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Energetic particle mode stability in tokamaks with hollow g-profiles
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Athorough analysis of energetic particle modePM) stability and mode structures is presented for
tokamaks with hollowqg profiles. Focusing on the region near the minimgrsurface, EPM gap
modes and resonant EPMs are shown to exist as solutions of the same dispersion relation. By
controlling the fast ion distribution function, or, equivalently, their fundamental dynamical
properties, a smooth transition between these two classes of modes is obtained within the EPM
dispersion relation. When toroidal coupling becomes important, it is demonstrated that EPMs may
have either single or double hump radial structures. The local analyses of EPM stability and mode
structures near the minimumsurface are put in the broader framework of EPM stability and EPM
induced transport in tokamaks with hollayvprofiles and a brief summary is also given of present
understanding of such problems based on results of three-dimensional nonlinear hybrid magneto—
hydrodynamic—gyrokinetic simulations. Possible implications of present results are discussed in
terms of experimental observations and possibilities of designing novel experimental setups to
probe, at least conceptually, the complex predictions of theor2082 American Institute of
Physics. [DOI: 10.1063/1.1519241

I. INTRODUCTION For s=1, typical of the outer region, previous theories

In this work, we discuss the properties of energetic par_may be used to analyze EPM stability and mode structures

ticle modes(EPM)! excited by the presence of ICREbn .(Cf" €.g., Refs. 1 ang)AHowever, this is the region of minor
N . 23 interest from the point of view of EPM excitation by ICRH
cyclotron resonant heatingnduced energetic ion tafls in

tokamaks with hollowg profiles. Such equilibria are of par- because that is where the fast ion energy density is smallest.

. . . . . For this reason, we will not consider it further in the present
ticular interest in present experiments because of the im- or

. . . ap
proved confinement regimes that they make possible t8 Former analyse&? assuming small but finite magnetic

achieve. From the point of view of EPM excitations, the . . . o
S . : shear, are evidently relevant for discussions of EPM stability
plasma cross section is divided in three regions by the pres-

o , and mode structures in the plasma volume inside the
ence of the minimung surface. Inner and outer regions are . " .
. : . . minimum-q surface and that part of the outer region where
obviously characterized by different values of magnetic

) . .~ .“shear is small. More recent studieShave also dealt with
shear and fast ion energy density. The plasma volume insi i . .
. d . PM excitations in the toroidal annulusrat Nonetheless, a
the minimumg surface has typically negative and often P .
: L . coherent or “unified” picture, capable of addressing small
small shear. Here, the fast ion energy density is maximu . e o . 2
ut finite as well as vanishing shear is still lacking. Similarly,

due to the spatial localization of ICRH. Meanwhile, the outer . . L2 X
. . . . analogies and/or peculiar aspects of EPM excitations at dif-
region has positive magnetic shear but small fast ion energ%arent radial locations are not fully clarified

density, since this is where ICRH power density is smallest. . . . .
: . In this paper, we discuss the relationship between EPMs
A toroidal annulus, centered at the minimupsurface, sepa- . ; e .
rates these two regions and is characterized by peculiar prott]at are resonantly driven in the small but finite shear region
Qith those that are excited in the toroidal annulusr gt

s;t':grso(i)cl;;lor::j:nMui:?)l;:It)t/hin\?viQﬁdoef f;;u;;urzﬁﬁj;gr ?V\g?vel'here are various relevant aspects in this problem involving
' g both linear(Secs. Il and 1] and nonlinear physics issues

by the inequalitys’<S?/n. Here,s=rq’/q is the conven-
tional definition of magnetic shear, “prime” denotes deriva- (Sec. IV). . - .
' In Sec. Il, we present a detailed stability analysis of

tion in the radial di_rectiorr and S_zzrgq”(ro)/qg Is a Me&  EpMs excited near the minimumsurface. There, we show
sure of the concavity of thg profile at the radial location of . i : ’
the minimume surface. where —r _ and s—0 that two branches of EPM exist a§: EPM gap modeand

. 'mume - 0. 9=0o, " the usuatesonant EPMs These modes are described by the
This definition of the width of the toroidal annulus, that may . . . -

. Iy .~ same dispersion relation and, in fact, they are the same mode
appear (_)bwous fon=1, has nontrivial reasons that are dis- but with different dominant damping mechanisms. EPM gap
cussed in Sec. Ill. modes, specifically, have been previously discusged re-
lationship with resonantly excited Alfwemodes—recently
Electronic mail: zonca@frascati.enea.it named Alfven cascadés—that have been observed in Joint
YAlso at Department of Physics and Astronomy, University of California, European TorugJET) reversed shedRS) discharge§*7 The

Irvine, CA 92697-4575. R ; ; L
oo gharacteristic signature of Alfvecascades is the variation of

9Also at Plasma Science and Fusion Center, Massachusetts Institute ' ) : "
Technology, Boston, MA. their frequency with time. More precisely, they arpwards
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frequency chirpingnodes’~® whose frequency is closely re- All the characteristic features of EPM stability and mode
lated to the local frequency of the shear Alfveontinuous  structures at,, discussed in Sec. Il, are enriched by further
spectrum at the radial position where the safety fagtbas  insights when viewed and compared with those of resonantly
a minimum. This point was shown first in Ref. 6, where it excited EPMs in the small but finite shear region near or
was also argued that a localized mode above the local maxwithin the minimume surface. In Sec. 1, we analyze analo-
mum of the shear Alfve continuum was possible only in the gies and/or peculiar aspects of EPM excitations at different
presence of an ICRH induced energetic ion tail, and that theadial locations and provide a unified description of the prob-
upwards frequency chirp was due to the change in time ofem by means of multiple spatial scale analyses. The whole
qo. Therefore, Alfve cascades can be interpreted as local-approach, based on a simple physical argument, results in a
ized EPM gap modesin the sense that their existence assingle mathematical formulation that describes both the
weakly growing modes in the locghear the minimung  small and zero magnetic shear cases with the same equations.
magnetic surfadegap of the shear Alfve continuous spec- In this framework, we argue that the most unstable EPMs are
trum is due to the presence of the fast ion population. In factfypically excited at or near the radial location where the en-
the condition for the existence of EPM gap modes is aergetic particle drive is strongest. Here, we also provide a
threshold condition on the fast ion density, which turns out todetailed discussion of qualitatively different EPM excitation
be (to the lowest ordeérindependent of both the mode fre- scenarii that can be expected on the basis of linear theory.
quency and the toroidal mode numBéin Sec. Il, we dem- From the experimental point of view, we suggest ways for
onstrate that, in general, two types of EPM gap modes magliscriminating such different conditions.

exist, one localized just above the local maximum of the = Numerical simulations of nonlinear EPM dynamics, per-
shear Alfven continuous spectrum and one just below itsformed using a hybrid magnetohydrodynamic gyrokinetic
local minimum® The two modesmay coexistand which  code!**?are presented in Sec. IV. There, it is demonstrated
mode is actually excited depends on the respdnssonant that two qualitatively different scenarii may occur from the
and nonresonantof the fast ions to the wave and on the point of view of energetic ion transport after resonant exci-
details of fast ion orbits. The two branches are also charadation of EPMs within the minimungt surface and of EPM
terized by opposite signature in frequency: the former argap modes at,. Such results confirm the dynamic complex-
upwards frequency chirpingnodes, while the latter would be ity of EPM excitations in tokamaks with hollow profiles
chirping downwardsn frequency asj, drops. Here, we dis- and show that they cannot be adequately described by spec-
cuss the present results suggesting the interesting possibilityographic measurements at the plasma edge only. As dis-
of designing experimental operation scenarii in which eitheicussed in Sec. IV, direct measurements of fast ion spatial and
one of the two branches or both are excited by simply conenergy distribution functions along with radially resolved
trolling the fast ion tail energy, e.g., acting on the density offrequency spectra, possibly using reflectometry, are required
the minority ion species. to actually discriminate among the various cases.

In order to establish a closer link with previous The plan of the paper is as follows. Section Il presents a
treatments; 4 in Sec. Il we discuss the relationship 8BPM  discussion of EPM stability and mode structures close to a
gap modeswith the usualresonant EPMsAs anticipated minimum- surface. In Sec. lll, analogies and/or peculiar
above, we demonstrate that these modes are described by fig@tures of resonant EPM excitations at different radial loca-
same dispersion relation and that they are indeed the santions are analyzed and put in a single coherent framework.
mode but with different dominant damping mechanisms. InSection IV, meanwhile, is a study of the same problems from
fact, resonant EPMs can be destabilized only when the faghe perspective of nonlinear dynamics. Section V, finally, is
ion drive is stronger than théocal continuum damping devoted to discussions and conclusions. Most of the techni-
whereas EPM gap modes are excited when the drive ovegal details are given in three appendixes.
comesnonlocal continuum dampingthe local continuum
damping belng zero by definitionA smooth transition from Il THE PHYSICAL MODEL: EPM GAP MODES VS
the characteristic features of gap EPMs to resonant EPMﬁESONANT EPMS
can be obtained by controlling the ICRH power density
and/or the position of the resonant absorption layer. Consider modes localized neigy, whereq has a mini-

We further discuss EPM mode structures near amum given byg,. Consider also a given toroidal mode num-
minimum-q surface when toroidal effects become bern and a poloidal mode numben such that the normal-
important’ In particular, we derive the generalization of the ized parallel wave vectorf p m=ngp—mM<0 andQp n-1
EPM gap mode dispersion relatithwhen the toroidal cou- =ng,—m-+1>0. It is then readily demonstrated that the
pling to poloidal sidebands cannot be considered as a pertucondition under which continuum damping is minimized is
bation. In this sense, our result could be considered as that with —1/2<Q, <0 and 1/2Q 5 ,—;<1. In fact, this
dispersion relation for resonantly excited toroidal Alive is the condition under which there is a frequency gap be-
eigenmode$TAE)'® and for the EPM branch of TAEé near  tween the (,n) mode continuum, that has a local maximum
a minimumg surface. It is also demonstrated that, if theat ry, and the (h—1,n) mode continuum, that has a local
value of qq further drops after the EPMs reach the TAE minimum atr (cf. Fig. 1). In the highn limit, it is possible
frequencydouble EPMstructures may develop and that this to demonstrate that no global Affuenodes(GAE)***exist
fact is very likely connected with the disappearance of Al-near an extremum of the Alfwecontinuum. In fact, GAE
fvén cascades after reaching the TAE §dp. exist as global eigenmodes within a radial potential well due
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7 cluding the resonant response of fast ions is given in Eq.
/ (C5) of Appendix C, where some details of its derivations are
/ also discussed.

