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Abstract

The effects of energetic particles on MHD type modes are studied by
analytical theories and the nonvariational kinetic-MHD stability code
(NOVA-K). In particular we address the problems of (1) the stabilization of
ideal MHD internal kink modes and the excitation of rescnant "fishbone"
internal modes and (2) the alpha particle destabilization of taroidicity-
induced Alfven eigenmodes (TAE) via transit rescnances. Analytical

theories are presented to help explaining the NOVA-K resuits. For

energetic trapped particles generated by neutral-beam injection (NBI) or
ion cyclotron resonant heating (ICRH), a stability window for the ne1
internal kink mode in the hot particle beta space exists even in the absence
of core ion finite Larmor radius effect (finite w.). On the other hand, the

trapped alpha particles are found to resonantly excite instability of the
n=1 internal mode and can lower the critical beta threshold. The
circulating alpha particles can strongly destabilize TAE modes via inverse
Landau damping associated with the spatial gradient of the alpha particle

pressure.
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1. Introduction

With the introduction and increased use of powerful auxiliary heating
techniques such as ion cyclotron resonant heating (ICRH) and neutrai-beam
injection (NBI), present-day tokamak experiments and future fusion
reactors will involve significant amount of energetic particles. The
energetic particles can significantly affect the MHD stability because
some of the basic assumptions of MHD theory become invalid for energetic
particles. In tokamaks, particle dynamics typically satisfy the condition
0y, Wp >> Wy (Wqeis the energetic particle magnetic drift frequency, w;the
circulating particle transit frequency, and wpthe trepped particle bounce
freguency). For the low frequency MHD modes with o << wg, the energetic

particle dynamics are no longer governed by the (E x B)/B2 drift, but rather
by the magnetic (VB and curvature} drifts. The trapped particies precess

very rapidly across B field, and their motions become very rigid with
respect to the MHD perturbations.  Since trapped particles tend to move on
constant-B surfaces, the trapped particle pressure is approximately a
function of B, Pin=P,{B). The perturbed perpendicular energetic trapped

particle pressure is given by 3p.n= (9P n/dB) 8By = Bn{w./wg)n BBy, where wg

is the VB drift frequency. From the perpendicular force balance equation
we have V 8pc= - V [(1+ Prw.n/2wph) BOB|], where 3p. is the perturbed core

plasma pressure. This means that if {(w./0g) > 0, it requires an extra

restoring force from V, 8pc to maintain the force balance. Therefore, the
effect of the energetic trapped particles is stabilizing, and the
corresponding potential energy 8Wy is positive. If the MHD wave has a real
frequency such that w = wg, then the energetic trapped particle motion is no
longer rigid with respect to the MHD perturbation and wave particle
resonance can occur. Magnetic drift resonant "MHD" instabilities can be
excited by tapping free energy from the energetic particle pressure
nonuniformity. For the high frequency shear Aliven waves with o = o, o,
the ideal MHD stable global Alfven modes can be driven unstable by the
circulating energetic particles resonanting with the background waves via
inverse Landau damping.

In the high-power, nearly perpendicular neutral-beam injection
experiments, bursts of large amplitude m=n=1 (m is the poloidal mode
number and n is the toroidal mode number) MHD fluctuations, dubbed
"fishbones” were observed in the Mimav coil and x-ray signals(1-3]. These
fishbone bursts are believed to be resonant internal kink modes and are



found to be correlated with the reductions of neutron emissivity which
correspond to significant losses of energetic beam ions, and thus play an
important role in limiting the B-values of tokamak devices. On the other
hand, ICRH heated plasmas with an energetic minority ion component on
JET[4,5] seemed to have demonstrated a sawtooth-free domain of tokamak
operation. The JET experiments are interpreted as the snergetic particle
stabilization of both the resistive internal kink mode and the fishbone
mode. In future tokamak reaclors, alpha particles may destabilize the
toroidicity-induced shear Alfven eigenmodes (TAE)[6] through circulating
particle resonance by taping the free energy associated with the a-particle
pressure nonuniformity. The TAE modes have theorstically been shown to
cause very serious a-particle loss{7].

In the following, we first briefly describe in Sec. 2 the formulation
of the kinetic-MHD eigenmode equations for our nonvariational treatment.
In Sec. 3 we study the effects of neutral beam injection {NBI) and o -
particles on the stability of the internal mode and the excitation of
resonant fishbone modes. We first derive and studty an analytical
dispersion relation. For the NBI! case, comparisons with numerical results
involving analytical approximations indicate that the critical values of the
energetic trapped particle beta for the stabilization of the ideal MHD
internal kink and the destabilization of the resonant fishbone mode can be
an order of magnitude different from those computed by the “non-
approximated” NOVA-K code. In addition, a necessary condition for the
excitation of fishbone mode is found that the total plasma beta must be in
the domain of the unstable ideal MHD internal kink modes. This is contrary
to the analytical results of no total beta threshold. For trapped a« -
particles, the resonant internal mode can lower the total beta threshold
for instability. In Sec. 4, we present the NOVA-K results of the a-particle
destabilization of TAE modes via transit resonances. The summaries and
discussion are given in Sec. 5.

