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ABSTRACT

The potentialities anJ properties are discussed of a recently

suggested axially symmetric, quasi-steady, closed, high-beta

magnetic confinement system. A toroidal pinch of non-circular

cross section is immersed in the strong, inhomogeneous poloidal

vacuum field from a set of ring-shaped conductors, all carrying

currents in the opposite direction of the plasma current.

This "EXTRAP" concept is expected to have some important

advantages, as compared to magnetic bottles based on a main toroidal

field component. Concerning plasma equilibrium, there are closed

local and average guiding centre orbits, beta values of order unity

should become available, there -.s no magnetic surface splitting

limit, cyclotron radiation should be kept at a comparatively low

level, and bootstrap operation may become possible. Concerning

plasma stability, the system should not become sensitive to magnetic

island formation and asymmetries, and the short magnetic connection

lengths as well as the strong vacuum field gradients should favour

stabilization of flute-type, kink, and other magnetohydrodynamic

modes. Concerning reactor technology, high power densities are

expected to be reached, superconducting coils should not become

necessary, the coil stresses are moderate., and repair and replacement

are facilitated by the coil geometry,

Before a final judgement can be made on this concept, however,

extensive experiments and further theoretical analysis are needed.
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1. Introduction

With the present situation of magnetic confinement as back-

ground, a new concept. "EXTRAP", has recently been developed pi,2].

It can be characterized as a closed high-beta system in which a

purely poloidal field is generated by the parallel currents in a

set of ring-shaped external conductors, as well as by the anti-

parallel current in a toroidal pinch of non-circular cross-section.

The vacuum field of the system is both strong and inhomogeneous.

This paper gives the general motives for research on the EXTRAP

concept and describes its theoretical foundation.

During last years considerable progress has been made in

research on magnetic confinement, in particular with large and

intermediate size tokamak devices, Among the latest results

those obtained with the T-10 device at the Kurchatov Institute

should be mentioned, where ion and electron temperatures in the
19 —3

keV range, average ion densities of 6x10 m , and energy

confinement times of about 60 ms have been recorded \jf\ , The

Alcator group at M.I.T. has further reported on temperatures of
20 ~3the same order of magnitude, at central densities 6x10 m

and confinement times of 20 ms [V) ,

Nevertheless there still remain important problems to be

tackled before the fusion reactor can be realized by the tokamak

concept. Thus, in present experiments only beta values of the

order of one percent have been reached. There is no final

explanation of the energy balance under normal operation where at

least the losses associated with electrons become larger than those

predicted by neoclassical theory, and microinstabilities may possibly

explain the plasma behaviour. Under certain conditions violent dis-

ruptions further destroy the equilibrium and confinement, thereby

releasing magnetic energy- In a way this behaviour illustrates the

vulnerability of the tokamak concept, as being due to a relatively

weak poloidal field and a corresponding sensitivity of the magnetic

surfaces even to small disturbances. There is also a magnetic

surface splitting limit at poloidal beta values of the order

of the ratio between the major and minor radii, putting an

extra bound on the poloidal field strength [5J « Finally, the ion

densities so far obtained by means of pulsed gas valves are still

not high enough for the plasma to reach the fully developed
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impermeable state of a full-scale reactor, where the

plasma body should become separated from the wall regions by a

well-defined partially ionized boundary layer [jB»7].

In future development of full-scale reactors, much higher

beta values have to become available than those so far reached

in tokamaks and stellarators. This requirement is important

especially with respect to magnet losses, mechanical stresses,

cyclotron radiation losses, and reactor economy. However, attempts

to increase the beta value in tokamaks may get into conflict with

ballooning, kink and other instabilities. The disruptions which

become especially dangerous to the operation of a full-scale system

have to be avoided, but their driving forces will increase with

the beta value. The suggested methods of external control of

disruptions through the temperature and current profiles will

also become influenced by alpha particle heating and plasma-neutral

gas interaction. In addition, steady operation by "bootstrap"

mechanisms has not yet beer, realized, and repair and replacement

is a difficult problem in tokamak coil geometry.

Irrespective of the important results obtained with

tokamaks at this stage, the just described difficulties raise

doubts about tokamaks as a final solution of the fusion reactor

problem. With this situation in mind, it should now become urgent

to devote a sufficiently large part of available resources to

research on other alternatives, as well as on new or modified

ideas and concepts.

One alternative is represented by the class of confinement

schemes with a main poloidal magnetic field, being generated to a

substantial part by currents iv solid conductors. At least in

principle such schemes should make high beta values available.

Among the specific configurations which have been proposed, the

internal conductor systems of Spherator type should be mentioned

for which magnetic support shielding becomes a central

problem. The questions about the potentialities of these

systems as fusion reactors have not yet been settled, but there

are indications that, by correct choice of parameters and data,

the plasma physical ar, well ar the reactor technological problems

coulil have chances of being mastered [_8j .
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The EXTRAP concept has resemblance to the Spherator, but

is or.iy based on external conductors. Part of the difficulties with

internal conductors can ther. be removed, whereas the advantages

still appear to become preserved. The following sections of this

paper do not claim to give a definite answer to the relevance

and usefulness of EXTRAP systems, but should merely serve as

description of their potentialities and background in terms of

an incomplete theory.
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2. General Description of Extrap Concept

In an internal conductor system such as the Spherator, a

closed magnetic bottle is generated by the current in an internal

ring conductor, in combination with fields produced by the anti-

parallel currents in a set of rings being external to the

confinement region. The problems with the mechanical suspensions

of an internal solid conductor and their shielding from the

confined plasma can be removed by substituting the internal ring

with a corresponding plasma current, In this way an EXTRAP

{external ring trap_) system is formed which can be developed such

as outlined in Fig.l with two external coil pairs. Here the currents

J- and J in the inner and outer pairs, as well as the plasma

current density j anc^ its spatial distribution, are parameters

which determine the geometry of the poloidal field B and the

confinement region. A toroidal magnetic field Bt can in principle

be superimposed, but this possibility will not be considered in

detail here. The vessel walls are shaped such as to allow for a

large variety of non-circular plasma cross sections.

