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Beta-indu
ed Alfvén-a
ousti
 eigenmodes in NSTX and DIII-Ddriven by beam ions∗N. N. Gorelenkov♯† and M.A. Van Zeeland‖, H. L. Berk♮, N. A. Cro
kero, D.Darrow♯, E. Fredri
kson♯, G.-Y. Fu♯, W.W. Heidbrink♭, J. Menard♯, R. Nazikian♯

♯Prin
eton Plasma Physi
s Laboratory,Prin
eton University, Prin
eton, New Jersey
♮Institute for Fusion Studies, University of Texas, Austin, Texas

oInstitute of Plasma and Fusion Resear
h,University of California, Los Angeles, California
‖General Atomi
s, San Diego, California and
♭University of California, Irvine, CaliforniaAbstra
tKineti
 theory and experimental observations of a spe
ial 
lass of energeti
 parti
le driven in-stabilities 
alled here Beta-indu
ed Alfvén-A
ousti
 Eigenmodes (BAAE) are reported 
on�rming,previous results [N. N. Gorelenkov, H. L. Berk, N. A. Cro
ker et.al., Plasma Phys. Control. Fusion49 B371 (2007)℄. The kineti
 theory is based on the ballooning dispersion relation where the driftfrequen
y e�e
ts are retained. BAAE gaps are re
overed in kineti
 theory. It is shown that theobserved 
ertain low-frequen
y instabilities on DIII-D [J. L. Luxon, Nu
l. Fusion 42 614 (2002)℄and National Spheri
al Torus Experiment [M. Ono, S. M. Kaye, Y.-K. M. Peng et al., Nu
l. Fu-sion 40 3Y 557 (2000)℄ are 
onsistent with their identi�
ation as BAAEs. BAAEs deteriorate thefast ion 
on�nement in DIII-D and 
an have a similar e�e
t in next-step fusion plasmas, espe-
ially if ex
ited together with multiple global Toroidi
ity-indu
ed shear Alfvén Eigenmode (TAE)instabilities. BAAEs 
an also be used to diagnose safety fa
tor pro�les, a te
hnique known asmagnetohydrodynami
 spe
tros
opy.
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I. INTRODUCTIONLow-frequen
y plasma os
illations due to 
oupling of two fundamental magnetohydrody-nami
 (MHD) bran
hes, Alfvéni
 and a
ousti
, have attra
ted a lot of interest in re
entyears. One solution, the geodesi
 a
ousti
 mode (GAM), is known to be a part of the tur-bulent pro
esses [1℄. Another 
lass of global modes is responsible for the instabilities drivenby energeti
 parti
les in tokamak plasmas su
h as beta-indu
ed Alfvén and Alfvén-a
ousti
eigenmodes (BAE [2℄ and BAAE [3℄, respe
tively). These modes 
an have deleterious e�e
tson plasma performan
e arising from the indu
ed fast ion loss and wall heat load. Be
ause oftheir very low-frequen
ies near the rational surfa
e and their global mode stru
ture, BAAEs
an potentially parti
ipate in ba
kground plasma turbulen
e and in the generation of thezonal �ows. One positive aspe
t of these modes is that BAAEs in parti
ular 
an be used forso-
alled MHD spe
tros
opy to diagnose plasma parameters su
h as the safety fa
tor pro-�les, whi
h is espe
ially important in the burning plasma 
onditions where measurementsof the internal safety fa
tor pro�le will be di�
ult.Intera
ting Alfvén-a
ousti
 bran
hes and resulting gap stru
tures have been reported earlierusing analyti
al theory [4℄ and numeri
al simulations [5℄. However, global modes lo
alized tothe BAAE 
ontinuum extremum points have been found only re
ently [3℄. Notably the sear
hfor the low-frequen
y modes inside the wider BAE gap with the antenna 
ode did not resultin the BAAE modes [5℄ be
ause of their strong radial lo
alization and thus weak 
ouplingto the edge. Instead, a more global BAE-like mode was found with a strong 
hara
teristi
intera
tion with the 
ontinuum.To illustrate the toroidi
ity e�e
t on the MHD 
ontinuum we �rst 
onsider ideal MHDAlfvéni
 and a
ousti
 bran
hes in a 
ylinder. In this 
ase these two waves do not intera
t andtheir solutions are un
oupled [see Fig.1(a)℄ due to a di�erent polarization, whi
h is purelya 
ompressional plasma displa
ement of the a
ousti
 bran
h and in
ompressible plasmamotion of the Alfvéni
 bran
h. In a torus Alfvéni
 and a
ousti
 waves 
ouple and theirpolarization is mixed. This type of 
oupling is mediated by the geodesi
 
urvature and theplasma pressure, and is the fo
us of this paper.As a result, various gaps in the 
ontinuum emerge [see Fig.1(b)℄, su
h as the toroidi
ity-indu
ed Alfvén eigenmode (TAE) gap due to poloidal m and m + 1 Alfvéni
 harmoni
s2
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Figure 1: (Color) S
hemati
 of the low-frequen
y Alfvéni
 and a
ousti
 
ontinuum in a 
ylinder (a)and in a torus (b).
oupling [6℄, the BAE gap due to the GAM indu
ed up-shift of the Alfvéni
 