/ _ For Qam+Qam-—1>T10/Rg, the local {=rg) structure

\ (m-1,n) / of the shear Alfva continuous spectrum is shown in Fig. 1.

There, it is evident that the typical frequency gap between

the local minimum of therfi—1,n) mode continuum and the

local maximum of the ifh,n) mode continuum is larger than

the frequency shift due to toroidal coupling. Thus, toroidal

non-local coupling betweenr,n) and (m—1,n) modes can be ne-
continuum damping 7 glected. The two modes, then, satisfy the following approxi-

mate dispersion relations, derived from a variational
principle?
L N S (Zn An 1)'

m,n
(m,n) j QA,mJFQ:ZWzn—m gm_
0 1 1 e i 1 1 (3)
2 15 1 05 0 05 1 15 2 St [2n Ap_,
FIG. 1. Radial structure of the shear Alfvecontinuous spectrum for the
(m,n) and (m—1,n) modes in the case;/Ry<Qp m+Qam-1=1. The whereA,,_1/Q=A,/Q<0.
value of °Rikir, , is shown vsx=1ngg(r—ro). The frequencies of the The existence condition of radially localized eigenmodes
(E’gjf(‘;)_a”d (m—1n) modes are aiso shown as they are expected from; , jiaq that the left-hand side of Eq®) is real and positive
definite. For this reason, Eg&), derived in a similar struc-
ture also in Ref. 6, confirm that no GAE can exist in the
highn limit'3* in the absence of fast ionsA¢,_1,An,
to the effect of equilibrium current, which scales as.h ~ —0). Furthermore,A,,_;/Q=A,,/Q<0 since wqy>w;
the presence of a fast ion population thaslial localization  thus, in thisvery energetidimit, fast ions are characterized
effect may be provided by the energetic parti@é® show by negative compressibilifywhich causes the mode fre-
this, we start from Eq(23) of Ref. 3 that, for the if,n) guency to be shiftedpward contrary to the general case for
mode reads which fast ion compression shifts the mode frequency
, . downward =2 (for a detailed discussion of this point cf. Ap-
14 X_+ X ) pendix Q. For thi,s reason and because of the local structure
Qam 4Q,2A,m of the shear Alfve continuous spectrum shown in Fig. 1,
only the (m,n) mode can exist just above the local maximum
X (g~ €r&) 0yt Ambym=0, (1) of the Alfvén continuum atr,. On the contrary, then
—1,n) mode cannot be radially localized at=r, with a
frequency just below that of the local minimum of the shear

0.8 +

0.4 +

02 +

(eg—erg)-[ﬂz—ﬂi’m

wheree, ande, are, respectively, the radial and poloidal unit
vectors,Q=w/wp, wa=va/qRy, v, is the Alfven speed, Alfvén continuum

. . . 2_ ” o 2
RO_ |sl/the tokam_ak major /r,adlusx —_nqo(r Fo)%, § Thefrequency localizationf the (m,n) mode just above
=(i/n*?)S(al9x) with S=\rg0/do, Sy is themth poloi-  he jocal maximum of the Alfe continuum at, reflects the

dal hgrmonlc of thg scalar field perturbation and a S'm'larparametric dependencies of the mode frequency on the local
equation can be written for then— 1,n) mode. The term\,  gquilibrium parameters. More specifically, a dropigy due
in Eq. (1) represents the fast ion contribution, whose non+, ¢ o - current diffusion, induces an increase in the value of
resonant response can be approximatéd as the local maximum of the Alfue continuum. This change
qug Ao eﬁ 5 reo dz would produce artupwar.ds' frgquency chirpingf the (m,n)
Am 2 OTHE FH _J' _—<Jg()\H)QFOH>r ) mode on the cha}racterlstlc time sgaleqafevolutlon, as in
" 0 1+27° the case of Alfve cascade%’ This argument could be
clearly made in the opposite sense should the sigrn gf
when the fast ion toroidal precession frequeneyy, iS  change, e.g., because of different characteristic properties of
such thatwyy> .57 Here, integration irz accounts for the the fast ion dynamics. This issue is analyzed in detail in
nonlocal response of fast ions due to finite Larmor orbit Appendix C and has important implication on the character-
width. Meanwhile,(---) indicates magnetic flux surface av- istic variation of the mode frequency when the valueqgf
eraging,(- --) denotes velocity space integraticky, (k,) is  drops, as observed experimentally.In fact, with A ;<0
the poloidal (perpendicular toB) component of the wave upwards chirping frequencieare to be expected, as dis-
vector k, Ag=(k v, Vo= V1+Z%(|kglv )/ wen, wey  cussed above. On the contrary, far,>0 the m—1,)
=(eyB/myc) is the fast ion cyclotron frequencyQFoy mode would be excited just below the local minimum of the
=(2wdl w2+ kXb-V/wy)Foy, b=B/B, andFqy is the  Alfvén continuum atr, and downwards frequency chirping
fast ion tail distribution function. The expression &f, in- modes would appear.
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The condition for the existence of then(n) mode is
Am/Qam>S?2n [that for the existence of them(—1,n)
mode would beAm,llﬂA,m,l>82/2n], which is indepen-
dent on the mode frequerftys a consequence of E(p).
This condition turns out to be a lower bound on the fast ion

#48382. magnatic spectrum ogl(lE8ITH
140 " y J =

t
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i
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fes)
tn

tail particle densityn,, and for the case discussed in Ref. 5
[JET discharge 49382 in the time interval 4335ts
<44.0s; S=1.54, —ny/(Ryd,ny)=0.13] it givesny/n,
>3.1% atr=rg, consistently with the experimental values
(ny/ng=4%). Here, n, is the electron density. Evidently,
this criterion ofexistence of a gap modmrresponds to that
of vanishing of the local continuum dampingf. Fig. 1.
Note that, bylocal continuum damping, we define the damp-

ing associated with the mode interaction with the shear Al-

fvén continuum at =r,, where the mode is localized. How-
ever, the criterion oéxistence of a gap mod not sufficient
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for t_he mode ?XCItatlon' In fact, other dar’r_1p|ng meCha,msmnsilG. 2. (Color) Magnetic spectrum in the preheating phase of a JET RS
are important in the absence of local continuum damping, a§iasma with nonmonotonig profile (Ref. 5. See also Ref. 6.

nonlocal continuum dampingadiative dampinty"*®and ion
Landau damping’ From Fig. 1, it is clear that nonlocal con-
tinuum damping is most important for then(n) mode: in
fact this damping mechanism would affect then-{1,n)
mode only if toroidal coupling with theng,n) sideband is

excitation would still be that on the sign of,, (i.e., the

Appendix Q, because that would determine for which mode

drive (x—ImA,,, i.e., the resonant fast ion responde
overcome nonlocal continuum damping. As pointed out in
Ref. 6, the condition in E(6) is not the usualesonantEPM
considered. Nonetheless, the “selection rule” for the modeexcitation condition, that is normally written without assum-
ing the existence of a gap mddé (VQa m+Q, is imagi-
particle dynamics, as discussed above and in greater detail itary and local continuum damping is finite
For ReA >0, the (m,n) EPM gap mode can no longer
the dominant damping mechanism, i.e., local continuurmbe excited. As discussed in Appendix C, the sigrikefA

damping, may vanish. Figure 1 also suggests that nonlocalepends on the details of the fast ion distribution function: in
continuum damping should depend on the mode frequencparticular on the ratio between the characteristic fast ion

and, more precisely, decrease for increadihgln fact, in-

thermal speed and the Alfaevelocity. Experimental control

cluding this effect, in Appendix A it is demonstrated that theon this parametefthe velocity ratio provides a control on

dispersion relation for thenf,n) mode is modified into
VOA T Q[1+iexp(—4yY—nQp /S)]

St [(2n Ay 1
~ el e, L)

(4)

the excitation of either one of the two EPM gap modes, as
described by Egs(3). Generally, a transition fronReA

<0 toReA >0 results in a transition from ther(,n) EPM

to the the (h—1,n) EPM gap mode excitation. However,
(m,n) and (m—1,n) EPM gap mode excitations are not mu-
tually exclusive. In fact, Eq.C5) shows thate A , depends,

From this expression, we note that nonlocal continuumamong other parameters, both on the velocity ratio and on
damping is important at low frequency and that it becomeghe mode frequency. Specificalljge A, is «— € and nega-

exponentially small for increasing Q. This fact pro-
vides an explanation of the reason why Alfveascadésare
observed only above a minimum threshold frequelcly
Fig. 2. From Eq.(4), in fact, we have that the real frequency
of the (m,n) EPM gap mode (Q, £, is real, i.e., van-
ishing local continuum dampings given by

