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Synopsis

The concept of the limiter-divertor proposed by Mirnov is extended

to a toroidal limiter-divertor (which we call moving toroidal limiter)

using the stream of ferromagnetic balls coated with a low Z materials

such as plastics, graphite and ceramics. An important advantage of the

use of the ferromagnetic materials would be possible soft landing of the

balls on a catcher, provided that the temperature of the balls is below

Curie point. Moreover, moving toroidal limiter would work as a protector

Of the first wall not only against the vertical movement of plasma ring

but also against the violent inward motion driven by major disruption

because the orbit of the ball in the case of moving toroidal limiter

distributes over the small major radius side of the toroidal plasma.
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In the long pulse operation of tokamaks some sorts of divertor

configuration has to be employed in order i) to carry from the chamber

the first-wall erosion products and desorbed atoms from the surface plasma,

ii) to carry fusion reaction products from the chamber and iii) to protect

the wall against the flux of charged particles leaving the plasma. These

functions are able to be performed by the limiter in present-day short-

pulse tokamaks. In the case of tokamak with burning plasma further

increases in the duration and energy flux of the discharge are expected

and the complicated construction of such stationary limiters for these

situations could not be avoidable.

An idea for the limiter which might overcome the difficulty of the

stationary limiter has been recently proposed as a limiter-divertor using a

stream of metal or graphite balls [1]. This is a modernized version of the

rotating limiter which is located at a fixed point in the toroidal direc-

tion of the torus machine. We hereafter call this limiter-divertor as

the "moving poloidal-limiter".

A fatal disadvantage of the moving poToidal limiter would be both

the violent landing of the balls on the catcher and the difficulty of

positioning the streaming balls in the small major radius side of the toro-

idal chamber unless the balls are linked by a sort of chain. The necessity

of the limiter which is positioned in the small major radius side of the

toroidal vacuum chamber will become clear if one reminds the protection of

the first wall against the plasma bombardment from the major disruption of

the tokamak discharge. At the same time, without the soft landing mechanism

of balls, the violent crash of the ball to the catcher would break both the

ball and the magnetic confinement device. The employment of the linked
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chain would make the structure of the moving poloidal limiter quite awkward

one.

This awkward structure may be dramatically changed if the ball could

interact with the magnetic field. The orbital motion of balls would

then be controlled by the strong toroidal magnetic field of tokamaks. This

possibility of controlling the orbital motion of a single ball is able to

be realized if the ball is made of the ferromagnetic material. If necessary,

the ferromagnetic ball should be coated by the low Z material such as

plastics, graphite and ceramics.

The purpose of the present work is to discuss the possibility of the

moving toroidal limiter using the stream of ferromagnetic balls along a strong

toroidal field. We use standard cylindrical coordinate system (r, 6, z).

In an intense magnetic field of order 10 Tesla a ferromagnetic ball

with its radius b is expected to be magnetized uniformly with induced

magnetization density p . The magnetic moment m of the ball is, then ,

4TT I 3 r* \

m = — b p . (1}
3 m

The motion of the ferromagnetic ball in axisymmetric toroidal magnetic

field 8 together with the gravitational force may be described by

W C — r ( — )2 ] = — (2)
dt2 " dt " 3r

r gf = * constant , (3)

M ± 1 . - UL , (4)
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where U is a potenetial defined by

U H - nB + MgZ . (5)

The quantity g is the gravitational constant and M is the mass of the ball.

If the mass density of the ball is p we havo

P b 3 . (6)

The motion of the ball is easily calculated analytically provided that the

toroidal magnetic field is given. In the case of vacuum toroidal magnetic

field we may write

(7)

where R is the r component of the initial position of the ball and Bg

the field strength at the initial ball position.

With the help of Eqs. (1), (3) and (6). Eqs. (2) and (4) are

reduced to

i Z . fLjjZ - J5-0- , (8)

dt2 r3 p r2

& - -g . O)
dt2

where ft is the angular velocity at the initial ball position. He should

notice from Eq. (8) that the radial motion to be solved is exactly
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Kepler's problem for the motion of a single particle having mass M in a

central field. The position of the ball is definitely determined by solving

(8) and (9) simultaneously.

Let the ball be injected from the point at which the radial force

is balanced. Then from (8), we have

R2 = 3& , (10)

To simplify the foregoing discussions, it is convenient to introduce

the dimensionless quantities s and T as follows.

r = Rs

and

t = 1 . (11)
n

The radial equation of motion, (8) , is further reduced to

«i-s - i- - i- .
dx2 s3 s2

If the initial radial velocity in dimensionless form, — , is
dT

given by P, the integration of Eq. (12) leads to

ds = ( p ' . l + £ . I )"< . (13)
dt s S2
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This equation, (13) , together with the law of conservation of angular

momentum, (3) , describes the relation between s and e.

ds
e - e 0 = J (14)

C2 , 2 , . 2 1 ,1/2
s ( P - 1 + J - - 7 )

with solution

£ = 1 + p sin ( 9 - 9Q ) , (15)

where 8Q is the initial 9 coordinate of the ball injection.

The solution (15) suggests the two kinds of designs for the moving

toroidal limiter, i.e. the case of i) | p | « 1 and ii) jp | > 1. In

the former case the balls distribute only over the large major radius side

of the toroidal plasma. In this case the merit of the moving toroidal

limiter disappear. On the other hand, the ball can penetrate to the small

major radius side of the torus when the initial condition is chosen to

be |p| % 1, For tne allowable, smallest value of r given by a for the

flight of ball in the toroidal chamber, the parameter p can be written by,

from (15),

|p| - -- 1 • (16)

The time of flight, t , of the ball in the chamber is now described by
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ds

t*= m , (u)

where

3 t
In the standard design of tokamak reactor we may have s - 1 and E ̂  1.

