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MAGNETICS CALCULATIONS FOR AN ELMO BUMPY SQUARE

R. T. Santoro and N. A. Uckan
Oak Ridge National Laboratory, Oak Ridge, TN 37831

R. J. Schmitt
McDonnell Douglas Astronautics Company, St. Louis, MO 63166

ABSTRACT

Calculations have been carried out to determine the vacuum magnetic parameters, forces, and
the use of trim coils in an ELMO Bumpy Square. A configuration having five mirror coils per
side and an eight-coil high-field toroidal solenoid corner assembly was studied. Favorable
magnetic parameters are achieved in the device. An on-axis mirror ratio of 1.9, a global
mirror ratio of 3.6, and excellent centering of plasma pressure contours are achieved. Particle
losses are also minimal (<5%). The magnetic forces acting between coils are comparable with
those encountered in the EBT-I/S magnet configuration. Circular trim coils were found to be
suitable for restoring hot electron ring locations that are displaced when the coil curren.. are

varied for performing magnetic studies or for assessing the effects on the EBS of the global
mirror ratio.



I. INTRODUCTION

Advanced ELMO Bumpy Torus (EBT) concepts have been studied in an effort to
determine the potential for new and different concepts as confinement experiments or as
reactors. Several magnetic configurations based on the EBT confinement corcept were
developed including the ELMO Bumpy Square (EBS) first introduced by L. W. Oven in
1982.! The EBS was selected for near-term study on the basis of its (1) ability to address and
resolve critical EBT issues in a cost-effective manner, (2) intrinsic desirability as a reactor
configurzation, and (3) potential contribution to the physics and technology of fusion, in
general.

A comprehensive theoretical and engineering analysis of the EBS concept was carried out
to assess the merits of the EBS configuration with respect to particle confinement, heating,
transport, ring production, and stability.> The study focused on a design involving
modification and reconfiguration of the EBT-I/S. That is, a reconfiguration of the toroidal
EBT-I/S magnet-vacuum vessel geometry into a square geometry having dimensions that
allow its incorporation into the EBT-I/S enclosure. This paper summarizes the results of
calculations that were carried out to provide data for assessing the vacuum magnetic
parameters of the EBS and to provide information to aid in the mechanical design of the
magnet support structure and containment for the coils.

I1. EBS CONFIGURATION

The EBS configuration consists of four linear arrays of simple mirrors that are connected
by 90° sectors of a high-field toroidal solenoid. Figure 1 shows the geometry of one quadrant
of the EBS. The device is comprised of twenty of the existing EBT-I/S mirror coils, five to
each side, with a mirror ratio of 1.9. The mirror sector length (the coil spacing) in the sides is
LM = 40 cm. The connecting corner sections are constructed using eight newly designed
half-size EBT mirror coils that generate a magnetic field with negligible ripple in the corners.
The major radius of the corner sections is Reommer = 44 cm with the axis at each corner
displaced radially outward by (Agpis)corner = 2.5 cm from the axis of the sides. The outward
displacement of the corner coils and the distance between the mirror coils and the turning
coils, called the transition sector, Lg, are adjusted so that hot electron rings are formed in the
transition sector on the same flux lines as in the axisymmetric sectors. In the geometry shown
in Fig. 1, Lyg = 42 cm. All of the coils have an inside radius of 16.36 cm. The side mirror
coils have a cross-sectional area of 10.16 x 7.30 cm? and carry a current of 7777 A in 44
turns. The corner coils carry 9000 A in 22 turns and the cross-sectional area is 5.08 x 7.30

cm?.

Most of the calculations were performed using the geometry shown in Fig. 1. Also
considered was a geometry including circular "trim-coils” positioned coaxially in the center of
the transition sector. The inside radius of these coils was 32.7 cm with cross-sectional area of
2.65 x 2.65 cm?. The trim coils are used to restore the ring location in the transition region
when the currents flowing in the mirror and corner coils are varied to study magnetic
performance or to assess the effects of the global mirror ratio.
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Fig. 1. Geometry of the EBS configuration indicating the coil arrangement.

III. DISCUSSION

A. Method of Calculation

The magnetic parameters for the EBS configuration were determined with the computer
code EFFL* which calculates the magnetic flux lines, fields, forces, and inductance for an
arbitrary system of coils defined using circular arcs and/or straight segments of conductors of
rectangular cross section. The methods used for the calculation are based on a combination of
numerical and analytical integration of the Biot-Savart Law for a volume distribution of
current. The solutions yield accurate field values inside and outside the conductors. The

magnetic field at a point in space, p, produced by a volume distribution of current is obtained
from the relation

_ Sy dIX (F,—F,)ds 1)
Blp) = 4 f.[ | o1 |

1




where J is the current density in the conductor and g, is the permeability of free space. In Eq.
(1), T, is the source position vector, 1, is the field position vector, di is the vector differsntial

element in the direction of the current flow, and ds is a differentiai arca element perpendicular
to the current flow.