2. Kinetic-MHD Model and NOVA-K Code

We will consider an axisymmetric toroidal plasma consisting of the
core isotropic and the hot anisotropic components with np << ne and Th >> T;
so that Bn < Be. In terms of the flux coordinate system (y,8,{), the
equilibrium magnetic field with nested flux surfaces can be written as



B = Vi x Vy + ql{y) Vy x V6, M

where 2ny is the poloidal flux within a magnetic surface, q(y) is the
safety factor, 6 is the generalized poloidal angle varying between 0 and 2=,
and ¢ is the generalized toroidal angle varying belween 0 and 2x. Summing
the collisionless equations of motion for each species, we obtain the
linear momentum equation

-

WPpE = Vope + VedPy + bx (VxB) + Bx(VxDB) , (2)

where E is the usual fluid displacement vector, b is the perturbed

magnetic field, 3p. is the perturbed core plasma pressure, Ssh is the
perturbed hot plasma pressure tensor, and p is the total plasma mass
density. The ideal MHD description is adopted for the cors plasma and the
following ideal MHD relations hold

8pc+ gOVPc-!- rspc V.§= 0 , (3)

b=Vx(§.ixB), (4)
and

E = iw&ExB, (5)

where 8E is the perturbed electric field, T's = 5/3 is the ratio of specific
heat, and P, is the core plasma pressure.

The drift kinetic description neglecting the Finite-Larmor-radius
correction is employed for the hot particle dynamics. The drift kinstic
equation can be solved by the method of characteristics with the total
perturbed particle distribution given by

— b ~
5 = £,evF- BMF o
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where the nonadiabatic particle distribution is given by



5. dt(-'e':)( )[.vd.sﬁl be“]'

(7)

©= ~(To/Mn)3InF/Ag, @T =i (T/Mnac) (Bx VInF o V) only perates on the
perturbed quantities, Vd= (choc) x [ VuB) + Xv2 1is the magnetic drift
velocity, ¢ is the speed of light, T is the average temperature of the hot
particle, @cis the hot particle cyclotron frequency, F(e,u,yg)is the
guiding-center particle distribution. The time integration in Eqg. (7) is
along the unperturbed guiding-center trajectory. 8pn can be expressed as

- - o aﬁ -~ T ~ ~ ~
Spp=-&,*VP +b||(——) +8p, 1 + (3p -8 )bb
3By (8)

where 55" and SEL are given by
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A = pBy/e is the pitch angle, B, is the vacuum magnetic field at X = R, and h
= Bo/B(y,8). On a flux surface, circulating particles correspond to 0 < A <
hmin(y), and trapped particles to hnin(y) € A < h at a given &, where hnpia(y) =
Min [h{y,8)] on the v surface.

In terms of the dependent variables, §, = Eo Vv, 8py = 8pc + beB, €s =

& (Bx vy/|Vvyl?2), and V&, Egs. (2) - (9) can be cast into a set of non-
Hermitian integro-differential eigenmode equations which are soived by a
nonvariational kinetic-MHD stability code (NOVA-K)[8]. In general, a flux
coordinate (y,0,{) system with an arbitrary Jacobian, the NOVA-K code
employs Fourier expansion in the poloidal angie @ direction, and cubic B-
spline finite elements in the radial y direction. An arbitrary nonunifcrm
y-mesh can be set up to pravide the option of zoning the mesh to allow
more finite elements near rational surfaces, the plasma edge, and the
magnetic axis. The boundary condition at the magnetic axis is &, = 6. For



fixed boundary modes the boundary condition is &, = O at the plasma-wall
interface. In general, the boundary condition at the plasma-vacuum

interface is given by b,e Vy = B s VE,, where b, is the perturbed vacuum
magnetic field which must be solved from the divergence-free equation V e

by = 0 with proper wall boundary condition.

