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Beam induced plasma current in a tokamak has been analyzed by
using an orbit-following Monte-Carlo code. Results indicate that the
effect of particle trapping is of great importance, A substantial
fraction of fast ion current is induced by the effect of energy
diffusion. Taking those important effects into consideration, we have
developed a new analytical code in which nummerically derived
eigenfunctions of the bounce-averaged, two dimensional Fokker-Planck

equation are adopted.
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1. Intreduction

Recent experimental results on H ion sources promise that neutral

beam injection will be a useful heating method in fusion reactors {1,2].
Consequently, NBI-sustained steady-state tokamak reactors are in the lime-
light again reactors (3).

One of the most important investigations of beam sustained tokamaks
lies in the beam driven current. In most analytical treatments of beam
driven current, fast ion current induced during slowing down of injected
beam ions has been estimated by using analytical solutions of the
non-bounce averaged Fokker-Planck equation without a energy diffusion term
(4,5,6]. For the estimation of fast ion current, however, an accurate
knowledge of the distribution function of fast lons 1s necessary. J.G.
Cordey has reported that the effect of particle trapping on the distribu-
tion of fast ions in a tokamak is very important [7]. A precise treatment
of banana particles requires that the Coulomb collision operators must be
bounce averaged. . The effect of energy diffusion might be alsc important
in a high temperature plasma. The effect of fast ion losses during slow-
ing down on beam induced current is of great interest. These problems
motivated us to estimate the beam driven current by using an
orbit-folloving Mohte—Carlo code (hereafter simply referred to as OFMC
code) which can describe precisely the behavior of fast ions during slowing
down. One of the problems in use of the OFMC code is.that it takes a very
long CPU time. The OFMC code, however, can provide a lot of important
information for the analysis of beam driven current. Taking the important

information into consideration, we have developed a new analytical code.
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2. 0ld analytical model

The beam driven current has been estimated by
Ip=1Inl1-F(1-G)) ‘ (D

where
If;: fast ion current,
o~ Zn/Zess,
G © the trapped electron correction ~1.4~/€
Z, the charge number of beam ions, Z.f; the effective charge number and ¢

the inverse aspect ratio. The fast ion current Iy; can be estimated by

It = np=up>eZ,

- -] . +l
= eZ, j(; vidv f ] ndn : o (2)

where n;, is the beam density, v, the velocity component parallel to . the
magnetic field line, v the fast ion velocity, n=v,/v and f{v,n) the
distribution functicn of fast ions in steady state, The distribution fun-
ction f has been solved by J.D.Gaffey [8] from the Fokker-Planck equation.

In general, variables of f can be separated as

fluan) = srs);anw)cn(n) : . | (3)

where s is the volume source of fast ions and 7 is the slowing down time.

In the velocity region uv<uy, ap{v) in eq.(3) is simply given by

1 v UB+UE ]31.1/3 -
() = [— &)
U3+U§ Ug U3+UE



JAERI-M B8—042

where v, is the critical velocity, v, the injected beam velocity,

An=ni(n+1)
- Legt
ﬁ - 2 [Z] b
_ my Z UIA;
T oInhen, 22 i

m; the mass of beam particle and j denotes the j”‘species of bulk plasma
ion. If fast ions are assumed to be stationary (no orbit effect) c,(n)

can be simply described by the legendre polynomial functions as
Cn =5 Paln0)Pa(n) (5)

where ng is the initial pitch of fast 1ions.

3. Orbit-following Monte-Carlo code

- Qur OFMC code consists of four parts;
1) calculation of ionization of neutral beams,
2) simulation of Coulomb collisions,
3) calculation of guiding center orbit, and
4) simulation of charge-exchange reactions of fast ions and reioni-

zation of fast neutrals in succession.