It should be stressed that the configuration in Fig.l only

serves as one illustration cf a rather flexible EXTRAP concept.

Thus, with preservation of the main features of this approach, also

other coil numbers, coil spacings, and "aspect ratios" of the

coil and chamber radii become possible and should be investigated

in the future.

As far as can be judged from present knowledge, we shall in

this section outline the general properties and advantages of this

confinement system. More detailed descriptions are given in later

sections and summarized in Table 1.

2,1. Expected Equilibrium Properties

According to orbit theory, the present system should form a

closed magnetic bottle with closed surfaces of both the local and

average guiding centre drifts. Thus, the complicated orbits in

helical fields with a rotational transform are avoided, as well as

the need for compensation of the guiding centre drifts across the

magnetic surfaces and for elimination of corresponding space

charges and pressure gradients by plasma currents and streams over

large distances along the magnetic field.
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From the macroscopic point of view, a large class of

high-beta p;lasma equilibria should become possible, where there

is a balance between the olasma pressure gradient and the forces

due to the plasma rind external conductor currents. In particular,

the loop force of the rir.f-3h.ipoc plasma body e m be balanced by

an integrated force due to the plasna current system and the

vacuum field from the external coils. The detailed balance

represent? a complicated problem but it appears at this stage

that such a balance exists at high beta values in absence

of a toroidal field (i.e. where the "safety factor" q = 0 ) , without

the magnetic surface splitting limit which prevails in tokamaks and

stellarators, and with chances of "bootstrap" operation. High

available beta values rhoulr. alec lead to comparatively small

cyclotron radiation losses.

2 • 2• Expected Stability Properties.

Some general features of the present syster», are at least

expected to favour macroscopic stability. First, a considerable

part of the magnetic fir.L-1 ror.sists of a fixed vacuum component

being "anchored" to solid conducts. Second, the strong poloidal

field prevents the- formation of magnetic islands by small distur-

bances. The plasma lorsen are therefore expected to become less

sensitive to pc-rturbaticrs than in cy-rtemc with a main toroidal

field. On the other hand, the. f ield-li ;ir: closure of a purely poloic. i'

field can become destroyed by asymmetric disturbances. Even if this

property is not likely to affect stability in a significant way»

it requires further investigation. Third, the magnetic connection

lengths are short. Fourth, cross sections of non-circular shape can

oe chosen such as to cptinize stability, at least with respect to

certain modes, e.g. by placing the plasma boundary ac close as

possible to external conductors. Possibly the corresponding

flexibility of the field geometry may also provide means of improving

the stability with respec! to tivppocl-particle modes.

Both on laboratory r.̂ alf znd rl full reactor dimensions of

the present system, plasmas being impermeable to neutral gas

should be of mi ror interest. This .?.r,:!.>l i?s that th» conventional

picture of a fully ionizrd pi-mrna N.'cy bounded by a sharp vacuum

region interface or e. i,: jr; if' R r becomes irrelevant, and should be

replaced by that ol n. /ully icni'/.ed j nhomog^neoun plasma [̂ ]

n'l'': Lv '• '. r'ii r trr.. •> ."• ly ior.'?.-;'! boundary i-iŷ r [^ ,7 ,\0\ . J
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In the latter there are strong "boundary layer stabilization"

effects due to the joint action of ion-ion and neutral gas

viscosity, finite resistivity, and a finite pressure gradient i_7~J .

When these effects lead to efficient stabilization, the boundary

conditions of imposed disturbances in the fully ionized hot plasma

core thus become modified. They are changed from the conditions at

a vacuum interface and limiter with small local pressure to those

in presence of a rather large pressure -it the inner "interface"

separating the boundary layer from the core.

In the fully ionized internal region, there are certain

stabilization mechanisms of special importance. Here "magnetic

gradient stabilization" due to the strong inhomogeneous vacuum

field from the external coils lias a strong suppressing effect

on long-wave kinks, ?.s well as or. flute-type interchange modes

fl,10,15] . Concerning the kink modes, the EX7RAP concept this

includes a special feature, i.>->t stabilization by a transverse

strongly irhomogeneous vacuum field, instead of stabilization by

the longitudinal nearly homogeneous vacuum field in tokamaks.

Further, the suppression of flute modes by the present field

structure should become pronounced when the boundary of the fully

ionized region is located in the neighbourhood of a magnetic

separatrix [_l|] as indicated in Fj.g.1. In addition, finite

Larmor radius effects provide a stabilizing mechanism having its

highest efficiency at small wave lengths ^10] . Alternatively,

short-wave kinks may possibly becone damp.: also by a small

superimposed toroidal field FL, but this question is uncertain

at the present stage.