ontinuum [7℄,and the BAAE gap due to m Alfvéni
 and m ± 1 a
ousti
 bran
hes 
oupling, whi
h wasstudied in detail re
ently [3, 8℄. In ea
h gap a 
orresponding global eigenmode 
an emerge.In addition, global modes are found near the extrema points of the 
ontinuum, su
h as thoseformed at the qmin lo
ation in the reversed shear plasma.Be
ause of the strong presen
e of the a
ousti
 wave in the BAAE solution, as we will see,it is important to understand the role of the kineti
 e�e
ts su
h as resonan
es with thermalions. This will be the subje
t of this work.The paper is organized as follows. In se
tion II we outline the ideal MHD and present kineti
theories. We 
ompare the main BAAE properties with the experimental data from NationalSpheri
al Torus Experiment (NSTX[9℄) and DIII-D[10℄ in se
tion III. In parti
ular, the
omparison of the ideal MHD and kineti
 predi
tions for the instability frequen
y favors thekineti
 theory. E�e
ts on the 
on�nement of energeti
 parti
les due to BAAEs are presentedin se
tion IV. Results are dis
ussed and summarized in se
tion V.II. BAAE THEORYHere we outline the ideal MHD theory [3℄, whi
h was re
ently developed to explain newobservations of global eigenmodes in toroidal plasma experiments on NSTX and JET[8℄,as well as on DIII-D experiments reported in this paper. BAAEs 
an appear in the fre-3



quen
y and lo
ation adja
ent to the extremum points of the Alfvén-a
ousti
 
ontinuum.The extremum points exist in the zero shear region and inside the 
ontinuum gaps. It is the�nite pressure, plasma 
ompressibility and the geodesi
 
urvature that mediate Alfvén anda
ousti
 bran
hes 
oupling to form the gap stru
ture[4℄, 
alled here the BAAE gaps.The BAAE gap upper frequen
y, Ω+, emerges when the m±1 a
ousti
 sideband frequen
iesmat
h, Ωa,+1 = Ωa,−1, and in ideal MHD, low beta, and high-aspe
t-ratio plasmas is givenby [3, 4℄
Ω2 = Ω2

+ = 1/q2, (1)where (and below) 
apitalized notations for frequen
ies denote normalization Ω2 ≡ ω2/ω2
s ,

ω2
s ≡ δ (vA/R0)

2 = v2
s/R

2
0, δ = γβ/2 ≪ 1, Ωa± = k±1, kj = (m + j − nq) /q is parallelwaveve
tor, n and m are the toroidal and poloidal wave numbers, vA and vs are the Alfvénand a
ousti
 (sound) speeds, respe
tively, and γ is the spe
i�
 heat ratio. Near the rationalmagneti
 surfa
e, another bran
h, 
alled here the modi�ed Alfvén bran
h, �shielded� bya
ousti
 sidebands exists

Ω2 = k2
0/δ

(

1 + 2q2
)

. (2)An important 
on
lusion of the ideal theory is that the extremum point of the 
ontinuum,whi
h exists at the qmin surfa
e, follows the modi�ed Alfvén bran
h dispersion, similar to theRSAE 
ase. Thus, if qmin de
reases, the frequen
y sweeps up until it rea
hes the sidebanda
ousti
 bran
h, whi
h gives an approximate value for the BAAE gap 
enter, Ω0. The lowergap frequen
y 
an be approximated as Ω− = Ω+ − 2 (Ω+ − Ω0):
Ω− =

[

1 − 2
√

δ (1 + 2q2)
]

/q,whi
h agrees well with more a

urate expression [8℄. Global BAAE solutions 
orrespondingto the 
ontinuum extremum points were found numeri
ally. Away from the rational surfa
e,at k2
0 > δ two a
ousti
 j = ±1 sideband solutions exist.A. BAAE kineti
 theoryBe
ause of the low frequen
y of BAAEs it is important to develop the kineti
 theory ofthese modes, whi
h should a

ount for the resonan
e intera
tion with thermal ions. Wemake use of the dispersion relation appli
able to the Alfvén-a
ousti
 
ontinuum [11℄. It was4



derived from the quasi-neutrality 
ondition and the Ampere's law (similar kineti
 dispersionrelations were derived elsewhere [12, 13℄). One 
an straightforwardly generalize it to a

ountfor sideband parallel waveve
tor radial variation and ele
tron drift e�e
ts as follows
k2

0 + ∆2
MHD

Ω2
kδk

= 1 − Ωk∗pi

Ωk
−

∑

j=±1

1

2k2
j

{

[Ωk∗pe + ΩkξjiNj ] Nj

ΩkDjξ2
ji

−
(

1 − Ωk∗i

Ωk

)

Fj

ξji
+

Ωk∗T i

Ωk

Gj

ξji

}

,(3)where 
oe�
ients N, D, F , and G are given in Appendix A, τ = z2
i Teni/z

2
eTine, ξji = ω/kjvT i,

vT i is the thermal ion velo
ity, δk = τβi/2, Ω2
k ≡ Ω2δ/δk, subs
ript k is introdu
ed to sepa-rate kineti
 from ideal normalization, ω∗j = nqv2

