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Abstract. High power ICRH produces fast ions with wide non-standard orbitsch in addition to heating the
plasma can enhance the fusion reactivity, drive currents, induce plasat@mceand affect the stability of MHD
modes. The latter effects are sensitive to the details of the distibfunction. A method to self-consistently in-
clude excitation of Alfen eigenmodes with respect to mode amplitude and particle distribwnden developed
and implemented in the SELFO-code, which consists of the Monte CaréoF@D for calculating the distribution
function of the heated ions and the global wave code LION for calculatiagvave field for ICRF. Oscillations of
the MHD mode amplitude, consistent with the experimentally obsemiétisy of the mode frequency, are found.
Numerical simulations are also consistent with the experimentally wbdéast damping of the mode as the ICRH
is switched off.

1. Introduction

ICRH is a versatile heating method that cannot only provide heating but also enfuesnan
reactivity, drive currents and induce plasma rotation. Global&ifeigenmodes, GAES, excited
by cyclotron heated high-energy ions are frequently seen during ICRH experimgotstign
of GAEs by ICRH has been proposed as a method to simulate GAE excitation bythesi@ar
alpha particles. GAEs flattens the distribution function of the heated ion§iatphase space.
Since the performance of ICRH is sensitive to the details of the distributienpresence of
GAEs may affect the performance. In general the effect of a single GAE odishéution
function is small, since the regions in the phase space where the wave patéchetions are
resonant are rather narrow. However, the effects on the distributionidanahd the mode
amplitude can be significantly increased when the resonant regions of sevesadl@GGAES
overlap. It can even lead to direct losses of fast ions as they are aisptautwards and their
orbits are intercepted by the wall.

There is a significant difference between excitation of GAEs by cyclotroretiefast ions
and thermonuclear alpha particles. ICRH does not only produce peaked density profiles of
anisotropic high-energy ions with wide trapped or non-standard drift orbits, whichldlest
the GAEs, but it also decorrelates the interactions with GAEs and ihargatores the distribu-
tion function. The decorrelation of MHD resonant ions is an important effect gitesals to an
effective broadening of the MHD resonant regions in phase space, and hence itioeeasgy
transport, the saturation level of the MHD mode and the number of regions wittappéry
modes. While decorrelation by Coulomb collisions is most important for the lowggnens
since the collision frequency decreases with energy, decorrelation by itmiroycinteractions
increases with energy and is therefore most important for the high-energy ioch, iwigeneral
are also responsible for the excitation of the GAEs.

Splitting of the mode frequency of the excited GAEs are frequently seen duringl [CR
A simplified theoretical model of the non-linear dynamics of the interactions leetVEGAES
and fast ions [2, 3, 4] describes the experimental results rather well [THg.key quantity
determining the dynamics in this model is the normalised renewal rate of thdulisin func-
tion, v = v.ss/v, Wherey,; is the effective collision rate restoring the distribution function,
Y = Vinear — Vdamping 1S the net growth ratey;,.., the linear growth rate ang,,pin, the
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background damping rate caused by resistivity, electron Landau damping etcH@é]madde
splitting is interpreted as an oscillation of the mode amplitude, which prexagemetric side
bands in the frequency spectrum of the Fourier decomposed time evolution of the mode. Thes
side bands are centred at the mode frequency with shifts, corresponding to tlaios@kriod
of the mode amplitude, which are given by an effective collision frequencyy4huch larger
separation of the side bands is seen in experiments than can be explained by Callisiobhs

[4].

When the ICRH is turned off in experiments it is observed that the mode amplitedeades
on a time scale much shorter than the slowing down time [1].

In order to make detailed studies of the GAE dynamics during ICRH the SELFO useie for
calculating the distribution function and the wave field self-consistehtting ICRH including
finite drift orbit width effects, has been upgraded to treat the interactigins®AES [7]. Ex-
citation of toroidicity-induced Alfen eigenmodes, TAES, by cyclotron heated fast ions studied
with the SELFO code demonstrates good agreements with experiments on thé@epathe

side bands and the fast damping of the TAEs when the ICRH is turned off.

2. Wave-particle interaction

The guiding centre orbit of a charged particle can be defined by the invariants afubBomn
of motion. The changes in these invariants due to interactions with GAEs areeubiay
integrating the equation of motion along the orbit. In absence of decorrelations syors|
or interactions with other waves the guiding centre orbit invariants wilteteea non-linear
superadiabatic oscillation in phase space. In the s@cE,, 1) for axisymmetric plasmas, the
superadiabatic oscillation of an orbit will take place near its resonaioce & characteristic
defined by

AP, = gAE 1)

and
Ap =0, (2)

whereFE is the energyP, = mRv, + eZ ¥ the canonical toroidal angular momentuinthe
poloidal flux andu the magnetic moment. The maximum and minimum values of the energy of
aresonant ion during these superadiabatic oscillations along the MHD chatictatepend on

the amplitude 4, of the GAE and on the non-linear bounce frequengy s, With wy . oc A'/?

