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Abstract

In part I of this pamphlet we give data of the -up to now-
final choice of the configuration of the levitated superconduc-
ting quadrupole W VI.

In part II we summarize criteria of plasma physical and of
technical nature used in developing the above configuration.




Part I - Configuration W VI

1. Magnetic Field

We use cylindrical co-ordinates R, ¢, z. In a series of
computer runs [1] a configuration Rn’ Z, of n currents
Tn = (0, In, 0) is derived which produce a magnetic field

sultable

i) to confine [2, 3] a low-8 plasma in a flute-stable toro-
idal quadrupole configuration,

i1) to levitate the two inner rings.

Superimposed to this poloidal field there will be a compara-
tively weak azimuthal field [2].

In Table I+Le 1list the coordinates R, z of filamentary currents
I and the coordinates R, Z21s Zp of solenoids having the length

z1 - 22 and total current I.

These currents produce a magnetic field as shown in Fig. 1.
Field lines (lines of constant vector potential AR) are cal-
culated starting at arbitrarily chosen points. Thus equal
distance of field lines does not indicate B proportional to
R. Small crosses show the position of filamentary currents,
short vertical straight lines the position of solenoids,
dashed lines the contours of the actual coils.

+) see next page
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We 1list some properties of this magnetic field configuration

i) no net flux between the contours of the rings(line Cq
and CII)’ i.e. ring contours are at same vector poten-
tial

ii) difference of vector potential between ring contours
cr and C11 and separatrix s equal to difference of vector
potential between separatrix and field line adp where
q = &dl/B is ‘minimum® ),

iii) ring contours'chosen such as to provide volume for super-
conducting coils with their structural elements as well
as volume for energy storage to ensure the desired time
of operation,

iv) outer boundary field line which is from the line q_

p, = 1.5 cm distant at R = 45.6 cm. This field line must
not be touched by material objects such as cooling device,
liquid Ng—shield ete.,

v) small asymmetry of magnetic field with respect to plane
z = 0 caused by small additional (some %) currents I, ,I,
in the lower system in order to 1ift the weight of the
rings L and II,

vi) position of shortest field line (see fig. 3) not optimized,

vii) no "Rosenbluth-dimple".

In figs. 2 and 3 we plot vector potential AR and magnetic field
B as well as volume per unit flux q =(§d1/B and length of field
line L = f§d1 as functions of R at z = O.

+) These first two criteria imply [2]:
a) equal particle loss rates to the outer wall and to the sur-
faces of the levitated rings,
b) total diamagnetic current equal to zero, no net angular
momentum if plasma is produced -symmetrical in * © direction.




2. Magnetic Forces

a) Equilibrium

In this section we neglect the small overshoot of current in the
lower coil system. Magnetic forces are calculated adding the hoop-
force Kh = (Kh,R 0, 0), i.e. force of each current acting on
itself, and the force of g = (Ki,R’ O Ki,
any current and the magnetic field produced by all the other

interaction K Z) between

currents.

Hoop force

=
Ir Jm) J$ =
ming a toroid of major radius R and minor radius r, having the

self-inductance L =~ uOH(ln R/r + 1/3) and magnetic energy

We assume a coil with total current I = const., for-

E=-1/2 LI® [(4]1. The hoop force K, is calculated from magnetic
energy performing a virtual deformation dR:
2
- _G9E _ _E I
MeR= @GR~ "R % 3 (1)

This force is directed radially outward.
Table II gives the hoop forces of the colls of W VI.

