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_ 2,697,167
INDUCTION ACCELERATOR

Donald W. Kerst, Champaign, Il1., assignor &o The Board
of Trustees of The University of Dlinois, Urbana, Il

Application November 8, 1945, Serial No. 627,481
15 Claims, (Cl 250—27)

This invention relates to an induction accelerator, and
more particularly to means for increasing the efficiency
of electron acceleration relative to power consumption,
for working at higher maximum flux densiiies near the
orbit or path of the charged particle, for stabilizing the
position of the equilibrium orbit, and otherwise improv-
ing the apparatus. )

This invention relates to magnetic induction accelerator
devices which generally comprise an évacuated doughnut-
shaped tube, as of giass or porcelain, with means for
periodically introducing charged particles, as electrons,
into the tube, as a heated filament periodically placed
at a high voltage differential with respect to an associ-
ated_elcctrode; magnetic means for causing the charged
particles to circulate in or mear a certain orbit in the
tube, generally termed the equilibrium. orbit, for a very
large number of revolutions, accelerating them continu-
ously during this circulation, this means comprising
means for setting up magneic fields across the orbit and
the space within the orbit in certain desired relationships,
and for varying the strengths of these fields; and means
for utilizing the kinetic energy of the charged particles,
as by providing a target which the particles may strike
to create X-rays. The circulating charged particie has a
centripetal force requirement varying with the radius of
its orbit, and field strength relationships are so provided
radially as to provide a magnetic holding force also vary-
ing as a function of the radius, the equilibrium orbit on
or about which the particle travels having a radius where
these forces are equal. .

The general principles of operation of a magnetic in-
duction accelerator are known to the art and have here-
tofore been published in various patents and publica-
tions, particular reference in this regard being made to
Kerst Patent 2,297,305 of September 29, 1942, and an
article entitled “The betatron,” by D. W. Kerst, which
appeared in vol. 10, No. 5, of the American Journal of
Physics (October 1942). Magnetic induction accelera-
tors of this type have also been the subject of a number
of other patents and publications including the following:
Slepian Patent 1,645,304; Steenbeck Patent 2,103,303;
Smith Patents 2,143,459 and 2,289,220; Penney Patent
2,193,602; Baldwin Patent 2,331,788; Kerst Patent
2,335,014, Other articles by D. W. Kerst are: “The ac-
celeration of electrons by magnetic induction” which
appeared in vol. 60, No. 1, of The Physical Review (July
1, 1941), and “A 20-million electron-volt betatron or
induction accelerator” which appeared in vol. 13, No. 9,
of The Review of Scientific Instruments (September
1942).

One feature of this invention is that, for a given en-
ergy output of the induction accelerator (or betatron,
as it is sometimes termed), as in the form of X-rays, a
very much smaller magnetic structure and associated
parts may be used, with much lower kilo-volt ampere
rating or energy input; or, stated in another way, the
same magnetic structure (that is, the same amount of
iron) and energizing arrangements heretofore used will
provide about double the energy output of the betatron
in the form of X-rays or other desired manifestations.

One feature which contributes materially to the ef-
ficient use of iron in the apparatus is that I have devised
and am here disclosing and claiming means whereby the
iron or other permeable material of the magnetic struc-
ture can be caused to carry, at and near the orbit and
near the end of the period of acceleration of the charped
particles, flux densities more than double those which
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could heretofore be employed. It has heretofore been
necessary to limit the maximum flux density at and near
the orbit to about 5,000 gauss in order to permit flux_
densit.es near the center to rise to or slightly above double
this' density. 1 have found that by starting with what
might be termed a negative field near the center of the
orbit, and by using a field in the neighborhood of zero
near the orbit, 1 can end the period of acceleration of
theé charged particles with flux densities approximately
equal at the orbit and near the center or both near ihe
working maximum permissible in iron, as 10,000 to 14,000
gauss.

Still another feature of this invention is that means are
provided for maintaining desired relationships between
changes in field strength i different portions of the mag-
netic structure despite differences in the shape of the
permeability curve of the iron at different flux densities.
I achieve this by the use of means for “forcing” the change
in flux density in a certain portion of the magnetic struc-
ture to keep the desired relationship to change in
flux density in another portion, as by the use of two
different coils so connected and located relative to the
magnetic structure as to cause circulating currents to
oppose any deviations from the desired relationships.

Ouher features and advantages of this invention will
be apparent from the following specification and the
drawings, in which:

Figure 1 is a side elevational view of an induction ac-
celerator embodying my inventions; Figure 2 is a hori-
zontal sectional view along the line 2—2 of Figure 1;
Figure 3 is a fragmentary enlarged sectional view of a
portion of the apparatus shown in Figure I; Figure 4
Is & circuit diagram of the apparatus shown in Figures
1-3; Figure 5 is an illustrative flux diagram of apparatus
embodying my inventions when the alternating current
energizing the apparatus is going through zero; Figure 6
is a diagram of curves representing flux densities at the
orbit and at the center of the magnetic structure with
“x’s” at the points corresponding to the conditions of
Figure 5; Figure 7 is an illusirative flux diagram of the
same apparatus shown in Figure 5, but when the alter-
nating current has reached half its maximum; Figure 8
is another curve representing field strengths at the orbit
and at the center of the magnetic structure, with “x’s”
at the points corresponding to the condition of Figure 7;
Figure 9 is an illustrative flux diagram of the apparatus
of Figures 5 and 7 when the alternating current has
reached maximum; Figure 10 is a diagram of flux curves
with an “x” at the point representing conditions in Fig-
ure 9; Figure 11 is a circuit diagram of another arrange-
ment embodying my inventions; Figure 12 is a diagram
of still another induction accelerator circuit employing a
plurality of coils; Figure 13 is still another representative
circuit diagram embodying the inventions being described
and claimed here; and Figure 14 is a circuit diagram illus-
trating the use of a transformer as a flux forcing means.
. Inasmuch as the general principles of operation of a
magnetic induction accelerator have been fully described
in the patents and publications listed above, the descrip-
tion of the general construction and operation of the beta-
tron wiil be kept brief, and reference may be made to
such other publications to supplement this general de-
scription if desired.

