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ABSTRACT

Geodesic modes are typically excited by a minor concentration of energetic ions, but unstable mode frequencies are substantially different
from Geodesic Acoustic Modes (GAMs) and are named EGAM (Energetic particle GAM). The EGAM instability driven by Neutral Beam
Injection (NBI) has been observed in DIII-D tokamak experiments. The problem of the geodesic mode instability is analytically studied using
a full drift kinetic equation. To analyze the instability condition, an ionization NBI location is assumed to be on the high field side of toka-
maks. A minority NBI ion distribution is modeled by an energetic ion tail in the untrapped-passing region that remains between a magnetic
axis and the trapped NBI boundary. The EGAM instability condition is defined by the parallel NBI ion velocity vjj � ð1:2� 1:5ÞxR0q0 that
has to be above the effective EGAM phase velocity. In this case, the EGAM frequency is �50% below the standard stable GAM frequency,
which is reduced by a small concentration of energetic NBI ions. Qualitative comparison of the developed geodesic mode theory with NBI
heating experiments in the midregion of the tokamak plasma is discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110175

I. INTRODUCTION

Geodesic Acoustic Modes (GAMs) are M¼ 0, N¼ 0 axisymmet-
ric modes combined with M ¼ 61, 62 poloidal sidebands with fre-
quency1 x2

G � ð7Ti=2þ 2TeÞ=R2
0mi in hot plasmas, where Te;i are the

electron or ion temperatures in energy units, R0 is the major radius of
the plasma column, andmi is the ion mass. Geodesic eigenmodes have
been experimentally observed in tokamak Ohmic discharges2,3 and
also detected during ion cyclotron resonance heating (ICRH)4 and
Neutral Beam Injection (NBI)5–9 heating discharges in tokamaks.
These modes attract attention due to accompanied energetic ion loss
observed in experiments3–7 and modification of the plasma transport,
as discussed in theoretical models.8,9 In the ICRH4 and NBI heating6,7

experiments, geodesic mode instabilities are usually driven by trapped4

and untrapped fast ions, respectively.6,7 According to models10,11 of
the instability in discharges with NBI, the energetic particle GAM
(EGAM) instability is defined by the pitch angle dependence in veloc-
ity space with a slowing-down energy distribution that is finished at
the critical energy.12 This distribution is formed during the slowing
time delay12,13 tsl � 6:3� 108AT3=2

e =Zef n0 lnK (where A is the nor-
malized mass of the beam particles, Zef is the effective charge number,
and n0 is the plasma density) after the beginning of the NBI. It should
be noted that the EGAM instability has been observed in a series of

NBI experiments6,7 after a time delay of 2–4ms, which is much shorter
than the tsl-time used in Refs. 10 and 11. The observed EGAM fre-
quency6,7 was found to be much smaller than the results of theoretical
calculations14,15 of the xEG-geodesic frequency driven by the beam,
plasma parameters, and the angle between the magnetic field and NBI
velocity. In the experiments,6 the EGAM instabilities, driven by the
counter NBI, were detected at a half minor radius and deeper, which is
covered by the untrapped NBI region, but these types of instabilities are
not observed6 in the trapped ion region of higher radius positions16 for
the injected beam. Here, it is proposed to study the EGAM instability
driven by untrapped energetic ions at the beginning of NBI. This pro-
vides motivation to find a cause of the instability driven by untrapped
energetic ions following a time period shorter than the tsl time.

II. THEORETICAL MODEL

A full kinetic description of the periodic transit effects of untrapped
ions16,18 is applied to find the GAM instability condition and its fre-
quency modification during the NBI heating before the strong redistri-
bution of slowing-down NBI ions. The geodesic properties of plasmas
are investigated in a tokamak with the circular flux surfaces (z¼ r�sinh),
R¼R0þ r�cosh, in the large aspect ratio approximation e ¼ r=R0 � 1,
which are formed by a magnetic field with toroidal and poloidal
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components, Bf ¼ B0R0=R, B# ¼ rBf=qR0 ffi 0:2I=r, where B0 is the
magnetic field at the magnetic axis, q is the safety factor, and I (A) is
the current propagating on equilibrium surfaces of radius r (cm). Here,
the d Dirac function pitch angle dependence is used in the NBI
distribution

