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Nonlocal energetic particle mode in a JT-60U plasma
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Energetic-ion driven instability in a Japan Atomic Energy Research Institute Tokamak-60 Upgrade
(JT-60V) [S. Ishidaet al, Phys. Plasmasll, 2532 (2004)] plasma was investigated using a
simulation code for magnetohydrodynamics and energetic particles. The spatial profile of the
unstable mode peaks near the plasma center where the safety factor profile is flat. The unstable mode
is not a toroidal Alfvén eigenmod€TAE) because the spatial profile deviates from the expected
location of TAE and the spatial profile consists of a single primary harnmohic=2/1wherem and

n are poloidal and toroidal mode numbers. The real frequency of the unstable mode is close to the
experimental starting frequency of the fast frequency sweeping mode. Simulation results
demonstrate that energetic-ion orbit width and energetic-ion pressure significantly broaden radial
profile of the unstable mode. For the smallest value among the investigated energetic-ion orbit
width, the unstable mode is localized within 20% of the minor radius. This gives an upper limit of
the spatial profile width of the unstable mode which the magnetohydrodynamic effects alone can
induce. For the experimental condition of the JT-60U plasma, energetic ions broaden the radial
width of the unstable mode spatial profile by a factor of 3. The unstable mode is primarily induced
by the energetic particles. @005 American Institute of PhysiddDOI: 10.1063/1.1828084

I. INTRODUCTION similar to the EPM which is predicted for ICRF heated
o . plasma with reversed magnetic sh&4 However, it was
Three types of frequency chirping instabilities, slow fre- g\ humerically that the reversed-shear-induced Alfvén
quency sweepingslow F§ mode, fast frequency Sweeping gjqonmodd® which has properties similar to the global

(fast F3 ”_‘Ode’ and abrupt Ia_rge eve(hLE) have been_ Alfvén eigenmodé, can exist in reversed shear plasmas. It
observed in the Japan Atomic Energy Research Institute

Tokamak-60 Upgrad@)T-600 (Ref.  plasmas heated with (2 LS8 ™6 ) P TEOR 20 BRAlR ()
negative ion based neutral beatNNB) injection®™ Fre- ping

. : . . reversed shear plasmjzfs‘.20 Recently, thea particle driven
guencies of the three instabilities are in the range of SheaAvaén eigenmode observed in the Tokamak fusion test reac-
Alfvén eigenmodes. Frequency sweeping of slow FS modef\ . . . S
. k P . for was reexamined and explained in terms of the cylindrical-
has a good correlation with equilibrium parameter evolutlon"ke MHD eigenmod@l n Rgf 22 itis theoretically c?/arified
with time scale=200 ms. On the other hand, time scales of . ' ) S
Hnat both toroidal MHD effects of second order in inverse

the fast FS mode and the ALE are, respectively 1-5 ms an X ) : ) )
200-400us, much shorter than the equilibrium time scale.aspect ratio and adiabatic response of energetic particles can

Frequency of the fast FS mode shifts rapidly by 10—20 kHZestainsh an eigenmode localized qe_ar the magn_etic surface
in 1-5 ms both upward and downward. The starting fre-Where the safety factor takes t_h_e minimum value in reve_rsed
quency of the fast FS mode changes in the time scale of thgh€ar plasmas. Furthermore, it is pointed out that the eigen-
equilibrium parameter evolution and follows the toroidal M0de equation, Eq22) in Ref. 22 is valid also for positive
Alfvén eigenmodgTAE) (Refs. 6 and Ygap frequency. magnetic shear plasma if magnetic shear is sufficiently
We have previously investigated the fast FS mode in aveak=" This gives us a new viewpoint to investigate linear
JT-60U plasma using a simulation code for magnetohydroproperties of the unstable mode which we reported in Ref. 9.
dynamics (MHD) and energetic partides\ﬂEGA_g We re- The energetic-ion terms in the eigenmode equation, Eq.
ported that there is an unstable mode near the plasma cent@?) in Ref. 22 were derived in Ref. 14 under an assumption
and frequency sweeping close to that of the fast FS mod#hat the grad-B and curvature drift term dominates over the
takes placé.The ratio of the linear damping ratg, to the  time derivative term and the parallel velocity term in the
linear growth ratey, in the simulation is consistent with linearized Vlasov equation. It is not clear whether the as-
hole-clump pair creation which takes place wheyiy, is  sumption is valid for passing energetic ions in the JT-60U
greater than 0.0 plasma heated with NNB injection. It is worthwhile investi-
In this paper, we focus on the linear properties of thegating whether energetic-ion orbit width and energetic-ion
unstable mode. In Ref. 9, we called the unstable mode “nonpressure have significant effects on spatial profile of the un-
local energetic particle modgePM)” and argued that it is stable mode found in Ref. 9. Another interesting question is
different from the resonant type EP\Refs. 12 and 18and  whether there exists a MHD eigenmode in the limit of the
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smallest energetic-ion orbit width or the lowest energetic-ion = V;\k + Vg + Vg, (8)
pressure. Investigation for the limit cases is needed, although