In the particular embodiment illustrated herewith the
tube providing the annular chamber in which the charged
particles circulate is here identified as 10, and is provided
at one point in its periphery with injector means here
identified as 11. The tube is preferably made of porce-
lain for ease in formation, as is more fully described
and claimed in the copending application of Almy and
Hursh, Serial No. 596,460, filed May 29, 1945, now aban-
doned, although it may be made of glass or any other suit-
able material; and it is preferably coated on the inside
with a high res'stance conductive coating, as with a very
thin film of palladium. The tube is disposed between two
generally circular pole pieces here identified as 12 and 13,
these pole pieces being shown here as of outwardly tapered
or diverging configuration, as may be best seen in Fig-
ure 3, although such taper is not necessary, and substan-
tially coaxial with the tube 10, such that the field strength
diminishes radially toward the outside of the annular
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chamber, and so that the flux lines curve in a vertical
ptane to p svide the desired vertical stability and damp-
ing of vertical oscillations of the charged particles when
moving in their circular path. As has been more fully
described in the above-mentioned patents, and particu-
larly Kerst Patent 2,297,305, the outwa/:dly tapered con-
figuration of the pole piece faces is~such that the mag-
netic field strength varies inversely with the radial dis-
placement r according to the proportionality

-1
H o5
where n is a constant between zero -and unity. This con-

stant has heretofore been preferably kept, by proper de-
-sign, between .25 and .8, generally in the neighborhood

of .75; but neither a tapered pole face configuration nor-

a design with constants in the range just named is essen-
tial, this merely being specified because it comprises the
manner in which most betatrons have heretofore been
built and has been fully described in patents and articles
mentioned earlier. Means for operating efficiently with

design constants outside those mentioned immediately

above is described and claimed, for example, in the co--

pending Adams application, Serial No.. 607,416, which
issued as Patent No. 2,473,123 on June 14, 1949. .
Surrounding the pole pieces 12-and 13 are the main
field producing coils 17 and 18. Surrounding all of the
‘parts just described is a frame structure of iron or other
magnetically permeable material completing the magnetic
circuit, this comprising top, bottom and side portions and
being here identified in general as 39. The magnet coils
17 and 18 are energized by an alternating current of
considerable amplitude, these coils preferably being con-
nected in parallel with condensers and energized from an
alternating current generator, which may have a_fre-
quency of 180 cycles per second and is preferably above
the conventional 60 cycles per second, the magnet coil and
condenser providing a resonant circuit at this frequency
in which high currents circulate, the generator merely
providing the actuating current replacing losses in the
'system. The electron injecting mechanism is intended,
as by excitation of a thyratron grid by voltage from a
pickup or peaking strip in the field of the main magnet
coils, to inject the electrons into the tube at the begin-
ning of the rising quarter cycle of current on the posi-
tive side of the cycle.
means, the electrons are injected into the tube substan-
tially tangent to the circular path provided, with substan-
tial initial energy of more than several electron volts.
This initial energy is preferably of the order of several
thousand electron volts; and the injection may be accom-
plished by structures of the kind shown in the above-
mentioned patents and publications, or by an improved
structure of the kind disclosed and claimed in my co-
pending Kerst application, Serial No. 617,255, which
issued as Patent No. 2,497,891 on February 21, 1950.
Coaction between the moving electrons and the vertical
lines of force of the magnetic field cause them to be ac-
celerated radially by the magnetic force, inwardly if the
injector means is outside of the equilibrium orbit 10a.
At the same time, the increasing magnetic field accelerates
the electrons in their orbital path, The period of acceler-
ation of speed of electrons continues during the entire
rising portion of the positive cycle of the current, as the
magnetic field is increasing during this time; and since
the electrons may have described several thousand revo-
lutions in this time, strong magnetic fields will have
worked their energy up to millions of electron volts. At
-the end of this time means are used to swing the elec-
trons out of their equilibrium orbit 10a, as by a change
in the distribution of magnetic field, into collision with a
target, for example. During the time the electrons are
describing revolutions in and about the equilibrium orbit,
maintenance of the electrons at and near the equilibrium
orbit is effected, in the case of radial stability, by propor-
tioning of the field relationships such that the average
change of field strength throughout the area within the
orbit is double the change of field strength at the orbit;
and vertical or axial stability-is secured by the curvature
of-the lines of force in a vertical plane. )
' Where the injector. structure lies to the outside of the
equilibrium orbit, as illustrated here, the electrons are
injected under conditions such that the radial field strength
relationships tend to accelerate them inwardly while they
are being accelerated circumferentially. The electrons os-

By the electron gun or injector
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“trons heretofore built,

cillate about an inwardly spiraling theoretical path until
they reach the equilibrium oroit determined by the field
strength relationships in a radial plane, and then they
travel around and around the tube with the equilibrium
orbit 10a as their theoretical orbit and with constantly
decreasing deviations therefrom, the velocity of the e.ec-
trons, and thus their kinetic energy, being constantly in-
creased by the continually increasing’ magnetic field to
which they are subjected. After the electrons have trav-
eled around in the equilibrium orbit for as many revolu- -
tions as may be desired to secure the desired energy, they
are finally caused to follow a spiraling instantaneous path,
as an outwardly spiraling path, to cause them to impinge
upon a target of suitable material (which target may be
mounted, for example, on the injector structure 11), this
impingement effecting generation of X-rays, as is more
fully described in certain of the above-mentioned patents
and publications, or in the copending Kerst and Serber
application, Serial No. 534,060, which issued as Patent
No. 2,447,255 on August 17, 1948,

