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I ntroduction

This report is devoted to the description d phenomena occurring in a magneticaly
confined fusion dasma by employing a multiple timescde gproac [1,2]. A threecomporent
plasma including the slowing-down apha particles is considered, where the parameter range
of a typicd fusion dasma is assumed. For the determination d the fast-ion dstribution
function the two-dimensional in the velocity space kinetic equation with a Fokker-Planck
collison term is lved analyticdly. The present investigation concerns the fast ion
distributionin velocity spaceonly, withou considering the spatial dependence

The multiple timescale approach within kinetic theory

The starting point of the investigations is a kinetic description d a multi-spedes
plasma by the Fokker-Planck equation
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to which the multiple timescae gproach [1] is applied. Here C, is the wllisionintegral and

S, and L; are the source and collisionless loss terms of spedes |, respedively. For the

eledrons and ions gationary condtions are aumed, it means that the phase space aeraged
source and lossterm cancd ead ather. Concerning the energetic particles, the phase space
averaged source term and the total lossterm aso have to cancd ead ather, thus expressng
the conservation d the total number of particles.

The onsidered kinetic timescaes are the Larmor time 7,, =Q;", the transit time
T,,=w", theinverse wllision rate 7, =v;*, and the transport timescde 1 ,, which satisfy
for atypicd fusion dasmafor eat spedes the ordering:

T, =Q]' <<T, =W <<T,, =V <<T 3.
The natural expansion parameter employed is J, =w, /Q; . For timescades much shorter than

the ollisional ones, the interadion between the particles is taken into acourt in the
collisionless Fokker-Planck (Vlasov) equation through the average dedric and magnetic
fields. The sdledion d a particular distribution from the infinity of possble solutions of
Eq.(1) is outside the scope of the Vlasov equation. This choice would invalve the history of
the plasma or the known feaures of the underlying plasma model. For example, if the system
has existed for many collision times, the Maxwellian dstribution is an appropriate choice
Another example is a system prepared by injeding a moncenergetic beam of particles. In this
case the distribution function may be significantly different from a Maxwelli an ore.

877



26" EPS CCFPP 1999 ; Zh.N.Andrushchenko et al.;: On the Seady Sate Distribution of Charged Fusion Products

From the zero-order Fokker-Planck equation and the zero-order Maxwell s equations,
one oncludes that the zeroth order distribution functions are independent of t,,, i.e.

df /0, =0, and that in the zeroth-order there is no influence of the energetic particles. The
solution for the first order distribution function f;, has to be obtained from the first order
Vlasov equation. In order to prevent aseaular growth of f;, it must be required that

Xy o=
< +vIf,,>=0, @)
j1
where <.> denotes time-averaging over the zeroth order timescde t;,. Thus, on the first
timescde the distribution function f;, is governed by the drift-kinetic equation and depends

on the mnstants of motion. Therefore, onthe Alfvén timescde the inclusion d the energetic
particles has no influence on the single-fluid ided MHD equations. In [1] it is shown, that the
zero-order distribution function for eledrons and ions approaches a drifted Maxwellian
(provided that the cnfinement time is much larger than the @llision time). The cae for the
energetic particles is different and their distribution function, f,,, can be obtained from the

solution d the second ader equation with a Fokker-Planck colli sion ogerator [2]. On the t, , -
timescae, the only particle flows are due to collisions. As result one obtains for f,, the

foll owing equation

Do =c AL (Fron F10) *+ Sho = Lo >, 3

h2
where <<..>> denotes time-averaging over the zeroth and first order timescaes t, t, ;.

The solution of the kinetic equation for charged fusion products

The onfined fast ions dow down and scatter in the pitch-angle as they transfer energy
and momentum to the badground pasma The kinetic equation for the highly energetic
particles which colli de with the Maxwelli an eledron and ion badkground, may be written in
the following simple form

Ko V3 D(? E dfho N c(V) a hO

7 w? [ﬂ\/ N V) ho§+V 05( E) S”O (4)
together with the boundiry condtions

fro(V =0) # 0, fio(V aoo)=0,dfa_?(£ - +1) =0, (5)

Here £ =V, /V =cosd is the wmsine of the velocity-space pitch-angle variable, a(V), b(V)
and c(V) describe the slowing down, pearald diffusion and gtch-angle scatering of the
energetic particlesin the velocity space

V/VT]
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(6)

= Ce G v H+ TJ HWVT
=V, = —EI— sl d D
c(V) - +VTi E c, (V)= Ir exp} H HJ’exp( s?)ds

A reasonable asumption for the sourceterm isthat the dpha particles are born |sotrop| cdly,
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S, =SV -Vy). W)
whereas for the lossterm the foll owing assumption is made
Ly = (LV + LVIAOHV V), A@) =T CRE), 6)

where y and J are some @nstants, which allow the investigation d different loss gedra,
P,(¢) arethe Legendre paynomials, and H(V) is the Heaviside step-function. For the case of

magneticdly confined aphas L () attains its maximum for & correspondng to the

maximum loss rate determining the gpropriate dhoice of C_ . For instance in the cae of a

tokamak reador the gpropriate doice of C,, correspondng to the spedra of a partialy

thermali zed charged fusion product loss(see for example, [3]), leadsto the A(€) dependence
showninFig.1(C, =8/15,C, =8/35,C, =-16/21 C, =-16/45, C, =8/35,C, =8/63).

If one negleds both the velocity diffusion and the pitch-angle scatering, then the
steady-state solution for the energetic particle zeroth-order distribution functionis given by

3

o=t VVVEV% HOV, =V), W=V Ve, ©

which coincides for y=-3 with the well known thermonuclea distribution [4]. Here V, isthe

criticd velocity at which the contribution o eledrons and ions to the slowing down becomes

3Jm m,
4

equal, V> = V.2 . If ore negleds only the pitch-angle scatering, then the steady-

state solution for the energetic particle zeroth-order distributionis written [2]

mV* [, 1,5 vﬂqv%”
1o = o exp — = o H(V, -V), (10
" i % ZTJ H VO WBB/O i

where f, determinesthe fradion d thermalized alphe-particles.

If one takes into acount the slowing down, parallel diffusion and gtch-angle
scatering, then the explicit derivation d the distribution function becomes rather complex
[5]. Therefore one cnsiders the low and hgh energy ranges separately. In the low energy
cese, V <V., ore can negled the pitch-angle scatering, whereas in the high energy case,

V >V,, the pardld diffusion processcan be omitted (with V. being in the order of afew ion
thermal velocities, V; <V, <<V,). By expanding the distribution function in Legendre

palynomials, which constitute the egenfunctions of the pitch angle scatering operator, ore
arrives under the requirement of particle and energy conservation at the solution
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where F(a,b;c; x) is the hypergeometric function, and

(11)
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For example, Fig.2 shows the velocity dependence of the dharged fusion product distribution
for different loss pedrafor the cae where pitch-angle scatering is negleded.

fo =

-1
1,8 « E,K:ivoy_é’azn(nﬂ)—za bo 0*3 3

Conclusions

The Fokker-Planck equations and the correspondng transport equations have been
obtained for all three spedes. The solution d the first-order equations leads under the
asumption d awedkly colli sional plasmato the ided MHD equations, where no influence of
the high-energy particles is found.For the cae of a magneticdly confined plasma the steady
state distribution function for charged fusion products is obtained for arbitrary loss gedra,
which aso take into acourt the anisotropy in velocity space
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Fig.1. Typical pitch-angle dependence of the Fig.2. The charged fusion product
loss spectra of charged fusion products. distribution for different loss spectra (solid

line- y=-3, dashed line - y=-2; k=0).
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