Monte-Carlo techniques are adopted to the calculation of beam
ionizaticn. Distribution of fast ions produced by the ionization of neu-
tral beams with elliptic cross section can be obtained. Cemputations for

multi beam lines as well as multi energy species of neutral beams can be

made with our code.
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where 1, is the critical velocity, v, the injected beam velocity,

An=n(n+1)
_ Zejy
[3 e 2[2] ]

_ M Z3lnA,
(21= Trdom, ; Cr

m; the mass of beam particle and j denotes the j“‘speoies of bulk plasma
ion. If fast ions are assumed to be stationary (no orbit effect) c.(m)

'can be simply described by the legendre polynomial functions as
_n N
Cn = '2‘ Pn(”O)Prz(n) (5)

where no 1s the initial pitch of fast ions.

3. Orbit-fellowing Monte-Carlo code

- Qur OFMC code consists of four parts;
1) calculation of ionization of neutral beams,
2) simulation of Coulomb collisions,
3) calculation of guiding center orbit, and
4) simulation of charge-exchange reactions of fast ions and reioni-

zation of fast neutrals in succession.

Monte-Carlo techniques are adopted to the calculation of beam
ionizaticn. Distribution of fast ions preduced by the ionization of neu-
tral beams with elliptic cross section can be obtained. Computations for

multi beam lines as well as multi energy species of neutral beams can be

made with our code.
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The collisional processes of fast ions are also simulated by a tech-
nique of Monte-Carlo. The lohgitudinal and the transverse components of
velocity change by Coulomb collision Auv; and ‘Avy are calculated by generat-
ing normal random numbers with respective mean values of <Aﬁ1>, <Avi> and
mean Square deviations <Av¥>, <AVF> . Assuming that the phase of Larmor
motion of fast ions is random, Av; and Av; are converted into velocity com-
ponents parallel and perpendicular to the magnetic field line A, and Au..

Ion trajectories are followed by numerical integration of the standard
guiding center equation in an axisymmetric system. A second-order
Runge-Kutta method is adopted for the numerical integration. The magnetic
field is given by the derivatives of torocidal flux function y¥ which is
cbtained by the widely used MHD equilibrium code "SELENE" [8].

The charge-exchange process is also simulated by a simple hit-or-miss
Mente-Carlo method. If a fast ion is once charge exchanged, the orbit of
fast neutral (straight flight) is followed until it is reionized by field
plasma particles or escapes from the plasma.

In the above described OFMC code, the fast ions produced by the ioni-
zation of injected neutral beams are launched from the birth point and are
followed until all of them are thermalized. In other words, the time
evolution of the distribution function of fast ions derived by the OFMC
code is the impulse response. Therefore, the fast ion current in a steady

state system can be described by

Ifi = eZu) wi fo i (dt | (8)

where w; and v (t) are the density weight and the time evolution of vy of

ith test particles, respectively.
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4. Comparison of calculation results from old analytical model with

those from CFMC code

Calculations were made for fast ions produced at a specific point in a
plasma (R,Z) = (4.0,0.0} with no=1.0 and beam energy 1680 KeV. Bulk plasma
is assumed to be uniform in space with arleszl.OxlOzOm"3 and Te=T,=8KeV.

Figure 1 shows the spectrum of fast ion current derived the old analytical
model without energy diffusion term Joa and that by OFMC code Jornc. A
substantial fraction of fast icon current is induced by the effect of energy
diffusion. Since this fraction increases with w./us, the effect of energy
diffusion becomes very important for the precise treatment of beam driven
current in a high temperature plasma.

It must be noted that Joruc is substantially smaller than Jpoay in the
low energy range. On the other hand, the distribution function from the
old analytical model agrees very well with that from OFMC cede in this
energy range E<E,. This may implies that the difference between those
spectra of fast ion current comes from some orbit effects. Two kinds of
orbit effects can be proposed. Cne is the bounce-averaging effect of vy
on the fast ion trajectory. The other one is the effect of particle trap-
ping on the population of transit particles.

Another interesting point in the comparison of the results from those
two methods lies in the effect of particle loss during slowing down. The
effect of finite banana size on the distribution of beam driven current is
also of great interest. Calculation results in FER are shown in Fig.2.