Fb ¼ Cdðk� k0ÞH 1þ 1=d � uð ÞH u� vcr=v0ð Þ
� erfc dðvsl=v0 � uÞð Þ=2u3

that has a piecewise slowing-down energy distribution, which is lim-
ited by the H(x)-Heaviside function and probability integral17

erfcðxÞ ¼ 1� erfðxÞ. Here, the parameter 1=d is assumed to be small
1=d2 � e=p� 1 defined by the small diffusion effects produced
by collisions and a reducing parallel energy by electrons with the
slowing-down velocity13 vsl ¼ v0ð1� t=tslÞ that is estimated during
the short time delay t � tsl, where v0 is the NBI velocity, and
C ¼ n0nb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e� k0
p

=pv30 ln ðv0=vslÞ. The NBI transit frequency
xb � vkðrÞ=R0q is assumed to be of the order of EGAM frequency,6

where vjjðrÞ ¼ v0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e� k0
p

for # ¼ 0. In this configuration, the
quasitoroidal set of coordinates (r; #) is chosen in the drift kinetic
equation for the perturbed distribution function fa / expð�ixtÞ of
species (electron, cold, and energetic beam ions a¼ e, i, b),

w
@fa
@#
� i Xa � vrakr sin#ð Þfa

¼ eaqR
mau

@Fa

@u
u2

2� kþ e 2þ kð Þ cos#ð Þ
2RxcavTa

E1 sin#�
wE3
v2Ta

" #
; (1)

where the perturbations are driven by the parallel and radial compo-
nents of the electric field, E3 and E1 / exp ð�ixtÞ. Here,
w ¼ ru

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e cos#� k
p

, r ¼ 61, and u¼ v/vT are the parallel com-
ponent and module of normalized velocities, respectively, k ¼ v2?B0=
Bv2 is the normalized magnetic moment, xca ¼ eB=cma and Xa

¼ xR0q=vTa are the cyclotron and normalized wave frequencies,
vra ¼ �u2ð2� kÞqvTa=2Rxc@ , vTa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Ta=ma

p
is the thermal veloc-

ity, and Fe,i is the Maxwell equilibrium distribution for the electrons
and cold ions. The stability GAM and EGAM problems are treated
within the continuum approach kr ¼ 0, where a local continuum fre-
quency is found from the solutions of Eq. (1) to specify the local geo-
desic frequency at equilibrium surfaces using electrons and cold ions
in the two fluid approximations vTe

ffiffiffiffiffiffiffiffi
r=R

p
	 xRq	 vTi. Following

this model, the standard results16,18 for the parallel electric field have
the following form:

Ec ¼
sevTi

R0xciX
2i� inh

vTi
v0

Ns�
ffiffiffiffiffi
2p
p X3

2
exp �X2

2

� �( )
E1; (2)

where X ¼ xR0q=vTi and se ¼ Te=Ti. Here, the density perturba-
tion response driven by the energetic ions via the coefficient
Ns � Oð1Þ is assumed to be small due to the small relative energetic
ion density, nh ¼ n0h=n0, vTi � v0; the NBI perturbation induced
by the Es-component is also ignored. The average radial compo-
nents of the perturbed electron and ion oscillating current densi-
ties16,18 are averaged using a general form

h~jar i ¼ eav
3
Ta

ð1
0
u2du

þ
d#
X
r¼61

ð1þe cos#

0

~V r;afadk

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e cos#� k
p : (3)

In this equation, division between the untrapped and trapped particles
appears at k ¼ 1� e with the NBI transit frequency, and this geodesic
condition appears to be very small.

Then, taking into account the Ec-field amplitude from Eq. (2) in
the sum of the components of oscillating current species16,18 driven by

the geodesic wave JR ¼ h~j
e
r þ~j

i
r þ~j

b
r i þ jp, together with the cold ion

radial oscillation current,19 jp ¼ �ixc2E1=4pc2A½1þ ð3=4Þk2r v2i =x2
ci
,

where cA ¼ B=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pnimi
p

, the total amplitude of the oscillating radial
current can be written in the following form:

