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[57] ABSTRACT 
An Elmo bumpy square (BBS) plasma con?nement 
device is provided by four linear sections formed of a 

Fujiwara et al., pp. 

plurality of series connected magnetic mirror con?ne 
ment segments linked by four 90° sections. Each 90° 
section is formed of toroidal solenoid-type con?nement 
windings which produce a strong curved solenoidal 
type magnet ?eldJEach magnetic mirror segment in 
cludes axisymmetric mirror ?eld windings coupled with 
microwave cavities to form a linear axisymmetric 
bumpy magnet ?eld, for con?nement of a plasma. As in 
a conventional Elmo bumpy torus, each microwave 
cavity contains a high-beta, relativistic electron plasma 
ring which rotates about the con?ned plasma to provide 
magnetohydrodynamic stability of the plasma. The 
electron plasma ring is formed and maintained by mi 
crowave heating through the introduction of micro 
wave energy at a speci?ed frequency into each cavity. 
The 90° sections, or corners, are formed by high wind 
ing density solenoidal-type coils which produce very 
strong magnet ?elds for con?nement of the high energy 
particles of the plasma passing about the corner sections 
thereby reducing the normal detrimental toroidal cur 
vature effects found in an EBT. 

In a preferred embodiment of the invention, the corner 
windings are generally elliptically shaped in order to 
fan the magnetic ?eld lines orthogonal to the plane of 
the corner radius to limit the radial spread of the mag 
netic ?eld lines and further reduce the curvature effects 
on the con?ned plasma. 

5 Claims, 6 Drawing Figures 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more speci?c information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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ELMO BUMPY SQUARE PLASMA 
CONFINEMENT DEVICE 

BACKGROUND OF THE INVENTION 

This invention, which is a result of a contract with 
the United States Department of Energy, relates gener 
ally to the art of magnetic ?eld con?nement of plasmas 
in closed magnetic ?eld line devices and more speci? 
cally to improvements in the containment ?eld geome 
try of an Elmo bumpy type plasma con?nement device. 
One form of a closed magnetic ?eld line plasma con 

?nement device is an Elmo bumpy torus which may be 
referred to as one of a number of linked toroidal closure 
plasma devices in which a plurality of magnetic mirror 
type con?nement segments are linked to form a torus. 
By linking the segments together, plasma escaping from 
the ends of one mirror sector is not lost, as in a simple 
open ended mirror device, because it enters an adjoin 
ing mirror sector. 

Unfortunately, plasmas con?ned simply by toroidally 
linked mirror devices do not have magnetohydrady 
namic (MHD) stability. However, in an Elmo bumpy 
torus (EBT) MHD instability has been overcome by 
periodic spatial modulation of the magnetic ?eld, the 
so-called “bumps” in the con?nement ?eld and by sur 
rounding each bump with a microwave cavity supplied 
with radiofrequency energy to form a ring‘ of electrons 
which rotate about the con?ned plasma in the bump. 
Electric currents generated by these rings produce 
changes in the magnet ?eld that provide gross MHD 
stability to the con?ned central plasma. Details of a 
stabilized bumpy torus plasma con?nement device of 
this type may be had by referring to US. Pat. No. 
3,728,217 issued Apr. 17, 1973 to R. A. Dandl, the. 
subject matter of which is incorporated herein by 
reference thereto. 

Several aspects of the EBT concept make it attractive 
as a fusion device: the large aspect ratio (major radius of 
the plasma torus R/the minor radius 1'), noninterlocking 
circular ?eld windings with modest ?eld; and the 
steady-state operation. However, one of the major con 
cerns with the conventional toroidal geometry of the 
EBT is the problem associated with plasma particle 
con?nement in curved magnetic ?elds. Results of recent 
plasma con?nement calculations for and preliminary 
reactor assessments of advanced bumpy toms con?gu 
rations has been summarized in an Oak Ridge National 
Laboratory Report entitled “ELMO Bumpy Square 
Status Report” dated Jan. 1984 and compiled by N. A. 
Uckan and in a publication of the proceedings of a 
workshop entitled “Advanced Bumpy Torus Con 
cepts” Conf.-830758, edited by N. A. Uckan and pub 
lished October 1983. The subject matter of these refer 
ences being incorporated herein by reference thereto. 

