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Alfvén Eigenmode stability with beams in ITER-like plasmat
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Toroidicity Alfvén Eigenmodes (TAE) in ITER can be driven uaislie by two groups of
energetic particles, ttie5 M eV a-particle fusion products and the tangentially injectédel
beam ions. Stability conditions are established using g@reupbative NOVA/NOVA-K codes
[1, 2]. A quasi-linear diffusion model is then used to assbssinduced redistribution of
energetic particles.

1 ITER plasma modeling

Equilibrium plasma profiles of an ITER
nominal discharge are calculated by TRANSP
code [3] and are presented in Fig. 1 plot- ,
ted as functions of minor radius variabléa. ;L 7/
The plasma parameters are: the major plas- 7
ma radius,R, = 6.2m, the minor radius, .7
a = 2m, the deuterium negative NBI in- ;- | e R
jection power at energy,y = 1MeV, is - TN
Pypr = 33MW, the vacuum magnetic field
on axis isBy, = 5T, the total central beta N
is By = 6.7% and the central ion and elec- 0.2 0.4 0.6 0.8

tron temperatures arg, = 19.5keV, and r/a . )
T, = 23.%1:@1/. TRA[\IFFLSOP simulatfons usedF!G- 1: ITER plasma equilibrium profile of the

NBI applied tangentialy\Z = 0.55m be- P€am betds, the fusion alphas betd,, the
low the magnetic axis in the baseline cas§afety factog, and the electron density.
Three addition configurations have been studied with the sdasena beta: af;, = 19.5keV
with on-axis andAZ = 0.35m NBI; and atT;, = 25.3keV on-axis NBI.

2 NBlion anisotropic distribution function

If NBI generates a narrow pitch angle distribution it is meakas follows. The distribution

has the form, £ (x) '
Jo= mc(var)a if v < v, (1)

N C3) NN S Ry h(10"er®)

and f, = 0if v > vy, Wheref, (x,v,7) = e X%/ = v /v is the taken in the
equatorial plane at the low field sidB? < x2 is assumed. In this formubiy is the width of
the pitch angle distribution function, is the conventional critical velocityy, is the injection
velocity, C (v, r) is the normalization function. lons injected in the passiegjon parallel to
the current flowy, > 0, while the trapped and the counter-passing particles omdg aue to
Coulomb collisional scattering. The pitch angle width(v, r) changes due to the Coulomb
scattering [4, 5] with the diffusion coefficient given By, ~ v3/v*7,. Simultaneously as
the ions slow down due to velocity drag we fintl= (v3 + vj) e =3*/7 — 43, wherer,, is the
ion slowing down time due to collisions with electrons. At a giveffior a particle injected at
velocityvy,. the pitch angle width is broadened according® = 6x2 + [{ D..dt, wheredx,
is the initial width due to ion finite orbit width (FOW) and plaaraspect ratio effects. Thus it
follows that the width is given by

1 [03 (14 v2/vy)

5x*(v,r) = dxp — 3 In e

(2)
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The center of the pitch angle Gaussian distribution fun¢tigyy is computed by taking
the first moment of the numerical distribution function gexted by TRANSP. In the case
analyzed we obtainegl, ~ 0.8 near the region of interest. i.e./a ~ 0.5 andx, does not
change significantly in the vicinity of the TAE location.

14 . : —— If the pitch angle width becomes large,
i the abovey dependence of the distribution
function needs to be modified to account for
particle scattering into different regions.Con-
sider three regions:(I) co-passing wijth, <

x < 1, wherey,, is the pitch angle at the
separatrix between the co-passing and trap-
ped ones; (II) trapped;- < x < Xsii
and (Ill) counter-passing1 < x < xs_,

. where y,_ refers to the separatrix between
R oy — s the counter- passing and trapped regions. In