S7 (2n ReA
VoAt Q= sl = — 1, 5)
27 nH\ S Qam

while the mode growth rate is obtained from

=20t 0,

w2 ImA,,

X
2573 Qpm

VAt Qp exp(—4+— nQAVm/S)},
(6)

whereQ=Q,+iI". In particular, Eq(6) gives the excitation

tive for Q—0", whereas it isxc,;+¢,/Q (cq,c,>0) for
QO>1. For intermediate values d2, ReA,, generally has
one zero(),, the value of which depends, e.g., on the ve-
locity ratio. Thus, forQo<—Qpa m<Qam-1 only the (M
—1n) EPM gap mode may exist; for—Qu ,<{g
<O p m-1 both (m—1,n) and (m,n) EPM gap modes can be
excited; for—Qp n<Qa m-1<g only the (m,n) gap mode
may exist. As it is also discussed in Appendix C, the present
results suggest the interesting possibility of designing experi-
mental operation scenarii for switching froopwards fre-
quency chirping to downwards frequency chirpimgdes by
simply controlling the fast ion tail energy, e.g., acting on the
density of the minority ion species. Even further, we have
actually demonstrated that experimental scenarii are possible
where bothupwards and downwarddrequency chirping
modes are simultaneously excited at the radial location of a
minimum-q surface, with the frequency of the downwards
frequency chirping mode being always larger than that of the

condition for the gap mode, i.e., the condition for the modeupwards chirping mode. The strength of the fast ion drive
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depends on the details of the particle distribution function 1 T |
and must be determined from E@C5) in each case. Here, \ !
we note that the sign of the energetic particle resonant drive non-local /I
(«c—ImA,,) is consistent with mode destabilization. In fact 08 L ! continuum damping | _
ImA,,,ImA,,_1<0, as it may directly verified from Eq. |
(C5) assuming centrally peaked energetic ion pressure pro-
files. 06
The resonant excitation of then(~1,n) or (m,n) gap
modes, as described in Eg8), is not always possible. In
fact, gap modes are preferably excited only if the downward
or, respectively, upward frequency shift due to the nonreso-
nant response of the fast ions is smaller than the width of the
shear Alfvem continuum frequency gap, i.e.Qam <
+Qam-1. Thus, the existence of EPM gap modes would 02 - T
depend both on the details of the fast ion dynamics and on
the g profile or, more precisely, on the values @f and S.
The transition from EPM gap modes to resonant EPM exci- 0 ' ' ' ' ' ' '
tation can be controlled experimentally in two ways: acting 2 -15 05 0 05 1 15 2
on gy, €.g., changing the width of the shear Alfveon- X
tinuum frequency gap; or varying the additional heatingri. 3. Radial structure of the shear Alfveontinuous spectrum for the
power on fast ions, i.e., controlling the magnitude of fre-(m,n) and (m—1,n) modes in the casBp m+Qam-1~ro/Ro. The value
quency shift due to energetic particle compression. As exf 4?RéKim, is shown vsx= Jnag(r—ro). The frequencies of theven
plicitly shown later in this section, a smooth transition from P toroidal mode is aiso shown as expected from (.
EPM gap mode to resonant EPMs takes place when the fast
ion induced frequency shift overcomes the typical width of

0.4

'
iy

the shear Alfve continum_Jm frequen.cy gap. approach of Ref. 3details are given in Appendix )Bthe
If no gap mode exists, but stiReA,<0O, the m,n)  modified EPM dispersion relation in the toroidal case is de-
resonantEPM real frequency would be given by rived in the form

2n REAm(Qr) _1 [6394_(92—1/4)2]1/4

F O "
' S nNA
|| 154
whereas the EPM growth rate would be obtained from 4n S
ReA 1 23/ZS + r( )\/(1+4nAm)2+ 1660n
Jd ke a sgn - a2 Al
:( : (_]ImAm—’_WQAmV_(QAm"_Qr) . S 7S
&Qr in ! ! (9)
)

) . ) sgr(-)=sgnRe(1t4nA—2m),
For ReA,,>0, the analogous dispersion relation for the S
(m—1,n) mode could be derived similarly, and it can
be actually obtained from Eqér) and(8) by simple change whereep=2(rq/Ry+A"), O n=—1/2 andA’ denotes the
of poloidal mode number labels and with the substitutionderivative of the Shafranov shift. Furthermore, the upper
of the real quantity (local continuum damping (lower sign refers to modes excited near the lowappe)
QamV=—(Qam+Q)=—-0Qam-1VQ,—Qam_1. Equation accumulation point of the shear Affuecontinuous spectrum.
(8) yields a destabilization condition which obviously re- Of the two modes described by E®), one is an EPM gap
quires a stronger particle source than E). This fact pro- mode, while the other is strongly continuum dampefl
vides confirmation of the above discussion on which experiAppendix B for details As in the case of Eq<3), the se-
mental parameters can control the transition betweetection rule between the two modes is given by the sign of
situations characterized by EPM gap modes—described bieA,: ReA,,<0 upper signReA >0 lower sign. Note
Egs. (5) and (6)—to scenarii in whichresonantEPMs—  also that the fourth root of the quantity in parentheses ap-
described by Eq97) and (8)—can be excited. The obvious pears on the left-hand side of E@®), due to the local mini-
sensitive parameter is the level of power input, although admum in theq profile, and not the square root as in the usual
justing the localization of power depositidpower density ~ TAE case withg# 0310
would serve to the same scope by changing the local gradient Equation(9) gives the most unstable EPM root near the
in the fast ion energy density. excitation threshold. However, as discussed in Appendix B,
As Qpm+Qam_1—0" (which may occur wherg,  given an EPM gap mode effectively excited @f=(1/4)
drops, as in the experimégnttoroidal coupling effects be- X(1*¢y), a much more weakly driven gap mode exists also
come more importantcf. Fig. 3. Following the theoretical nearQ?=(1/4)(15 ¢,), and its frequency is given by
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[€2Q4— (Q%—1/4)%)4 1 1 ' ' . T

nA, ! I
+ i
(1_4 s? ) 0.8 | \ / .

A2
—sgri-)\/|1+4—o
\ non-local |

This increased multiplicity of roots is due to the effect of | continuum damping |
toroidicity only, and can be considered a consequence of the
existence, at=r,, of four nearly degenerate shear Alfve 0.4 L
waves at the frequency of the toroidal gap in the Affve
continuous spectrum. The complete toroidal EPM dispersion
relation is actually given by EqB5), that recovers both Egs.
(9) and(10) near threshold in the toroidal case, and E@s.

for negligible toroidal coupling. Clearly, thexponentially
small continuum damping, due to the nonlocal interaction
with the mode continuum, and other kinetic damping mecha-
nisms, e.g., radiative dampittf® and ion Landau
damping!’ must be evaluated and compared with the reso-
nant drive associated with fast iO?ISiS obtained from Eq. FIG. 4. Radial structure of the shear Alfvecontinuous spectrum for the
(C5), before the existence of such modes is demonstrated dff+D) and (m—1n) modes forfsn+ Lam—1<—To/Ry. The value of

. . . q Rékﬁm‘n is shown vsx=+/nqg(r —r,). The frequencies of thevenparity
arigorous basis. From the results of E@) on the magthde doubleEPM (toroidal mode is also shown where it could be expected.

of nonlocal continuum damping, we may however conclude
that the most important damping mechanism for the toroidal

EPM gap mode is radiative damping or ion Landau damping

. . : resence of a weaker sour@hive), due to radial redistribu-
which are neglected in the present analysis for the sake . . .
simplicity. lon of fast ions, may explain why, after reaching the TAE

Equation(9) gives a unified description of the toroidal frequency as in Figs. 3 and 4, the experimentally observed

branches of both EPM gap modes and resonant EPMs in thrgodes disappeR(cf. Fig. 2. Another possible explanation

. . ) . IS based on Eq(11). Assuming weak modifications of the
same way it was discussed in detail for Eg§) and what . S -
followed. In particular, Eq(9) shows that, for fast ion source, the fast ion induced _frequency §h|ﬁ is also

nearly constant. Meanwhile, the typical gap width in the
nA , 16€0n shear Alfven continuum decreases d3p n+Qam-1—0,
‘(1i4?> =\ 2z (1) and the criterion of Eq(1l) could be violated. In other
words, the fast ion compression effect could be too strong for
a smooth transition is expected from EPM gap modes t@ toroidal EPM gap mode to exist, and too weak for the
resonant EPMs. Equatidil) is the quantitative formulation excitation of a toroidal resonant EPM. Alfweascades, then,
of the qualitative criterion discussed above for the transitiormay start as weakly driven EPM gap modes at low fre-
from EPM gap mode to resonant EPMs when the fast iorguency, described by E¢4), and end up in damped toroidal
induced frequency shift overcomes the typical width of theresonant EPMs, described by E@) (upper sign, as
shear Alfven continuum frequency gap. —1/2. Both phenomena are always present, but which is the
WhenQp m+ Qam-1<—ro/Ry, due, e.g., to a further dominant one needs to be determined case by case. Not sur-
drop inqy, the radial structure of the shear Alfveontinu-  prisingly, the response depends crucially on the strength of
ous spectrum becomes that of Fig. 4. The EB&p mode the fast ion drive and on the details of the energetic particle
smoothly changes from a radial structure localized near dynamics. This picture is supported by recent numerical
=0 and will eventually end up into a double-hump structure simulations of fast ion transports due to resonantly excited
as it could be quantitatively inferred from transforming backEPMs in hollow g-profile tokamak equilibrid®?° that are
the Fourier mode structure$o,,,d¢,—1 of Egs.(B2) and  briefly discussed in Sec. IV. The important fact to appreciate,
(B3) into the corresponding real space eigenfunctionshere, is that the detailed properties of toroidal modes are
Sm 0m-1.8  This calculation is tedious but crucially dependent on fast ion dynamics. In fact, toroidal
straightforward® and it will be omitted here. In any event the eigenmodedi.e., TAE9 can exist at a minimung- surface
double-hump structure of the EPM is fairly reasonable andeven in the absence of fast ions. However, such modes can
intuitive from Fig. 4. The radial structure in this case has aexist only at very low levels of the thermal plasma pressure
natural radial width ~r,/(nY?Sq,), so its effect on trans- and the effect of thermal plasma compressibility is easily
port may be significant. The analysis of the effect on transexceeded by that of energetic iofsf. Appendix B, as it
port due to global mode structures of highmodes(gener-  happens in the small but finite magnetic shear ¢agaus, in
ally speakingdrift or drift-Alfven mode$ near a minimung  the presence of fast ions, the properties of toroidal Aifve
surface is beyond the scope of the present analysis and withodes are essentially those of toroidal EPMs, discussed
be subject of a future work. Here, we just emphasize that thabove.
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I1l. EPM EXCITATION AT DIFFERENT RADIAL Where®m=52 and QA’m=0 for s#0, and®m=SZQAym/n

