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Hybrid magnetohydrodynamic-particle simulation of linear and nonlinear
evolution of Alfve "n modes in tokamaks
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Linear and nonlinear properties of moderate-toroidal-numbgishear-Alfven modes in tokamaks

are investigated by using a hybrid MHD-particle simulation code, which solves the coupled set of
MHD (magnetohydrodynamicequations for the electromagnetic fields and gyrocenter Vlasov
equation for a population of energetic ions. The existence of unstable toroidahAdfgenmodes
(TAE’s) and their kinetic counterpart is shown for low values of the energetic-ion pressure gradient.
Above a certain threshold value, the energetic particle continuum i) is destabilized, with
growth rate fast increasing with increasing energetic-particle pressure gradient. The threshold shows
an inverse dependence anHigh-n EPM'’s could then be unstable in realistic plasma conditions.
Neglecting MHD nonlinearities, for the sake of simplicity, it is shown that nonlinear TAE saturation
appears to be due to the trapping of resonant energetic ions in the potential well of the wave.
Saturation of the EPM occurs instead because of a macroscopic outward displacement of the
energetic-ion population, with potentially dramatic consequences-particle confinement; such
conclusions are not modified by the inclusion of MHD nonlinearities. 1898 American Institute

of Physics[S1070-664X98)01109-4

I. INTRODUCTION the degeneracy of the corresponding continuous spectra and

yield frequency gap¥ in which there can exist discrete glo-

Energetic ions with typical velocity,, of the same order b . . by 11,12
; . ! X al modes, called toroidal AlfreeigenmodesTAE’s).*!
of the Alfven speedh ,=B/y4amm; (B is the magnitude of 0 -ame of ideal MHD such modes are marginally stable,

the equilibrium magnetic fieldy; andm; are the bulk-ion they can be destabilized by resonant interactions with
density and mass, respectivean be produced in tokamak fast particles

plasmas both by au>_<|lla_ry heatmg methods and by fuspn When a more realistic kinetic description of the core
reactions. Due to their high velocity, they can resonate with

and possibly destabilize Alfvemodes'~’ Their confinement {:)Iasma ?ynirlcz ":f ?cc.;tou?rt]ed f(mrlg a Emall—compared
properties—of crucial importance for achieving efficient 0 wavelength—but finite thermal ion Larmor radiuss

plasma heating and, therefore, ignition conditions—can ivell as other nonideal effects.g., those associated to resis-

turn be strongly affected by the nonlinear interaction with thetVity): the continuous shear-Alfvespectrum is actually re-

Alfvénic modes associated to such instability conditionsSCIved into a closely spaced set of discrete, stronlgllgllélocal-
Therefore, significant attention has been devoted to investi?€d: modes: the kinetic Alfve waves (KAW's)."™

gations of stability properties of Alfiremodes in tokamaks. T0roidal coupling between two counter-propagating KAW's
In a periodic cylinder of length 2R,, described by ylglds a new global mod¥, ce}lled the Klnetlc toroidal Al-
(r,6,2) coordinates, ideal magnetohydrodynan{idHD)  fven eigenmode(KTAE),'® with two different branches,
shear-Alfven oscillations have a continuous frequency specharacterized by frequencies close to the upper or the lower
trum w?=kf(r)vA(r), with the parallel wave vector given boundary of the toroidicity induced frequency gap, respec-
by kﬁ(r)=[n—m/q(r)]2/R(2). Here,n andm are the mode tively. Moreover, coupling with KAW’s tends to stabilize the
numbers along and @ (“toroidal” and “poloidal” ), respec-  TAE. This effect is very small as long as the TAE frequency
tively, andq(r)=rB (r)/RoB,(r). The spectra correspond- i Well inside the gap>~*" When equilibrium or nonideal
ing to different harmonicsrfi,n) and (m’,n’) are degenerate €ffects themselves bring the TAE frequency close to the
at radial locations wher&f, ,(r)=kfy o (r). Two modes lower boundary of the gap, however, TAE can be strongly
with mode numbersr,n) and (m+1,n) have, e.g., the coupled to KAW’s and, hence, completely stabilized. In this
same frequency at the radial positiog such thatq(r,)  case KTAE's can be the most unstable gap m&de.
=(2m+1)/2n. These oscillations are local, since the corre- A more strongly growing mode has been predicted
sponding eigenfunctions are singular at the surface where tteoretically® when the drive due to resonant energetic par-
dispersion relation is satisfied. The amplitude of any radiallydicles overcomes continuum dampirgr, equivalently, the
extended superposition of such noncollective plasma oscilladamping due to the coupling to the KTAE spectjurfihe
tions asymptotically decays in time &s',2 due to the phe- new mode, called the energetic particle continuum mode
nomenon of phase mixingtypical of a continuous spectrum. (EPM), appears with completely different features from
In toroidal equilibria, poloidal symmetry breaking and those of TAE's and KTAE’s. Its frequency is mainly deter-
the coupling between different poloidal harmonics removemined by the resonance condition with the characteristic mo-
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tions of the energetic particlés the present paper we will simulated. In this respect, our investigation is complemen-
concentrate on the wave resonances with the transit motiotary to analytical treatments, based on the higkwith n
of circulating particles around the topjusather than by the being the toroidal mode numbBeassumption, presented in
frequency gap in the shear Alfeecontinuum, and its radial Refs. 20 and 30
localization is directly related to the localization of the Concerning the linear stability problem, we will show
source of instabilitythe energetic-particle populatiprDif- that EPM destabilization occurs fq6H>,8Hm, with the
ferently from the case of gap modes, it is then inadequate tehreshold valueB, decreasing with increasing toroidal
look at the EPM as to existing MHD modes whose stability ,ode numben apr;poximately as— 23
properties are modified by the interaction with energetic par-  ag to the nonlinear saturation, a completely novel result
ticles, or, in other words, it is not possible to investigatejs found. Differently from the case of gap modéRAE or
EPM's by treating the energetic-particle dynamics in thexTAE), whose saturation can evidently be traced back to the
frame of a perturbative approach. trapping of resonant energetic particles in the potential well
The growth rate of energetic-particle modes is predictecyf the wave?® EPM’s saturate because of a macroscopic out-
to have a much stronger dependencefn(defined a8y ward displacement of the energetic-particle population. This
=8N, Ty /B?, with Tu=myuf, andny andmy, being the  convective motion becomes, in the EPM regime, the most
energetic-particle density and mass, respectjvibign that of  jmportant phenomenon in determining the confinement prop-
TAE and KTAE. For both gap modes and EPM's, however.erties of energetic particles, obscuring the radial diffusion
the most unstable wave vectors are expected to be those sgie to e.m. field fluctuations.
isfying the conditionk,p=1=<k, p,"**"**wherep indicates On the basis of these results, there is an evident need of
the typical excursion off the magnetic surface of the enerinyestigations of the stability and the nonlinear dynamics of
getic particle orbit associated to the particle motion withpigh.y EPM’s. Consistently with the observed inverse de-
which the mode is in resonanfiee., the Larmor radiusgi)  pendence of8y, on n, such modes could be unstable in

and the drift ) or banana gg) orbit widths). plasmas close to ignition conditions, with negative effects on

The most relevant issue in the investigation of Shear'a-particle confinement.