[8]. Decorrelation of the MHD interactions results in a diffusion procesk@fdlistribution func-

tion along the MHD characteristics. When the decorrelation time is mgties than the non-
linear bounce time, the boundaries in enegy,,, and E,,,..., of the resonant regions in phase
space are determined by the resonance conditiop — mwy — wt £ 27ny /)74 < 27, Where

wy IS the toroidal angular frequenay, is the poloidal angular frequenay,is the frequency of

the modeyn andm are toroidal and poloidal mode numbersjs the poloidal bounce time,

an integer representing higher harmonics anthe decorrelation time. Phase decorrelation, as
the guiding centre moves along its orbit, occurs due to changes of the invariantéisigresbr
interactions with other waves, such as magnetosonic waves used for cycloatorgh& hese
changes of the guiding centre move the invariants to a new orbit, on a neighbouring GAE cha
acteristic in the phase space, with a different orbit time and hence vdiffieaent frequency.

As the time passes the phase between the guiding centre and the GAE stafts foodif that

it would have had if it had continued along its original characteristic. Adtaumber of such
interactions the phase of the guiding centre orbit relative the wave phase withemt the
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scattering away from the original characteristic in phase space for tliei@aractions can still
be small. The phase decorrelation time by ion cyclotron interactions and Coutdlisinas is
given by

3-2m 3)
oFEG? + 6EEGY + 6N GR
wheres”/1”2 is the time derivative of the covariance of the invariahtand./, caused by the op-
erator denoted by the subscript, whééeandC' denote ion cyclotron interactions and Coulomb
collisions respectively.GG is the derivative of the change in phase angle in the direction de-
noted by the subscript, whereis along the characteristic of the ion cyclotron interaction and

3 _
Tqg =

When the resonant regions of GAEs with different toroidal mode numbers or frequeneres o
lap the diffusion in phase space becomes two dimensional, resulting in lagiens where the
distribution function is flattened.

The change in energy due to interactions with an MHD mode for which the magneticrmhome
is conserved is given by [9].

dE 0By
& eZE, - 4
i e 1°Vao + 1 BT ( )

whereE, = —&, x By is the first order electric field;, the first order plasma displacement and

B, the zeroth order magnetic field. The zeroth order drift veloeity, is caused by gradients

and curvature oB. In general there are several resonant regions in phase space in which the
variation of the change in energ¥.F, of the particle due to interaction with the MHD mode has

a rather complicated behaviour, sometimes separated by a surfaceAhier@nishes causing
boundaries even in the resonant regions. Mode excitation can appear when thetaistfilmc-

tion increases with energy along the GAE characteristics in some pét oésonant region in
phase space. For excitation it is necessary that the net growth of all regtdpeattions exceed

the damping of the mode by other effects such as resistivity, electron Landaindpgetc, here
referred to as background damping. In general the distribution function will beaksng with
energy along a set of characteristics in one or several resonant regions, myadintrinsic
damping stabilising the mode, and along other characteristics increasmgmeitgy and hence
destabilising the mode. An unstable mode will then first grow while flatteningligtebution
function in the unstable regions and thereby reducing the free energy and possibleafrtiet
mode. In absence of the background damping and the intrinsic damping the mode amplitude
will saturate at a finite level. As the energy distribution flattens imtlost unstable regions the
drive weakens and the stabilising effects in other parts of phase spdde dtaminate, resulting

in a damping of the mode while locally flattening the distribution function along liaeacter-

istics also in the stable regions. Thus even in the absence of background dampirgdthis m
expected to be damped. It is therefore important to include the interactionswhtie phase
space when studying the dynamics of GAE mode excitation. To allow self-consssbeins

of the GAE mode dynamics during ICRH the ICRH code SELFO has been upgraded to also
include interactions with GAEs [7]. This has been done by including the changes in the orbi
invariants caused by the MHD interactions in the Monte Carlo code FIDO [To¢hwdescribes

the evolution of the distribution function of the cyclotron heated ions and at the thameal-
culating the corresponding change of the amplitude of the GAEs. The invafiants, A) are

used in the SELFO code. The displacemgnin Eq. 4 is obtained either by solving the lin-
earised MHD equation with the LION [9, 11] code or from a model [2]. The increrfeerthe
change in energy)\F, is obtained by integrating Eq. 4 over a decorrelation time and depends
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on the phase between the guiding centre of the resonant ion and the wave. The chamge in
related to the changes in energyhy\ = AAE/E.

3. Results

The effects of the decorrelation of the wave-particle interactions by IGRkEhe dynamics of
the GAE excitation is studied with the SELFO code for a JET-fkeninority heating scenario
with 5 MWW of ICRH power atb1 M H z with +90° phasing between the currents in the antenna
straps in a plasma with circular cross section,= 0.9 m, Ry = 2.97 m, ng/np = 0.04,

np =2x 10" m™3, Z.;y = 2.2, T.(0) = Tp(0) = 10 keV, By = 3.45 T andI, = 2.6 M A.

