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1

This invention relates to methods and appara-
tus for accelerating electrically charged particles
such as ions or electrons to high energy and more
particularly to improvements in the art of elec-
tromagnetic acceleration of charged particles.

In the past, two types of electromagnetic accel-
erators have been available for accelerating
charged particles to high energies, namely, cyclo-
trons and betatrons. In a cyclofron, charged
particles are repeatedly subjected to acceleration
along a spiral path between two dees disposed in
a magnetic field, the acceleration being produced
by a series of regularly recurring electrical im-
pulses imparted to the charged particles across
geeelerating gaps between the dees. In a cyclo-
tron, the magnetic field is maintained substan-
tially constant and the field between the two dees
is created by an oscillator operating at constant
frequency. The success of the cyclotron prin-

ciple depends upon the fact that the angu- -

lar velocity of the particles along their paths
is substantially
energy so that the particles travelling along
curved paths in the magnetic field always
enter the accelerating gaps at the same phase
of oscillation. TUnder these circumstances,
impulses Imparted to the charged particles
in the proper phase accumulate fo increase
the energy of the particles to a high value.
However, it has been found that as the energy

of the particles increases, the mass of the parti- .

cles likewise increases, thereby causing their
angular velocity to decrease and causing the par-
ticles to arrive at the region of acceleration with
a gradually increasing phase lag. As a result,
when the particles attain very high energies,
further impulses imparted to them may decrease
the energy possessed by the particles. For this
reason, the maximum energy which may be im-
parted to charged parficles in a cyclotron is
seriously limited by the fact that the mass of the
particles increases with their energy. This is
especially true when attempts are made to utilize
a cyclofron to accelerate electrons, which are of
very low mass. In a cyclotron, singly charged
ions have been accelerated to energies of about
40 m. e. v. But very little atiempt has been made
to accelerate electrons in a cyclotron.

In a betatron, charged particles, such as elec-
trons, are directed along g circular path about
the axis of a varying magnetic field having cir-
cular symmetry and the electric field induced
along the path of the particles by the varying
magnetic field is utilized to accelerate the parti-

cles to high energy. Because the electric field
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extends along the path of the particles and is
changing in one direction only for a considerable
period of time, no phase difficulties occur as in
the cyclotron and the charged particles are ac-

celerated to higher and higher energy. Even-

tually, however, further increase in the energy of
the particles is limited by the fact that the par-
ticles lose energy by radiation. In a betatron,
electrons have been accelerated to energies of
about 100 m. e. v. However, the demands of
modern research and indusfry require an instru-
ment and a technique which will supply charged
particles at very much higher energy.
Accordingly, one object of this invention is to
provide a method and apparatus which will
enable the acceleration of charged particles to
higher energies than has heretofore been at-
tained by the combined action of magnetic and
electric fields. | ~
Another object of the invention is to provide
g, method and apparatus for accelerating charged

particles to energles corresponaing to substantial

changes in the mass of the particles.

Another object of the invention is to provide
2, method and apparatus for utilizing the energy
thus produced.

A rurther object of the invenfion is {o provide
a method and apparatus empioying an oscilating
electric field and a magnetic fieid Ior controiling .
the energy of chnargea particies by varying the
ratio of the magneunc field strength to the Ifre-
guency of osciliation,

A still Iurther object of the invention is to
provide a method and apparatus emplioying an
osciliating electric field and a magnetic ield for
increasing the energy of charged particles by in- -
creasing the strength of the magnetic field. -

A still further object of the invention is to
provide an improved method and apparatus for
directing particies to a target from a region in
which the particles have been accelerated to high
energy by empioying an oscillating electric ﬁeld-
and a magnetic field. -

A still turther object of the invention is to pro-
vide a method and apparatus employing an oscil-
lating electric field and a varying magnetic field
for accelerating charged particles along closed
paths in an annular region and for directing the
particles to a target in the outer portion of that
region. |

A still further object of the invention is to
provide a method and apparatus employing an
oscillating electric field and a varying magnetic -
field Ifor accelerating charged particles along
closed paths in an annular region and for direct~
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ing the particles to a target in the inner portion
of that region.

A still further object of the invention 1s to
provide an electromagnetic accelerator utilizing
an electromagnet which concentrates flux in an
annular region.

A still further object of the Invention is 1o
provide an electromagnetic accelerator empioy-
ing a varying magnetic field and an electric field
with an electrode structure which provides for
minimum interaction between that structure and
the magnetic field.