2.3. Expected Reactor Technological Properties

If the decriptioiin of the plasma physical features given in

previous Sections 2,1 and 2.2 hold true, the high available beta

values should make EXTRAP systems especially attractive from the

reactor technological poin4: of view. Thus, high power densities and

comparatively small dimensions may become available, also with the

external coils being placed at a sufficiently small distance from

the plasma. Further, the coils do not" have tc become superconducting,

and may possibly be included in the brat cycle, Finally, replacement

and repair should become relatively r;imple in external coil geometry.
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3. Easic Equations

Ir. a theoretical (description of the present concept we use the

simplified maci'oseopic balance equations

|2 • div(nv) = r.C = nr.

div i = 3 (2)

r.m —= = ~ x F. - yr

ij = E + v x ]s - (I/»n)j x B + (I/eri)Vp

n m —~-- = -7p + r.r.v Cv-v ) + Fn m 31 — n r. - -r- - n
(5)

| I? + 4 div(pv) + p div v + div q + R = nj 2 - nW£ (6)2 3t 2

curl E = - 3B/3t ; E = - V<fr - 8A/St (7)

B = curi A (8)
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curl B = p i (9)

of a plasma having ion density n, pressure p = nk('f. • T ),

ion and electron temperatures T. and T , macroscopic fluid

velocity v, current density 2» a n d being immersed in a neutral

gas of density n , pressure p = n kT and fluid velocity

vp, in presence of the magnetic and electric fields B and E.

Further, rr. = in.+in , £ stands for finite ion Larmor radius effects

[_ 16 J , F_- and F for the viscous forces due to ion-ion

and neutral-neutral collisions in presence of velocity shear,

£ is the heat flow vector, R stands for the total radiation

losses among which ?.. , F , and R denote contributions from

bremsstrahlung, impurities, and maximum cyclotron radiation,

respectively, where R. + R = k. f. n 2 *f~ with
b z b b e

k. = 1.7 x ic20 r 17 ] , R = k r.B̂ T with k = 5.3 x ].0~
u *- •* c c e c

Ql7 3» and f.Z >, 1 is a dimensionless function of

n, T.» T , Z, A representing in an empirical way the radiation

losses of an impure plasma. Finally, W = esj>. is the ionization
"\I7 3/ ?

energy, n = 129(inA)/T = k /T the resistivity and

A* = k2n
2*/S(£nA)/B?/!rT with k? = 1. S x lo"

42 being the plasma

heat conductivity in the directions transverse to a strong magnetic

field f" 18 ~! , £ = <a' w >, v = r\ <a. vi. >, o1 and o.
u -1 en en ' n n in m vr. in

are the cross sections for ionizing collisions by electrons and

ion-neutral collisions with the corresponding mutual velocities

w and w. , and the rest of the symbols have their conventional
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meaning. Ers. (l)-(6) are restricted to fluid motions being small

enough for non-linear accelerations to be neglected, and the

contribution to the resistivity from collisions with neutral

particles is assumed to be small compared to that from Coulomb

encounters Q 5 J. SI units are used throughout this paper.

In states being symmetric with respect to an axis along z,

a cylindrical frame (r,,<0,z) is introduced. In this frame

2 = (0,j,0), A = (0,A,0), and the magnetic and electric fields

become B = (-3ty/3z, 0, 3\|>/3r)/r and E = (-3<|>/3r, E , -

in terms of the poloidal flux function if» = rA. We shall later

study two special cases, namely one at full toroidal geometry

where there is an induced azimuthal electric field E^ due to

-3A/3t, and one "quasi-symmetric" sector case in which E^ is due

to a field E applied between two end electrodes. Thus,s
Eu> = 6C

E^ -Q-6_)3A/3t where Ä = 0,1 in the toroidal andy s s s o

sector cases, respectively.

Especially within the fully ionized parts of the plasma and

under axially symmetric conditions, Eqs. (3) and CO reduce to
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• "3 * Cl/r) v,]

(II , H] • «««> [If , If]

when £ and F. are neglected.

11

(12)

at vr ' V"l ^13*
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4. Plasma Equilibrium and Start »-Up.

We now turn i;o the equilibrium and start-up of a fully ionized

plasma, having a sufficiently high ion density to become impermeable

to neutral gas.

1.1. Steady State Momentum Balance

In a s t e a d y s t a t e wi th 3 / 3 t = 0 , Eq. (11) y i e l d s

and Eqs . ( 9 ) - ( 1 0 ) r educe t o [ 19 , 1 ~]
P = P<*>»

£P _ _ 3_ fl 3*) _ 1
dip " ~ 3r Ir 3r! ~ r 3z

There are a manifold of possible equilibrium solutions which

satisfy Eq. (14), depending on the boundary conditions and the

ways in which the plasma density and temperature distributions

have been "seeded" into the spacings between the nested surfaces

<|i =<p(r,z) defining the magnetic field lines. In particular, it

has been shown that there exist at least a number of special

equilibrium solutions for certain defined relationships p = p(«|>),

being applicable to geometries of the EXTRAP type £ 1 J. In a

steady state, the surrounding vessel walls are in principle allowed

to become either conducting or non-conducting in such geometries.

If, in addition, the heat conductivity along the magnetic

field can be considered high enough for ]}• VT to be neglected,

we arrive at T = T(iJ>). This leads to n = n(i|i), and Eq. (13)

yields

[^ 1-1.[3r , 3zJ(= (l/2en)(dp/dij;) [fc (15)
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In the particular case of a fully ionized toroidal plasma

column where £ = 0 in Eq. (1), steady density and pressure distri-

butions without matter injection can exist only when the transverse

flow velocities

this leads to

v and v disappear. In terms of Eq. (12)

= k r(dp/d*)/T3/2 (16)

when T g = T(iJ>) and k can be treated as a constant. The

physical interpretation of this result is that the resistive

diffusion velocity -(n/B )Vp across the magnetic surfaces

is cancelled by an oppositely directed guiding centre drift

E^x B/B due to the applied azimuthal electric field. The

equilibrium states represented by Eqs. (14)-(16) can be illustrated

by two special examples:

(i) In a toroidal case with

field BJJ = (OJO
volume, for which

6 - 0, an axial homogeneous magnetic

is superimposed all over the plasma

BH = 3BH/3t = const, and only situationsH H
are considered for which
field becomes = -BHr/2

<< B. Then, the induced electric

and Eqs. (14) and (16) yield

' 3/7
j/r = -*$ /2kn = dp/d*

(17)

which determines the current distribution over the plasma

cross section, as a function of T(ip).
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(ii) In a sector case with 6 - 1» Eq. (16) requires E

s^
r t o

become a function of ty. It is likely that the deviation

between this function and the real voltage distribution

between two metal end electrodes is compensated by voltage

drops which are localized to narrow electrode layers. A flow

pattern at small velocities v could also compensate for

such a deviation, but these problems require a more detailed

analysis.