Table IT

Hoop forces in W VI

coil R r L 1 E Kn Kh
[(m] [em] [H] [A] LJ] [(Nw] Lkp]

I 0.3 3.75 0.91-10°° 14-.10°  7.3-10%  34.3-10*| 35.0-10°

e 0.6 2.7 2.95.10°° 1.9:10° 4.15.-10% 8.9-10% | 9.1-10°

III=IV | 0.29  0.35 1.73-107° .7-10 0.43-10% 1.8-10% | 1.8-10°

V=VI 0.595 0.35 4.08-107° -3.3-10% o0.21-10% 1.0-10% | 1.0-10°

VII=VIIT 0.718 0.35 5.11-10°C -4.8-10% o0.59.10% 0.97-10% 1.0-10°




L = self inductance of single-turn coll; coils\ having n turns:
I~ nI i N

Force of interaction

The magnetic field ﬁi = (Bir’ 0; Biz) as produced by all the other
currents at the center of any coil is calculated using the computer-
code [1] and skipping the respective current. The force of inter-
action Ki is given approximately by

K; =201 RTIx By = (Kir, 0, Kiz)
as listed in Table III.
Table III
Forces of interaction
e R By, Bir Kin K2 Kip Kiz
[A] (m) [Vs/m?] [Nw) [Nw] (xp) (kp]
I 4+10° 0.3 +0.04 O 3.10% 0 3.1+10° 0
I 1.9°10° 0.6 -0.21 0  -1.5-10° 0 15210210
- N 4 4 2 S0
ITI=IV |-7-10 0.29 +0.26 0.3%9 -3%.3%*10' +5.0-10 |3.4+107 5.1°10
V=VI -3.3-104 0.595 -0.08 0.19 +1.o-1o” +2.3-104 1.0°10° 2.3-103
VII=VIII -4.8-10J+ 0.718 -0.09 0.12 +1.9-1o” +2.b-1o4 1.9-103 2.7-103




Fig. 4 is a graph of the total force K = Kh + Ki. We note thaﬁ
the inner ring I tends to expand with a total force of 3.8°10° kp
whereas the outer ring II is compressed by about - 6'103 kp.

The slanting forces acting on the levitating and field-shaping

coils can be matched easily by appropriate design of coil supports.

b) Levitation

To levitate the inner rings I and II into the position z = 0O
a certain current in the lower coil system IIX and Ix added
to the current Iy and I (ef fig. 1) is necessary.

We assume weights of GI = 260 kg and G
tated rings I and II.

When using the values of vertical forces K1Z of coils III and
V (Table III) we find

1T = 530 kg of the levi-

I , 260 4 .
I., = 347————— + T = === (.7.0:10)=-3.6-10" [A]
IX Kiz,III III 5100 ( )
T = GII « T = _.52(.). (_3 3.104)_ -T 6.103 [A]
e Klz v V== 2300 § ELs

c) Stability
The mechanical stability of current hoops, some of which
being levitated, is treated in more detail elsewhere Ll 6. 16

One of the possible approaches is to calculate the magnetic

energy E = -é-zk LiK Ii IK as function of relative position of

the current hoops and discuss the question of stability consi-
dering




i) whether theenergy rises (forces tending to stabilize)or
decreases (forces inducing instability) and

ii) how much theenergy changes (frequencies or growth rate,
respectively)

when performing a finite displacement off the equilibrium po-

sition.

In a system of two levitated movable rings (their shape being
unchanged) there exist 10 degrees of freedom [5]. Since in the
configuration W VI the currents in the levitated rings are the
largest of the whole system, the severest disturbances of
equilibrium are considered to be
i) radial motion of the levitated rings against each other
with the same displacement BR
ii) tilting of the levitated rings about the same angle &

iii) common displacement of the levitated rings in z-direction.

Other displacements are less harmful as the attractive forces
of the currents in the levitated rings tend to reduce them.

Keeping all fluxes %& = i% LiK IK constant we calculate for the
current distribution of W VI the magnetic energy E(éR, 6) at
several positions z = const. A contour plot E(6R,6), z = 0 is
given in fig. 5. Solid lines are contours of E(GR,6)>E(O,O),
broken lines those of E(6H,6) < E(0,0). The system is stable
against tilting, unstable against radial displacement. This ra-.

dial instability will be servo-controlled [6].