Optimizing the design of an EBT requires a magnetic 
?eld con?guration that maximizes particle con?nement 
within the toroidal volume. The toroidal curvature of 
the magnetic ?eld in an EBT results in an inward shift 
of the particle drift orbits toward the major axis thereby 
reducing the average length of time particles are con 
?ned by the magnetic ?eld. Particles with different 
components of velocity parallel to the magnetic ?eld 
are shifted inward by different amounts. The resulting 
dispersion in drift orbits enables particles to diffuse or 
random walk out of the plasma by coulomb collisions 
with other particles. This plasma loss is minimized by 
minimizing the dispersion in drift orbits that results 
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2 
from the toroidal curvature of the magnetic ?eld. In the 
standard EBT (toroidal) geometry the only way to 
reduce the plasma loss and maximize the particle con 
?nement time is to make the device larger. 

Thus, there is a need for an improved geometric con 
?guration of an Elmo bumpy type plasma con?nement 
device which takes advantage of the desirable charac 
teristics of this type of con?nement While eliminating 
the detrimental effects of a conventional toroidally 
closed plasma con?nement device of the Elmo bumpy 
type, i.e., the EBT. 

SUMMARY OF THE INVENTION 

In view of the above need, it is an object of this inven 
tion to provide an Elmo bumpy type plasma con?ne 
ment device'with improved particle and energy con 
?nement time over that of a conventional Elmo bumpy 
torus con?guration. 

Further, it is an object of this invention to provide an 
Elmo bumpy type plasma con?nement device as in the 
above object which also provides the advantage of 
smaller physical size through increased volumetric con 
?nement ef?ciency. 

Other objects and many of the attendant advantages 
of the present invention will be made evident from the 
following detailed description of a preferred embodi 
ment of the invention taken in conjunction with the 
drawings. 

In summary, the invention is an Elmo bumpy type 
plasma con?nement device having a polygonal con?gu 
ration of closed magnet ?eld lines for improved plasma 
con?nement. In the preferred embodiment, the device is 
of a square con?guration which is referred to as an 
Elmo bumpy square (EBS). The EBS is formed by four 
linear magnetic mirror sections each comprising a plu 
rality of axisymmetric assemblies connected in series 
and linked by 90° sections of a high magnetic ?eld toroi 
dal solenoid type ?eld generating coils. These coils 
provide comer con?nement with a minimum of raidal 
dispersion of the con?ned plasma to minimize the detri 
mental effects of the toroidal curvature of the magnetic 
?eld. Each corner is formed by a plurality of circular or 
elliptical coils aligned about the corner radius to pro 
vide maximum continuity in the closing of the magnetic 
?eld lines about the square con?guration con?ning the 
plasma within a vacuum vessel located within the vari 
ous coils forming the square con?guration con?nement 
geometry. 

In an embodiment including elliptical coils in the 
corner sections, the con?nement ?eld is fanned in direc 
tions perpendicular to the equatorial plane of the corner 
radius to further minimize radial dispersion of the 
plasma particle, drift orbits thereby further reducing the 
detrimental curvature effects. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of the coil geometry 
of an EBS plasma con?nement device according to the 
present invention. 
FIG. 2 is a plot of one ?eld period (one straight and 

one corner section) of the magnetic ?eld lines and the 
location of the current ?laments that approximate the 
mirror coils and the toroidal solenoid section displayed 
in the equatorial plane of an EBS coil con?guration as 
shown in FIG. 1, where R (meters) is distance from the 
geometric center and 'y (meters) is distance above the 
equatorial plane of the device. These dimensions are for 
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a device having an equivalent major radius (circum 
ference/21r) of 2.44 meters and a minor radius of :0. 17 
meters. 
FIG. 3 is a plot of the magnet ?eld for one ?eld per 

iod, shown in FIG. 2, as a function of arc length along 
the central ?eld line that forms the magnetic axis of the 
EBS con?guration as shown in FIG. 1. 
FIGS. 40 and 4b are plots of single particle drift orbits 

