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ABSTRACT

The existence of fishbone fluctuations at frequencies comparable with those of Geodesic Acoustic

Modes (GAM) and Beta induced Alfvén Eigenmodes (BAE) has been demonstrated theoretically

in a recent work [Nucl. Fusion47 (2007) 1588]. Here, we show that observation of fishbones

at unexpectedly high frequencies in JET [Phys. Plasmas12 (2005) 102509] is well interpreted

as experimental evidence of high (GAM/BAE range) frequency fishbones and discuss the insights

concerning both supra-thermal particles as well as thermal plasma properties that can be obtained

from experimental observations.

INTRODUCTION

The relationship of MHD and low frequency fluctuations of the shear Alfvén wave (SAW) spec-

trum with micro-turbulence has important implications for the long time scale dynamic behaviors

in burning plasmas [1, 2, 3, 4, 5]. In the Kinetic Thermal Ion (KTI) frequency gap of the SAW con-

tinuous spectrum [2], i.e. at frequencies of the order of the thermal ion transit frequency, all these

phenomena occur on similar time scales, facilitating cross-scale couplings and enhancing their mu-

tual interactions via a direct link between drift-wave turbulence (DWT), zonal flows (ZF) [6] and

Geodesic Acoustic Modes (GAM) [7] on the one side and the SAW spectrum on the other, driven

by both energetic as well as thermal particles. Examples of such interactions are plasma nonlin-

ear behaviors, which occur due to mediation by zonal structures, i.e. the nonlinear equilibria [8]

that are formed, e.g., by ZF [6], zonal fields [9, 10, 11], and radial corrugations of equilibrium

profiles [1, 12]. Other examples that have been recently explored [5] are connected with the close

relationship between GAM and SAW spectra [13, 14].

In this work, we explore one particular evidence of the relationship of MHD and low frequency

fluctuations of the SAW spectrum, i.e. the existence of fishbone fluctuations at frequencies com-

parable with those of GAM and Beta induced Alfvén Eigenmodes (BAE) [15, 16]. The possibility

of exciting fishbone oscillations in the GAM/BAE frequency range was demonstrated analyti-

cally [17, 18], but no clear experimental evidence confirming theoretical expectations has been re-

ported so far. Experimental observation if this phenomenology would be important since it would

provide an element of verification for the conceptual framework describing the MHD/SAW/DWT

interplay mentioned above. Here, we demonstrate that observation of fishbones at unexpectedly

high frequencies in JET [19] is well interpreted as experimental evidence of fishbone oscillations

in the GAM/BAE frequency range [18]. In the given theoretical framework [18], we also show

that, from the mere observation of the fluctuation frequency spectrum, quantitative information

can be obtained concerning both supra-thermal particles as well as thermal plasma properties.

The plan of the paper is as follows. In Section 2, we present the general theoretical framework

and describe the dispersion relation for high frequency fishbones. Experimental observation of

high frequency fishbones at JET is analyzed in Section 3 for JET pulse # 54300 [19], while theo-
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retical interpretations are discussed in Section 4. Finally, Section 5 is devoted to conclusions and

discussions.

GENERAL FISHBONE DISPERSION RELATION AND HIGH FREQUENCY FISHBONES

Perturbations of the SAW spectrum generally consist of singular (inertial) and regular (ideal MHD)

structures. For this reason, via asymptotic analyses it is always possible to derive a general

fishbone-likedispersion relation in the form [2, 3, 18, 20, 21, 22]

iΛ(ω) = δW̃f + δW̃k . (1)

Here,iΛ(ω) is the inertial layer contribution due to thermal ions, while the right hand side comes

from background MHD and Energetic Particle (E.-P.) contributions in the regular ideal regions.

In particular, Alfv́en Eigenmode (AE) collective excitations by E.-P. are possible due to the cou-

pling of the E.-P. pressure perturbation with the SAW vorticity equation via magnetic curvature

drifts [22]. An expression formally similar to Eq. (1) has been recently derived for BAE by Nguyen

et al. using a variational formulation [23].

In the banana regime,|ω| � ωbi, with ωbi the (magnetically trapped) thermal ion bounce fre-

quency, the asymptotic expression ofΛ is given by [24]

Λ2 =
(
ω2/ω2

A

)
(1− ω∗pi/ω)

[
1 +

(
1.6(R0/r)

1/2 + 0.5
)
q2

]
, (2)

whereωA = vA/qR0, vA denotes the Alfv́en speed,q the safety factor,R0 the torus major radius,

r the radial flux coordinate (minor radius),ω∗pi = (Tic/eB)(k × b) · ∇Pi/Pi, b ≡ B/B, k

is the wave-vector and other symbols are standard. Meanwhile, in the high-frequency regime

ωti � |ω| � ωA, with ωti = (2Ti/mi)
1/2/(qR0) the thermal ion transit frequency [18, 25],