It has heretofore been considered mecessary to have
the above instantaneous value of the average field strength
within the orbit double the instantaneous field strength.
at the orbit to maintain the proper conditions of equi-
librium tending to hold the electron in-a circular path if
its lineal velocity is continually accelerated, and this has
imposed certain undesirable design limitations upon beta-
1 have found, however, that the
desired equilibrium conditions for keeping the electron
travelling in a circular orbit are achieved by maintaining
appropriate relationships between the rate of change of

--the field strength at the orbit and the rate of change
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(speaking as an average across the area) within the orbit.
That is, the desired ‘equilibrium conditions are - attained
by having the rate of change of average field strength
within the orbit double that at the orbit; and that if this
condition is satisfied the absolute instantaneous values of
field strength at the orbit and within the orbit do not
have to bear any particular relationship to each other.
I find that equilibrium conditions can be satisfactorily
attained with much higher flux densities at the orbit by
initially biasing the field at and about the center of the
orbit negatively, so to speak, That is, by direct current
means the area within the orbit can be given a certain field
strength of a certain polarity when the field strength at
the orbit, due to the energizing effect of the alternating
current, is at or near zero; and then, as the field strength
at the orbit continually rises during the period of accel-
eration of the electrons, the field strength within the orbit
can be caused first to decrease to approximately zero and
then increase with a polarity opposite to its initial polarity
but the same as that at the orbit, so long as the rate of
change within the orbit (speaking as an average) is
double the rate of change of field strength at the orbit.

Heretofore betatrons have been built with what is in
effect a single energizing coil, although for purposes
of symmetry this has been arranged in two halves on

‘the two confronting pole pieces. . Magnetic conditions

throughout the entire magnetic structure, however, were
a function of the energizing of the single coil. For
mechanical reasons it has heretofore been necessary to .
have spacings in the neighborhood of two inches between
pole faces at the orbit, speaking of a representative 20-
million electron-volt machine having a fifteen inch equi-
librium orbit diameter, for example. Such spacing is-
a mechanical necessity in order that a suitable tube or
torus may be interposed between the pole faces. . Here-
tofore, however, since magnetic relationships had to. be
a function of design of the magnetic structure because
of energization by a single coil, a two inch gap at the
orbit was always -associated with approximately a one
inch gap in the central magnetic structure in the center
of the torus; that is, within the orbit. For reasons asso-
ciated with vertical stability of the electron in its travel
this central air gap was usually divided into several gaps
by .the use of disks of iron between the pole pieces;
but, effectively speaking, the magnetic structure in the
center had an air gap in the neighborhood of one inch
when the pole faces had a gap of two inches at the
orbit. Such an air gap requires a substantial magneto
motive force to secure suitable flux densities thereacross.
For example, to secure 10,000 gauss across an air gap
of one inch requires approximately 25,000 ampere-turns.
I have found that I can minimize or eliminate this cen--
tral air gap; and in so doing I correspondingly substan-
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 tially reduce the volt-amperes necessary to the energization
of the betatron. Reduction of the air gap in the center
of the magnetic structure, of course, would be disastrous
to proper operation of the bLetatron with orbit diameter
of the desired size; but I obviate this difficulty by associat-
ing a second coil with the central portion of the magnetic
structure and energizing it in such way as to oppose the
magneto motive force developed in the center of the
magnetic structure by the main energizing coil, so as to
be wible to bring this central air gap down to a very
smal' fraction of an inch, or even eliminate it entirely
if desired, without there being a higher flux density in
the center of the magnetic structure, at any instant,
than is appropriate in relationship to the conditions at
the orbit,

Substantial reductions in the air gap in the magnetic
circuit result in deviations in the flux densities in the
iron from those which occur under similar energizing
conditions with a relatively large air gap. With an air
gap in the neighborhood of one inch in the magnetic
circuit practically all the reluctance is concentrated in
the air gap and changes in reluctance in the iron rela-
tive to the flux densities set up therein are relatively
unimportant. However, reduction of the central air gap
to a small fraction of an inch, as .1 or .01 inch, results
in the nonlinearity of iron reluctance in relation to ener-
gizing force, particularly if conditions up near saturation
are approached, tending to vary the desired relationships
between the field at the orbit and the field within the
orbit. I have obviated this disadvantage, however, by

employing means associated with the central coil for,

“forcing” the desired field relationships; or, more accu-
rately speaking, the desired relationships between instan-
taneous change of field strength at and within the orbit.
One satisfactory way to do this is to provide a third
coil, in parallel with the central coil, energized as a
function of the main alternating current energization of
the betatron, any tendency for field deviation within the
central coil causing circulating currents between the
central and third coils minimizing such deviations. In
fact, with a suitable arrangement of this type, relation-
ships appropriate to equilibrium can be maintained even
more stably than in connection with the present conven-
tional be:atrons now used, where the orbit diameter tends
to shrink, particularly near the end of the acceleration
period, because of eddy currents set up in the central
portion of the magnetic structure, and saturation therein,
effecting deviations from the desired relationships.

Referring now more particularly to Figures 1, 2 and
3, the main energizing coil comprising the two parts
17 and 18 on the upper and lower pole pieces corresponds
to the coil heretofore comprising the sole coil on con-
ventional betatrons. For design reasons, although tens
of thousands of ampere-turns are desirable for energiza-
tion of the type found in a 20-million electron-volt ma-
chine, for example, the main energizing coils have seildom
exceeded a total of a hundred turns; and I prefer to
use a very much lower number of turns on a high
energy betatron, as for example a six-turn main energiz-
ing coil comprising three turns in the section 17 and
three turns in the section 18. The wire used would pref-
erably be a multistrand cable. This main coil is wound
around the outer periphery of the circular pole piece, out-
side of the equilibrium orbit which would lie within the
torus or tube 10, generally slightly to the outside of the
center thereof.