3.1 Quadratic Form

By taking an inner product of Eq. (2) with § and integrating over the
all plasma volume with the assumption of a fixed conducting boundary, we
obtain a quadratic form

D{w) = SW' + SWk -8K =0, (10)

where the inertial energy is given by
3 -2
K = o fdsx plﬁl ,

the total fluid potential energy due to both the core and hot companents is

(1

2

VeE 4+ 2KeE,

2 - 2
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B

(12)

and in the limit ® << Wy, the the energetic particle patential energy is
mainly contributed by the trapped particles and is given by

oo h
w2 52 max
Wy = -2 Mn fd\pf de e f dA Ky
] h

min
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(m - <md>) < N (13)

|-
where Ky =v€2 1y, Ty is the trapped particle bounce period and is a function

2h

of g and A, and ;. = (-ilwe) (B x Vln_F « V). In the low-frequency limit w <<
Wy, 04, the sign of the trapped particle potential energy is proportional to

(;,_/md) and the energetic trapped particles have a stabilizing effect if

(;‘/md) > 0 and vice versa. On the other hand, if ® = v, the energetic trapped

particle can sexcite a resonant instability. Similarly, the nonadiabatic
contributions of energetic circulating particles on the potential energy can
be obtained and is too complicated to be presented here. Note that i
deriving the quadratic form we have neglected the pressure anisotropy
terms, i.e., the (P, P)n terms. The quadratic form is useful in providing
" the stability properties of the system in certain limits.

3. Energetic Trapped Particle Effects on the n=1
Internal Mode

The previous analytical thearies[9-13] of energetic particle effects
on the n=1 internai kink mode were performed for large aspect ratio
tokamak plasmas with circular, concentric magnetic surfaces, and the
radial plasma displacement &, was taken as the cylindrical soiution of the
m = n = 1 mode with £, = constant for g < 1 {orr < rg), and &, = 0, otharwise.
Other approximations made in calculating energetic particle contributinns
to Wk involve setting 1-q(r)=0, assuming (w./<wq4>) > G for the whole

minor radius, and neglecting toroidal couplings of neighboring poloidal
harmonics., These approximations led to the cancellation of the hot
particle contributions from &W f with part of Wk so that Wik is
proportional to ®. This cancellation has prevented the previous theories
from predicting a stability window in Bn for the stabilization of boih the
internal kink and the fishbone rmode. In addition, those approximations also
failed to give quantitative predictions of the critical Bnp's fer both the
stabilization of the internal kink and the excitation of the fishbone mode.



Since the behavior of MHD modes depends strongly on both the energetic
particle distributions and the plasma equilibria, it is important to have a
numerical code (e.g., NOVA-K code) that computes the stability of low-n
MHD modes for realistic energetic particle distributions and plasma.
equilibria.

In Section 3.1, we will first derive and study an analytic dispersion
relation that does not cancel the hot particle contributions from 8W¢ with
Wk sc that Wk is not proportional to @. Thenin Section 3.2, we will
present numerical studies of the effects of energetic particles on the n=1
internal kink mode by using the NOVA-K code for NBl energetic trapped
particles with singular pitch angle distribution. The effects of alpha
particles with uniform pitch angle distribution on the na1 internal kink
mode is presented in Sec. 3.3.

3.1 Analytic Dispersion Relation for the n=1 Internal
Kink Mode

To derive the analytic dispersion relation for the n=1 internal kink
mode including energetic trapped particle contributions we consider the
large aspect ratio orderings with the small paramster g,=a/R << 1. We will
limit the consideration to the parameter range of the first stability
boundary of the internal kink mode, and we order Bpe ~ O(1), Bph ~ O(Eo),
where Bpis the poloidal beta. The relative temperatures of the core and
hot components is T¢/ Th ~ O(eo°), which implies np/ ne .. O(e,”) and overall
charge neutrality may be assumed. The usual internal kink ordering of
(w/wa) ~ (<og>/ma) ~ O(o?) is also assumed. With the present ordering we
find from Egs. (10)-(13) that 3K/8W .. sW /W . O(e,?). We note that the
contribution of 8K is significant only in a singular layer of a width A,
which has the ordering (A/a) . (w/wa) . O(€o%), but the contribution of 8W
is mainly from outside the singular layer. Therefore, outside the singular
layer the contribution to the dispersion is D, = 8W;+ 8Wy and inside the
singular layer the contribution to the dispersion is D; = 8W;- 8K. Since
5Wiand 6K are seli-adjoint, they can be variationally minimized to O(.°%)
by constructing an appropriate trial function. For the case of circular
cross sections, the minimization of W ;outside the singular layer is
nontrivial and can be done by using the trial function given by Bussac et al.
[14], and we have



2 ' 2
awf - 2 RBnglegml YB + dE:) ,
@a (14)

where Ypcontains the contribution from both the core and the hot
particles, and near the first stability boundary it is proportional to [B2 -
(Bperit)2], where Bperit is the critical Bp for the ideal MHD internal kink. By
choosing the radial plasma displacement &, as the cylindrical solution of
the m = n = 1 mode with &, = constant for g < 1 (orr <), and &, = O,
ntherwise, the hot trapped particle kinetic contribution is