The present invention is based upcn the dis-
covery of the phase stability of particles travel-
ling under certain conditions in circular orbits of
9, cyclotron. As an introduction to this principle,
consider, for example, a conventional cyclotron
having two dees disposed in a plane between and
parallel to the pole faces of g magnet and defin-
ing two radially extending accelerating gaps.
Charged particles which are fravelling in the
dees at high energy in circular paths arrive at
the gaps in the same phase periodically, only if
their energy is such that the angular velocity of
the particles is of the value which is proper for
matching the frequency of the electric field ap-
plied across the accelerating gaps, that is, only
if the period of rotation of the particles in their
orbits eguals the pericd of the electric field ap-
plied across the accelerating gaps. The orbits of
particles travelling in the dees are stable if, when
the rarticles cross the accelerating gaps at the
time the electric field is zero, the field i1s chang-
ing in such a sense that an earlier arrival of the
particle results in gcceleration and a later ar-
rival of the particle results in deceleration.
Under such conditions, if, for any reason, the
particle grrives at a gap retarded or lagging in
phase, it is decelerated to a lower energy. ‘IThe
resultant reduction in energy is accompanied by
a, reduction in mass of the particle and conse-
quently an increase in angular velocity. Thais in-
crease in angular velocity causes the particle to
arrive at the next accelerating gap at an earlier
phase, thus partially overcoming the phase lag.
Likewise, if the particle arrives gt a gap advanced
or leading in phase, it is accelerated. 7The re-
sultant increase in energy is accompanied by an
increase in mass of the particle and consequently
a decrease in angular velocity. This decrease in
angular velocity causes the particle to arrive at
the next accelerating gap at a later phase, thus
partially overcoming the phase lead. From this
it can be shown that if the equilibrium value of
the energy suitable for matching the frequency of
the electric field is sufficiently high, the instan-
taneous value of the energy of the particle oscil-
lates back and forth on opposite sgides of the
equilibrium value. In this manner, according to
the present invention, the energy of g group of
particles travelling in substantially circular orbits
in a device of the cyclotron type is phase sta-
bilized about the eguilibrium value. For con-
venience, energy of the equilibrium value is re-
ferred to hereinafter as the eguilibrium or reso-
nance energy. The value of the equilibrium or
resonance energy depends upon the strength of
the magnetic field gnd the frequency of oscilla~
tion of the electric field.

To utilize the principle of phase stability for
accelerating charged particles to high energy
according to the present invention, charged par=
ticles are injected at an appropriate phase into
an annular region in which a magnetic field is
crossed with an oscillating electric field so as to
cause the particles to traverse curved orpits con-
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centric with that region at an energy approxi-
mating the equilibrium energy and the ratio of
the magnetic field strength to the frequency of
oscillation is gradually increased. When the
ratio of the magnetic field strength to oscillat-
ing frequency is thus increased, on the average a
sroup of charged particles arrive at the accelerat-
ing gap early in phase and are thus subjected to
further acceleration. As a result the equilibrium
energy and hence the average energy of the group
of particles is gradually increased. In the pre-
ferred form of the invention, the charged par-
ticles traveiling in curved paths in a magnetic
field are repeatedly subjected to lineal, i. e. tan-
gentlal, acceleration by application of an electric
field at constant frequency and the strength of
the magnetic field is gradually increased in the
region of the particle orbits. When the particles
have attained the energy desired, they are de-
fiected to a target where their energy is utilized.
If the target is located outside the orbits, the
magnetic field strength is suddenly reduced in
orcer to expand the orbilis quickly so that the
particles strike the target. If, however, the tar-
get is located within the orbits, the magnetic field
strength is increased, to contract the orbits and
cause the particles to impinge upon the inner
target.

An electromagnetic accelerator embodying the
present invention and employing phase stahility
in its operation is known as a synchrotron.

The foregoing and other objects and gdvan-
tages of the invention will be more readily under-
stood by reference to the following detailed de-
scriction taken in connection with the accom-
panying drawings wherein;:

Figure 1 is a schematic wirlng diagram of a
synchrotron apparatus, the synchrotron itself
being shown in partially exploded view:

Figs, la, 16, 1c, 1d and le are graphs used in
explaining the operation of various portions of
the synchrotron illustrated in Fig. 1, the graphs
being linked by dotted lines to the portion of
Fig. 1 to which they apply;

Fig., 2 1s a plan view, partly in section, of an
electron injector utilized in the synchrotron of
Fig. 1, taken on the line 2—2 of Fig. 1: |

Fig. 3 is a vector diagram used in explaning the
equations of motion of particles travelling in the
orbital paths of g synchrotron;

Fig. 4 is a plan view, partly in section and part-
ly fragmentary, showing mechanical details of. &
synchrotron;

Fig. 5 is an elevational view of a synchrotron
of Fig. 4, taken in section on the line 5—5;

Fig. 6 is a fragmentary view showing details of
a synchrotron of Fig. 4, taken on the line 6—86;

Fig. 7 1s a graph illustrating the distribution of
magnetic flux in the gap of the synchrotron il-
Justrated in Fig. 6;

Fig. 8 is a diagram utilized in explaining the
defiection of particles to the target of the syn-
chrotron of Figs. 4, 5 and 6;

Fig. 9 is a schematic diagram of another syn-
chrotron;

Figs. 9a, 90 and 9¢ are graphs used in explain-
Ing the operation of various portions of the syn-
chrotron illustrated in Fig. 9, the graphs being
linked by dotted lines to the portion of Fig. 9 to
which they apply:; and

Fig. 10 is a sectional view of an electron in-
jector utilized in the synchrotron of Fig. 10, taken
on the line 18—18.

Referring now more particularly to Figs. 1 and
2, there is illustrated an electromagnetic accel-
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erator embodying the present invention and
known as a synchrotron. The synchrotron (0
comprises a magnetic field structure 11 and a
tank 20 which are symmetrically arranged about
a vertical axis r—z. The magnetic field structure

Ii includes lower and upper ccaxial pole pieces
lig and 1§{b which define a coaxial flux gap 12

therebetween. The pole pieces tla and {I{b are
preferably in the form of annular cylinders,
thereby defining a flux gap 12 of annular shape
in which magnetic flux is concentrated. Like-
wise, the tank 20, shown partially cut away in
Fig. 1, is preferably of annular shape and is so
proportioned as to have its main portion disposed
within the fiux gap 12. Preferably, the faces of
the pole pieces 11g and ({b which define the gap
(2 are so shaped as to produce in the gap 12 &
magnetic field which decreases slightly with in-
creasing radial distance from the axis r—zx. This
result may be accomplished, for example, by
tapering the tips of the pole pieces lia and 11D,
as is well known., The pole pieces {la and 11D
carry .two series-connected sections of a mag-
netizing winding (5—18. This winding is shunt-
ed by a tuning condenser 16 and is connected to
a source 1T of alternating current such as a 60-
cycle supply. The alternating current passing
through the magnetizing winding 15 produces a.
varying magnetic field in the gap 12, the positive

direction of this field being represented by the ¢

arrows [8—18. This magnetic field varies in in-
tensity substantially in synchronism with the
current through the winding and substantially in
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phase therewith. The magnetic flux is thus con- =

centrated in the region which includes the annu-
lar tank 20.