As may be best seen in Figure 3, an induction acceler-
ator built in accordance with the inventions I am here
disclosing also has other coils mounted on its magnetic
structure, and more particularly on the pole pieces thereof.
The inner sections or portions of the magnetic structure
lying within the tube 10 (that is, the center portions of
the pole pieces 12 and 13), approach each other very
closely. For example, I prefer to have these inner por-
tions come very close together, as illustrated, with only a
very small air gap or non-magnetic insulating section
therebetween which is only a very small fraction of
an inch, preferably of the order of .1 to .01 of an inch.
For mechanical convenience in making the pole pieces,
and other design considerations, it is preferable not to
have a unitary solid central iron section. On this inner
section or portion of the magnetic structure, within the
torus 10 having the orbit therein, is a second coil com-
prising the sections 19 and 20 symmetrically arranged,
which sections may, for example, be of three turns each
and wound oppositely to the direction of winding of
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the main energizing coil sections 17 and 18. On the
outer diameter or outer surface of the pole pieces 12 and
13 are wound the sections 21 and 22 of a forcing
coil, which sections may be of two turns each in this
specific embodiment being described, for example. Also
wound on the outer surface of the pole pieces 12 and 13
is a direct current biasing coil comprising the sections
23 and 24, which may, for example, be of three turns
each. The flux forcing coil comprising the sections 21
and 22 must be associated with a different magnetic flux
than that which cuts the back wound inner coil com-
prising the sections 19 and 20; and these forcing coil
sections 21 and 22 are preferably outside of the orbit
and approximately in the same vertical plane as the main
energizing coil comprising the sections 17 and 18, as il-
lustrated here. The location of the direct current bias
coil here shown as comprising the sections 23 and 24
is not particularly critical; but maximum efficiency is
attainable by placing it on the outer surface of the
pole pieces as illustrated in Figure 3.

Referring now more particularly to Figure 4, it will be
seen that the sections 17 and 18 of the main energizing
coil are connected in parallel wth a condenser 25 (in
practice a bank of condensers rather than a single con-
denser as is schematically illustrated here). to provide
a resonant or “tank” circuit; and this main circuit is
energized from an alternating current source, as an
alternating current generator, through the leads here
identified as 26 and 27. The frequency should be rela-
tively low, but is preferably several times that of con-
ventional commercial current, a frequency of 180 cycles
per second having proved satisfactory in various in-
stallations. Heretofore the adjacent terminals of the
main energizing coil sections have been connected to-
gether; but, as may be readily seen from Figure 4, I
connect these sections together through a circuit having
the back wound coil sections 19 and 20 therein and also
the forcing coil sections 21 and 22 (these being wound
in the same direction as the main energizing coil sec-
tions) and the direct current bias coil sections 23 and
24, which may be wound in either direction in so
far as alternating current conditions are concerned, but
must have their direction of winding related to the polarity
of direct current energization in such manner as to make
the initial direct current field in the central portion of
the magnetic structure of a polarity opposite to that
which will eventually be created therein by the alternat-
ing current coils during the quarter cycle comprising
the accelerating period. ’

In the absence of the flux forcing and ‘direct current
bias coil sections, and if no air gap at all were left in
the center portion of the magnetic structure, the num-
ber of turns in the back wound coil comprising the sec-
tions 19 and 20 should be only about 14, less than in
the main energizing coil associated with a structure
having a one inch air gap in the center, for example.
Since this condition could not be met with an integral
number of turns on the coils unless the main energizing
coil had 50 turns thereon, or some multiple of that num-
ber, I prefer to have the same number of turns on the
back wound central coil as on the main energizing coil,
whether this be 100 turns or six turns or some other
number; and then to secure the desired amount of field
strength in the central portion of the magnetic structure
within the orbit by use of the flux forcing coil. In
the absence of the forcing coil, the use of the same

* number of turns on the main energizing coil and the
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central back wound coil would theoretically result in no
flux passing through the central portion of the magnetic
structure; but by using a flux forcing coil in parallel
with the back wound coil and subject to different flux
conditions (as by being linked by the same flux that links
the main energizing coil), voltage and flux conditions
associated with the back wound central coil can be
forced away from those which would otherwise occur
and into a desired relationship. Moreover, in addition
to enabling an equal number of turns to be used so
as to enable the use of a central back wound coil where
the main energizing coil only has a relatively few turns,
the flux forcing coil acts to compensate automatically
for non-linearity in the flux versus magnetomotive force
characteristic curve of the iron. While these two coils (the
back wound central coil and the forcing coil) form part
of the main energizing circuit, variations in the reluctance
of the iron in the central portion of the magnetic struc-
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ture, and tendency of the voltages across these two coils
.to thereby become dissimilar, causes circulating currents
to flow in a circuit comprising only the central back
wound ¢oil and the forcing coil which tend to neutralize

such variations in reluctance and to maintain the average .

flux change in the central portion of the magnetic struc-
ture in a desired relation to that at the orbit, as double.

While the direct current bias coil comprising the sec- .

tions 23 and 24 is present for the primary purpose of
setting up an initial field condition in the pole pieces
which may be termed “negative” in character, this coil
is in Figure 4 illustrated as being in parallel with the back
wound and forcing coils primarily concerned with the
alternating current operation of the betatron. As should
be fully understood by now these coils are all spoken
of as single coils because they operate electrically as
single coils, even though mechanically they comprise
two sections on opposite pole pieces for purposes of

symmetry, This arrangement is satisfactory if the direct -

current energizing source, here indicated schematically as
a battery 28, is capable of handling alternating currents,
or of having such currents pass through, without difficulty.
In practice, of course, the direct current source would
normally comprise a direct current generator of relanvel.y
high amperage and low voltage characteristics; and this
generator may be isolated from the alternating current,
if desired, by use of a choke as shown in some of
the alternative circuit diagrams to be hereafter de-
scribed. The sections 21 and 22 of the flux forcing coil
shield the sections 23 and 24 from having to handle
flux forcing current; and the direct current bias is pri-
marily a result of the larger number of turns in the
sections 19 and 20. .

