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The stability features of discrete Alfvén eigenmodes (αTAEs) trapped by α-induced potential wells are explored in the
China Fusion Engineering Test Reactor (CFETR) advanced steady-state operation environment, where α denotes a measure
of the pressure gradient. For the reversed magnetic shear (RS) H-mode scenario with an enhanced internal transport barrier
(ITB), the αTAEs are trapped in the electron cyclotron (EC) power deposition region and the effects of different pedestals
on αTAEs are analyzed. For the negative off-axis magnetic shear scenario, the αTAEs are discussed, and the effect of
different magnetic shears on the αTAEs is presented. Finally, the effects of beam energies and pitch-angle distributions on
αTAE stability are also presented.
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1. Introduction
The China Fusion Engineering Test Reactor (CFETR)

is the next device for the realization of fusion energy in
China,[1,2] which is proposed to fill the gap between ITER[3]

and DEMO.[4] The Alfvén wave has played a crucial part in
the magnetic confinement fusion field. Various Alfvén eigen-
modes (AEs)[5–8] have been explored, such as the toroidicity-
induced Alfvén eigenmode (TAE),[9–11] the reversed shear
Alfvén eigenmode (RSAE),[12–14] and the α-induced toroidal
Alfvén eigenmode (αTAE).[15,16] Here, α = −q2Rdβ/dr, q
is the safety factor, R and r are the major and minor radii in
tokamaks, respectively, and β is the ratio between thermal and
magnetic pressures. The αTAEs are magnetohydrodynamic
(MHD) eigenmodes trapped in the α-induced potential wells
along the magnetic field line.[15] The αTAEs exist indepen-
dently of the toroidal Alfvén frequency gap. The usual TAEs
exist in the toroidal Alfvén frequency gap.[15] The stability of
the αTAE is one important issue in CFETR. In recent years,
theoretical study of the αTAE has been carried out in spe-
cific operation scenarios on actual tokamaks.[17–22] Energetic
particles produced in the auxiliary heating or the fusion reac-
tion can drive Alfvén instabilities.[23] The Alfvén instabilities
could potentially affect the fusion device confinement. Based
on the ITER design, the reversed magnetic shear (RS) scenario
of CFETR achieves better confinement by modifying radio-
frequency wave launch parameters.[24] In the ITER scenario
of Ref. [25], the αTAEs are trapped in the electron cyclotron
(EC) power deposition region and other regions. The αTAEs
have different distribution features in the CFETR RS scenario.

There are two typical scenarios of CFETR: the RS H-
mode scenario with an enhanced internal transport barrier

(ITB)[24] and the local negative shear at large minor radius
(negative off-axis magnetic shear) scenario.[26] Both the fu-
sion performance target (Pfusion > 1000 MW, Qplasma > 10) and
the avoidance of global ideal MHD instabilities can be reached
simultaneously in the RS H-mode scenario with enhanced ITB
for CFETR.[24] The negative off-axis magnetic shear scenario
appears to be beneficial for stabilization of turbulence and in-
creasing the no-wall limit.[26] In this paper, the motivation is
to study the instability of αTAEs in the two scenarios. For
the RS H-mode scenario with an enhanced ITB, we explore
the αTAE stability under the different EC power conditions,
and the effects of different pedestals on αTAEs are analyzed.
In the negative off-axis magnetic shear scenario, we discuss
the stability of the αTAE, and the effects of negative magnetic
shears on αTAEs are studied.

This paper is organized as follows. The theoretical mod-
els for αTAEs are introduced in Section 2. Section 3 investi-
gates the αTAEs in the RS H-mode scenario with the enhanced
ITB. Section 4 explores the αTAEs in the different pedestal
cases. In Section 5, the αTAEs in the negative off-axis shear
scenario are also studied. Finally, the conclusions are given in
Section 6.