Λ2 =
ω2

ω2
A

− ω2
BAE

ω2
A

[
1 +

ω2
BAE

q2ω2

(46/49) + (32/49)(Te/Ti) + (8/49)(Te/Ti)
2

(1 + (4/7)(Te/Ti))
2

]
, (3)

with ωBAE = qωti(7/4 + Te/Ti)
1/2 being the asymptotic expression of the BAE [15, 16] accumu-

lation point of the SAW continuous spectrum in the fluid limit [25, 26, 27, 28, 29]. The general

kinetic expression ofΛ (Λ is generally complex) forωbi < |ω| � ωA is given in Ref. [25, 26, 28]

Λ2 =
ω2

ω2
A

(
1− ω∗pi

ω

)
+ q2ωωti

ω2
A

[(
1− ω∗ni

ω

)
F (ω/ωti)−

ω∗Ti

ω
G(ω/ωti)−

N2(ω/ωti)

D(ω/ωti)

]
, (4)

whereω∗ni = (Tic/eB)(k×b) · (∇ni)/ni, ω∗Ti = (Tic/eB)(k×b) · (∇Ti)/Ti and the functions,

F (x), G(x), N(x) andD(x) are defined asF (x)+x (x2 + 3/2)+ (x4 + x2 + 1/2) Z(x), G(x) =

x (x4 + x2 + 2) + (x6 + x4/2 + x2 + 3/4) Z(x), N(x) = (1− ω∗ni/ω) [x + (1/2 + x2) Z(x)] −
(ω∗Ti/ω) [x (1/2 + x2) + (1/4 + x4) Z(x)], D(x) = (1/x) (1 + Ti/Te) + (1− ω∗ni/ω) Z(x) −
(ω∗Ti/ω) [x + (x2 − 1/2) Z(x)], with Z(x) = π−1/2

∫∞
−∞ e−y2

/(y − x)dy the plasma dispersion

function.

The shear Alfv́en continuous spectrum is described byΛ2 = k2
‖q

2R2
0 [25] for |k‖|qR0 � 1.

Thus, the shear Alfv́en frequency gap is given by the conditionReΛ2 < 0 and, on the basis of

2



this dispersion relation, Eq. (1), two types of modes exist [2, 3, 22]: a discrete Alfvén Eigenmode

(AE), for ReΛ2 < 0; and an Energetic Particle continuum Mode (EPM) [21] forReΛ2 > 0.

The combined effect ofδW̃f andReδW̃k, which determines the existence conditions of AE by

removing the degeneracy with the SAW accumulation point, depends on the plasma equilibrium

profiles. Thus, various effects inδW̃f + ReδW̃k can lead to AE localization in various gaps, i.e.

to different species of AE [2, 3]. This AE Zoology [30] is consistently described by the single

and general dispersion relation, Eq. (1), which accounts for the resonant excitation of the SAW

frequency spectrum by energetic and thermal ions in the rangeω∗pi ≈ ωti
<∼ ω � ωA [22],

i.e. from the low Kinetic Ballooning Mode (KBM) [20, 31, 32] and BAE [15, 16] frequency up

to the higher frequency typical of toroidal AEs (TAEs) [33, 34, 35]. Note that the expression

of Λ depends only on physical quantities that determine wave-particle dynamics in the singular

kinetic (inertial) layer and, thus, never depends on equilibrium parameters such as magnetic shear

s = r(dq/dr). For this reason and without loss of generality, we have written Eq. (1) for finite

s, which is the relevant case for the present analysis; its straightforward extensions tos = 0

are discussed in Refs. [2, 18, 22, 36, 37]. In the case of EPM, meanwhile,ω is set by the relevant

energetic ion characteristic frequency and mode excitation requires the drive exceeding a threshold

due to continuum damping [38, 39, 40, 41, 42]; i.e.,ImδW̃k > ReΛ [20, 21, 43] in Eq. (1).

Since singular structures characterizing the SAW spectrum are independent of the mode number

except for a scale factor, Eq. (1) applies to macroscopic MHD modes as well [44], including

(n, m) = (1, 1) fishbone oscillations [45], withn/m the toroidal/poloidal mode number. When

considering kinetic effects on low mode number MHD modes, sideband poloidal mode numbers

cannot be considered degenerate and the expression ofΛ in Eq. (4) is replaced by

Λ2 =
ω2

ω2
A

(
1− ω∗pi

ω

)
+ q2ωωti

ω2
A

[(
1− ω∗ni

ω

)
F − ω∗Ti

ω
G− Nm

2

(
Nm+1

Dm+1

+
Nm−1

Dm−1

)]
. (5)