The operation of the betatron, primarily from a stand-
point of flux distribution, is illustrated in Figures 5-10,
inclusive. Referring now more particularly to Figure
6, the curve identified as 30 indicates the ficld strength
at the orbit, and the curve identified as 31 indicates the
field strength in the central portion of the magnetic struc-
ture within the orbit. Initially, at the beginning of the
period of acceleration, the field strength at the orbit
would be slightly below zero or at zero, as indicated by
the “x” at the intersection of the zero axis and the curve
30, this point being identified at 30a, as this provides
condiiions suitable for in{;ection of the electrons. At
the same instant of time, by virtue of the direct current
bias, the field strength through the central portion of the
magnetic structure would be at some appropriate nega-
tive value, as 10,000 gauss, as indicated by the “x” at the
point of origin of the curve 31, this point being identified
as 31a. This is illustrated in another and perhaps more
readily understandable way in Figure 5, where only a
single flux line is indicated as crossing the orbit, to show
approximately zero field conditions or slightly negative
field conditions at the orbit; but a large number of flux
lines are shown as passing through the central portion
of the magnetic structure, with a polarity in a given
direction, by arrows pointing upwardly in the center.

When the electrons have been injected, this generally
being for a period of only a few microseconds, the effect
of the rising alternating current energization, which is
rising on the positive side of a cycle, is a start to cause
flux of an opposite polarity to begin to cross the orbit,
and to decrease the field strength of thc magnetic condi-
tions in the central portion of the magnetic structure,
this continuing until the alternating current has reached
half its positive maximum, at which point the flux lines
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- Bventual conditions at-the conclusion of the period
of acceleration of the electrons are illustrated in Figures
9 and 10. In Figure 10 it will be seen that the field
strength through the orbit and the field strength through
the central portion of the magnetic structure have both
reached the same value with the same polarity at the
same instant, as indicated by the single “x” marking the
point here identified as 30c. “This same condition is il-
lustrated in flux plot diagram form in Figure 9, where
it will be scen that a substantial number of lines of force
cross at and near the orbit, and the polarity of the
field in the central portion of the magnetic structure is
in the same direction as that at the orbit and of the
same value per unit of area. By initially biasing the
field in the central portion so that it is of the same field
strength but of opposite polarity as that which it reaches
at the peak of the positive cycle of the energizing alter-
nating current, I am able to have the change of field
strength in the central portion twice that at the orbit,
and yet have the flux densities in the pole face at the
orbit and in the central portion of the magnetic struc-
ture the same at the conclusion of the accelerating period.

- That is, if the iron will satisfactorily handle 12,000
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through the central portion of the magnetic structure are -

theoretically zero. This next condition is illustrated in
Figures 7 and 8. In Figure 8 the “x” on the curve
39 indicates that the field through the orbit has reached
approximately half its maximum, this point being identi-
fied as 30b, corresponding to the half maximum of the
energizing alternating current; and the field stréngth
through the central portion of the magnetic structure has
decreased to zero at this instant of time, as indicated by
the “x” at the intersection of the curve 31, this point
being indicated as 31b, with the zero axis. This same
condition is shown in the form of a flux pattern diagram
in Figure 7, where it will be seen that there are an
appreciable number of flux lines through the.tube at and
about the orbit, with a polarity opposite to those which
previously existed in the central portion of the magnetic
structure; and that there are no lines of force in such
central portion, . '
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gauss or lines per square centimeter, I can have the
central portion of the magnetic structure go through
conditions from 12,000 gauss “megative” to 12,000 gauss
“positive” while the field strength at the orbit is going
from zero to 12,000 gauss. This satisfies the relationships
necessary to maintain an equilibrium orbit in the tube;
and yet enables a given pole face area at the orbit to be
worked up to double the flux densities heretofore pos-
sible, since heretofore, where both the central portion and
the orbit started at zero, usable flux densities were lim-
ited by saturation being reached at the central portion
of the magnetic structure. In the decreasing half of the
positive portion of the cycle and throughout the entire
negative portion of the alternating current cycle, the
equipment would be inoperative and injection would not
be effected until conditions had again reached the stage
illustrated in Figures 5 and 6. During this period which
is inoperative in so far as electron acceleration is con-
cerned, the flux densities at the orbit would go through
the curve indicated by the continuation of the curve 30;
but the field conditions in the central portion of the
core, indicated by the curve 31, would substantially
level off upon saturation of the iron and then extend
straight across, as illustrated by the horizontal portion
of the curve 31.

In any event, the field strength at the orbit can, by use
of my improved apparatus and method, be made approx-
imately double that heretofore possible for a given size
magnet and tube. In addition, since the central coil
is back wound with respect to the main energizing coil,
the current quantities (which determine the power con-
sumption) are greatly reduced under what would be
expected from a consideration of only the voltage drop
across the alternating current line terminals, resulting in
_still further reduction of volt amperes, and enabling the
condensers to be of smaller capacity. In this regard, it
will be understood, of course, that the resonant period
of the system is determined by the total effective in-
ductance in parallel with the condenser 25; that is, the
inductance comprises the series parallel circuit including
not only the main energizing coil but also the center
coil, the forcing coil and the direct current bias coil
(where no choke is used). However, in so far as the
alternating current terminals are concerned, the ener-
gizing circuit acts as though the condenser 25 had in
parallel with it a single coil of an inductance equal
to such effective inductance.

