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Abstract." In the present work, the issue will be discussed of whether Energetic Parti-
cle Modes (EPM) [1] may be destabilized by the free energy source associated with fast
minority ion tails produced during ICRF heating on TFTR [2]. Peculiar features of these
experiments is the observation of two different types of fluctuations: one group, with "fixed"
characteristic frequencies, and another one whose frequencies "chirp" (downward) in time.
Furthermore, fluctuations of different types are known to be located in different regions of
the plasma column: the "fixed frequency" modes are localized close to the plasma edge,
whereas the "chirping" modes appear to be excited deep in the plasma core [2].
A previously developed analytic theory [3], with appropriate modifications where necessary,
will be applied to demonstrate that the high power densities, achieved via ICRF heating,
are sufficient to exceed the excitation threshold of EPM's close to the ICRF deposition
region. For the same reason, it will be argued that usual Toroidal Alfven Eigenmodes
(TAE) cannot be excited at the same radial location.
Excitation of TAE's, meanwhile, appears to be the most reasonable explanation for the
"fixed frequency modes" observed near the plasma edge, where the fast ion free energy
density is smaller than the threshold value for EPM excitation.
We will also attempt to present a nonlinear phenomenological model.

^Electronic file available at http://zonca.frascati.enea.it/recent-papers/recent_papers.html

1. INTRODUCTION

On a typical spectrogram of edge magnetic fluctuations during ICRF heating on TFTR [2],
Fig. 1, it is possible to identify two different types of fluctuations. The "chirping" modes
are very likely excited deep in the plasma core [2] since, before they are detected by
the edge diagnostics (Fig. 1), they may be measured by an interferometer looking at the
plasma core and their signature looks like a "continuation to earlier times" of that on
edge magnetic fluctuations. A time delay between core and edge detection of the chirping
modes suggest that they are moving radially in time. Meanwhile, "fixed frequency" modes
are localized close to the plasma edge since they are detected only by edge diagnostics [2].

Energetic particle losses seem to be deeply connected with the presence of "chirping"
modes (EPM), whose role seems to be that of displacing fast particle from the central
region, where they are created by ICRH, towards the edge, where the "fixed frequency"
(Toroidal Alfven Eigenmodes) cause their eventual loss [2]. In this paper, we demonstrate
with simple models that "chirping" modes observed on TFTR during ICRH may indeed
be Energetic Particle Modes.
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FIG. 1. Spectrogram of edge measured FIG. 2. Mode frequency (o) and growth
magnetic fluctuations in TFTR. rate (•) are shown vs.

2. ANALYTIC MODEL FOR ICRF EXCITED EPM'S .

Energetic Particle Modes [1] are strongly driven plasma oscillations which tend to be
excited when the mode drive, due to resonant wave particle interactions, is strong enough
to overcome continuum damping. In the case of EPM excitation by ICRF tail ions,
we may thus expect that the mode frequency would be, e.g., LO ~ CU^E, the toroidal
precession rate of trapped ions. Resonant excitations of EPM's at other precession-bounce
frequencies are possible, but these tend to be less important for either deeply trapped
particles [3, 4] or LOBE ^> &dE [5], with LOBE the bounce frequency of trapped energetic
ions between magnetic mirror points. Meanwhile, continuum damping is minimized either
at low (LO <§C LOA — VA/C[RO-, VA being the Alfven speed, q the safety factor and RQ the
torus major radius) or high (LO ~ LOA/2) frequencies (Toroidal Alfven Eigenmode, or TAE,
gap). In between, continuum damping is maximum.

For typical TFTR parameters, low frequency modes have low poloidal mode numbers
m (m = 1, fishbone-type oscillations), whereas high frequency modes have m ~ 6 — 10. In
the following, we will concentrate on the high poloidal (m) and toroidal (n) mode number,
high frequency modes, close to the TAE frequency gap in the shear Alfven continuous
spectrum. For this specific class of modes, the driven character of EPM's (LO ~ LO,IE) and
the requirement of simultaneously minimizing continuum damping (LO « u^/2) provide a
kind of selection rule on the most unstable mode number.

In order to model the ICRF minority ion tail distribution function, we closely follow
Ref. [6], restricting ourselves to the case where all particles are characterized by a single
pitch-angle, A = /i/e, \i being the magnetic moment and e = v2/2. Thus, we assume the
following tail ion distribution function:

/ , \ /..2 \ 3 / 4

F0E =
nOE(r/RoY/2db

exp 5(X-l/BR) (1)

where nO£ is the tail ion density, VTE their effective thermal speed, Ro (a) the major
(minor) radius of the torus, r the current radial position, 6b the trapped tail ions bounce
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angle and BR the B-field at the resonant point. The analytic model we propose here
closely follows the analysis of Ref. [3]. We assume an (s, a) model equilibrium [7] (s being
the magnetic shear and a = —Roq2f3'), and consider only deeply trapped energetic ions,
i.e. 6b <C 1. Furthermore, we restrict ourselves to the case where s « a « B^OLE ~ (r/Ro),
typically valid in the plasma core. For the solution of the tail ion gyrokinetic equation,
we follow Refs. [1, 3, 4], neglecting terms of O(92), i.e., concentrating on the precessional
drift resonance. In this way, it is readily shown that the hence obtained analytical model
describes resonant excitations of TAE modes as well as Low Shear TAE (LSTAE) [8, 9]. Of
the latter, two branches exist. One merges into the lower continuum accumulation point
at a = ac ~ 3(r/Ro) + s2 [8] and has a strong interaction with tail ions (even mode). The
other, merges into the upper continuum accumulation point at a = ac ~ 3(r/Ro) — s2 [9]
and has a negligible interaction with tail ions (odd mode). Within our model, thus, the
EPM branch is excited from the damped lower branch of the LSTAE for sufficiently strong
mode drive. The dispersion relation we obtain is:

(ac-a- aE) , (2)

where T± = (u/uA)2{l ± e0) - 1/4, e0 ~ {ro/Ro){5/2 + 2/?p), A = 2|s| + (r0//2o)(5/4 r

3/3p) ln(l/|s|), 0P is the poloidal beta [8], ac = (r0/flo)(3/2 + 2/3p) + s2, and

„- _ ^ 6 \ _ _ / 4 r XV4 x _ 3 / 4

G(kePLE, x) = l /o°° Jl (V2^kePLE(l + y2)1'2) - ^ ^ , (3)

with x = e/vj^E a nd <^-1 = qkepLEVTE/vA, PLE being the tail ions larmor radius and kg
the poloidal wave vector.

