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Introduction

When a large magnetic island is present, waves with frequencies much higher than those of

tearing modes have been observed in FTU and Textor [1, 2]. We show that these modes are Beta

induced Alfvèn Eigenmodes (BAE), i.e. modes located in the low frequencyβ -induced gap in

the shear-Alfvèn continuous spectrum, which is caused by finite plasma compressibility [3, 4].

In fact the mode frequencies obtained from a dispersion relation (DR) for BAE in the FTU

regime fit very well the experimental results. We then write amore general DR which includes

also resistivity [5, 6], and reduces to previous results in limiting cases.

Explanation of FTU observations

In FTU, modes at BAE frequency are observed in the presence ofa large (-2,-1) magnetic

island. In Fig. (4) of [2] the experimental frequency of those modes is compared with an estimate

of the corresponding continuum accumulation point:
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whereTs is the temperature andms the mass of the speciess (s = i(e) for ions (electrons)). The

resulting frequencies overestimate the experimental onesby nearly a factor 3, that is mostly due

to the use of temperatures evaluated at the plasma centre.

We write a more precise DR by asymptotic matching the solution of the eigenmode equation

in the thin inertial layer, localised around the rational surface where the island develops, and

the corresponding field in the external region where ideal magnetohydrodynamics (MHD) ap-

plies. In the ballooning representation, withθ the extended poloidal variable, the inertial layer

corresponds to|θ | ≫ 1.

From [7] the vorticity equation in the inertial layer, including toroidicity, finite Larmor radius

(FLR) and finite orbit widths (FOW) effects, expanded to the fourth order inkϑ ρLi (kϑ = m/r,

m is the poloidal mode number,r is the minor radial variable, andρLs = (msc
√

Ts/ms)/(esB) is

the Larmor radius, withc the speed of light,es the electric charge andB the magnetic field), is:
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∂θ2Ψ+Λ2Φ−θ2Q2Φ = 0. (2)

Here,k⊥ = kϑ
√

1+ s2θ2, with s the magnetic shear,

Λ2(ω) =
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)

]

;

(3)

and

Q2(ω) = s2k2
ϑ ρ2

Li
ω2

ω2
A

[

3
4

(

1− ω∗pi

ω
− ω∗Ti

ω

)

+q2ωti

ω
S(ω)

]

; (4)

whereω is the BAE pulsation,ωA = vA/(qR0) is the Alfvèn pulsation,q is the safety factor,R0

the major radius,vA = B/
√

4πnmi, n is the density, equal for electrons and ions,ω∗ps = ω∗ns +

ω∗T s, ω∗ns = [(Tsc)/(esB)](k ×b) · (∇n)/n, ω∗T s = [(Tsc)/(esB)](k ×b) · (∇Ts)/Ts, b = B/B,

ωti =
√

2Ti/mi/(qR0) andF,G,N,D,S can be found in [7]. The fields appearing are the poten-

tial perturbation,Φ = (k⊥/kϑ )δφ , andΨ = (k⊥/kϑ )δψ, related to the parallel vector potential

δA‖ by δA‖ ≡−i(c/ω)b ·∇δψ. Equation (2) is closed by the quasi-neutrality condition,relat-

ing δφ to δψ. We assume that the resistivity,η, is negligible, and so
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then the solutions of Eq. (2) are parabolic cylinder functions.

On the other hand, for tearing symmetry, i.e. odd modes, the ideal region solution is [5]:

ΨID = C
[

mπθ +(∆′θ)/(s|θ |)
]

; (6)

whereC is a constant and∆′ = rs[dlnA/dr]r
+
s

r−s
, whilers is the radius of the rational surface where

the island develops.

Matching asymptoticallyΨ, resulting from Eq. (2), for|Λθ | → 0, toΨID, we get the DR for

BAE with tearing symmetry, taking into account toroidicity, FLR and FOW:
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with
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The table below shows some of the most representative cases displayed in [2] with their

experimental frequencies,fexp, and complex BAE frequencies,( f ,γ) = ω/(2π), evaluated by

solving Eq. (7) with a NAG routine. We assumeTe = Ti, ∆′ = −2, s = 1 and the other quanti-

ties are all taken from experimental observations at the mode location. In the last column we
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Figure 1: fexp versus f for the shots

shown in the table, with relative symbols.

The full line plots fexp = f .

also reportfACP as calculated from Eq. (1) with the

local Te, to show that the big deviation from the

analytical expression, previously found in [2], was

mainly due to the use of central temperatures; still,

Eq. (7) further improves the results, since, for ex-

ample fACP only depends on temperature.

Figure (1) plotsfexp versusf for the above men-

tioned shots: the fitting between the frequencies is

very good. It is then a neat improvement with re-

spect to Fig. (4) of [2], and an evidence that the ob-

served modes are BAE. The fact thatγ < 0 shows

that the modes are damped, and they need appro-

priate excitation mechanisms, that in this case are

provided by the presence of the island, via nonlin-

ear couplings that are still to be investigated.

Shot no B(T) rs(m) n/1020(m−3) Te(keV ) fexp(kHz) f ;γ fACP

25298 + 5.9 0.16 0.48 0.5 45 38.1;-0.88 61.5

26702 o 5.2 0.18 0.41 0.3 40 37.4;-0.91 47.7

25239⋆ 7.1 0.18 1.49 0.3 40 37.5;-0.80 47.7

26644⋄ 7.1 0.13 0.37 0.9 50 50.3,-1.16 82.6

Dispersion relation of BAE with resistivity

The results shown in the previous should be generalised by the inclusion of resistivity.

By introducing quasineutrality in Ohm’s law we get a relation between theδψ andδφ [6]:
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whereτR = 4π/(ηc2k2
ϑ ) is the resistive time. Substituting Eq. (9) in theθ derivative of Eq. (2),

we get an equation for the perturbed fieldΨ in the inertial layer:
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Ψ =
2iΛ2s2θ

ωτR (1−ω∗ne/ω)
Ψ. (10)

It can be easily shown that Eq. (10) reduces to Eq. (2), withΦ = Ψ, whenτR → ∞, and to

Eq.(30) of [5], that is the equation for modes in the collision - dominated regime, for̂Q = 0.

To get a DR for the modes we are interested in, Eq. (10) has to besolved numerically and

the resultingΨ(θ) has to be matched asymptotically, for|Λθ | → 0, to ΨID of Eq. (6). The
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frequencies found by this procedure are the more general BAEfrequencies for tearing symmetry

modes, taking into account toroidicity, FLR, FOW and resistivity.

Conclusions and future work

In this paper we wrote a DR for BAE in the FTU low - collisional regime, which includes

toroidicity, FLR and FOW effects, and showed that the resulting frequencies are in very good

agreement with those of the modes observed in FTU in the presence of anm = −2, n = −1

magnetic island. Consequently we prove that the observed modes are BAE. Since no fast ions

are present, we will concentrate on the nonlinear excitation of BAE modes by the large magnetic

islands. Experimental observations [2, 1] and theory suggest three wave interactions as the best

candidate for explaining these nonlinear behaviours.

The present DR for BAE modes, which includes finite Larmor radius and magnetic drift orbit

width effects, can be further generalised to incorporate finite resistivity. This implies solving a

third order equation in the inertial layer that has to be integrated numerically and then matched

to the ideal MHD region, with tearing symmetry.
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