Tj/2ωcjrLj , Lj is the gradient s
ale length
omputed for the ele
tron or ion densities, whi
h are nj, j = e, i respe
tively, zj is parti
le
harge, Ω2
k∗j = ω2

∗jδ/ω
2
sδk, Ωk∗Tj = Ωk∗jηj , Ωk∗pj = Ωk∗j (ηj + 1), and ηj = ∂ ln Tj/∂ ln nj.Here we also introdu
ed a shift to the mode eigenfrequen
y from the 
ontinuum, ∆MHD,whi
h has to be 
omputed using global 
odes su
h as NOVA [6℄. Although we show the wayto in
lude ∆MHD into the BAAE dispersion it will be negle
ted in the evaluations hereafter.The geodesi
 
urvature 
oupling to the a
ousti
 mode emerges from the 
urvature parti
ledrift frequen
ies in the kineti
 equation [11, 12, 14℄. If 
ontributions from two a
ousti
sidebands are 
onsidered to be the same, k2

+1 ≃ k2
−1 or k0 ≪ 1/q, and Ωk∗pe = 0, Eq.(3)is redu
ed to the dispersion obtained in Ref.[11, 13℄. As we will show j = ±1 sideband
ontributions should be in
luded separately to re
over the MHD results outlined above. Wenote that ele
tron drift frequen
ies in Eq.(3) appear from the quasineutrality 
ondition andthe vorti
ity equations of Ref.[15℄ [due to ωde terms in Eqs.(39) and (41) of that referen
e℄if trapped ele
trons are ignored. Earlier su
h ωde and ω∗pe terms appeared in Ref. [16℄ andre
ently in Ref. [17℄. Similar dispersion, in
luding ω∗i e�e
ts, was obtained from globalgyrokineti
 theory in Ref.[18℄.Re
ently the existen
e of global ele
tron drift-sound and drift-Alfvéni
 modes due to ω∗ewas demonstrated in Ref. [19℄. Be
ause of the two-�uid MHD model used in that work,

ω∗pe e�e
ts and asso
iated solutions were not found, neither were the potential ITG-likeinstabilities of the drift bran
hes. These e�e
ts seem to be dominant in experimental 
ondi-tions, where the temperature pro�le gradients are (typi
ally) stronger than plasma densitygradients.Note also that in the derivation of the above equations it was assumed that the thermalion parallel velo
ity is not 
hanged during the 
hara
teristi
 time of the intera
tion with5



the mode. This is true if the boun
e frequen
y of thermal ions is smaller than the modefrequen
y, that is √
βiǫ < k0, whi
h 
an be satis�ed for su�
iently small ǫ and plasmapressure.It is possible to show that when the ion temperature gradient is su�
iently large the BAAEinstability 
an be driven purely by thermal ions.Next we 
onsider two limit 
ases of the dispersion relation, Eq.(3).1. Simple BAAE dispersion in ele
tron dominated plasma, τ ≫ 1Kineti
 dispersion of the modi�ed Alfvén bran
h in a plasma with dominant ele
tron beta
orresponds to the limit τ > 2ξ2

i ≫ 1. We analyze Eq.(3), �rst, in this limit, whi
h be
omes
k2

0 + ∆2
MHD

Ω2
kδk

= 1 + 2q2 Ωk − Ωk∗pi − Ωk∗pe

Ωk − Ωk∗pi − ξ2
s (Ωk − Ωk∗e + τΩk∗i)

+
Ωk − Ωk∗i (1 + ηiξ

2
i )

Ωk − Ωk∗pi

(

1 − 2Ωk∗pe

Ωk − Ωk∗pi

)

ξ3
sτ

3/2e−ξ2
sτ/2

i
√

πσq2

2
√

2
, (4)where σ = 0, 1, 2 for ℑΩk < 0, = 0, > 0, respe
tively, ξ±1i ≃ ωqR/vT i = ωq

√
τ/ωA

√
βe ≡

ξs

√

τ/2, and for BAAEs ξs < 1. Also ξs = Ωk/Ωk+.If drift frequen
ies are ignored we �nd:
k2

0 + ∆2
MHD

Ω2
kδk

≃ 1 +
2q2

1 − ξ2
s

(

1 + ξ3
sτ

3/2e−ξ2
sτ/2

i
√

πσ

2
√

2

)

. (5)If its imaginary part is negle
ted and ξs ≪ 1, Eq.(5) is redu
ed to the MHD dispersion,Eq.(2), and 
orresponds to the sweeping up BAAE solution. Its real part 
an be written inthe form
Ω2

k0 =
k2

0 + ∆2
MHD

δk {1 + 2q2/ [1 − k2
0q

2/δk (1 + 2q2)]} . (6)The damping of this solution is exponentially small. De�ning the imaginary part of thenormalized frequen
y as γ ≡ ℑΩk we �nd:
γ

Ωk0

= −ξ3
sτ

3/2e−ξ2
sτ/2 q2

1 + 2q2

√
πσ

2
√

2
. (7)

6



2. Low ξi BAAE dispersionHere we 
onsider another limit 
ase, ξ±1i ≪ 1, whi
h allows for �nite τ . We �nd then fromEq.(3)
(k2

