
20th IAEA Fusion Energy Conference
Vilamoura, Portugal, 1 to 6 November 2004

IAEA-CN-116/EX/5-1

This is a preprint of a paper intended for presentation at a scientific meeting. Because of the
provisional nature of its content and since changes of substance or detail may have to be made before
publication, the preprint is made available on the understanding that it will not be cited in the literature or in
any way be reproduced in its present form. The views expressed and the statements made remain the
responsibility of the named author(s); the views do not necessarily reflect those of the government of the
designating Member State(s) or of the designating organization(s). In particular, neither the IAEA nor any
other organization or body sponsoring this meeting can be held responsible for any material reproduced in
this preprint.

OBSERVATION OF ENERGETIC PARTICLE DRIVEN MODES
RELEVANT TO ADVANCED TOKAMAK REGIMES

R. NAZIKIAN, B. ALPER,1 H.L.  BERK,2 D. BORBA,3 C. BOSWELL,4

R.V. BUDNY, K.H. BURRELL,5 C.Z. CHENG, E.J. DOYLE,6 E. EDLUND,4

R.J. FONCK, A. FUKUYAMA,7 N.N. GORELENKOV, C.M. GREENFIELD,5

D.J. GUPTA,8 M. ISHIKAWA,9 R.J. JAYAKUMAR,10 C.J. KRAMER, Y. KUSAMA,9

R.J. LA HAYE,5 G.R. McKEE,8 W.A. PEEBLES,6 S.D. PINCHES,11 M. PORKOLAB,4

J. RAPP,12 T.L. RHODES,6 S.E. SHARAPOV,1 K. SHINOHARA,8 J.A. SNIPES,4

W.M. SOLOMON, E.J. STRAIT,5 M. TAKECHI,8 M.A. VAN ZEELAND,5 W.P.  WEST,5

K.L. WONG, S. WUKITCH,5 and L. ZENG6

Princeton Plasma Physics Laboratory
Princeton, New Jersey
United States of America

1Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon, United Kingdom
2Institute of Fusion Studies, University of Texas at Austin, Austin, Texas, USA
3Euratom/IST Fusion Association, Centro de Fusao Nuclear, Lisboa, Portugal
4Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
5General Atomics, San Diego, California, USA
6University of California-Los Angeles, Los Angeles, California, USA
7Kyoto University, Kyoto 606-8501, Japan
8University of Wisconsin-Madison, Madison, Wisconsin, USA
9Japan Atomic Energy Research Institute, Naka-machi, Ibaraki-ken, Japan
10Lawrence Livermore National Laboratory, Livermore, California, USA
11Max Planck Institut fuer Plasmaphyik, Euratom Association, Garching, Germany
12Institut fuer Plasmaphysik, Forschungszentrum Juelich GmbH, Euratom Association, Juelich, Germany







4. Neutral Beam Driven Alfvén Eigenmodes

Extensive studies have been conducted on JT-60U using tangentially injected neutral beams with
energies in the range 360 keV and toroidal magnetic field near 1 T where the beam ion velocity is
close to the Alfvén speed. However, recent studies have shown that RSAEs or Cascades can be
excited at much higher toroidal magnetic fields on JT-60U where the beam ion velocity is closer to
half the Alfvén speed.

These observations highlight a general
misconception that high-energy ions are required to
excite Alfvén eigenmodes in present scale
experiments, and that these energies exceed the
range available in standard positive ion heating
beams unless the toroidal magnetic field is greatly
reduced. Recent observations on JET and DIII-D
challenge this notion and so we need to consider
carefully the resonance condition for these modes.

For passing particles the resonance condition for the
mode-particle interaction is given by
k||VA = (k|| + p/qR)V||  where p is a signed integer

and k|| = (n mq) /qR . Hence resonance is at
V|| /VA = /( + 2p)  where = mn / TAE ,

TAE =VA /2qR  and mn =| k||VA |. As q varies
from m /n < q < (m 1/2) /n , a single Cascade
mode with frequency mn  sweeps up to the TAE
frequency TAE . Thin orbits have the strongest
interaction for the p=±1 resonances which gives for

1 (mode near the TAE frequency) the
resonance conditions V|| /VA =1 (p =1) or
V|| /VA = 1/ 3  (p=-1). Note that for p=±1 and for a
Cascade mode with small  corresponding to a
frequency well below the TAE frequency, we
obtain V|| /VA /2 . In experimental observations
the minimum of the Cascade frequency has been
observed as low as  ~0.3 TAE , so that the Cascade
p=1 resonance can occur well below the TAE
sideband resonance condition with sub-Alfvénic
beam ions. However, then the mode would fade
away as the frequency increases because the
resonance condition may not be fulfilled at higher
frequency. Even lower velocity beams can achieve
resonances at higher |p| values, but these higher
order resonances require finite size orbit widths
(orbit width larger than r/n where =a/R) to obtain
a substantial interaction. Further, beams are often

partially injected into the trapping region and Coulomb scattering causes an accumulation of trapped
particles, where the precession drift, D, is significant. Then, as -k||VA=(k||+p/qR)V|| + n D  is  the
resonance condition, the precessional drifts may enable resonance to be achieved at yet  lower beam
ion velocities.