Alfven modes in tokamak plasmas is understanding their ef- The paper is organized as follows. In Sec. Il the reduced-

fects on the cpnii;ement properties of the energetic parti_clemHD equations are presented and their coupling with the
Several studi€s™ have therefore analyzed the saturationy /ooy description of the energetic particles in gyrocenter

mec_hanlsms of suph modes,_ in order to determine the quCc'oordinates is discussed. In Sec. Il we describe the numeri-
tuation level at which saturation takes place and the conse:., . othod adopted to solve the model equations, with re-
guences on r:he IenErgetlc-[()iartlcledtranspolr_t. Thf(-:se ;Palys‘@%rd to both the fluctuating field determination and the par-
owever, either look at mode-mode C.°”p_'279 effdothile o pushing. Respective merits of the so-cali#e method
keeping the_energeuc partlclg drive fiy¢d _ Or assume 5,4 the standard ful method are compared. The distinc-
weakly growing modes to justify a perturbative treatment Oftion between “self-consistent” and “perturbative” simula-

ehnerget|c—pargcle bdynar3|8§. Both tgese .t;a\ppkr]oaches are g?ns is also introduced, with the latter ones suited for a more
then expected to be inadequate to describe the saturation raightforward comparison with other published analytical

the fl?hSt'grové”;g “n?nl?erturbaUve”fErI:M. i ._and numerical studies of the same problem. Those readers
e need for a full treatment of the nonlinear energeticy, , 4re familiar with the model equations and not interested

partlclﬁ dynamu;s_ m;])_tlvate thﬁ_hnur:n Er!gal\l/-lﬂrgulatlo; aPin the details of the numerical method can directly skip to
proach presented in this paper. The hybri -gyrokineticge .. IV, where the results of linear simulations are reported

code” solves, using particle-in-cell techniquésthe set of and the inadequacy of the perturbative treatment of

3 .
O(¢”)-reduced MHD equations for a loy-core plasma and energetic-particle dynamics is emphasized. Mode saturation

t_he Vlasov_ equation for energetlc pamcles. Energeug PaT3nd the effects on energetic-particle confinement are investi-
ticles contribute to the dynamic evolution of the wave fields

) . ; . ated in Sec. V. Conclusions and a summary of the main
via thg energgtlc—partlcle pressure—tensor term in the MHE?esults are contained in Sec. VI.
equations. This code, then, allows us to describe both self-

consistent mode structures in toroidal equilibria and

energetic-particle dynamics, as well as to get a deeper insigift MODEL EQUATIONS

in how the Alfvenic modes affect the confinement of such o ] ] o

particles. The resistive MHD equations, with a driving term re-
In Ref. 19, the results on the linear stability of gap Iatfad tq an energe.tic—particle population included, can be

modes have been reported. Here we extend the linear analj/fitten in the following form:

sis to the regime dominated by the EPM, and study the non- g

linear saturation of both gap modes and EPM'’s, comparing at —oV-,

the simulation results with the findings of existing investiga-

tions. Although the code is suited for retaining both fluid and dv 1

particle nonlinearitie$? we concentrate on the latter ones for ST VP-V.IL+ E‘]x B,

the sake of clarity. The need for increasing computational

resources associated to increasing spatial resolution sets a ﬁ——chE

lower limit for the wavelength of the modes that can be ot ’
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d_P:_,ypv,V A*_Ra 190 32
dt ! =RRRR ' 572
E=nJ— va B, (1)  Bois the vacuum magnetic field &=R, and the subscript
c 1 denotes components perpendiculakstoln the following,

c we will consider the pressure of the bulk plasma to be zero

J= EVXB' and the normalized mass dens@yto be constant in time,
with spatial dependence proportional d¢r) 2, such as to

V-B=0. yield the same gap frequency for different pairs of poloidal

harmonics. Thus, Eg®) are the only equations to be solved.
As boundary conditions we take a rigid conducting wall at
tQ]e plasma edge.
In order to close the set of reduced MHD Equati¢®s
ticles, y the ratio of the specific heats, the resistivityc the th_e energetl_c -particle pres_sure-tensor com_ponents can be ob-
tained by directly calculating the appropriate velocity mo-

; _ V.V Thi ) y calcu _ /
§peed of light andtl/dt . ol ot M V. This coupling _schgme mentum of the distribution function for the particle popula-
in terms of the energetic-particle pressure tensor is suited for

a gyrokinetic treatment of such particlesee beloy, as ob- tion moving in th_e perturped eIectromggnetlc f|.elds. .
. . ) ; As a convenient choice for numerical particle pushing,
served in Ref. 31, where it was first devised and used.

The MHD equations can be simplified by expandingand in order to avoid too severe limitations on the time-step

them in powers of the inverse aspect ratlea/R,, wherea size, it is wortH following pgtﬁle_e_volutlon in_the

and R, are the minor and the major radius of the torus,dyrocenter-coordinate syste@=(R,M,U,6), whereR is
respectively. This procedure has been widely used, since tHe gyrocenter positioM is the exactly conserved magnetic
first paper of Straus¥,both for analytical and for numerical momentumU corresponds to the canonical parallel momen-
work. At the leading order ire, 0(62)’ and consideringd  tym and ¢ is the gyrophase. This corresponds to averaging
~O(€?), the reduced-MHD equations describe the plasma ifhe single-particle equations of motion over the fast Larmor
the cylindrical approximation. The toroidal corrections enteryrecession and allows one to retain the relevant finite Larmor
the equations at the next order in the inverse aspect ratigggiys effects without resolving the details of the gyromo-
TheseO(€®) equations have been first derived in Ref. 33 andjop.

their modification to include energetic particle dynamics in The equations of motion in the gyrocenter coordinates

the form of Eqs(1) has been proposed in Ref. 29. In termshaye been derivéd by a straightforward extension of previ-
of the poloidal-magnetic-field stream functignand the sca-  oys treatment®-38 They take the form

lar potential ¢, they can be written, in the cylindrical-

In the above equations, is the fluid velocity,J the plasma
current,B the magnetic fieldg the electric field,e and P
are, respectively, the mass density and the scalar pressure
the bulk plasmally is the pressure-tensor of the hot par-

coordinate systemR,Z, ¢), in the following form: drR —. ey -~ R
5 9 —=Ub+ bxV¢— bXVEiH
dy  cR VUXVo.V c a¢+ c A dt myQy myQy
T RyBo yxXVe- d)_R_o% gAY ¥ U(— a
+0(e'vaB,), @ + m_H+Q_H U+m—H bxVInB,
~[ D 2c do\_, ~ (D c Jdo dM
Q(E_ROBO E)Vi¢+ve'<ﬁ_ROBOE)V¢ 4t =0 &)
B . Bg , _ _
= B-VA*y— = V-[RAVP+V-IIy) xV¢] U 1. [[en(~ a M
Amc cRy —w=—by|5-|U+t _—|Vod+_—Va|xVInB
dt my Qy my my
va _
+0 649—), ey QM .
a + VaxV¢(i———>b-VInB.
My Qy my
where