2 ' 2
W, = 2T JLHAN W, + Ole’)
@A (15)

where only m = n = 1 contribution is kept and

0 n

i 2 oo 0-—+0,
W, = 2" Moarh g f HeodA f de es’leZ[Z o€ :

RzBﬁrsq;J" ¢ 0 Kol (wgro (18

61
K, de cos(6) expli (1-q18]
J1=AIR
-8y (17)

From Egs. (14) and (15) the total coniribution of the dispersion relation
from outside the singular layer is

2 2 ! 2
D, = T orsqslgrol (YB‘SWK) + O(Ej -
@A (18)
Inside the singular layer, D; = §W¢- 8K is variational and can be

minimized. We should note that Ve£ = 0 so that compressibility is finite in
the singular layer. The minimizing &, that satisfies the Euler-Lagrange
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equation obtained by varying D; with respect to &, and matches to tiw
outside solution, is given by

'.

& =8 l% - ltan—l(r—r;‘] ;

T \ Ay (19"
where the singular layer width is
2 2 2 )
2 ® -4
A = @ " I_ rd &l (1+2’q } .

. 2 2 R <

(QsmA) (“’ "“’s) <<, €5 0 (qsmA)
(<0)

Then D; becomes
112

2 2 ' 2
_ 2n RBorsqs|§m] (i m] or

[0 2 2

where

2 2
wz_ rP.B" ¥ .2 r,Pe 2 1
T = 2 > ws= 2 2 . (ﬂA= _i‘ >
p]Vlyl pBJ pJ (22)

and <--> means surface average at the q = 1 surface. Finally, combining
Eqgs. (18) and (21), we arrive at the dispersion relation

172
-ia l+—-mT— = {YB—SWR)
(23)

If we consider neutral-beam-injected (NBI) plasmas, the equilibrium
hot particle distribution Fp is taken as a slowing-down distribution in

energy ard a delta function in pitct. angle, i.e., FR{EAW) = Nhlv) 5('\‘/\0) /



Iz a2
(Ec +& ) for € s £, and Fr{eAW) = 0 otherwise, where €y is the neutral

beam injection energy, and E€is the cutoff energy where the beam ions
lose an amount of energy tc ithe core iors equal to that lost to electrons.

For simplicity, we take €. = 0 and assume |o| << wg, then the dispersion
relation takes the form

_i(_"’.)___(fi)_ﬁh &4.3(&—1)[Ir{1—&)+in0} :
Op Wy Wy O |0 @ (24)

where the hot trapped particle terms are vouume averaged, and the detailed
forms are not important in determing the qualitative siability properties.
For 0 < Re{w) < w4, we set 6 = 0 for Im(w) > 0, o = 1 for Im(w) = 0, and o=2
for Im(w) < 0. w. and wg are the typical hot particle diamagnetic drift
frequency and the bounce-averaged rnagnetic drift frequency, respectively.
Yg is the MHD growth rate incliding the contribution {rom hot particies,

and B, is proportional to the hot particle beta. We should reiterate here
that the first (w./wq) term in Eq. (24) does not cancei with the hot particle

contribution to yg. Equation (24) predicts that if yg > 0, the ideal brarch

will be stabilized for Bh>PBuw, where B = (Yg @d/ @A ®.). AtBh =By, @ = 0.
The resonant fishbone branch wiil be destabilized for By > Bre, where B =

wg/ [fwa{we/og - 1)]. At By = Bip, » is purely real. Figure 1(a) shows the

growth rate and Fig. 1(b) shows the real frequency versus 'Bhfor the fixed

parameter w./og = 10. Several values of Eo'cs wd/Yg are used. The curves
labeled -o;l;a 3 correspond to the ideal branch. We see that for (w./yg) <
n{w./wg - 1) (i.e., By 2 Bre), the internal kink is unstable for all B, For By

<PBro, there is a stability window for By < Bh< Bre. It is important to note

that previous studies [9-13] have concluded that By = Bre se that there is
no stability window. The erroneous conclusion is mainly due to the

11



mistake of making exact cancellation of the first (w./wg) term in Eq. (24)
with the hot particle contribution to yg.