Due to the high flexibility in the ahoice of p = p(\jO, and

to the fact that the present system is of high-beta and free-

-boundary type where the. magnetic field geometry depends on p» it

is not a straightforward task to specify the conditions of a numer-

rical study of the large class of possible equilibrium solutions.

So far only a corresponding long cylinder geometry has been studied,

with a plasma pinch situated in the spacing between four straight

conductors QjtJ] . These studies have resulted in self-consistent

solutions with non-circular plasma cross sections being similar

to that outlined in Fig.l.

Both the radial expansion "loop" force and the forces associa-

ted with vertical shifts of the ring-shaped plasma body are in fact

included in the solutions of Eq. (14). In a detailed analysis of

the balance of this force, however, the high-beta EXTRAP case

becomes more complicated than the low-beta tokamak case. In the

latter the compensation of the loop force from a simple ring-shaped

conductor placed in a nearly homogeneous axial field becomes

straightforward and the restoring forces with their variation with

radial and axial displacements become simple functions of the

spatial distributions of plasma current and vacuum field. In the

EXTRAP case the corresponding problems of non-circular plasma

cross-section are more complicated (compare References [j,2lj). In

any case, it is easily seen that a net restoring force, being

oppositely directed to the loop force, can be produced by the

integrated effects of the distributions in EXTRAP [l] • Since the

loop force results from the differential toroidal effect of a much

larger pinch force, the loop force becomes a function of the plasma

current distribution, and cannot be described accurately by a simple

thin ring conductor model of circular cross-section with constant

current density.

J



r 15

Finally, in the present poloidal field geometry, it should

at least in principle become possible to satisfy the conditions

of a bootstrap mechanism. This could be achieved by means of

the balance described by Eq. (16)» possibly being combined with

pellet injection or matter circulation between the hot plasma

and a gas blanket, as well as by a balance between the heat losses

and the thermonuclear reaction rate or an externally imposed

heating power.

«•. 2. Steady State Heat Balance

On account of the flexibility of the present high-beta system

and its non-circular plasma cross section,only a crude mean-value

formation shall be made when deducing a heat balance relation

between the plasma parameters. The following assumptions and

definitions are adopted:

(i) A steady or quasi-steady state is considered, where the time

scale p/| 3 p/31:| becomes large compared to the relaxation

times obtained from the terms of Eq. (6) by multiplication

with 2/3 p. Thus, a fast adiabatic compression phase is

excluded from the present analysis.

Cii) The flow due to resistive plasma diffusion in the fully ionized

region is cancelled by the electric guiding-centre drift,

as described in Section 4.1.

2
(iii)The poloidal electric current component £ x (ĵ  x J|)/B - ^

directed across the surfaces ^ = const. should vanish.

This is a physically relevant assumption when the plasma is

separated from conducting or non-conducting walls, • = const

forms closed nested surfaces in the rz plane, and Eq, (2)

has to be satisfied. Tn its turn, this implies that a static

plasma balance with v = 0 become.3 possible where the
T 2

components of (_B/2eB ) x
other according to Eq. (4).

p
T 2

components of (_B/2eB ) x v̂ p and Ex B/B balance each
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(iv) In a first crude approximation the plasma column is assumed

to have average major and minor radii r and a , respecti-
vely. The total azimuthal current then becomes

2
J = na <j> where < > denotes mean-value formation overo o
the plasma throughout this section. A beta value

8 = »+yol«nT>/<B2> = 32ir2ka2<nT>/pQJ2 (18)

of order unity can then be defined, where £ = const,

represents an integrated form of the pressure balance deter-

mined from Eq. (3). When the latter equation is applied to

a straight cylindrical pinch with homogeneous current density

and zero boundary pressure, we obtain 0 = 2 . In a real

EXTRAP configuration, the beta value should be affected by

the detailed distributions of p and B over the plasma'

cross section, as well as by the contribution to B from the

external vacuum field.

(v) The fully ionized impermeable plasma body is separated from

a wall-near neutral gas blanket by a partially ionized

boundary layer. Under steady conditions the plasma density

then becomes uniquely related to the neutral blanket density

and the magnetic field strength C 6 3• There is a diffusion

of plasma and neutral gas across the magnetic surfaces within

this boundary layer.

(vi) The points under (i)-(v) apply both to the toroidal and sector

cases. In addition, the latter is associated with particle

and heat losses in the azimuthal direction, to the electrodes.

These losses originate from the components of the average
? 3

guiding centre drifts E x JB/B and ± 2kT(B/eB ) x 7B

of ions and electrons, as well as from thermal conduction.

To sustain a static plasma in presence of a »ass flow to the

electrode surfaces, charged particles should then be created
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and the corresponding ionization energy V be supplied

within partially ionized cathode and anode layers of average

thickness d and d . In a first approximation this

average azimuthal plasma flow velocity can be written as

= 2k<T>/eao<B> = ̂ V W (19)

where v = c,a. Also excitation and other radiation losses

should increase the required local power E j and electric

field E_ within these layers. Finally, as long ass

a << r , the azimuthal heat flow can in a sector experiment

be neglected compared to that in the poloidal direction across

the magnetic surfaces.

