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United States Patent 3,085,173 
Patented Apr. 9, 1963 Office 

3,085,173 
APPARATUS FOR TRAPPENG ENERGETIC 
CHARGES PARTICLES AND CONFENENG 
THE RESULENG PLASWA 

Gordo Gibson, Hayward, Wiard C. jordan, Liverihore, 
and Eugene S. Later, Aargao, Calif., assigno's to the 
United States of Anerica as represented by the United 
States Attoric Energy Commissign 

Fied Aug. 17, 1965, Ser. No. 132,247 
5 Claisis. (C. 313-6) 

The present invention relates to plasma-confining de 
vices and a particle injector therefor, and, in particular, 
to a plasma-confining device of toroidal configuration 
wherein the magnetic fields therein are tailored to the 
operation of the specific injector. 

in the attempt to study the confinement of plasma 
within magnetic-bottle configurations, various coil ar 
angements are being employed by scientists the world 

over. However, each of the various coil arrangements 
presently employed exhibit certain loss regions within 
their configuration, whereby particles are allowed to 
escape. For example, in the well known maginetic mirror 
coil configuration, if the velocity vector of a charged 
particle makes a sufficiently small angle with the confin 
ing magnetic field, the particles escape as end losses 
through a confining mirror of the device. Such end 
losses, in turn, are avoided by employing a second type 
of confining magnetic-field configuration such as the uni 
formly wound torus, wherein there are no ends and thus 
no end losses. However, the uniformly wound torus con 
figuration introduces its own type of loss due to drift of 
the charged particles therewithin, such drift resulting 
from the gradient of the magnetic field passing there 
through. The drift causes the particles to impinge rapidly 
upon the walls of the toroid. This problem of particle 
drift to the walls is reduced by introducing a rotational 
transform in the magnetic field disposed thereabout, such 
as is found in a third type of magnetic configuration 
known as the stellarator device. However, the stellarator 
device is extremely complicated in construction and 
operating theory, with various limitations therein asso 
ciated with the attainment of a respectable containment 
time. 
The present invention eliminates the disadvantages of 

the imagnetic mirror device and also of the uniformly 
Wound torus by eliminating the respective losses from 
end effects and from particle drift to the walls. A 
charged particle which would normally escape from a 
conventional mirror field is now transferred into another 
mirror field along a closed precessional surface which 
is established, in turn, by a magnetic gradient created by 
Ineans of a special, toroidal, magnetic field configuration. 
Since the torus is endless, the particles with small velocity 
angles to the magnetic field are transferred from one 
mirror field to another with no conventional end losses. 
The magnetic field configuration of the present invention 
is created by a continuous array of circular, mirror field 
coils, disposed side by side, in particularly spaced rela 
tion, to form an endless, toroidal loop. The resulting 
magnetic field created therein has the appearance of a 
"bumpy” torus, from which the informal designation of 
the tube is derived (i.e., “Bumpy Torus'). 

Efficient particle injection necessary for practical Opera 
tion of the present invention is provided by splitting one 
of the aforementioned coils of the Bumpy Torus tube, 
and injecting a beam of particles in the plane between 
the halves of such modified coil so that the guiding cen 
ters of the particles follow a constant magnetic field in 
the plane for a particular distance within the torus. The 
particles then move out of this plane onto a precessional 
Surface which does not intersect the point of injection. 
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Thus, the injected particles are prevented from striking 
the nozzle of the injector until they have made a large 
number of transits in the torus. The combination of the 
injector and Bumpy Torus tube, as set forth in the pres 
ent invention, provides a practical, operable system for 
trapping and studying a plasma. 

Therefore, it is an object of the present invention to 
provide a magnetic field configuration for containing a 
dense plasma at sufficiently high temperatures and con 
tainment times to allow behavior studies thereof. 

It is another object of the present invention to provide 
a method of injecting charged particles into a magnetic 
field, wherein the injected particles do not promptly strike 
the injector nozzle. 

It is still another object of the present invention to 
provide a device for injecting and trapping charged par 
ticles therein with a minimum of losses to the walls of 
the device. 