3.2 Effects of Neutral-Beam-Injected Particles on the n=1
Internal Kink Mode

For B. >> Bn, the equilibrium is approximately isotropic. We first
consider an equilibrium with circular plasma surface with the profiles

i
Py =Pol1y) . ay) = a0 +y{a() - 4@ +[a' (1) - () + 4] (1 - yo)ly 1) /{y - y ).
where ys = [@'(1) - q{1) + q(0)/{a'(0) + q'(1) - 2[q(1) - G(O)]}, ¥ = (v - wo)/Ay,
Ay = Wyim - Yo, Viim IS evaluated at the limiter, and yg is evaluated at the
magnetic axis. The paramsters for the "PDX05" equilibrium are Po = 0.018,
A=2,p=2 Ay = 0.061, p = 2 <P>/<B2> = 0.625%, R = 1.43, R/a = 3.4, q{0) =
0.8, q(1) = 2.85, '(0) = 13.82 and g'(1) = 106.6, and Ppot = 2 <P>/<Bpo2> =
0.4278. Note that for a given pitch angle Ao, <wg> and hence {w./<wg>) may
change from being negative to positive as r changes. If the trapped
particles are destabilizing to a certain MHD mode for (w+./<wg>) > 0 in 2
certain radial region, the trapped particles in the radial region with
{w./<wg>) < 0 would be stabilizing. Since both w. and <wg> are proportional

to €p, we will introduce an energy scaling factor Ct in w. and <wg>. If Cr =
0, w+.n = <dg> = 0 and the quardatic form, Eq. (10), corresponds to the
Kruskal-Oberman energy principle{15]. For 7 = =, EqQ. (10) corresponds to
the case studied by Rosenbluth et ai.[16]. For simplicity we let €,= 0,

nh(y)€p = anPc(w), and vary an to change the hot particie pressure. The

other fixed parameters for the energetic particles are E€,/T(0) = 10,
R/pr(0) = 100, Mp/M: = 1, Ao = 1.1, where M; and M are the core and hot ion
mass, respectively. pr(0) is the hot jon gyroradius at the magnetic axis.
For this equilibrium, the wvolume-averaged hot particle beta, fnr = 2
<Ph>/<B2>, is related to the total volume-averaged beta by Bn = 1.38 onf. In
the absence of energetic particles {an=0), the n = 1 fixed boundary internal
kink mode is unstable with the growth rate y/wa = 1.195 x 102, In varying
Bn (or an} the total P is fixed so that as Py is increased, the core plasma J¢
is decreased by the same amount.

12



In Figs. 4(a) and 4(b), the growth rates and the negative real
frequencies, respectively, versus ap are plotted for several values of the
hot particle injection energy scaling factor Ct. For Ct < 0.4, the hat
particle pressure is stabilizing for small values of ap, but becomes
destabilizing as «n becomes larger ( o> 0.036). The destablizing effect is
accompanied by an increase in |w, and is associated with © - <wg> = 0
resonance. However, when Ct becomes larger with Ot = 1, the ideal branch
is stabilized for onh > ant =~ 0.036 (for Ct=1). But the resonant fishbone
branch is destabilized for ap > ah2 = 0.06 for Ct = 1. For larger Ct, ctpy is
smaller, but ays becomes larger.

The results presented in Figs. 4{a) and 4(b) are qualitatively similar
to Figs. 1(a) and 1(b) obtained from the analytical dispersion relation given
by Eg. (24). Figure 1(a) clearly shows these behaviors through the
variations in wg with w./og being held fixed. We should note that the real

frequency shown in Fig. 1(b} is somewhat different from Fig. 4(b) for the
resonant branch in the limit oy < apz. This is because the analytical
dispersion, Eq. (24), does not describe the MHD continuous spectrum that is
contained in the NOVA-K code. The abovz comparison clearly demonstrates
that the NOVA-K code gives correct resuits of the energetic particle
effects on the n=1 iniernal kink mode.

Next, we examine the validity of the approximations made in the
analytical dispersion, Eq. (24). Our calculations show that although the
analytical dispersion gives qualitatively correct results, it fails to
provide the correct values of the critical hot particle betas for both the
stabilization of the ideal branch and the destabilization of the resonant
fishbone branch. To make comparisons on the values of critical fn, we
impose sim.i.lar approximations in computing the perturbed hot particle

pressures 8P, by retaining only the m=1 poloidal harmonics and taking 1-
g(r) = 0 in the nonadiabatic hot particle contribution. We find that the
approximations have produced smaller values of Bp1 and P2 by roughly a
factor of 4 in this particular example. The difference is mainly due to the
omission of the m=2,3 harmonics which are not negligible outside the q=1
surface and have opposite contributions to stability from the m=1
harmonic.