) Here, ey, my and Qy=e,B/myc are, respectively, the
R_ D :ﬁ energetic-particle charge, mass and Larmor frequelﬁx:y;
=B/B is the unit vector of the equilibrium magnetic field.
The fluctuating potentiady is related to the stream function

cR? ——
Vi~- o VéxVe, i through the relationship
° ey Ro
10 o & y=c rY @)

2=_" _R—4+
VIERRRRT ;72 . . =
The parallel electric field term in the equation fdrhas been

the Grad—Shafranov operatai* is defined by suppressed, neglecting in this frame the small resistive cor-
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rections to the ideal-MHD condition. Note, finally, that Eq. Such markers can then be interpreted as the phase-space co-

(3) do not contain any dependence on the gyropk?ﬁse ordinates of a set oN,; “particles,” and G(t,Z) can be
The hot-particle pressure tensor can be written, in termapproximated by

of the gyrocenter coordinates, as

Npart

1 o.M G(t,2)~ 2, A(DG(1,Z(1)8(Z~Z(1)). (10
I, (t,x)= deDZ _FFu(t,R,M,U) - I =1
m?
H o " The time-variation of the volume elemehi(t) is then given
n[ —  OyM — by
+bb| U2— 5(x—R), (5
MH dA

AN =

wherel is the identity tensor;;= g;; , FH(t R,M U) is the

g dZ
7 rri (11
hot-particle distribution functlonDZCHz is the Jacobian of L4

the transformation from canonical to gyrocenter coordinates  For the purpose of calculating the pressure tensor com-
and any superscript related to the dimensionality of the phasgonents, Eq(5) it is worth it to directly represent the e quan-

space has been omitted for S|mpI|C|ty tity D, 7Fn (or D,, ﬁz5FH) rather than jusE, (or 6F ),
The distribution functionFy satisfies the Vlasov equa- accordmg to its d|scret|zed form,
tion
P (t Z) Npart
dFy _ D, _7(t,2) ~ 2 w()&Z-Z(1), (12
TR ©) SFu(t,2)] =1
with with the weight factonv_v| defined by
d ¢ dR du g L(t,Z,(1)
—_—=—+ — 'V+ _—
dt ot dt dt U’ wi(t)=A { — : (13
v SF(t,Z)(1)
anddR/dt anddU/dt given by Eqgs(3). and
It has been showi®®~*3that, as far as regimes are con-
sidered where the distribution function can be expected to KIEAl(t)DZ HZ(t,Z(t))- (14)

slightly depart from the equilibrium one, it is worth limiting
the numerical investigation to the evolution of the perturbedHere the uppeflower) quantity in the curly brackets refers to
part 6F, defined by the relationship the full-F (6F) algorithm. From Eqgs(6), (8), and(11), and

- _ o o from the Liouville theorem,
Fu(t,R,M,U)=F,o(t,R,M,U) + SF4(t,R,M,U), (7)

— J J dz
whereFy is the lowest-ordef*“equilibrium™ ) distribution —D, 7+ :( D, Hz—) =0, (15
funcii ot ETE g7\ TE dt
unction.
Equation (6) can be written, in terms obF,, in the it is immediate to show that
form .
déF, A _, (16)
H —_—
= dt
=S, ®)
with and
= dw, 0
dFho —':[_ _ } (17)
ST dt [ AstzZ1)
Particle-simulation techniques consist in representing=rom Eqs.(16) and (17), the convenience of the approach
any phase-space functig®(t,Z) by its discretized form, based on Eq(12) is evident: numerical effort is neede_d nei-
ther for the time evolution of the volume-element faciqr,
G(t,2)= | dZ'G(t,2)8(z-Z") nor for the weight factow, (in the full-F case. In this re-

spect the fullF approach seems to be more convenient than
the 6F one. In fact, the latter is recommended as faks
~2 AG(1,2)8(Z-2)), (9 <F, the former whenSF~F. It can then be worth switch-
ing from &F to full-F algorithm when the transition from a
where A, is the volume element around the phase-spacemall-amplitude linear-evolution phase to a large-amplitude
markerZ,, and assuming that each marker evolves in timeSaturated phase occurs.
according to the gyrocenter equations of motion, E). In the present paper we talk‘q.o to be Maxwellian,
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_ 1 _ in such a way as to take properly into account the inhomo-
QuM+ EmHUZ geneities of the initial phase-space discretizafite initial
(18 phase-space density of simulation “particlesind to make
. the initial physical distribution function coincident with,.
whereny(R) andT,, are, respectively, the energetic-particle Steps €) and (d) aim to preserve the local Maxwellian char-
equilibrium density and(uniform) temperature. The right acter of the velocity-space distribution function; stejg (
hand side(RHS) of Eq. (8) is then given by and () to enforce the eveb -parity and the axisymmetry of
i the equilibrium distribution function, respectively, in order to
_ avoid spurious beam instabilities and nonaxisymmetric per-
turbations to the plasma equilibrium.
The field solver for the O(e®) reduced MHD
bxVInB-Vé equation8®?’ is based on a previoud(e?) version?® The
code uses finite difference in the minor radius direction and
— Fourier expansion in the poloidal and toroidal directions. The
eyU S . . :
+ 1" 5. V({;xVa] (199 equilibrium is calculateq, to the de§|req orderqnfrom t.he
T Qymy Grad—Shafranov equation, by assigningj-rofile, which
The energetic-particle equilibrium density is taken to be ~ determines the symmetrien=0,n=0) zeroth-order Fourier
2\ component of the magnetic—flux functio,lf; and integrating
(r)=n ex;{ (r_) 1 (20) the equation for the first-order correctiom€ 1,n=0). The
H HO 2 : coupled equations for the Fourier components of the mag-
] . ] o _netic stream functiony and the scalar potentiab are inte-
where nyy is the on-axis density. The equilibrium density grated using a semi-implicit algorithm where all the linear
scale lengtH , is then given byl ,= (L/r?)“rr/2a,. terms that couple with thex=0,n=0 equilibrium compo-
nent are treated implicitly.
Field values at each particle position are obtained by
IIl. NUMERICAL METHOD trilinear interpolation of the fields at the vertices of the cell to
A. Self-consistent treatment which the particle belongs. The corresponding trilinear
weight function is adopted, after pushing the particles, in
Corder to distribute their contribution to the pressure tensor
components among the vertices of the cell.