JR ¼
e2i n0v0
mbx2

cbR
jb
j0
þ i

q
X
vTimi

v0mb

7
2
þ 2se �

X2

q2

 !(

þ
ffiffiffi
p
2

r
vTimi

v0mb

X2

2
X2 þ 4se þ 2
� �

exp �X2

2

� �� �)
E1; (4)

where j0 ¼ e2i n0v0
mbR0x2

cb
E1 is the normalizing coefficient and the value

jb ¼ h~j
b
r i, which has to be calculated, is the averaged radial current

driven in the velocity space between the injected and slowing-down
beam ions. To proceed with the calculation of the oscillating energetic
ion current of untrapped NBI in Eq. (3), the velocity normalization is
changed to u � v=v0 and the solution of Eq. (1) is obtained using a
procedure similar to that presented in Ref. 16. Generally, the
k–variable is substituted by the new variable j2 ¼ 2e=ð1þ e� kÞ for
untrapped and ĵ2 ¼ ð1þ e� kÞ=2e for trapped particles in Eq. (1).
The k-integration for untrapped energetic NBI in Eq. (3) is changed to
the j; x-variables sin#=2 ¼ snðj; xÞ, cos#=2 ¼ cnðj; xÞ with the
Jacobi variables,17 and #=2 ¼ amðj; xÞ are introduced that transform
Eq. (1) to the following form:

@fb
@x
�

ffiffiffi
2
p

ir
Xjfb
u
ffiffi
e
p �

ffiffiffi
2
p

r
ebquF0bðj2 þ 2eÞffiffi

e
p

xcbmbv0j
E1snðj; xÞcnðj; xÞ

¼ 4ebRF0b
mbv20

Ec snðj; xÞ2 � 1=2
� �

dnðj; xÞ; (5)

where the #-integration is substituted by the x-integration between
the limits x6 ¼ 6KðjÞ, where KðjÞ is the first kind elliptic inte-
gral, which is easily performed due to the respective sin-periodicity
of the integrand. Expanding the Jacobi functions in the Q-series
and using the periodic boundary conditions16–18 at x ¼ 6KðjÞ,
the solution of Eq. (1) driven by the E1-component is obtained in
the form

fb ¼ �i
2
ffiffiffi
2
p

qebffiffi
e
p

xcbmbv0

XN
p¼1

pðj2 þ 2eÞQpu2XpF0bE1
KðjÞj3ð1þ Q2pÞðu2 � X2

pÞ
sin

ppx
KðjÞ

� �
;

(6)

where Xp ¼
ffiffiffi
2
p

xR0qjKðjÞ=pp
ffiffi
e
p

v0, Q ¼ ½1� ð1� j2Þ1=4
=2½1
þð1� j2Þ1=4
,

sin ð#Þ ¼
XN
p¼1

4p2pQ

j2KðjÞ2ð1þ Q2pÞ
sin

ppx
KðjÞ

� �
;

and
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F0b ¼
Cj3

0

16eu5
4
ud

p1=2
exp �d2 u� vsl

v0

� �2
" #(

� 6dðj� j0Þþ j2 þ ej2 þ 2eð Þj
e
@

@j
dðj� j0Þ

� �

� erfc d
vsl
v0
� u

� �� �)
:

The other part of the solution driven by the Ec-component is of
smaller order in comparison with the E1-component, and it is dropped
in the radial current calculation.

Further, the integration over the j-variable can be carried
out, and the results are separately presented for the normalized
dissipated/unstable-emitted PRe ¼ ReJbE�1=ðj0E�1Þ and the reactive
PIm ¼ ImJbE�1=ðj0E�1Þ parts of the oscillating power density. Taking
into account the terms of the order OðeÞ at the first transit resonance
X1 < 1 and assuming vjj=v0 >

ffiffiffiffiffi
2e
p

, d	 1, the dissipated/emitted
power density is found using the slowing-down velocity vsl
¼ v0ð1� t=tslÞ at the beginning t=tsl � 1 of the injection,

PRe ¼ �
p3ð1þ eÞnb j2

0 þ 2e
� �

X1

256e2 ln v0=vslð ÞKðj0Þ2
vjj
v0

2j2
0 �

eð5j2
0 þ 2eÞ

ð1þ eÞj2
0

"(

�
j4
0 � 4e2

� �
Eðj0Þ

2j2
0 1� j2

0

� �
Kðj0Þ

#
erfc d

vsl
v0
� X1

� �� �

þ
j2
0 þ 2e

� �
ffiffiffi
p
p X1d exp �

vs
v0
� X1

� �2

d2
" #)