It is a further object of the present invention to provide 
a method for injecting energetic, charged particles into a 
magnetic containment geometry to thereby raise the 
kinetic temperature of the initially cold particles therein 
due to interactions therebetween. 
Other objects and advantages will be apparent in the 

following description and claims, considered together 
with the accompanying drawings, of which: 
FIGURE 1 is a partially broken-out view of the Bumpy 

Torus tube and injector through the plane of symmetry 
thereof; - 

FIGURE 2 is a cross-sectional view taken along line 
2-2 of FIGURE 1; 
FIGURE 2a is a plot of the relative, magnetic field 

intensity along the line of intersection between section 
2-2 and the plane of symmetry containing the torus; 
FIGURE 3 is a cross-sectional view taken along line 

3-3 of FIGURE 1; 
FIGURE 3a is a plot of the relative, magnetic field 

intensity along the line of intersection between section 
3-3 and the plane of symmetry containing the torus; 
FIGURE 4 is a cross-sectional view taken along line 

4-4 of FIGURE 1 wherein the Bumpy Torus tube cross 
Section is enlarged; and 
FIGURE 5 is a magnified, cross-sectional view taken 

along line 5-5 of FIGURE 4. 
Referring now to FIGURE 1, there is shown the pres 

ent invention it comprising a generally toroidal tube 12 
(herein termed a Bumpy Torus) and a particle injector 
15 mounted normal thereto. Toroidal tube 2 comprises, 
in turn, a plurality of large diameter tubes 13 disposed 
end to end in alternate succession with an equal plurality 
of relatively smaller diameter tubes 14. Tubes 13 are 
rigidly connected to tubes 14 by annular members 16 to 
form a continuous cylindrical toroid of alternately large 
and Small diameter portions. Each of the small diameter 
tubes 14 has a solenoidal coil 17 wound about its outer 
circumference; such coils to create a generally toroidal 
shaped magnetic field within the tube 2 when energized 
by current flow. The generated magnetic field produced 
by the coils 17 in accordance with the theory of the pres 
ent invention are herein generally designated by dashed 
lines 18. As may be seen from the drawing, field lines 
18 are constricted within the smaller diameter tubes 14 
and allowed to bulge outwardly within the larger diameter 
tubes 13. The geometry of the magnetic field lines 18, 
generated by the particular spaced coils and established 
Within the varying-tubes configuration, has the inherent 
advantage of the formation therewithin of a closed, pre 
cessional Surface 19, as seen by an injected energetic par 
ticle. Particles injected within and confined by the mag 
netic field 18, move along such precessional surface 19 
within magnetic field 18 and do not encounter the walls 
of the toroidal tube 12. 
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Referring now to FIGURE 2, there is shown in di 
ametric cross-section of the tube 12, a helical path 21. 
of an injected particle moving along the precessional 
surface 19 of previous mention. Although the particle 
path 21 is herein shown for purposes of description as 
having no axial velocity component, it is to be realized 
that such particle in general has axial velocity components 
and travels along the precessional surface 19 of tube 12. 
The precessional surface 19 and the helical path 21 there 
along are determined by the degree and proportion of 
the magnetic field intensity created by the coils 17 (FIG 
URE 2A). As shown by a curve 22, the maximum field 
intensity is found at a point 23 which is closer to the 
center of the toroidal tube 12 than a center 24 of the 
perpendicular cross section taken along the length thereof. 

Referring now to FIGURE 3, there is shown a helical 
path 26 along the precessional surface 19 of previous 
mention, which path is assumed by a charged particle in 
the plane of section 3-3 of the tube 12 and depicted 
herein with no axial velocity component, again for pur 
poses of illustration only. Section 3-3 is taken trans 
versely through one of the solenoidal coils 17 where 
the precessional surface 19 is at its minimum diameter, 
as compared to its largest diameter in section 2-2. In 
FIGURE 3a, curve 27, which is a plot of the magnetic 
field intensity along the plane of symmetry containing 
the tube 12, shows a minimum intensity at about the 
center 28 of the tube. 