2. Theoretical model
When axisymmetric toroidal plasma with a large aspect

ratio (i.e., ε = a/R� 1) and shifted circular magnetic sur-
faces are considered, we adopt high-n (n is the toroidal mode
number) ballooning mode formalism[27] and the (s,α) model
equilibrium[28] to study the instability of discrete Alfvén
eigenmodes (the magnetic shear s= r(dq/dr)/q). The plasma
is considered to consist of a core (C) and an energetic (E)
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component with formal ordering.[29,30] The core component
considered as the ideal MHD fluid supports the Alfvén eigen-
mode, while the kinetic instability drive is provided by the en-
ergetic component. The shear Alfvén-ballooning modes are
governed by the following vorticity equation:[29,30]

(1+2ε0 cosθ)
∂ 2δψ

ω2
A0∂ t2

=
∂ 2δψ

∂θ 2 −
(
V +Vρ

)
δψ− q2R2

f 1/2

4πqE

c2 〈ΩdJ0δG〉, (1)

where ωA0 = vA0/(qR) is the Alfvén frequency, vA0 is the
Alfvén speed, and ε0 = 2(ε + d∆/dr) with ∆ being the
Shafranov shift. Here, V = (s−α cosθ)2 / f 2 − α cosθ/ f
is the potential V (θ), where −∞ < θ < ∞ is the ex-
tended poloidal angle coordinate along the magnetic field,.
Meanwhile, f = 1 + [s(θ −θk)−α sinθ ]2, α = αC + αE,
α = −q2Rdβ/dr, θk = kr/(ndq/dr) where kr is the WKB
wave number of the radial envelope, and Vρ = −αEg/ f −(
q2R2/ f

)
4πq2

E/
(
mEc2

)
〈Ω̂∗F0J0(ΩkJ0−Ωρ J2)〉 is the finite

Larmor-radius correction to V because of the energetic par-
ticles. Here, qE and mE are the charge and mass of en-
ergetic particles, respectively. Meanwhile, g = cosθ +

[s(θ −θk)−α sinθ ]sinθ , Ω̂∗F0 = −(∂F0/∂ r)/ωc,〈· · · 〉 =
2π ∑σ̂

∫
∞

0 dE
∫ E/B

0 dµ
(
B/|v‖|

)
(· · ·), where σ̂ is the sign of

the parallel velocity, E = (v2
⊥ + v2

‖)/2, µ = v2
⊥/(2B), and

J0 = J0 (λ ) and J2 = J2(λ ) are the Bessel functions with

λ =
√

f kθ v⊥/ωc, ωc = qEB/(mEc) ,

ωp =−
4πµ

B
𝑘×𝑒‖ ·∇PC

ωc
=−αC

q2
kθ

Rωc

ν2
⊥
4

= kθ Ωp,

ωκ = kθ g
(

µB+ v2
‖

)
/(Rωc) = kθ Ωk,

ωd = ωk +ωp = kθ Ωd, kθ = nq/r,

where kθ is the poloidal mode. In Eq. (1), the left-hand side is
the inertial term and the right-hand side consists of the field-
line bending (first), the ballooning/interchange driving (sec-
ond), and the kinetic compression (third) terms. The causality
constraint also corresponds, in the ideal MHD stable domain,
to the outgoing wave boundary conditions and, thus, makes it
possible to describe tunneling leakage of the wave energy, as
detailed in Ref. [15].

The Alfvén instabilities are driven by the kinetic com-
pression term in Eq. (1) in which the energetic component, de-
scribed by the nonadiabatic response function δG, is governed
by the linear gyrokinetic equation[29,30](

∂

∂ t
+

v‖
qR

∂

∂θ
+ iωd

)
δG

= i
qE

mE

QF0

f 1/2

(
ΩkJ0−Ωρ J2

)
δψ, (2)

where QF0 = i (∂/∂ t)∂F0/∂E + ω̂∗F0. The bounce and pre-
cessional motions of the trapped particles are represented by

