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Introduction

In ITER and future fusion reactors, the control of the curnerofile could be essential to sustain
high performance plasmas. For hybrid and reversed sheaarsog, a possible option is to use Lower
Hybrid (LH) waves, taking advantage of their efficient offisacurrent drive capability. However, initial
difficulties to couple LH waves in plasmas with large ELMs haade it a lower priority for first ITER
operations. Nevertheless, recent coupling of LH waves ih Bigh performance plasmas has been a
success. Furthermore, many collaborations on this subpaa led to a better understanding of LH
physics together with the development of high performankeldunchers, as emphasized in [1]. An
important issue is to find a suitable frequency of the lauddtd waves, in order to limit the amount of
LH power parasitically absorbed by fusion-born alpha phas, but using generators of reasonable cost.
Another issue of this parasitic absorption is the possibten&tion of a high-energy tail of the alpha
particle distribution function, which could lead to enhaddast particle losses and therefore damage to
the tokamak first wall.

In order to study these issues, finite orbit width effectsehi@mvbe taken into account accurately to
evaluate the radial distribution of alpha particles. Suahadelling is essential since LH waves are
mainly absorbed at the edge of the plasma. Therefore, sefiistent simulations have previously been
carried out [2] by coupling the SPOT orbit following Monte i@acode [3] with the DELPHINE ray-
tracing / Fokker-Planck package [4], to simulate the pragiag and absorption of LH waves inside
the plasma. This study indicated that the interaction bemwedpha particles and LH waves could be
acceptable in ITER down to LH frequencies of 3.7 GHz.

However, effects like magnetic field ripple or interactioithyplasma instabilities could lead to a
further broadening of the alpha particle density profila] #s increase the parasitic absorption. This
paper presents the first attempts to quantify each of théeeteffor the main scenarios foreseen for
ITER, i.e. standard H-mode, steady-state and hybrid sicenar

Magnetic field ripple

The finite number of toroidal field coils in a tokamak (18 caile envisaged for ITER, see e.g. [5])
leads to a ripple in the magnetic field, i.e. a periodic variaibf the magnetic field in the toroidal
direction. This leads to two different fast particle trampeffects:

e Ripple well losses:

One can define the parameter= B%Né, whereB andBg are the magnetic field and its component
in the major radius respectively is the number of toroidal field coils antthe ripple magnitude (of
the order of 1-2% at the edge of ITER plasmas). The conditicnl delimits the ripple well region,
i.e. where particles may be trapped into local toroidal svétbr fast ions the most important process is
collisionless trapping [6], which takes place when theingrpoint of poloidally trapped particles is in
a region wherey increases along the grad-B drift direction of the ions (deards in ITER), i.e. when
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dv/dz < 0. The uncompensated grad-B drift of ripple well trappedsitgads to rapid losses of them.
The ripple well region and the region whete/dz < 0 are displayed in Fig.1.
The overlap between both regions (in red in the figure) rep-

resents the area where particles, trapped in ripple wedige h 4 ‘ NN
a high probability of escaping. However, owing to the down- =y
wards particle drift, most of the particles inside this oegi 30|

tend to reach the good confinement area before being lost. -
Therefore particles whose banana tips are in the regionewvher

v > 1 anddv/dz < 0 are not considered as directly lost, butg’
simply vertically shifted towards the magnetic axis, to@ott N Oy

for the enhancement of their drift motion by ripple wells. 1 \\ 7#&]0-5
-1l /1O
¢ Ripple stochastic diffusion: -2 % <0 |
z
The magnetic field ripple affects the orbits of fast ions even N Region of
-3 k ripple well]

in the regions without ripple wells. The perturbations doe t , losses
the field ripple tend to accumulate near the turning points of 4 6 8
trapped particles, leading to a spatial displacement ofatie _ R (m) i i i
. ) ) ) .. Figure 1: Plasma poloidal view; iso-
ter. For sufficiently energetic particles the turning paiig- . . .
C —ripple lines are displayed, as well as the
placements become uncorrelated, resulting in stochaiftic prle well region ¢ > 1, in yellow),

fusion [7]. This stochastic diffusion can be representethey 51 the region where trapped particles

following accelerated Monte Carlo operator [8]: tend to escaped{ /dz < 0, in blue).
oD}y
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WhereD;‘fgJ is the stochastic diffusion coefficient,andv, are the particle velocity and its perpen-
dicular component respectivelg,is the safety factorz the vertical coordinate of the particlé,is a
random number with a zero mean and unit variance, unifornslyiduted in the rang{a—\/:_%, \/§], and
K the ellipticity of the plasma. Coefficient§°" andI! represent the decorrelation between steps in

successive bounces, associated with stochastic diffasidrecollisions respectively (see e.g. [9]).

Anomalous alpha particle transport

Recent studies have shown that alpha particles may intetiemigly with core ITG turbulence in
ITER [10], leading to strong turbulent fluxes. This kind ofdraction could lead to a widening of the
alpha distribution function. In order to quantify the maxim tolerable magnitude of fast particle trans-
port, with respect to the parasitic absorption of LH waveslpha particles, a simple radial transport
operator has been added, as shown in Eq.2:

_19
- /gov
where, /gis the jacobian of the coordinate transformatigtis the poloidal magnetic flux coordinate,

D2Y is the diffusion coefficient expressed as a function of¢heoordinate At is the integration time
step,Ng is the factor related to the acceleration of the Monte Caplerators (i.e. one simulated orbit

(/D) Naget + & 1/ 2DEENaceAt, )
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represent®N,c orbits in reality), andAW the radial transport of alpha particles induced by the péasm
turbulence. Usually, the radial diffusion coefficient ipeassed as a function of the plasma minor radius
coordinater rather than théV coordinate; in the approximation of a plasma circular geoynene can
consideD¥ ~ DI | (%—T)z.