Another important conclusion from the calculations of the NOVA-K
code, that is different from that of the analytical theory, is that when the

13



ideal MHD internal kink is stable, the resonant fishbone mode is also
stable. Our conclusion is derived by comguting the stabilities of several
equilibria with different B. As B is closer to the ideal MHD critical betas,
B1,2, the growth rates of both the ideai branch and the resonant fishbone
branch also decrease to zero. For B < B4 and P 2 B2, no instabilities are
found by the NOVA-K code. On the other hand, it can be easily seen from
the analytical dispersion relation, Eq. (24), that the critical Bno for the
resonant fishbone branch is independent of Yy, and there is no constraint on
the total plasma B. The breakdown of the analytical analysis for both the
ideal and resonant fishbone branches in the ideally stable B domain is that
the eigenfunction becomes singular near g=1 surface and the analytical
dispersion is invalid. Finally, the effacts of the neutral beam injection or
ICRH heatings on the n=1 internal kink mode can be summarized
schematically by the stability window in the B-pn space shown in Fig. 5.
This stability window provides an explanation of the experimental
observations of the stabilization of sawtooth in JET[4,5]. Here, we
emphasize that unlike the previous analysis [9-13] the stability window
exists even in the absance of core ion finite Larmor radius sffect (finite

04).

3.3 Alpha Particle Effects on the n=1 Internal Mode

The stabilization of the internal kink mode by trapped o-particles
had been reported by several authors[10,17] who studied the analytic
dispersion relations by employing large aspect ratio tokamak equilibria.
However, this conclusion can not be applicable to firite aspect ratio
tokamaks because the analytical studies failed to take in‘o account the
pitch angle variations cf the bounce-averaged magnetic drift frequency
<wg> and the contributions from m=2 and 3 poloidal harmonics. In fact, the
numerical studies using the NOVA-K code indicated that the trapped «-
particles can excite the resonant internal mode and lower the critical beta
threshold of the n=1 internal mode.

In the NOVA-K code, we will employ the slowing-down distribution

with €¢ = 0 for a-particles, but with uniform pitch angle distribution. We
will study ignition type tokamak equilibria which have noncircular plasma
surfaces defined by X = R+ a cos[8 + &6sin(0) ], Z = x a sin(B8). The fixed
parameters are the eiliticity x = 2, the triangularity 8 = 0.4, a = 0.65, and R =
2.1. The total pressuré and g-profiles have the parameters: A = 1.05, p = 2,

14



q(1) - 3.2, q’(O) - 0.25, and q'(1) = 7. and Bpo[ = 2 <P>/<Bp°|2> - 1.0376~ Po
and q(0) are varied to find stability boundary in the (B,q(0)) space. Note
that for a radial position, <wg¢> and hence(w./<wq4>) may change from being

negative to positive as A decreases. Thus, the net effect of the trapped o -
particles must be integrated over the entire trapped a-particle population
with proper weightings of different poloidal harmonics. The parameters
for the a-particles are £4/T¢(0) = 100, R/po(0) = 100, My/M; = 4, where Mg
and My are the core and alpha mass, respectively, and pq(0) is the a—
particle gyroradius at the magnetic axis. The a-—particle pressure is taken
to be Pa(y) = an Po [P(r)/Po]"'2. For P, = 1.0 and q(0) = 0.8, the volume-
averaged a-particle beta, B, = 2 <Py>/<B2?>, is related to the total volume-
averaged beta by By = 0.6214 anp where B = 4.0159%. In varying Be (or ap)
we will keep the total P fixed so that as By is increased, the core plasma B¢
is decreased by the same amount. Figure 4 shows the stability boundaries
in the (B,q(0)) space for the n=1 internal mode obtained by varying P, and
q(0). From the ideal MHD stability boundary curve, the critical beta has a
sharp transition as q(0) approaches 1. For g(0) < 0.95 the solution behaves
like an internal kink mode, for 0.95 < q(0) < 1 the solution becomes more
localized near g=1 surface and is a quasi-interchange type, and for g(0) > 1
the solution resembles the infernal mode. The lower stability boundary
curve is obtained with ap = 0.1 and is determined by the stability of the
resonant internal instabilities driven by a-particles.

4. Alpha Particle Destabilization of Torcidicity-
Induced Alfven Eigenmodes

High frequency shear Alfven instabilities could be excited in a
burning plasma by the expansion free energy associated with the spatial
gradient of the alpha particle pressure through the aipha particle
diamagnetic drift frequency ... For typical ignition parameters the alpha

particle velocity Vg = (Eq/Mg)1/2 = 9 x 108 cm/sec for an energy €q of 3.5
MeV is comparable to the Alfven speed VA = B/(NiMi)1/2. Thus, the
transiting alpha particles could destabilize shear Alfven waves via inverse
Landau damping through the w = o, wave-particle resonance. To satisfy the
resonance condition, it requires that Vg > Va. To overcome the Landau
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damping by the inverse Landau damping associated with w,s, it requires
that w.o > wa = Va/qR.

