso shown by the dotted curve.

core plasma in this way facilitates the excitation of TAEs
in CHS.

In Fig. 3 we have taken ¢, into account in a simplistic
manner, by merely adding it to &,. However, three-
dimensiona configurations such as CHS have another im-
portant effect, namely, toroidal mode coupling [20]. Inthis
case the n-mode family which consists of many harmonics
with the different toroidal mode number n’ = =(n — Nk)
takes the place of mode coupling and generates densely
packed TAE gaps, where the toroidal field period num-
ber N=8inCHSand k =0,*1,*2,.... This leads
to formation of the envelope of the TAE gaps calculated
in the axisymmetric configuration. Although thus modi-
fied Alfvén spectrum might bring about appreciable con-
tinuum damping, the TAE gap structure shown in Fig. 3
is still useful to predict the possible frequency and radial
extent of TAEs. Detailed numerical calculation in the
three-dimensional configuration is required to estimate en-
hancement of continuum damping due to the spectrum
modification and is left for a future study.

As noted previously, a certain 7, is required to excite
TAEs in CHS. If the NBI-induced current has a highly
peaked profile, this considerably modifies the g profile
in the plasma core, such that the innermost » = 1 TAE
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FIG. 4. (a) Radia profiles for the coherence v between the
soft-x-ray signal of each channel and the magnetic probe signal,
for the modes with n = 1 (solid circles) and n = 2 (solid
triangles) observed in the shot of Fig. 1, with R,x = 0.95 m.
The coherence level for noise is y ~ 0.3 (horizontal line).
(b) Radia profiles of y (solid circles) and the potentia
fluctuations measured by HIBP (open squares) in the plasma
with R,x = 0.92 m. The potentia fluctuations are normalized
to the TAE level by, in respective shots.

gap can be eliminated. In this situation, GAES might
be destabilized near the plasma center. However, as
shown in Fig. 1, the observed m =2 and n = 1 are
different from those of the predicted GAE (m = 3 and
n = 1). Therefore, GAEs are excluded in the present
experiments. Helicity-induced Alfvén eigenmodes [21]
are aso excluded, because their frequencies are much
higher than the experimental data.

On the initidl TAE campaign in CHS, the TAE with
bursting amplitude modul ation was observed in afew shots
with high NBI power [22]. However, the mode numbers
and interna structure could not be derived due to very
small data base. The bursting TAE is a very important
issueto beclarified in the future, from the viewpoints of the
related energeticion loss. The TAEs shown in this Letter,
however, indicate no enhanced ion loss in the signals of a
newly installed escaping ion probe (EIP) [23]. This might
be due to the fluctuation amplitude (by/B; < 107> at
LCFS), the limited space coverage of EIP, or redistribution
of energetic ion profile without prompt loss, and so far is
not clearly understood.

In summary, TAEs have been identified for the first
timeinthe CHS heliotron/torsatron in NBI-heated plasmas.
The modes are observed only when the beam velocity
exceeds about haf the central Alfvén velocity and when
the net plasma current induced by co-NBI isin the required
range to minimize the central magnetic shear and retain the

TAE gap, depending on the toroidal magnetic field. The
observed TAEs are localized in the plasma core, which has
fairly low magnetic shear due to the net plasma current.
Investigations on detailed comparison of experimental data
with the detailed three-dimensional analysis, the nonlinear
evolution of TAEs, and the effect on energetic ion loss are
left as future important issues on TAEsin helical plasmas.
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