the left-hand side, together with the free energy source in
both configuration and velocity spaces on the right-hand side.
The time-centered numerical scheme is used to solve the cou-
pled Eqs. (1) and (2). When the vorticity equation is solved
by a finite difference algorithm, the gyrokinetic equation is
simulated using the perturbation distribution function method
(δ f method)[31] with an equilibrium marker loading.[32] The
particle-in-cell (PIC) method[33] can achieve coupling be-
tween the discrete grid representation and the continuous par-
ticle coordinates. Each marker is loaded with specified E and
µ , which satisfies the given equilibrium distribution. The to-
tal marker number is conserved. The energy and the momen-
tum are conserved in the numerical scheme, because the E
and µ assigned to each marker remain unchanged during the
marker motion. The δG is defined by its weighing function
on the markers, whose phase-space trajectories represent the
unperturbed characteristics governed by the gyrokinetic equa-
tion. The markers are loaded to carry out a Maxwellian dis-
tribution F0 = nE0/(2πTE0)

3/2 e−E/TE0 , where nE0 and TE0 are,
respectively, the density and temperature of energetic parti-
cles at θ = 0 with their radial scales characterized by both
the ηE = d lnTE0/d lnnE0 and the pressure scale length LP0.
It is qualitatively similar in the Maxwellian distribution and
slowing down.[34] The αTAE instability is carried out in the
Maxwellian distribution. The differences between two distri-
butions are discussed in Refs. [34,35].

In this paper, the instability features of αTAEs are
demonstrated using the gyrokinetic-MHD hybrid model. The
kinetic excitations of αTAEs are demonstrated for a given kθ ,
in the approximation of transnational invariance, with trapped
energetic particles.[34,36]

3. αTAES in RS H-mode scenario with en-
hanced ITB
The heating and current drive (H&CD) consist of neu-

tral beam injection (NBI) and an electron cyclotron wave
(ECW).[24] The ECW power is 75 MW.[24] In this scenario,
we explore the stability properties and kinetic excitation of
αTAEs.

3.1. The stability feature of αTAE

Based on the plasma profiles quoted from Ref. [24], we
obtain the distributions of s, α and αTAE (1,0) mode versus
the normalized radius ρ (ρ = r/a) in Figs. 1(a) and 1(b). The
EC power deposits in the range of ρ ≈ 0.38–0.6 where the
pressure gradient is steep, as shown in Fig. 1(c). The αTAEs
are trapped in the EC power deposition region, as shown in
Fig. 1(b). For the ρ ≈ 0.2–0.38, there is a pressure gradient
and the |s| is relatively small. There are αTAEs trapped in the
ρ ≈ 0.2–0.38.
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Fig. 1. (a) The parameters of (s, α), (b) the distribution of αTAE (1,0)
mode and (c) the pressure profile[24] and the q profile[24] in the RS H-
mode scenario with enhanced ITB; the squares (�) and crosses (+) re-
spectively describe the real frequencies ωr/ωA0 and the parameter relat-
ing to imaginary frequencies log(−γ/ωA0).

In the negative magnetic shear region, the relatively small
|s| and the relatively large α can easily form potentials to trap
the αTAEs. Therefore, we select the local parameter ρ = 0.24
(i.e., s = −0.14 and α = 4.52) to obtain multiple branches
of αTAEs trapped in the potential well to clearly clarify the
eigenmode structure feature. The potential well structures are
plotted in Fig. 2(a), where the each jth well can have dif-
ferent lth eigenstates, denoted by αTAE ( j,l). The potential
well is represented by the j ( j = 1,2,3,4,5); the energy level
is represented by the l (l = 0,1,2). For example, for the (1,0)
mode, the “l” represents the dominant potential well ( j = 1)
and the “0” represents the ground state (l = 0). The eigenmode
structures of αTAE (1,0), (1,1), (1,2), and (2,0) are shown
in Figs. 2(b)–2(e), respectively. The corresponding real fre-
quency is ωr/ωA0 = 0.88, 1.00, 1.83, and 0.82, respectively. In
the same j but different l, the αTAE with larger l corresponds
to a higher real frequency (such as (1,0) mode, (1,1) mode,
and (1,2) mode). For the same l but different j, the αTAE
with larger j corresponds to a lower real frequency (such as
(1,0) mode and (2,0) mode).