Fro=nu(R)exp| — T,

R dE ey
S(thyM! ):_F dt VInnH+

Tylm

L
Qy

Ust a4
my

The coupled sets of reduced MHD equations for the
fluctuating fields—Eq. (2)—gyrokinetic equations of

motion—Egs.(3)—and evolution equations for phase-space- Particle pushing is performed by integrating E(.and

volume and weight factors—Eq€L6) and (17)—for the en- i 3 )
ergetic particles are integrated by the hybrid MHD-particIe(17)—by—a—Second order Runge-Kutta method. Definiyg

initial-value code® =(Z;,w;,A;) the complete set of simulation coordinates of
At each time step, a field solver computes the fluctuating®i-th particle and’=(¢1,45, ... .y, ) the whole set of

electromagnetic potentials at the grid points of a threecoordinates of the entire simulation population, we can syn-

dimensional(3-D) toroidal domain. Phase-space coordinateghetically indicate the pushing equations as

and weight factors are then evolved in the fluctuating fields,

and the pressure tensor components at the grid points are d¢i —9[& . T1(0)], (22)

updated, in order to close the MHD equations for the next dt

time step.

The energetic-particle phase-space distribution is |n|Where the “velocity”g shows an explicit dependence on the

v | he foll he ki- particle coordinateg; and an implicit dependence on the
tially loaded accordmg to the following recipea) the ki whole set/ through the fieldghere indicated byl to keep a

112
netic energyE=myU%/2+Qy M and the pitch anglex memory of the pressure tensor term which couples particles
—arccosU/\/ZE/mH) with O<a=<m/2 are determined by and fields.

inversion of the cumulative distribution functiéf;(b) the Time integration of Eq(21) yields

parallel veIOC|tyU and the magnetic momentum are then 1 q
calculated  according to  the relationships u Gi(t+AY)=(D)+Atg[ (), IT(L(t) ]+ E(At)zd—g
=+ \2E/mycosy, and M =E/QsirPa (note that a pair of t
particles, with opposite values of parallel velocity, is initial- +O(A) (22)

ized for each choice cEanda); (c) particle positions in the
meridian plane are mixed inand by choosing, for thé-th  with

particle, r;=aR,; (0<R;;<1) and 9;=27Ry; (0<Ry; N

=<1), and taking th&k,’s and theRy's as they result from a dg dg g 2t oIl
radix-two and a radix-three digit revers4i(d) the toroidal at g — ¢ ,H(§)] El a—glg[éﬂ JI(2)]
angle is randomly fixed within a one-cell-wide toroidal slice; t 23

(e) the distribution is exactly replicated for each toroidal
slice; (f) volume-element and weight factors are determined  Noting that
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gl&i(t), II(4(t—At))] ditions (the 6F algorithm does not rely on any approxima-
tion), the simulation-particle rarefaction makes the dis-

cretized representation &, [see Eq.10)] very poor and
unable to accurately reproduce the cancellation condition,
Eqg. (29). Such cases are better described by Fukimula-
+0(At?), (24 tions: the lack of simulation “particles” in a certain region

we can cast Eq(22) in the following form: automatically corresponds #©y~0, in spite of a poor dis-
crete representation. Switching frofifr to full-F simulation

Lt A= (1) + gAtg[éi O] — %Atg[gi(t),ﬂ(g(t can then be accomplished, at a given time step, by setting

g Npart

— 2 11
=006 Ol Aty 2 7004, 11(0)]

=1

t

V_VI|F:V_VI|6F+KI|6FEHO(trz)y (30

1 7o)
—At)]+ = (AD)2—g[¢ 1T +O(A3).
D] 2( ) a¢; oL&i. (0] ¢ (At and converting to the appropriate evolution equation for the

weight factor[the upper side of Eq17)].

(25)
Finally, defining
ki=Atg[ (1), IT(L(1))], B. Perturbative treatment
ko=Atg[ £ (t)+ky, II(Z(1))], (26) In order to compare the self-consistent-simulation results
to those obtained in the framework of models that treat the
ko=Atg[£i(t), I1({(t—At))], energetic-particle dynamics in a perturbative way, we also
and observing that use a simplified version of the code, which will be indicated,
in the following, as “perturbative.” Rather than solving the
79 reduced MHD equations—E@2)—for the spatial and time
= 2= : 3
ko=kit+(AD) ¢ 9L& T ]|+ O(At), @7) dependence of the fields, the fluctuating potentials are ob-
. tained, in this version, from the equations
we obtain
1 #(R,1) . ¢o(R)
LAFAD =)+ ke + E(kz—k0)+O(At3). (28 [ _ ]zA(t)e('“’r“/D)‘[ o , (31
aH(R,t) aHO( R)

Note that compared with the standard pushing technique, .
based on the Euler meth@ahich corresponds to retain only with
the first two terms in the RHS of E@§28)], such a Runge— d
Kutta scheme is more accuraf®(At?) is properly re- — =y4A(1), (32
tained, although computationally more expensive. Calcula- dt

tions of k, and kg requires us indeed to compute the — — i
“velocities” also in correspondence of the shifted coordi- Where¢o(R) andayo(R) are given mode structures for the

nates,Z (t)+k;, or the previous-step field$]((t— At)), scalar and parallel vector potential, respectively,and yp
respectively are the fixed real frequency and damping rate, respectively,

Quasi-cylindrical coordinatesr (9,¢) are adopted in and y, represents the en.ergetic—partigle con_tribution to the
particle pushing and pressure computation, except for a limM0de growth rate. Following Ref. 4 is obtained, from a
ited region close tor=0, where rectangular coordinates V?‘”at,'ona' principle, In terms of the energetic-particle con-
(R,Z) are used to describe the meridian plane, in order tdrlbytlon to the potential energyWy and of the plasma ki-
avoid singularities. netic energyKy , as

Particles that hit the wallr(=a) are considered lost and yy=7 lim SWy /K,

are not re-injected in the plasma. T
The code allows us to switch frodF to a full-F algo-
rithm, in order to fully exploit the respective advantages of 1 B fd3r6x(V-HH) -Vo*
the two methods. ThéF algorithm is indeed suited for lin- = 2R, cMng [EVLGE (33

ear or small-perturbation nonlinear simulations, but it can

present serious problems in situations in which a high-leveNote that separating spatial and time dependencies, as in Eq.
turbulence produces a large net displacement of physical paf31), corresponds to neglecting the feed-back of the energetic
ticles. These situations indeed correspond, on one side, t0yrticles on the mode structure. Particle orbits are instead
large perturbation of the distribution function, fully retained, as in the complete version of the code.

SE . —F. 29) _ This treatment closely resembles that of Refs. 46-48,

H HO» with a negligible difference: the real frequency shift due to

and, on the other side, to a rarefaction of simulation “par-particle dynamics, neglected here, is computed there—
ticles” in the considered region. Although, in principle, there besides the growth rate—on the basis of a perturbative ex-
should be no difficulty in describing large-perturbation con-pression analogous to E(3).
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FIG. 1. Growth rate and real frequency of the most unstable modes versu:
By for linear simulations of the=1 andm=1,2 componentsa), and the 1
corresponding shear-Alfve continuous-spectruntb). Here p, 4 /a=0.01, 3 - .
an=2, a2/L§=2. At low values of By, the KTAE (boxes is the most o 02 04 06 08 10 0 02 04 06 08 10
unstable mode and the growth rate is weakly dependeng,pn For By v/a tfa
=0.024 the energetic-particle modeircles appears, with the growth rate
sharply increasing witt8y .