(dashed lines) and § dl/B contours (solid lines) for (a) a 
typical EBT and (b) the EBS con?guration, displayed 
in a reference midplane (only the upper half portions are 
shown). Here B is magnetic ?eld strength and l is arc 
length along the magnetic ?eld line. Orbits for deeply 
trapped particles (velocity perpendicular to the 
magneic ?eld lines) and extreme passing particles (ve 
locity generally parallel to the ?eld lines) are denoted 
by the short-dash and long-dash curves, respectively. 
The transitional particle orbit near the boundary be 
tween trapped and passing that represents the worst 
con?ned drift orbit in the vacuum magnetic ?eld is 
denoted by the dotted curve in FIG. 4b. The absence of 
this curve for an EBT illustrates that the worst orbit 
does not close within a minor radius of 17 cm. 
FIG. 5 is a schematic drawing of a plan view of an 

EBS according to the present invention having the coil 
arrangements as shown in FIG. 1, which are denoted by 
like reference numerals. 
FIG. 6 is an enlarged detailed plan view of one corner 

of the EBS of FIG. 5 sectioned at the midplane (equato 
rial plane). 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to FIG. 1, the Elmo bumpy square 
geometry, in which the magnetic axis is not circular but 
is shaped like a square, consists of linear sections formed 
of a plurality of axisymmetrically disposed mirror coils 
5 which are spaced apart along an axis between micro 
wave cavities, as will be described with reference to 
FIG. 5, to form linear mirror type segments with com 
ponents similar to the hot electron ring stabilized EBT 
device described in the above referenced U.S. Pat. No. 
3,728,217. 
A major feature of the EBS is the vertices, or corners, 

of the square. It is in these regions that all the curvature 
of the magnetic ?eld lines to close the device is local 
ized. Ideally, the plasma is best con?ned within sym 
metrical closed magnetic ?elds. However, this is impos 
sible to obtain in a closed containment device. Any 
curvature of the containment ?eld produces a nonsym 
metrical con?nement ?eld due to the difference in 
length of the closed ?eld lines between the inner and 
outer radius of the ?eld. This adverse effect is mini 
mized in the EBS by the use of high magnetic solenoid 
?eld producing windings (8 windings spaced about each 
90° corner section of the square). The magnetic ?eld in 
the corners is much stronger than the average magnetic 
?eld in the mirror sections as illustrated by the compres 
sion of the ?eld lines 9 in one corner section of the 
device as shown in the graph of FIG. 2. In FIG. 2, the 
coils are shown by means of double and single dots for 
the mirror coils 5 and the corner solenoid coils 7, re 
spectfully. Thus, the curvature effects are localized in 
regions of high magnetic ?eld to minimize the effect on 
single particle drift orbits, volumetric efficiency, core 
plasma pressure surfaces, etc. 

In practice, the radial position of the corner sections 
may be- adjusted, relative to the axis of the straight 
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sections, in such a way that the contours of the constant 
magnetic ?eld lines (Mod-B surfaces) in the transition 
sectors that join the sides and comers and those in adja 
cent transition mirror cavities are aligned. This aids in 
the formation of an average magnetic well by aligning 
the hot electron rings in the “transition” cavities (cavity 
between the corner solenoid and an adjacent mirror 
coil) on the same ?ux lines on which they are formed in 
the axisymmetric mirror cavities of the straight sections. 
A major feature of EBS is the high ?eld corners in 