Varying z similar plous as fig. 5 are found showing only a slight
change of the marginal line E(6R,6) = E(0, 0); Z = const.

In fig. 6 the solid line shows E(O, 0) as function of z; the

dashed lines indicate at some positions =z E(6R,O), the dotted lines
E(0,8). The system is stable against displacement in z. As the
lower currents are slightly higher than the upper ones the minimum




B

of the energy is at z > 0. However, adding the gravitational energy
Eg = Mgz (M = mass of the two levitated rings) the minimum of energy
is shifted to z = 0, thus defining the overshoot of currents in the
lower system once more.

3, Change of Magnetic Field

2, Dy ~ B™!) transverse to

Considering particle losses (Dclf B~
magnetic field B one is interested in changing B by varying the
currents in the system by a factor of p. As it 1s desirable to keep
the levitated rings floating at position z = O one has to change
the overshoot in current of the lower system by a factor of 1/p to
retain this equilibrium position. In a set of computer runs we
changed p from p = 1 (configuration as in Table I and Tige ") to
p = 0.4 and performed the evaluation of the relevant field lines
crs Cpps S5 Ay (see fig. 1). The dependence of the field configura-
tion is demonstrated in fig. 7. The upper curves in fig. 7 show the

relative change
R(p) - R(1)
R(1)

of typical radii RI, RII’ Ro, Rq
separatrix s and the line with gq = Qnin? respectively.
For values of 0.5 = p ~ 1 these radii deviate less than 1 % and the

magnetic flux between separatrix and Qpin (see lower part of fig. 7,

of the ring contours Cqs C1ts the

constant distance between both curves) 1s proportional to p.
As the asymmetry of the configuration with respect to z =:0:18
aggravated with p < 0.5 and the relevant field lines are shifted

more and more it is concluded that 0.5 < p < 1 should be
maintained in the experiments. Thus the classical con-
finement time T, can be varied by a factor of 4 whereas

T Bohm changes by a factor of 2.




Part II - Criteria Defining the Configuration

Criteria defining the configuration W VI are of plasma
physical'as well as of technical nature. Strict adherence
fo one special criterion often leads to contradictory re-
sults as compared to the requirements of other criteria.
Compromises have to be made which sometimes are influenced
by subjective aspects. Furthermore, expected time to realize
the project W VI as well as cost considerations are taken
into account. Some of these considerations were discussed
when the octopole W V was developed [2], others are outlined
in prior pamphlets on project W VI [e.g. 7, 8, 9].

1. Linear Scaling

Having once chosen a set of currents to be optimal we
first consider a linear scaling factor k which is to be
applied to the dimensions of the configuration.

Scaling is done already in [7] and [9]; here we list the
assumptions made and the results obtained.

Contrary to the scaling of W V [2] we keep constant

i) current density of the superconductors

ii) ion flux produced by the source.

Considering ions of energy U lost by resistive diffusion or
by Bohm-diffusion the respective containment times Toi and ™B
are proportional to




frl’l 4/"' M —1

T~ ke U T4 KU
Choosing the number n of radii of gyration between two field
lines, e.g. separatrix and Sy as a further constant the par-
ticle energy U can be eliminated and one finds

%2 =l

Ty o k ; TR~ b

This result indicates the choice of maximum possible k, the
upper boundary being given by consideration of costs( e.g.cost
of superconducting material ~ kj), of facilities to manufacture
2 %o k7), and of ha-
ving the power already installed to energize the coils.

the parts and time t of production (t ~ k

The discussion of all these points led to dimensions as shown
in Table I or fig. 1.

2. Currents in the Levitated Rings

Here we give a simple and apprdximate relation between the
total currents in the levitated rings.

We wish to establish no net flux between the two levitated
rings 1 and 2, i.e.

