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EQUILIBRIUM CONDITIONS IN A TOKAMAK DEVICE

The purpose of this paper is to present the basic principles
of this type of equilibrium and the possible solutions available
to attain this condition.

We assume that the current already exists in the Tokamak and
will ignore the method of creating this current. The basis for this
analysis for a plasma is derived from a study of the equation

Ve = E"-(Tx R) P,
By considering a Tokamak ve are considering a system wvith axial sym-
metry, the plasma being confined by a magnetic field of the current
itself Be and stabilized by a longitudinal field B¢. If we consider
thin plasma columns, then we can make the assumptions r/Ry>1 and
develop the forces in a series around r/R. The first term corresponds
to a cylindrical approximation R= o and we wiil neglect the highér

order terms.

Consider the following coordinate system:

We have let a designate the radius
// b /<E:\\ of the plasma, b the radius of the
’ \ 8 conducting shell, R the major radius

of the torus, and A the displace-

,Z\; ment of the column from the center

of the shell. For r>a,we assume
that j = 0 and p = 0 which is true for a system using a divertor.

To counter the internal forces which tend to increase the radius

R of the plasma ring, we use a shell of high electrical conductivity,



The equilibrium is attained by the eddy current created in this
shell. A conductor, in this case the plasma, which is displaced
from the tube axis will induce current on the nearest side of the
tube having the opposite direction of the plasma current. There-
fore a force Will act on the plasma directed toward the center of
the shell.

The following discussion makes the assumption a<< b<X R which
enables us to see more clearly the physical source of the forces
entering into this equilibiium. At first glance we see that we hope
to obtain equilibrium in the directions of freedom; 1/ the a direc-
tion and 2/ the R directioh.

Conside{igg the ffrsg we get

p 3 R
P + 53" = gé&: - D f%u (2)
N '%Q“ gm
where p is the avefage pressure of the plasma, 52 the average energy
due to the trapped toroidal field, Ba the p0101da1 field at r=a,
Be the longitudinal field on the surface and Py the external pressure.

For our assumptions of r>a, p, = 0 and know1ng that B = 2J/ca, we

have Zﬁ_az )5'-:_ %Tz 4 (Hc, - H)Cc (3)

To find the equilibrium condition with respect to R, we must
examine the three forces which act to increase R,

1/ The electrodynamical repulsion of the current ring. The
force acting on a conductor is always directed in such a way as to

increase its cwninductance. The force is written

F, = 2 4

cz dRr
where L is the inductance and R is the major radius. We therefore

need L(R). For a cable wrapped in a conducting shell 1/2 L12= W,

in the different regions of the

cable. We then get the expression

for 1, of 1.
L hesny
L_ ‘*iol< [_24% —zf‘-] f+)
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Then ;,_' _Z [@'n 4 (’,',__E_«_)J
4= C, < (6)

2/ The second source of forces is the expansion of the plasma

by its own internal pressure and is of the form

-—_'al . 2 L —
Fo=2nmap (7)
3/ The third source comes from the fact that B¢ is not the same

at R-a and at R+a which leads to a force in the increasing R direction

for H2>I;é of

L 7
1 L
F = LZH C ( ) & e M 8
3 8!/ ()
To balance these forces we can use two sorces of energy: 1) eddy

currents in the shell due to a displacementA&)of the current and
2) an externally applied transverse field.

The eddy currents created by the displacement of the plasma
current creates an %L which reacts on the plasma given as
H =244 (9)
Then: b

N

£ = 23y 2aR _ 457" RA
4= = = (10)
The externally applied fields apply a force of the same type on the

plasma

=y ___%.H_L 2R

(11)

-

Let us assume for the moment that the equilibrium is attained
without external fields and solely by the eddy currents designating

the necessary dlsplacement for this to happen as AX

2F = -
2n 3" [”" L], 2oty
L 4;7’1\\7--KA0 — ;
LR (H-H) - T T 2o o)
4

Using relationship #3 and solving for A, , we have:

Lo - — L . Z Z‘/ |
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This expression can be further simplified using the relationships

X
He = 2J/ca and defining B = NnkT/Hg/Bﬂ‘) we obtain

no

b
A =

° R ( lnb/a + B* + 1.(a) -1 )

2
A more complete and exact calculation of Ao done by Shafranov making
No assumption on a/b yields
12 -
Do =3R (1n b/a + (1- 5= Y(B* + 1i(;) -1 )