0.8 103

FIG. 2. Radial profiles of the redkolid line) and the imaginarfdashed

line) part of the poloidal components of the perturbed scalar potef;)tial
(&SEquS/TH) for a simulation withB,;=0.02 and the other parameters as

in Fig. 1. The two components are opposite in phase, corresponding to a

KTAE-upper-branch structure, and exhibit their sharpest variation in corre-
spondence to the gap region.

IV. LINEAR RESULTS

In this section we will take the linear limit of the
reduced-MHD-Vlasov system. This corresponds, in particu-
lar, to retaining only the unperturbed characteristics in theregime considered in Ref. 19. The growth rate is weakly
left hand side of Eq(8) and neglecting the nonlinear contri- dependent orBy,, and such thaty<w, . Above a certain
butions in the source term, _qug)_ _ _ _ threshold inBy (By=~0.024 in this casea new mode ap-

For the sake of simplicity, only the circulating-particle pears with completely different features. Its growth rate
gynamics is included: the mirroring term, proportional to sharply increases with,, . The real frequency becomes very
b-VInB, is neglected in the evolution equation for the paral-small (y~w,) and falls inside the lower continuum. The

lel velocity u, Eq. (3). mode structure, shown in Fig. 3 fg8,=0.03, shows the
Simulations refer to an equilibrium magnetic field char-m=1 and m=2 components localized at~0.3a and r
acterized by o1, 9) = theq, () + Yeq, () COS(d)—CcorTeE- ~0.8a, respectively. Such localization appears to be quite

sponding to shifted circular magnetic surfaces—with inverséndependent of the gap position, and is determined both by
aspect ratioa/R,=0.1 and theqg-profile approximately the intersection of the shear Alfwecontinuous spectrum
given, in the Cy|indrica| approximation, bﬁ(r)zq(O) with the mode frequency and the bOUndary conditions. The
+[q(a)—q(0)]r%/a?, with q(0)=1.1 andq(a)=1.9. Per- WO components show even symmetry, differently from the
turbations oy, o andy; o are neglected in the frame of linear 0dd-symmetry KTAE case, and consistently with the oppo-
simulations. site localization of the real frequency with respect to the

In Ref. 19 the results of linear simulations with a fixed center of the gap” This mode can Je identified as the
value of B,—the energetic-particle pressure parameter—andenergetic-Particlébeam Mode (EPM)." It is evident that
toroidal numbem=1 were reported. It was shown that, in
correspondence to the explored parameter regime, the TAE
is stable, or very close to marginal stability, while the upper
branch of the KTAE is unstable. In Fig(d) the growth rates by
of the most unstable modes are now plotted, along with the
corresponding real frequencies, at different values3qf. 6
The other parameters are the following:y/a=0.01, a, L
=2, a%/L2=2, yRy/(a%v,)=10"5. A spatial grid of N,
XNyXN,=32X16%8 cells has been used, with an average
number of 64 particles per cell. Perturbations with two E
coupled componentsm=1,2—are taken into account far iH
and¢. With the equilibrium considered here, these two com- ]
ponents are indeed the only ones that yield a gap structure in
the shear—Avag spectrum. The gap is localized rat0.7a, o a2 s 06 o8 10 o 02 o:r o6 o8 10
as shown in Fig. (b). ta a

'Fl’om 'Flg. 1 itis evident that two dlfferen'F reégimes Can gy, 3. Radial profiles of the scalar-potential components for a simulation
be identified. At low values of3,, the KTAE is the most with g,=0.03. The two components are peaked quite far from the gap
unstable mode. The real frequensy of the mode comes out position. Their localization is determined instead by the boundary conditions
to be close to the upper boundary of the aap and the mo%d the intersection of the shear Alfvepectrum with the mode frequency.

. pp y g_ p . e two components show even symmetry, consistently with the localiza-

structu_re_—sh_own in Fig. 2 foBy = 0-02_eXh'b't_S its sh_arp— tion of the real frequency with respect to the center of the gap. This mode
est variation in correspondence to the gap region. This is thean be identified as the energetic-particle mode.
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FIG. 6. Time evolutior(a) and corresponding frequency spectr(bnof the
FIG. 4. The growth rate versysy, for self-consistentcircles and pertur- ~ m=2 fluctuating scalar potential at=0.5a, for a simulation with3,, value
bative (boxes linear simulations in they=1 case. A fixed real frequency in the transition regimef,,=0.024). The coexistence of unstable EPM and
0,=0.337,' has been assumed for perturbative simulations. Perturbativé TAE, with real frequencieso,~0.147,* andw,~0.56 7, *, respectively,
results agree quite well with the self-consistent ones in the KTAE regimegcan be observed.
but do not exhibit the EPM destabilization.

: . : has been assumed for the real frequency. It is evident that,
KTAE (or TAE) and EPM are drastically different in nature. while the two treatments agree quite well in the KTAE re-

While the KTAE (or the TAB exists as a kineti¢or MHD) . s )
global mode and is affected by energetic particles in a perd™e: the EPM destabilization cannot be reproduced in the

turbative way[both the mode structure and real frequencyperturbat've framework.

. : : The results on the transition from gap mod&4aE’s and
are essentially determined by the MHD terms in B3], KTAE's) to continuum modeéEPM's) seem consistent with

the EPM exists only because of the energetic particle dynan}hose obtained by Santoro and Chen in the higlimit. ®

ics. | rowth, localization and real fr n re, in f . . L2
cs. Its growth, localization and real frequency are, aCt’Note that, on the basis of the present investigation, such a

determined by the competition between energetic-particl?ransition cannot be described as a smooth one. The coexist-

i i ing. In thi h . )
resonant drive and continuum damping. In this respect, t egnce of the two modes, with sharply different real frequen-
are not related to the presence of a frequency gap that, on the

contrary, is needed for the formation of MHD/kinetic global cies, can m_deed be observed in the transition regime, where
modes. the respective growth rates are of the same order. Figure 6

These features of the EPM strongly limit the validity of shows the time evolutiota) of them=2 component of the

any perturbative approach to the problem of the stability offluctuating scalar potential and the corresponding frequency
shear-Alfven modes. The results of “perturbative” simula- sp_)ric\:ltzrum(b)_ e}élr:OZtSha, folrfBH=0.0_24. NBgtLEF_)'lVI agd
tions, described in Sec. Il B, are compared with those of thé ~0 56.6I‘67\QIS| & Wlt' rlea requencies,~u.1a7, - an
self-consistent simulations in Fig. 4. The potential profiles"’fNSi'm”;r re,srﬁlisztielvfigﬁd i the case of hiaher—althoudh
#o(R) andao(R), adopted in such perturbative simulations g g

h i X ' still moderate—toroidal mode number In Fig. 7(a) the real
correspond tm=1 KTAE-like eigenmodes, and are ShOWN 4 ency and the growth rate of the most unstable mode at
in Fig. 5. A fixed valuew,=0.337,~ (Where 7p\=Rgy/v,)