With these starting points Eqs. (6) and (1) are considered

in a steady state where the particle diffusion in the poloidal

directions .is suppressed according to Eq. (16). Thus, Eq. (6)

reduces to

j = nJ2 = div[(3kT • W)nv + CK1 • pdiv v + R <20)

where v only differes from zero In the electrode layers of a

sector case, and qp = A V ^ is a poloidal heat flow. Integration

of Eq. (20) over the volume of the fully ionized plasma body

yields, after combination with Eq. (18),

f 2 2l 1 / 2
ao ~ ' s * lh • 8 J
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where s = « e S / ( l + C) , h 2 = H<1 - A ) / Q • C) , ands

H = 32 kk /]iQkbfbZ28<nT> ( 2 2 )

C = 4vokkc<T
3/2>/kbfbZ

28 <23)

A = k_^(inA)02/128k2k (2»O
2 n

f 7 If 3 3 t 1 / 2

S = 3<T>/mrekbfbZ r |k 6/v <n > (251

When using these results to determine the plasma temperature,

the following points should be observed. First, anomalous

resistivity as well as anomalous heat losses and uncertainties in

the spatial distributions of the plasma parameters can somewhat

change the numerical values of the coefficients in Eqs, (22}-(25),

Second Eq. (24) yields A = Q.w/KjZ < 1 for 0 = 1 and

Z > O.m/K, in which case Ohmic heating becomes somewhat larger

than the heat loss due to conduction. We assume this situation

to apply to the following discussion. Especially in experiments at

modest scale and temperature, the present heat balance of a pure
2

plasma becomes mainly governed by <nj > and <divq > which

depend in the same way on <?n> and <T> , as well as by v in

a sector experiment. Third , the communication between the plasma

and a surrounding gas blanket, as well as the constraint of a

given total number of atoms within the discharge chamber, lead to a

rather complicated relationship between a , <n>, and <B>,

not being discussed in detail here. Fourth, as long as

<R + div(3kTnv)> increases more rapidly with <T> than
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2
<nj - divq > , the equilibrium obtained from Eqs. (18) and (21)

should become stable with respect to variations in <T>.

The results of Eqs. (18)-(25) are finally illustrated by two

numerical exampled of a clean hydrogen plasma with inA = 10

and 6 = 1:

(i) In a sector experiment with 6 = 1, r = 0.25 m, and
21 3 s o g

<n> = 1 » ID m the temperature becomes <T> = 10 K

at a total current J = 10 A, resulting in an average minor

pinch radius a = 2.7 * 10~ m. Further, from Eq. (19)
18 2

we then have <n
n
<3wv> = 1 0 m » *-e* t n e thickness of theelectrode layers should be of the order of a millimeter

when nn = 10
2 1 m"3

and cathode surfaces.

21 -3 4
when n = 10 m and T > 3 x 10 K near the anode

(ii) In a fully toroidal experiment with 6 = 0 and
21 —3 8

<n> =10 m the temperature becomes <T>= 10 K at
a total current J = 1.2 x 10 A, yielding a pinch radius

-2a = 6.6 x 10 m.

«».3. The Start-Up Phase

In a steady state the required electric field E ^ of Eq. (16)

usually becomes moderately large, However, to build up the field

pattern of Fig.l, much larger fields are required in a transient

starting phase, on account of the last velocity-dependent term in

Eq. (12). Especially in full toroidal geometry this could lead to

non-trivial technical problems.

The situation car. be roughly illustrated by integrating

Eqs. (10) and (12) over the plasma body, in a situation where a

constant voltage is suddenly being applied in the azimuthal direction.

Thus, in addition to the resistive and inductive voltages of the

plasma loop, there is a contribution from the last term in Eq. (12).

In the low-beta part of a starting phase the latter corresponds to
2 2an equivalent capacity of the order of <nma ' f?v B >, where

B = B is the vacuum field jjer.erated by the external coils. At

data of experimental interest this capacity leads to much larger
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required field strengths than that from nj. When proceeding into

the regime of large currents J, the equivalent capacity further

becomes current-dependent.

Ionization and pre-heating of an impermeable plasma can in

principle be provided by the rotating plasma technique. With this

method, the zero points of the octupole vacuum field should prefe-

rably be removed from the chamber volume. This can be done by

letting the outer coil pair of Fig.l produce the dominating field

in the chamber during start-up, thus providing a unidirectional

rotating plasma mode driven by means of electrode rings which are

placed close to the chamber walls £ 21 J. Other types of discharges

between electrodes placed outside of the intended confinement region

may also be used. Alternatively, start-up may be provided by a

strong toroidal electric field induced by rapidly rising currents

in the external conductors, or by other means. Such a method could be

combined with weak poloidal and/or toroidal vacuum fields

during the earlier phase of start-up, or possibly with localization

of a zero point of the vacuum field inside the intended confinement

region j_ 23 J • B v these meaures also the problem of closing the

magnetic field lines has to be taken into account, possibly by

modifications of the aspect ratio and other geometrical properties

of the system £.24 J. Also particle beams may be used to produce

the current and heat plasma.
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5. Stability

Not only the field geometry but also the plasma distribution

in phase space and th^ boundary conditions determine the stability

of every special confinement system Q 6 ,7,93. Thus, the earlier

adopted simplified picture of a fully ionized plasma body being

limited by a sharp vacuum boundary has to be abandoned in most

situations of physical interest. Instead the plasma body will be

subject to spatially inhomogeneous conditions. In particular,

systems of thermonuclear interest are likely to operate at ion

densities which are high enough for the plasma to become imper-

meable to neutral gas L6»?-!- Further, it is unlikely that the

neutral gas in the spacing between the plasma and the vessel walls

can be completely removed by such means as axisymmetric divertors.