LOCATIONS: THE LINEAR STABILITY POINT OF VIEW for s=0. Then, Eq(1) in Fourier space can be rewritten as
2

with hollow q profiles looking closely at the stability prop- | 7,2+ O,  (1+49)? * (1+«2) (V1+ 15 0¢m)

erties of EPM as we move away from the minimuepsur- ' ' '

face. In fact, EPM stability analyses at the minimansur- =0. (19

face(cf. Sec. 1) and those that assursenall but finite shedr This equation is readily obtained from EGA2), which is a

appear weakly related, despite thg fact '_[hat they are all for'eformulation of Eq(1). We also note that E15) is exactly
cused on the same problem. In this section, we demonstra

. Eq. (13) of Ref. 3, where it was derived for the small but
that all these results are actualignsistenand that they may finite shear case. A one to one correspondence between these
be presented within a unified picture. For the sake of clarity,

two equations is obtained by noticing thit,< a /4, where

we will discuss the problem in the case when toroidal mode&E is the notation of Ref. 3 for the flux surface averaged

coupling can be consistently neglected. The toroidal prObIer%ontribution of fast ions. More precisely, the expression for

can bfa analyzed e_xactly in the same fashion, but with greateCfE, used in Ref. 3, included the effect of fast ion preces-
technical complexity.

It ¢ of th isdom t that. withi sional resonance only and it was written for a single pitch
IS part of the common W'? om 1o assume that, wi Inangle distribution function. On the contrary, the expression
the usualballooning formalisnf* the translational invari-

. . of A, used here, Eq(C5) of Appendix C, is written for a
anceof radial mode structures breaks down for different PO eneral fast ion distribution function and arbitrary precession

loidal Fourier modes when magnetic shear vanishes. This 'gnd precession-bounce resonances. From @&), we

evidently true. quever, as 't. was shown in Refs. 18 and.zzreadily obtain the mode dispersion relation in the form

only the separation of spatial scales between equilibrium

guantities and wavelengths is really needed for the analysis / QZ—Qi’m a(2A

of high-n mode structures. This separation of scales is still T e = Z( 0 —1), (16)

valid for highn modes both near and at a minimusur- m m

face, where magnetic shear vanishes by definition. This fairlyvhich recovers both Eq$3) and their analogue for the smalll

general assumption is the only one made in the followingout finite shear case discussed in Ref. 3, i.e.,

treatment. |S| - 2A
The strength of the formalism employing the separation Q=-——|1— —zm)

of scales is based on the fact that the fast radial scale and the 4 S

spatial coordinate along the magnetic field can be considered The factor®, reflects the typical radial width of the

Fourier conjugatevariables. This is obvious from the fol- mode structureAr. In fact,

lowing identities:

Here, we address the issue of EPM stability in tokamakT 92 Qz—Qi’m 1 AnlOq

17

m
o

2 ‘QZ_QE\,m
~ o,
It is, then, obvious that the largest value ®f, betweens?
B 0 5 and |S?Q m/n| determines the radial mode width and the
G RoKj;m,n=ARoKj;m,n(ro) + T(r ~To) actual form of the mode dispersion relation in Ebg). Since
we may estimate Xr/rg)?x=|1/m?0 |, the transition from
small but finite shear to zero shear, i.e., from Egsto (17),
occurs fors?<S?/n. In general, Eq(16) could be used to
study EPM stability properties at different radial locations,
including at the transition from the weak to the zero shear
regions. A similar argument could be made for the toroidal
m extension of Eq(16), i.e., Eq.(B5) or, more generally, Eq.
r—K,(r—rO)) (B8), that can be used for weak as well as zero magnetic
0 shear and are in a one-to-one correspondence with the toroi-
m dal dispersion relation discussed in Ref. 3 as toroidal exten-
X Sm(r)d-—(r—ro). sion of Eq.(17).
0 Typical profiles of safety factag and of fast ion normal-
Moreover, we have that, respectively=ryqi/qo and S ized energy densitg, (the normalization being with respect
E\/rozqg/qo2 are theusualandgeneralizedshear values. Note to the magnetic energy densitin JET RS discharges are
that forgy<<0 the definition ofS would change accordingly given in Fig. 5° Note that theq profile in Fig. 5 is derived
and that Eq(12) assumes)a n=0qRok;:mn(ro)=0, as itis including motional Stark effect constraints, and that ghe
always possible fors#0. From Egs.(12) and (13), it is  profile is obtained using the method discussed in Refs. 23

. d ,
qROkH;m,n:nqg)(r_ro):”S_aK v Uo7 0, (12
r

i

P 9?2

=0 m— 5=~
AM  2n &Krz’

do=0, (13

where k,=(ro/m)k, and §¢,,, the Fourier transform of
S, IS given by

5¢m(Kr)Ei ’ expi
ar )

readily shown that and 24. Figure 6, meanwhile, shows the corresponding
e profiles 2for magnetic _shear_s=(r/q)(d_q/c_ir),_ and ay
qZR(z)kf;mn:QE\,m_m_Z* (14 =-Roq (d,BH/dr),.whlc.h gives an ||_1d|cat|on of the
IK; strength of the fast ion drive. These profiles are a reasonable
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FIG. 5. Radial profile forg (solid line) and By (broken ling.
FIG. 7. Local values of growth ratgolid line) and real frequencybroken

line) of an EPM atr/a=0.2. The two horizontal lines indicate the toroidal

model of JET discharge 49382 at a fixed time in the intervafaP I the Alfver continuum(Ret. 5.

43.5 s<t<44.0 s(Ref. 5 and generally represent a good

paradigm case to investigate with EQ.6). Such studies, yacyum magnetic field on axis. Results are shown in Fig. 7,
however, are beyond the scope of the present investigatiognere the growth ratésolid line) and the mode frequency
and, thus, they will be presented in a separate work togethe('broken ling of the EPM, normalized to the local Alfve
with analyses of the toroidal equivalent pf Ea4o), i.g., Eq. frequency (A/qRy), are shown vs the fast ion Larmor ra-
(B5). Nonetheless, we wish to emphasize how Fig. 6 sudgiys normalized to the inverse poloidal wave number
gests that a strong resonant excitation of EPMs should ocCYk o, . lower horizontal scaleor, equivalently, vs the tor-
atr/a~0.2., WhergaH is 'maximu.m. Indeed, direct. numerical gidal mode numbefupper horizontal scale The two hori-
1D-GKE linear S|mulgt|or?sc0nf|rm this expectation for the - zontal dashed lines indicate the local width of the toroidal
present parameters, i.e., @ta=0.2, s=rq’/q=-0.58,0  frequency gap in the Alfue continuum. The reason why the
=4.4, a=—Ryq*(dp/dr)=0.44, A'=0.125, a4=0.515,  mode can be considered a resonantly excited EPM and not a
Br=0.0072, 7y=0.395, vry/vaA=0.43, p y/a=0.019, (oroidal Alfven eigenmodeTAE)! is given by the strength
where 8 is the thermal plasma normalized energy densityof the growth rate, which generally exceeds the gap between
A" is the derivative of the Shafranov shift;y  the mode frequency and the continuum accumulation point.
=drInTy/d Inny with ny (Ty) the fast ion densitftem- A more articulated explanation of this interpretation is pro-
perature, vry=+Ty/my is the fast ion thermal speed and yjided in Ref. 2.

va is the Alfven velocity. The simulations assume that the  on the basis of linear stability analyses, presented so far
fast ion tail distribution function is a Maxwellian in energy, in Secs. Il and IIl, we may conclude that EPMs are generally
with a pitch angle distribution highly peaked around excited at different radial locations as either EPM gap modes
uBo/(v?/2)=1, u being the magnetic moment ailh the  or resonant EPMs. These modes are described by the same
dispersion relation with different dominant damping mecha-
nisms and a smooth transition from one to the other mode
can be obtained, e.g., by varying, (Refs. 3, 4, 12, and 25
orvru/va .2 Due to the peculiar role of wave-particle inter-
actions in the mode excitation, resonant EPMs are preferen-
tially excitedwithin the minimume surface, where the mode
drive is expected to be strongest. Other Atfiemodes are
usually not excited in the plasma core region inside the
minimum-q surface due to finiter stabilization of TAE
modes via strong continuum dampifi§j?>2°~%The thresh-

old condition for finitee TAE stabilization is very low for
low magnetic sheary> ag="ro/Ro+2A’+52,2°3 and it

can be easily exceedédhus, if the excitation condition of
resonant EPMs is not satisfied in the plasma core, TAE
, ] modes can be generally expected only in strongly revegsed
sl e L4 profiles, around the most negative shear position, whegre

0 0-2 0.4 ) 0-6 0-8 ! is maximum and the conditiom <« is more likely to
e occurt?> EPM gap modes, meanwhile, are affected by
FIG. 6. Radial profile fos=rq’/q (solid line) and ay, (broken ling. weaker damping mechanisms and are preferentially excited
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at the minimumg surface for two basic reason@) this is  particle dynamics. Linear theory, presented in Secs. Il and
the place where a frequency gajaturally appears in the |Ill, indicates thaiB,0= Brou> Bro, for the profiles of Figs.
shear Alfvan continuous spectrum even for negligible toroi- 5 and 6.
dal coupling® (ii) this is also the innermost surface where the ~ From the experimental point of view, resonant EPMs
downwards frequency shift due to thermal plasma compresexcited deep in the plasma core have a high poloidal mode
sion (finite «) is relatively small and, at the same time, the number due to the high local value @f thus, they would be
strength of the mode drive is relatively large. difficult to be detected by MHD loops located at the plasma