Here, the dependence onx = ω/ωti of the functionsF (x), G(x), Nm(x) andDm(x) is implic-

itly assumed, whileNm(x) andDm(x) are defined as the functionsN(x) andD(x) given above,

having made explicit the poloidal mode numberm to be used for computing their dependences on

diamagnetic frequencies. Note that Eq. (5) reduces to Eq. (4) at either|m| � 1 or for negligible

diamagnetic effects as, e.g., in Ref. [46]. Here, the most general form is retained for complete-

ness. Equation (5) is readily derived [47] considering that ballooning formalism is a particular

limiting case of a more general mode structure decomposition based on the Poisson Summation

Formula [48]. The necessity of considering the degeneracy removal between poloidal sidebands

parallel wave-vectors for finite|k‖|qR0 has been recently noted by Lauber et al. in analyzing BAE

modes in Asdex Upgrade [49] and by Gorelenkov et al. in kinetic analyses of the Beta induced

Alfv én Acoustic Eigenmode continuum [50, 51]. Here, this further extension of Eq. (5) is un-

needed, for we are investigating macroscopic MHD modes with inertial/kinetic layer atk‖qR0 = 0.

From the structure of Eq. (1), we can expect that very near marginal stability and for weak drive,

modes of the SAW spectrum are located in the neighborhood of the SAW accumulation point at
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Λ = 0. In other words, accumulation points are the natural “gateway” through which SAW begin

to appear as physical and observable objects for increasing kinetic driveδW̃k and/or decreasing

plasma potential energyδW̃f . The precessional fishbones [43] are the first and notable example

of EPM [2, 3], while diamagnetic fishbones [52] are the analogue of AE. Following the original

reference for both physics model and notation, the fishbone dispersion relation [43, 52] is obtained

for δW̃f = δŴf/|s|, δW̃k = δŴk/|s|, where

δŴf = 3π∆q0

(
13/144− β2

ps

) (
r2
s/R

2
0

)
(6)

is the simplest expression given by [53], withβps = −(R0/r
2
s)

2
∫ rs

0
r2(dβ/dr)dr, rs theq(rs) = 1

radius,∆q0 = 1− q(r = 0), β = 8πP/B2
0 the ratio of kinetic and magnetic pressures andB0 the

on-axis equilibrium magnetic field. The fluid term,δŴf , includes the contribution of the energetic

(hot) particle adiabatic and convective responses as well [43]. Meanwhile, the kineticδŴk is [43]

δŴk = 4
π2

B2
0

Mω2
c

R0

r2
s

∫ rs

0

r3

q
dr

∫
EdEdλ

∑
v‖/|v‖|=±1

eiq(r)θωde−iθ eiθωde−iq(r)θ
τb QF0

ω̄d − ω
, (7)

whereM is the energetic particle mass,ωc = (eB/Mc) is the cyclotron frequency,E = v2/2,

λ = µB0/E = (B0/B)v2
⊥/v2, B · ∇(ζ − q(r)θ) = 0, ζ is the “toroidal angle” chosen such

that (r, θ, ζ) is a toroidal flux coordinate system with straight field lines (q = q(r)), (...) =

(
∮

v−1
‖ d`)−1

∮
v−1
‖ (...)d` denotes bounce-averaging,` is the arc length along the equilibriumB-

field, τb is the bounce/transit time for magnetically trapped/circulating particles,ωd is the magnetic

drift frequency andQF0 = (ω∂E+ω̂∗)F0, ω̂∗F0 = ω−1
c (k×B/B) ·∇F0, with F0 = F0(E , λ, v‖/|v‖)

the fast particle equilibrium distribution function. With these definitions, Eq. (1) describes fish-

bone excitations by energetic ions [43, 45, 52] as well as supra-thermal electrons [18, 54, 55, 56,

57, 58, 59, 60, 61, 62]. In the case of fast ion excitation, Eq. (7) must be corrected for energetic

ion finite orbit width effects (see, e.g., Ref. [24]).

Usually, fishbone modes excitation is described by Eq. (1) withΛ given by Eq. (2), the pre-

cessional fishbone [43] being the EPM while the diamagnetic fishbone [52] playing the role of

AE [2, 3]. For weak drive and near marginal stability, these modes are expected to accumulate

nearω = ω∗pi, which is usually low frequency in the MHD sense. However, JET experiments

with strong ion cyclotron resonance heating (ICRH) only, low-density plasmas and high fast ions

energy contents [19] reveal a rich phenomenology, where fishbone frequency clearly accumulates

at finite frequency (see Fig. 1). This phenomenon is discussed and interpreted in the next two

sections within the present theoretical framework, given by Eq. (1) andΛ from Eqs. (3) and (5).