The annular tank 20 comprises concentric in-
ner and outer cylindrical walls 21 and 22 and
lower and upper annular walls 23 and 24, respec-
tively, these walls thus forming an annular
chamber 25 in the annular gap {2 in which the
magnetic flux is concentrated. The walls 21, 22,
23 and 24 of the tank are preferably composed of
electrically conductive material so as to shield
the annular chamber or region 25 from external
electric fields and the tank walls are preferably
erounded. A semicircular hollow electrode 39,
hereinafter called a cee electrode, is disposed
within the chamber 25 concentrically therewith.
This cee electrode 30 comprises concentric Inner
and outer semicylindrical walls 3! and 32, re-
spectively, which are connected by lower and up-
per semicircular walls 33 and 84, respectively, de-
fining a semicircular region 35 substantially free
of eleciric field and terminating in openings 36
and 37 loecated at diametrically opposed positions
within the chamber 25. The cee electrode 39 1s
suitably supported from the walls of the tank 20
and electrically insulated therefrom to facilitate
applying a radio frequency voltage therebetween.
A vacuum connection 26 is made to the outer
wall 22 of the tank 28 in order to maintain the
chamber 25 at a2 very high vacuum. The vacuum
connection 26 is connected to suitable pumping
apparatus (not shown) adapted to maintain the
pressure within the chamber 25 at a suitably low
value of the order of 10— mm. Hg. Pref-
erably, the tank 20 is operated ai a pressure low
enough for the mean free path of high energy
chareged particles travelling therein to be greater
than the distance to be travelled by the particles
while being accelerated to the energy desired or
at least of the same order as the distance to be

travelled. |
“An electron injector 40 which is to serve as a
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source of electrons to be accelerated is supported -
within the chamber 25 on the inner wall 21 of the
tank 28 at a position opposite the cee electrode
380 and substantially midway between the two
openings 36 and 37 therein. A target 50 which
is to be bombarded by accelerated electrons is
suitably supported within the chamber 25 on the
outer wall of the vessel. The electron injector
40 and the target B8 are located within the an-
nular cylindrical regicn which would be defined
by the cee electrode 380 if its walls were circu-
larly extended. More specifically, the radial dis-
tance of the electron injector 49 from the axis
r—zx of the synchrotron {8 is somewhat greater
than the radial distance of the inner wall 31 of
the cee electrocde 38 from that axis and the radial
distance of the targef §8 irom that axis r—zx 1S
somewhat less than the radial distance of the
outer wall 32 of the cee electrede 39 from that
axis r—. o

More particularly, as shown in Fig, 2, the ¢lec-
tron injector comprises a box-shaped anode &1{ -
having two side walls £2 and 43, respectively, and
lower and upper walls 44 and 48 supported from
and electrically ccnnected to the inner wall 2{ of
the-tank 28 and also comprises an end wall 46
attached to the side walls 42 and 43 and o the
lower and upper walls 44 and 8. The anode 414
includes an elongated rectangular opening 47
formed in the side wall 43 adjacent the end wall
26, the length of this opening £7 being parallel
to the axis z—-2 of the synchrotron 1§ and lo-
cated on the counterclockwise face of the anode
1. A coiled thermionically emissive cathode 48
is insulatingly supported within the anode &1, the

axis of this cathode likewise being parallel to

the axis r—zx at a radial pcesition opposite the
opening £7 in the ancde 4{. A semicylindrical
focusing electrode 49 is arranged within the anode
4{ concentrically with the filamentary cathode
48 and on the opposite side thereof from the
rectangular opening 47, This electron injector
48 is thus arrancged to direct electrons tangen-
tially from the thermionically emissive cathoae
A3 through the opening 47 in the anode £1 in &
counterclockwise direction in the magnetic field
about the axis 2—=z of the svnchrotron,

The synchrotron {6 utilizes an ejector winding
50—868 comprising coil sections disposed in the
cap |12 on opposite sides of the tank 28. The
ejector coil 68—§8 serves to expand the orbits of
accelerated electrons to enable them to strike
the target 58, as more fully explained hereinbe-
low. S