0 + ∆2
MHD) Ωk

Ω2
kδk

≃ H

Ωk − Ωk∗e/ (1 + τ)

+

[

Ωk − Ωk∗i −
3Ωk∗T i

2
− τΩk∗pe

Ωk − Ωk∗i − Ωk∗T i/2

Ωk (1 + τ) − Ωk∗e

]

iq2
√

πe−ξ2
sτ/2

ξs

√
2τ

,(8)where
H

Ωk − Ωk∗e/ (1 + τ)
= (Ωk − Ωk∗pi)

(

1 +
q2

2

)

+
πτq2

4

(Ωk − Ωk∗i − Ωk∗T i/2)2

Ωk (1 + τ) − Ωk∗e

− πq2τ 2

2
Ωk∗pe

(Ωk − Ωk∗i − Ωk∗T i/2) (Ωk − Ωk∗i + Ωk∗T i/2)

(Ωk (1 + τ) − Ωk∗e)
2

.Strong ion Landau damping o

urs due to the a
ousti
 sidebands resonan
e with thermalions. We note that this equation gives good approximation even for �nite ξi < 1.a. Drift frequen
y solution. In the presen
e of drift diamagneti
 frequen
ies Eq.(8) hassolutions with positive Ωk ∼ Ωk∗T i and negative Ωk ∼ Ωk∗Te frequen
ies.At k0 ≃ 0 one 
an �nd asymptoti
 solutions of this equation if drift frequen
ies are small in
omparison with BAAE gap frequen
y |Ωk| ∼ |Ωk∗T i,e| ≪ Ωk+. Solutions emerge from the
ondition that the in the square bra
kets of the se
ond term of the right-hand side (RHS)of Eq.(8) is zero:
Ωk = Ωk1,2 =

Ωk∗i

2

{

1 +
3ηi

2
+

Ωk∗e

Ωk∗i

(

1 +
τηe

(1 + τ)

)

±

√

[

1 +
3ηi

2
+

Ωk∗e

Ωk∗i

(

1 +
τηe

(1 + τ)

)]2

− 4Ωk∗e

[

1 + 3ηi

2
+ τ (1 + ηe)

(

1 + ηi

2

)]

Ωk∗i (1 + τ)







(9)whi
h 
an is dire
tly veri�able by solving Eq.(3) numeri
ally. Here subs
ript indexes 1 and2 
orrespond to plus and minus signs in the RHS of Eq.(9). Solution Ωk1 is an ion bran
hwith a positive frequen
y and Ωk2 is an ele
tron bran
h with a negative frequen
y. An ionsolution 
an be identi�ed as a Kineti
 Balooning Mode (KBM). The ion bran
h, Ωk1 isredu
ed to an earlier obtained solution in Ref.[13℄ if Ωk∗e ≪ Ωk∗i7



Ωk1 = Ωk∗i

(

1 +
3ηi

2

)

.Corresponding growth rates of these two bran
hes are found by a perturbation methodassuming that γ1,2 ≪ Ωk1,2:
γ1,2 =

Ωk1,2

√
2τ (−1)1,2

Ωk+q2
√

πe−ξ2
sτ/2 (Ωk2 − Ωk1)

H|Ωk1,2
.The instability is expe
ted for both ele
tron and ion bran
hes provided ηe,i are su�
ientlylarge.b. Sweeping up BAAE solution. At frequen
ies above the drift frequen
ies the approxi-mate solution for the unstable mode is obtained

Ω2
k =

k2
0 + ∆2

MHD

δk

[

1 + q2
(

1

2
+ π

4

τ
1+τ

)] . (10)As we will show later, this expression provides dependen
e 
lose to the numeri
al one eventhough we ignored its imaginary part.3. Comparisons with numeri
al solutions of Eq.(3)Eq.(3) also 
ontains a
ousti
 bran
hes whi
h 
orrespond to the zero denominator of these
ond term in the 
url bra
kets of its LHS. This bran
h is the same as in MHD, Eq.(1),for τ ≫ 1, but needs to be analyzed numeri
ally otherwise. Figure 2 shows the 
omparisonof these limiting 
ases at Ωk∗T,i,e = 0 with MHD and with the general dispersion. Thenumeri
al evaluation of Eq.(3) shows that the damping rate of its bran
hes in
reases rapidlywhen τ < 2. Quantitatively, in su
h a 
ase the damping rate at the extremum points insidethe BAAE 
ontinuum gap is large |γ/Ωk| >∼ 25%. The modi�ed Alfvén bran
h dampingbe
omes 
omparable (or larger) to the frequen
y at smaller frequen
ies.
8
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Figure 2: (Color) BAAE 
ontinuum solutions 
omparison with the MHD solution as indi
ated. Allreal parts of the solution frequen
ies are positive and their imaginary parts are negative. Frequen
iesare normalized to Ωk+ = 1/q for kineti
 solutions or Ω+ = 1/q for MHD solutions. On �gure (a)two kineti
 bran
hes are shown for τ = 15, lower frequen
y, Eq.(8) [with the real frequen
y fromEq.(10)℄, and higher frequen
y, Eqs.(6,7) solutions. Eq.(8) dispersion is also shown for τ = 2.Figure (b) presents frequen
ies evaluated using general dispersion relation, Eq.(3). Results areshown for n = 12, m = 21 and δ = δk = 0.25%.We examine the drift frequen
y e�e
ts by analyzing the general dispersion relation Eq.(3)with the plasma parameters 
lose to ones from DIII-D experiments. In NSTX, with low
n numbers observed, drift frequen
ies 
an be negle
ted. We �x τ = 2, δk = 0.6%, driftfrequen
ies Ωk∗i = Ωk∗e = 0, Ωk∗T i = 0.94Ωk+ for n = 8, Ωk∗Te = −3Ωk∗T i/2, and qmin = 2when k0 = 0. As shown in Figure 3 in simulations we have found both ion and ele
tronbran
hes to be unstable at k0 = 0 with the frequen
ies determined by the drift frequen
ies,
∼ 2Ωk∗T i/3 and ∼ −Ωk∗T i/3. Note that in the 
onsidered example our analyti
al result,Eq.(9), gives Ωk1 = Ωk∗T i and Ωk2 = −Ωk∗T i/2, whi
h are only approximately 
lose to theresults shown in Fig.3 at k0 = 0. This is be
ause of the 
hosen relatively high drift frequen
y.The ion bran
h solution transforms to the BAAE gap bran
h away from the rational surfa
e
k0 >