Briefly, let us describe the various types of shear Alfven waves in a
tokamak plasma. The kinetic Alfven wave associated with the shear
Alfven resonance condition has a nonsingular radial structure when
electron parallel dynamics and ion finite Larmor radius effects are
included. Its mode structure is fairly localized, and hence it experiences
strong electran Landau damping{18]. There are two global types of shear
Alfven waves that have radially extended mode structure. Both types have
low mode numbers n and m. The first type of global shear Alfven wave is a
regular, spatially nonresonant wave whose frequency lies just below the
minimum of the continuum, i.e. w < kyVa and k; = (m-ng)/gR # 0. This
wave is called the Global Alfven Eigenmode (GAE)[19]. When finite
toroidicity is included, GAE modes with different poloidal mode numbers
will become coupled. Such toroidal mode coupling tends to stabilize the
GAE modes completely[6,20]. Another type of global shear Aliven wave,
one that exists only in toroidal geometry. Its frequency lies within "gaps"
in the shear Alfiven continuum that are created due to torcidal coupling.
The existence of this so-called Toroidicity-Induced Alfven Eigenmode
(TAE) was previously shown in the ideal MHD limit without alpha
particles[21,22]. In this segtion, we show that this TAE mode can be
strongly destabilized by alpha particles in a burning tokamak plasma.

The TAE mode exists inside gaps, due to toroidal coupling, in the
shear Alfven continuum spectrum. For example, modes (n,m) and (n,m+1)
couple at radial location r,, where q(ro) = (m + 1/2)/n, to form a gap. For
n=m=1, this gap is bounded by

2 2
2 2 rPBx 2
f(=——=) 20, (rﬁ° + A‘(ro)) ,

2
|7yl (25)

where .2 = (VaA/2qR)2 atr =r,, A(r) is the Shafranov shift of the
nonconcentric flux surfaces and A' > 0. The pressure and g- profiles of the
"EC42.3D" equilibrium have the parameters: P,=0.45, 2 =2, 1 =2, q(0) = 1.05,
g(l) = 2.3, g'(0) = 0.75, and g'(1) = 3, B = 1.893%, a=0.25, R = 1. The real
frequency of the p=1 fixed boundary TAE mode is oj/wa =- 0.739, which
lies within the continuum gap, 1.25 2 (w/wa)? 2 0.53, formed by the toroidal
coupling of the m=1 Alfven mode and m=2 Alfven mode at q=1.5. As f§
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increases, the frequency of the discrete TAE mode may move downward
into the continuum and suffer Landau dampings through wave-pariicle
resonances. Similar results of the finite p effect on the exitence of the
TAE modes has also been found in the high-n limit[23].

The alpha particle perturbed pressure tensor dpy, in the momentum
balance equation contains both transit and bounce resonance effects. Core
plasma kinetic effects on this mode are neglected here. The alpha particle
equilibrium distribution functicn was taken to be isotropic in pitch angle A
and slowing down in energy €. Figure 5 shows the growth rate computed
from the NOVA-K code for the n=1 fixed boundary TAE mode[6] as a function
of the alpha particle diamagnetic drift frequency .. (evaluated at r = 0.5
and for m=1) normalized 10 wa = Va(0)/q(a)R, for the "EC42.3D" equilibrium
with Bg = 0.4%. Here g¢ is the alpha particle birth energy and is taken
to be 100T.(0), and n(y) is proportional to the alpha particle density,
which was taken to be functionally related as n(y) e [P(y)]?/2 to the total
plasma pressure P(y). The wave functions for the m=1 and m=2 poloidal
harmonics show that these modes peak near r = 0.5; hence w,, is a good
measure of the alpha particle free energy that can be tapped via inverse
Landau damping. Figure 5 shows that @,q is large enough to overcome the

usual Landau damping when o,z/0a > 1.5 and that beyond this threshold the
growth rate is approximately linearly propartional 10 w... For typical

ignition parameters, the growth rate of the n=1 TAE muode can be of the
order of 10-2 of the real frequency.

The numerizal results can be interpretated from the quadratic form,
Eq.(10). For the mode frequency, we write @ = w, + i'Y and assume that the
growth rate is small { |y] << |f ). Then Eq. (10) yields

2 8w,
r T T

oK (26)
and

2
9 1, P(y)
4 8K

Y = -sign{w)) dy dA (
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" i o - 0,4 (M) m,2 Re {(Glm‘,p})*(G(m,pb}
4 2 9 [}
m’,m,p=—oco [(p -nq) mt] [(p -nq) (ol]

(27)

where G(m,p,0) depends on the pitch angle, the- equilibrium y-variation and
the mode amplitude, o and Ty are the alpha particle transit frequency and
transit time, respectively, and <G(m,p.8)> is the transit average of
G(m,p,0). The transit harmonic number is p, where p values close to m
contribute the most. We defing w,o(Mm) = me.q, where, as before, 0, is the
diamagnetic frequency for m=1. Equation (27) shows that the instability
condition is wi«{m)} > ®r; here the alpha particle free energy drive

overcomes usual Landau damping. This marginal stability condition agrees
with the numerical result, shown in Fig. 5, from which w,./®a = 15 is

marginal. Above this threshold, Eq. (27) indicates that the growth rate 7y
will tend to scale linearly with w.. which again agrees with Fig. 5.