Recent FIR scattering measurements on DIII-D have revealed clear evidence for the excitation of
Cascade modes in weakly reverse magnetic shear plasmas in 1.8 T plasmas with 80 keV beams
(Fig. 6). The far infrared (FIR) scattering system detected fluctuations in the range –1 < k  < 1 cm-1.
These modes have since been observed in many DIII-D plasmas with weak and reverse magnetic
shear. A notable characteristic of the observations on DIII-D is the lack of correlation between core

Fig. 6. Cascades excited with 80 keV tangential
beam injection in a DIII-D discharge with BT =
1.8 T, R = 1.7 m and ne(0)  2.0x1019cm-3. The
Spectrogram of density fluctuations is from FIR
scattering measurements through the plasma
midplane. The magnetic probes have an effective
bandwidth of 250 kHz. Note that strong bursting
and fast chirping behavior of the mode amplitude
observed at low frequency indicates a strong
interaction with neutral beam ions.





correspond to increasing frequency bands. For each of the three dominant bands of modes we obtain
an average frequency spacing of 33 kHz, 36 kHz and 33 kHz (for the l=0, 1, and 2 bands
respectively). The central toroidal rotation in this discharge and at this time is 33 kHz, while at the
location of qmin it is 30 kHz. The magnitude of the frequency shift is certainly consistent with that
expected for successive toroidal mode numbers n, n+1, …. Mode numbers up to n=30 are inferred
from the Doppler shifted spectra with up to 20 independent modes observed simultaneously in some
discharges. If we now look back to Figure 3, we can see just such a similar set of nested bands on
JET. However unlike in DIII-D, the bands of modes on JET are partially obscured by low plasma
rotation. In the DIII-D data the plasma is rotating at 5% of the Alfvén velocity in the direction of
neutral beam injection.

In Figure 8 the highest mode numbers can have very short poloidal scale lengths. Note that for
m=n=30 and r 20 cm in DIII-D the poloidal scale length can be in the range k 1 cm-1 so that a small
angle scattering system turns out to be quite effective for the investigation of these high-n modes.
Also, with such core localized high mode numbers it is unlikely that there will be a detectible
magnetic component to these modes at the plasma edge. Recent experiments have corroborated the
FIR measurements on DIII-D with extensive reflectometer, vertical and radial CO2 interferometer and
Beam Emission Spectroscopy measurements. The modeling reproduces the qualitative behavior of the
data, however a quantitative description must await a detailed stability analysis using NOVA-K.

5. Relevance to Burning Plasmas

The excitation of Alfvén eigenmodes with low energy heating ions raises the new possibility of
exploring a “sea of modes”, which has been predicted to occur in a burning plasma experiment. For
similar MHD equilibria, the maximum toroidal mode number excited in a device should scale as the
ratio of the average minor radius to the fast ion gyroradius, nmax  a/(q ) where  is the Larmor
radius of the alpha particles. In addition the upper limit for the number of excited modes should scale
as n2

max. The higher the mode number nmax the more modes can potentially be excited. In ITER the
ratio is of the order 45-50 for 3.5 MeV super Alfvénic alpha particles. For 80 keV deuterium ions in
2.1 T DIII-D plasmas the ratio is 30 for V||/VA  0.3, while for 110 keV deuterium ions in a 3.5 T
plasmas on JET the ratio is close to 70 near the sideband resonance condition VA/3.

The investigation of a “Sea of Alfvén Eigenmodes” in present day devices should be pursued for what
it can teach us about multimode interactions. Understanding instabilities driven by low energy heating
ions in existing facilities is highly relevant to the development of the Advanced Tokamak (AT)
concept as well as to burning plasma science where the condition of multimode interactions is

Fig. 8. (a) The time evolution of a number of frequency bands in the density fluctuation spectrum from FIR
scattering measurements in DIII-D (0<k <2 cm-1). Modes are excited by 80 keV deuterium beam ions.
Plasma parameters: BT=2.1 T, ne(0)=2.6x1013 cm-3, R=1.7 m, tor 33 kHz. (b) Model analysis of Cascade
modes transitioning to TAEs based on evolution of qmin from MSE measurements. In this data range it is
assumed that qmin varies linearly with time.



considered particularly important. The availability of highly sensitive core fluctuation measurements
represents a major breakthrough for the quantitative analysis of fast ion collective instabilities. In
order to fully explore this exciting area of fusion science, facilities will need a comprehensive set of
core fluctuation measurements together with effective means of measuring fast ion redistribution and
loss. Such a comprehensive diagnostic set may turn out to be a necessity in a future burning plasma
experiment.
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