In a quasi-steady state the fully ionized hot plasma should there-

fore become separated from surrounding walls and wall-near neutral

gas layers by a partially ionized boundary layer. The stability

analysis then has to take the different properties of the plasma

subregions properly into account, as well as corresponding

"internal" and external boundary conditions C&>7>9 J*

In this section an approach is described which applies to

plasmas with partially ionized boundary layers and includes stabi-

lizing mechanisms being of special importance to configurations

with strong poloidal fields such as EXTRAP.

5.1. Boundary Layer Stabilization

The partially ionized boundary layer is diamagnetic and has

a thickness of the order of a centimeter under laboratory con-

ditions C6 3* An important fraction of the total plasma pressure

drop, from the centre of the confinement region out to the vessel

walls, is therefore balanced by the 1 x j* force being localized

to this layer. Here the average plasma and neutral gas densities

are relatively high, and the ion and electron temperatures low,

i.e. not exceeding some 3 x 10 K. A "compound" plasma-neutral gas

viscosity due to ion-ion, icn-neutral and neutral-neutral collisions

thus becomes an important layer feature, as well a3 a finite

resistivity and pressure Q 7 ~2. These properties are quite

different from rhos<3 of the not fully ionized plasma core.
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In the particular case of flute-type interchange Bodes, the

low electron temperature and tae firite pressure gradient of the

boundary layer may render rainimum-average-B stabilization

inefficient, especially at lcng magnetic connection lengths.

However, the special layer properties just mentioned provide

another mechanism, in the form of "boundary layer stabilization**.

For flute-type perturbations this is illustrated by an

analysis of low-frequency modes. We thus extend an earlier

investigation on gravity-driven flute nodes C ? 3 *° t n e study

of a partially ionized cylindrical plasma shell, having its axis

along z of a frame (r,<p ,z) and where there is an immersed

magnetic field jJ = [b,B(r),OJ. This simplified geometry should

not be confused with the treatment of axisynsmetric equilibria in

Sections 3 and 't. In the present case the unperturbed plasma

pressure P = 2MkT, density N, and temperature T

thus have gradients only in the radial direction, as well as the

corresponding neutral g<~s parameters P , N , T . A simple

localized perturbation analysis is imposed on Eqs. (l)-(5), in

terms of normal modes having the form

and where C and £_ ere neglected.
expQ.(«*t + K r •

Concerning the coupling between the plasma and neutral gas

motions, the parameters Q 25 ~j

F = wm n /mnvr
2 2

G = m n C K /v mn<u (26)

are introduced, where m ard m are the masses of ions and

neutrals, C is the sound velocity in the neutral gas,

and vn * nn<0inwin> is the frequency of

m
ion-neutral impacts taking pl-'ce at the mutual velocity w

and having the cross section a. . Here it has to be observed that

the coupling is in general anisctropic ar.cl depends on the particular

types of disturbances being considered. For incompressible modes

the conditions F << 1 and F >> 1 correspond to strong and

weak coupling between the plasma and neutral gas motions,

respectively, whereas compressible modes depend on the magnitudes

of both F and G,
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Under the conditions just outlined, the dispersion relation

of low-frequency flute-type modes reduces to

w = i(V • D) ± i T • (V - D)
•(-

.•i1» (27)

where

r =

D =

(28)

(29)

2V(strong)=-
3(mK+m N 3n n

N Tn n

Kn<önnV
(3C)

2V(weak) = (31)

fQ(strong)=X + (m N /mN) j f.(w^ak) = 1 (32)

a prime denotes derivation with respect to r, Y *S * n e

between the specific heats in the case of adiabatic changes of

state and Y s 1 in the ase of isothermal changes,
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\> . and v. • are the electron-ion and ion-ion collision

frequencies, <D and to. the Larmor frequencies of electrons

and ions, w is the thermal velocity of neutral particles,

and a denote? the neutral-neutral collision cross section.

In Eqs. (28)-(32) the driving force of the flute-type instability

is included in F, viscous forces due to ion-neutral, ion-ion,

and neutral-neutral collisions are represented by V, and plasma

diffusion due to finite resistivity and pressure by D. The

stability condition becomes

UVD 5- r (33)

Recently the analysis has been extended by Ohlsson [26] to include

finite perturbed and unperturbed neutral pressure and density

gradients. The balance equations then become modified, but the

resulting dispersion relation and stability criterion turn out

to have the same form as Eqs. (27)-(33).

The physical explanation of this result is that the undisturbed

growth rate of the instability, being represented by /F» is

reduced by the compound plasma-neutral gas viscosity represented

by V, thus putting a brake on the E/B fluid motion. When this

brake becomes large enough, the diffusion due to finite resistivity

and pressure, being represented by D, is able to smooth out the

flute perturbations, and the plasma becomes stabilized. The

present results have been derived from the special case of a

simple low-beta model. It is, however, expected that the main

features of the boundary layer stabilisation mechanism prevail

also in high-beta systems.

In situations of physical interest both to experiments with

impermeable plasmas and full-scaie fusion reactors, the stability

condition (33) can be satisfied within a wide range of parameter

data (see also Kef, [i] ).
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It should finally be mentioned that the stability analysis

of the boundary layer has recently been extended to include both

drift waves C 26]] and a large class of magnetohydrodynamic

modes Q 27^] . In all these cases plasma-neutral gas interaction

and the specific conditions imposed on the boundary layer

by the neutral gas lead to important stabilizing effects.