Considering now the electrical circuits of the -
synchrotron 18, the filamentary cathode 48 is
heated by means of a battery &1 which is connect-
ed to opposite ends thereof through a rhegstat
6la. The semicylindrical focusing electrode 49 is
electrically connected to either end of the fila-
mentary cathode 8. The filamentary cathode &8
and the ancde 41 are connected to opposite ter-
minals of the secondary winding §2 cf a trans-
former 63, the primary winding €4 of which is
connected in the output terminals 65 of a volt-
age pulse generator 88 which is synchronized with
the magnetic field set up by the coils 15 by means
of a timing device 8. The timing device 18 -
comprises g peaking transformer 7! which in-
cludes a Permalioy strip 72 mounted within the -
magnetic field produced by the magnetizing wind- -
ing 15. This peaking transformer comprises pri--
mary and secondary windings 723 and 74, respec- -
tively., The primary winding 73 is connected to
opposite terminals of a biasing battery 15 through
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a rheostat 76 and the secondary winding 14 is
suitably connected to terminals 78 of the voltage
pulse generator 66. With this timing device 70,
an impulse is transmitted from the peaking trans-
former 71 to the voltage pulse generator 68§ each
time the field through the Permalloy strip 72
passes through zero, the total flux through this
strip T2 being determined partly by the alter-
nating magnetomotive force created therein by
the leakage flux produced by the magnetizing
winding 10 and partly by the magnetomotive
force created therein by the current fiowing from
the battery 15. This timing device 78 serves to
cause electrons to be injected into the chamber
25 once in each cycle of operation and to syn-
chronize the injection of electrons with the gen-
eration of the magnetic Seld passing through the
gap 12, as more fully explained hereinbelow. 'The
desired synchronization is achieved by adjust-
ment of the current passing through the primnary
winding 73. The duration of this voliage pulse
is preferably long compared to the period of the
radio frequency voltage impressed upon the cee
electrode 30.

‘The cee electrode 38 is suitably connected at
two spaced points througzh two cecaxial cables
80—=88 to the output &! of a radio frequency os-
cillator 82 which includes an output tube £3
having its grid 84 grounded to the tank 28 and
its anode 8% and the cathode 8§ connected across
the output terminals §f{. More particularly, the
oufer conductors 88—88 of the coaxial cables
80—89 terminate at the ouier wall 22 of the tank
20 and are grounded and the inner conductors
89—88 connect directly with the cee electrode
30. Preferably the connections to the cee elec-
trode 39 and the walls of the tank 28 are made
through suitable impedance matching devices
(not shown). In order that the potential at the
two points of the cee electrode 33, to which the
inner conductors 8§9-—88% are connected, shall be
in phase, one of the conductors 85—E&93 includes
an extended element §4 for effectively adjusting
the relative electrical lengths cf the conductors.

The oscillator 82 is operated at constant fre-
quency and the amplitude of its output is suitably
modulated by means of an amplitude modulator
81 which is in turn controlled by a timing device
108. This timing device (88 is of the same type
as that hereinabove described and comprises a
second peaking transfcrmer (¢! which includes a
Permalloy strip 162 mounted within the magnetic
field produced by the magnetizing winding 5.
This peaking transiormer 101 also comprises pri-
mary angd secondary windings (83 and {04, re-
spectively., The primary winding 83 is con-
nected to opposite terminals of a second biasing
battery (85 through a second rheostat 108 and
the secondary winding {4 is suitably connected
to a contrel point {88 of the amplitude modulator
91. With this timing device {88, an impulse is
transmitted from the second peaking transformer
(¢ to the amplitude moduiator 8i at the moment
that the field through the Permalloy strip 102
thereof passes thirough zero, the total flux through
this strip being determined partly by the alter-
nating magneto-motive force created therein by
leakage flux produced by the magnetizing wind-
ing {9 and partly by the flux created therein by
the current flowing from the battery 185. This
timing device 180 serves to cause the oscillator
to be effectively turned on for a definite time
interval once during each cycle of operation and
to synchronize the modulation of the oscillator 82
with the generation of the magnetic field passing
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through the gap 12, as more fully explained here-
inbelow. The desired synchronization is achieved
by adjustment of the current passing through the
primary winding [983. |

The ejector winding 68—£&0 is connected fto the
output of a current pulse generator 118 which is
suitably connected to the source 1T of A. C. power
through a phase shifter {i1. This phase shifter
i 1§ is designed to synchronize the production of
current pulses in the output of the current pulse
generator {{§ with the varying magnetic field, as
more fully explained hereinbelow. The duration
of the current pulse produced at the output of
the current pulse generator {il is preferably long
compared to the period of radio frequency output
of the oscillator 82.

Comnsidering now the synchronous operation of
the magnetizing winding 19, the electron injector
48, the oscillator 82, and the ejector winding
83—060 during a single cycle of operation. For
convenience, the cycie of operation is divided into
four quarters Qi, Q2, &3 and Q4, as illustrated in
thie coordinated graphs represented in Figs. la,
1b, 1¢, 1d and 1le. Referring to Fig. 1q, it is to be
noted that the current through the magnetizing
winding §5 varies sinusoidally; the intensity of
the current starting at zero and then increasing
in one direction in the first quarter Qi of the cyele
of operation, thien decreasing but remaining in
the same direction in the second quarter Q2 of the
cycle of operation and then increasing in the third
quarter @3 of the cycle of operation in the oppo-
site direction gnd then decreasing whiie still flow-
ing in the latter direction in the fourth quarter Qu
of the cycle of operation. Referring now to Fie.
1d, there is shown g substantially square wave
and this may be referred to as the “envelope” for
the radio frequency oscillations produced by the
oscillator 84. In other words, the output of the
oscillator 82 is modulated or keyed to form pulses
as shown in Fig. 1d and each of these pulses con-
sists of g train of radio frequency oscillations. It
is to be noted that the amplitude of the output of
the radio frequency oscillator 82 is of g relatively
high value during the first quarter @1 of the cycle
of operation and 1s zero during the other three
quarters Qz, Q3 and Q4, this result being achieved
partly by suitaple design of the oscillator 82 and
the amplitude modulator and partly by suitable
adjustment of the timing device [80. Referring
to Fig. le, it is to be noted that the voltage pulse
generated at the secondary 62 of the transformer
63 attains a high value shortly after the com-
mencement of the first quarter @1 of the cycle of
operation and is zero at all other times, this result