instability growth rate is low in the limit cases and we cannot v
* I

investigate stable modes with the initial value approach. We v, = . [B+pBV Xb], 9
have carried out simulations for various energetic-ion orbit B

width and energetic-ion pressure using theGa code and

found that they have significant effects on spatial profile of _ 1

the unstable mode in the JT-60U plasma. We have analyzed Ve= E[E xb], (10

restoring force of the unstable mode and found that energetic

ions have a significant contribution in restoring force to 1

broaden spatial profile of the unstable mode. We describe vg=—+[-uVBXb], (12)
simulation model and method in Sec. Il. Section Il is de- GnB

voted to simulation results. Summary is given in Sec. IV.

My
PI= o (12
1= 4B
1. SIMULATION MODEL
o ) . b =B/B, (13
The hybrid simulation model for MHD and energetic
particle$®**®is employed in theveGA code. Plasma is di- ~
vided into bulk plasma and energetic ions. The bulk plasma B*=B(l+pb-V Xb), (14)
is described by the nonlinear full MHD equations. Electro-
magnetic field is given by the MHD description. This ap- dyy —v. _
proximation is reasonable under the condition that the Mhu dt Vi -LOhE ~ 1 V B, (15)

energetic-ion density is much less than the bulk plasma den-

sity. The MHD equations with energetic-ion effects are ~ Wherey; is the velocity parallel to the magnetic field,is the

magnetic moment which is the adiabatic invariant, amgd
ap__ V - (pv), (1) andq, are energetic ion mass and electric charge. The ener-

ot getic ion current density witholE X B drift in Eq. (2) is

2
p%VZ—prV—pV(%)—Vp+(j—jh)><B jh:f(v*+VB)fd3U—V Xfubfdsv, (16)
—vpV X o+ §VPV (V-v), (2)  where the second term in the right-hand side is the magneti-
zation current. TheE X B drift vg disappears irj,, due to
quasineutralit)?.
It is important to start simulation from MHD equilibrium
consistent with energetic-ion distribution. When the
ap energetic-ion pressure is isotropic in the velocity space, the
Pl (V)= (y=DpV v+ (y= D[ rpo? energetic-ion contribution in Eq2) is just a scalar pressure
4 . gradient in the same form as the bulk pressure graﬁient.
+3vp(V V)2 + 9j?], (4 Then, the equilibrium can be obtained from the Grad—
Shafranov equation neglecting the energetic-ion orbit width.
E=-VvXB+7j, (5 However, if the energetic-ion pressure is anisotropic in the
velocity space and/or the energetic-ion orbit width is not
w=V Xv, (6) negligibly small, the Grad—Shafranov equation should be ex-
tended. We solve an extended Grad—Shafranov equation de-
j:iV X B, %) veloped in Ref. 25 in the cylindrical coordinatéR, ¢,2)
Mo where R is the major radius coordinate; is the toroidal

. . . angle coordinate, andis the vertical coordinate. Let us start
where ug is the vacuum magnetic permeability apds the R, . S .
by expressing initial energetic-ion distribution as a function

adiabatic constant, and all the other quantities are conven- . . o
. o S . : of toroidal canonical momenturR_, kinetic energye, and
tional. Here,j,, is the energetic ion current density without magnetic momen ¢

E X B drift. In the simulations reported in this paper, wet set 9 '

v=7=0. The effect of the energetic ions on the MHD fluid is fo=fo(Py, €, 1) (17)
taken into account in the MHD momentum equatifdty.