Simulations have been carried out with the following anamaltransport diffusion coefficients:
DI, = 0.1; 0.5; 1n¥/s. These ad-hoc values cover the range of thermal pantasgort. Hence, the
valueDY, = 1n¥/s can be considered as an upper limit for fast ion transport.

Results

Magnetic field ripple and anomalous transport affect théalparticle density profile, leading to a
variation of the LH damping on alpha particles. The regiomtd#rest to study this effect is the plasma
edge, owing to the low penetration of LH waves inside themkaé&ue to the high electron temperature).
Resulting alpha particle density profiles are shown in Figt 1y = 3.7 GHz, for the three considered
ITER scenarios. As can be seen, the only case in which tha pipfticle density increases significantly
at the edge is the steady-state scenario, in the presenc@migious transport (only the profiles with
DI, = 1m?/s are shown here). This is probably due to the higher gradighe alpha particle density
profile at the edge of the plasma, leading to an increasetidd@asion.
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Figure 2: Alpha particle density profiles fdry = 3.7 GHz, for the three ITER scenarios: without
ripple nor anomalous transport (reference, in blue); witlgnetic field ripple only (in green), and with
anomalous transport only (wid}, = 1m?/s, in red) The colored area represents the region where LH
power is absorbed by alpha particles.

The resulting LH damping on alpha patrticles, fipry = 3.7 and 5 GHz, is presented in the table 1
for magnetic field ripple, and in Fig.3 for anomalous tramsp®hese results show that the magnetic
field ripple does not increase the damping of LH power on af@réicles, whatever the LH frequency.
It is even slightly reduced, due to the larger alpha partm$ses coming from the plasma edge. These
losses are presented in the table 2. They increase sigiifidgarthe presence of magnetic field ripple
and anomalous transport, both fipry = 3.7 and 5 GHz. This can lead to a further damage of the first
wall, but this is beyond the scope of this paper. On the othedhregarding the effect of anomalous
transport on the LH absorption by alpha particles, signifiadifferences are observed with both LH
frequencies. In the case of the steady-state scenario iprésence of large anomalous transport, the
parasitic absorption can reach potentially unacceptahleld, i.e. around 8% witli y = 3.7 GHz,
while it remains below 1% withf 4 = 5 GHz. However, as stated previously, this diffusion coedfit
is rather unknown for fast particles and may be much lower.ifstance, forD},, = 0.1m?/s, this
absorption is of the order of 2% fdyy = 3.7 GHz, which remains negligible as well.
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LH filn =3.7 GHz fih =5 GHz Alpha fin =3.7 GHz filh =5 GHz
absorp- WO with wo with power ] with wo with
tion (%) || ripple | ripple || ripple | ripple losses (%) || ripple | ripple || ripple | ripple

Hybrid 0.6 0.5 0.04 | 0.04 Hybrid 0.6 31 056 | 3.0
H-mode | 0.08 | 0.07 || 0.01 | 0.01 H-mode 04 2.3 041 | 23
Steady 18 19 0.06 | 0.06 Steady 0.1 6.7 012 | 6.6

Table 1: Percentages of LH power absorbed Byble 2: Percentages of alpha power losses, for
alpha particles, for each ITER scenario, with angiach ITER scenario, with and without anoma-
without magnetic field ripple, fof_y = 3.7 and 5 lous transport, foif 4 = 3.7 and 5 GHz (without

GHz (without anomalous transport). anomalous transport).
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Figure 3: LH power asborbed by alpha partlcles as a functfdhe)anomalous dn‘fusmn coefficient,
for the three ITER scenarios, both foy = 3.7 and 5 GHz (without magnetic field ripple).

Summary and conclusion

New SPOT simulations have been carried out, accounting &gnetic field ripple and anomalous
alpha particle transport, using a simplistic model for thigel as a first step. The results show that, as-
suming an anomalous transport diffusion coefficient in trege[0.1— 1] m?/s, the parasitic absorption
of 3.7 GHz LH power by alpha particles may become significanttie ITER steady-state scenario
(between 2 and 8%). However, as the anomalous fast ion warnisghardly known, this absorption is
probably overestimated. Furthermore, for all other sdesathe LH parasitic absorption remains neg-
ligible (<2%). On the other hand, fdiy = 5 GHz, this absorption is negligible, whatever the scenario
is. Regarding the magnetic field ripple, present simulatisinow no increase of the LH damping on
alpha particles, whatever the LH frequency is. As a consezpjehe use of 3.7 GHz klystrons in ITER
cannot yet be ruled out. Furthermore, 5 GHz would be more shéficient for all scenarios.

Present simulations indicate that both anomalous alphapmt and magnetic field ripple enhance
the alpha patrticle losses, for both LH frequencies. This leag to an increased damage to the tokamak
first wall. Therefore, further studies will be essential tloleess this issue.
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