In operation, in keeping with the theory of the mag 
netic configuration of the Bumpy Torus, the magnetic 
field intensity as shown by curve 27 creates a magnetic 
field gradient which is directed essentially radially out 
ward from point 28 towards the tube walls in the plane 
of section 3-3. Similarly, a field gradient directed es 
sentially radially inward towards point 23 is created in 
the plane of section 2-2. These radial gradients cause 
the charged particles to assume paths on a closed Sur 
face within the tube, rather than drift to the walls as in 
the case of the uniformly wound torus. Thus, the par 
ticles remain on their closed, precessional surface 19 
throughout the whole length of the tube 12 as they move 
axially therewithin. It is to be noted that the direction 
of particle movement as shown by helical paths. 21 and 
26, and also the magnetic field strengths and direction 
are herein shown only for purposes of illustration and 
have arbitrary values and polarities. 
With regards to the injector 15 of the present invention 

11 as shown in FIGURE 1, one of the coils 17 is modi 
fied to comprise a special injection coil 29. Such special 
injection coil 29, in keeping with the theory of injection 
herein specifically applicable to the present invention 11, 
is in actuality composed of two coils hereinafter termed 
split injection coils 31 and 32. The separation of the 
split injection coils 31 and 32 is somewhat less than one 
coil radius; the separation at the injection point being 
less than the separation at a point 180' away in angular 
relation thereabout. That is, at the point of injection, 
the split coils 31 and 32 must be closer together than 
they are at their opposite circumference. Two magnetic 
pole tips 33 are arranged between the injection point of 
the split coils 31 and 32, and normal to the containment 
field lines 18. A magnetic field is supplied between the 
facing surfaces of the pole tips 33 by means of a suitable 
iron yoke 34 and solenoidal coils 36 wound thereabout. 
An accelerator 37 supplies a charged particle beam which 
is injected into the tube 12 by means of the injector 15. 

In operation of the injector 15, a beam of charged 
particles 38 is directed perpendicular to the field in the 
mid-plane of the special injection coil 29 by the facing 
pole tips 33. The facing pole tips 33 provide a region 
of rapid transition from field-free space just outside the 
nozzle of the accelerator 37 into a field of appropriate 
strength between the pole tips 33 along which the charged 
particle beam 38 is directed. The value of the field is 
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4 
such that the gyration radius of the particle is small with 
respect to the coil 17 radius. Iron pole tips 33 are con 
structed with a step 39 (FIGURE 5) causing a gradient 
of the field therebetween. Thus, the guiding centers of 
the particles comprising the beam 38 move across the 
flux lines between the pole tips 33, following a path 
along which the field magnitude is approximately con 
stant. (See FIGURE 4.) The particles travel along 
between the pole tips 33 to enter a special injection, mag 
netic field configuration 41, which configuration results 
from the field of the split injection coils 31 and 32, as 
well as from the field of the other coils 17 of the Bumpy 
Torus 2. 

In theory, the beam 38 could be injected into the tube 
12, into the plane of a single coil rather than into the 
central region of the special injection coil 29. However, 
if such a beam injected into the plane of a single coil 
had the slightest axial component of velocity, it would, 
immediately upon entering the field configuration for 
single coil injection, begin to move away from the in 
jection plane and along the axial length of the tube 12. 
That is, beam 38 is in a region of maximum field strength 
upon being injected within the plane of a single coil, 
and therefore could be described as being "balanced on 
a mountain top.” If the particles of the beam are al 
lowed to fall off the "mountain top' immediately upon 
entering the field configuration 8 of the Bumpy Torus, 
particle losses due to particles striking the injection ap 
paratus or walls of the torus would result. Thus, by 
constructing the split injection coils 31 and 32, and in 
jecting into the region of narrowest separation there 
between, the particles are in effect being injected into a 
small mirror region, such as is shown in cross section 
in FIGURE 4. This slight mirror effect keeps the par 
ticles within the injection plane as they precess along a 
curved path 42. In other words, the axial motion of 
the particle is stabilized along the first half of the torus 
circumference. Since the separation of the two coils 31 
and 32 comprising the special injection coil 29 is not 
constant, but greater on the inside of the tube 12 than 
on the outside thereof, there results a horseshoe pattern 
for the lines of constant field of the injection field con 
figuration 41. The tips of the horseshoes correspond 
to points near which the mirror effect disappears, and 
where the Z motion or axial motion becomes unstable, 
allowing particles to move in the axial direction along 
the tube 12 precessional surface 19. 

