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The theoretical predictions of Toroidal Alfvén Eigenmode (TAE) stability are
obtained for typical plasmas with different plasma current in the JT-60 Super
Upgrade (JT-60SU). TAE modes are predicted by using the NOVA-K code for self-
consistent MHD equilibrium obtained by the ACCOME code. In the high current
plasma (10MA), because the pressure gradient of the hot particle, VP, is small due
to high density and V.V, is less than unity due to high toroidal field (6.25Tesla),
the TAE mode is stable for the low toroidal mode number n to the medium n (<15).
‘Here, V. V. is the ratio of the hot particle velocity to the Alfven velocity. On the
other hand, in the low current plasma (3MA) with the 3Tesla toroidal field, the
value of V., V. increases above 1.0 due to the increase of the density, and the
TAE mode becomes unstable due to the large pressure gradient VP, and large beta
of the hot particle, {( 8»> . TFurther increase of the density and the temperature
makes the bootstrap current large sc that the NB power required for the current
drive decreases. Consequently, both of VP, and { B> decrease, and the TAE modes

are stabilized by the ion Landau damping.
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1. INTRODUCTION

A global Alfvén wave called the toroidal Alfvén eigenmode ( TAE mode ) was theoret-
ically discovered by Cheng[L,2]. In a toroidal configuration, because of the non-uniformity
of the toroidal magnetic field, coupling of different poloidal harmonics breaks up the shear
Alfvén continuous spectrum and creates discrete shear Alfvén eigenmodes inside the contin-
uum gap. The poloidal harmonic coupling is located around ¢(r) = (mq +m3)/2n surfaces
with corresponding local shear Alfvén frequencies wy = [(my — mq)Va(r}/2q(r)R], where
m, and m, are two different poloidal mode numbers, n is the toroidal mode number, R is
the major radius, and V4(r) and q(r) are the Alfvén velocity (= B/(n; M;)"/*: n; is the ion
density and M; the ion mass) and the safety factor at the minor radius, r. The global solu-
tion with a discrete eigenvalue due to the coupling of m; (= m) and my(= m + 1) poloidal
harmonics is the TAE mode. The TAE mode can be destabilized by a large, centrally
peaked population of fast ions with velocities near the Alfven speed[2-5] such as fusion
alpha particles or energetic NBl ions. The TAE mode has been experimentally observed in
TFTR [6]. DIII-D [7], JT-60U {8] and other NBI or ICRF-powered tokamaks, and is found
to be capable of causing significant loss of fast ions.

In the future tokamak such as JT-60 Super Upgrade ( JT-60SU )[9], the TAE mode may
become unstable due to high energy particles. JT-60SU is being desigred to investigate
physics of steady-state tokamak plasmas based on D-D operation. The mission of JT-605U
is to establish the integrated basis of physics and technology for a steady state tokamak
reactor. The main issue of physics is the simultaneous achievement and sustainment of
high-8,, high-8y, non-inductive current drive, high confinement, and divertor heat and
particle control. Here, ﬁp = 2(p}/{(B,)? and By = Bi/(I,/aB,), where g, = 2(p)/(B.)?,
I, is the plasma current, a is the minor radius, and B, is the toroidal field. The basic
design parameters of JT-60SU are shown in Table 1. To produce a steady-state plasma, a
tangentially injecting NBI system is employed for non-inductive current drive in addition
to as a plasma heating source. The NBI system employed in JT-605U is the negative-ion
based neutral beam injection ( N-NBI ) with a beam energy of 500keV. The purpose of
this paper is to predict the TAE mode stability due to such high energy particles.

In JT-60SU, for the 500keV N-NBI, the beam velocity, V;, 1s 6.92 x 10%m /s and is close
to the typical Alfvén speed, Va ~ 3 x 10%°m/s, in a toroidal field of 3 Tesla. If Vi, > Vg, the

circulating energetic particles can destabilize shear Alfvén waves via inverse Landau damp-
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ing through the w = kv wave-particle resonance. Here, ky = (m — ng)/¢R is the parallel
wavenumber for linealized waves that are Fourier decomposed as exp[i(mf — n( —wt)]. To
overcome the velocity space Landau damping by the inverse Landau damping associated
with w.s, it requires roughly that w., > wy = V4/¢R. I this condition is satisfied, the
damping associated with the velocity gradient at the resonance velocity becomes. smaller
than the instability drive associated with the radial gradient of the fast ion distribution.
Here, wuy ( = (m/r)(Th/enB)(1/ny)(dny/dr) ) is the diamagnetic drift frequency. If the
beam energy is large or the spatial gradient of hot particle pressure becomes large, the
unstable condition is easily satisfied. Therefore, in JT-60SU there is a possibility that the
TAE mode can be unstable routinely. The loss of high energy particles due to the TAE
mode may restrict the steady-state plasma operations with high confinement.