ging achieved partly by the desigsn of voltage
puise generator 66 and partly by adjustment of
the timing device T0. Referring to Fig. 1b, it is
tc be noted that the current generated by the
current pulse generator (i0 and applied to the
ejector winding 68-—68 attains a high value at
the commencemsant of the second quarter Q2 of
the cycle of operation and is substantially zero
at all other times, this result being achieved by
suitable design of the current pulse generator 110
and the phase shifter 111. By suitably arranging
the magnetizing winding 15—1{5 and the ejector
winding 63—80, the magnetic fluxes produced
simultaneously thereby are in opposite directions
so that at the moment current is applied to the
ejector coil 680—68 by the current pulse generator
{8, the intensity of the magnetic field strensth
passing through the tank 20 is rapidly reduced
momentarily. Thus, referring to Fig. 1l¢, the
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combined effects of the magnetizing winding
[5—15 and the efector winding 60—68 in produc-
ing magnetic flux throuch the tank is illustrated.
Here it is to be noted that in the first auarter Qi
of the cycle of operation, the intensity of the
magnetic field is directed upward and gradually
increases sinusoidally and is suddenly depressed
momentarily at the commencement of the second
quarter @2 of the cycle of operation and there-
after continues to chanee sinuscoidally, the mag-
netic field being directed upward during the first
and second quarters Q1 and Q2 of the cycle of
operation and downward during the third and
fourth quarters Q: and Q.

Considering now the action of the synchrotron
{0 in accelerating electrons to high energy and
causing them to impinge upon the external tar-
‘get 50, it is to be noted that drring the first
'_.qua,rter Q. of the cycle of operation, the voli-
age between the cee electrode 39 and the tank
28 changes at radio frequency and that during
this quarter @i, the intensity of the maanetic
field passing through the tank 28 graduvally in-
creases from zero to a relatively high value at a
relatively low rate. While the intensity of the
magnetic field is still very low, a negative voltage
pulse created in the secondary 62 of the trans-
former A3 is impressed upon the filamentary
cathode 48 and focusing electrode 48 for a shori
interval of time, causing electrons to be nroiected
from the filamentary cathode 48 through the
opening 47 in the anode &f along a curved path.
The path initially followed is in a counterclock-

wise direction about the axis x—zx of the syn-

chrotron 18 determined primarily by three iac-
tors, namely (1) the intensity of the magnetic
field, (2) the radial gradient of the magnetic
field intensity, and (3) the energy with which the
electrons are infected. Some of the electrons
arrive at the opening 356 in the cee electrode 39
in phase with the radio frequency voltage im-
pressed thereon and some out of phase. Those
electrons which arrive at the opening 35 at the
time that the voltage on the cee electrode 3§ 1s
passing through zero enter the space 35 within
the cee electrode 28 without acceleration or de-
celeration. Those electrons which arrive at the
opening 36 in the cee electrode 3% somewhat out
of phase with the voltage on the cee electrode

are either accelerated or decelerated, as the case :

may be, as more fully explained in connection
with the discussion of phase stability herein-
above. Electrons which arrive at the opening 238
in the cee electrode within a predetermined range

of phase and energy constitute a group of elec-

trons which are phase-~stabilized. Electrons
which arrive at the opening 36 of the cee elec-
trode outside of this range are not phase-sta-
bilized but eventually lose their energy and are
scattered to the walls of the tank 28. In oraer
to generate a group of phase-stabilized electrons,
electrons are projected from the injector 49 with
an energy equal to the equilibrium energy cor-
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respending to the strength of the magnetic field

at the time of injection and the radial distance of
the point of injection from the axis x—x, as more

fully explained hereinbelow. BY suitably choos-
ing the voltage characteristics of the oscillator
82 and the voltage pulse generator §8 in relation-
ship to the dimensions of the tank 20 and its
component parts and the gradient of the mag-
netic field intensity and the rate of change of
the magnetic field intensity at the time of in-
jection, many of the electrons which enter the
cee electrode 30 pass the injector 40 in the space
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between the injector 40 and the target 30.in their
first orbital revolution within the chamber 28.
The electrons are injected into the chamber 2%
with an energy greater than that corresponding
to the radial position of the injector. In such
g, case the electrons injected seek an equilibrium
orbit of greater radius and oscillate back and
forth across this orbit. Thus, a substantial por-
tion of these electrons miss the injector as they
revolve above the axis z—z of the synthrotron
and become phase stabilized. As this group of
electrons alternately enter and emerge from the
ceg electrode 39 as the magnetic field strength
is increased, the equilibrium energy of this group
of electrons also increases. As the energy:of the
electrons increases, the mean radius of - their
orbits likewise increase so that the group of elec-

trons spiral outward from a position adjacent

the inner wall 31 of the cee electrode 39 to . an

outer position adjacent the outer wall 32 thereof.

Finally, at the end of the first quarter Qi of the
cycle of operation, the radio frequency oscillator
22 is shut off and the intensity of the magnetic
field is suddenly reduced, thereby expanding the
orbits in which the electrons travel. As these
orbits expand, the highly accelerated electrons
impinge upon a target 59 where their. energy is
utilized such as for the production of X-rays or
nuclear reactions, as the case may be. . In the
remaining portion of the cycle of operation, no
electrons are accelerated. Thereafter, the proc-
ess of injection, acceleration, and orbital expan-
sion is periodically resumed when the intensity
of the magnetic field again begins 10 increase In
an upward direction.