5.2. Magnetic Gradient Stabilization of the Fully

Ionized Plasma Body

In the case of an impermeable pla9ma with a partially ionized

boundary layer, the fully ionized hot core becomes bounded in a way

differing from earlier conventional models with vacuum boundaries

and limiters. Thus, the equilibrium plasma pressure P and its

corresponding characteristic length F/JVP| become much larger

at the internal layer "interface11, than what would be the case

for a fully ionized plasma being directly bounded by a limiter

or wall surface. In combination with the boundary layer stabili-

zation mechanisms just described, this can lead to an over-all

stabilization of hot plasmas, even in absence of minimum-average-B

and other conventional stabilization methods. This possibly is here

demonstrated by the "magnetic gradient stabilization" mechanisms

acting on a plasma confined in an inhomogeneous magnetic field,

5.2.1.

Applying the cylindrical shell model of Section 5,1 to a

fully ionized plasma and including the finite ion Larmor radius

term f_ in Eq. (3), the localized normal mode analysis yields

the stability condition Q10,12]]

-P'/P < -2y(B'/B) {1+(YA)|1 + ~ (— - 1)1 aU
[ ty PB1 i

(34)

where a. is the ion Larmor radius. Within the limits of

application of condition (3<+) is seen that the plasma becomes

stable for all K , K when the pressure P(r) decreases
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more slowly with increasing r than B ^ « r~ ^(=r~ for y*

In addition, a strong reinforcement due to finite Larmor radius

stabilization arises at large wave numbers.

The stability condition -P'/P < -2YB'/B of expression (34)

in the limit a. = 0 can be considered as the result of a

"maximum-B" stabilization mechanism, being more pronounced the

larger -2-yB'/B becomes as compared to -P'/P. In this limit

stability is secured when V £ 0, as expressed in the notation

of Section 5.1. We then observe that the second term within the

bracket of Eq. (28) yields a contribution to T which is propor-

tional to (B*/B) and always becomes stabilizing.

Forms being equivalent to condition (34) have earlier been

derived, both in terras of the energy principle \_ 28 J and of

plasma dynamics L_12_] . The physical explanation of this result

is as follows. To preserve the total magnetic flux during

flute-type perturbations in the inhomogeneous field B(r) , a fluid

element of smaller volume 6V, being closer to the axis r = 0

has to bo interchanged with an element of larger volume 6V«

being more remote from the axis. There is compression work

needed to inove plasma of initial pressure P~ from the larger

volume 6V? into the smaller volume SV., , and there is

expansion work released by moving plasma of initial pressure P-.

from the smaller volume 5V, into the larger volume SV^• In

this -ase <5V2 > SV-p <5V « £u/B « r2, and

6p « (6V)"Y <* r~ Y « B ^ for adiabatic changes of state. It

is thus seen that the compression work becomes larger than that

of the expansion, provided that the unperturbed pressure distri-

bution P(r) is "flat" enough, as expressed by the derived

stability condition. The same conclusion can be drawn from the

detailed particle dynamics of the flute-type disturbances which

are driven by an electric field perturbation E, originating

from charge separation due to the differential drifts of the

surfaces of constant ion and electron density, n. = const. and

n - const., in the z direction. On account of the magnetic

field inhomogeneity, the corresponding guiding centre drift

J



r 27

i*E ~ — — becomes compressible, i.e. ^ivu_ T 0» As a

consequence, the surfaces n. = const., n = const, do not

move at the velocity u- but even have a reversed drift when

_pt/p < _2YB'/B, i.e. the polarity of the charge separation

becomes reversed as compared to that of a simple Rayleigh-Taylor

instability, and the system is stabilized pre-

condition (33) suggests that the present stabilizing effect

becomes enhanced in systems with larger average magnetic gradients

than those of the straight conductor case. In fact, it has also

been shown by Hellsten Q3] that configurations with a magnetic

separatrix such as EXTRAP and the Spherator can be made flute

stable even in presence of considerable pressure gradients. This

result is obtained from the stability criterion

*L (puY) >x o (35)

where u = Id?,/B, and v .is a cc ;rdir,ate specifying the volume

enclosed by the magnetic surfaces. Ir. systems with a magnetic

separatrix there is a large variation of u across the plasma

body, leading to strong "maximum-average-B" stabilization. Also

when taking the constraint of limited beta values in the regions

close to the zero points of the separatrix into account, flute

stability can thus be secured for ratios between the plasma

centre and boundary pressures of the order of ICC. With inclusion

of finite Larmor radius effects, stability is expected to become

further improved.

5.2.2. Stabilization_of_Kink_Modes

In magnetohydrodynamic theory on collisionless plasmas, the

zero ordor approximation of the magnetic induction law can be

written in the form obtained from Eqs. (*») and (9)

-(B«V)y + JJdivv = (y/V)B J
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In strongly inhomogeneous poloidal magnetic vacuum fields IT

such as in EXTRAP, the right hand member of Eq. (36) contains

a large contribution (v • V_)B which has no counterpart

in the weakly homogeneous vacuum field of devices with a main

toroidal component. Consequently, the strongly inhomogeneous

transverse vacuum field of EXTRAP is expected to have stronger

stabilizing effects on long-wave kinks than the toroidal vacuum

field in tokamaks

A theoretical anaylsis on a simplified model also supports

this statement. Thus, studies have been made on a perfectly

conducting flexible cylinder, having a rigid circular cross-section

and being placed in the field of four straight conductors with

currents being antiparallel to that flowing along the cylinder p.1].

To simulate the presence of a toroidal tokamak field, also an

axial magnetic field component has been included in this model.