-40 -20 0 20 40
-10

0

10

20

30

-40 -20 0 20 40
-1

0

1

(a)

(b)

j/

αTAE(1,0)

j/
j/

j/

j/

-40 -20 0 20 40
-1

0

1

-40 -20 0 20 40
-2

0

2

-40 -20 0 20 40
-2

0

2

(c)

(d)

(e)

αTAE(1,1)

αTAE(1,2)

αTAE(2,0)

θ

θ

θ

θ

θ

V
↼θ
↽

δ
ψ

δ
ψ

δ
ψ

δ
ψ

Fig. 2. (a) Potential V . (b) δψ (1,0), (c) δψ (1,1), (d) δψ (1,2), and (e)
δψ (2,0) versus θ for s =−0.14, α = 4.52 in MHD. Real and imaginary
δψ are plotted using solid and dashed lines, respectively. Here, j = 1(θ ∈
(−10/3,10/3)), j = 2(θ ∈ (10/3,30/3)), j = 3(θ ∈ (30/3,50/3)), and
so on. The potential well on the left side of θ = 0 is the result of the
axisymmetric right-side well.

3.2. The kinetic excitation of αTAE

The energetic particles are accompanied by the pitch an-
gle scattering in the process of slowing down.[37] The pitch
angle is the parameter between the particle motion direction
and the parallel magnetic field. The θb means the angle at
which the particle is bounced. The θb indicates the pitch-angle
parameter. The energetic particles are injected at different an-
gles. With the changes in vE/vA0, the formant position may
shift. Therefore, we explore the αTAE instability in the differ-
ent pitch-angle distributions. The different pitch-angle distri-
butions are as follows: [10◦, 70◦], [70◦, 110◦].

We still choose the physical parameter at ρ = 0.24. In
addition to s and α , the remaining parameters are q = 4.34,
kθ ρA0 = 0.4, βE0 = 0.07 (βE0 is the ratio between the energetic
particle and magnetic pressures), θk = 0, ε = 0.2, ε0 = 0.2,
LP0 = −0.1, and ηE = 1.0. The interval of vE/vA0 is in [0.2,
1.0].

In the range of [10◦, 70◦], the excitation of αTAEs ver-
sus vE/vA0 is plotted in Fig. 3(a). As the vE/vA0 increases,
the four eigenmodes (5,0), (5,3), (3,3), and (1,4) are ex-
cited. Figures 3(c)–3(f) show the four eigenmode structures
with maximal growth rates at vE/vA0 = 0.20, 0.34, 0.55, and
0.73, respectively. The real frequencies of the four modes
are ωr/ωA0 = 0.38, 1.03, 2.12, and 2.62, respectively. Their
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Fig. 3. (a) Real frequencies ωr/ωA0 and growth rates γ/ωA0 versus
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growth rates are γ/ωA0 = 0.077, 0.119, 0.077, and 0.066, re-
spectively. Note that, with the increase in vE/vA0, the αTAE
with higher real frequency ωr/ωA0 can be excited.

In the range of [70◦, 110◦], the excitation of αTAEs ver-
sus vE/vA0 is plotted in Fig. 4(a). As the vE/vA0 increases,
only the (5,3) mode is excited for vE/vA0 < 0.6. The maxi-
mal growth rate of the (5,3) mode is 0.042. The (5,3) mode is
excited in both the [10◦, 70◦] and the [70◦, 110◦] conditions.
Compared with the (5,3) mode for [70◦, 110◦], the (5,3) mode
for [10◦, 70◦] has a relatively large growth rate. It implies that
the (5,3) mode is easier to excite in the range of [10◦, 70◦].