Referring to the lines of constant field magnitude of 
field configuration 41, the dashed lines indicate the Z 
component of motion is stable, and the solid lines indi 
cate that same is unstable. Thus, injected particles fol 
low the path 42 along the dashed, stable lines until the 
point 43 where the solid, unstable lines begin. That 
is, at this point, the slight magnetic mirror effect due 
to the split coils 31 and 32 disappears and the particle 
is allowed to escape into the magnetic field 8 to move 
along the precessional surface 19 of the torus 12. As 
previously mentioned, precessional surface 19 does not 
intercept the point of injection at the corner of the pole 
pieces 33 at any point thereon, to thus prevent the im 
mediate loss due to particles striking the injection nozzle. 
To further explain the present invention, there fol 

lows a brief description of the theory of injection and 
containment thereof, along with a set of operating param 
eters for the integral combination. 

In applying the theory of single particle motion in 
the magnetic field created by the circular array of cir 
cular current loops, such as employed in the tube 12 of 
the present invention, it is assumed that the following 
quantities are constants of the motion of the particle. 
W, the kinetic energy; 
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the magnetic moment; and 

J= f pidl 
the action integral as evaluated over a period of the longi 
tudinal motion; where H is the magnetic field, 

is the component of the momentum parallel to the field, 
and di is the element of path length parallel to the field. 
These quantities are calculated in the Symmetry plane, S, 
of the tube 2 for N equally spaced circular current loops 
with a ratio of major radius divided by current loops 
radius, R/r. Because of the symmetry, it is only neces 
sary to investigate the region between a median plane and 
the plane of an adjacent current loop. 
Taking account of the constancy of the kinetic energy 

and of the magnetic moment, the action integral may be 
written as: 

-d6. / Hsine J=ng . Ho sin 6d. 
where my is the momentum, Ho is the initial field mag 
nitude, and 8 is the initial angle that the Velocity makes 
with the field direction. For a given value of u, this in 
tegral is calculated as a function of the radial position of 
the starting point in the median plane, M. The integrals 
are stopped either at the turning point where 

t 
has decreased to zero or at the plane of the adjacent coil 
if there is no turning point. 

For a suitable number of circular current loops having 
a suitable R/r value, a particular curve u=constant and 
a chosen value of , the (two) values of p, where the 
precessional surface intercepts the plane of Symmetry, S, 
are uniquely determined. Although three-dimensional 
calculations have not been conducted, it is expected that 
the precessional surfaces are closed outside of the S 
plane. 

For the particular case of precession in the plane M 
midway between adjacent pairs of coils 7, J-0 and 
the intercepts of the precessional surface are not defined. 
However, the precession for this special case is con 
strained to a path along which H=constant. When the 
coils are separated sufficiently, the plot of H vs. p7r in 
the plane S has a single maximum (this must be a maxi 
mum for displacements out of the plane S also). Thus, 
inner and outer intercepts for the precessional curve 
(which must be closed) with the plane of Symmetry S 
may be found from the curve of H vs. p in the median 
plane. In the limit as pi, approaches the value charac 
teristic of a particle trapped in the median piane (hold 
ing the kinetic energy constant), the intercepts predicted 
by the J-curves approach those predicted by the median 
piane H-curve, as they should. 

In the case where 

is zero at a mirror, J is not defined. Such a particle has 
vesse constant 

and so follows a closed precessional curve for which 
Fi-constant in the plane of the coil. 
The above are two special cases where there is no 

longitudinal motion, i.e., the velocity vector remains nor 
mal to the field direction and, hence, the motion can be 
predicted without recourse to the longitudinal invariants. 