(2)] through the energetic-ion current. The MHD equationswhere the subscript 0 denotes initial value. Sirfgeis a
are solved using a finite difference scheme of fourth-ordefunction of invariants in axisymmetric plasmas without elec-

B
—=-V XE, ©)]
at

accuracy in space and time. tric field, it is an equilibrium distribution. Using the equilib-
The drift-kinetic description is employed for the ener- rium distribution function, the energetic-ion current density
getic ions. The guiding-center velocityis given by is given by
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) . 5 namely, the particle density in the phase space. We introduce
In :f (V) +Ve)fo(P,, € w)d*v a normalization factoer which is chosen so that
N
-V X J ufo(Py €, u)bdn. (18) f Phio + 2Ph odV = azl [mywf: + 21B(x)1fo(Py., €, 141)
i=
Note that V-j,,=0 is satisfied because we have steady (26)

energetic-ion density with the equilibrium distribution. Then, g initially satisfied, where the subscript 0 denotes initial

energetic-ion poloidal current density can be expressed usingsjye andN is the total number of marker particles used.
a stream functiork in axisymmetric system, Time evolution of each particle’s weight is given by

: 1K d dP, df, dedf

j = =X a9 Yy {_@_M__o 27
" Ra gt dt P, dtge ]’ @7

i _iK (20) w(t=0)=0. (28)
2" RoR

The energetic-ion curreft in Eq. (2) is calculated using the
Using the stream functioK the extended Grad-Shafranov particle weight,

equation is given &y N
ila_zp+ﬁ__ RZE _ LR - | dMm jh:jh0+2WiQh(V\Ti+VBi)S(X_Xi)
JRRIR (922 -~ Mo dl/fp Mo Jh‘p (277)2 dlﬂ, i=1 y
(21) -V X [bE WiMiS(X‘Xi)]y (29
i=1
| = 27RB,, (22)

whereS(x-Xx;) is the shape factor of marker particle.
M=1|-27K, (23) The MEGA code is benchmarked with respect to the lin-
ear growth rate of thex-particle drivenn=4 TAE in the
where s is th_e poloidal magnetic flux. Note thit depends TFTR D-T plasma shot No. 103161 The initial energetic
only on ¢ while bothl andK depend onj and the poloidal  particle distribution is similar to that of a previous particle
angle. _ _ _ simulation reported in Ref. 30, where roughly an isotropic
Equation(21) is coupled with Eqs(18)—(20) and solved  gjstripution for the energetic particlévhich in this bench-
by numerical iteration. The safety factgiprofile, bulk pres-  mark case were particled is used in the velocity space. The
sure profile, energetic ion pressure profile, and parameters gf;mper of marker particles used is %20P. The number of
energetic ion distributiorig(P,, €, ) are specified before it-  4rig points is 102 16x 101 for the cylindrical coordinates
eration. In the simulations reported in this paper, we neglec@R,QD,Z), whereR is the major radius coordinate; is the
energetic-ion velocity perpendicular to magnetic field be-grgidal angle coordinate, ardis the vertical coordinate.
cause the NNB injection in the JT-60U experiment was tan-The simulation domain in the toroidal angle coordinate is
gential. We assume energetic-ion distribution in the form g~ @< /2 for this benchmark test af=4 TAE. The desta-
L P, -P, I 1 1 bilized mode has a TAE spatial profile which consists of two
fo(Py €,1) = > a4( max ) R 3/2—{ major harmonicsn/n=6, 7/4 and frequency 215 kHz. These
1=0 e 2 results are consistent with the calculation with the NOVA-K
172 _ 6;/2 code® The linear growth rate obtained from this simulation,
- tanl-(—l,z) Sw). (24 is 8.7x 1073 of the mode frequency. This linear growth rate
(Ae) is close to what is observed in the previous particle simula-
Here,a, is chosen at each iteration step using the least squat®n 1.1x 1072 (Ref. 30 and calculated in the NOVA-K code
331
method so that 8X 107

Pmax Pmin

Pm:f mpofo(Pg, € w)d% (25 1. SIMULATION RESULTS

is close to the specified energetic-ion parallel pressure pro’e" Instability in & JT-60U plasma