Now let us consider the more general case including the effect of

externally originating fields.

b B,
4 = 4, T TELb)
or
A - A = - 108 ext (engineering units)
————— e S
b EERI

POSSIBLE SOLUTIONS

We can see from the above equations that to control the position
of the plasma amounts to controlling the transverse flux which passes
through the surface of the shell. From the solution of the Cauchy
equation B =‘7¢c s we find that in order to attain equilibrium we

need to contain the energy of the field BzD which is given below,
ok , a f & ¥* C' - 3?]
— X " . C?( e - {
IEL. = Eib 22#{,[_ 9 o T €§ a -2

The fig, 1 presents this situation and we see that for Ip = 400ka
R= 98em., and A = 5, this field is of the order of 1 - 1,6 kg.

The sources of this éf are varied: Fig. 2

1)the current circulating in the plasma

2)the currents in the liner (vacuum vessel)

3)the currents from exterior windings (compensator)

4)the magnetization currents in the inducing circuit



’)the eddy currents in the shell if there is one.

When we discuss possible systems of equilibrium, we first diferentiate
between systemswith and without a shell and then discuss the external
field of a system with a shell.

For a system without a shell)equilibrium demands that we have
a rgpidly programmable field that will at all timey supply Qfo.

For systems with a shell we have 4 different values of the
external field possible. (Fig. 3 & 4 )

a) g;; 0] In this configuration the shell contain all of

the plasma field. Id represents the dipolar cﬁrrents for

equilibrium and 211 = Ip. This configuration has the advantage

of conserving flux which is necessary for small machines but

is a mechanically complicated system.

b) 4&:= qif The shell is the container of only the dipolar
currents from the displacement of the current and the external
field is supplied independantly. This system is the simplest
however the cost would seem prohibitive. The shell must be
thick enough to retain the eddy currents suffisant for equi-
librium overcoming the shell's resistance. To give examples

of the thicknesses needed, 2.5 cm of copper is good for 20msec

and 10cm for 100msec,

o ~-00
c) @Q=é=. @’;431_ The shell is this system plays no role
except to give stability to the pPlasma against perturbation

of short wavelength,
R
d) é£2== éiﬁ_ This configuration is difficult to acheive.

Let us examine more closely the eddy currents that are created

in the shell. Figure /, gives an idea of the positions and distribution.



Figure 6 brings together the equationé that apply to these eddy
currents. We have already seen the first equation which relétes
the displacement A to the transversal flux. The eddy

currents are calculated from B existing inthe region of the shell
while 31 xt acts on the outer surface, The diagram shows the result
of these fields. The total currents circulating apperas from the

ext ext,

difference between BOD and B For the particular case of B =B, ,

3, .
the eddy currents are rigorously zero.

The equations describing the evolution takes into account the
resistance of the shell and the self inductance of the cuts.

To a’ dg/dt corresponds a da/dt., The force which maintains the
plasma in position at the center is due to the movement of the plasma.
The position A of the plasma then becomes a sum of: (Fig., 7)

1/ Ao due to the variation of the internal energy of the pPlasma

and can be from 1,65 to 6.5 cm.

2/ Ashell due to the resistive penetration of the uncut shell.
Corresponding to this penetration we have a velocity of the
plasma da/dt depending on Bth/BZ? and B* + 1, - 1 . For
BTXt=O, da/dt = 115 + 190 cm/sec 2

3/ Aqyt due to the presence of the opening and their own
penetration. This penetration is larger than A shell and
means that with respect to the eddy currents the openings
are growing as the current penetrated inward., At time zero
these cuts (N=8) introduce a A of Tto 11 cm and this doubles
in 30 msec as opposed to 100msec doubling time for the shell
penetration.

Let us consider a system in which A = A meaning B; = Bth.

In this case you notice that the eddy current are zero. This opexr
ating regime has a special advantage and is considered ideal. The

reason becomes evident after an examination of the forces on the shell



due £o the interaction of the eddy currents along the cuts with
the B,. The resulting force puts each section in a swisting action

[
with forces attaining 42 tons for Bth = 0. (figure 8) s

From this brief introduction to the equilibrium considerations
in a Tokamak, it is evident that the problem is quite complicated
and that an openings such pumping ducts or fueling ports etc can
have a major effect on these conditions, and therefroe demand careful

consideration when designing a reactor.
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FiG. 5
COURANT DE FOUCAULT CIRCULANT
DANS LA COQLE ET DANS LA COLPLRE
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