In Ref. [18], we demonstrated that, if the effective temperature of the supra-thermal particle tail is

sufficiently high, theory predicts excitation of fishbone oscillations at frequencies comparable to

those typical of GAM [7] or BAE [15, 16], which are known to be degenerate [1, 2, 13, 18]. In the

same work [18], we also anticipated that high-frequency (GAM/BAE range) fishbone excitation

could explain some features of fishbones observed at JET [19].
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EXPERIMENTAL OBSERVATION OF HIGH FREQUENCY FISHBONES AT JET

Experimental conditions and qualitative analyses of the fishbones cycle around a monster sawtooth

period have been extensively discussed in Ref. [19]. Here, we want to focus on some features that

have been previously neglected and, meanwhile, reveal useful insights concerning both supra-

thermal particles as well as thermal plasma properties that can be obtained from experimental

observations.

We focus on JET pulse # 54300 and, more specifically, on the transition between various fish-

bone branches shown in Fig. 11 from Ref. [19], which is reproduced in Fig. 1 for the reader’s

convenience. This pulse belongs to a series of JET experiments on ICRH in deuterium plasmas,

characterized by low-density and high fast ions energy contents, which all reveal a rich fishbone

phenomenology [19]. It is characterized byB0 = 2.7 T andIp = 2.5 MA. The ICRH scheme is

hydrogen minority heating in deuterium plasma. The injected power is 8 MW on 5% hydrogen mi-

nority at a frequency of42.5 MHz and resonant radius of2.99 m, corresponding to on axis heating

sinceR0 = 3.00 m from EFIT magnetic equilibrium reconstruction.

With this ICRH scheme, sawtooth crashes (monster sawtooth) become infrequent and fishbones

develop in a long quiescent phase between two crashes. Figure 1 shows fishbone activity between

two sawtooth crashes at8.68s. and9.57s. In the time interval9.1s < t < 9.3s, the q = 1

rational surface is atrs = 0.31± 0.02 m as desumed from the observed sawtooth inversion radius

in the electron temperature profile, measured by ECE spectrometer (KK3); this value is in good

agreement with the equilibrium reconstruction. Electron density is1.92± 0.06× 1019m−3 and has

been measured by standard LIDAR technique (LIDR/NE). Because of its low acquisition rate, the

averaged electron density value on a time-window longer than the time interval of interest has been

considered (8.88s ≤ t ≤ 9.63s). Electron temperature at theq = 1 surface isTe(rs) = 4.9 ± 0.1

keV.

The diamagnetic ion frequency has been calculated from the expression following Eq. (2) on

the basis of experimental measurements reported above and consideringkθ = −m/rs = −1/rs.

AssumingTi = Te andni = ne, we obtainω∗pi/2π = (ω∗ni + ω∗Ti)/2π = (1.4 + 2.2)kHz =

3.6kHz at theq = 1 surface, having taken−R0∂rs ln ni = 4.4 andηi = ∂ ln Ti/∂ ln ni = ηe =

∂ ln Te/∂ ln ne = 1.6 as computed from experimental data by a three-point formula and averaged

on the time interval9.1s < t < 9.3s. No direct measurements of ion temperature are available, for

the neutral beam system was not active during pulse # 54300.

The effective (perpendicular) temperature of supra-thermal (hydrogen) minority ions has been

calculated using PION code [63], which evaluates the energy density distribution (PION/WD1) and

the fast ion density (PION/NF1) by solving a time dependent Fokker-Planck equation including

the ICRH power deposition. In this way, we obtainedTh
<∼ 730 keV for the perpendicular fast

ion tail∝ exp(−E⊥/Th), considering the minority ion pressure in the supra-thermal tail only, i.e.,

neglecting the energy density of the minority ion species characterized by thermal energies.

Fishbone classification in Ref. [19] defines(n, m) = (1, 1) oscillations at frequenciesν >∼ 40
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kHz as precessional fishbones, whereas fluctuations atν <∼ 20 kHz are indicated as diamagnetic

fishbones. A third class of hybrid fishbones is also described, referring to strongly driven modes

whose frequency dynamically changes from high (ν >∼ 40 kHz) to low frequencies (ν <∼ 20 kHz)

within a single burst [19]. This classification – although legitimate in a broad qualitative sense

– does not generally coincide with the more quantitative criterion based on the sign ofReΛ2 and

discussed in Section , which emphasizes the correspondence of precessional fishbones [43] with

EPM and of diamagnetic fishbones [52] with AE. In particular, modes atν >∼ 40 kHz may well be

AE in the BAE frequency gap, whose existence requiresδW̃f + ReδW̃k < 0 [2, 3, 22], rather than

EPM, for whichImδW̃k > ReΛ [20, 21, 43] provides the threshold condition, withΛ given by

Eq. (3) or the more precise Eq. (5). Clearly, modes atν ≈ 80 kHz and limited dynamic frequency

range may be AE, while modes robustly departing from the BAE accumulation point (Λ = 0)

are EPM; there is no sharp transition between the two branches, as theory demonstrates [2, 3, 20,

21, 22, 43, 64, 65] and experiment has recently confirmed [66]. Similar considerations may be

drawn for the lower frequency fluctuations atν <∼ 20 kHz. Also in this case, transition from the

diamagnetic [52] (AE) to precessional [43] (EPM) fishbones is continuous [67]. In the specific

case of Fig. 1, fluctuations are evidently of the EPM type, since their frequency is typically higher

than the shear Alfv́en continuum accumulation point atω ' ω∗pi (ω = ω∗pi when wave-particle

kinetic interactions with the thermal plasma are neglected).