which all toroidal effects are concentrated. In FIG.- 3 
the normalized magnetic ?eld strength is plotted for one 
?eld period as a function of arc length along the mag 
netic axis. The on-axis mirror ratio in the sides (de?ned 
as the ratio of B on the axis at a mirror coil throat to B 
on the axis in the reference cavity midplane) is seen to 
be 1.88 and the “global” mirror ratio (B at the cor 
ners/B at the reference midplane, B00) for this particu 
lar case is 4.2. From the shape of the curve in FIG. 3, 
one can classify particles in the EBS vacuum magnetic 
?eld as being mirror trapped in a single linear mirror 
segment, mirror trapped between the high ?eld corners, 
or passing. (There will also be transitional particles that 
turn or barely pass near the various ?eld maxima.) Since 
the different classes of particles have different drift 
motion, it should be possible to vary the vacuum ?eld 
con?nement properties of the system by varying the 
ratio of the coil currents in the sides and corners of the 
square. For example, if the ?eld in the sides were set at 
a value of 0.5 Tesla (midplane) similar to an EBT, and 
the corners were operated at the maximum ?eld, global 
mirror ratios of approximately 6 can be obtained. This 
could prove to be a convenient “knob” for varying the 
effective aspect ratio and the con?nement properties of 
the device. 

Single particle drift orbits and § dl/B contours (core 
plasma pressure surfaces) for a typical EBT and the 
EBS con?guration are displayed in a reference mid 
plane in FIG. 4. The selected orbits (dashed curves) and 
§ dl/B contours (solid curves) pass through the point 
(R—RT)= — 17 cm in the equatorial plane. For an EBT 
the worst con?ned drift orbit does not close within a 
minor radius of 17 cm and is not shown. These particles 
collide with the containment walls and are lost. For an 
EBS the drift orbits of deeply trapped particles and the 
§ dl/B surfaces are almost exactly centered on the 
minor axis. In addition the extreme passing particle 
orbit is much better centered than in the standard EBT 
and the worst con?ned transitional particle orbit, corre 
sponding to a particle that turns near the ?eld maximum 
at the 'center of the corner section, is shifted inward by 
only about 6 cm. This dramatic reduction in the disper 
sion of drift orbits about the plasma pressure surfaces 
means that both diffusive and direct particle losses in 
EBS are correspondingly reduced. 

Referring now to FIGS. 5 and 6 there is shown a plan 
view and an enlarged sectioned plan view of one comer 
thereof, respectively, of an EBS. The EBS plasma con 
?nement device has four Elmo bumpy mirror type con 
?nement segments forming each straight section of the 
device linked by four corner sections to form a closed 
containment device. Each straight segment includes 
four axisymmetric microwave cavities 15 and two tran 
sition microwave cavities 17 which comprise enclosed 
aluminum housings to form portions of the vacuum 
housing for the contained plasma along each straight 
section of the device. The mirror coils 5 are disposed 
axisymmetrically on opposite sides of the microwave 
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cavities about cylindrical aluminum members 19 dis 
posed axisymmetrically between the cavity housings 15 
and the end transition cavities 17 to complete the vac 
uum housing along the linear sections of the device. 
Each corner section is formed of a plurality of cylin 

drical cross section, wedge-shaped members 21 formed 
of aluminum and welded together to form the 90° cor 
ner sections. Each corner section is connected to the 
adjacent transition cavities 17 by means of aluminum 
?anges 23 which are shaped to provide connection 
between the canted end plates 25 of the transition cavity 
housings 17. Typically, right hand ends of cavities 17 
are canted z4 degrees relative to the left hand ends. 
The purpose of the canted end closure of the transition 
cavities 17 is to facilitate removal of caivities 17 without 
disturbing the corner sections. The assembled corner 
housings are provided with annular grooves adapted to 
receive the corner solenoid ?eld windings 7. 
As shown in FIG. 5, each of the microwave cavities 