The magnetic flux lines are defined by solutions to the differential equation
dy/ | ds| = B,/ | B | (2)

and the magnetic force exerted on a coil is calculated by integrating the vector product J x B
over the conductor volume

?=ff.ldi>(§ds. (3)

1 s

B. Magnetics

The magnetic field lines (solid curves) and the mod-B contours (dotted curves) in the equa-
torial plane of the EBS are given in Fig. 2. The 2.5 cm outward displacement of the corner
coils with respect to the mirror coil axis symmetrizes the mod-B in the transition sector rela-
tive to the axis of the mirror section. Thus, the electron rings are formed consistently on the
same flux lines throughout the device. It can also be observed that incorporating eight half-
size coils in the corner results in negligible (< 0.5%) ripple in the field lines in the corner and
that there is no observable perturbation even in the outermost flux lines that just graze the coil
winding. The magnetic field strength as a function of distance along the magnetic axis is
shown in Fig. 3. These data show the on-axis mirror ratio (Bax/Bmis) to be = 1.9 ard the
global mirror ratio (Bcgrner/Bside) to be = 3.6.

The core plasma pressure contours (constant §d1/B) and passing particle drift orbits (con-
tours of constant §dl) are shown in Figs. 4 and 5, respectively. For small mirror radii, the
pressure contours are centered at x = -1.2 cm. The pressure contours become progressively
more centered about the mirror axis for larger values of the minor radius. The orbits of dee-
ply trapped particles (vj/v=0) and the fdl/B contours will tend to coincide and be nearly cen-
tered on the mirror axis in an EBS.2 This centering further implies that the hot electron rings
will also be well centered forming in nearly axisymmetric fields.

Shown in Fig. 6 is the filling factor as a function of vj/v. The filling factor, or volumetric
efficiency, is the ratio of the area of the drift orbit that passes through the limiting flux line in
the midplane for a given pitch angle to the area intercepted by the limiter. The limiter is
taken to be a circle in the midplane defined by projecting the coil throat along the lines. The
data in Fig. 6 were obtained for a limiter having a radius of 11 cm. The filling factor is a fig-
ure of merit since it can be interpreted as a measure of particle losses caused by unconfined
drift orbits which intercept the walls of the vacuum chamber.
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Fig. 2. Magnetic field lines and mod-B contours in the equatorial plane of the EBS.
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Fig. 3. Magnetic field strength versus arc length along the magnetic axis.
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Fig. 4. Core plasma pressure contours in the coil midplane of the EBS (contours of constant
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Fig. 6. Filling factor versus V|/V at the midplane of the EBS.

In Fig. 6, v|/v is defined in the midplane. The point to note from these data is that the
area for the trapped particles, vj/v = O, is nearly unity and that as particles become more
passing, v|/v — 1, the volumetric efficiency still remains large, and the particle losses in an
EBS are small (<5%). In the EBT toroidal configuration, the maximum value of the filling
factor is ~0.5 at v|/v = 0 and particle losses of ~50% are normal.

C. Magnetic Forces

The mechanical design of the EBS must take into account the forces acting on the coils
due to the magnetic field and the steady current distribution in the coils. The coil support
structure must be designed to maintain the weight of the coils and also to sustain the mechani-

cal rigidity and alignment of the magnets in the presence of these forces so that no deflection
or displacement of the coils occurs during operation.

The case of each mirror coil is directly supported by a stand that is bolted to the floor.
The corner coils are similarly supported. The :adividual stands are appropriately coupled to

distribute and maintain centering and out-of-line magnetic forces over the centerline span of
the device.

The components of the total magnetic forces acting on the transition and corner coils are
summarized in Fig. 7. The z-component of the forces have been omitted since they are very
small (~10? lbs). The calculated forces are comparable with those found on the EBT-I/S
device so no extraordinary supports are required for the EBS. The components of the mag-
netic forces vary from a few pounds to several tons with the largest forces acting on the corner
coils just adjacent to the transition section.
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Fig. 7. Magnetic force distribution in the transition and corner coils of the EBS.