different By values are reported as obtained from simula-
tions of the linear evolution of modes with=4. Poloidal
components withm ranging from 4 to 8 have been retained,
as they give rise, for the considergdprofile, to frequency
gaps in the shear-Alfwecontinuous spectrum properly con-
tained inside the plasma volume. Such continuous spectrum
is shown in Fig. 7).
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By t/a
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T FIG. 7. Real frequencyboxeg and growth ratecircles of the most un-
L L Lk L : L L stable mode at differeng,; values for linear simulations of modes with
L v 0810 002 04 06 va o810 =4 andm ranging from 4 to 8(a), and the corresponding shear-Alfve
continuous-spectrurtb). The real frequency fo8,;=0.02 is too low, com-
FIG. 5. Radial profiles of the scalar and parallel vector potential adopted irpared with the growth rate, to be appreciated from the numerical-simulation
the perturbative simulations, corresponding tonanl KTAE-like configu- results. Note that the threshold for the EPM destabilization is much lower
ration. than then=1 case.
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0.100 ample, have shown that the nonlinear interaction between
P two TAE’s can produce a ponderomotivid, x 6B, force,
which drives low-phase-velocity density fluctuations. Such
. “virtual” sound-wave-like fluctuations can transfer energy
to bulk ions through resonant wave—particle interactions
. . eventually leading to TAE saturation. Zoneaal 2®?” have
! oo e in turn shown that saturation can occur due to nonlinear
FIG. 8. Threshold3y value for the destabilization of the EPM at different modification of the equilibrium magnetic field and hence of
values of the toroidal mode number The results corresponding to=8 both ga.p and mode structures. . .
should be considered just as indicative ones, because of the reduced A different approach to the saturation problem consists
velocity-space resolution achieved in the corresponding high-spatialin investigating particle nonlinear dynamics. In fact, the
resolution simulations. scope of the present paper is to analyze these aspects. Thus,
we start neglecting all MHD nonlinearities, although the Hy-
By comparison with the=1 results, it can be noted that brid MHD-Gyrokinetic Code :_allows us to _simultaqeously
the destabilization of an EPM with real frequency deeplyStudy Poth mode-mode couplings and particle nonlinear dy-
inside the lower continuum and a sharply increasing grothq"’“‘n'CS on the same footing.

A7 ; ;
rate is observed, in this case, at much lower values,pfin Wu and coworker@ " and Borbaet al.™ have investi-
fact, for B,,=0.02, the real frequency is so low comparedgated particle nonlinearities through numerical simulations
with the growth rate, that it cannot be determined on thdPased on a Hamiltonian guiding-center representation of the
basis of the numerical-simulation resits particle motion. To the same purpose, Patlal®! have de-
The dependence of the threshedd value for the EPM veloped a hybrid MHD-gyquinetic code, conceptually simi_—
destabilization on the toroidal mode number can also be ag2' t© the code discussed in the present paper. Meanwhile,

49 H
preciated from Fig. 8, where the results obtained from simuJ ©do €t al.™ have adopted a hybrid MHD-Vlasov approach,

lations relative to the=8 case are also reported. It approxi- computing the energetic-particle distribution function in an
mately corresponds t6,, on~23 Eulerian frame, unlike the usual particle codes, which are
th '

L . : Lagrangian in nature.
We can analyze these findings in the light of what can be All of these authorgcf. also Ref. 50 found reasonable

argued on the basis of approximate theoretical consider- : : .
; TR agreement between the simulation results and the theoretical
ations. For the sake of simplicity, we assume that the con-

tinuum damping of the mode does not dependhothis is a ones, (_)bta_lned by Berk _and Bre'zm%'by assuming that
S92 : . : saturation is due to nonlinear trapping of the resonant ener-
good approximation only for the highly localized high-

modes, but it should not significantly affect our qualitative getliﬁgrltslglreks;rg(jthsrgigtrigtrl]f;l vnfnlcliglf g:] vt;l:VseL.Jmmarize d as
conclusions even if applied to the general case. As to th

energetic-particle drive, close to the threshold it comes out t?ollows. Let us define the wave phalgy, for a particle at

be proportional to B4.2° Furthermore, it has been the position ,9,¢) at the time:

shqwrf'zo‘zathat it grows linearly withn for low n values, W n=wt—mo+ne. (34)

while it decreases as 2 in the largen limit. By balancing

damping and drive termg,, can be predicted to decrease In the linear caséunperturbed particle orbitsthe resonant
asn~! for low-n modes and to increase a¥at largen. The ~ €nergy exchange between the wave and the particle takes
threshold,; value is then expected to reach a minimum atPlace in a radial shell centered around the resonant surface
some intermediate value of. Our numerical results show and qualitatively defined by the condition

that such a minimum is not yet reached upnte 8, so that

0.010 u

0.001

|48

m,n

highern modes can be expected to have an even lower ex- pr

citation threshold.
. .lt should alsp be observed, howeyer, tha‘g, due to Fh?/vith v, being the linear growth rate of the wave.
limited computational resources, the high spatial resolution When the nonlinear effects of the wave on the particle

required by these S|'mulat|0ns has be'en achieved at 'the EHiotion are included, two different kind of trajectories exist:
penses of the veIOCIty—spacg re;olutlon. Th? determlna'.uo%ilosed orbits for particles trapped in the potential well of the
of Fhe threshold then suﬁers,_ln this case, a hlghe_r NUMENCaYave and open ones for untrapped particles. Trapped par-
noise, and it should be considered just as indicative. ticles are effectively subtracted to the drive, because their
energy exchange with the wave is averaged to zero in the
back-and-forth motion along th#, , axis. The separatrix
Besides offering insight in the linear properties of shear-between the two families of orbits has maximum radial width
Alfvén modes, the hybrid MHD-gyrokinetic simulation al- proportional to the square root of the wave amplitude. The
lows us to investigate the problem of their nonlinear saturagrowth rate of the wave is then progressively weakened as
tion and, in particular, the related effects on the confinementhe amplitude increases. Saturation is eventually reached
of energetic particles. Several mechanisms have been proshen the separatrix width becomes of the same order of the
posed in the literature as possible candidates for explainingidth of the resonant shell defined by E§5). This condi-
the saturation of such modes. Hahm and Chefor ex-  tion can be translated in a relationship between the saturation

=, (395

V. NONLINEAR SATURATION
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FIG. 9. The maximum amplitude of the fluctuating radial magnetic field
versus linear growth rate for perturbativiill boxes and self-consistent
(empty boxesn=1 simulations, performed at different values@f . The FIG. 10. Time evolution of the amplitude of the mode for a perturbative
other parameters are the same ones considered in the rest of the paper. Framlinear simulation withyp=0.0173", 84=0.08 and the other param-
departure, at moderately high values, from the very-lowy, scaling of the eters as in Fig. 4.

saturated amplitude can be traced back to the finite mode radial width com-

pared to that of the resonance region.

lations, empty boxes to self-consistent ones. Only simula-
tions in the lowy, regime are considered. The fair
agreement between the two sets of results confirms the va-
lidity of the perturbative approach for this regime.

