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Abstract.  It is shown in this paper for the first time, that the chirping Alfvén instabilities
observed mostly during ICRF heating have been positively identified as Energetic
Particle Modes. This has been possible because of the detailed measurement of the q-
profile with the MSE diagnostic in DIII-D. The EPMs are shown to be the leading cause
of the monster sawtooth crash. It is also shown that TAEs are excited either directly or
indirectly by the EPMs and they cause fast ion losses. A scenario for the stabilization and
the crash of the monster sawtooth and for the degradation of the ICRF heating efficiency
at high power is presented.

1. Introduction.

It has been reported in several experiments that sawteeth are transiently stabilized
by a hot ion component of the ion energy distribution function inside r(q=1)[1]. These so-
called giant sawteeth crash because of a depletion of fast ions from the core. In the TFTR
experiment, TAE modes were found to expel ions to the plasma edge and Energetic
Particle Modes in the plasma core were shown to be the catalyst for expulsion of
energetic ions from the core, using TRANSP [2] for modeling the equilibrium and
HINST[3] for the instabilities[4].

A similar experiment was performed on DIII-D. With an equilibrium constrained
by the experimentally measured q-profile, it has been possible to uniquely identify the
Alfvén instabilities causing the expulsion of ions from inside the q=1 radius as EPMs [5].
Using the results from DIII-D, supplemented by similar results on TFTR, a consistent
scenario has emerged in which it is found that the EPMs initiate the radial transport of
fast ions to the plasma boundary, causing the giant sawtooth crash. The subsequent
appearance of TAEs causes heavy losses of  fast ions and the familiar drop below offset
linear of the stored energy versus the injected RF power. This scenario does not require
the production of “potato” orbits which have been suggested as the cause of the loss of
fast ion energy at higher RF powers [6].

2. Sawtooth stabilization.

Unlike other Ion Cyclotron Range of Frequency heating (ICRF) experiments, in
DIII-D the fast ion component of the distribution function is not generated by
fundamental or second harmonic acceleration of a minority ion species, but by higher
harmonic acceleration of the existing fast ions injected via Neutral Beam Injection (NBI).
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Fig. 1 Monster sawtooth with accompanying
Alfvén instabilities in DIII-D. RF power of 1.2
MW is applied at t= 1800 msec.

When the cyclotron resonance is placed near the center of the plasma the resultant
fast ion distribution can transiently
stabilize the sawtooth. “Monster”
sawteeth of up to 300 msec between
crashes can be obtained. The monster
sawtooth is always accompanied by
Alfvén instabilities that terminate
with the sawtooth crash [figure 1]. As
observed in TFTR, there  are two
kinds of sawteeth, short and long, but
none with an intermediate length of
the period, indicating that only if the
fast ion pressure grows fast enough
there is transient stabilization. When
the fast ion density becomes high
enough the Alfvén instabilities grow
inducing particle loss and the
sawtooth crash.

Shifting the resonance layer
away from the axis prevents the
formation of the monster sawtooth.

Comparing the DIII-D frequency
spectrum of the Alfvén instabilities
with those observed in TFTR, it
appears that at the modest power
level in DIII-D the RF power is just
above the minimum threshold for
stabilization and formation of
monster sawteeth.

The CQL3D [7] code has
been used to calculate the radial
profile of the damping of the injected
ICRF power and the self-consistent
quasi-linear diffusion of the neutral
beam-injected ions. It has been found
that bulk of the damping occurs at
the 4th harmonic resonant location of
Deuterium when it is placed on axis,
with some power deposited at the
location of the 3rd and 5th harmonics
and some directly into the electrons.
4ΩD resonance location off-axis
results in a weaker tail, not sufficient
for  stabilizing the sawtooth and in
this case the Alfvén instabilities are
not excited. Figure 2 shows the
damping calculated by CQL3D for a
discharge (96467) with the 4ΩD

resonance near the plasma axis,
slightly on the high field side
(B=18.7kG) and for a discharge
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Fig. 2  CQL3D modeling of the
damping of the ICRF waves in two shots
differing in magnetic field. 96467 at
B=18.7 kG, 96492 at B=20.6 kG.
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(96492) with the resonance well off-axis (B=20.6kG). The code uses a zero-banana width
approximation. The finite banana
width effect will spread the
distribution of particles.
Considering that the fast ion
profile generated by NBI is
centered on axis, the shift of the
IC resonance is sufficient to
produce fewer fast ions in the
core .  To  ver i fy  th is
experimentally, the fast ion
component created by the ICRF
is determined by subtracting the
beam ion pressure, calculated
with ONETWO transport code
[8], from the total ion pressure
and a magnetic equilibrium
reconstruction with MSE data
[9]. (figure 3) With the resonance

near the plasma axis, ICRF creates a stronger population of fast ions: this explains the
stabilization of the sawtooth. As it will be seen in the next section, the same fast ion
distribution is sufficient to destabilize core localized Alfvén modes in the first case, and
insufficient for the off-axis case.

