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Abstract

A new ‘method of impurity control in toroidal devices.is proposed. Density inhomogeneity
on flux surfaces produced by beam injection or rf heating creates a poloidal electric field.
The resultant impurity ion distribution and orbit leads to the reversal of the impurity inflow.

The definition of the classical tokamaks here is that all transport processes are
classical (due to binary collisions including neo-classical or geometrical effects). Three
transport time constants are of interest : 1) particle confinement Tp, 2) energy confinement
time Tg, and 3) impurity accumulation time Tz. The energy confinement time is shorter
than the particle confinement time by the factor ¥ Mg/ M;, the square root of the electron-
ion mass ratio. The impurity accumulation time is shorter than the energy confinement time

by the factor Z (charge).

The fact that the impurity accumulation time is the shortest is troublesome. Even if
we find a knob to make a tokamak quiescent and classical, it is likely that we would conclude
that the discharge is no good because of the impurity accumulation. The knob twisting of
experimentalists may be a way to compromise among three time scales by inducing turbulence.
Therefore, it is important to find a method to prevent the classic impurity accumulation and
then to do the knob twisting in search of a classical tokamak. It may not be a coincidence
that impurity problems are severe whenever good confinement is achieved in tokamaks and

stellarators.

Several methods have been proposed in the past to reverse the inflow of the impurities.

1,2)

Injection of neutral gas changes the circulation of the hydrogenic ions and the flow is

reversed by reversing the direction of the frictional force between the impurity ions and
hydrogenic ions. Injection of high energy beam jons(3: 4) may do the job by imparting momen-
tum on the impurity ions. In this note, a new method that utilizes phenomena already

occurring in beam heated tokamaks is proposed.

When neutral beams are injected into a tokamak, some of the resultant fast ions are

in trapped orbits. The fraction of ions in trapped orbits depends on the injection angle and
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the penetration depth. The result is that the plasma density becomes inhomogeneous oﬁ a
flux surface. In order to keep the quasi-neutrality of the plasma, a poloidal electric field
develops. In the fluid ( collisional) regime, the electric field causes the poloidal inhomogeneity
of the impurity density. More specifically, the impurity density becomes higher in the region

of smaller major radius.

In the kinetic (long mean-free path) regime, the orbits of impurity ions are modified
due to the poloidal electric field. The drift velocity of impurity ions due to ExB motion
becomes larger than the drift velocity due to VB. In either regime, the net results are to

reverse the radial flow of the impurity ions.

We consider the collisional case first. The classical impurity transport is the result
of the interaction between the hydrogenic ions and the impurity ions. We consider a steady
state in which the force on each species vanishes. The force(s) balance equations in

circular tokamaks are given by

api
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where the subscripts i and z denote the hydrogenic and the impurity ion quantities, respectively;

the coordinates are (r, 6, ¢); E is the electric field; B is the magnetic field; v is the
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fluid velocity ; p is the pressure, n is the density; Z is the charge of the impurity ion;

C is the coefficient for the frictional force and is given roughly by

2 2 m; 1/2
C =~ Z%e < i ) : 7)
o m,
o is the electrical conductivity and || denotes the components parallel to the magnetic field.
The flow has to be divergence-free to prevent charge accumulation, i. e. :
aag (nvg R) =0 (8)
where R is the major radius.
By using
B B
vy = Ba vy + B¢ Vg (9)
Eq. (1) and Eq. (4) become
RBy By
en; v;gR +<— + en; E,) —en; —— R,y =0 (10)
r B? B
apz RB¢ B,g
ZenszR+<— 5y +Zean,,> —-BT — Zen, _E—R vy =0 (11)

Since the first terms are independent of #, the parallel flow is the result of the
# -dependent parts of the second terms. We assume that the inverse aspect ratio ¢ =r/ R
to be small and calculate the parallel velocities to the first order of €. Also, we use the
fact that Bg < R™' and By o< R™'. We obtain

vy — vy =R2¢ccosl

By (_ 1 op; 1 op, >
e

12
BBy n; or Zen, Or (12)
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The radial flux is given by

. 2 op; o
v, =— 2¢ cos CnlnzB¢ <_ 1 b I 1 Pz > (13)
Z e B; B2 en; or Zen, Or
The net flux I across a flux surface then becomes
'=(2x) [rRn, v, do
_ (271)2Rr352Cbenin 2 < 1 op; L dp, > (14)
Ze ng B? en; or Zen, Or .