file. We have choseh =5 for numerical convergence. The The JT-60U discharge E3637Qyhere the fast FS mode
parameterse, is the NNB injection energye, is the critical was observed, was investigated using thesA code. The
energy above which the collisions with electrons dominatesafety factor profile, bulk pressure profile, and density profile
over those with ions, ande is chosen to be 18e,. used in the simulation are based on the experimental data.
The &f method®28is used for the energetic ions. The The major and minor radii arBy=3.4 m anda=1.0 m, re-
marker particles are initially loaded uniformly in the phasespectively. The shape of the outermost magnetic surface in
space. With the uniform loading employed in this work, thethe simulation is circular while it was diverter-shaped in the
number of energetic beam ions that each marker particle re@xperiment. The magnetic field at the magnetic axis is 1.2 T.
resents is in proportion to the initial distribution function, The bulk plasma and the beam ions are deuterium. NNB
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injection energy is 346 keV. Initial energetic-ion distribu- >= 010
tion in the velocity space is assumed to be a slowing down 1104
distribution. Energetic-ion velocity perpendicular to mag-
netic field is neglected because the NNB injection is tangen- ) 0 02 04 06 08 1
tial. The beam direction is parallel to the plasma current. The (b) rfa

maximum VelOCity is assumed to be 80% of the injeCtiOﬂFlG. 2. Spatial profiles ofa) cosine part andb) sine part of the unstable
velocity as the injection is not completely parallel to the mode radial velocity, harmonics fop,,/a=0.08. Toroidal mode number of
magnetic field. This maximum velocity in the simulation cor- all the harmonics isn=1.

responds roughly to the Alfvén velocity at the magnetic axis.

The number of marker particles used is 5.20°. The num-
ber of grid points is 10k 16X 101 for the cylindrical coor-

Sr:nz%[tes(_lz,ﬁo,z), lvvherel?j_ls tthe ma:ii;):r:adlus;_co?rd|nzaét_e,|i ics is located at/a~0.8. If the unstable mode is a TAE, it
€ toroidal angle coordinate, ad € verical coordinate. — ., ot pe |ocated at the gdp/a~0.8) and must consist of

Linearly unstable mode was investigated for energeticy major harmonics. The unstable mode found in the simu-

lon p?fzessure profile based on a calculation using the OFM ation does not have the property of TAE. Thus, we conclude
code’” The OFMC code calculation gives classical distribu—it is not a TAE '

lt.'o.n’ wh;:h 'S e;s.ta.bllshec(jj. btyt:\”':IB |njegt||0n a(r;d pfrtl:lleEcol-d Resonant parallel velocity of energetic ions with the un-
isions. Energetic-ion redistribution and loss due to and i bie mode is given by,=wRy/(n-1/g) with 1=m,m+1

ff%t FS mode is _no_t considered in the OFMC_code Ca_lCUIafor substantial energy transfer. We can find a resonance at
tion. The energetic-ion pressure profile apgrofile used in energetic ion parallel velocity of 0.67 for g=1.6,1=1, and

tlhgo/s 'njrtﬁ:zt'gt]ioag 222‘;‘3;;2 iltzalr?.p}i.r;lk:j f::r;% :V?;lé?uf de 0=0.250,. The resonant parallel velocity is roughly a half of
. 0. - - .. . . .
. . . . . the NNB injection velocity. For TAE, primary resonant ve-
fined in Eq.(12) to the minor radiuspy/a is 0.08. The ) y b y

. o . locity is Alfvén velocity. This is another difference between
energetic-ion parallel Larmor radius is calculated using thel.

; . AE and the unstable mode found in the simulation.
maximum energye, in Eqg. (24). An unstable mode was
found with the TAE range of frequency. For data analysis
magnetic flux surface coordinatés, ¢, ) wherer is the

Alfvén continuous spectra gt=2.5 form/n=2,3/1harmon-

minor radius coordinate and is the poloidal angle coordi- 0.6 6
nate are constructed. Spatial profile of the radial velogjty

of the unstable mode is shown in Fig. 2. The primary har- 05~ 5
monic ism/n=2/1,wherem andn are poloidal and toroidal 04 b 4
mode numbers. Phase in all of the figures of radial velocity < Alfven continuum

profile in this paper are chosen so as to maximize the cosine g 0.3 unstable mode 3 o
part of the intensity of then/n=2/1 harmonic. Figure 3
shows frequency and location of the unstable mode. The lo- ) 2
cation of the unstable mode is defined by the region where |
total intensity of sine and cosine parts of thén=2/1 har-

monic of radial velocityv, is larger than 10% of the peak 0

value. Frequency of the unstable mode is @25where
wp=val Ry andu, is the Alfvén velocity at the plasma center.
The frequency corresponds t0 52 kHz, which is close to th IG. 3. Frequency and location of the unstable mode. Also shown arg the

starting frequency of the fast _FS mode. In Fig. 3 also S_howrbrofile and the shear Alfvén continuous spectra with the toroidal mode num-
are then=1 shear Alfvén continuous spectra. The gap in thebern=1.
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FIG. 4. Growth ratey and real frequencyw normalized by the Alfvén -
frequency vs energetic-ion parallel Larmor radius normalized by the minor 210" - n
radius. _1510° _
E 110° - m=3 —
o L : g 5107 - / -
B. Effects of energetic-ion orbit width and energetic > 5100
ion pressure .
-510 m=1 m=2 —
We have carried out simulations for various energetic- -110° ' ' ' '
0 02 04 06 038 1

ion orbit widths. Since the energetic-ion orbit width is (b)
roughly given by gpy, we solved the extended Grad-