A thorough and systematic investigation of the fishbone dispersion relation, Eq. (1), for detailed

comparisons with experimental observations is beyond the scope of the present work. In fact, for

a fully meaningful comparison of theory vs. experiment one should employ a nonlinear analysis,

which is certainly required for explaining such a broad dynamic range of chirping frequencies as

that observed in JET experiments [19], especially in connection with the so called hybrid fishbones.

Besides, one would need to further extend the expression ofΛ, given in Eq. (5), toω∗pi
<∼ |ω| <∼ ωbi

and include trapped thermal ion dynamics for a correct treatment of the SAW continuous spectrum

in the whole relevant range of frequencies [68]. Here, our scope is to show that Eqs. (1) to (5)

describe the physics of the transition from (using Ref. [19] classification) “hybrid” fishbones to

“diamagnetic” fishbones shown in Fig. 11 of [19], reproduced here as Fig. 1. This change of dy-

namic fishbone regime is qualitatively understood in terms of changes of the supra-thermal particle

population, while the background thermal plasma can be assumed as fixed, at least to the leading

order. The “hybrid” fishbone activity can be explained with the fact that the dominant resonant

fast particle drive is located in the high frequency portion of the spectrum (see next Section). After

subsequent “hybrid” fishbone bursts, this frequency domain (corresponding to an energy domain

of the fast particle phase space) of strongest resonant drive is depleted and, with weaker fast ion

source, either low- or high-frequency modes can be excited, due to the continuous re-building of

the ICRH supra-thermal tail. In fact, as the lower frequency fishbones get excited – connected with

theω∗pi accumulation point described by Eq. (2) – and less free energy is available for higher fre-

quency mode excitation (modes are less strongly driven), theory predicts that frequency chirping
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should decrease and the mode frequency should get closer to the accumulation point. However,

this is evidently not the usual accumulation point at' ω∗pi, but rather the accumulation point de-

scribed by Eq. (3). In fact, Fig. 1 shows the frequency accumulation at about 80 kHz. This point is

discussed in detail in the next Section, where we show that experimental measurements can be eas-

ily used to gain further insights concerning both supra-thermal particles as well as thermal plasma

properties; e.g., we show the importance of plasma kinetic effects for a correct determination of

the SAW accumulation point and of the quantities that can be inferred from that. In other words,

we show the importance of generally using Eq. (5) rather than Eq. (3).

THEORETICAL INTERPRETATION

At high frequencies,ωti
<∼ |ω| � ωA, Eq. (3) applies instead of Eq. (2); thus, the asymmetry of the

shear Alfv́en continuous spectrum is lost and modes can equally propagate in both ion and electron

diamagnetic directions [18]. Equation (3) describes the formation of the BAE [15, 16] spectral

gap: so, in addition to ion fishbones, electron fishbones propagating in the electron diamagnetic

direction and normal pressure profiles could be excited [18]. For these modes, finite diamagnetic

frequency usually provides higher order corrections to the frequency spectrum (|ω∗/ω| � 1 [46])

and Eq. (4) could be used instead of Eq. (5) for computingΛ from kinetic theory; here, we maintain

Eq. (5) for generality.

Using JET pulse # 54300 experimental data reported in Section , we findωti/2π = 36kHz

at Ti = Te on theq = 1 surface; thus, modes withν >∼ 40 kHz in Fig. 1 must be considered

high-frequency modes in the sense discussed in the present work. These modes can be consid-

ered as high-frequency fishbones for two main reasons: their mode structure is that typical of

(n, m) = (1, 1) internal kinks, resonantly excited by precession resonance with the fast parti-

cles [43, 52]; furthermore, for sufficiently strong fast particle drive they are clearly connected with

the usual lower frequency fishbones, as shown in Fig. 1. In the weak drive limit, it could be argued

that these modes are possibly viewed as(n, m) = (1, 1) BAE for the AE branch. However, as

already pointed out, the weakly driven AE branch smoothly connects to the strongly driven EPM

branch robustly departing from the BAE accumulation point for increasing supra-thermal particle

drive. This point obviously challenges the interpretation of the high-frequency(n, m) = (1, 1)

fluctuations as BAE; thus, we use the high-frequency fishbone viewpoint, originally proposed

in [17], where these type of oscillations were predicted on the basis of pure theoretical results.