The densities and the electrostatic potential can be calculated by assuming the electron

distribution. For simplicity, we assume that

1 9p
- -——a; —en, Eg =0 (15)

and that all temperatures T are equal. We obtain

_ B,Cn;n op; op
= 4(Z+ 1) é 1"z <*» 1 ! + 1 Z>gsin5 (16)
240 BZ en; or Zen, Or
TSR A R VS | (17)
2

2

They show the up-down asymmetry (sin 8 -dependence).

Next we consider the effects of the trapped beam. We make a simplifying assumption
that the beam particles do not interact with background particles collisionally. The only
effect is to modify the electron density distribution through the electrostatic potential. The

beam particle density ny distribution is considered given and is given by
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ny =mnp (1 +cosb)/2 . ' | ' (19)
Neut’rality requires that .

ne =mnp +mn; + Zn, . ’ ’ (20)
By denoting the modulated quantity with *, we haye

*

* * *
n, =ny +mn; + Zn, . (21)

The steady state, before we consider the friction between the hydrogenic ions and the

impurity ions requires

*
n, =nge¢/ T
*

n; = —n; ep/ T : : (22)
*
n; =—mn,Zep/ T s

where ¢ is the electrostatic potential.

The combination of Eqs. (21) and (22) yields

*
e np
=~ 23
T ne (1+ Zeff) _ : , . (23)
* Z n, n: » . .
"2 T 0T Zogr me (24)
* n; n:
ng = (25)

(1+ Zeff)”e

where Zgr = (n; + z* n,)/ (n; + Zn,). The impurity ions are concentrated in the inboard
side of the torus.
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The relative velocity in the parallel direction between the hydrogenic ions and impurity
ions is proportional to { —[(1/ n; )(8p; / Or)]+ [(1/ Zn, )(3p, / @r)]} as indicated
by Eq. (12). The inspection of Eqs. (24) and (25) shows that the modulated parts of
the density do not contribute to the parallel friction. However, the net radial flux is altered

because of the density modulation. We obtain

2 . 2
(2x)" CRrBgn;n op; op n
r=- A <— ! LRI z) <352— Ze -JL> (26)
Ze Bg B? en; or Zen, Or 1+Zeff 7,
The radial flux is reversed when
n 3e(l1+ Z, 4)
LIS eff (27)

.
g Z

The method is more effective on high Z impurities.

Next we consider the same phenomena kinetically. The orbits of particles are banana

orbits in the long mean-free path regime. The drift velocity vy in the vertical direction is —
given by
T
L= 28
Yid < BR (28)
T .
= 29
°2d = "Z.BR : =

The radial width of the banana A is given by

L eBg

m; v,y € )
A, ~ ———nu (31)
ZeBg * g
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The parallel flow v | is then given by

vy = f i:,—i 4; v = ;i aan: j;a (32)

va = Zf aan: eTJ;O (33)
and the relative flow becomes

S TR T Y on

The last expression is similar to Eq. (12). The friction displaces the impurity banana and

the net radial drift results.

When the beam is introduced, poloidal electric field is produced as shown by Eq. (23).
The orbit is modified by the EXB drift.

vy, = T ~ ¢
dz = Z.BR Br

_ T < B R nyZ ) (35)
Ze BR ’rne(l-!-Zeff) .
The drift reverses the direction if
n
b Z > ¢ (36)

n, (1+Zeff)

This is similar to Eq. (27) except for the numerical factor. We assume that ny/n, is small
and the drift velocity of the hydrogenic ions is not reversed. The friction between the ion
species displaces the impurity banana in such a way as to have net radial outward drift. When
the beam density is much greater than the value given by Eq. (36), the impurity ions become
trapped at the inboard side electrostatically. The electrostatic banana orbits move radially

outward due to the friction with the parallel flow of the hydrogenic ions.
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One might consider the usage of the plasma rotation to produce the poloidal electric
field. The centrifugal force on the ions increases the ion density at the outboard side.
The resultant density modulation produces the poloidal electric field. However, the impurity
Vions have greater mass which is roughly proportional to the charge number. The centrifugal
force and the electrostatic force oppose each other and the concentration of the impurity

ions at the onboard side is not produced.

The above calculations were done for circular cross-section tokamaks. The results
are similar for tokamaks with noncircular cross sections. A cl‘ass of configurations with
two trapping regions, i. e. the bean-shaped plasma, opens an interesting possibility. The
poloidal electric field may be produced by heating the electrons trapped magnetically at the
inboard side. For example, extraordinary ECH heating can be applied to the inboard trapped
region. The increase of the trapped electrons and the heating of them produce negative

electrostatic potential in the region, which in turn attracts the impurity ions.
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