As previously mentioned, the successiul. opera-
tion of the synchrotron depends upon the phase
stabilization of the orbits in which the electrons
travel, Considering this principle in greater de-
tail, it can be shown that the equilibrium energy

of the electrons at any time during the accelera—

tion is given by the equation:

Fo=(300cH) / (2rf) 6D

where

Eo=equilibrium energy including both kinetic
energy and rest energy

c==velocity of light
H=intensity of magnetic field through Whlch the

electron is travelling
f=Ifrequency of oscillator

It can also be shown that the energy of an

electron is given by the equation: oo
- E=Eol1—(dg)/(d6)] (2)

where

9—angular position of the electron in its orbit,

p=phase lag of the voltage impressed upon the
cee electrode 38 at the moment the electron
reaches an opening therein, or the phase lead
of the angular position of the electron at the
time that the voltage impressed upon the cee
electrode 390 is zero,

E=the total energy of the electron including both
the kinetic energy and the rest energy. -

More specifically, the total energy of the
particle is given by the equation: | |

= Er (3)
V1—p? |
where the rest energy
Er=—=moC2
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~and mo=the rest mass of the electrons, and
),
=2

where v=speed of the electrons.

It can also be shown that the relative phase
¢ between the electron position and the radio
frequency voltage is given by the {following
equation:

21r—-—-(E'u )—]—V sin ¢ ==

1 dE, 300 ng , L]JF[EO d

Fdt ¢ Iz

72 (4)

d6’
where
=the energy gained from the electric field dur-
mg each orbital revolution of an electron when
the electron enters the semicircular electrode at
the most favorable phase, that is, the peak
voltage of the oscillator §2 cutput when the out-
put is sinusoidal,

Fo=the total magnetic flux enclosed by the orbit
of an electron possessing energcy of the
equilibrium value Eo,

L—energy lost per orbital revolution as a result
of radiation from the electrons and their col-
lision with molecules of gas in the chamber

25, and
t==time.

It is to be noted that Equation 4 takes into
account possible changes in the intensity of the
magnetic field and possible changes in the fre-
quency of the radio freduency oscillator 82.
Where, as In the present instance, the frequency
is constant, Equation 4 reduces to the following:

d¢ _[1dE, 300dF,
ZT&E(EUda) V sin ¢= F de - —I—L] (5)

It can also be shown that the radius of the orbit
in which an electron is travelling is given by the
following equation:

R=(E2--Er?)1/2/300H (6)

The values of the energy given in FEquations 1,
2, 3,4, 5, and 6 are in electron volts, the magnetic
guantities in these equationg are in electromag-
netic units, angles are in radians and the other
quantities are in C. G. S. units. From an analysis
of the foregoing equations, it can be shown that
if the equilibrium value Eo of the energy increases
with time at a sufficiently rapid rate, the
instantaueous values of the energy = cscillate
back and forth about the equilibrium value Eo
and that the amplitude of the difference between
the instantaneous value E of the energy and the
equilibrium value Eo gradually decreases. It can
also be shown that under the same conditions, the
instantaneous value of the phase difference <
oscillates about a zero value.

Considering Equations 1 and 8 together, it can
be shown that as the energy of the elecirons in-
creases, the orbits asymptotically approach a
radius

which, it is to be noted, means that the distance
travelled in a single orhital revolution of the elec-
trons approaches the wave length of the radio
frequency waves generated by the oscillator 82.
In this connection, it is also to be noted that as
the energy of the particles inereazes, the speed
of the particles gradually approaches the speed
of light, and further increases in energy have
very slight effect upon the speed.
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More particularly, if the electrons are injected
into the chamber with an energy of about 300
kv. at an initial orbital radius of 78 em. and are
subjected to a radio frequency field of 48 mega~
cycles per sec. and the magnetic field strength
changes at 60 cycles per sec. to a value of 10,000
gauss, the electrons are accelerated to an energy
cf 300 m. e. v. in the first quarter @i of the cycle
of operation and the final orbital radius of the
particles is 100 ¢m. In this operation, if the volt-~
age V-equals 1000 volts, the maximum phase shift
¢ 1s 13° and the electrons revolve about the-axis
of the magnetic field about 20,000 times, revolv-
ing about 22 times during a single oscillation of
the energy and phase at the commencement of
acceleration and about 440 times for a single os-
ciliation of the energy and phase during the final
portion of the acceleration. Also, during this
operation, the instantaneous value of the energy
E of the accelerated electrons differs from the
equilibrium value Eo at the most by about 6.3%
at the time of injeection and then diminishes as
the equilibrium energy Eo increases.

In considering the acceleration of charzed par-
ticles by the process hereinabove described, it
i1s to be noted that forces of two different ori-
gins act upon the electrons in order to accelerate
them to higher and higher energies. One of these
forces is supplied by the electric fields created
at the openings 26 and 37 of the cee electrode 38.
The other force is supplied by the electric field
induced along the orbits of the electrons by the
changing magnetic field. The first of these forces
is of the same type which is utilized in a cyclo-
tron. The second of these forces is of the type
which is utilized in a betatron.