(15, 17) is connected to a source of microwave energy 
through a microwave distribution manifold 27 coupled 
to each of the cavities through feed couplings 29. A 
microwave energy source 31, such as a gyrotron source, 
is coupled to the manifold 27 by means of a gyrotron/ 
microwave manifold interfacing wave guide 33. The 
microwave energy is introduced into the cavities at a 
speci?ed frequency (typically 28-GHz) and energy 
level to sustain the hot electron rings, illustrated by 
dotted lines 35 in FIG. 6, which rotate about each bump 
in the magnetic con?nement ?eld lines in each of the 
cavities (15, 17) at a location approximately coincident 
with the outermost closed ?ux surface 10. This micro 
wave energy also heats the cooler toroidally con?ned 
electrons that, along with the toroidally con?ned ions, 
forms the fusion relevant core plasma 46. 
A vacuum manifold 37 is connected to communicate 

with the interior of the assembled vacuum housing of 
the device through vacuum manifold/cavity interface 
couplings 41 connecting each cavity to the manifold 37. 
The manifold is connected to vacuum pumps 43 and 45 
located below the manifold 37. 
The assembled machine, as shown in FIG. 5, is sup 

ported from the floor by means of coil support stands 
(not shown) which are located beneath and attached to 
each mirror coil housing member 19. These stands pro 
vide support for the entire assembly as well as magnetic 
force restraint. 

In the experimental device'shown, the straight sec 
tions are formed of four mirror segments each having a 
length or spacing between mirror coils of 40 cm. The 
equivalent major radius of the device (circumferen 
ce/21rm) is about 2.0 meters. The mean radius of curva 
ture of the corner sections about which the coils 7 are 
disposed is 44.2 cm. Each of the corner coils 7 is identi 
cal in size, shape and winding pattern to one-half of a 
mirror coil Sent by a vertical symmetry plane. The 
distance from the geometric center of the device to the 
axis of coils 5 is z 1.65 m. Each of the coils 5 is com 
prised of 44 turns of copper conductor, which is water 
cooled in a conventional manner not shown. 
As pointed out above, the corner sections may be 

formed with elliptical cross section coils disposed about 
an elliptical vacuum housing to provide vertical fanning 
of the magnetic ?eld lines perpendicular to the radius of 
the corners. Typically, these coils would have height to 
width ratios of about 3 to 1 to provide the desired radial 
compression of the ?eld lines and further reduce the 
curvature effects. 
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6 
The EBS as shown in FIG. 5 provides a con?nement 

for a connected core plasma 46, such as a hydrogen or 
other light species, in a closed ?eld line geometry which 
is well centered within the containment ?eld and thus 
improves particle con?nement time. The square geome 
try of the EBS suggests the possibility of using different 
techniques for heating the core plasma. Access at the 
corners permits a long path length for neutral beam 
injection heating of the plasma, and lack of magnetic 
moment conservation at typical beam energies should 
isotropize the hot ion distribution rather quickly. In an 
EBS that utilizes an EBT-like magnetic mirror ?eld 
(2: 1 Tesla in the mirror cavities), slow wave ion cyclo 
tron resonance heating and 60 GHz electron cyclotron 
resonance heating can be lauched from the high-?eld 
corners with the electron rings sustained by 28 GHz 
second harmonic heating at B:0.5 Tesla. 
The volumetric ef?ciency, or ?lling factor, is a mea 

sure of the ef?ciency with which the available volume 
(usually de?ned by the magnetic ?eld lines that just 
graze the vacuum vessel in the mirror coil throats) is 
utilized by the plasma. If the volume utilization is poor, 
then much of the magnetic ?eld and microwave energy 
is correspondingly poorly utilized. In a typical EBT the 
volumetric ef?ciency is only about 50%, whereas in the 
EBS con?guration of approximately the same size, it is 
greater than or about 95%. This factor of two improve 
ment in volumetric ef?ciency is very important for near 
term experimental devices and fusion reactor econom 
1cs. / 