In any case, it is important reminding the reader that these nomenclature issues are connected

with refined classification aspects of experimentally observed fluctuations, which all fall within

the same unified theoretical picture based on the low-frequency shear Alfvén continuous spectrum

structure in toroidal geometry [2, 3, 18, 20, 21, 22] [see Eq. (1)].

One crucial condition for effective high-frequency fishbone excitation is that the effective supra-

thermal particle tail temperature,Th, be sufficiently high to allow the fast particle precession fre-

quency to be of the order of the thermal ion transit frequency [18]. Once the mode frequency
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ν is known, the value ofTh for optimal mode destabilization can be computed and, vice-versa,

given Th one can determine the mode frequency range for which resonant wave-particle drive

is strongest [69, 70]. Estimating the precession frequency with that of deeply trapped particles,

resonant wave-particle interactions occur at energy in perpendicular degrees of freedom [18]

E⊥,eff [keV] ∼ 6.30ν[kHz]B[T]R2
0[m](rs/R0)(nq)−1 . (8)

For given fast ion distribution, described by a nearly Maxwellian supra-thermal tail,∝ exp(−E⊥/Th)

with densitynh, the relationship betweenν andTh can be approximately given by [18]

Th[keV] ∼ (2/5)E⊥,eff ∼ 2.52ν[kHz]B[T]R2
0[m](rs/R0)(nq)−1 . (9)

This latter condition can be understood as the definition of the mode frequency at which the res-

onant wave-particle drive is strongest [69, 70]. Note that the origin of the(2/5) factor relating

E⊥,eff with Th is connected with the∝ E⊥
5/2 exp (−E⊥/Th) functional dependence onE⊥ ' E

at the numerator of the integrand in the resonant integral of Eq. (7)1. Weaker dependences onE

due toQF0 can cause readjustments of the(2/5) factor [69, 70]; however, the scope here is to

give a simple yet relevant lowest order estimate forTh. This estimate is robust, for it captures the

essential ingredients of wave-particle toroidal precession resonance, and provides a lower bound

for E⊥,eff , since precession frequency is maximized for deeply trapped particles. For nearly single-

pitch angle particle distributions, as in the ICRH case, one can improve Eqs. (8) and (9) by dividing

the r.h.s. by the reduction factor of the effective precession frequency with respect to the deeply

trapped particle reference value.

Given nh, Th and the relationship – Eq. (8) – betweenν and E⊥,eff , which is set by the

wave-particle resonance condition,ImδŴk decreases exponentially for (high) frequencies such

that Th < (2/5)E⊥,eff , while it decreases algebraically for (low) frequencies corresponding to

Th > (2/5)E⊥,eff . Using characteristic values of JET pulse # 54300, Eq. (9) predicts thatTh ∼ 440

keV is needed for bringing theImδŴk exponential (high) frequency cut-off atν ' 70 kHz 2. This

fact explains why high-frequency fishbones cannot be observed unless the supra-thermal tail tem-

perature is sufficiently high. The estimateTh ∼ 440 keV for the supra-thermal tail temperature

needed for an exponential frequency cut-off atν >∼ 70 kHz agrees well with the value ofTh
<∼ 730

keV, computed by the PION code [63] for experimental conditions of JET pulse # 54300, as dis-

cussed in Section . Equation (8), meanwhile, givesE⊥,eff ∼ 1.1 MeV for most effective wave-

particle resonant interactions of aν ' 70 kHz mode with the supra-thermal particle tail. This result

compares well with the value of∼ 1 MeV reported in Ref. [19] as computed by the CASTOR-K

code [71]. These discussions demonstrate that the present theoretical framework helps quantita-

tively speculating on fast particle (ion and electron) distribution properties - from the effective tail

temperature to the energy of most effective wave-particle resonant interactions - on the basis of the
1For a perpendicular injected beam, the strongest wave-particle interactions occur at maximum beam energy Em; thus,

E⊥,eff = Em [43].
2The value ν ' 70 kHz is chosen for simplifying a direct comparison with Ref. [19]. At ν ' 80 kHz, as suggested by Fig. 1,

Eq. (9) predicts that Th ∼ 510 keV.
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mere information provided by the wave frequency spectrum. In particular, the estimate forE⊥,eff is

very robust, being related with the wave-particle precession resonance condition. BothE⊥,eff and

Th expressions can be applied to a wide class of modes, as recently shown in connection with TAE

mode destabilization by supra-thermal electron tails in Alcator C-MOD [72]. Ref. [72], in partic-

ular, emphasizes the importance of using Lower Hybrid Current Drive (LHCD) in the early phase

of the plasma discharge to simultaneously have perpendicular supra-thermal electron tails [18] as

well as high-q, which makes it possible to excite high frequency modes (TAE range) at the typical

(Th ∼ 30 keV) supra-thermal electron temperature. This remark is important from the plasma

operation point of view, since it opens the possibility of investigating a wide class of fast-electron

driven high-frequency modes belonging to the SAW spectrum, which otherwise would be obtain-

able only via fast-ion excitations that are more easily accelerated toTh ≈ 500 keV, as in the JET

pulse # 54300.