FIG. 2: Results of modeling of the beam iofin€ case of alarge aspect ratio plasgpa =
pitch angle distribution function as given by Xs— = V/2e. Particle conservation requires
Eq.(4) (curve 4) and its comparison with théhat the fluxesl in and out th,e separatrix re-
TRANSP simulation (curve 5) for parameter§!on are equaf’ (xs+ +€) = ' (xs- —€) +
5x = 0.3 andr/R = 1/6. Also shown are T2/ (Xs+ — ¢) with the trapped ion distri-
different terms for region I: curves 1 and 2 corPution function inside the region Il even in
respond to first and second terms in the right , , ,
hand side of Eq.(3), whereas curve 3 is the ap- Since the possible pitch angle range is

solute value of the sink term (second term dfounded byx| <1, image particle sources
Eq.(4) for region I). can be introduced in order not to have diffu-

sive fluxes at the boundaries. In that case the
distribution function satisfies the physical requiremerzeyo derivative at the boundary
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Fer () = d(x) = e X /0 1ol 2hx0)/0x*, 3)

where two terms correspond in the right hand side correspoadrizes 1 and 2 shown in Fig.
2. Since patrticles are diffusing out of the region | an imaig& seeds to be introduced. For
the regions Il and Ill image sources adequately represerdgdtution so that finally we obtain

d(x) — 30(2xs+ — X), regionl
fo=3 (=) +36(0), 1T . (@)
%¢(2XS+ +x), 117

The procedure described is valid for a broad range of pitgieawidths and the truncation
only becomes invalid at low velocity when it is necessary tooaat for collisional fluxes
resulting from multiple reflections from the confinement bdaries. But in our analysis fast
ions at energies such that > 1, are typically not in resonance with TAE.

3 NOVATAE stability analysis

The NOVA-K hybrid code predicts = 10 TAEs to be one of the most unstable in the
nominal normal shear ITER plasma if both the alpha partigleand beam ionys.q.,, drives
are combined [6]. The various damping mechanisms thatfgigntly reduce the drive are ion
Landau dampingy;r.nq, radiative dampingy,.q, and trapped electron collisional damping,
Yecotl» Wherey is an imaginary part of TAE mode frequency, which describesithe evolution
of the perturbed quantitiescp (—iwt). Table 1 gives the growth and damping rates for the
most unstable TAE in case 0f55m off-axis NBI. Though the beams are at lower beta value
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than the alpha particles, their drive is comparable duedo Hnisotropy at a fixed energetic
particle energy density.

The sum of damping and drive terms is plotted

0.6 " Iiig:g iin figure 3 versusAZyg;, which is the vertical de-
- ¢ ° viation from the magnetic axis of the beam injection
0.4 . * line. The mode frequency is normalized according to
S * Q= waq Ry/vag, Wherev, is the central Alfvén ve-
3% llocity, ¢; is the edge value of the safety factor. The
= O UnStable more the beam is directed off-axis the stronger the
. stable drive is. This is because during the on-axis NBI, beam
0ol * lion beta builds up near the plasma center, where the
ion Landau damping is very strong. With the off-axis

01 0 o1 Oizz(mf))é *oa o5 NBI the region of the strong b_eta gradient_is shifted
FIG. 3: Foundn = 10 TAE growth Outward to the middle of the minor radius with strong
rates as functions of NBI impact padrive and weak damping. At the higher ion temper-
rameterA 7. ature case7;, = 25.3keV/, the fusion beta is larger
which enhances alpha particle destabilization of the
TAE instability. However even in that case, whékg ~ 1.33%, the pure fusion alpha-particle

instability seems to still be marginally stable.