The radial localization, growth rate, and mode structureedge. Their direct detection would require adequate diagnos-
of the most unstable EPM are determined mainly by fast ioriics for spatially resolved fluctuation measurements, as re-
pressure andj profiles. Thus, on basis of previous discus- flectometry, which already proved to be successful in mea-
sions, a great variety of scenarii is possible and case by caseiring core localized Alfveic activity>**® However, there
must be considered for detailed discussion. Nonetheless, weuld be severe requests on the time resolution that is actu-
may draw some general conclusions when looking at thelly required for detecting fast frequency chirping that is
different qualitative behaviors we could expect. To do so, weexpected for strong resonant EPM excitatfols it is dem-
assume reasonable profiles as those of Figs. 5 and 6, and tafstrated in the next section, the chirping rate scales natu-
Buo, the value ofB,, on axis, axontrol parameter to move rally as the inverse mode growth rate. Measuring the
from one regime to another. “asymptotic” frequency of the nonlinearly saturated reso-

Starting from lowpBy,, the first EPM to be excited is the nant EPMs is an easier task since it involves resolving the
EPM gap mode at the minimunp-surface. Call this first characteristic lifetime of the nonlinear structures. Direct
threshold valueBy,. Meanwhile, theq profile of Fig. 5, measurement of EPM gap modes is much less cumbersome,
can be considered as strongly reversed sévee-0.58 at the  since these modes are radially localized at the position of the
position of maximumy,, ands<—1 atr/a=0.3. In fact, in minimum-q surface and are typically characterized by
the absence of fast ions and consistently with what is exsmaller poloidal mode numbers than those of the resonant
pected from the discussion above, the local TAE dispersiofePMs excited in the plasma core. Magnetic fluctuation mea-
relatiorf? predicts the existence of a toroidal gap mode withsurements at the plasma edge are the readily available diag-
0=0.53 atr/a=0.2, for the core plasma parameters used imostic in this respect, as it is remarkably shown by observa-
the simulation in Fig. 7. Furthermore, radial positions oftions of Alfven cascade$;® that have largely motivated the
most negative sheamaximume,;;) and maximuma,, are  present theoretical investigation.
nearly the same. For this reason, the toroidal gap mode at Fluctuation measurements obviously provide direct
0.2<(r/a)=0.3 is characterized by both strong drive as wellproof of the type of modes that are excited in actual experi-
as weak damping. Thus, fg8,,= B0, We conclude that mental conditions. An indirect but nonetheless very interest-
two EPM gap modes should be excited, one at the minimuming option to provide evidence of resonant EPM excitation,
g surface and another at the radial position which gives thés given by measuring the actual fast ion distribution, both in
best compromise between maximizing and minimizings  space(radia) and energy. The discussion of such aspect
(i.e., maximizing ag; for finite o enhanced continuum takes us into a truly nonlinear dynamical picture, which is
damping. the topic of the next section.

Increasing By further, we reach a second threshold

value, B0, , above which the mode inside the minimum- V. EPM EXCITATION AT DIFFERENT RADIAL
surface is excited as resonant EPM. Strong resonant excita--

. . - . . - OCATIONS: THE NONLINEAR DYNAMIC POINT

tion of such instability generally yields rapid particle trans- 5\ /1w

port and frequency chirping on time scales that are shorter

than any characteristic time of equilibrium changéue to In the present section, we discuss the broader framework
its resonant character, the mode is preferentially excited aif EPM stability and EPM induced transport in tokamaks
the position of maximum drive, which is typically that of with hollow q profiles. From the discussions presented in
maximum a; . However, this is not always the case, sinceSec. lll, we concluded that both resonant EPMs inside the
orbit averaging effects, which are sensitive to therofile,  minimum-gq surface and EPM gap modes are excited for the
may play an important role. Changing the profiles from thoseprofiles of Figs. 5 and 6. The former short wavelength modes
of Figs. 5 and 6 allows us, in principle, to have situations inare excited deep in the plasma core and are difficult to be
which, for By0=Broy, We could have a transition of the detected by MHD loops located at the plasma edge. The
EPM gap mode at the minimump-surface into a resonant latter fit well with experimental evidence of Alfne
EPM before the excitation of resonant EPMs inside thecascade8;® as remarkably demonstrated by magnetic fluc-
minimum-q surface. tuation measurements.

The actual values g8y, and By, depend both on the In the presence of two linearly unstable modes, excited
profiles and on the relevant wave-particle resonance. For exat different radial locations, two qualitatively different and
ample, these values would be different for transit resonancdsniting scenarii are possible for the nonlinear mode evolu-
with circulating ions and for precession-bounce resonanceson. In the first moderate-drive scenario, the fast particle
with trapped particles, as in the case of ICRH. Nonethelesgransport time scale between regions where different modes
the qualitative plot of possible excitation scenarii, discussedre excited is long compared with the inverse mode growth
above, remains the same, regardless to the details of waveates. Then, both modes evolve nonlinearly in an indepen-
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1 6 around the position where the resonant drive is strongest, i.e.,
B /B, (O)]  q atr/a~0.3. As a demonstration of the resonant character of
1 [ 5 the mode, the mode structure evolves as the fast ion source is
0.3 [ radially displaced and weakened, till the mode merges into a
] [ weakly driven Alfven mode near the frequency gap at the
; -4 radial position of theg-minimum surfacer/a~0.5 (cf. Fig.
0.6 [ 12). This rapid nonlinear evolution suggests that, in the case
' 3 of strong resonant EPM excitation inside the minimgm-
1 By 9 [ surface, these modes would basically serve as strong scatter-
0'4'_ [ ing mechanism for the fast ions and quickly disappear after
2 the particle radial redistribution. The case @ty=0.022,
0] : with strongly driven resonant EPMs, clearly shows that there
] L1 can be a strong connection between modes excited at differ-
[ ent radial locations. In this case, EPM excitation near the
N : : : : o minimum-q surface is an intrinsically non-linear process that

0 02 04 06 0.8 1 should be analyzed together with particle transport.
r/a From a comparison of the contour plots of Figs. 10 and
FIG. 8. Radial profiles ofj and By that are used in the nonlinear simula- 12, no major differences emerge in the asymptotic states of
tions with the HMGC codéRefs. 11 and 12 the EPM gap mode frequency spectra. Meanwhile, funda-
mental differences clearly emerge by direct comparison of
asymptotic fast ion radial profiles. For logi,, radial fast
dent fashion and can be considered separately. In the secopdrticle transport does not significantly affect the initial ra-
strong-drive scenario, the inner mode grows and inducedial distribution: resonant EPM and EPM gap mode, excited
nonlinear fast particle redistributioriansport on a charac- at different radial locations, can be assumed as linearly un-
teristic time which is shorter or comparable with the inversestable modes that independently evolve on different charac-
growth rate of the outer mode. In this case, the problem igeristic time scales and eventually saturate mdependent
intrinsically nonlinear and modes excited at different radialnonlinear dynamic evolutions. On the contrary, 8
locations cannot be considered independently. For the sake0.022, strong and fast radial particle transport significantly
of precision, we may not exclude that the outer mode couldffects the linear destabilization of the EPM gap mode. If it
be the most rapidly growing. This situation, however, is notwere not for such fundamental differences in the fast ion
typical, as it is discussed in detail at the end of Sec. Ill andlynamics, from experimental measurements of magnetic
we will not further comment on that. fluctuation frequency spectra one could hardly draw conclu-
The two limiting scenarii discussed above are qualitasions on any significant difference for these two scenarii. The
tively illustrated in the following nonlinear numerical studies long time scale behavior of the mode frequency would, in
using a Hybrid MHD-Gyrokinetic CodeHMGC).*'?Theq  both cases, follow the adiabatic changes in the local equilib-
and gy, profiles used in the simulations are those of Fig. 8, arrium quantities. For thevery energetic fast ion tailimit,
isotropic Maxwellian is assumed for the fast ion distributiondiscussed in Sec. IlI, the trend would be thatugwards
function, andp, ;=0.01, vry/va=1 are kept fixed. For frequency chirpingas observed foAlfven cascade§=°
Bro=0.008, we are in the first moderate-drive scenario and, The complexity and richness of nonlinear fast ion dy-
relative to the discussion at the end of Sec. lll, we havenamic behavior and of self-consistent description of EPM
Bro= Brou> BHo. - Simulations show that, after a transient excitations emerges clearly from the present analysis. This
phase, a resonant EPM is excited at the radial position ofact should always be considered in discussions of experi-
maximum drive. Results are shown in Fig. 9. After satura-mental results since very different energetic particle trans-
tion, without significant radial redistribution of the fast ion ports may take place despite the very similar Atficechar-
source, the resonant EPM reaches a time asymptotic fluctuacter of observed modes. Therefore, actual measurements of
tion amplitude at a comparable level with that of a morefast ion distribution functiongboth in space and energsnd
weakly growing EPM gap mode, which appears at laterof radially resolved frequency spectra are simultaneously
times, as shown in Fig. 10. Discussing the details of nonlinneeded to draw conclusions and to make any significant
ear dynamic evolution and saturation processes is beyond tltwmparison between theory and experiment. In the absence
scope of the present paper. These and other results are armdi-spatially resolved fluctuation measurements, knowledge of
lyzed elsewheré? fast ion distribution functions could nonetheless be useful
At B0=0.022, well above the resonant EPM excitationand provide indirect but still important information about the
threshold, we are in the second strong-drive scenario anchodes that are actually excited in realistic experimental con-
Bro> Brou> Bro - Nonlinear simulations'?® demonstrate  ditions. If measured energetic particle profiles were signifi-
that, in such conditions, very rapid radial redistributions ofcantly different from those expected on the basis of power
fast ions take place on a time scale that is proportional to theensity deposition, our analysis would suggest strong reso-
inverse EPM growth ratdtypically ~100r,, 7a=Rg/va  nant EPM excitation inside the minimumsurface as a good
being the Alfven time). In the linear destabilization phase, candidate to explain such a discrepafftilo useful infor-
Fig. 11 evidentiates strong resonant excitations of EPMmation would be provided in the opposite case.
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FIG. 9. (Color) Contour plot(left) of the EPM scalar
potential fluctuation intensity in the (a,w7,) plane at
T=t/7,=120, in the linear destabilization phase. Here,
Bho=0.008 andr,=Ry/v, is the Alfven time. The
shear Alfva continuous spectrum is also shown for ref-
erence in the background. The initial fast ion radial dis-
tribution (right), (r/a)(ny/nyg), is also shown as a
function ofr/a.