Considering now the detailed structure of an
electromagnet and a tank suitable for use in the
synchrctron hereinabove described, reference is
now made to Figs. 4, b and 6. Such an electro-
magnet 128 comprises lower and upper vokes (21
and (22 interconnected at their ends by unright
legs 123 and 124. 'The yokes 121 and {122 and
the legs 123 and (24 are of laminated construc-
tion, being constructed from a series of soft iron
plates rigidly held together by suitable means
such as bolts [25. The two vokes 121 and {22 are
provided with two vertically alighed rectangular
openings 126a and 126D, respectively, at the cen-
ters thereof in order to provide access for work-
men to other parts of the apparatus. Between
the two yokes (21 and 122 and surrounding the
two rectangular cpenings 126¢ and 1266 are lo-
cated vertically aligned lower and vpper annular
pole pieces 12T and 128 defining an annular gan
i25. Lower and upper sections (20 and 13§ of
a magnetizing coil encircle the lower and upper
pole pieces 2T and (28, respectively, these coils
being located in the magnetic structure adia-
cent the yokes (2f{ and (22, respectively, in the
space between the pole pieces 12T and 128 and
the legs 123 and {234.

The tips of the two pole pieces (27 and 128
are preferably so shaped that the flux density of
the magnetic field created in the gap 129 between

the pole pieces 127 and (28 varies slightly as an
inverse function of the distance from the axis
z— of the magnetic structure 120 and are fur-
thermore so shaped that the gradual diminution
of flux densiily in a radial direction extends
over as wide a region as possible. Such a dis-
tribution of magnetic flux facilitates fecusine an
electron beam in the center of the gan, and the
specific gradient of magnetic field intensity is
selected to facilitate injected electrons clearing
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"the injector and the walls of the cee electrode,
as explained hereinabove. In the design illus-
trated, the desired distribution of magnetic fiux
is achieved by tapering the faces of the pole
pieces 127 and {28 so as to provide a gradual en-
largement of the gap 129 with increasing radius
and shimming the peripheral edges of the pole
tips so as to provide a reduction in thickness of
'the gap 129 at the inner and outer edges there-
of. In practice, a magnetic flux density that
varies inversely as about the five-eighths power
of the radial distance, is found suitable, thus es-
tablishing a flux density gradient which varies
eradually throughout the width of the gap {29.
as illustrated in Fig. 7.

The inner walls of the pole tips are tapered
- outwardly toward the gap and are provided with
annular grooves 36 and 137 on the outwardly
tapering surfaces, these grooves being adapted
to rigidly engage an inner ring 140. The outer
walls of the pole tips are tapered inwardly to-
ward the gap and are provided with annular
orooves {38 and 1329 on the inwardly tapering
surfaces. these grooves being adapted to engage
an outer ring (4. The contacts between the
inner and outer rings {42 and (4 and the pole
picces 127 and 128 are hermetically sealed to
the tanlk {45 enclosing an annular chamber 146
between the pole pieces 127 and (28. A vacuuml
line 147 including a pump 1483 connected to the
outer wall (&1 of the tank {45 is utilized icr
maintaining a high vacuum in the chamber (45.
Preferably, the inner and outer walls (40 and
{41 of the tank {45 are composed of a nonmag-
netiec electrically insulating nonporous material
such as Textilite and the interior surfaces of
‘these walls are metallically coated, such as with
silver plate 149, which cooperates with the faces
of the pole pieces 127 and 128 to form a chamber
which is shielded from external electric fields.
The inner and outer rings (49 and (41! constitute
inher and outer walls. respectively, and the faces
of the lower and upper pole pieces 127 and {23
constitute the lower and upper walls, respec-
tively, of a tank which defines an annular cham-
ber in the gap between the pole pieces, which
serves as a region for electron acceleration.

Protruding from the outer wall {41 is a piurai-
ity of radially extending tubes 188, these tubes
being located on one side of the tank {4% and
being regularly spaced along the circumierence
thereof. The tubes (58 are closed at the outer
ends and are preferably composed of nonmag-
netic electrically insulating nonporous material,
such as silicon bonded glass fiber. In order to
complete the electrical shielding for the cham-
ber (48, the interior walls of these tubes are
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‘also metallically ccated, such as by silver plate.

A semicircular cee electrode 169 is supported
within the chamber 1458 by means of supporting
arms or stems 15 which are arranged coaxially
with the tubes 158. These support arms {51 are
preferably composed of metallic or ceramic ma-
terials. If composed of the latter, they are
preferably metallically coated with a suriace
which is in electrical communication with the
other coatings on the interior surfaces of the
tank walls 148 and 141 and the tube {50 and the
pole pieces 127 and {28. In effect, the support
arms and tubes comprise impedance matching
coaxial lines for supplving electrical energy to
the interior of the tank {45. as more fullv ex-
plained hereinbelow. More particularly, the cee
electrode 169 comprises an upright semicircular

rigid metallic member 16 arranged near the.

60
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outer edge of the gap 129 between the pole pleces