[n Section 2, we describe the computational techniques used in obtaining equilibrium
data as well as for analyzing the ideal TAE mode stability. In Section 3, results of the TAE
mode stability analysis for three typical plasmas with I0MA, 6MA and 3MA are obtained.

The effect of o particles also discussed. Finally, results are summarized in Section 4.
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2. CALCULATION PROCEDURE
2.1 EQUILIBRIUM

To analyze a steady state plasma, it is important to generate self-consistent equilibria
becanse the current profile and the pressure profile are strongly coupled in a high 3,
plasma. The equilibria used in this paper are generated by utilizing the free bouﬁdary
MHD equilibrium code including non-inductive plasma current. ACCOME(10]. In the
ACCOME code, the geometric parameters and the profile data ( Ti(r), T.(r). ne(r) and
Z.:(r) ) are required for the input data. Here, r/a is a normalized effective minor radius
(= /V(¥)/Vie: ). MHD equilibrium is obtained by an iterative calculation with specified
values of the total plasma pressure gradient, p’ ( = dp/d+ ), which includes the a—particle
pressure and the beam pressure, and the current density < J-B > of the ohmic current, the
bootstrap current and the beam driven current. The bootstrap current for multi-species
ions including fast ions is numerically evaluated by using the Hirshman-Sigmar’s moment
approach in the neo-classical theory. The beam driven current is evaluated by analytical
eigen functions of the Fokker-Planck equation.

For the inductive plasma such as a high current plasma with 10MA, MHD equilibrium
is solved with a restriction that the total plasma current is kept constant by the regulation
of one-turn voltage at every iteration step with a constant NBI power. For non-inductive
plasmas, the one-turn voltage is kept zero and the NBI power is regulated for a given total

current. The following profile functions:

n = ng{0.8x(1—(r/a)’)®? + 0.2}, (1)
T = To{0.98 x (1 —(r/a)?)+0.02}, (2)

are assumed in the present work. The subscript 0 denotes the value at.the magnetic axis. ng
and Ty ( = Tig = Tuo ) are obtained by using the ITER power law{l1] with a H-factor of 2 or
3. Z.;4(r) is assumed uniform against the minor radius, and the impurity species is assumed
to be Carbon. Our procedure 1s to generate eﬁuilibria for typical operational parameters on
the JT-60SU configuration. The equilibrium is reconstructed in the NOVA-K code, where
the outer flux surface on the ( R, Z ) plane is re-defined by R = R, + a cos[f + ésin 8], Z =
xasin f. The fixed parameters are the ellipticity x, the triangularity 6, the major radius £,
and the minor radius a. For the pressure profile and the g-profile, the following function is

used: P() = Po(1— %), q() = qo+{qs — @0+ (g, — @5+ ol [(1 = ) (& — 1)/ (3 = )]},
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where P, = (¢} — ¢, + qo]/{gb + ¢, — 2lgs — qo]}. ¥ = (b = w0} /(s = o), ¥, is evaluated at
the plasma edge, and ¥, is evaluated at the magnetic axis. The parameters-are adjusted to
reproduce the pressure profile and the g-profile obtained by the ACCOME code. Figure 1
shows the equilibrium.conﬁguration obtained by the ACCOME code and the re-constructed
equilibrium used in the NOVA-K code. Both shapes of flux surfaces agree weli except near
the separatrix. Since the dominant mode of TAE 1s internal, the influence of the difference

of the shape near the separatrix is small.