Shafranov equation for varioys,/a for initial condition of ~ FIG. 6. Spatial profiles ofa) cosine part andb) sine part of the unstable
simulation. Alfvén velocity, major and minor radii, energetic- mode radial velocity, harmonics forpy/a=0.033. Toroidal mode number
ion and bulkg values, and energetic ion distribution in the of all the harmonics i1=1.

velocity space are kept constant for all of the equilibria.

Growth rate and frequency of the unstable mode in the simu-

lation results are shown s, /a in Fig. 4. Instability drive  plasma center. The sine componentrgh=2/1harmonic of
due to energetic ions is in proportion to energetic-ion diafadial velocityv, is negligibly small compared to the cosine
magnetic frequencye.g., Ref. 33 As the energetic-ion ve- part. We would like to point out that the profile shown in
locity and spatial scale length are kept constant for all of thé=ig. 1 is rather flat at &.r/a<0.2. The toroidal MHD effect
equilibria, energetic-ion diamagnetic drift frequency is in Of second order in inverse aspect ratimight establish the
proportion to pp- Thus, greateth/a y|e|d3 greater growth unstable mode in low magnetic shear for small energetic-ion
rate. Forph”/a:O_OZ, no unstable mode was observed. Fre.Orbit width. The radial width of the unstable mode shown in
quency is roughly constant for all the cases. Peak locatiofrig. 6 gives an upper limit of the radial width of such a
and radial width of the unstable mode spatial profile arePurely MHD eigenmode if it does exist.

shown in Fig. 5. Radial width of spatial profile is defined by ~ We have investigated radial restoring force in the right-
the region where the total intensity of/n=2/1 harmonic of ~ hand side of Eq(2). The second-order terms in velocity are
radial velocityv, is greater than 10% of the peak value. For negligibly small in the linear growth phase. Radial restoring
greaterpy,/a, peak location moves radially outward and ra- force means a force component in the minor radius coordi-
dial width is broadened. Radial width of the mode spatialnate, which contributes to real frequency of the oscillation.
profile differs by a factor 3 between the smallest and largest he other force component contributes to growth or damp-
orbit width. Energetic ion orbit width has significant effects ing. The MHD force(==Vp+j XB) and the energetic-ion
on the mode spatial profile. The spatial profile of the unstabldorce (==j, X B) are analyzed respectively for various radial
mode for the smallest orbit width with,/a=0.033 is shown location and converted to the real frequency through

in Fig. 6. The spatial profile is extremely localized near the  '_ (=F, codr sin+ Fr sirr cos)/p(vrzcos"' Urzsin), (30)

where F, denotes the radial MHD force or the radial

0.3 I I 06 energetic-ion force. The results are shown in Fig. 7. Figure
0.25 - 4 405 7(a) is for py/a=0.08, which is for the JT-60U plasma, while
02 - o * o4 Fig. 7(b) is for py/a=0.033. It can be seen in Fig(af that
gﬁ 015 |- % dos = the total frequencywy Which is the sum of the MHD fre-
e A » ) quencywyyp and the energetic-ion frequenayergetictakes
011 A 102 roughly a constant value in the region<@/a<0.5 where
005 % 0.1 the unstable mode has substantial intensity. The total fre-
0 I I I I quency is close to the frequency of the unstable maodle

0
0 0.02 0.04 0.06 0.08 01

) =0.250,). What is important is that the MHD force alone
p/a

cannot keep the frequency spatially constant. The energetic-
I — I I 0,

FIG. 5. Peak location,e,and radial widthAr,, of the unstable mode spatial lon frequency amounts to —0.24, which IS_ a.bOUt 60% (?f e

profile vs energetic-ion parallel Larmor radius normalized by the minorth€ unstable mode frequency. The energet_'C lons have signifi-

radius. cant effects on the unstable mode oscillation. kgf/a
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FIG. 9. Peak location,e,and radial widthAr,, of the unstable mode spatial
0.5 I — I profile vs energetic-ion beta valyg, normalized by the classical energetic
045 ®up | ion beta valuesy,.
0_37““:““ _
5 02— o ., — reduced to 1/5 of the classical distribution calculated using