As a result, the simulation results indicate that one mode
is excited at [70◦, 110◦] and four modes are excited at [10◦,
70◦], which implies that the αTAEs are easy to excite in the
range of [10◦, 70◦].
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3.3. αTAEs in the different EC power scenarios

We now investigate the αTAE stability in the different EC
power scenarios. Based on the plasma profiles of Ref. [24],
figures 5(a)–5(c) display the αTAE (1,0) mode distributions
and figure 5(d) plots the s profiles of different EC power con-
ditions. The EC power is 65 MW, 75 MW, and 112 MW,
respectively.[24] The corresponding EC power deposition re-
gions are as follows: ρ ≈ 0.45–0.8; ρ ≈ 0.38–0.6; ρ ≈ 0.3–
0.6.
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With the increasing EC power, the radial location of the
ITB moves inward simultaneously with the EC-driven current
profile.[24] Therefore, as shown in Figs. 5(a)–5(c) and 5(e), the
pressure gradient is steep in the different EC power deposition
regions, which forms the potential wells to trap the αTAEs.
The αTAEs are trapped in the EC power deposition region,
as shown in Figs. 5(a)–5(c). As shown in Fig. 5(d), the |s| in
the EC power deposition region becomes smaller with the in-
crease in the EC power. Therefore, more αTAEs are trapped
in the EC power deposition region with the increase in the EC
power. With the increasing EC power, the temperature gra-
dients in the inner core region are reduced.[24] Therefore, the
greater the EC power in the EC power deposition region, the
flatter the pressure gradient in the inner core region. There-
fore, fewer αTAEs are located in the inner core region with
the increase in EC power.

We conclude that, with the increase in the EC power,
more αTAEs are trapped in the EC power deposition region
and fewer αTAEs are trapped in the inner core region.

4. αTAEs in different pedestal case
Different pedestals have effects on the core plasma per-

formance for different operation scenarios.[38] In Ref. [38],
there are two different pedestal operation conditions; their
pressure profiles and q profiles are different at the core or
pedestal. Based on the two different pedestal operation con-
ditions, we further explore the αTAE. These following pres-
sure profiles and q profiles are quoted from Ref. [38]. Based
on the plasma profiles, figures 6(a)–6(c) and 8(a)–8(c) display
the αTAE (1,0) mode distributions for different cases. The
pedestal region is in about ρ ≈ 0.9–1.0.[38]

When the pedestal density is fixed, the higher pedestal
temperature results in larger pedestal pressure gradients. The
pedestal pressure gradients of three cases from small to large
are as follows:[38] case 1, case 2, case 3. The pedestal pres-
sure gradient becomes steeper, which forms potential wells to
trap αTAEs. As shown in Figs. 6(a)–6(c) and 7(a), case 3 (the
steepest pedestal pressure gradient) traps more αTAEs than
the other two cases in the pedestal region. With the increase in
the pedestal temperature, the pedestal moves inward from the
plasma edge[38] and the pedestal width becomes wider; the
αTAEs are bound in the wider region. For case 3, the ITB in
ρ ≈ 0.4–0.65 is weak;[38] therefore, the pressure gradient in
ρ ≈ 0.4–0.65 is flat, which does not trap the αTAEs, as shown
in Figs. 6(c) and 7(a). The on-axis NBI produces a broad cur-
rent profile.[38] Therefore, the αTAEs of the three cases are
located in ρ ≈ 0–0.4, as shown in Figs. 6(a)–6(c).

When the pedestal temperature is fixed, the higher
pedestal density results in the larger pedestal pressure gradi-
ents. The pedestal pressure gradients of three cases from small
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Fig. 7. (a) The pressure profiles and (b) the safety factor q profiles for
three fixed pedestal density cases.

to large are as follows:[38] case 4, case 5, and case 6. Simi-
lar to the fixed pedestal density cases, as the pedestal pressure
gradient becomes steeper, there are more bound αTAEs in the
pedestal region. As shown in Figs. 8 and 9(a), case 6 (the
steepest pedestal pressure gradient) traps more αTAEs than
the other two cases. With the increasing pedestal density, the
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αTAEs are bound in the wider region. The fixed pedestal den-
sity cases operate with a moderate pedestal density to avoid
giant edge-localized modes (ELMs).[38] Compared with the
fixed pedestal temperature cases, relatively more αTAEs are
trapped in the pedestal region of the fixed pedestal density
cases, as shown in Figs. 6 and 8. The fixed pedestal den-
sity cases have relatively more impact on the stability of the
αTAEs.
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Fig. 8. (a) Case 4, (b) case 5, and (c) case 6 are the frequency profiles of
the αTAE (1,0) mode, where the squares (�) and crosses (+) are, respec-
tively, ωr/ωA0 and log(−γ/ωA0) versus ρ .