Referring now more particularly to Figure 11, an al-
_ternative circuit will be briefly described. In order to
avoid repetition of the purposes and functions of parts
shown on this circuit diagram reference numerals 100
higher than those heretofore used will be used in connec-
tion with analogous parts. The main energizing coil
is here shown as comprising the sections 117 and 118, the
outer terminals of these sections being connected to a
condenser 125 having the alternating energizing current
developed thereacross by leads 126 and 127. Connection
between the two sections of the main energizing coil are
completed through a series parallel arrangement com-
prising the sections 119 and 120 of the back wound cen-
tral coil and the sections 121 and 122 of the forcing coil.
‘The circuit shown here differs from that shown in Fig-
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ure 4 primarily in that no separate direct current bias —

coil is used, a direct current circuit being set up through
the back wound central coil and the forcing coil by a
source of direct current here indicated diagrammatically
as the battery 128. The forcing coil has a lesser number
of turns than the back wound coil, and accordingly there
is a certain effective ampere-turn direct current energiza-
tion in a direction biasing the field through the central
portion of the magnetic structure “negatively”; that is,
with a polarity opposite to that created by the main en-
ergizing coil during the rising portion of the positive
pulse, as has been explained heretofore, This is a per-
fectly operable system, its principal requirement being an
exceedingly high current and low voltage direct current
source, as for example-a homopolar generator.

Figure 12 shows another embodiment of my inven-
tions, and in this case reference numerals 200 higher
than those used in connection with Figures 110 will be
applied to analogous parts. Here the main energizing
coil comprising the sections 217 and 218 again has its
outer terminals connected to a condenser 225 having
the alternating energizing current developed thereacross
by leads 226 and 227. The inner terminals of the two

sections 217 and 218 are again connected together

through a series parallel circuit comprising the sections
219 and 220 of the back wound central coil and the sec-
tions 221 and 222 of the forcing coil, this coil again hav-
ing fewer turns than the back wound coil, which is prefer-
ably of the same number of turns as the main energizing
coil. In the form of my invention shown in this cir-
cuit diagram the initial field bias in the central portion
of the magnetic structure in a negative direction is
achieved by the total action of both the back wound coil
and the forcing coil when these are energized from a
direct current source indicated diagrammatically as the
battery 228. A difference between this arrangement and
that shown in Figure 11 is that in the circuit diagram of
Figure 12 I employ a choke 235 to keep alternating cur-
rent, whether it be the main energizing current or cir-
culating currents connected with the forcing action, out
of the direct current source 228. As will be noted, the
arrangement is such that a separate connecting lead 236
is provided between the outer terminals of the sections
221 and 222 of the forcing coil, rather than having this
connection completed through the direct current source.
Both the flux forcing coil and the back wound coil act as
direct current bias coils, effecting mainly the central flux.

Figure 13 shows an arrangement wherein the direct
current bias means is completely independent of the
alternating current portions of the circuit. In describing
the circuit of Figure 13 reference numerals 300 higher

- than about 10% variation.
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than those used in the first description will be applied to -

analogous parts. The main energizing coil comprising
the sections 317 and 318 has its outer terminals con-
nected to the condenser 325, with the AC energizing cur-
rent again being developed across this condenser through
the leads 326 and 327. The inner terminals of the two
sections 317 and 318 of the main coil are connected to-
gether through the series parallel circuit comprising the
sections 319 and 320 of the back wound central coil
and 321 and 322 of the forcing coil, the inner terminals
of all these last-mentioned sections being connected to
the inner terminals of the main coil sections and the
outer terminals of the central and forcing sections being
connected together by the leads 336 and 337.

A direct current bias coil comprising the sections 323
and 324 is in circuit only with the direct current source
328 and the choke 329. This provides an independent
direct current bias circuit which does not have to be con-
sidered in calculation of the alternating current circuit;
and alternating currents which might otherwise be set up
in this direct current circuit by coupling with the alter-
nating current coils are blocked by the choke 329.

Figure 14 shows an embodiment of my invention which
provides readily adjustable means for varying the forcing
action of the forcing coil. This not only facilitates design
of induction accelerator apparatus, in that it enables a
very wide adjustment of the forcing action, but also
enables variation of the diameter of the equilibrium orbit
in a convenient manner at any time. In betatrons em-
bedying my inventions as heretofore described, the move-
ment of turns of the forcing coil and its location must
be approximately determined, and the final adjustments
can be made by some movement of the forcing coil up and
down in the leakage flux arca of the main energizing coil,
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adjustment in this manner normally not permitting more
By the arrangement shown in
Figure 14, however,-I provide a forcing arrangement
which still operates as a function of the main energizing
current of the system, and yet.is readily adjustable or-
variable over a relatively wide range.

In the circuit diagram of Figure 14 and using reference
numerals 400 higher than those initially. used in this
specification, it will be seen that the sections 417 and 418
of the main energizing coil again have their outer termi-
nals connected to the condenser 425 which has the alter-
nating energizing current developed thereacross through-
the leads 426 and 427. The inner terminals of the sec-
tions 417 and 418 are connected together through a series
parallel circuit which comprises the sections 419 and 420
of the back wound central coil on the one hand (con-
nected together by the lead 437) and the secondary 440q
of a transformer 440 having a primary 440b. The sec-
ondary 440q, as illustrated, is of the tapped type permit-
ting ready adjustment of the number of turns thereon;
and the transformer as a whole would generally have a
maximum ratio of 1:1, adjustment of the tap connection
to the secondary enabling the number of turns there to be
cut down to cause the transformer to act as a step down
transformer of substantially any suitable ratio. It will
be understood, of course, that neither of the coils of the
transformer 440 would be wound on the pole pieces or
magnetic structure of the betatron in this form of my
invention. The transformer 440 provides, in its second-
ary, a source of energy which is a true function of the
main energizing alternating current across the outer ter-
minals of the main coil sections; and, by having this
secondary in paralle] with the sections 419 and 420 of the
back wound central coil, the amount of forcing action
can be readily controlled by adjustment of the tap connec-
tion to the secondary 440a. Cutting down the number
of turns in_the operable portion of the secondary 440a
tends to reduce the forcing action and increase the diam-
ter of the equilibrium orbit; while increasing the number
of turns in circuit in the secondary decreases the diameter
of the equilibrium orbit. At any particular desired set-
ting, of course, the forcing action, the circulation of cur-
rents between this transformer secondary and the sec-
tions 419 and 420 when desired field strength relation-
ships tend to diverge, stabilizes the position of the orbit
and prevents undesired change therein during the accel-
eration period for the electrons. While this circuit has
not been complicated by a showing of direct current bias
coils and means, it will be understood that I prefer to
employ with an arrangement of this kind a direct current
fl;iasing system of the kind shown in any of the preceding

gures.