Results from the dispersion relation, Eq. (2), are summarized in Fig. 2. There, fixed
parameters are (ro/Ro) = 0.05, /3P = 3/4 (corresponding to a — ac at 5 = 0 [8]), 5 = 0.2,
<1VTE/VA — 15 Qb&E — 0.05TT. The mode frequency clearly increases with kgpiE, confirming
that the mode is driven by a precessional resonance with trapped tail ions (a; ~ u)dE)-
The same happens for the growth rate (drive increases and continuum damping gets
smaller) till it is eventually reduced by FLR effects. The maximum growth rate occurs
at UJ ~ ikg.pLEVTEl'Ro, i-e- at w ~ UdE f°r particles with "energy" tfv\E ~ 2, for
which the resonant integral of Eq. (3) is maximum. These results, obtained with a very
simple analytical model, qualitatively agree with most results obtained via ID gyrokinetic
simulations [5]. However, due to the "deeply trapped" particles assumption, they cannot
address some basic stability properties of EPM's, as those associated with precessional
drift reversal [5].

3. A RELAY-RUNNER MODEL FOR EPM'S

In this section, we present a phenomenological model for the nonlinear evolution of ICRF
excited EPM's, with the aim of emphasizing the role of (energetic particle) source radial
displacements on the time evolution of a strongly driven mode as the EPM.
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The phenomenological model we propose is based on the mode particle pumping
mechanism [10], i.e. a secular radial particle drift which, for resonant particles, is propor-
tional to the local mode amplitude. This mechanism was originally discussed to explain
particle losses due to fishbone modes [10].

Our discussion is based on the following dimensionless model equations:

</> = A(t) ,

= 7o - 7o^ , (4)

where 7 is the linear growth rate, 70 is its value computed at the reference radial position
ro, ij) is the local change in the toroidal flux, normalized to B^BQ^ frequencies are nor-
malized to the fast ion cyclotron frequency, U>CE-, and the amplitude A{t) is related to the
radial magnetic field fluctuation via

A ~ -cos(t?m,w) m'n—— J0(m6b) ,
a(l — nqlm)ucE

am,n~(i/m)(ro/a)(5Br/B)mtn . (5)

Here, 5m>n is a phase factor and Jo is the Bessel function of zero index, which confirms
that the mode particle pumping mechanism is most efficient for deeply trapped particles
and moderate mode numbers [10]. Furthermore, note that, in Eq. (4), the linear growth
rate has been taken as a function of the toroidal flux (radial position) since it is natural
to expect that a particle displacement would cause a change in the mode growth rate. In
fact, the driven mode would need to phase shift to maintain its resonant character with
the shifting energy source. The radial dependence assumed here is the simplest, and it is
a reasonable assumption for a phenomenological model.

Equations (4) are readily solved and they yield

270 exp (70*)

70 1 + exp (70*)

A = 7o 4 exp (-7o*)

27o (1 + exp (-7o*))2 '

The functional dependencies of ip(t) and A(t), respectively, are shown in Figs. 3 and 4.
Since the higher the mode number is, the stronger is the growth rate (before FLR cut-off
sets in), we expect that EPM's are excited in a decreasing n sequence. In this sequence,
and within our phenomenological model, each toroidal mode number is characterized by
a time evolution of the type depicted in Figs. 3 and 4. Each mode (n), will displace
particles radially and eventually fade away, replaced by the next mode, pretty much like
different runners do in a relay race. As expected, the secular particle radial drift (rate of
change in the toroidal flux) is maximum for maximum mode amplitude. Meanwhile, the
rate of change in the toroidal flux is expected to reflect also into frequency chirping. In
fact, since to ~ UdE for ICRH EPM's, we expect that the frequency shift associated with
particle displacement is

7*0 OiJdE ^ ^ _ £lJpE ^j^f\ iwj /IJ\

r0 r0 1 + exp (701)
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FIG. 3. Time behavior of the local toroidal
flux variation in units of 270/70 •

FIG. 4- Time behavior of the normalized
mode amplitude in units O/

In deriving Eq. (7), we have used the estimate 7^ ~ (R^o/foLpE), with LPE the scale
length of fast ion pressure, which is reasonable for EPM's. In the same fashion, it is
possible to show that the peak mode amplitude corresponds to a maximum radial velocity

(71, is the linear growth rate) and to a fluctuation level of

5Br

B

1

Jo{m0b)'
(8)

The qualitative picture emerging from our phenomenological model seems in agreement
with experimental observations, i.e. that particle losses are observed in association with
chirping modes which seem to move radially while their frequency is changing. Further-
more, since 70 is largest for high mode numbers, Eq. (7) seems to provide a simple reason
to explain why higher mode numbers chirp faster. However, we also emphasize that fre-
quency chirping (especially slow chirping) may be associated also with plasma equilibrium
modifications [2, 11], and that our phenomenological model can be taken into account only
provided that the fluctuation level of Eq. (8) is comparable or smaller than that associated
with other dynamic processes.
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