The data given in Fig. 7 are the total x and y components of the magnetic force. In deter-
mining these data, the coil is divided into twelve elements and the components of the forces
are separately calculated for each element. These data permit the EBS designers to estimate

the torque acting on each magnet. Table 1 summarizes the components of the force on each
element for <oils A and B in Fig. 7.

D. Trim Coil Control

All of the previously discussed calculations were carried out for the EBS configuration
shown in Fig. 1. For currents flowing in the mirror and corner coils of 7777 A and 9000 A,
respectively, and for the transition sector length of 42 cm, the hot electron rings are formed on
the same flux line in the mirror and transition sections. The rings are formed at the intersec-
tion of the second harmonic mod-B surface and magnetic field line having a minimum of
0.5 T. The currents supplied to the mirror and corner coils may be varied to study magnetic
parameters or the effects of global mirror ratio. Altering the current perturb the field line
mod-B configuration and the ring location in the transition sector relative to the mirrors.
Restoring the ring location is accomplished with the use of trim coils.



Table 1. Elemental Forces Acting on Coils A and B

Current
element F, F, F,
(pounds)
Coil-A
1 -3893.0 38.3 -1043.3
2 -2856.7 26.3 -2857.3
3 -1049.4 7.6 -3198.6
4 1055.0 -11.0 -3935.2
5 7891.3 -25.2 -2890.7
6 3957.0 -32.7 -1060.1
7 3957.0 -32.7 1060.1
8 2891.3 25.2 2890.7
9 1055.0 -i1.0 3935.2
10 -1049.4 7.6 3198.6
11 -2856.7 26.3 2857.3
12 -3893.0 38.3 1043.3
Coil-B
1 -3644.9 2487.4 -969.9
2 -2444.6 2210.8 -2424.9
3 -794.8 1862.1 -2916.1
4 686.3 1584.8 -2596.2
5 1745.4 1409.8 -1752.9
6 2292.8 1327.3 -615.9
7 2292.8 1327.3 615.9
8 1745.4 1409.8 17529
9 686.3 1584.8 2596.2
10 -794.8 1862.1 2916.1
11 -2444.6 2210.8 2424.9

12 -3644.9 2487.4 969.9




The effects of trim coils on the maintenance of the ring location is studied here. As noted
above, circular trim coils having a radius of 32.7 cm and centered in the transition sector were
considered. The trim coils have a cross-section area correspending to ~10% of that of the
mirror coils. The location of the coils optimizes their function znd has the smallest effect on
space conflicts with other systems and components.

The relationship between coil current and the trim coil current required to keep the rings
on the same flux line in the transition sector as in the mirror sector is shown in Fig. 8. The
reference ring location is indicated on the solid curve and is produced by the current conditions
given above. Changes in the corner coil current move the ring location along the solid line.
That is , the second harmonic mod-B surface in the transiton sector moves relative to its loca-
tion in the mirror section by the amount indicated on the ordinate. In the reference case, the
ring forms in the transition sector at a distance r,s from the mirror axis. Decreasing the
corner coil current moves the ring closer to the axis in the transition sector while its location in
the mirror sector remains at r;. For a decrease in corner coil current, the ring location is
restored by supplying the trim coil with a fraction of the current flowing in the mirror coil. If
the corner coil current is reduced to 8300 A, the ring location may be restored by supplying
the trim coil with 25% of the current fed to the mirror coil. The plus sign means that the
current in the trim coil flows in the same direction as in the mirror coil. If the corner coil

exceeds 9000 A, the current to the trim coils must flow opposite to that in the mirror coil to
restore the ring location at the reference location.
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IV. CONCLUSIONS

The ELMO Bumpy Square represents a viable alternative to the EBT. Calculations indi-
cate that favorable magnetic parameters can be achieved. An eight-coil corner assembly cou-
ples the linear mirror sectors with negligible field line ripple (< 0.5%). The axisymmetric sec-
tor mirror ratio is ~1.9 while the global mirror ratio, (Bcgrner/Bsige), is ~3.6. Particle drift
orbits are considerably better centered for trapped, passing, and transitional particles in the
EBS than in the EBT. In addition, nearly 95% of the particles are confined compared to
~50% for the EBT. The hot electron rings are formed in nearly axisymmetric fields con-
sistently in the mirror and transition sectors and the ring locations are readily maintained with

the use of circular trim coils placed coaxially with the miror axis and centered in the transition
sector.

The magnetic forces acting between coils are comparable with those encountered in the
EBT and reconfiguration of the toroidal coil assembly can be accomplished using existing
magnet support structures.
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