FIG. 10. (Color) Same as Fig. 9, but at=354r,, in

the fully nonlinear saturated phase. The fast ion radial
distribution (right), (r/a)(ny/nye), does not indicate
significant modifications from that of the initial state.

FIG. 11. (Color) Same as Fig. 9, but with a stronger
drive. Here,,0=0.022 and =457, , in the linear de-
stabilization phase.

FIG. 12. (Color) Same as Fig. 11, but &&1327,, in

the fully nonlinear saturated phase. The fast ion radial
distribution (right), (r/a)(ny/nyg), shows strong
modifications when compared with that of the initial
state, confirming significant and rapid radial particle
transport.
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The question of resonant EPM excitation within the adiabatically depend on time through the corresponding
minimum-q surface and of the rapid fast ion radial transportslow time changes of the plasma equilibrium under
that such modes may cause has been recently andiyz2#.  investigatior? ™’

More careful comparisons with experimental observations Using the physical argument of spatial scale separation
require detailed analyses that will be presented elsewherbégtween equilibrium quantities and mode wavelengths, we
since they are beyond the scope of the present work. Here, &&ve shown that there exists a unified mathematical formu-
a final remark, we note once more that resonant EPMs, if aation, which is valid both for vanishing magnetic shear near
all excited, would yield rapid particle transports on a timer, and in the region inside the minimumsurface, where
scale that, for most present tokamaks, would besdfms.  magnetic shear is small but finite. On the basis of this unified
Such rapid transport events have been recently observed formulation, we have argued that most unstable EPMs are
JT-60U during N—-NBI(negative neutral beam injectibpand  generally excited at the radial position of strongest energetic
have been named abrupt large amplitude events, RLE. particle drive.
The linear theory developed here allows us to define

excitation thresholds for both EPM gap modes and resonant
V. DISCUSSION AND CONCLUSIONS EPMs. Our [esults are consistent with experimental observa-

tions of Alfven cascade®:® However, it also suggests that a

In this work, we have presented a thorough analysis oficher phenomenology can be observed by suitable choices
EPM stability and mode structures in tokamaks with hollowof experimental conditions. Acting on density of the minority
g profiles. From the point of view of EPM excitations by ion species or on the position of the ICRH resonant absorp-
ICRH fast ion tails, we have shown the importance of bothtion layer provides direct control on the velocity ratio
the region inside the minimum-surface and of the toroidal v;4/v,s, Which has a crucial role in determining the com-
annulus of widths?< S?/n, centered at,,. pressional response of the fast ion population, e.g., by setting

In the region near the minimum-surface, we have the value ofQ=Qqy(vty/vA,...), Where ReA,(Q) van-
shown that two types of EPMs may exist. The first type ara@shes. For—Qa n<Qa n-1<g, a drop ingqy, due to cur-
EPM gap modes, for which the existence condition as localfent diffusion, results in upwards frequency chirping of the
ized modes with frequency inside the gap in the shear Alfve EPM gap mode at,, as it is observed with Alfue cascades.
continuous spectrum is equivalent to the condition of vanishHowever, forQg<—QO <Qa m-1, the direction of chirp-
ing local continuum damping. For such modes, the dominaning would be downwards, and, even further, both upwards
damping mechanism is nonlocal continuum damping. Theand downwards chirping modes should be observed for
second type of EPMs are resonant EPMs, with real frequency QO n<Q¢<Qa n—1. This prediction of the present theory
given by Eq.(7) and determined essentially by fast ion com- can be easily checked in actual experimental conditions.
pressibility effects, and with growth rate set by the competi-  Adjusting the position of the ICRH resonant absorption
tion of resonant drive and local continuum damping, as inayer or changing the level of power input provides an ex-
Eq. (8). Generally speaking, however, the distinction be-perimental knob for regulating the power density and, ulti-
tween the two types of EPMs appears somewhat artificiamately, the strength of energetic particle drive. In this way, it
since they are given by the same dispersion relation and i@ possible to control a smooth transition from EPM gap
smooth transition from one type to the other may be obtainednodes to resonant EPM excitation. Unlike EPM gap modes,
by controlling the fast ion distribution function or, equiva- that are readily observed with magnetic fluctuation measure-
lently, their fundamental dynamic properties. When toroidalments at the plasma edge, direct detection of resonant EPMs
coupling becomes important and nonlocal continuum damprequires radially resolved fluctuation measurements.
ing is exponentially small, due to the higher mode frequency, For sufficiently peaked pressure profiles, nonlinear simu-
the dominant damping mechanism for EPM gap modes ifations confirm that resonant EPMs are destabilized at the
radiative damping or ion Landau damping, that are not in+adial location wherexy is maximum. Numerical results
cluded in the present analysis for the sake of simplicity. Beshow that nonlinearly saturated states are always character-
sides this aspect, the “distinction” between the two types ofized by EPM gap modes at the minimumsurface, even
EPMs remains as discussed above. Meanwhile, it is demorwhen EPMs of either type are excited within the minimgm-
strated that EPMs with frequency near the TAE gap maysurface. Scenarii that yield these time-“asymptotic” satu-
have either single or double hump radial structures. rated conditions continuously vary between two limiting

A detailed discussion of the fast ion resonant and noneases. Close to marginal stability, the transport time scale of
resonant response is also presented in connection with ienergetic ions is longer than the inverse growth rate of both
crucial importance in determining the characteristic signaresonant EPMs and EPM gap modes excitedyatin these
tures of the excited EPMs, e.g., the either upward or downeonditions, EPM excitations at different radial locations are
ward frequency chirping that the mode would exhibit as awell described within the theoretical formulations of Secs. Il
consequence of adiabatically slow changes in the lgcal and lll, and the modes are characterized by independent non-
profile. Here, by adiabatically slow we mean on characdinear evolutions. For strong drive, rapidly evolving resonant
teristic time scales which are much longer than the invers&€PMs are radially displacing the fast ion source towards the
mode growth rate. In this sense, all equilibrium quantitiesposition where it can more easily destabilize more weakly
are treated as “fixed” parameters; the parametrized modejrowing EPM gap modes. In this second case, the character-
prediction(mode frequency and growth ratén turn, would  istic time scale of EPM gap mode growth is longer than that
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of fast ion transport: linear stability analyses are, thus, inadplasma equilibria  (shifted circular magnetic
equate and the problem is intrinsically nonlinear. surfacey11219.20.25Their main “robust” results are essen-
The presence of an EPM gap mode at the miningum- tially that rapid fast ion transport occurs right above the ex-
surface in both limiting scenarii, as well as in the case incitation threshold of resonant EPMs, but that—at the same
which resonant EPMs are not excited, makes spectrographigme—the nature of such transpditocal radial redistribu-
measurements of frequency spectra at the plasma edge rans vs global lossg@siepends on the details of radial mode
suited for discriminating among the various cases, which arstructures, fast ion profiles and plasma equilibrig@ssen-
characterized by crucial differences in nonlinear fast ion dy4ially the q profile). As a consequence, if remaining every-
namics. More information could be obtained by searchingvhere below the local excitation threshold of resonant EPMs
evidence of resonant EPMs within the minimupsurface in  is an obvious and elementary criterion for plasma operations,
radially resolved fluctuation spectra, e.g., based on reflectdocally unstable fast ion profiles can be acceptable, especially
metry. Detection of the resonant EPMs would indicate thafor peaked energetic particle sources that are only likely
experimental conditions can be appropriately described ito cause radially trapped modes and local radial redistribu-
terms of aclose to marginal stabilityegime. On the other tions® With peaked fast ion profiles, the nonlinear saturated
hand, lack of evidence of these resonant modes could bePM can also induce localized zonal flows in the plasma,
interpreted, on the basis of numerical results, in two opposité@lthough the effect that these may have on core transport
ways: (i) complete absence of EPMs excited within theremains to be assess&f’ Thus, it is of primary importance
minimum-q surface;(ii) strongly unstable EPMs and rapid to develop reliable theoretical models of fast ion transport in
energetic particle transport that yields mode saturation. Thighe presence of resonant EPMs as well as predictive numeri-
uncertainty can be obviously removed by direct detection ofal simulation capabilities.
fast frequency chirping of strongly excited EPMs within the  In this work, we have focused on the fundamental phys-
minimum-q surface during their nonlinear saturation processcs aspects of EPM excitation and mode structure in toka-
However, such measurement is difficult and is a challengenaks with hollowq profiles, rather than on applications and
for realistic reflectometry time resolution, since it involves comparisons with actual experimental conditions. The
characteristic times that scale as the inverse mode growtpresent results on mode stability, summarized by EbS)
rate and are shorter than any “equilibrium” relaxation tihe. and(B5)—(B8), may indeed be taken as the starting point for
Fast reflectometry with time resolution shorter that 1 msfurther work with the aim of designing experimental setups
would be required to actually resolve rapid frequency chirpin which specific aspects of wave and particle dynamics
ing in the early nonlinear phase of strongly unstable resonartould be studied. The fairly simple and compact form of the
EPMs. If this were not available, only nonlinearly saturatedequations could be used to rapidly obtain preliminary and
mode structures would be detected. Indirect evidence ofiseful results for more detailed and complex numerical
strong resonant EPM excitation can, however, be obtained biyuvestigations?. Similar consideration can obviously be made
observing that actually measured energetic particle profilefor nonlinear simulations using the HMGC cotle??
are significantly broader than those expected from power
deposition calculations. Such discrepancy, according to
simulation results, could be explained in terms of EPM-
induced fast ion transpotf. ACKNOWLEDGMENTS
From the present work, linear stability aspects seem to
be fairly well understood. However, the issue of nonlinear  This work was partly supported by UCI U.S. Department
EPM dynamics and fast ion transport requires further analyef Energy Contract No. DE-FG03-94ER54271 and MIT U.S.
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which operation scenarii are accessible in present and nesained under the framework of the JET Joint Undertaking.
step experiments. The expected radial profiles of energetic
ions would be quite different depending on whether or not
resonant EPMs are excited within the minimupsurface.
Nonetheless, in the presence of external ion heali@gH, APPENDIX A: EPM MODE STRUCTURES: NONLOCAL
NBI, N-NBI), the usually adopted approach is to computeCONTINUUM DAMPING
fast ion distributions treating them as test particles. In other
words, the possibility that collective phenomena may be ex-  In this section, we take a closer look at Efj) in order
cited and eventually cause fast ion transport is neglectedo compute theonlocal continuum dampingssociated with
This classic approach is inadequate in burning plasma corthe nonlocal interaction with the shear Alfvecontinuous
ditions or with high power-density additional heating and thespectrum as shown in Fig. 1. Introducing the new variable
effect of collective phenomena, as EPMs, should be selfy=nY2x/S, it is straightforwardly seen that the eigenvalue
consistently included. problem for the fh,n) mode—the one that can becalized
Our numerical simulations of EPM induced fast ion by the negativefast ion compressibility, as indicated in Eq.
transports so far have been made using simplifying assumg3)—reduces to an asymptotic matching between two re-
tions on fast ion distribution(isotropic Maxwellian and  gions: I, characterized by~1<Sy/\n~1, in which