While T have shown and described certain embodi-
ments of my invention, it is to be understood that it is
capable of many modifications. Changes, therefore, in
the construction and arrangement may be made without
departing from the spirit and scope of the inventions as
disclosed in the appended claims.

I claim: ’

1. A method of operating a magnetic induction accel-
erator for accelerating charged particles in a generally
circular orbit, comprising initiating a period of accelera-
tion with a field strength in the neighborhood of zero at
the orbit and a relatively strong field of a certain pre-
determined polarity near the center of the orbit and then
increasing the field strength at the orbit and simultane-
ously varying the field strength near the center to maintain
a constant predetermined ratio of rate of change between
the two fields.

2. A method of operating a magnetic induction accel-
erator for accelerating charged particles in a generally
circular orbit, comprising initiating a period of accelera-
tion with a field strength in the neighborhood of zero at
the orbit and a relatively strong field of a certain polarity
near the center of the orbit and then increasing the field
strength at the orbit and, during the same period, de-
creasing the field strength near the center to zero and
then increasing it with the opposite polarity.

3. A method of operating a magnetic induction accel-
erator for accelerating charged particles in a generally
circular orbit, comprising initiating a period of accelera-
tion with a field strength in the neighborhood of zero at
the orbit and a relatively strong field of a certain polarity
near the center of the orbit and then increasing the field
strength at the orbit and, during the same period, decreas-
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ing the field strength near the center to zero and then in-
creasing it with the opposite polarity with a rate of
change double that of the change of field strength at the
orbit at any instant. .

4. A magnetic induction accelerator for charged par-
ticles comprising: & closed vessel defining an annular
chamber within which such particles may move in a
generally circular orbit; a magnetic structure having a

portion within such orbit; a main accelerating_field- .

roducing coil on said magnetic structure, said coil hav-
ing a capacitance associated therewith; a second field-
producing coil on said magnetic structure, said second
coil having a diameter less than that of said orbit, this
. second coil being in series with said main accelerating coil
* and oppositely wound with respect thereto; projecting
apparatus for projecting charged particles within said
chamber with a substantial initial velocity; and energiz-
ing apparatus connected to said coils for producing a
magnetic field varying as a function of time.

5. A magnetic induction accelerator for charged par-
ticles -comprising: a closed vessel defining an_annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic circuit comprising at least
one pair of opposed, generally circular pole pieces which
are substantially coaxial with said orbit, said circuit hav-
ing a portion with a suitable air gap at the orbit and a
portion within such orbit with not more than a relatively
very small gap therein; a main accelerating field-produc-
ing coil associated with said magnetic circuit, said coil
having a diameter greater than said orbit and having a
capacitance associated therewith; a second field-producing
coil associated with said magnetic circuit, said second coil

" being in series with the main coil and having a diameter
less than that of said orbit; projecting apparatus for pro-
jecting charged particles within said chamber with a sub-
stantial initial velocity; and energizing apparatus con-
nected to said coils for producing a magnetic field varying
as a function of time, the connections being of such a
character that the magnetic effect of said second coil on
the portion of the magnetic circuit within the orbit is
opposite to that of the main coil. .

6. A magnetic induction accelerator for charged parti-
cles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic structure having a por-
tion within such orbit; a main accelerating field-pro-
ducing coil on said magnetic structure; a capacitance con-
nected to said coil: a second field-producing coil on said
magnetic structure having a diameter less than that of
said orbit; projecting apparatus for projecting charged
particles within said chamber with a substantial initial
velocity; energizing apparatus connected to said coils for
producing a magnetic field varying as a function of time,
the connections being of such a character that the mag-
netic effect of said second coil on the portion of the mag-
netic structure within the orbit is opposite to that of the
main coil and approximately equal thereto; and a third
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coil for forcing a desired amount of flux through the

portion of the magnetic structure within the orbit.

7. A magnetic induction accelerator for charged parti-
cles comprising: a: closed vescel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic structure comprising op-
posed, generally circular pole pieces which are substan-
tially coaxial with said orbit, said pole pieces having a
suitable air gap therebetween at the orbit and a portion
within such orbit with not more than a relatively very
small gap therein; a main field-producing coil on said
magnetic structure having a diameter greater than that of
said orbit; a capacitance connected to said coil; a second
field-producing coil on said magnetic structure having a
diameter less than that of said orbit; projecting appara-
tus for projecting charged particles within said chamber
with a substantial initial velocity; energizing apparatus
connected to said coils for producing a magnetic field vary-
ing as a function of time, the connections being of such a
character that the magnetic effect of said second coil on
the portion of the magnetic structure within the orbit
is opposite to that of the main coil and approximately
equal thereto; and a third coil -for forcing a desired
amount of flux through the portion of the magnetic struc-
‘ture within the orbit.