In the fixed pedestal density cases and the fixed pedestal
temperature cases, the fusion power of both case 1 and case 6
is over 1 GW. With regard to case 1 and case 6, we explore
the excitation of αTAEs versus vE/vA0 in the different pitch-
angle distributions. The different pitch-angle distributions are
as follows: [10◦, 70◦] and [70◦, 110◦].

In case 1, we choose the local parameter with ρ = 0.26,
s = −0.1, α = 3.14, q = 2.19; the remaining parameters are
the same as in Fig. 3. For case 1, [10◦, 70◦], figure 10(a) plots
the real frequency and growth rate as functions of vE/vA0. As
the vE/vA0 increases, the three eigenmodes (1,0), (4,2), and
(1,2) are excited. Figures 10(c)–10(e) show the eigenmode
structures of vE/vA0 = 0.28, 0.42, and 0.65, respectively. The
real frequencies of the three modes are ωr/ωA0 = 0.45, 0.91,
and 1.54, respectively. Their growth rates are γ/ωA0 = 0.170,
0.140, and 0.104, respectively. Therefore, the (1,0) mode is the
most unstable mode in the three modes in terms of the growth
rate.

0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

P
re

ss
u
re

 (
k
P
a
)

Case 4

Case 5

Case 6

(a)

0 0.2 0.4 0.6 0.8 1.0

2

4

6

S
a
fe

ty
 f
a
c
to

r 
q

Case 4

Case 5

Case 6

(b)

ρ

ρ
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For case 1, [70◦, 110◦], figure 11(a) plots the real fre-
quency and growth rate as functions of vE/vA0. There are two
modes to be excited, which are less than case 1 for the range
of [10◦, 70◦]. Figures 11(c) and 11(d) show the eigenmode
structures of vE/vA0 = 0.20 and 0.45, respectively. The real
frequencies of the two modes are ωr/ωA0 = 0.30 and 0.88, re-
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spectively. Their growth rates are γ/ωA0 = 0.108 and 0.115,
respectively.

In case 6, we choose the local parameter with ρ = 0.29,
s =−0.16, α = 2.45, q = 3.46; the remaining parameters are
the same as in Fig. 3. There are three modes that are excited
in both the [10◦, 70◦] and the [70◦, 110◦] conditions, as shown
in Figs. 12(a) and 12(b). Therefore, compared with case 6,
the [70◦, 110◦] conditions of case 1 have less impact on the
stability of the αTAEs.
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So far, we have studied the stability of αTAEs in the dif-
ferent pedestal cases. The key finding is that more αTAEs
are trapped in the wider pedestal region with the increase
in the pedestal pressure gradient. Compared with the fixed

pedestal temperature cases, relatively more αTAEs are trapped
in the pedestal region of the fixed pedestal density cases. This
demonstrates that the fixed pedestal density cases have more
effects on the αTAEs. In the different pitch-angle distribu-
tions of case 1 and case 6, multiple branches of αTAEs are
excited. Compared with case 6, fewer branches of αTAEs are
excited in the [70◦, 110◦] conditions of case 1. This implies
that the [70◦, 110◦] conditions of case 1 have less impact on
the stability of the αTAEs.

5. αTAEs in the negative off-axis magnetic shear
scenario
The negative off-axis magnetic shear is considered as

a possible solution to the steady-state scheme, in which an
improved-confinement internal transport barrier (ITB) can be
sustained at a far off-axis location, and the fusion power of
the entire plasma can be increased.[39] We discuss the insta-
bility of αTAEs in different negative magnetic shear loca-
tions. The following pressure profiles and q profiles in three
cases are quoted from Refs. [26,39,40], respectively. Based on
the plasma profiles, the αTAE (1,0) mode distributions of the
three cases are displayed in Figs. 13(a) and 14(a).
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5.1. The effect of the negative shear location on αTAEs