; (7)

where j0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e=ð1þ e� k0Þ

p
¼

ffiffiffiffiffi
2e
p

v0=vjj is related to the tangen-
tial surface radius of the NBI and the instability is absent PRe  0 for
X1 > 1. Here, we note that the emitted power density at the second
transit resonance X2 � 2X1 is of much smaller order Pð2ÞRe
/ eX2

2PRe=128 in comparison with the result in Eq. (7).
Further, using the Z ¼

Ð1
�1

dtffiffi
p
p exp ð�t2Þ

ðt�xÞ -dispersion function and
assuming the instability power region vsl=v0 � X1 < 1 with d	 1,
the reactive part has the following form for each surface radius that
has the tangential NBI flux:

PIm ¼
p2nb j2

0 þ 2e
� �

X1

128e2 ln v0=vsð ÞKðj0Þ2
vjj
v0

j2
0 þ 2e

� �(

� 1þ eð ÞX1

2
dRehZ X1 � vs=v0ð Þd½ 
i

2
4

� 1þ eð ÞX1

2ðvs=v0 þ X1Þ
�

X2
1ð1þ eÞ � v2jj=v

2
0

	 

ð1þ 2=d � X2

1Þ

3
5

þ 2j2
0ð1þ eÞ � e 5þ

v2jj
v20

 !
�

j4
0 � 4e2

� �
Eðj0Þ

2 1� j2
0

� �
j2
0Kðj0Þ

" #

� ln
1þ 2=d � X2

1

vs=v0 þ X1

 !
� d

ð1
0
ln ju� X1j

"

� exp � u� vs
v0

� �2

d2
 !

duffiffiffi
p
p
#)

: (8)

In the interval, djvsl=v0 � X1j < 1:2, the last integral is defined by
an approximate value d

Ð
ð::Þduj � �ln ð2dÞ � cE

2 þ d2ðX1 � vsl
v0
Þ2Re

½hipergeomð1; 1; 32 ; 2;�d2ðX1 � vsl
v0
Þ2Þ
, where cE � 0:5772 is

the Euler constant,17 and it is well approximated by the standard
asymptotic approximation d

Ð
ð::Þdujd!1 � ln jvsl=v0 � X1j for

djvsl=v0 � X1j >
ffiffiffi
3
p

.

III. DISCUSSION

Two sources for the EGAM instability are defined by Eq. (7) in
the limit d	 1; one instability region is related to the slowing-down
beam structure in the interval vsl=v0 < X1 ¼ 2xR0qKðj0Þ=pvjj < 1,
and the other is related to a sharp peak at the distribution maximum
/ X1d exp ½�ðvsl=v0 � X1Þ2d2
 that is defined by the resonance
condition X1 ¼ vsl=v0. In the first case, the instability threshold
j2
0 > 10e=3 appears to be similar to that, k0 > 2=5, found in Refs. 10

and 11 in the limit e! 0. Taking into account the untrapped transit
effect in Eq. (7), the instability region disappears for e > 0:17. A sim-
plified presentation of this instability region at j2

0 � 10e=3 and the
phase velocity limitation vjj > 2xR0qKðj0Þ=p are shown in Fig. 1,
where the j0-dependence is changed to the normalized parallel veloc-
ity up ¼ vjj=v0 ¼

ffiffiffiffiffi
2e
p

=j0.
In Eq. (7), the other instability at the spike resonance

X1 ffi vsl=v0 begins to have a very large value for d	 1, but this reso-
nance moves down to the critical velocity12,13 vsl � Vcr,
Vcr � 5:5A1=3

h

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=mb

p
, where the d-value is reduced due to collisions

and the dissipation part begins to be important.
In the next step, we are going to find the minimum of the contin-

uum frequency, where the EGAM may be easily excited due to the
instability defined by Eq. (7). It should be noted that the EGAM con-
tinuum frequency in Eq. (4) may be strongly modified due to the cor-
rection of the NBI transit frequency xNB ¼ pvjj=ð2R0qKðj0ÞÞ, where
j0 ¼

ffiffiffiffiffi
2e
p

v0=vjj. In the case where the ion dissipation in Eq. (4) is very
small for q> 3, the EGAM instability can be easily excited in the
region shown in Fig. 1. The principal EGAM resonance is defined
by the frequency condition that is slightly above the corresponding