The results show that the magnetic vacuum field due to the external

conductors has a strong stabilizing effect on kink disturbances,

at fixed conductor positions and increasing conductor currents,

as well as at fixed such currents when the conductors are made

to approach the cylinder. Further, the transverse vacuum field

extends the stability domain in geometries having a dominating

poloidal field, whereas the same vacuum field becomes destabilizing

in cases of a strong toroidal field such as in tokamaks t

Kink stabilization of a real plasma in toroidal EXTRAP

geometry requires further analysis, also including finite

Larmor radius effects on short-wave disturbances, and possibly

the. effects of an imposed toroidal magnetic field B. .
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5.2.3. §tabilizationof^InternalKinkand

Recently Hellsten |̂  11,15 J has extended the »agnetohydro-

dynamic theory on plasmas in axisymroetric poloidal fields and has

shown that stabilization becomes possible under rather general

conditions» provided that the pressure does not vanish at the

edge of the fully ionized region. For a plasma surrounded by a

conducting wall, the interchange modes limit the achievable

pressure gradient in the low-beta limit» whereas the internal kink

modes limit the achievable plasma current density. The latter can

be increased by increasing the total magnetic strength. Kink modes

of top-bottom symmetry with respect to the geometrical mid-plane

make the marginally stable pressure gradient depend also on

current density, magnetic field strength, and the beta value.

Finite Larmor radius effects should improve the stability, especially

in the case of short-wave perturbations.

These results should largely apply to EXTRAP configurations,where

a conducting wall could be used in a steady state of bootstrap

operation. During start-up there arise on the other hand the same

technical difficulties with induced wall currents as in tokamaks

and other toroidal devices. At this stage the achievable beta

values of stable conditions further appear to be reconcilable with

the present concept. However, also the stability problems described

in this section require further analysis in the specific case of

EXTRAP geometry.
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6. Conclusions

If the predictions made in this paper are correctt the

EXTRAP concept may provide a new line of research on hot plasma

confinement > with some important advantages over more conventional

approaches. Part of these advantages which concern equilibrium,

stability, and reactor technology have been summarized in Table 1,

for comparison with present tokamak projects.

However, before a final judgement can be made on the relevance

and potentialities of this concept, extensive experimental and

further theoretical investigations are needed. Experiments on a

sector experiment have recently started in Stockholm, and are

planned to be followed by studies on full toroidal geometry. The

first preliminary results are encouraging Q 2 ] but so far not

complete enough for definite conclusions to be drawn.
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Table 1. Comparison between some properties of present tokamaks and
corresponding expected properties of EXTRAP devices.

Problems

1.Equilibrium

1.1.Parti£le_orbits

1.2.Beta value problems

1.2.1. Maximum average
beta

1.2.2.Magnetic surface
splitting limit

1.2.3.Cyclotron
radiation

1.3.Bootstrap operation

2.MHD Stability

2.1.Formation of islands
and asymmetries

2.2.Flute-tyj>e modes

2.3.Long-wave kinks

2.3.1.Kruckal-Shafranov
limit

2.3.2.Stabilization
effects

3.Reactor Technology

3.1.Beta^dgpendent
grogefti.es

3.1.1.Power density

3.1.2.Superconductors

3.1.3.Coil stresses

Tokamak
(present properties)

Open guiding centre
orbits;leakage and
charge separation
partly compensated
by rotational
transform.

Limited to some
percent.

Reached at rather
lov? beta values.

Considerable; due
to strong toroidal
field.

So far difficult.

Sensitive to
formation.

Long magnetic
connection lengths;
weak magnetic
gradients.

Exists at q=l.

Weak effect from
vacuum field
inhomogeneity.

At lower limit from
economical point of
view.

Necessary for
operation.

Large.

Diffi :ult with
toroidal-field
coils.

Extrap
(expected properties)

Closed local and
average guiding
centre orbits.

Of order unity.

In principle no
limitation.

Moderately large.

May become possible.

Not sensitive to
formation.

Short magnetic
connection lengths;
strong magnetic
gradients.

Non-existent;even
q=0 should become
possible.

Strong effect from
vacuum field
inhomogeneity.

Sufficiently high
from economical
point of view.

Extend available
ranges, but not
necessary.

Moderate.

Relatively simple
with poloidal-f .ieJd
coils. J
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Figure Caption

Fig.l. Crude outline of EXTRAP system with qualitative

picture of magnetic field pattern in the particular

case where a magnetic separatrix with one zero point

defines the plasma boundary. Other coil geometries

than those shown by the figure may also fulfill the

purpose of the present concept, such as these where

the relative coil spacings and ratios between the coil

radii are modified and where there is another number

of coils.
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BASIC FEATURES OF EXTRAP CONCEPT

B. Lehnert, February 1977, 34 p. in English

The potentialities and properties are discussed of a recently

suggested axially symmetric, quasi-steady, closed, high-beta

magnetic confinement system. A toroidal pinch of non-circular

cross section is immersed in the strong, inhomogeneous poloidal

vacuum field from a set of ring-shaped conductors, all carrying

currents in the opposite direction of the plasma current.

This "EXTRAPT" concept is expected to have some important

advantages, as compared to magnetic bottles based on a main toroidal

fjeld component. Concerning plasma equilibrium, there are closed

local and average guiding centre orbits, beta values cf order unity

should become available, there is r.o magnetic surface splitting

limit, cyclotron radiation should be kept at a comparatively low

level, and bootstrap operation may become possible. Concerning

plasma stability, the system should not become sensitive to magnetic

island formation and asymmetries, and the short magnetic connection

lengths as well as the strong vacuum field gradients should favour

stabilization of flute-type, kir.k, and other inagnetohydrodynamic

modes. Concerning reactor technology, high power densities are

expected to be reached, superconducting coils should not become

necessary, the coil stresses are moderate, and repair and replacement

are facilitated by the coil geometry.

Before a finai judgement can be made en this concept, however,

extensive experiments and further theoretical analysis are needed.

Key words Magnetic confinement, stability, external ring systejnE,

p/ts blanket.
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