3. EPMs  an the sawtooth crash.

The HINST code has been used
to model the Alfvén instabilities that
accompany the monster sawtooth since
it is a fully kinetic non-perturbative
code. A key element for the
identification of these modes as
Energetic Particle Modes (EPM) is the
use of the experimental q-profile. The
MSE diagnostic on DIII-D has provides
accurate q-profile data which now
permit an even more compelling
identification of the modes than
obtained for the TFTR results which
had to rely on the TRANSP
reconstruction of the evolution of the q-
profile [4].  With the plasma beta
observed in the DIII-D experiment,
β (0)=4.4 %, the HINST analysis
predicts the mode to be inside the lower
continuum, similar to the result reported
in [4].  Using the measured evolution of
the q-profile, the chirping of the modes

has been equally well duplicated. Correspondingly, because of the strong damping due to
the high beta value, NOVA-K [10], being an ideal MHD code, failed to find a mode in
the gap. The same modeling has been performed for discharge 96492, using the fast ion

ξ

Ψ 1/2
0 .2 .4 .6 .8 1.0

Fig. 4  NOVA calculation for the radial
mode structure excited by the fast ion
distribution of figure 4 (shot 96467). The
plasma displacement component with the
dominant poloidal harmonic l=5,6 is plotted
versus ~ r/a

Fig.3  RF induced fast ions profiles determined 
experimentally for the two discharges of figure 2

96467 monster sawtooth

96492 no monster 
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profile shown in figure 3. In this case HINST predicts the absence of any mode, in
agreement with the experimental
measurement.

Due to the low shear near the
plasma center and medium toroidal
mode numbers predicted, HINST can
not resolve the radial EPM mode
structure. To predict the mode
structure, the plasma beta in the code
was lowered to such a value that the
EPM frequency was predicted to fall
in the gap, and the mode is predicted
to transform into a core localized
TAE. This occurred when β(0) was
lowered to 1.5%. NOVA was then
used to calculate the radial structure of
the EPM, as shown in figure 6. For
further analysis we will assume that
the EPM and core localized TAE
mode structures are alike.

The calculated mode has n=6
(n is the toroidal mode number), like
the observed mode at t=2030 msec,
and f=230 kHz. After taking into

account the toroidal plasma rotation of ~5 kHz, the Doppler shifted frequency of f=260
kHz is in very good agreement with the experimental one (see figure 1).

The EPMs are core-
localized eigenmodes, which
reside in the Alfvén continuum at a
location determined by the minor
axis where q=qTAE≈1-1/2n (n is the
toroidal wave number). Thus as the
central q, qo, decreases in time due
to resistive current diffusion, the
EPM location moves radially
outward and the fast ions are
transported with the mode. This
depletion of fast ions from the core
results in the monster sawtooth
crash when the energetic ion
population contained within the
q=1 surface becomes insufficient
to stabilize the m=1 internal kink.
It should be noted that as a mode

with a certain toroidal number (n) has shifted outward, a new one with (n-1) is
destabilized and acts in the same way on the newly formed fast ion tail as the previous
one. In some cases in TFTR modes with n=10 down to n=4 have been observed.

The effect of the EPM modes on the ICRF particle distribution was simulated
using the guiding center code ORBIT [11]. The mode structure, frequency and harmonic
content were taken to be that given by NOVA-K code (fig. 4) while the initial particle
distribution was given by Monte-Carlo generation using the deposition profile generated
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Fig.6  Experimental fast ion pressure
profile versus time. DIII-D shot 96467.
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fig. 5  Normalized distribution of fast ions
vs. radius, calculated by ORBIT code at the
onset of the EPM and just before the
sawtooth crash. DIII-D shot 96467.
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by CQL3D and spread by finite
orbit effects (fig.2a). The mode
amplitude was taken to be 10- 4

Bθ/B, which is approximately that
indicated by the experiment and by
the NOVA-K results.  One
thousand test particles were
followed for 100 msec, and in this
time the location of the mode peak
moved from  r/a= 0.1 to r/a = 0.3,
as indicated by the experimental
evolution of the q profile. As seen
in fig. 5 there is a significant
broadening of the ICRF distribution
produced in this time.

It is possible to see
experimentally a progressive
depletion of fast ions in the core
with a shift of the distribution
radially outward (fig. 6) by using
the same technique applied to
obtain the radial profile of the fast
ion distribution at different times
before the sawtooth crash.
Comparing figs. 5 and 6 it is
possible to see that the radial shift of the fast ion pressure is in qualitative agreement with
the theoretical expectation.

4. Excitation of TAE: total energy vs. RF power.
In several experiments, most notably in TFTR, global TAEs are excited together with the
EPMs. In experiments with high qa the TAE gap is aligned: in this case the global modes
extend to the plasma core and TAE are excited directly by the ICRF driven hot ions [4].
At low qa the TAEs are confined to the outer edge of the plasma, therefore there is the
possibility of building a strong population of fast ions in the core. As already shown, this
causes the sawtooth stabilization and the destabilization of EPMs. Thus, in TFTR, the
TAE are a consequence of the displacement of ions by the EPMs [12]: when the two
modes are present very strong fast ion losses are registered by the “lost alphas” probes
[12]. Similar modeling with ORBIT to the one shown in the preceding section has been
performed with multiple overlapping global TAE. The two loss mechanisms induced by
the TAE are resonance causing the orbit to lose energy and become trapped, the large
banana hitting near the outer midplane, and the diffusion outwards of trapped orbits. The
combination of core EPM and global TAE provides a diffusion of the fast ions all the
way to the edge of the plasma.

Looking at the total energy of the plasma during ICRF heating, three phases are
clearly discernible at increasing RF power:
A. At first ETOT increases linearly with RF power: the fast ions are produced but the hot

beta is too low to cause sawtooth stabilization.
B. As the RF power is increased, the fast ion distribution grows: this distribution is

sufficient to stabilize the sawtooth, but it also destabilizes the EPM, causing the

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0

5

10

15

20

0 1 2 3 4 5 6 7 8 9 10 11