FIG. 1. Instability region defined by the radial position r=a ¼ 3e and normalized
parallel velocity up ¼ vjj=v0 ¼

ffiffiffiffi
2e
p

=j0 of the energetic NBI ions. The parallel
velocity limitation vjj0=vj0 > 2xR0qKðj0Þ=pvj0 is shown by dashed-dotted line for
EGAM instability conditions.6
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continuum minimum frequency, which may be calculated using Eqs.
(4) and (8), and the frequency band has to be in the interval
vsl=v0 < pxR0q=2vjjKðj0Þ < 1. To simplify the calculations of the
radial continuum distribution, the instability region is calculated at the
threshold 0 < j2

0 � 10e=3� j2
0, when the ln ðxÞ parts of the disper-

sion may be ignored in Eq. (8). In this case, the effect of the main ions
in Eq. (4) becomes small and the resulting dispersion equation for the
geodesic continuum becomes

pnb v20 þ v2jj
	 


q2x2

32 ln v0=vsð Þv2jjK
ffiffiffiffiffi
2e
p

v0=vjj
	 
 v20 þ v2jj

	 

v2jj

2v2jj=v
2
0

ð1þ 1=d � X2
1Þ

"8<
:

� 1þ eð ÞX1

ðvs=v0 þ X1Þ
þ 1þ eð ÞX1dRe Z X1d �

vs
v0
d

� �* +

� 2 1þ eð ÞX2
1

ð1þ 1=d � X2
1Þ

#
þ 4 1þ eð Þ v

2
0

v2jj
� 5�

v2jj
v20

2
4

�
v40 � v4jj
	 


v20 v2jj � 2ev20
	 
 Eð

ffiffiffiffiffi
2e
p

v0=vkÞ
Kð

ffiffiffiffiffi
2e
p

v0=vkÞ

3
5 ln 2dð Þ þ cE

2

�d2 X1 �
vs
v0

� �2

Re hipergeom 1; 1;
3
2
; 2;�d2 X1 �

vs
v0

� �2
 !" #

þ ln
1þ 1=d � X2

1

� �
ðvs=v0 þ X1Þ

 !9=
;þ 7

2
þ 2se

� �
v2Ti
R2
0
� x2 ¼ 0; (9)

whereX1 ¼ 2xR0qðrÞKðj0ðrÞÞ=pvjjðrÞ depends on the radius.
Then, to demonstrate the geodesic continuum excited by the

untrapped NBI ions, the radial distribution of the continuum fre-
quency is schematically calculated using parameters that are similar to
DIII-D experiments;6 Ta ¼ T0að1� x2Þ2, T0e � 1.0 keV, se � 1:1,
with respective profiles ne;i ¼ n0ð1� x2Þ, x ¼ r=a � 0:75,
q ¼ 8:2½x2ðx � 1:1Þ þ 0:59
, with qmin ¼ 3:3 at x¼ 0.7, e ¼ 0:3r=
a ¼ 0:08� 0:17, and vjj=v0 ¼ 115=ðR0 6 rÞ ¼ 0:58� 0:76. As an
example, Gaussian radial distributions / n0b exp ð�2r2=a2Þ with
n0b ¼ ð1� 4Þ% are used and the counter NBI of the untrapped and
trapped particles is separated in the toroidal (y,R) and poloidal (Z,R)
planes in Figs. 2(a) and 2(b).

An example of the top of the toroidal counter injection of NBI
with a 210� angle, trapped and untrapped trajectory between internal
# ¼ p and external # ¼ 0 angles is shown in Figs. 2(a) and 2(b). The
orbit width defined as the distance between the orbit point intersecting
the midplane and the magnetic surface for near separator trapped and
untrapped ions is defined6–8 at different theta angles Drtð# ¼ 0Þ
¼ 2Druð# ¼ pÞ ¼ 4ðv2?B0=2Bþ v2EB

2
0=B

2
#Þ

1=2e1=2B0=xcB#.
In the respective instability region shown in Fig. 1, the EGAM

continuum dependence for different NBI parallel and slowing-down
velocities is presented in Figs. 3 and 4.