√
2δk. One 
an also see that the damping rate of the obtained BAAE solutions inthis 
ase, τ = 2, is mu
h smaller γ/Ωk ∼ −10% than without drift frequen
y e�e
ts from

∼ −25% [
ompare with Fig.2(b)℄. This is be
ause of the destabilization due to Ωk∗T i termsin the third term of the RHS of Eq.(8).We note that the drift frequen
y mode drive is due to ITG, whi
h is the same drive as inthe earlier higher frequen
y Afvéni
 ITG mode studies [20℄.9
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Figure 3: (Color) Alfvén-a
ousti
 
ontinuum with �nite drift frequen
ies. Figure (a) shows two ionbran
hes and Figure (b) shows two ele
tron bran
hes. Only the least stable solutions are plotted.One important 
on
lusion we draw from the kineti
 vs. MHD theory 
omparison is thatthe kineti
s improves and 
omplements the MHD framework for BAAE studies. It properlyaddresses 
oupling to the a
ousti
 wave and introdu
ed ion Landau damping. But qualita-tively the kineti
 theory agrees with the ideal MHD in a way that the a
ousti
 and Alfvénbran
hes are 
oupled and form the gap in the 
ontinuum. Thus the ideal MHD tools su
has numeri
al 
odes 
an be applied for the BAAE analysis provided that the frequen
ies arenormalized to the values, whi
h follow from the kineti
 theory. In this sense it is su�
ientto develop a lo
al kineti
 theory using the ballooning formalism, i.e., assuming kr ≫ kθ.III. COMPARISON WITH EXPERIMENTSIn JET experiments BAAE magneti
 a
tivity was observed with the 
hara
teristi
 frequen
ysweep up [3℄. However, the frequen
y of n = 4 gap BAAE was found to be ∼ 1.8 timeshigher than measured. In those experiments the safety fa
tor pro�le was not measuredduring BAAE a
tivity and it was assumed that the q-pro�le is monotoni
 and τ = 1. Aplausible and rather simple way to resolve this frequen
y mismat
h was suggested in Ref.[8℄.It was proposed that lo
al low (or slightly reversed) shear region exists with q ≃ qmin = 3/2.Another assumption was that the plasma was dominated by ele
trons (Te ≫ Ti). In that
ase we evaluate f+ ≃ 21kHz, so that the inferred gap BAAE frequen
y ∼ 16kHz be
omessu�
iently 
lose to the Doppler shifted observed frequen
y f = 14kHz. This 
onje
turewas supported by the presen
e of only even toroidal mode numbers in the magneti
 signal10



spe
trum, whi
h follows from the requirements that m = qminn must be integer. Similarsweeping modes in NSTX also showed even numbers at measured qmin = 3/2 [8℄. Kineti
expressions in JET plasma 
onditions are expe
ted to agree with ideal MHD be
ause δk =

βe/2 = δ, sin
e β ≃ βe and γ ≃ 1 for strongly ICRF heated plasma, when most of the energyof H-minority is transferred to ele
trons.BAAEs in NSTX were identi�ed based on their frequen
y sweeping behavior, mode stru
tureand its dynami
s [8℄. Qualitatively similar to theoreti
al predi
tions the BAAE frequen
iesswept up in experiments from a level 
lose to the plasma rotation (frot ≃ 15kHz) at the
qmin (sweep starts at qmin = 3/2) surfa
e to about 50kHz (for n = 2 mode) in the lab frame.Detailed measurements of BAAE internal stru
ture revealed the same radial lo
alization,eigenfrequen
y (within measured a