We first explore the αTAE in the negative off-axis mag-
netic shears. For the region of ρ ≈ 0.45–0.55[26] (case A),
the negative magnetic shear region, there is a major bootstrap
current and the ECCD.[26] As shown in Figs. 13(a)–13(c),
the pressure gradient is steep but the |s| is large in the nega-
tive magnetic shear region, which does not trap the αTAEs.
The J =−V

√ r
R

1
Bθ

d p
dr

[41] is obtained by the bootstrap current

model[42] (V : the particle collision parameter, Bθ : the poloidal
magnetic, p: plasma pressure). Therefore, the αTAEs are lo-
cated in ρ ≈ 0.9–1.0 because there is a minor bootstrap current
peak. In the ρ ≈ 0.5–0.8 region, the positive magnetic shear
value is large and the pressure gradient is not steep enough,
which is the unstable region of the ballooning mode. The
αTAEs are not trapped in the ρ ≈ 0.5–0.8 region.

As a reference, the αTAE of the negative magnetic shear
region[39] (case B) is explored. In the ρ ≈ 0.4–0.6 region,
there is the superposition of the low hybrid current drive
(LHCD) and the ECCD at ρ ≈ 0.55.[39] Therefore, the αTAEs
are located in the ρ ≈ 0.4–0.6 region because the |s| is rela-
tively small, as shown in Figs. 13(a), 13(b) and 13(d).

For comparison with the negative off-axis magnetic
shears, we then explore the αTAE in the negative central shear
(NCS).[40] In the ρ ≈ 0–0.6 region, the negative magnetic
shear region, there is a broad bootstrap current and the ECCD
deposited in the ρ ≈ 0.2 and the ρ ≈ 0.4–0.8 regions.[40] As
shown in Figs. 14(a)–14(c), the broad |s| is small and the pres-
sure gradient is steep. Therefore, the αTAEs are located in the
negative magnetic shear region.

The distributions of αTAE (1,0) mode demonstrate that

many αTAEs are trapped in the three different negative mag-
netic shear cases. However, we find that the αTAEs in the
NCS are trapped more than the negative off-axis magnetic
shear. This is because of the broad small |s| and the steep pres-
sure gradient in the NCS. The αTAEs of case B are trapped
more than case A in the negative magnetic shear region. This
is because the |s| is large.

5.2. The effect of the beam energies on αTAE stability

The different beam energies are chosen according to the
different cases. The injected energetic particles bring a wide
velocity distribution in the process of slowing down. The
particle’s velocity will affect the curvature drift frequency;
therefore, different velocities will affect the excitation of the
branches of the αTAEs. We investigate the effect of different
beam energies on the αTAE stability. For case B, the nega-
tive off-axis shear (ρ ≈ 0.4–0.6), the energetic particle ener-
gies introduced by NBI are about 150 keV and 400 keV in
Ref. [39], in which the corresponding vE/vA0 is 0.40 and 0.66,
respectively. For the NCS (ρ ≈ 0–0.6), the energetic particle
energies introduced by NBI are about 100 keV and 500 keV in
Ref. [40], in which the corresponding vE/vA0 is 0.35 and 0.77,
respectively. The local parameter with s = −0.15, α = 3.14,
q = 3.44 is in case B; the local parameter with s = −0.11,
α = 3.35, q = 3.96 is in the NCS; the remaining parameters of
the two cases are the same as in Fig. 3.

In case B, the excitation of αTAEs versus vE/vA0 is plot-
ted in Fig. 15(a). As shown in Fig. 15(a), the (4,0) mode
and the (4,3) mode are excited and become unstable modes
when vE/vA0 < 0.40; meanwhile, the (4,0) mode, (4,3) mode
and (1,2) mode are excited and become unstable modes when
vE/vA0 < 0.66, in which ωr/ωA0 is 0.39, 1.04, and 1.60, re-
spectively. The (1,4) mode is not excited by the energetic
particles introduced by case B. When we consider the higher
energetic particles, the (1,4) mode will be excited, in which
ωr/ωA0 is 2.53. In the NCS, the excitation of αTAEs versus
vE/vA0 is plotted in Fig. 15(b). As shown in Fig. 15(b), the
(5,3) mode is excited and becomes the unstable mode when
vE/vA0 < 0.35; meanwhile, the (5,3) mode and (1,2) mode are
excited and become unstable modes when vE/vA0 < 0.77, in
which ωr/ωA0 is 1.08 and 1.61, respectively. The (3,3) mode
is not excited until the higher energetic particles introduced by
the NCS, in which ωr/ωA0 is 2.10.