2.2 TAE STABILITY

The stability of the TAE mode is investigated with a nonvariational kinetic-MHD sta-
bility code, NOVA-K[12]. The NOVA-K code, which is the kinetic extension of a previously
developed ideal MHD NOVA code[13], employs Fourier expansion in the poloidal angle #
direction and cubic B-spline finite elements in the radial + direction for a flux coordinate
system { %, #, { ) with an arbitrary Jacobian. The NOVA-K code evaluates the growth
rate of the TAE mode due to the kinetic effects using a perturbative analysis. Here, a
conductive wall on the plasma boundary is employed. In addition to the driving terms,
the NOVA-K code includes the damping terms, such as electron Landau damping, thermal
ion Landau damping and the electron collisional damping.

For high energy particles it is more reasonable to assume a slowing down distribution

i energy and a Gaussian in pitch angle. The model used in the following calculation 1s as

follows:
2
File %) = A)exp [ (250)] @2+ 0, e<a 3)
= 0’ € > € (4)

Here, €. is the beam cut off energy of 200keV. For the NBI plasma, e = 500keV,
Ag(=v%/v?) = 0.1, A = 0.7. Tor a-particle ¢, = 3.5MeV and A = 1000 for uniform
pitch angle distribution.
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3. RESULTS OF TAE MODE STABILITY ANALYSIS

3.1 10MA PLASMA

Plasmas with higher plasma current of 10MA are investigated in this section. Since
10MA is the maximum current of JT-60U, the 10MA plasma produced with the high
toroidal field of 6.25Tesla is expected to have the maximum plasma performance such as
the energy confinement time, the triple product ( n7gT; ), and the fusion product ( Qop )
The long pulse discharge is produced by the ohmic current, the beam-driven current and
the bootstrap current. For the volume average density {n.) of 5 x 10%m ™3 to 8 x 10" m 2,
the corresponding temperature, Tp, is 16keV to 10keV, using the [TER power law with
the H-factor of 2. Figure 2 shows the pressure profile and the current density profile for
(n.) = 5x10"%m~> ( Ty = 16keV and no = 6.8 % 10¥m~2 ). The profile of heat-deposition
is not peaked resulting in a parabolic pressure profile of the hot particle.

First, the n=1 TAE mode is investigated. The gap of shear Alfvén continuous spectrum
for the n=1 mode as a function of the minor radius is obtained between (w/w4)® =1.1 and
2.1. The discrete global n=1 TAE mode exists inside the continuum gap with the {requency
(w/wa)? of 1.89. The eigenfunction £, of the n=1 TAE mode has the dominant components
of the m = | and 2 peaking near the q=1.5 surface. Figure 3 shows the stability boundary
of the n=1 TAE mode in the {8x) — Vi/ Va4 space for {n.}) of 5 x 10'"m™ to 8 X 10¥m =3,
Scanning Vi/V4 for obtaining the stability boundary, the plasma density is artificially
changed while fixing other equilibrium parameters, though V4 depends on the plasma
density so that the equilibrium changes. Above the solid curves, the n=1 TAE mode is
unstable. For these equilibria, the value of Vi/V4 { marked x ) is lower than 1.0, and the
plasma is stable since the destabilization due to the sideband resonance { 1/3 < Vi/Vy <1
) is weak. The corresponding profiles of the high energy particle pressure are shown in
Fig. 4. As the density increases, the beam deposition shifts from the plasma center to the
half radius, resulting in broader pressure profile of high energy particles. However, the
g-profile does not change very much because the bootstrap current fraction is less than
20%. The q-profile is kept monotonic and go is around 1.0. Thus, the TAE eigenfunction
of these plasmas does not, change so that it has similar dominant modes of m=1 and 2, and
the unstable region shrinks. Here, we note that the standard operation of 10MA plasma
will be performed in the higher density region around {n.) =1 x 10%m ™ so that the hot

particle pressure profile becomes broader than those on Fig. 4.
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The growth rate of TAE mode generally increases with the toroidal mode number, n.

because

v aF;, ng OFy -
(3)

8¢  eBw Or
Therefore, it is necessary to investigate the stability of higher n modes. Here, we consider

the toroidal number, n of 1 to 13 for the plasma with a plasma density of {n,) = 5x 10%m ™3,

Juo]

since it has a relatively large pressure gradient. Figures 5 shows the growth rate due to
NBI particles. 4, and the ion Landau damping rate, v;. The value of v increases with the

toroidal mode number. The value of v, for n = 15 is comparable to the value of v;,. For

.n > 15, the TAE modes are unstable. Fu and Cheng have studied the finite orbit effect on

the high n TAE mode stability [14]. In the case of kgp, ~ 1, the growth rate is saturated
for both passing particles and trapped particles. Here, kg is ng/r and p, is the Larmor
radius of the high energy particles. In the 10MA Deuterium plasma, p, is approximately
1.7 x 107%m so that ksp, ~ 1 when n ~ 20. Therefore, the TAE growth rate can be
expected to saturate or decrease for n > 20 owing to the finite orbit width effect. Here,
the electron Landau damping and the electron collisional damping are negligibly smaller

than the thermal ion Landau damping.