ura
y) and their evolution as 
al
ulated by ideal MHD
ode NOVA. BAAEs in NSTX typi
ally stay near the modi�ed Alfvén 
ontinuum frequen
yand do not enter the Alfvén-a
ousti
 gap, whi
h is at ∼ 25kHz in the plasma frame. InNSTX plasmas typi
ally τ ∼ 1, so that BAAE instability is possible only if the drive isstrong, whi
h 
an be expe
ted be
ause the fast ion pressure is 
omparable with the pressureof thermal ions.A. Kineti
 versus ideal MHD dispersion and NSTX dataHere we show new observations from NSTX where multiple instabilities were ex
ited. Thetime s
ale of these instabilities is relatively long, so that the measured qmin evolution al-lows for more a

urate 
omparison of both the ideal MHD and kineti
 dispersions with theexperiments. In Fig. 4(a) qmin vs time is shown along with its �tted time dependen
eused in evaluating the mode frequen
y. In Fig. 4(b) we plot the kineti
 and ideal MHD(as indi
ated) predi
tions for BAAE frequen
ies taking into a

ount the plasma rotation
f = fBAAE +nfrot, frot (qmin) = 19−23kHz, n between −1 and −4. Be
ause of the negativetoroidal mode numbers and fBAAE being 
lose to zero, the instabilities are observed withfrequen
y down sweeps instead of up sweeps, whi
h is similar to the RSAE 
ase reportedearlier [21℄. In NSTX drift frequen
ies 
an be negle
ted f∗pi|n=1 ≃ 2kHz ≪ fBAAE .Plotted kineti
 frequen
ies 
orrespond to the real part of the modi�ed Alfvéni
 solution at
Ti = Te, ℜωBAAE ≃ vAk‖/

√

1 + q2
min (1/2 + π/8) [see Eq.(10)℄, whereas MHD frequen
y is11



vAk‖/
√

1 + 2q2
min [see Eq.(2)℄. One 
an observe that the MHD dispersion notably deviatesfrom the measured signal (yellow signal tra
es in the insert). Although the kineti
 theoryBAAE frequen
y is surprisingly 
lose to the observations as 
an be seen from the insert onFig.4(b), we have to note that the plotted kineti
 solution 
orresponds to the stable modedispersion. And be
ause of strong damping of this solution the required equally strong drive
an also 
hange the real part of the frequen
y. This remains an issue for further studies,but the observed agreement with the stable kineti
 mode frequen
y should be a 
onstraintin developing the theory of BAAE instability.

(MSE)

Time(s)

(shot 123481)

fit (a) (b)
Figure 4: (Color) MSE measured evolution of the minimum value of the safety fa
tor, qmin, andits �t, �gure (a). Shown in �gure (b) is the NSTX magneti
 signal spe
trum for the shot #123481,measured at the plasma edge. In the insert of �gure (b) the frequen
y spe
trum is zoomed and over-laid with the kineti
 (for n = −1÷−4) and MHD (shown for n = −3 only) dispersion frequen
ies.
B. Measurements of BAAEs in DIII-DIn dedi
ated experiments on DIII-D low-frequen
y instabilities, whi
h 
an be identi�ed asBAAE os
illations were also observed. Detailed measurements of internal low-frequen
yos
illations shown in Figure 5(a) with the Beam Emission Spe
tros
opy (BES), CO2 inter-ferometer, and Ele
tron Cy
lotron Emission (ECE) diagnosti
s reveal very low-frequen
ysignal peaks below the 
hara
teristi
 RSAE frequen
y signal. Experiments were 
ondu
tedwith the ECH applied at 0.8sec after whi
h strong broadband os
illations are seen in Figure12



5(a). At a later time Te in
reases, τ ∼ 2, and narrow BAAE peaks are seen in both BESand ECE spe
tra. Part of the reason for this is the signal enhan
ement due to the elevatedele
tron temperature gradient. These modes have lo
alized radial stru
ture near qmin. At
t = 1.6sec the plasma is 
hara
terized by R0 = 1.66m, a = 0.64m, βpl0 = 5%, B0 = 2T ,
q1 ≃ 6, qmin ≃ 1.25.(a) (b)
Figure 5: (Color) The 
ombined power spe
trum of ECE and CO2 interferometer (a) for DIII-Dshot #132710 taken at R = 1.93m and a zoom of a narrow region of several BES 
hannels 
ross
orrelation are shown in the insert. Figure (b) shows the results of NOVA simulations (points)of di�erent n modes as indi
ated. Under ea
h mode point shown as the bla
k line is the lower
ontinuum gap frequen
y from kineti
 dispersion.In order to identify observed instabilities we have performed a sear
h for eigenmodes usingthe NOVA 
ode and have found gap solutions with the frequen
ies shown in Figure 5(b).Plotted values in
lude the Doppler 
orre
tion due to the plasma rotation 11.5kHz at qmin.NOVA �nds solutions only as gap modes. During the sweeping up phase (modi�ed Alfvénbran
h) all numeri
al solutions strongly intera
ted with the 
ontinuum and are dis
arded.Kineti
 bran
h dispersion relation frequen
ies are also plotted, ex
ept for those values forwhi
h thermal ion Landau damping, Eq.(8), satis�es |γ/Ωk| < 0.25 and 0 < k0 < 0.25.Kineti
 frequen
ies are plotted as sweeping up solutions transitioning to the gap frequen
y.The upper limit of k0 is 
hosen to make the duration similar to NOVA simulations. Thelatter results from the global mode existen
e 
ondition, whi
h means weak intera
tion withthe 
ontinuum.Global NOVA BAAE solution eigenfrequen
ies adjusted to mat
h the ideal and kineti