Downloaded 29 Nov 2002 to 192.107.53.171. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



4952 Phys. Plasmas, Vol. 9, No. 12, December 2002

2ly
(1+ SAy%an0pm
s? ydy
nQA m (1+S?y2/4nQ 4 )
NA /S m
* y2(1+SPy?14nQp m) OYm=0;

and Il, wherex<1<Sy/\n<1 and

2ySina,
(2(Q+Qp ) +Sy?In) Iy

Am/Qam
T 200+ Q)+ SH7N)

Using the symmetry of Eq§Al) and(A2) for y——vy, we
may focus on thgg=0 axis. Equatior{Al) is evidently the
one that contains theonlocalinteraction with the shear Al-
fvén continuous spectrursee Fig. 1in the singular points
aty?=y2=—4nQ, /S Omitting the lengthy but straight-
forward detalils, it is possible to show that E41) has the
following solution fory—y§™:

Sl =(y2lya—y2)) " 2\ly —yolKo(y —Yo),

2
-1+

(A1)

2
-1+

Sihm= (A2)

(A3)

where K, is the modified Bessel function of zero order.

Equation (A3) has the correct asymptotic behavior for

>Yo, i.e., Yl )=\ml2expfo—y)ly>. Using thecausality
constraintsto analytically continue the solution of E(A3)

acrossy=y,, i.e., to describe the mode interaction with the

shear Alfven continuous spectrurf,we have that Eq(A1)
has the following solution foy—y§

S ) =(y2lys—y2) 2y -yl
X[Ko(Yo—y)+imlo(yo—Y)]. (Ad)

For 1<y<y,, Eq. (A4) yields syl )=im/2(expyoly)
X (exp(y)—iexp(—2yy) exp)), which must match the

asymptotic solution of Eq(A2). In fact, this condition may

be actually used as a boundary condition for the solution of

Eqg. (A2) asy>1. At this point, the eigenvalue problem is

Zonca et al.

nentially small and depends on the mode frequency, via
QA m, as it was expected from Fig. 1. The trend is that of an
exponential reduction afonlocalcontinuum damping as the
mode frequency increases. We emphasize again that, in our
opinion, this is the reason why EPMs in reversed shear dis-
charges on JET appear only above a certain minimum mode
frequency’® (see Fig. 2, from Ref. )5

APPENDIX B: TOROIDAL DISPERSION RELATION
AND MODE STRUCTURES

When Qp m+Qam-1>r9/Ry, (m,n) and (Mm-1,n)
modes can be considered independent because of the weak
(perturbative influence of toroidal coupling. This effect can-
not be treated as a perturbation anymorelas,+ Qa m-1
—0, as it clearly emerges from Fig. 3.

Assume that), = 1/2. At this value of
QOam, the effect ofnonlocal continuum damping becomes
exponentially small(cf. Appendix A. Thus, we will omit its
explicit computation in the toroidal case. In these conditions,
the most relevant damping mechanismré&liative dam-
ping*>® or ion Landau damping’ that could be straight-
forwardly included in the present formalishHowever, for
the sake of simplicity, we will neglect these damping mecha-
nisms in the present analysis to better emphasize the novel
and peculiar features in the mode structures of toroidal
Alfvénic modes near a minimum-surface.

Equation(1) in Fourier space is replaced by

2 2

- A
A,m 2 m
—G)m (1+Kr)+®m

- QA,mflz -

Obm

J, (14 K7) 0, +
6092

o,

K7 S8hm-1=0,
(B1)

Qz_Qimfl 5
m—1

&Kr(l—’_ Krz)ﬁKr-F ®—1
m—

Apn_1 N
2y, mm1l
(1+Kr)+®m_l Sz}

o 25hm=
K
®m 1 m

well posed and, proceeding as in Ref. 3, we find the disper-

sion relation for theevenmode, i.e., Eq(4):

VOAmtTQL1+iexp(—4yV—nQs /)]

~ Sm (2n Anm 1
“mm| g a,, L)

Equation(4) is the generalization of E{3) that includes the
effect of thenonlocal continuum damping, which is expo-

Here, ©,, is the same that was defined in HE44). Mean-
while, k, is the Fourier conjugate variable of(r —rg)/rg,
introduced above in Sec. lll, where@g,,,5¢,,_1 are the
Fourier Transforms 0By, d¢_1. Introduce also the no-
taton I'p=(Q2-0Q3%)/0,, and E,=-€0%0,
=—E;_,. Taking into account tha®,_ 1=—0,,, it is
readily demonstratéd that the asymptotic solution of Eq.
(B1) for x,>1 is given by

(B2)

1 ' —1I,_ =T
Sbm=5 - c+( \/mel+Em+ \/mel—Em)eXpi(kwr)
r
r.—T._ | I R
ro VI e E e k|
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r.—T. I'm— Tz
C+( VI e \/mel‘Em)expi(k“")
r.—r._ F—Too
\/melJrEer \/’“T’“—Em>expi<k—'<r) :

1
5¢m—1:§

r

+cC_

(B3)

wherec.. are arbitrary constants and [€2Q4— (Q2—1/4)%]

A
kztzrm"‘Zmeli \/ <1i4n82m)
1660”

Clearly, k.. are defined as the roots of E@®4) with Imk-_. ”A_m ? +9€ol!
clearly ® +sgr(-) (1t4 §> i
As for the “cylindrical” case(see Sec. )| Egs.(B1) can

be used to generate a variational form, in which H&R)
and (B3) can be used as trial functions. Considering that
An=A,_1, this lengthy but straightforward calculation
yields the following dispersion relation for toroidal EPMs
near a minimuny surface:

C—Tiet)? S
m2m1>_E2 (84) == gt

nA
sgn-)= sgnRe( 1+4_ST)

Here, the uppeflower) sign refers to an EPM mode excited
near the loweruppe) accumulation point of the shear Al-
fvén continuum, i.e.0?=(1/4)(1F €).
- - On the left-hand side of Eq9), the expressiofie;Q*
VEZ+T o1+ — G iZ(k++k_) —(Q?-1/4)?], which accounts for the toroidal frequency
gap formation in the shear Alfwecontinuous spectrum, is

Am the same that appears in the well-known case with finite

g Tm=Tm-1). (B5)  magnetic sheag+0. The difference, here, is that this ex-
Om pression enters the equation at the 1/4 power, rather than the

It is instructive to consider a simple limit of the above equa-Sduare root: this is due to the peculiar structure of the shear
tion in which the effect of toroidicity may be neglected. As- Alfvén continuous spectrum in the present case, with four

(ky+k )=

{52

sumingl',['_1>E2, Eq.(B4) gives (rather than twp shear Alfven waves that are degenerate at
the lowest order.
Ky +k_=iy-Tp+iv—"Tp_1, For Re(1+4nA,,/S?) <0, and considering thaim A ,
(B6) <0 (cf. Appendix G, it is readily demonstrated that the up-
k,—k_=sgnT—T 1) (iV—"Tm—iV—Tmn_1). per sign corresponds to an EPM gap mode excitef)ét
=(1/4)(1-¢y), whereas no gap mode may exist for the
With these results, EqB5) becomes lower sign. On the contrary, foRe(1—4nA,,/S?) <0, an
EPM gap mode is excited &%= (1/4)(1+ €,) (lower sign,