In summation, the method of trapping particles as 
utilized and set forth herein is to inject a beam of Such 
particies in the plane of a coil for a certain distance; al 
lowing the particles to then move out of this plane with 
their guiding centers remaining on a pi, j, W Surface which 
does not intersect the point of injection. 

In steady state operation, the number of particles in 
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6 
jected per unit time will be balanced by the number lost 
from the plasma. Thus, the density of particles which 
can be obtained in the plasma contained in the apparatus 
depends upon the injection rate as related to the loss rate. 
The fraction of particles in the primary beam which sur 
vive the initial injection process previously described 
herein and actually enter onto a precessional surface in 
the torus can be made to be approximately unity for 
properly chosen parameters of the beam and injector. 
Thus, the injection rate is just equal to the flux of par 
ticles in the primary beam. Calculation of the loss rate 
is complicated, depending upon the energy of the plasma 
particles, the density of the plasma, and/or residual neu 
tral gas molecules in addition to the other parameters of 
the torus-injector configuration. The mechanism which 
results in the principai loss is assumed to be the scattering 
of particles as they pass the injector region with orienta 
tions such that they can become again “balanced on the 
mountain top' and precess out to strike the pole pieces 
of the injector. 
Although there are several methods of injecting par 

ticles into the Bumpy Torus coil configuration of the 
present invention, it is to be appreciated that efficient 
particle injection therein is practical (and results in a 
useful plasma studying device) only by employing the 
injector configuration herein disclosed. Likewise, to 
utilize the injector configuration of above, there is need 
for the particular magnetic field configuration as set forth 
in the Bumpy Torus tube; that is, a tilted coil structure 
must be employed. 

it is to be noted that the present invention has been 
broadly described herein with respect to the injection 
and trapping of particles in general; wherein such parti 
cles may comprise, more particularly, electron or ion par 
ticles of varying densities and energies. The set of operat 
ing parameters included infra therefore comprise a partic 
ular example of an electron model as taught by the present 
invention. Stich preferred electron model is constructed 
with a Bumpy Torus tube comprising 64, 3.75' mean radi 
ls coils, wherein the major mean radius of the tube is 6.8. 
The power required to properly operate such coils at a 
temperature of 60° C. equals F2R-290 kw, for coils 
E.6'' thick and 2.2' long. The resulting magnetic field 
arising therefrom to create the confining magnetic field 
described supra equals 2.20 kilogauss at the injection 
point (B), and 1.12 kilogauss in the mid-plane along the 
axis of the tube (B, where the latter is the minimum fieid 
of magnitude on the axis of the tube). For a chosen 
bean current value of 1 milliamp of 150 kev. electrons, 
the final density (insis) is approximately 2.2x1011 
electrons/centimeter, and the mean containment time 
(ts.s.) of an electron confined within the magnetic field 
of the tube is 3.5 seconds. 6 is approximately equal to 1, 
and the Debye distance approximately equals 1 centimeter 
in the above electron model. 

Bi, the magnitude of the magnetic field at the point of 
injection results in an orbit of 4'. In the above ex 
emplifying device, the distance between the wall thereof 
and the Surface of the region of fast drift surface dif 
fusion is about 3 orbit radii so that diffusion across the 
flux lines to the wall will take several mean randomiza 
tion times. Hence, this loss is small. I2R is the magnet 
power for the 64 coils assuming a 60° C. temperature and 
coils 1.6'' thick and 2.2' long. The pole tips of the in 
jector are constructed with a narrow separation of 4.'' 
and a wide separation of /2'. The particle has a radius 
of '4' in the field magnitude approximately at the corner 
thereof. 