The distribution function off ions in absence of GAEs is first computed. The dynamics of an
unstable TAE, illustrated in Fig. 1, is then studied for three cases usirginipdified model of

the mode given in Ref. [2]: in absence of collisions and ICRH; with collisionyg;and with
collisions and ICRH. The simulations give for the three cases an almostadenitial growth
ratey = 3.8 x 10* s~1. For a mode frequency of = 1.45 x 10% s~! we obtainy/w = 2.6 %.
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Figure 1:Evolution of the TAE mode amplitude, dotted line withoulisiohs and ICRH interactions,
dotted dashed line collisions only and full line ICRH intetians and collisions.

When the mode grows the distribution function in the high-energy regions in phase space i
flattened along the MHD characteristics, resulting in a weaker dfiee interactions in the
regions in phase space where the resonant ions have lower energy become more important
If the local distribution function decreases with energy along the MHD chexiatics these
interactions will then damp the mode on longer time scales. The intrinsic damgti@gn
absence of collisions and ion cyclotron interactions becomes 1.4 x 10* s, vy/w = 1 %.

In absence of mechanisms restoring the distribution function, such as colligimmscyclotron
interactions, the mode will be damped out by the intrinsic damping even in the absfeaice
background damping. The presence of ion cyclotron interactions and Coulomb collisions will
restore the unstable regions in phase space with new ions entering the resonantaegjions
removing ions from them. The new or lost resonant ions can either damp or excite the mode
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depending on where in phase space they enter or leave the resonant regions. Whetbdethe m
is damped or excited depends on the gradients along the characteristics outsielsotient
regions. The simulations demonstrate that the initial growth rate is not samtificaffected

by Coulomb collisions or by ion cyclotron interactions. However, the damping thigeinitial
excitation depends strongly on the decorrelations. When collisions are includedntpeénda
rate increases t9; = 2.1 x 10* s~! while collisions and ion cyclotron interactions together
decrease the damping ratejtp= 0.7 x 10* s~L.

As the particles are heated by ICRH and enter the resonant region they anemlghksplaced
outwards with respect to minor radius while transferring energy to the mods.nfdy lead to

an oscillation of the mode amplitude, or rather bursts of GAE mode activitye siecflattening
and restoration of the distribution function take place on different timkescd@he initial con-
dition of starting the GAE simulation with a preheated distribution functifiact essentially
only the first GAE burst. In the following bursts the distribution function igtiply restored

by collisions and ion cyclotron interactions. That the growth and damping of the Gédem
take place on the same time scale hints that the unstable GAE mode takes wftheha-
ear growth rate just exceeds the background damping as assumed in the model byaerk e
[2]. If we exclude ICRH interactions in the simulation the distribution fumetbecomes more
slowly restored by collisions alone resulting in less frequent bursts of @GA#e activity. The
infrequent bursts give rise to a frequency splitting of the Fourier decomposedigpendent
wave field. In absence of ion cyclotron interactions the typical period of the flumhseof the
mode amplitude becomds5 ms, corresponding ta\w = 27 x 6.7 x 10? s~1. When both
ion cyclotron interactions and Coulomb collisions are included the resulting pegtaceen the
bursts decreases o5 ms, corresponding ter = 27 x 2 x 10® s~1. The variation of the mode
amplitude in the time interval to 4 ms is shown in Figs. 2(a) and 2(b) for the two cases and
the power spectrum of the side bands in Fig. 3.
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(@) Including ICRH interactions and (b) Including only Coulomb collisiong <
Coulomb collisions? < t < 4 ms. t < 6ms.

Figure 2:Oscillation of the mode amplitude.
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When the ICRH is turned off @t = 10 ms the mode amplitude damps rapidly, as can be seen
in Fig. 4 with a damping rate; = 0.9 x 10* s~!. Decorrelations by collisions will still cause a
flow of particles through the resonant regions.
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Figure 3: Power spectrum of side bands with Figure 4: The evolution of the TAE mode am-
collisions dashed line, both collisions and ICRH plitude when ICRH and collisions are included.

full line. ICRH is turned off at 10ms.

The excitation of a single TAE mode resulted in a change of the fast particlgyer@mntent with
only 1 % after10 ms of mode activity. The results are within the noise level and for interaction
with a single mode no significant effect can be seen on the heating.

4. Conclusions

A model allowing self-consistent studies of the effects of decorrelation€Byland Coulomb
collisions of ions interacting with GAE modes has been developed and implemiantiee
SELFO code taking into account the complex structure of the resonant regions in phase spa
[7]. The variation of the distribution function produces regions destabilising taiilising
GAEs. A typical intrinsic damping rate of about’ is found, comparable with the damping
by resistivity and ELD and the growth rate of the GAEs. The decorrelatioasbifarticles and
the restoration of the distribution function by ICRH have a strong effect on thewlgaaf the
modes. Particles are constantly pushed in and out of the resonant regions, leadaygémic
course of events of the mode amplitude. The typical oscillation period, which is @frties

1 ms, of the mode amplitude is seen to decrease with increasing decorrelati@Rby ivhich

is in agreement with experimental observations [4] and numerical simulglidan$3]. The fast
decay of the TAE-mode, which is observed in experiments as the ICRH is turfjad also
reproduced in the simulations.
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