3.2 6MA PLASMA

Next, we investigate a discharge of 6MA with a the toroidal field of 5.77 Tesla including
a-particles. The TAE stability calculation for the non-inductive plasma including o parti-
cles is useful for the prediction of future reactor performance. The energy confinement is
assumed to follow ITER power law with the H-factor of 3.0 in this calculation. Figure 6
shows the pressure profile and the current density profile of the non-inductive current drive
plasma with (n,) = 8 x 10'"®m =3 ( Ty = 16keV and n, = 1.1 x 10®°m ™% ) produced by the
NBI power of 62MW. The bootstrap current fraction increases up to 50% but the g-profile
remains monotonic { go = 1.3, gos = 4.6 ).

We now discuss the dependence of the averaged density between (n,) = 6—12x10¥m™3
on TAE stability. Since the H-factor of ITER power law is assumed fixed, the temperature
and the required NBI power decrease as the density increases. Results of the stability

calculation for the n=3 mode are plotted in Fig. 7. The velocity ratio of V,/Vy for o



JAERI-Research 95—065

particles is high ( > 1.4 ) enough to destabilize the TAE mode. As the bulk plasma density
increases, the temperature decreases and the o particle pressure becomes more peaked (
Fig. 8(b) }. Thus, the growth rate due to a particles increases with the averaged density.
though {f8,) élightly decreases from 0.15% to 0.10%. The growth rate due to the beam
particle becomes positive above (n.) of Tx 10¥¥m 2. Theion Landau damping of Deuterium
and Tritium also increases with the density, but since the temiperature decreases it can not
overcome the growth rate due to the fast ion. In this study, the velocity ratio of Vi/Vy
of the beam is around 1.0. (84} is around 0.3-0.2% and the pressure gradient of the beam
remains high near the plasma center since the bulk temperature is high.

The growth rate due to the beam ions becomes negative below (n.) of 6 x 10*¥m =3 due
to Vu/V4 < 1.0. And, the growth rate due to o particles is small in this region. In the
low density region { {n,) < § x 10¥®m™ ), there is no clear gap across the minor radius,
so that the continuum damping can be expected if the TAE mode crosses the continuum
near the edge. We conjecture that, in the lower density region ( {(n.) < 6 x 10°m=2 ), the

TAE modes due to both the beam particles and a particles could be stabilized.
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3.3. 3MA PLASMA

Non inductive plasmas with a high beta, which are produced in a low plasma current
of 3MA and a low toroidal field of 3 Tesla, is investigated in this section. To obtain a
non-inductive plasma, the total current is regulated by the NBI power. A typical MHD
equilibrium obtained by ACCOME is given in Fig. 9 which shows the pressure profile

3

and the current density profile for (n.) = 3.1 x 10'®m~>. Here, the central temperature

Ty = 6keV and the central density ny = 7 x 10"m ™3 are obtained by assuming the ITER
power law with the H-factor of 2, and the plasma profiles of Eq.(1) and (2). A high beta
plasma with 3, = 1.9 and 3, = 1.5 is obtained. The bootstrap current fraction increases
up to 48%, and the full current drive is performed by the NBI power of 38MW. Due to
the targe bootstrap current. gy increases to around 2 { ¢y = 1.8, g5 = 5.3 ). The locus of
heat-deposition is near the plasma center producing a peaked pressure profile of the hot
particle. ( P, oc (1 = )086)126 ),

The heat-deposition profile depends on the plasma density, and the beta value of the
hot particle (3,) is determined from the NBI power and the slowing down time of the NB
particles. Here, (8,) = 2(ps}/(B?). The NBI power is regulated to keep the plasma current
constant, so that it depends on the bootstrap fraction. Consequently, the hot particle
pressure profile and (3,) depend on the density and the temperature. Therefore, it is
important to obtain the stability boundary on the density and the temperature parameter
space and to discuss the characteristics of the TAE mode stability.