In this case, the time of flight t given by (17) is reduced to

t* = •*£ . (18)
an

We are now at the position to estimate the necessary numbers of

balls which protect the first wall of the chamber against the heat load

from the hot plasma. Since one fifth of the out put energy, Q , that is

released in a D-T fusioa reaction is carried by the alpha particles and

deposited in the plasma, N number of balls have to transfer the deposited

thermal energy to the burial chamber of heat in order to be the protector

of the energetic plasma particles bombarding the wall. If the heat

capacity of a single ball is C, the heat removal by the N balls is

possible in the steady state when

5CN AT = Q t* , (19)

where AT is the temperature increase of a single ball during the flight

in the plasma periphery. Tha relation (19) together with the expression

of the time of flight, (18) , the number N becomes
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N ^ -J^L. . (20)
5aO2AT

In the expression (20) a decisive parameter whether the scheme of

the moving toroidal l imiter is technologically feasible or not is the

angular velocity fi. I f fi is too small, the number of balls becomes

prohibitively large. The maximum attainable angular velocity ft is

easily obtained i f the ferromagnetic ball is accelerated by the potential

f ie ld described by (5). Outside of the toroidal chamber as shown in Fig. 1,

the strength of the magnetic f ie ld is negligibly small. Then, we have

2p B-, 110

where B, is the f ie ld strength at the injection point, i .e. at r = R. For

the magnetically saturated ba l l , the induced magnetization density may be

described roughly by the number of Bohr magneton in the unit volume of the

ferromagnetic material. In the case of iron as a ferromagnetic material,

the ratio p /p becomes

— ^ 2.36 x 101 meter2 sec"2 Tesla'1 . (22)

Using (21) and (22) the minimum number of balls, N . , becomes

10'8 • {23)

Ma&T

For tokamak fusion reactor with Q ̂  10 watts, R ̂  6 meters, 8 ^ 4 meters,

AT % 300°K and B] % 4 Tesla, we have
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Nmin " 1

This means that if the weight of a single ball is 1 kilogram, 10 balls are

enough to remove the heat released in a D-T reaction from the j>l?.s;na.

In the light of the above discussions it will be possible to protect

the first wall against the severe heat load of the plasma using relatively

small number of ferromagnetic ball coated by carbon and ceramics. The

projection of the ball orbit on r-z plane is shown in Fig. 2.

One of the other possibilities of using the stream of ferromagnetic

balls would be the moving pump limiter which is the hybrid between moving

toroidal limiter and poloidal field divertor as shown in Fig. 3. This

hybrid configuration would be especially useful in the case of radiation

cooling tokamaks since the tokamak installations should be relatively

fat because of plasma stability. In this case only the ferromagnetic balls

with low Z coatings can settle in tokamaks as a moving limiter-divertor

because of the curved orbit of the balls in strong toroidal magnetic field.

The dense low Z plasma mantle can be formed throughout on the separatrix,

cooling the peripheral plasma by radiation. This moving pump limiter is

remarkably different from the standard pump limiter [2] in that the coder

of the divertor plate is completely excluded from the divertor chamber

because of employment of the moving ferromagnetic balls. This should make

the longer operation of tokamaks more and more realistic.

Before closing we may suggest the other important possibility of the

stream of ferromagnetic balls. The properly arranged stream of ferromagnetic

balls would generate a family of closed magnetic surfaces in a-strong toroidal
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magnetic field. This situation is quite similar to the helical groove made

of a ferromagnetic material for the stellarator instead of using the helical

coils for the helical field [3], This family of closed magnetic surfaces

should confine the electron seeds in the start-up phase of tokamaks in order

to produce initial, clean plasma completely seperated from the first wall.

Finally we should claim that the moving toroidal limiter is able to

be arranged using relatively small number of ferromagnetic balls. Since

the motion of a single ball is obeyed by the potential field, the soft

landing of the ball on the catcher is, at least in principle, possible.

The time of flight of the ball in the toroidal chamber is of order 1

second for R = 6 meters and a ~ 4 meters in tokamak reactors because of

the fact that the attainable speed of iron ball by the acceleration of

strong magnetic field being about 4 Tesla is of order 10 meters»sec" .

This means that the effect of the gravity for the ball is not always

negligible in the tokamak fusion reactor with large major radius of about

5 meters. The temperature of the ferromagnetic ball must be, needless to

say, below Curie point in order to attain the magnetic control of balls.

A possible system of magnetic transporter of balls is schematically shown

in Fig. 4.
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Figure Captions

Fig. 1 Crosssectional view of the tokamak with the moving toroidal

limiter seen from the axis of the symmetry of the device.

Necessary number of the limiter depends on the fusion output

power of the tokamak reactor. Here, the only one orbit of

ferromagnetic ball is described.

Fig. 2 Projection of the ball orbit on r-z plane. In the case of the

fusion reactor the orbit of the ball has not up-down symmetry

in r-z plane because of the gravity effect.

Fig. 3 Hybrid configuration between moving toroidal limiter and poloidal

field divertor. The separatrix of the magnetic surface is filled

with the dense low Z plasma because the balls are coated with the

low Z materials. The eroded balls are magnetically carried to the

outlet.

Fig. 4 A possible magnetic conveyer of balls. Time-dependent magnetic

field generated by injector coil sustains the flow of ferromagnetic

balls. Cooling system of ball is not drawn.
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