T mAn TAn but no gap mode may be located near the lower continuum
V=Lt = 20, It g - 20, =0,  (B7)  accumulation pointupper sigh. Actually, Eq.(9) gives only
the most unstable modes that may be excited in the condi-

e., it recovers the cylindrical limit of Eq16). tions described above. Two other roots are possible as well,
spite its fairly simple and compact form that, as we just 294 (02— 1/4)2]V4

showed, can describe consistently the toroidal mode dlspeL

. . . . . . S NAn

is a simple but still relevant toroidal case in which EB5) ~gn2 1+4 Z

can be cast into a more transparent form. This is the case

nant EPMs have a frequency very close to the accumulation + |

point of the shear Alfve continuous spectrum anB,,_,

In general, Eq(B5) requires a numerical solution, de- i.€., those given by E¢(10),
sion relation as well as the cylindrical limit. However, there
when either the toroidal EPM gap modes or the toroidal reso- NA,\2  16e5n
—sgn-) (1 4 )
=—TI, i.e.,Qam=—Qam—1=—1/2. Then, with the opti- For Re(1+ 4nA,,/S?) <0, the lower sign gives an EPM gap

mal ordering mode excited near the upper continuum accumulation point,
which is characterized by a much weaker drive than that of
E2 _T2)Vd_ 7T/\m_l 12 the EPM gap mode d2?=(1/4)(1— ¢,), described by Eq.
(Em—Tm) ™~ ~€o o (9). Similarly, for Re(1—4nA,,/S?) <0, Eq. (10) yields a

20,
" much weaker EPM gap mode 8°=(1/4)(1—€,) (upper
we readily obtain the dispersion relation for the toroidalsign than that of Eq(9), located near the upper accumula-

mode, Eq.(9), as anticipated in Sec. Il tion point (lower sign.
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One effect of toroidal coupling is, thus, to increase thewe will assume that ICRH heated ions that effectively ex-
number of unstable modes: these are indeed two, rather thamange energy with EPMs are characterized by conventional
one as in the “cylindrical case,” at least in the conditions banana orbits. Fdiat banana orbits, in the high energy tran-
discussed above for the validity of Eq®) and(10). How-  sition region to potato orbits, this assumption obviously fails,
ever, Eq.(B5) shows clearly that no toroidal gap modes canbut the error in evaluating the resonant energy exchange
exist in the absence of fast ions, i.&,,=0, sincelm(k, would be nonetheless small because, as stated above,
+k_)>0. This result is evidently an artifact of the intrinsic (m/ry) §,~m> 1. In what follows we will also see that this
assumption made in this Appendix: that thern{abre assumption is appropriate not only for thesonantbut also
plasma compression is negligible with respect to that of thdéor the nonresonantwave-particle interactions even for a
fast ions. In fact, this assumption is reasonable in the preszase withwyy=wgy>w, wgy being the fast ion bounce
ence of ion cyclotron resonant heatifiRH). But it evi-  frequency between magnetic mirror points. In fact, in this
dently fails if we wish to take thé ,,—0 limit in Eq. (B5).  very energetic particldimit, the nonresonant fast-ion re-
Following Ref. 3, the effect of core plasma compressibility issponse in not sensitive to the details of the drift orbits.

readily included into EqgB1) and(B5). Omitting the details For the reasons discussed above, we may closely follow
of the derivation for brevity, we directly write the generali- the analysis of Ref. 3, which solves the fast ion gyrokinetic
zation of Eq.(B5), equations for deeply trapped particles [Egs. (2)—(10)
2 2 thereinl. Thus, for the particle distribution function we as-
JE2ST.T T T k. +k mAm sume the representatith{?
m+ m mfl"'E_I Z( +t —)_ 2®m
) (&) [Fon ., QFon
N 7T(a_aco)) (K, +K_) ofy= m)H _av2/26¢ Jo(Ap) > © KHoY
40,
+e'l koK, (CY
AR . m(a— ag)
=i Wm(rm—rm,l)-l-lEme' (B8  where s is the perturbed scalar potential afd is related
5, | 399 ) to the perturbed parallel vector potential dsV Sy
where a=—Roq°8" and ag=ro/Ro+2A".>% Equation = _(1/c)4,6A,. Furthermore, Lyy=(kXb)-V/wey and

(B8), similarly to Eq.(B5), generally requires a numerical sk is obtained from the following gyrokinetic equation for
solution. However, it admits a very simple solution near theghe energetic ion&?

continuum accumulation points and with,=0,

. . €y W4H
4v2 n3? b-V—i(w— SKy=i —QFyJo(Ay) — 6.
[20%— (02— 1/4)2]¥= - ol ctoo— ). B9) [vy (0— wgn) 0Ky mHQ ordo(Ah) > 1

(C2
Equati%n (B9) demonstrates that toroidal _Affme eigen-  For deeply trappedanana orbits, we have that the particles’
modeé exist at a minimung surface, providedv<aco,  bounce motion between magnetic mirror poifitscated at
even in the absence of a fast ion population. 6= =+ 6,) is given byv,= 6,qRywgy COS7, With the bounce
frequency given bywg,=[(v%/2)(r/Ry)1¥¥qR, and
APPENDIX C: FAST ION RESONANT AND wgn=oan(1+ O, sin7y), (C3

NONRESONANT RESPONSE . . . . .
whereé=(i/m)rdl/ar is to be intended as a differential op-

In this appendix, we derive an expression foy, in Eq.  erator and the toroidal precession frequencwjg = (v2/2)
(1), i.e., for the wave-particle resonant and nonresonant inX(m/r)/(w.4Ro). Transforming to the banana orbit center
teractions. Here, it is worth noticing that fast ions orbits pro-frame?® we have
duced during ion cyclotron resonant heating may well be
nonconventiongbotatoorbits > These potato orbits are char- SKy= 2 i"J,(Agr)e M| 5Ky,
acterized by a typical widthj,, comparable with the mode h

radial localization, i.e.g,~r. For such particles, the char- where \gp= 0 (@yn/wsn) é and the banana orbit distribu-
acteristic orbit size normalized to the poloidal wavelength is;jon function, SKgy, satisfies the following gyrokinetic
(m/rg) §,~m>1, and their interaction with hight localized equation3.

modes is affected by stromgsonance detuninty®#4°0n the o

other hand, some potato orbits may not redehr/2 in po-  [@snd,—i(®—wq4n)]16Kgy

loidal angle(the typical bounce angle for trapped particles e

with on axisICRH), depending on the value of their toroidal =i ——QFqy >, (—i)"e"™Jo(Ayy)In(Agn)
canonical angular momentum. However, these orbits do not M n
effectively tap energy from the ICRH since they do not reach

the resonant absorption layer. Thus, orbits that most effec- X
tively exchange energy with higim modes tend to be con-
ventional trappedananaorbits. For this reason, and since Note that, for a correct interpretation of H&4), the deeply
transition from potato to banana orbits can be obtained byrapped particle assumption has to be kept in mind. If not,
changing(lowering the particle energy’ in the following  inconsistencies would arise on the way appears on the

5. (C4)

e
1+h£)%
)\BH w
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right-hand side. Within this framework, EGC4) is easily
integrated and thémagnetig flux surface averaged contribu-
tion of fast ions can be obtained in the fotm

o0 dz o

SR

m . ) Ad7w eﬁ )
Xf d 6y, sin 6K (siN(0,/2)) —5— —J5(A1) QFon
0 cZ my

1/2 8

v —
TH’TT

202
. q°Rg
™ m?/rd

o
Ro

w2dw

wgythogy C5)

X 2 _
; Jh(Ngw) A —

where K(sin(6,/2)) is the complete elliptic integral of the
first kind, vry= VT /my is the fast tail ion thermal speed,
w=v%20%,,  Ny=\2wkep pV1+22,  pLp=vrlwcu,
Ngn= VWRy /T 0052 0oKgpLr, @an=KgpLn(vTh/Ro)W, and
wgp= VWro/Ro(vH/doR0)-

The expression of\,, from Eg. (C5) is made of two
contributions® the positive compressioterm associated with
the convective response, i.e., the second term on the righ
hand side of Eq(C1); and the resonant plus nonresonant
response coming fromdK in the same equation. The posi-

Energetic particle mode stability in tokamaks . . . 4955

in the previous section, is whatelectswhich of the two
branches described by E@®) is excited.A ,<O0 is obviously
compatible with the excitation of localized modes just above
the local maximum of the shear Alfaecontinuous spectrum
of the (m,n) mode (cf. Fig. 1). The opposite case would
instead yield the excitation of a localized mode just below
the local minimum of the shear Alfwecontinuous spectrum
of the (m—1,n) mode. Thus, in the former case, a drop in the
value ofqq (as observed experimentally), would manifest
itself as anupward frequency chirpingwhereas in the sec-
ond case adownward frequency chirpingnode would be
predicted, the critical control parameter between the two
situations being the sign of,,, i.e., a quantity determined
by fast ion dynamics and, ultimately, by the properties of fast
ion distribution function. In fact, the present results could be
used to design experimental operation scenarii for switching
from one situation to the other by simply controlling the fast
ion tail energy, e.g., acting on the density of the minority ion
species. Evidently, only a conceptual experiment could be so
flexible to operate in all possible scenarii that are interesting
from the theoretical point of view. But changing the addi-
tional heating scheme, e.g., to NBor N—-NBP® as men-
tioned in the Introduction would introduce additional flex-

tive compression term is that which yields the usual fast ionpjlity in controlling the particle distribution function and,
balloonIng-lnterchangedl’lve and it is aIWayS associated ultimate|y, the fast ion Compressiona| response.

with a downwardsfrequency shift. The< 5K fast ion com-

pressions, instead, depend crucially on the details of the par-

ticle equilibrium distribution function and, as a consequence
on the detailed particle dynamics, including particle orbits.
In particular, thenonresonant(rea) part of such response

may change sign as either the fast ion energy, e.g., vi%4

vtu/va, or the parallel wave vector are changed. Here, par
allel wave vector or mode frequency may be equally used
sincegqRyw/v == (Nng—m)=qRK, . In the very energetic
ion limit, wq> , the fast ion compressionsK becomes
negative and it cancels the positive compression term to th
lowest order in /wyy). It may be interesting to note that
the same result is valid assuming flate-like limit, i.e.,

qRok;

the fact that the type of nonresonant particle response de

pends both on the details of the particle dynantdistribu-
tion function and on the mode structure. From the experi-

mental point of view, these are the properties that must be
controlled in order to explore the various regimes corre-
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