=

3 01L _ the OFMC code. This is qualitatively consistent with actual
experimental situation. Peak location and radial width of the

0r - : A N .
0.1 teeea, O getic unstable mode spatial profile are shown in Fig. 9. Higher
el | " | | | ] energetic-ion pressure moves peak location radially outward
'0-20 01 02 03 04 05 and broadens radial width of the unstable mode spatial pro-

(b) ta file. Energetic-ion pressure has significant effects similar to
the energetic-ion orbit width on the unstable mode spatial
FIG. 7. Frequency profile converted from radial restoring force (&r profile.
pri/@=0.08 and(b) pp/a=0.033. Herewyip, Wenergetic @Nd wiora dENOLE

frequency converted from the MHD force, the energetic-ion force, and the
total force, respectively. IV. SUMMARY

Energetic-ion driven instability in a JT-60U plasma
where the fast frequency sweeping mode was observed was

= ic-i i 9 A . . . . .
f 0.033 the energtitlc |o|n frequencty IS ?I_?]I.y 10% of tr:ﬁ tIOttallnvesngated using a simulation code for MHD and energetic
requency near the plasma center. IS means tha h;‘?articles, MEGA. The spatial profile of the unstable mode
energetic-ion effects are weak for small orbit width.

We hav ried out simulations for vari nergeti peaks near the plasma center where the safety factor profile
. ¢ have carried out simufations for varous energelicys g rhe ynstable mode is not a TAE because the spatial
ion pressures. Compared with the classical energetiggion

. _ . rofil Vi from the ex I ion of TAE and th
value By, calculated using the OFMC code, the |nvest|gateop ofile deviates from the expected location o and the

0 ial fil i f ingl i h i
energetic-iorg values areBy,/ 8,,=0.1, 0.2, 0.6, and 1.0. For spatial profile consists of a single primary harmonién

18201 tabl d b d b | =2/1,wherem andn are poloidal and toroidal mode num-
Pn/ Pro=0.1, no unstable mode was observed because Yers. The real frequency of the unstable mode is close to the

energetic-ion pressure IeaQS to §mal| growth rate. Groyvt xperimental starting frequency of the fast frequency sweep-
rate and frequency in the simulation results are summarize g mode

in Fig. 8. The energetic-iorg value in the experiment is Simulations for various energetic-ion orbit widths and

lower than the OFMC code calculation result, because th.%nergetic—ion pressures were carried out to investigate

energetic ion loss and redistribution take place in the eXpe”énergetic—ion effects on the unstable mode spatial profile.

ment due to fast FS mode and ALE with time intervals mUChBoth energetic-ion orbit width and energetic-ion pressure

tsr?orterdtha_\n thetslg}/vmg dow?] t|mt(;. We can ?ee_ InFig. 8 thatT)roaden radial profile of the unstable mode. Energetic-ion
€ mode IS unstable even when the energetic-lon pressure deyit width has significant effects on the mode spatial profile.

For the smallest orbit width, the spatial profile is extremely
localized near the plasma center where the safety factor pro-

2
510 L R B A e file is rather flat at 6<r/a<0.2. For larger orbit width, peak
4102 N A—» 1025 location moves radially outward and radial width is broad-
3102 - D —0.2 ened. Radial width of the mode spatial profile differs by a
g Jdo1s £ factor of 3 between the smallest and the largest
& 2402 > (=experimental orbit width. Radial restoring force, which is
N 01 a force component in the minor radius coordinate and con-
110 —0.05 tributes to real frequency of the oscillation, was analyzed.
010° S 0 The MHD force and the energetic-ion force were analyzed
0 02040608 1 1214 for various radial locations and converted to the real fre-
P/ Bro quency. For the largest orbit width, the total frequency which

FIG. 8. Growth ratey and real frequency»s normalized by the Alfvén is the sum of the MHD frequency and the energetic-ion fre-

frequency Vs energetic-ion beta valy normalized by the classical duency takes roughly a constant value in the_ re_gion
energetic-ion beta valugy. 0<r/a<0.5, where the unstable mode has substantial inten-
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