Two different sub-regimes can be distinguished with re-
spect to the saturation mechanism. At very low valuesg,af
saturation can be traced back to the trapping of resonant
) ) ) ) particles, discussed above, whereas effects related to the fi-
_ It_ is worth noting that, in f[he ab_ove model, partlclg CON- hite mode radial width begin to play a role at slightly higher
tribution is treated perturk_Jatlver, in th_e_sensg that it Onlyvalues ofy, , as discussed later. The first sub-regime can be
affects the growth rate, without determining neither the reakasily recognized by examining the findings of a typical per-

frgquency nor the mode structure, which can b? thought,aﬁjrbative simulation in such a sub-regime. Figure 10 shows
given by the dynamics of the core plasma. Consistently Wltl‘{he time behavior of the amplitude of the mode 16y,

this approach, Refs. 46—48 neglect the effects of the:0.08, YDZO_Ongl and the other parameters as in the

energetic-particle dynamics on the mode structure and on t_hﬁmulations considered in Fig. 4. After the initial linear-

zeroth-order _rﬁal frequency ind,.m faqt, obfta;:n resu_lts Irbrowth phase, the nonlinear growth rate progressively de-
agreement with E¢36). From the discussion of the previous creases and saturation is eventually reached. The time evo-

section, we expect that this perturbative approach is indeeld . . . =
. Co . utions of the radial coordinate and the parallel velocity)
d te f tigat th turat f th A .
adequate for investigating the saturation of the lewgap are reported in Fig. &) and 11b), respectively, for an en-

modes(TAE’s) or their kinetic counterpatKTAE’s). This ; oS .

is confirmed by the results of Refs. 49-51, which are ob.£rgetic particle initially satisfying the nearly-resonance con-
tained in the framework of self-consisteonperturbative Q|t|on, Eq.(35), with them=2 Compone”P purmg the whole
simulations applied to a gap-mode regime and do not signifil—Inear phase <1507, the particle orbit is almost unper-
cantly depart from the findings of the Berk and Breizmannturbed' The oscillation of the particle radial position is due to
model. At the same time it is worth pointing out that the the effect of th_e t_oroidal_ equilibrium. The_ _sign_ificant de-
(high-y, ) EPM dynamics, in which particle contribution is crease quH commd_es W'.th a strong mod|f|cat|(_)n of_the_
intrinsically nonperturbative, are likely characterized by aorlglnal linear evolution. Figure 12 shows_the trajectories in
completely different phenomenology and require a moreth? p(l)intigféi’r)' for thdezs&me<pta<rtg(:slg, n Lhe t|nt1et|r:1t(tar-
complete approach. In the following subsections this issue i¥2'S 7a (@ an A 7a (b) (note tha
further discussed by comparing the findings of nonlinear
simulations performed with the perturbative version of the |, )
hybrid MHD-gyrokinetic code with those obtained with the V| U ?

. 12 -
self-consistent one. 08 |

amplitude of the fluctuating radial magnetic field and the
linear growth rate. Berk and Breizmann foutfdjnder quite
general hypotheses,
6B,
Bo

xyf. (36)

0.6 1o
A. Gap-mode saturation

04

In Sec. Il B we have introduced a simplified, “pertur-
bative” version of the simulation code, which allows us to % e b
retain only the effects of the energetic particles on the growth , . | ! | ! ; !
rate of the mode, neglecting those on the mode structure and  °  * “° & & poomom
on the real frequency.

Figure 9 shows the maximum amplitude of the fluctuat-FIG. 11. Time evolution of the radial coording® and the parallel velocity

. . P ; ; (b) of a nearly-resonantwith respect to the componemt=2) energetic
Ing radial magnetic field, obtained at different values&pa‘ article, for the case of Fig. 10. During the linear-growth phase the orbit

and plotted versus the corresponding values Of_ the .”nea remains almost unperturbed. The saturation phase coincides with a signifi-
phase growth rate, . Full boxes refer to perturbative simu- cant alteration of the original evolution.
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FIG. 14. Energetic-particle line-density profile, in the same simulation as in
Fig. 13, att=30r7, (solid line), during the linear growth of the mode, and at
t=480r, (dashed ling after that saturation has been reached. No appre-
ciable modification can be observed.

FIG. 12. The orbit in the plane¥(, ,,r), for the same particle as in Fig. 11,
in the time intervals &t<284r, (a) (linear growth and 264r,<t
<5607, (b) (nonlinear saturation The ¥, ; axis is mapped onto the inter-
val 0=V, ;<4w. The particle is initially passing, but becomes trapped as
the mode reaches a certain amplitude.

off, and saturation is reached at almost constant values of
the two intervals are slightly overlapping-or the sake of 6B,|s:, irrespectively to the value of, .
clarity, the ¥, ; axis is mapped onto the intervak0Q¥, , Finally, it should be also observed that the scaling
<4. It is evident that, during the linear phase, the trajec-6B,|s, ¥, with @<4, obtained in the very-lowy sub-
tory corresponds to that of a passing particle, while, whemegime differs from thaf' reported in Eq(36) and obtained
the mode amplitude reaches a certain level, the particle bealso in Refs. 46—49. Although a thorough interpretation of
comes trapped, stops contributing to the drive and takes irthis discrepancy is still lacking, it is possible to conjecture
directly part to the mode saturation. that the finite growth rates considered here do not allow us to

Similar conclusions can be drawn, as expected, from thenake straightforward comparisons with the vanishingap-
results of the self-consistent simulations. In Fig. 13, the timgproach of Ref. 24. Note that also the results of Ref. 51 depart
evolution of the poloidal spectrum of the total fluctuating from the y? scaling as higher values of the growth rate
energy for 8,=0.02 is plotted. Figure 14 shows, for the (y, /w=2%) are considered, although those authors suggest
same case, the normalized energetic-particle line-density interpret such a discrepancy in terms of overlapping of
profile [crny(r)] at two different times in the simulation: multiple TAE's.
the solid line refers ta=307,, during the linear growth of
the mode; the dashed line te-480r,, after that saturation
has been reached. There is no appreciable modification in the
density profile, consistently with the conjecture of a “soft” 102
trapping mechanism.

For higher(although still moderajevalues ofy, , a sec-
ond “perturbative” saturation sub-regime can be identified. 104
In fact, the y, dependence ofsB,|,; tends to become
weaker, due to the fact that the radial width of the resonance
region(proportional toy, ) tends to exceed thiinite) mode 106
radial width. The fraction of resonating particles is then cut
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Uiy FIG. 15. The time evolution of the poloidal components of the total energy

(a), and the contour plot of the line-density in ther( plane (b) for a
FIG. 13. The time evolution of the poloidal components of the total fluctu- self-consistent simulation witj$,,=0.04 (EPM regime. Saturation occurs
ating energy for am=1, 8,,=0.02 self-consistent nonlinear simulation. because of an abrupt displacement of the energetic-particle population.
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FIG. 18. Fraction of the global energetic-particle population displaced out
of r=0.7a in self-consistent simulations with toroidal numhe+1 (full

FIG. 16. The line-density profile at=20r, (solid ling), during the linear  hoxeg andn=4 (empty boxes

growth of the mode, and at=407, (dashed ling after saturation, for the

simulation shown in Fig. 15. A macroscopic displacement of the source of
instability is observed.