We cannot find out any significant difference between those results with
and without charge-exchange loss. This is because that charge-exchange
loss usually occurs when fast ions slow down to the energy range E < 50KeV

where the contribution of fast ions to the ion current becomes very small.
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In order to clarify the effect of finite banana size ps on the spatial
distribution of beam induced current, calculations with and without banana
size were made. Results are also shown in Fig.2. What is evident form

- Fig.2 1is that the effect of finite banana size on the distribution of beam

driven current 1s not essential.

5. Improved analytical model

"OFMC code is a very useful tool te analyze the slowing down process of
fast ions. A problem in the use of OFMC code is that it takes a very long
CPJ time. For example, it takes about 2 heours to analyze the beam driven
current in FER for 2000 test particles (results are shown in Fig.2). Cn
the other hand, there are some problems in the old analytical treatment as
is discussed in the last section. This prompt us to develop an improved
analytical model code. We have found some important effects from the com-
parison of the calculation results derived by the OFMC code with those by
the old analytical treatment. Three kinds of effects are taken into con-

sideration in the new analytical model.

5.1 Energy diffusion
The expression of the energy diffusion term derived by J.D.Gaffey [9]

1s employed in the velocity region v >u,, that is,

Can(u) = 53 exp [-g(v)] (v=>uw) ' (7
vUsTU



JAERI-M 88 -042
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“Up
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where

2 (1 + U0 )
To/Ep + T/ Enui /up

glv) =

5.2 PBounce average of v

The fast ion current can be calculated by integrating w with welght
of the distribution function over v and w. It must be noted that in mest
of old analytical treatmenis fast ions are assumed to be stationary at
their birth point throughout the slowing down time. In a tokamak plasma,
however, every particle makes its own particular bounce motion along a mag-
netic field line. Therefore, in order to calculate the fast ion current,
we must integrate the bounce averaged 14, that is, <y> = H(vi/v) where uf
is the 1, defined in the midplane outer side of the torus.

The H function is shown in Fig.3 by the red curve. The green line

is the current weight function of an old analytical medel.

5.3 Effect of particle trapping

Fast ions produced by a tangential co-injection of neutral beams und-
ergo pitch angle scattering, and some of them diffuse into the banana trap
region. On the way of diffusive motion crossing the banana-transit
boundary, particles can easily get into the transit region of negative
pitch. This is because the transition probabilities of banana particles
into co and counter transit particles are approximately 0.5:0.5.
Therefore, the pitch angle scattering is effectively enhanced in the pre-
sence of banana trapping region. J.G.Cordey has analyzed this effect [7].

The bounce averaged differential equation for ¢, in eq.(3) can be

written as
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st e 7 _d_ci 2 _
R(n:ﬁt) di,i [(1 n )Q(n’?ft Ch] :l + ApCp = 0 (8)

where

: 5 Ao T2
R(n,ie) = %Ix[f\-f-f-) Jns

Qen.m) = SE((IL)E),
K: the complete elliptic integral of the first kind,

E: the complete elliptic integral of the second kind,

and n: is the pitch of barely trapped particle. It must be noted that

FIpR (M, 0e) = .
Assuming R~ 1.0, @ ~ 1.0, Cordey solved the differential eq.(8) and derived
analytical eigenfunctions

cn() = Pun(m) (9
where P,n{n) is the legendre function and v, is given by the boundary con-
dition

Py () =0.
For the precise treatment of distribution function of fast ions, we take
the effect of barely trapped particle whose bounce time 7y =« into
consideration. We derive numerically the eigenfunctions for R and Q with
exact expressions in eq.(8) by adopting a variational method. That is, we

expand ¢, in a seriles of
cnln) = Y cm(1-m& ! (10)
il
Then, eigenvalues &, are given as sclutions of the following equation

Qon + ABpni =0 (11)
| l
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With these eigenvalues A, and the boundary condition,
a1y = 2 (1™ = 1.0,
m

. are easily obtained.