It should be noted that if the edge plasma density value is reduced,
the toroidicity-induced mode may pcassibly resonate with the shear Alfven
continuum near the plasma periphery, an effect which could be stabilizing
and should be investigated in the future.

5. Summary and Conclusion

Employing the NOVA-K code, we have studied the problems of
energetic trapped particle stabilization of the n=1 internal kink mode and
tha excitation of the resonant fishbone mode by resonating with the
energetic trapped particle magnetic drifts. An analytica! dispersion
relation involving large aspect ratio orderings was derived and studied to
help understanding the numerical results of the NOVA-K code. Comparisons
with the resuits of the analytical dispersion for energetic trapped
particles with singular pitch angle distribution, such as in the cases of NB|
ard !CRH heatings, showed that the analytical results are qualitatively
similar to the NOVA-K results which indicate the existence of a stability
window in the Bp space even in the absence of core ion finite Larmor radius
ef.ect (finite ®.;). Imposing analytical approximations on the NOVA-K

code would give incorrect values of critical Bn, which can be an order of
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magnitude different from the correct values. In addition, the results of
the NOVA-K code indicate that a necessary condition to excite the resonant
fishbone mode is Ba>p > By, where By,2 are the ideal MHD critical total
betas for the n=1 internal kink. This necessary condition is not predicted
by the analytical dispersion relation. For the trapped o-particles with a
uniform pitch angle distribution, the numerical results of the NOVA-K code
are different from the case of energetic particles with singular pitch

angle distribution, and we found that the trapped a-particle driven.

resonant instabilities of the n=1 internal mode can lower the critical beta.

We have alsoc studied the transit a-particle destabilization of the
toroidicity-induced shear Alfven eigenmodes (TAE) via inverse Landau
damping associated with the spatial gradient of the «a-particle pressure.
The TAE modes are shown to be strongly unstable with the growth rate
being approximately linearly proportional to w«, and typically of the order

of 102 w,. Other types of global Alfven waves are stable in ignition

tokamaks due to toroidal coupling effects. Therefore, primary attention -
especially experimental - should be focused on the toroidicity-induced
shear Alfven eigenmodes (TAE), which can be strongly destabilized by
alpha particles.

Finally, we believe that the tokamak fusion research has evolved into
a new era that the global plasma behaviors will be greatly affected by
energetic particles. The kinetic-MHD modeis, such as the ane presented in
this paper, will eventually replace the MHD model for understanding the
globa! plasma behaviors. Therefore, the nonvariational kinetic-MHD
stability codes would become indispensable tools for studying the global
plasma behaviors. In the NOVA-K code we have layed out the groundwork
for implementing energetic particle physics into a fluid MHD code. The
energetic particle physics included in the present version of the NOVA-K
code can still be improved. Some important energetic particle physics that
need to be inciuded in the future are finite banana width, pressure
anisotropy, finite particle density, and more realistic particle distribution
functions generated from Fokker-Planck code. On the other hand, the core
plasma non-ideal MHD effects such as finite core ion FLR, electron and ion
Landau resonances, and plasma resistivity, should also be considered for
certain prob'ems.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Figure Captions

(a) The growth rates y/yg computed from the analytical dispersion

expression, Eq. (24), versus By, for several values of $C= <wg>/Yg.
The curve labelled with wp 2 3 represents the ideal branch. (b)

The corresponding real frequencies (w(/yg) versus B

(a) The growth rates, (y/wa), of the n'= 1 mode versus oy, for
several values of Ct for the "PDX05" equilibrium with average
beta p = 0.625%, q(0) = 0.8, q(1) = 2.85, R/a = 3.4, R = 1.43. The

hot particle parameters are Ap = 1.1, €u/Te = 10, R/pn(0) = 100,
Mn/Mc = 1, and thus the volume-averaged Bn = 1.38axf. (b) The
corresponding negative real frequencies, -(w/wa), versus ap.

The schematic stability window in the B-Bh space,which exists
even in the absence of core ion finite Larmor radius effect (finite
w.;), due to the NBI or ICRH heated energetic trapped particles on

the n=1 internal kink mode .

The stability boundaries in (B,q(0)) space for the na1 fixed
boundary intrenal modes. The lower stability boundary is due to
trapped alpha particles.

Growth rate 7y for the n=1 toroidicity-induced Alfven eigenmode
(TAE) as a function of the alpha particle diamagnetic drift
frequency w.. (normalized to the shear Alfven frequency wa) for

the "EC42.3D" equilibrium.
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