ontinua are 
lose to the kineti
 
ontinuum gap frequen
y. They also show similar time13



duration to those observed [see insert on Fig. 5 (a)℄. The n sequen
e of instabilities is alsoreprodu
ed. However, in the experiments there was no dis
ernible BAAE a
tivity on edgemagneti
s so a toroidal mode number determination was not possible. In the modeling theBAAE gap frequen
y is on the order 30 − 40kHz in the plasma frame for that time.The ECE diagnosti
 was used to measure the radial stru
ture of BAAEs, an example ofwhi
h is shown in �gure 6(a,b), 
orresponding to the peak on the ECE spe
trum diagramat t = 1590msec and f = 87kHz as shown in �gure 5(a). The mode stru
ture is narrow inradial dire
tion and lo
alized near the qmin surfa
e. One 
an relate the ele
tron temperatureto the plasma perturbation via the equation
δTe = −~ξ∇Te − (γe − 1) div~ξ,where ~ξ is the plasma displa
ement, and γe is the spe
i�
 heat ratio 
omputed for ele
trons.Sin
e for low-frequen
ies os
illations, δTe is expe
ted to be 
onstant along the magneti
 �eldlinem we 
an allow γe = 1. Thus the 
ontribution from the 
ompressibility vanishes and δTeamplitude is expe
ted to be 
omparable on the LFS and HFS of the tokamak 
ross se
tion.This is 
onsistent with the data shown in Fig.6(a). With the amplitude of δTe from �gure6(a) we evaluate the radial 
omponent of the plasma displa
ement: ξr/a ≃ 3 × 10−3. Thisis 
omparable to the typi
al displa
ement reported for RSAE/TAE instabilities in similarDIII-D dis
harges [22℄.The NOVA 
omputed BAAE radial displa
ement stru
ture for n = 5 is shown in 6(
) andis 
omparable with the experiment with regard to the mode lo
ation and the radial width.Further 
omparison using the syntheti
 diagnosti
 in NOVA 
an produ
e a better agreement[23℄. The small shift toward the 
enter 
an be due to the spe
i�
 gap stru
ture and is sensitiveto the mode number.C. Drift e�e
ts and BAAEs in DIII-DBe
ause in DIII-D the drift frequen
y is signi�
ant, the question whi
h needs to be addressedis whether the observed modes are related to the ele
tron drift mode, KBM or BAAEbran
hes. We rely on the measurements su
h as the BES diagnosti
, whi
h indi
ates thatthe mode is propagating in the ion dire
tion. Without addressing the stability issue we14
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0.0Figure 6: (Color online) The ECE measured BAAE radial stru
ture (a) and the signal phase 
o-heren
e (b) for ea
h radial 
hannel point vs. minor radius. For 
omparison we also show the radialdispla
ement of the simulated n = 5 BAAE stru
ture in �gure (
) using ideal 
ode NOVA. Dominantharmoni
 m = 8 is indi
ated and the sideband harmoni
s are plotted as a dashed lines. The safetyfa
tor pro�le is shown in �gure (a).plot the predi
tions of the kineti
 dispersion for another DIII-D shot #132238 in �gure 7(insert) for di�erent values of n = 1 ÷ 11. In that �gure we see again the transition fromthe KBM bran
h at qmin = 2 to BAAE as the safety fa
tor de
reases. If KBMs are ex
itedthe observed peaks would be seen simultaneously in time, i.e., aligned at one time on thespe
trogram. Opposite to this, BAAE gap mode instabilities are expe
ted to form patternssimilar to ones observed [one of them is en
ir
led on that Fig.7(a)℄. Note that global KBMsalso 
an be ex
ited by fast ions if the drive is su�
iently strong, as was suggested earlier[24℄.D. Evaluating BAAE frequen
y in DIII-DBe
ause of the un
ertainty in the q pro�le on JET and in NSTX absolute value of BAAEfrequen
y was not satisfa
torily 
ompared with the theoreti
al predi
tions. It turns outthat DIII-D data 
an be used for su
h frequen
y 
omparison despite the unavailability of nmeasurements. By plotting the proper lo
al dispersion frequen
y patterns near t = 1300msecfor the shot #132238 one 
an show that the signal peak at t = 1375msec and f = 41kHz
orresponds to n = 2, Fig.7. With the lo
al rotation frequen
y f = 9.5kHz we �nd that the15