- Fle-2
With NBI present, the instability drive is 0'015
strong enough to cause instability, with the  0.00s 1
growth rates for the most unstable mode at ] ple=s
vy /w = 0.55%. Contribution to the drive 9% 7
from alphas or beam ions is typically- 3% 0.004 1 Fle-4
and as it is comparable to the damping rate 1
the perturbative approach we use seems ad- 0.002 l1e-5
equate. As the numerical results show most

unstable TAEs are located in the Alfven con- 0 02 04 , 06 08 1
tinuum gap with only a weak interaction withe|G, 4: Alpha particle beta profiles: initigf,,
the continuum. At that point its amplltude'lsand reconstructed 3, o1, Using the local crit-

small which means that continuum dampln%al beta from Eq.(5). Beta profild,, is ob
. . al -

Eu?)é??ﬁcteegl?tszgs leéle[ZBS\]/QsAse?;uggtéﬁined with the critical beta from Eq. (5) multi-

the neutral beam current drive, there is a lo ied by 0.7. All the profiles are shown in linear

shear region a0.4 < r/a < 0.6 near the and logarithmic scales.

mode resonance with the Alfven continuum, where 0.3. This implies that the “propaga-
tion” of TAE “couplets” into the center can be weak, with the destilow continuum damping
v/w < 0.001 [8].

QZ f)/ecoll/w(%) %Land/w(%) ’Yrad/w (%) r)/a/w (%) r)/beam/w(%) ’YZ/C‘) (%)
0.96 -0.18 -0.61 -0.43 0.82 0.71 0.31

Table 1: Damping and driving growth rates of one of the mostabist: = 10 TAE.
4  Relaxation of fast ion profiles in multiple TAE unstable plasma

We attempt to answer a question whether there is likely to beébataatial loss of energetic
particles due to diffusion from the fields generated by the Tdgles by applying a quasilinear
diffusion model for alpha particle profiles.

In Ref. [6] the critical alpha particle pressure gradiensvestimated from the balance
between the energetic particle drive, the likely most imgairtissipative mechanisms arising
from ion Landau damping and trapped electron collisionsudfiqg the drive to damping
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terms gave, 8ﬁac7~ _ YiL. + Yecoll

or Ve

(5)

wherev,! = v,/ (08,/0r), which is independent of the number of alphas. It was also shown
that the two considered damping mechanisms are dominatitdaxpected radial location of
the most unstable TAEs/a > 0.5.

In this paper we show the results of the 012

modeling and leave the discussion of the the- — ge:::::; R
ory for a larger paper in progress. Fig. 4 Y B
shows results that have a benign effectonthe g
alpha profile, unless the drive to damping ra- -z°%%
tioin Eq. (5) is boosted to 1/0.7, which is de- §0067
noted3, in the figure in whicht% losses of
alphas are predicted. Stronger radial trans- $o.04!

. . . . o .
port is predicted if the thermal ion temper- —
ature is raised as the fusion alpha-particle 002}
beta increases. Figure 5 shows the expected

loss dependence with increased alpha par- 88 0.9 12 13

ticle beta as the temperature was increased
from a baseline casg,.c = 6%, andf,0 = ) .

0.8%. We see that losses can become seve':rrl?%\',w?'asE;(upfcﬁgg g:piuirep;srtelygile L%Seseiﬁ are
with increased temperature especially for t Sed total plasma beta (dashed Ocur P +g
fixed beta case (note that MHD considera- P Ve

. . 5 2
tions may limit the operational beta to a fixedla = CONSt in Whichfs, ~ Ty, 20 <
value). Tio(keV) < 24 ) and density (solid curve,

~ T2 :
5 cCconclusions Bao ~ Tig ™, 20 < Tip(keV) < 23).

We showed that NBI with tangential injection geometry are fikeldestabilize TAEs in ITER-
like plasma. Since the reactor plasma is supposed to bewsstifined without the beams, TAEs
in a ITER-size machine is predicted to be marginally ungtaln the other hand NBI may
provide an important tool for the experimental study of eliént types of AE instabilities by
creating additional drive. Thus it is important to plan thelXd@be as flexible as possible in
order to be able to change the conditions of AE excitation.

A quasi-linear model for alpha particle TAE induced transpaised on the fast ion reso-
nance overlap of the TAE modes efficiently evaluates the TA#edrtransport and its effects
on reactor performance. For the case studied it predictefteet of TAEs will be tolerable
over a band of ion temperature from ab@at— 23keV. However, the model is still in the
process of development.
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