W, o= E Ligk Ix = %2 © §.L2K Ik
As the mutual inductances Lik are always smaller than the self-
inductances Lii and as the currents Il’ I2 are the largest in
the configuration we approximate

Py = LygLy s @y = Lpols

As the Lii are proportional to the radii Ri we find IlRl ~ I2R2.
This first approximation is improved by trial and error. The
final result of having no net magnetic flux between the surfaces
of the rings is to be in accordance with the demands of the




following section 4. concerning the cross section of the
rings.

3, Major Radius of Levitated Rings

Taking the major radius of one ring as given and keeping
fluxes constant one can enlarge the major radius of the other
ring thus enlarging the plasma volume. We changed the major
radius of the bigger of the two levitated rings from R2 =
54.6 cm (same value as octopole W V) to R, = 60 and R, = 70 cm.
The volume enclosed by the field A was approximately propor-
tional to (RQ/R1 - 1.6), magnetic flux between separatrix and
field line A and consequently the particle confinement time
was independent of RE/Rl'

In the case of R2 = 70 cm there was evidence of flux leaking
out in z-direction between the inner and outer levitating coils,

and the final choice was R2 = 60 cm.

4. Aspect Ratio of Levitated Rings

The levitated rings consist of superconducting material
wound on a rigid frame to meet the magnetic forces, of current
switching elements, and of mercury as energy reservoir to en-
sure appropriate time of operation, all embedded in a vacuum-
tight shell.

Considering a possible [10] current density of J =~ 104 A/cm2
for the superconductor corresponding to 200 A in the supercon-
ducting tape there result n = 2000 and 950 windings for ring

I and II respectively, demanding a cross section of 46 and 22
cm2 as indicated in fig. 1.

The amount of mercury in the rings depends on

i) theenergy dissipated when energizing the coils,

1i) the energy dissipated in the normal-conducting switch of

the superconductors,




iii) the thermal energy of plasma lost on the rings,
iv) the energy radiated onto the surface of the rings.

When discussing these effects one can neglect i) to iii)
as compared to iv); an estimate of the power radiated onto
the surfaces of the levitated rings (NI’ NII resp.) yields
[11] the ratio Np/Npp = MHgI/MHgII = 0.46 in the case of

a small spherical plasma source.

5. Outer Coils

The outer coils No. III to No. VIII (see fig. 1) are
normal-conducting and water cooled. They are switched in
series and carry currents in the opposite directions to
those of the levitated rings No. I and No. II. The coils
IX and X provided for 1lifting the superconducting rings
will be energized separately. Thelr currents are chosen
according to the requirements of the preceding sections
2b and 3 concerning levitation and variation of magnetic
field.

When defining the axial position z of the levitating coils
III, IV + IX (corresponding to ring I) and V, VI + X (corre-
sponding to ring II) the currents of those coils are to be
proportional to z to avoid considerable change in the shape
of the configuration. An average distance of z = 16 cm is
chosen.

']

The coils No. VII and VIII are necessary to compensate for
flux leakage caused by toroidal geometry. They are at a
-position R, z such as to introduce no tilting instability on
the levitated rings.

Additional to the main poloidal field an azimuthal field Bw of
approximately 1 to 2 kG will be provided. This is desirable
according to the experimental result of the octopole [12] and
also to have the possibility of introducing shear E2l.
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Figure Captions
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Fig.

Field pattern of superconducting levitated
quadrupole W VI

Vector potential AR and magnetic field B
as function of R at z =0

Volume per unit flux q = gadl/B and length
of field lines L = &dl as function of R |
at z = 0

Radial and axial forces acting on the coils

Contour plot of magnetic energy (arbitrary
units) vs tilting 6 and radial displacement 6R
of the levitated rings

Magnetic energy vs elevation z, fluxes constant
dashed curves: radial displacement &
dotted curves: tilting &

Effects of change of magnetic field strength

by a factor p

upper curves: relative change of typical radii
(see insert)

lower curves: vector potential of separatrix

and of field line with q = dedis
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