8. A magnetic induction accelerator for charged par-
ticles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-
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erally circular orbit; a magnetic structure comprising op-

posed, generally circular pole pieces which are substan- .

tially coaxial with said orbit, said pole pieces having a
suitable air gap therebetween at the orbit and a portion
within such orbit with not more than a relatively very
small gap therein; a main accelerating field-producing coil
on said magnetic structure; a capacitance connected to said
coil; a second field-producing coil on said magnetic struc-
ture having a diameter less than that of said orbit; project-
ing apparatus for projecting charged particles within said
chamber with a substantial initial velocity; energizing ap-
paratus connected to said coils for producing a magnéetic
field varying as a function of time, the connections bzing
of such a character that the magnetic effect of said second
coil on the portion of the magnetic structure within the
orbit is opposite to that of the main coil and approxi-

mately equal thereto; and a third coil for forcing a de- °

sired amount of flux through the portion of the magnetic
structure within the-orbit, this third coil having a diameter
greater than that of said orbit and being connected in
parallel with said second coil. :

9. A magnetic induction accelerator for charged parti-
cles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-

? erally circular orbit; a magnetic structure having a por-

tion within such orbit; a main accelerating field-producing
coil on said magnetic structure; a capacitance associated
with said coil; a second field-producing coil on said mag-
netic structure having a diameter less than that of said
orbit, this second coil being in series with the first coil and
oppositely wound with respect thereto, the coils having an
equal number of turns; projecting apparatus for project-
ing charged particles within said chamber with a sub-

5 stantial initial velocity; energizing apparatus connected to

said coils for producing a magnetic field varying as a
function of time; and a third coil for forcing a desired
amount of flux through the portion of the magnetic struc-
ture within the orbit, this third coil having a diameter
greater than that of said orbit and being connected in
parallel with said second coil.

10. A magnetic induction accelerator for charged par-
ticles comprising: .a closed vessel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic circuit comprising at least
one pair of opposed, generally circular pole pieces which
are substantially coaxial with said. orbit, said circuit hav-
ing a suitab’e air gap at the orbit and a portion within
such orbit with not more than a relatively very small gap
therein; a main accelerating field-producing coil opera-

tively associated with said magnetic circuit, said coil hav-

ing a diameter greater than that of said orbit and having
a capacitance connected thereto; a second field-producing
coil operatively associated with said magnetic circuit, said
second coil having a diameter less than that of said orbit,
this second coil being in series with the first coil and
oppositely wound with respect thereto, the coils having
an equal number of turns and both coils being of rela-
tively few turns; projecting apparatus for projecting
charged particles within said chamber with a substantial
initial velocity; energizing apparatus connected to said
coils for producing a magnetic field varying as a function
of time; and a third coil for forcing a desired amount of
flux through the portion of the magnetic circuit within the
orbit, this third coil having a diameter greater than that
ofﬂsaid orbit and connected in parallel with said second
coil.

11. A magnetic induction accelerator for charged par-
ticles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic structure having a por-
tion within such orbit; a main field-producing coil on said
magnetic structure; a capacitance connected to said coil;
projecting apparatus for projecting charged particles with-
in said chamber with a substantial initial velocity; ener-
gizing apparatus connected to said main coil for producing
a magnetic field varying as a function of time; and
a second coil for causing the portion of the magnetic struc-
ture within the orbit to have an initial polarity equal to
and opposite from the maximum polarity developed as the
or!alxt by the energizing apparatus and main field-producing
coil.

. 12.. A magnetic induction accelerator for charged par-
ticles com;?riging: 2 closed vessel defining an annular
chamber within which such particles may move in a gen-

v
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. erally circular orbit; a magnetic circuit having a portion
within such orbit; a main field-producing coil associated
with said magnetic circuit; 2 capacitance associated with
said_coil; projecting appara:us for projecting charged
particles within said chamber with a substantial initial
velocity; energizing apparatus connected to said main coil
for producing a magnetic field varying as a function of
time; a second coil associated with the portion of the mag-
netic circuit within the orbit and having a diameter less
than that of the orbit; and a direct current source con-
nected to said second coil for causing the portion of the
magnetic circuit within such orbit initially to have a
magnetic polarity opposite to that eventually developed by
the energizing apparatus and main field-producing coil.

13. A magnetic induction accelerator comprising the
combination of an evacuated annular container, a shell-
type magnetic core having a closed central member co-
axially surrounded by said container, means for introduc-
ing electrons into said container, means for magnetically
biasing said central core member, means for subjecting
said electrons to a time-varying magnetic field which is
oriented to accelerate electrons in said container, means
for superimposing a biasing non-varying magnetic -field
on said variable field, and means for discharging said
electrons. .

14. A magnetic induction accelerator for charged par-
ticles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic circuit having a portion
within such orbit; a main field-producing coil associated
with said magnetic circuit; projecting apparatus for pro-
jecting charged particles within said chamber with a
substantial initial velocity; energizing apparatus connected
to said main coil for producing a magnetic field varying as
a function of time; a second coil associated with the por-
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tion of the magnetic circuit within the orbit and having a
diameter less than that of the orbit; and a direct current
source connected to said second coil for causing the por-
tion of the magnetic circuit within such orbit initially to
have a magnetic polarity opposite to that eventually de-
veloped by the energizing apparatus and main field- -
producing coil. . '

15. A magnetic induction accelerator for charged par-
ticles comprising: a closed vessel defining an annular
chamber within which such particles may move in a gen-
erally circular orbit; a magnetic field structure associated
with said vessel and which includes a central induction
pole portion within the orbit and confronting control
pole portions at said orbit having an air gap therebe-
tween, the reluctance of the magnetic path through said
induction pole portion being practically negligible when
compared with that through said control poles across the
said air gap; a main field producing coil on said magnetic
structure surrounding said control pole portions; an auxil-
on said magnetic structure sur-
rounding only said central induction pole portion within
said orbit; and energizing apparatus connected to said coils
for producing a magnetic field varying as a function of
time, the said coil connections being of such character
that the magnetic effect of said auxiliary coil on said in-
duction pole portion of said magnetic structure is opposite
to that of said main coil.
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