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I ntroduction

The confinement of fusion-produced alpha ® ) ()
particle is important in tokamak reactors. In z _/
an axisymmetric field, alpha particles are well A
confined. In a practical system, however, fi- 6 O | Tyl “i _
nite number of toroidal field (TF) coils causes ; N_l- /3/,‘ |
a TF ripple, which enhances the transport c%o i )l // |
alphas. -2 / 4l |
The transport of alphas is often calculated [ == guid’frlyé(l'ecff&treég_fi
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with the guiding center approximation. A 2 [m] R [m]

spherical tokamak (ST) has some features of , . ,
Figure 1: Banana patrticle orbit in a ST configu-

a very low aspect ratio and a weak toroidal i ,
ration with a parabolic plasma current.

field. These features can break the approxi-

mation because of large gradients of the mag- > quation of motion
e . -2 0.001 veen, @=T3.5~T55
netic field strength and large Larmor radii ofg, .
~ 0.0005} o Laanitale, guiding center eq. |
alphas. ~ ot ., @=79.3~80.8
S0 et
We evaluated the transport of alpha partiql j b "'-...A““‘«A..,.,.s—
cles by using an equation of motion (EOM) ‘ ‘ ‘
i _ 0 0.2 0.4 0.6 0.8 1
and the guiding center orbit (GCO) equa- ¢v [ ON

tion. Banana particle trajectories calculatqs-:|gure 2: A comparison of,-dependences of
by EOM and GCO are shown in Fig. 1. Aghe canonical angular momentum drift. The ab-
shown in Fig. 1, there is a substantial diffekissa s the toroidal angle of the bananatip.
ence in the toroidal precession between them.

Banana Drift
In an axi-asymmetric field, the canonical angular momeniyris no longer conserved. In a
rippled toroidal field, however, the momentum of a banana particle averaged over the toroidal

angle between adjacent TF cojilB,) is approximately conserved. It is known tHt,) shows
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Figure 3: Ripple well parameter depengigyre 4: Time evolutions of the toroidal an-
dences of the canonical angular MOMeRie of banana tips, (a), (c) and corresponding

tum drift. poincare maps in the, — P, phase space, (b),

(d).

an abrupt change at every banana tip point which is known as ripple-enhanced banana drift. We
evaluated the drifft\(P,) by comparing P,)’s just before and after a banana tip. The calculated
banana drift is shown in Fig. 2 as a functionf, the toroidal angle of the banana tip where
toroidal field coils are placed at/¢y= 0 and 1,¢y the toroidal-angle difference between

adjacent TF coils. Figure 2 shows that the drift can be approximately given by
AP, = AP;sin (Ney, — m/4), 1)

whereN is the number of toroidal field coils andd P} is the drift amplitude at the banana tip

due to the ripple and is given by an integral over the unperturbed trapped orbit, most of the
contribution coming near the banana tip [1] . The amplitude of the canonical angular momen-
tum drift is mainly given by the ripple-well parameter= |03/01|/|0B/dl|. The difference
between the drifts of canonical angular momentum from EOM and GCO shown in Fig. 2 can be
described by a small difference between the ripple-well parameters at banana tips from EOM
and GCO. As shown in Fig. 3, if the ripple well parameter at the banana tip is the same, they

show almost the same drifts.

Ripple Resonance
Since the canonical angular momentum drift hasdh&lependence as shown in Fig. 2, ba-

nana particles resonate with toroidal ripples. This ripple resonance conditon is expressed as
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Ay = ¢t — ¢f = 2’” (k= +1,4£2,43, ), )

ripple anti resonance condition is expressed as

(2k + 1)m

Agy = =

(k= =£1, 42,43, -), (3)

whereg! denotes the toroidal angle of tith banana tip. If a banana particle satisfies the ripple
resonance condition, it bounces at the same toroidal angle at each banana tip. Then it makes
a large poincare surface in tiig — P, phase space (Fig. 4(b)). In contrast, a banana particle
in the ripple anti resonance condition cancels the drift between successive banana tips and the
poincare surface is narrow (Fig. 4(d)).

The toroidal angle difference between suc-

cessive banana tips depends on the safety fac9-12 —
, (@ do/én =0
equation of motion

tor, the energy of the particle, and so on. Wg 0.1}

(=
investigated the energy dependence of the rip-0.08} guiding center eq.1

m)

ple resonance and poincare surfaces. § 0.06}
The results are shown in Fig. 5. Note that, ¢ o4}

. . . . £
there is a substantial difference in resonangg , (,|

energies between solutions to EOM and GCO

0
equation due to their difference in toroidaLO 14}
precessions as shown in Fig. 1. Itis also noteﬁ 0.12}
that two peaks usually appear on both side @
a resonance point (M shaped structure) aﬁl‘dooﬁ
a small peak appears at ripple unti- resonanc%o 04}

point. =002 g¥
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In comparison with GCO equation, the 0 05 1 15 2 25 3 35 4
) ) Energy [MeV]
equation of motion needs one more free pa-

rameter, the Larmor phase. We executed tE%UI’e 5: Size of poincare surface calculated by

same calculation by changing the initial Lat[-he equation of motion (blue-line) and by the

mor phases = 0,90 and 180 degree, Whereguiding center equation (red-line) against parti-

Larmor phasey, = 0 means a starting point Cle energy fory /éy = 0 and 0.5.
outer side of the torus. Results are shown in
Fig. 6. Although the toroidal angle of a banana tip depends on the initial Larmor phase, the

resonance point is about the same in this magentic field. However their behavior is different.
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Ripple Diffusion

We calculated the diffusion coefficients in a
6

parabolic toroidal current, the same magnetic %!

, . . . —0.14
field as Fig. 5. Coulomb collisions were sim-s
S 0.12¢

ulated by the Monte-Carlo method [2]. Parti— o1l

cles started fromk = Ry + 0.75a, Z = 0, £(g|
=0

and the initial toroidal angle was randomly\>< 0.06}

given. Diffusion coefficients were (—:‘valuatecgo-o‘L

from 1050 particles. 0z

Results are shown in Fig. 7. The diffusion

Energy [MeV].

coefficients have peaks near the resonance en-
ergies which are shown in Fig. 5. The peal§gure 6: Larmor phase dependences of the size
of solutions to EOM are broader than those ef a poincare surface.

GCO equation since the equation of motion D

has an additional free parameter to be aver-

1L /‘\ guiding center eq.
aged, the Larmor phase. /|
08 i
Conclusions 2z I8 4
“H0.6f P |

There is a substantial difference betweer’
0.4}
the toroidal angle precession of a banana par-

. . : 0.2}
ticle calculated by the equation of motion and

that by the guiding center equations. Conse- ® ¢ ¢35 1 ,5 > 25 3 35

quently, ripple-resonance conditions by EOM nergy [MeV]

are also different from those by GCO equ%‘lgure 7: Comparison of energy dependences of

tion. diffusion coefficients.
The ripple-resonance peaks of diffusion co-
efficient calculated by EOM are broader than those by GCO equation since the equation of

motion has an additional free parameter to be averaged, the Larmor phase.
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