Figure 7: (Color) DIII-D shot #132238 instability frequen
y spe
trum (a) [the same as in Fig.5(a)but with a di�erent 
olor map℄ and the kineti
 theory predi
tions for the transition from KBM toBAAE bran
hes (b), shown for n-numbers from 1 to 11.mode has f = 22kHz in the plasma frame. Ele
tron and ion temperatures in that shot were
Ti = 1.9keV and Te = 2.46keV , respe
tively, so that τ ∼ Te/Ti = 1.3. Kineti
 dispersionrelation �nds ℜΩk− = 1.1 and ℜΩk+ = 1.7 for this 
ase. Evaluating Ωk+ normalizationfrequen
y one 
an �nd that it 
orresponds to 17.6kHz. This implies for the lower and upperBAAE gap limits, 19kHz and 30kHz, respe
tively, whi
h puts the measured n = 2 BAAEfrequen
y, 22kHz near the bottom of the gap. This is where NOVA �nds the global gapBAAE frequen
y as shown in 5(b) (for higher n-values).IV. EFFECTS ON ENERGETIC PARTICLESBAAEs in NSTX 
an form avalan
hes in whi
h 
ase several modes are ex
ited simultaneouslyand result in strong beam ion redistribution and loss. In one example this was eviden
edby a 13% neutron signal drop, whi
h approximately indi
ates the same amount of beam ionloss [25℄. Energeti
 parti
le radial transport 
an be further enhan
ed by nonlinear 
ouplingto TAEs [26℄.In DIII-D the Fast-ion D-alpha (FIDA) diagnosti
 [27℄, 
apable of measuring the beam ionpro�les, suggests that BAAEs in
rease fast ion transport to a level 
omparable to that dueto RSAEs reported in DIII-D [22℄. Figure 8 represents su
h measurements at a time whenthe ECE spe
trum a
tivity is dominated by BAAEs as 
an be seen from Fig.5(a). Measuredbeam ion pro�les are 
ompared with the 
lassi
al predi
tions on the basis of 
omputing16



fast ion distribution fun
tion when all the 
olle
tive instabilities are negle
ted. One 
an seefrom the 
omparison that the beam ion pro�les are depleted from r/a = 0 up to r/a ≃ 0.7,whereas the modes are relatively narrow in radial dire
tion, Fig.6(
). These results showthat the 
ore beam ion density is redu
ed approximately by half.We note that earlier numeri
al simulations were not able to reprodu
e the same level of fastion transport as in the experiments based on only RSAE and TAE modes [22℄. Our resultsindi
ate that BAAEs should also be in
luded in su
h simulations.

Figure 8: (Color online) Measured FIDA energeti
 parti
le density pro�le (experiment) 
omparedwith the FIDA density pro�le 
al
ulated using the 
lassi
al fast-ion distribution fun
tion fromTRANSP (theory). The �FIDA density� is the radian
e over blue-shifted wavelengths that 
or-respond to energies of Eλ = 30− 60keV , divided by the lo
al density of inje
ted neutrals for DIII-Dshot #132710 at t = 1571msec.
V. DISCUSSION AND SUMMARYOur theoreti
al and experimental studies further 
on�rm the previous results of BAAEinvestigations on JET and NSTX [3, 8℄. Key elements of the mode identi�
ation and thetheory experiment 
omparison are the instability frequen
y spe
trum and the trends inobservable instability properties as plasma parameters evolved.In global simulations these eigenmodes exist in the Alfvén-a
ousti
 
ontinuum gaps and inthe regions of low shear adja
ent to the 
ontinuum extremum points. One of our results17



is that Alfvén-a
ousti
 gap exists in both ideal MHD and in the kineti
 theory. If theele
tron temperature ex
eeds the thermal ion temperature, the kineti
 BAAE dispersion is
lose to that from MHD and the modes have weak damping. In the opposite 
ase, whenele
tron and ion temperatures are 
omparable, the ion Landau damping is strong, but isredu
ed if thermal ion drift frequen
y is signi�
ant like in the DIII-D 
ase. Observed BAAEfrequen
ies within the experimental un
ertainty agree with the kineti
 theory. Ideal MHDtheory produ
es a similar BAAE gap, whi
h should be properly normalized to the kineti
theory frequen
ies, so that MHD 
odes 
an be used to simulate the global gap BAAE modestru
ture. The sweeping mode stru
ture 
an be modeled if the drift frequen
y is small likein the 
ase of NSTX or in DIII-D with low-n numbers. Drift e�e
ts do modify the BAAEdispersion. KBMs and ele
tron drift bran
hes are re
overed in the kineti
 theory but donot seem to be observed in the experiments. The main e�e
t of drift frequen
ies on BAAEex
itation in experiments is predi
ted to be destabilizing due to ITG drive.We have shown that BAAE mode stru
ture and lo
alization measured in DIII-D (and earlierin NSTX [8℄) agree with theoreti
al predi
tions. We also presented results of BAAE indu
edbeam ion radial transport in DIII-D implied by the FIDA diagnosti
 measurements. FIDAdata shows up to 50% depletion of 
on�ned beam ions near the plasma 
enter when theinstability spe
trum is dominated by BAAEs. Sin
e these instabilities 
an strongly intera
twith the thermal ions and be destabilized by ITG one 
an elu
idate su
h an e�e
t as α-
hanneling [28℄, when energy is dire
tly deposited into the ba
kground ions while avoidingheating ele
trons.Future work should address the investigation of the instability polarization and numeri
alstudies making use of global 
odes properly a

ounting for the kineti
s e�e
ts and drive fromfast ions.Appendix A: Kineti
 integrals for ions and ele
tronsHere we list expressions for the kineti
 
oe�
ients in Eq.(3), whi
h are a dire
t generalizationof the 
orresponding 
oe�
ients of Ref. [11℄
18
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