formation of a sharp energetic-particle density gradient at the
_ plasma boundary. It also emphasizes that a consistent de-
B. EPM saturation scription of appreciable particle losses through the plasma
The investigation of the EPM saturation cannot, in gen-2oundary would require the inclusion of “external” poloidal
eral, be performed within a perturbative approach and refarmonics(with m/n=1>gq) coupled to the fundamental
quires fully self-consistent simulations. The time evolutionM=1,2 EPM components. This is, however, beyond the pur-
of the total energy for such a simulation f@,=0.04 is  Pose of the present analysis, which is mainly to point out that
reported in Fig. 16), along with the contour plot of the Significant energetic-particle redistributions are associated to
line-density in the {,r) plane Fig. 18). It can be noticed the EPM destabilization, and that these are responsible for
that, differently from the case examined in Fig. 13, saturatiorfn® mode saturation in the present picture.
occurs in coincidence with sudden displacement of the [ncidentally, we note that nonlinear saturation in our
source of instabilitythe energetic-particle populatipnthis ~ model for the EPM is steady state since we chose not to
macroscopic displacement can be observed also from Figlclude a finite background dissipation and a source term in
16, showing the line-density profile befofsolid line) and  the Vlasov equation for the energetic particles. Would have
after (dashed ling saturation, and can be traced back to theWe done so, we could recover “bursting” cycles of the EPM
secular radial drift that affects the energetic-particle motioninstability and of the associated particle los$&¥.
shown in Fig. 17 for a particle with initial radial coordinate ~ The issue of particle redistributions associated to EPM's
r=0.4a. is analyzed in Fig. 18, which shows the fraction of the global
The secular radial drift induced on the circulating par-€nergetic-particle population displaced out of a fixed radial
ticles in resonance with the wave is of the same type dis-
cussed in Ref. 52 for théishbonemode, although we are
reminded that fishbone oscillations are typically driven un-
stable by resonant interactions with the magnetically-trapped
energetic particles. Nevertheless, the analogy is worth being
drawn since Fig. 15 is clear evidence of the fact that the
secular radial motion becomes a larger at larger mode ampli-
tude, in agreement with the mechanism called “mode-
particle pumping” and discussed in Ref. 53. Furthermore,
Fig. 15 also indicates that the secular radial motion becomes
negligible for particles located at radial positions where the
mode amplitude is also negligib?&.This fact explains the

1.0

Zh
05 <
0 -
0 10 20 30 40
trp
0.5
! 1 1

FIG. 19. Time evolution of the=1 poloidal components of the total en-

o ergy (a), and contour plot of the line-density in thé, ) plane (b) for a
10 05 0 0.5 10 simulation analogous to that shown in Fig. 15, but including the MHD
R'a*‘o nonlinearities. An artificial viscous term has been introduced in the fluid

equations and a larger resistivity value has been fikg®R,/(a%v )
FIG. 17. Poloidal-plane projection of a typical energetic-particle orbit, with =107%] in order to prevent numerical instabilities due to the explicit char-
initial radial coordinate =0.44a, in the simulation of Fig. 15. acter of the nonlinear MHD terms.
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FIG. 20. The initial(solid line) and final(dashed ling line-density profile ~ FIG. 22. The initial(solid ling) and final(dashed lingline-density profile
for the simulation shown in Fig. 19. for the simulation shown in Fig. 21.

mechanisnsee Figs. 1) and 21b), and Figs. 20 and 32
Note that an artificial viscous term has been introduced in the
boxes andn=4 (empty boxesare plotted. fluid equations and a larger resistivity value has been fixed

2.\ —10-37 wi e
The inclusion of MHD nonlinearities is not expected to [ 7Ro/(8°va) =10""] with respect to the case shown in Fig.

appreciably modify these results. Indeed, it has beer}® in order to prevent numerical instabilities due to the ex-
showr?®27 that such nonlinearities mainly aI’ter the shear-Plicit character of the nonlinear MHD terms. The simulation

Alfvén continuum in the region close to the gap. Such guns over a time interval of the order of 5% of the resistive

modification can influence the continuum damping of gapt'me' and the related violation of the frozen-in flux condition

modes and, eventually, yield their saturation. The existencd'USt be taken into account in evaluating these results, which,
of EPM's and their dynamics are weakly affected by thehowever, should maintain their full qualitative validity.
presence of the gap; thus, we can guess that the EPM satu- In summary, several facts deserve to be emphasized.

ration mechanism, described here, remains effective even [firSt: the macroscopic displacement of energetic particles is
the MHD nonlinear terms are fully taken into account in the€Tectively caused by the EPM destabilization, as demon-

simulation. This seems to be confirmed by the resuilts showfit'ated by the high correlation degree between the displaced
in Figs. 19 to 22, where two simulations are compared, refraction and the linear-phase growth rate shown in Fig. 23.
spectively with and without MHD nonlinearities. Only the 'S confirms that low-growth-rate gap MOdEAE's and
nonlinear evolution of the1,0), (1,1), (2,1) and (3,2 har- KTAE's) and high-growth-rate EPM’s saturate because of

monics has been included, which is justified as it is discussef°MPletely d|f1;]ergnt dynamic b(?ha;]wors. o .

in Refs. 26 and 27. This choice allows us to take into account  >ccond, the inadequacy of the perturbative picture in
the main MHD nonlinear effects and, in particular, the con-4€scribing the EPM regime should suggest caution in con-
tinuous spectrum alteration in the gap region. No significanf!Uding. on the basis of perturbative treatments, that the Al-
difference can be appreciated for both the saturation lev en modes have little influence on energetic-particle trans-

[see Figs. 1@ and 21a)] and the particle-displacement port and confinement. . )
Third, a warning must be kept in mind for the results of

these self-consistent simulations, because deteriorated con-
finement properties are observed aboveghethreshold for

the EPM destabilization, which, in the=1 case, is unreal-
istically high (with the parameters considered in this paper,
Bulin=0.024). However, from thea=4 andn=8 results, it

is evident that such a threshold is characterized by a relevant
dependence on the toroidal mode number: in fact, in these
cases we find3|,~0.011 andBy|;»~0.006, respectively,
although the latter result should be considered just as an
indicative one. It has been suggested, in Refs. 55-57 that

position =0.7a, in this casg Results obtained in self-
consistent simulations with toroidal number=1 (full

0.6
o
0s |
s n=1 -
S04k ~ ]
[ ]
o~ \
Zlz 03| n=4
N’
02
o
R -
"
0 10 20 30, 40 [=_2} i 1 1 1 1
A 0 0.2 04 0.6

LTA
FIG. 21. The same as Fig. 19, without MHD nonlinearities. No appreciable
difference is observed in the saturation mechanism in the two cases. NofelG. 23. The same quantities of Fig. 18 plotted versus the corresponding
that the simulation differs from that of Fig. 15 only for the inclusion of a values of the linear-phase growth rage. A high degree of correlation is
viscous term and for a larger resistivity value. observed.
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