Thus, it will be seen that an improved, closed mag 
netic ?eld line plasma con?nement device has been 
provided which offers the possibilities of (l) obtaining 
an order of magnitude improvement in the average 
particle con?nement time, (2) a factor of two improve 
ment in the volumetric ef?ciency, (3) using new plasma 
heating techniques that would not be possible in a stan 
dard bumpy torus, (4) signi?cantly improving electron 
cyclotron heating ef?ciency and energy con?nement 
through better centering of the particle drift orbits and 
(5) improving stability by forming the hot electron rings 
in a nearly axisymmetric geometry that is more favor 
able to obtaining an average magnetic well than in a 
toroidal geometry. 
Although the invention has been described with ref 

erence to a speci?c embodiment, those skilled in the art 
will recognize that various modi?cations and changes 
may be made therein without departing from the spirit 
and scope of the invention as set forth in the following 
claims. For example, the geometric con?guration is not 
limited to the illustrated square con?guration. Other 
polygonal con?gurations such as a racetrack, triangle, 
pentagon, etc., may be used. The two mirror sectors of 
each linear segment adjacent each corner are not purely 
axisymmetric. However, the EBS is a reasonable com 
promise between maximizing the number of axisymmet 
ric mirror sectors and minimizing the number of transi 
tion sectors (comer sections). 
What is claimed is: 
1. A closed magnetic ?eld line plasma con?nement 

device, comprising: 
a plurality of linear magnetic plasma con?nement 

sections each comprising an identical plurality of 
axisymmetric assemblies of plasma con?nement 
mirror segments connected in series to generate 
magnetic ?elds having continuous magnetic ?eld 
lines extending through said con?nement sections 
for con?ning a plasma, each of said segments 
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including an annular mirror ?eld plasma con?ne 
ment means of the bumpy type including an micro 
wave cavity formed by an enlarged diameter por 
tion of a vacuum containment vessel con?ning the 
plasma along said con?nement section wherein a 
hot electron ring is formed about an enlarged diam 
eter portion of the magnetic ?eld lines of each 
mirror ?eld segment to provide magnetohydrody 
namic stability of a con?ned plasma; 

a plurality of curved sections formed of curved gen 
erally cylindrical sections linking said plurality of 
linear con?nement sections into a generally polyg 
onal magnetic plasma containment vessel; and 

solenoid coil means disposed about each of said plu 
rality of curved sections for generating a solenoidal 
magnetic ?eld extending through each of said 
curved sections, said solenoidal magnetic ?elds 
being suf?ciently stronger than the average mag 
netic ?elds generated in said plurality of linear 
con?nement sections to generate compressed, con 
tinuous ?eld lines within a smaller con?nement 
diameter than that of said linear con?nement sec 
tions and aligned to form continuous magnetic ?eld 
lines with those of said linear sections so that the 
radial drift of con?ned plasma particles passing 
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8 
through said curved sections is minimized, thereby 
providing stability of the con?ned plasma. 

2. The plasma con?nement device as set forth in 
claim 1 wherein said plurality of linear plasma con?ne 
ment sections and said plurality of curved sections is 
four thereby forming a generally square plasma con?ne 
ment device. 

3. The plasma con?nement device as set forth in 
claim 2 wherein each of said curved sections has a 
length substantially shorter than the length of said linear 
sections. 

4. The plasma con?nement device as set forth in 
claim 3 wherein each of said curved sections are 90° 
sections having a common radius over the length 
thereof and displaced radially outward with respect to 
the axis of adjacent linear sections so that the contours 
of constant magnetic ?elds in the midplane of the end 
segments of adjacent linear sections are aligned on the 
same set of ?eld lines on which they are formed in the 
linear sections. ' 

5. The plasma con?nement device as set forth in 
claim 4 wherein said solenoid coil means includes a 
plurality of circularly shaped, planar coils uniformally 
diposed about said corner sections. 

* i * * * 