To demonstrate that the observation of high frequency precessional fishbones with ICRH in

JET [19] can be interpreted as evidence of fishbone excitation at the GAM/BAE frequency, as

predicted by theory, we have computed the BAE/GAM accumulation point at theq = 1 surface in

two ways: (a) via the simplified expressionωBAE = qωti(7/4 + Te/Ti)
1/2, readily derivable from

the lowest order solution of Eq. (3); and (b) via numerical solution ofΛ = 0, with Λ given by

Eq. (5), i.e. including both thermal ion transit resonances (for the ion Landau damping evaluation)

as well as diamagnetic effects (finiteω∗pi). For the JET discharge # 54300, we have takenTe = 4.9

keV, R0 = 3 m andηi = ∂ ln Ti/∂ ln n = 1.6 as fixed parameters atr = rs, obtaining the results

reported in Table 1. Values of Landau damping are typically small and the difference between

using Eq. (4) rather than Eq. (5) is minimal, confirming the sound foundation of neglecting finite

sideband mode numbers for|ω∗/ω| � 1 [46]. Meanwhile, comparisons of theoretical frequencies

with the experimental value of' 80 kHz suggest that a realistic estimate forTi at theq = 1

surface isTi ' 4.5 keV with ω∗pi/2π ' 3.2 kHz, in agreement with TRANSP [73] simulations

based on experimental data reported in Section , which are the only available term of reference in

the absence of directTi measurements on JET pulse # 54300. These values are also consistent with

those reported in Ref. [19], where the higher diamagnetic frequency values10 kHz <∼ ω∗pi/2π <∼ 20

kHz are obtained just before a monster sawtooth crash [19].

The good agreement of theoretical predictions with experimental observations confirms the

sound basis of the proposed interpretation of high frequency precessional fishbones observed in

JET [19] with ICRH as evidence of fishbone excitation at the GAM/BAE frequency [17, 18]. The

scaling of the BAE accumulation point frequency withTe/Ti can be used for diagnostics purposes,

similar to the approach proposed in Ref. [29] for Alfvén Cascades. Actually, the results presented

here (see Table 1), show that a better evaluation of the accumulation point frequency – and, thus,

of the experimental quantities that can be inferred from MHD spectrometry measurements – can

be obtained by solvingΛ = 0 from Eq. (5) rather than usingω = ωBAE [29], with the additional

advantage of computing ion Landau damping of the observed modes as well. This information on

9



Ti ω∗ni/ωti ω∗pi/2π ωBAE/2π ωΛ=0/ωti γ/ωti ωΛ=0/2π

3.0000 0.029381 2.1727 52.316 2.4807 -0.09404 70.556

3.2000 0.030344 2.3175 53.210 2.4539 -0.10203 72.083

3.4000 0.031278 2.4624 54.090 2.4300 -0.10959 73.578

3.6000 0.032185 2.6072 54.955 2.4086 -0.11679 75.044

3.8000 0.033067 2.7521 55.807 2.3892 -0.12361 76.479

4.0000 0.033926 2.8969 56.647 2.3717 -0.13010 77.892

4.2000 0.034764 3.0418 57.474 2.3558 -0.13626 79.280

4.4000 0.035582 3.1866 58.289 2.3412 -0.14211 80.643

4.6000 0.036381 3.3314 59.093 2.3278 -0.14768 81.983

4.8000 0.037164 3.4763 59.886 2.3155 -0.15298 83.304

5.0000 0.037930 3.6211 60.669 2.3041 -0.15802 84.603

5.2000 0.038681 3.7660 61.442 2.2936 -0.16284 85.886

5.4000 0.039418 3.9108 62.205 2.2838 -0.16743 87.148

5.6000 0.040142 4.0557 62.959 2.2746 -0.17181 88.389

5.8000 0.040852 4.2005 63.704 2.2661 -0.17600 89.618

6.0000 0.041550 4.3454 64.441 2.2582 -0.18000 90.832

Table 1: Theoretical values of the BAE accumulation point,ωΛ=0 fromΛ = 0 [Eq. 5)], as a function ofTi andω∗ni = ω∗pi/(1 +
ηi). Fixed parameters areB0 = 2.7 T, Te = 4.9 keV,R0 = 3 m,rs = 0.31 m,−R0∂rs ln ni = 4.4 andηi = 1.6. Values of ion
Landau damping,γ, are also reported. Ion temperature is in keV, while frequencies are given in kHz.
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mode damping can in turn be used to speculate on the amount of drive which is needed to excite

the modes. Therefore, with experimental measurements of mode frequency it is also possible to

draw conclusions on threshold fast particle density for effective mode destabilization in addition to

inferring from Eqs. (8) and (9) useful information on effective energy for wave particle interactions

and optimal supra-thermal tail temperature for mode excitation. In the case of Alvén Cascades,

of course, the accumulation point ats = 0 should be evaluated usingΛ2 = k2
‖sq

2
sR

2
0 [25, 74, 75]

(provided thatk2
‖sq

2
sR

2
0 � 1), with k‖s and qs the value of the parallel wave-vector and of the

safety factor at the minimum-q surface. Note that magnetic shear never enters in the accumulation

point expression, as discussed above and as expected for local oscillations of the shear Alfvén

continuum [2, 18, 22].