It should be noted that EGAM eigenmodes, which are typically
formed at the continuum minimum r=a ffi 0:1� 0:2 in Fig. 3, may
have a radial structure4,10,19 k2rq

2
Li � ð1� x2

EGmin=x
2Þ due to a polari-

zation current modification by the factor ð1� ð3=4Þk2rq2
LiÞ defined by

the finite Larmor radius effect or a finite orbit width effect. In the con-
dition x2

EGmin < x2
NB for vsl=v0 ¼ 0:8, vjj=v0 ¼ 0:65 and 0.7, these

eigenmodes may be unstable.

Let us compare the EGAM instability at vjj=v0 � 0:75. The incre-
ment is defined from the resonance condition ImJRE�1 jc¼0 ¼ 0 and
the equation @ImJRE�1=@xjImJRE�¼0c ¼ ReJRE�1 that confirms the pro-
portionality between the decrement/increment and the density of dis-
sipated power ReJRE�1 ¼ j0PReE�1 . In a difference from the instability
region shown in Fig. 1, the EGAM increment, which is proportional to
the PRe-normalized value, appears in the region where PRe < 0 that is
shown in Fig. 3 for d¼ 10, vsl=v0 ¼ 0:7, f¼ 26 kHz, vsl=v0 ¼ 0:8, and
f¼ 28 kHz. In the last case, the increment maximum at vjj=v0 � 0:74
is related to the resonance that is slightly above the slowing-down
transit frequency xsl ¼ pvslvjj=2v0R0qKðj0Þ and a smaller increment
appears below the xNB circulation frequency.

FIG. 2. (a) Schematic view from the top of the toroidal counter injection of NBI with
an angle of 210� and a tangential radius of Rtng ¼ 1:15 m from the DIII-d tokamak
center. (b) DIII-d poloidal cross section with the last surface (dashed lines), with
solid and dashed-dotted curves showing the untrapped and trapped orbits,
respectively.

FIG. 3. Dependence of the EGAM continuum frequency over the normalized radius
r=a is shown for the parameters d¼ 10, vsl=v0 ¼ 0:8, vjj=v0 ¼ 0:65 and 0.7 (dot-
ted and solid lines), vs=v0 ¼ 0:7, vjj=v0 ¼ 0:7 and 0.74 (dashed and dashed-
dotted lines).
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The standard GAM continuum remains in the stable region, and
its frequency is slightly modified by the untrapped NBI, as shown in
Fig. 4. In the region r=a < 0:6, where the GAM frequency is large
with respect to the NBI transit x2

GAM > x2
NB and PRe  0, this contin-

uum frequency is calculated for the NBI density n0b ¼ 1%–4% using
velocity relations vsl=v0 ¼ 0:8, vjj=v0 ¼ 0:65, 0.7 and vsl=v0 ¼ 0:7;
vjj=v0 ¼ 0:74.

IV. SUMMARY

As mentioned in the Introduction, we first note new features in
our model that consider the situation in which the geodesic phase res-
onance may appear well above the critical velocity, where the energetic
ions begin to be substantially diffused/scattered, which form the bump
distribution. The minority NBI distribution is modeled by the ener-
getic ion tail with the maximum in the untrapped-passing region that
remains between a magnetic axis and the trapped NBI boundary sur-
face. Using the method of Jacobi functions, the drift kinetic equation
for the perturbed distribution function of the untrapped energetic ions
is analytically solved and the geodesic mode spectrum is found from
the zero condition for the perturbed total radial current, where bulk
plasma particles are treated in the fluid limit. The difference in the
physics of the geodesic modes is determined by the boundary that is
formed by the untrapped NBI transit frequency xNB ¼ pvjj=

ð2R0qKð
ffiffiffiffiffi
2e
p

v0=vjjÞÞ depending on the pitch angle, and the stable
GAM remains above and the unstable EGAM can appear below the
xNB-frequency. The maximum value of EGAM increments is found to
be in the frequency range that is slightly above the slowing-down tran-
sit frequency xs ¼ xNBvs=v0. Physically, the result of these calcula-
tions is similar to that observed in the DIII-d experiments6 and
substantially different from EGAM instability conditions driven by
trapped hot ions during ICR heating experiments in JET toka-
maks.4,16,18 It should be noted that the standard GAMs are stable and
their frequency is only slightly modified by the energetic NBI ion tail.
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