Figure 10(a) shows the required NBI power, the bootstrap current fraction and the
g-value in the density and temperature space, which are obtained under constant values
of the total plasma current and the toroidal field. As the density and the temperature
increase, the bootstrap fraction increases due to the increase of 8,. The required NBI
power decreases with the increase of the bootstrap current and the temperature due to the
improvement of the current drive efficiency. The minimum q-value against the minor radius
increases with the density, and the g-profile becomes hollow roughly above the g, = 2.0
line (in Fig.10(a)), as shown by cases B and C in Fig. 11(a). The equilibria for each NB
power, given by solid circles in Fig 10{a), are generated with the ITER power law with a
H-factor of 2.

Figure 10(b) shows the unstable domain for the n=3 TAE mode in the ng — Tp space.
On the low density region ( np < 4 x 10"®m™3 ), (B} is larger than that of the higher
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density region and the pressure gradient of the hot particle is high, as shown by curve A in
Fig. 11(b). But the TAE mode is stable { open circle in Fig. 10(b) ) because the mode 1s
not in resonance with the hot particle due to low Vi/Vy ( <1 ). As the density increases.
the profile of the hot particle becomes broader as shown by curves B and C from the peaked
one { Fig. 11{b) ), and {8} decreases. The TAE mode, however,.be'comes unstable above
Ny of 5 x 10®m=2 because V,/V4 > 1 ( solid circle in Fig. 10(b) ). But it is stabilized
again in the higher temperature region { Tp > 8keV ) by the ion Landau damping.

The shear Aifvén continuous spectrum for n=3 as a function of the minor radius is
shown in Fig. 12 for each equilibrium A, B and C of Fig.11. The continuous spectrum
gap is produced at the crossing point of the poloidal harmonic coupling, and a frequency
gap across the minor radius can allow TAE modes to exist without suffering continuum
damping. Here, the normalizing Alfvén frequency is defined as wy = Va(re)/gs(rs)B. On
the low density region, the g-profile is monotonically increasing and the go 1s around 1.0
so that the radial variation of g-value is large ( Fig. 11{a) ). Because the square of shear
Alfvén frequency on the crossing point of continuous spectrum is [Va(r)/2q(r)R]?, the gap
frequency on each minor radius of = is proportional to 1/n.(r)q*(r). Therefore, a large
change of q makes no open gap across the whole minor radius, as shown in Fig. 12(a), for
the density profile of Eq. (1). Though the discrete global n=3 TAE mode exists inside the
gap, the TAE mode crosses the continuum near the edge, where 1t experiences continuum
damping. Since the magnetic shear near the plasma edge is high, the continuum damping
can be strong. However, to obtain the TAE mode based on the ideal MHD theory, it 1s
necessary to avoid the singularity of the eigen function. For the equilibrium corresponding
to case A, the TAE mode is obtained by employing a parabolic density profile in stead of
the broader profile given by Eq.{1), so that the radial variation of 1/n.q? becomes small.
As the averaged density increases, gmin Tises and the g-profile becomes more flat as in
curves B and C in Fig.11{a), the gap opens against the minor radius ( Fig. 12(b) ), and
the continuum damping can be expected no longer. A typical global TAE mode of n=3 is
shown in Fig. 13(a) for case B. Since go is above 2.0, the eigenmode consists of dominant
poloidal harmonics with the poloidal mode numbers of 6 to 11, and the dominant harmonic
is located near the ¢ ~ 3 surface. In the high density region, the bootstrap current is
dominant and the g-profile becomes hollow. Since the change of 1/n.q* is small against
the minor radius, a clear gap structure is obtained. For the hollow g-profile ( case C ),

two types of TAE modes are found as shown in Fig. 13(b) and (c), respectively. The first
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one ( (b)) shows that poloidal harmonics have large radial structure on the both sides of
the positive shear region and the negative shear region though the phase is inverse. The
second one ( (c) ) shows that the dominant harmonics of m = 7 — 9 overlap each other
around the g,;, region. Note that the second one has 4.5 times larger growth rate than
the first one.