CONCLUSIONS AND DISCUSSIONS

Observation of fishbones at unexpectedly high frequencies on JET [19] is well interpreted as exper-

imental evidence of high (GAM/BAE range) frequency fishbones, recently predicted by theoretical

analyses [17, 18]. In this work we discussed the insights concerning both supra-thermal particles

as well as thermal plasma properties that can be obtained from experimental data by the mere

observation of the fluctuation frequency spectrum.

The high frequency fishbone accumulation point scaling withTe/Ti can be used for diagnostics

purposes as proposed in previous studies [29] and adopting the kinetic expression of the gener-

alized inertiaΛ allows more accurate determination ofTi. Meanwhile, from the high frequency

fishbone accumulation point one can determine the effective supra-thermal particle tail tempera-

tureTh for optimal mode destabilization and the corresponding energy of resonant wave-particle

interaction,E⊥,eff . Vice-versa, givenTh one can determine the mode frequency range for which

resonant wave-particle drive is strongest.

The argument onTh applies to supra-thermal ions as well as electrons and can be used for

a broad class of fluctuations driven by toroidal precession resonance wave-particle interactions.

GenerallyTh ≈ 500 keV for nq = 1 modes, as for high frequency fishbones on JET [19]: this

explains why these modes where not observed before. However, theTh ∝ ν(nq)−1 dependence

suggests that high frequency modes can be driven by lowerTh values in high-q conditions, such

as those obtained in Alcator C-MOD during LHCD in the early current ramp phase, where TAE

excitation was observed by perpendicular supra-thermal electron tails withTh ∼ 30 keV [72].

These observations open the path to a variety of potentially interesting experiments looking at

a broad frequency range of SAW fluctuations excited by both fast electrons and ions via wave-

particle precession resonances.
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Fisica, Bologna, 2004) J.W. Connor, O. Sauter and E. Sindoni (Eds.) (2004) pp. 3-12
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[64] CHEN, L., and ZONCA, F., Physica ScriptaT60 (1995) 81

[65] ZONCA, F., and CHEN, L., Phys. Plasmas3 (1996) 323

[66] FREDRICKSON, E.D., BELL, R.E., DARROW, D.S.,et al., Phys. Plasmas13 (2006)

056109

[67] WHITE, R.B., BUSSAC, M.N., and ROMANELLI, F., Phys. Rev. Lett.62 (1989) 539

[68] CHAVDAROVSKI, I., and ZONCA, F., “Effects of trapped particle dynamics on the struc-

tures of low-frequency shear Alfvén continuous spectrum”, submitted to Plasma Phys. Con-

trol. Fusion (2009)

15



[69] ZHENG, L.-J., CHEN, L., and SANTORO, R.A., Phys. Plasmas7 (2000) 2469

[70] ZONCA, F., and CHEN, L., Phys. Plasmas7 (2000) 4600

[71] BORBA, D., and KERNER, W., J. Comput. Phys.153 (1999) 101

[72] SNIPES, J.A., PARKER, R.R., PHILLIPS, P.E.,et al., Nucl. Fusion48 (2008) 072001

[73] GOLDSTON, R.J., McCUNE, D.C., TOWNER, H.H.,et al., J. Comput. Phys.43 (1981) 61

[74] ZONCA, F., CHEN, L., SANTORO, R.A., and DONG, J.Q., Plasma Phys. Control. Fusion

40 (1998) 2009

[75] ZONCA, F., CHEN, L., DONG, J.Q., and SANTORO, R.A., Phys. Plasmas6 (1999) 1917

16



1

100

80

60

0

120

8.9 9.1 9.3 9.5
Time (s)

JG
05

.3
7-

13
c

Pulse No: 54300 channel: 002 Amplitude

40

20

Fr
eq

ue
nc

y 
(k

H
z)

Figure 1: JET Pulse No: 54300. MHD activity from the spectrogram of magnetic coil signal showing the transition to 
the diamagnetic fishbone regime (Fig. 11, from Ref. [19]). The fishbones accumulating at ~80kHz are the high (GAM/
BAE range) frequency branch discussed in Ref. [18] and in the present work.
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