Further understanding of the theory of containment 
offered by the Bumpy Torus configuration disclosed here 
in may be obtained by referring to Gordon Gibson et al., 
Physical Review Letters, 4, 217 (1960), and A. I. Mo 
rozov et al., Soviet Physics-Technical Physics, 5, 241 
(1960). 
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While the invention has been disclosed herein with 

respect to a single preferred embodiment, it will be ap 
parent that numerous variations and modifications may 
be made within the spirit and scope of the invention, and 
thus it is not intended to limit the invention except by 
the terms of he following claims. 
What is claimed is: 
1. A device for containing a heated ionized plasma. 

comprising a generally toroidal-shaped tube, said tube 
being formed of an alternate succession of relatively 
small and large diameter tube portions connected end 
to end, a solenoidal coil wound about each of said Small 
diameter portions, one of said coils being split along the 
diametric cross section thereof to define two annular 
coils coaxially disposed about their respective Small diam 
eter tube portion forming a split injection coil thereof, 
said two annular coils having an average separation of 
slightly less than one coil radius with the separation be 
tween the coils being less on the outside circumference of 
the tube than the separation between the coils on the in 
side circumference of the tube, an energetic particle Source 
means, injection means disposed between said tube and 
said source means to introduce a beam of energetic par 
ticles from said source means into the region between the 
split injection coil of said tube, and power means coupled 
to said coils to energize same. 

2. A device for injecting and trapping charged par 
ticles comprising a generally toroidal-shaped hollow tube, 
said tube being formed of an alternate succession of rela 
tively small and large diameter tube portions connected 
end to end, electrical coil means including a power source 
concentrically disposed about the small tube portions to 
create a magnetic field within said tube wherein the 
diametrical cross section thereof varies substantially in 
proportion to the inside diameters of the relatively small 
and large diameter tube portions, a split injection coil 
comprising two annular halves concentrically disposed 
about one of said small tube portions in axially spaced 
relation therealong wherein said charged particles are 
injected between said halves at an outermost point there 
between on a tangent to the plane of Symmetry of the 
tube, said halves having an average separation of slightly 
less than one coil radius and wherein the separation at 
the injection point is less than the separation at a point 
180° away in angular relation therewith, and particle 
beam injection means disposed between the halves of Said 
split injection coil to introduce said charged particles 
into the magnetic field created by said electrical coil 
means and said split injection coil. 

3. The combination according to claim 2 wherein Said 
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particle beam injection means comprises a pair of magnet 
pole tips mounted in opposed relation between the injec 
tion point of the split injection coil, magnet yoke means 
disposed about the facing pole tips, solenoidal means dis 
posed about said magnet yoke means, said facing pole 
tips having a stepped portion along matching portions of 
the facing surfaces thereof to provide a graded magnetic 
field therebetween upon energization of said solenoidal 
means, and particle source means for introducing an 
energetic particle beam into the graded magnetic field be 
tween said facing pole tips wherein said beam follows 
an approximately constant magnetic field path for Sub 
sequent entrance into said axial magnetic field within 
said tube. 

4. An injector for injecting charged particles into a 
Bumpy Torus configuration comprising a split coil con 
centrically mounted about the ring axis of said Bumpy 
Torus, said split coil having a separation between the 
halves thereof somewhat less than one coil radius, said 
split coil halves having a separation on the inside of 
the torus greater than the separation on the outside there 
of, magnet pole tips mounted on the outside circum 
ference of the torus and between the halves of said split 
coil, said pole tips having a step formed along their 
length to vary the intensity of a magnetic field between 
Said pole tips, and means for introducing particles be-, 
tween said pole tips wherein the particles are moved 
therebetween along an approximately constant field mag 
nitude to enter a field region created by said split coil and 
said Bumpy Torus. 

5. A device for injecting and trapping charged particles 
of an energetic beam comprising coil means including a 
toroidal tube structure for establishing a toroidal magnetic 
field of an alternate succession of relatively small and 
large diameter portions along the length thereof, a split 
injection coil comprising two halves concentrically dis 
posed about one of the relatively small diameter portions 
of said toroidal magnetic field, said halves being separated 
in spacial relation to form a slight mirror field effect in a 
plane normal to the magnetic field passing axially there 
through and in the region between said halves, and par 
ticle beam injection means disposed between and normal 
to said halves of said split injection coil to introduce the 
charged particles into the slight mirror field effect created 
between the split injection coil. 

References Cited in the file of this patent 
UNITED STATES PATENTS 

Stix -------------------- Jan. 2, 1962 
Post ------------------ Sept. 4, 1962 

3,015,618 
3,052,617 