If the plasma energy confinement follows the ITER power law with a H-factor of 2, the
non-inductive plasma can be obtained at points of solid circles in Fig. 10(a). Comparing
Fig. 10(a) with Fig. 10(b). the equilibria for Pyg =60MW and 40MW are unstable for the
n=3 TAE mode, and the equilibrium for 20MW is stable. If the energy confinement is better
than two times of the ITER power law, higher density and higher t;empera,ture plasmas

can be obtained, and the TAE mode would be stabilized by the ion Landau damping.

4. CONCLUSION

The TAE mode stability of three typical! plasmas in JT-60SU is obtained. In the high
current plasma ( 10MA ), the pressure profile of the hot particle 1s broad due to high
density and V,/V) is less than one due to the high toroidal field { 6.25Tesla ). Theretore,
the TAE mode is stable for low n and medium n { < 15 ). Higher n TAE modes ( n > 15
) may be weakly unstable, but further investigations including finite orbit width effects
and radiative damping are required. In the 8MA plasma, effects of « particle on the TAE
mode stability is investigated. If the confinement time is subject to the ITER power law,
then as the density increases, the temperature decreases so that the pressure profile of
o particles becomes peaked and (3,) slightly decreases. Thus, the growth rate due to a
particles increases with the density. In the low current { 3MA j and the low field plasma
( 3 Tesla ), the dependence of the bulk density and temperature on the TAE stability is
obtained. As the density increases, i.e., V3/V4 becomes larger than 1.0; the TAE mode
becomes unstable. However, the further increase of the density and the temperature makes
the bootstrap current large so that the NBI power required for the current drive decreases.
The resultant pressure gradient of the hot particle and {3;) decreases, and the TAE mode

becomes stabilized by the ion Landau damping.



JAERI—Research 95—08b

one ( (b} ) shows that poloidal harmonics have large radial structure on the both sides of
the positive shear region and the negative shear region though the phase is inverse. The
second one ( (c) ) shows that the dominant harmonics of m = 7 — 9 overlap each other
around the g, region. Note that the second one has 4.5 times larger growth rate than
the first one.

If the plasma energy confinement follows the ITER power law with a H-factor of 2, the
non-inductive plasma can be obtained at points of solid circles in Fig. 10(a). Comparing
Fig. 10{a) with Fig. 10(b), the equilibria for Pyg =60MW and 40MW are unstable for the
n=3 TAE mode, and the equilibrium for 20MW is stable. If the energy confinement is better
than two times of the ITER power law, higher density and higher témperature plasmas
can be obtained, and the TAE mode would be stabilized by the ion Landau damping.

4. CONCLUSION

The TAE mode stability of three typical plasmas in JT-60SU is obtained. In the high
current plasma ( 10MA ), the pressure profile of the hot particle is broad due to high
density and V,,/V, is less than one due to the high toroidal field ( 6.25Tesla }. Therefore,
the TAE mode is stable for low n and medium n ( < 15 ). Higher n TAE modes ( n > 15
} may be weakly unstable, but further investigations including finite orbit width effects
and radiative damping are required. In the 6MA plasma, effects of o particle on the TAE
mode stability is investigated. If the confinement time is subject to the ITER power law,
then as the density increases, the temperature decreases so that the pressure profile of
o particles becomes peaked and (4,) slightly decreases. Thus, the growth rate due to a
particles increases with the density. In the low current ( 3MA ) and the low field plasma
( 3 Tesla ), the dependence of the bulk density and temperature on the TAE stability is
obtained. As the density increases, i.e., V3/Vy4 becomes larger than 1.0, the TAE mode
becomes unstable. However, the further increase of the density and the temperature makes
the bootstrap current large so that the NBI power required for the current drive decreases.
The resultant pressure gradient of the hot particle and {f,) decreases, and the TAE mode

becomes stabilized by the ion Landau damping.
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Table 1 Main Machine parameters of JT60SU

Parameters Values
Toroidal field at 4.8 B, 6.257T
Maximum plasma current I 10M A
Major radius R, 4.8m

Minor radius a l.4m
Aspect ratio A 3.43
Elongation K 1.8
Triangularity ) 0.4

Pulse length > 2000s for full CD
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Fig.1 (a) The flux surfaces of the JT-60SU equilibrium by the
ACCOME code and (b) the flux surfaces the re-constructed
equilibrium for the calculation of NOVA-K code.
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