Three modes are excited and become the unstable modes
in case B, while two modes are excited and become the unsta-
ble modes in the NCS, which implies that the energetic parti-
cles in case B have more impact on the stability of the αTAEs.
In case B and the NCS, the energetic particles with higher en-
ergy find it easier to destabilize the higher real frequency of
the αTAEs.
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5.3. The effect of the pitch-angle distributions on αTAE
stability

For case B and the NCS, we explore the excitation of
αTAEs versus vE/vA0 in the different pitch-angle distribu-
tions. Figures 15(a) and 15(b) plot the [10◦, 70◦] conditions of
case B and the NCS, respectively. Figures 15(c) and 15(d) plot
the [70◦, 110◦] conditions of case B and the NCS, respectively.

As shown in Fig. 15(c), the (5,0) mode and the (5,3) mode
are excited by energetic particles in case B, in which ωr/ωA0 is
0.29 and 0.92, respectively. As shown in Fig. 15(d), the (5,0)
mode and the (5,3) mode are excited by energetic particles in
the NCS, in which ωr/ωA0 is 0.39 and 1.04, respectively.

In case B and the NCS, there are different αTAEs that are
excited in the different pitch-angle distributions. For case B,
there are fewer unstable modes in the range of [70◦, 110◦], as
shown in Figs. 15(a)–15(c). For the NCS, there are lower fre-

quency unstable modes in the range of [70◦, 110◦], as shown
in Figs. 15(b)–15(d); the maximal growth rate γ/ωA0 of the
(5,3) mode in the range of [10◦, 70◦] is 0.163, while the maxi-
mal growth rate γ/ωA0 of the (5,3) mode in the range of [70◦,
110◦] is 0.069, which shows that the (5,3) mode in the range of
[10◦, 70◦] is easier to excite. In summary, these results indicate
that the αTAEs are easy to excite in the [10◦, 70◦] conditions
of case B and the NCS. The [10◦, 70◦] conditions of case B
and the NCS have more impact on the αTAE stability.

6. Conclusion
In this paper, αTAE stability is investigated using the

gyrokinetic-MHD hybrid model in the CFETR advanced
steady-state operation environment, which includes the RS H-
mode scenario with an enhanced ITB and the negative off-axis
magnetic shear scenario. In the RS H-mode scenario with the
enhanced ITB, the αTAEs are located in the EC power depo-
sition region. As the pedestal density or the pedestal temper-
ature increases, the pedestal pressure gradient becomes steep,
and more αTAEs are trapped in the pedestal region.

We discuss αTAEs in the negative off-axis magnetic
shear scenario. In the ρ ≈ 0.45–0.55 region (case A), there
is a bootstrap current and the ECCD. In the ρ ≈ 0.4–0.6 re-
gion (case B), there is the superposition of the LHCD and the
ECCD at ρ ≈ 0.55. In the negative magnetic shear region,
the αTAEs are trapped in case B rather than case A because
the |s| of case B is small. For comparison with the negative
off-axis magnetic shear, we explore the αTAEs in the NCS.
There are many αTAEs that become trapped in the negative
magnetic shear region because of the broad small |s| and the
steep pressure gradient.

With the variation of beam energy and pitch-angle distri-
butions, multiple branches of αTAEs are excited in the pres-
ence of energetic particles. Further results reveal that the en-
ergetic particles with higher energy find it easier to destabilize
the higher real frequency αTAEs. The αTAEs are easy to ex-
cite in the large pitch-angle distribution.

The Alfvén instabilities driven by alpha particles are a
concern for future tokamak devices. We will further explore
the excitation of αTAEs by alpha particles in the CFETR.
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