6. Calculation results from improved analytical model

Calculations are made for parameters appropriate to JT-80 which are
summarized in Table 1. Fast ions are launched from a specific point
R=4.0 in the midplane. Banana size of fast ions are assumed to be zero.

Beam driven current given by Gaffey's model with energy diffusion term
(old analytical treatment) is shown in Fig.4 by the dotted curve as a func-
tion of initial pitch angle. The dashed curve is the one given by
Cordey's analytical expression of eigenfunctions with energy diffusion term
by Gaffey. The closed circles are the results from OFMC code, Results
from Cordey’'s model agree very well with those from OFMC code near the tan-
gential injection angel (pitch angle ~ 807, For injectien at a pitch
angle near the banana region, however, one can find the difference of

10~30 between the results of OFMC code and Cordey’'s model. The solid
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where

B "
Upn = fo (1 () ?] ECR) (2me1) (20-2) ™™ el

1-n .
T o o dEGD 2w
+L [—Z{mm) Ek) - [1-(nm00)®) =1 r,nmi\]g

] (2m—1 }772’”‘2“"%1?)
Ban = K{k}(n+nf)n&“2”2dn

k=L
(n+=nt)°

With these eigenvalues . and the boundary condition,
call) = 2 (1) = 1.0,

. Are easily obtained.

6. Calculation results from improved analytical model

Calculations are made for parameters appropriate to JT-80 which are
summarized in Table 1. Fast ions are launched from a specific point
R-40 in the midplane. Banana size of fast ions are assumed to be zero.

Ream driven current given by Gaffey’s model with energy diffusion term
(old analytical treatment) is shown in Fig.4 by the dotted curve as a func-
tion of initial pitch angle. The dashed curve is the one given by
Cordey's analytical expression of eigenfunctions with energy diffusion term
by Gaffey. The closed circles are the results from OFMC code. Results
frem Cordey’s model agree very well with those from OFMC code near the tan-
gential injection angel (pitch angle ~ 80°. For injecticn at a pitch
angle near the banana region, however, one can find the difference of

10~30 between the results of OFMC code and Cordey’'s model. The solid



JAERI-M 88—042

curve 1in Fig.4 shows the results from the improved analytical model des-
cribed in the last section. One can see that the results from the
improved analytical code agree very well with those from OFMC code in the

wide range of initial pitch angle.

7. Conclusions

Beam induced plasma current has been analyzed by using an
orbit-following Monte-Carlo code. Results have been compared with those
from an old analytical model. Comparison of those results indicates that
the effect of particle trapping as well as the effect of energy diffusion
are very important for the precise analysis of beam driven current.

Taking those important effects into consideration, an improved analytical
code has been developed. Calculation results from the new code agree very

well with those from the OFMC code.
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Table 1
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Calculation parameters

major radius

minor radius
plasma density
plasma temperature

effective 2
impurity

3.03 m

0.95 m

1 x10%2% @3 (uniform)
8 keV (uniform)

T; = Tg

2.0 (uniform)

oxygen
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Figure captions

Fig.1

Fig.2

Fig.3

Fig. 4

Velocity spectrum of fast ion current. Joaw 1s the spectrum derived
by the old analytical model without energy diffusion effect, Jorc 1s
the one from OFMC code. Beam energy Ep=160keV, n.=1.0x10%%™> and
Te=Ti =8keV.

Calculation results by OFMC cede for FER current drive efficiency
with and without charge exchange process and beam driven current
profiles with and without banana width.

Schema for bounce average of vy.

Beam driven current v.s. 1initial pitch angle of fast ions. The
dotted curve is derived by Gaffey’'s model (old analytical
treatment), the dashed curve by Cordey's model with analytical
eigenfunctions and the solid curve by the improved analytical model
with numerical eigenfunctions. Effect of energy diffusion on fast
ion current is taken into consideration in all of those analytical

treatments. Results from OFMC code are shown by the closed circles.
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