127 and (28 and also comprises a plurality of
metallic hairpin-shaped members (62 arranged
in vertical planes and extending radially inward
toward the axis r—zx of the tank. The semi~
circular member {81 and the hairpin members
1862 together define a semicircular or cee elec-
trode (88 which encloses a semicircular region
which is shielded from external electric fields,
thus defining a substantially electrically field-
free semicircular region in one-half of the tank.
The semicircular region in the remaining half
of the tank is also substantially free of electric
Gelds. By applying a radio fregquency voltage
between cee electrode {60 and the walls of the
tank {48, an oscillating electric field is created
at the diametrically opposed openings of the cee
electrode {69, thus in effect establishing two ac-
celerating gaps at these positions. In order to
control the shape of the electric fields at the
openings of the cee electrode (68 when a po-
tential difference is applied between the cee elec-
trode {1680 and the walls of the tank 145, the cee
clectrode 188 is enclosed hy an auxiliary con-
centric shield 185 arranged within the gap 129.
This shield {85 comprises a plurality of radially
extending metallic hairpin members {66 ar-
ranged in vertical planes and suitably secured
to the ocuter wall 141 of the tank (45 in elec~
tricallv conducting relation to the metallic coat-
ing 149 on the interior surface thereof. By utiliz-
ing a9 cee electrode 162 and a shield {65 of thin
wire structure. as described, eddy current losses
therein are reduced to a minimum and a mini-
mum phase lag exists between the changing
maghetic field which penetrates the region of
the tank 145 including the cee electrode {60 and
the shield {65 and the changing magnetic field
in the remaining portion of the tank {85, I{ is
to be understood, of course, that if further re-
duction in this rhase difference is desired, an-
ofther cee electrode and shield may be arranged
in the other half of the tank 4% and the latter
cee electrode and shield grounded without other-
wise affecting the operation of the synchroiron.

An eiector winding 1T is arranged within the
oap and concentric with the magnetic structure
128. This eiector windine comprises lower and
ueper outer turns TI—I7{ and lower and upper
inner turns {712—172. The outer turns 1Tt—{T1
are arranged externally of the maximum orbit
indicated by the point P in which accelerated
electrons travel. The inner turns 1712—{712 are
arranged internally of this orbit indicated by
the peint P. The two outer furns ITI—I{T1 are
connected to carry current in one direction and
the two inner turns I72—I72 are connected to
carry current in the opposite direction so that
an annular magnetic field is created in the region
of the orbit P in opposition to the magnetic field
produced there by the magnetizing coil.

An eleciron iniector {88 is mounted within the
chamber {48 adiacent the inner wall 149 of the
tank {45 and is supported therein by means of a
tubular connection {8{ which is hermefically
segled on the inner wall 140 of the tank (45 and
extends radially cutward thereof toward the axis
r—x. 'This injector is so positioned as to proiect
electrons peripherally within the chamber 146 at
such a radial! position that the electrons may
enter the space within the cee electrode 169.
This may be readily achieved by locating the
injector {80 at a point half way between the

Ll

openings in the cee electrode 160 and at a greater
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radial distance from the gxis x—x of the tank
140 than the inner wall of the cee electrode 168,

A target 198 which is to be bhombarded by ac-
celerated electrons is suitably supporied within
the chamber (86 at a position opposite the in-
jector 180, this position teing so located that ac-
celerated electirons may be projected thereto by
operation of suitable means such as the ejiector
coil 178.

Without describing in detail the consitruction
of the injector 182, it is sufficient to state that
this injector may be of the same type as that
previously described in connection with Figs. 1
and 2 and that the cathode thereof may be elec-
trically connected to g battery 61 and to a source
of high voltage, such as the voitage pulse genera-
tor 6G. The cee electrode 16§ is connected to the
cutput of a radio iregquency generator such as
the osecillator 82 of Fig. 1 by means of coaxial
cables 189 having their outer conductors {88 in
electrical communication with the portion of
the metallic coating {49 within the tube 158 and
their inner conductors 87 in electrical com-
munication with the stems (5. Preferably

the impedances of the coaxial cables (€5 when -

so connected match the impedance of the coaxial

lines provided by the tubes {28 and stems (81,
Considering now the operation of a synchro-

tron utilizing the electromagnet and tank illus-

trated in Figs. 4, 5 and 6, when connected to elec~ -

trical supplies in the manner previously de-
scribed in connection with Fig. 1, it is to be noted
that the output of the oscillator 82 is fed to the
cee electrode (€8 along two of the stems (51, and
that the two points to which the opposite termi-
nals of the oscillator 82 are connected operate
at the same phase and voltage even though the
voltages at the two output terminals of the
oscillator 82 are out of phase. In operation, at
the time that the cee elecirode (59 is thus ener-
glzed by the oscillator 82, a magnetic field which
is directed upward is created in the gap 129 be-
tween the pole pieces 27 and 28, as indicated
by the arrow 280 of Fig. 8, and the infensity of
this field gradually increasss in a sinhusoidal
manner. While the magnetic field is still of g
relatively low value, electrons are projected from
the injector 188 into the chamber {425 and travel
therein in a counterciockwise direction along the
path indicated by the arrow 281 in Fig. 4. The
group of electrons which enter the cee electrode
160 in the proper phase are thereafter repeatedly
subjected to acceleration by electrical fields
which are created at the openings of the cee elec-
trode {686 parallel to their trajectories. As a re-
sult of the acceleration 9of the electrons, their
orbits gradually increase in radius until at the
time the magnetic field strength has reached the
maximum valiue, the orbits have attained their
maXximum radius at a positicn indicated by the
point P in Figs. 6 and 8 When the electrons
have thus attained the energy desired, the cee
electrode 158 is de-energized and brought fo
ground potential. At the same time, the ejec-
tor coll is energized and current flows clockwise
in the outer turns (T{—I{7f{ and counterclock-
wise in the inner turns {i2—I172 thereof, thus
creating a flux indicated by the arrows 282 in
opposition to the main flux 244 through the gap
123 and suddenly reducing the sirength of the
magnetic field in the region traversed by the
electrons after they have attained their full
energy, as illustrated in Fig. 8. As a result of the
redquction of the strength of the magnetic field,

the orbits are expanded gnhd the accelerated elec-
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trons impinge upon the target 1%0 where their
energy is utilized.

Referring now to Figs. 9 and 10, there is illus-
trated a modified synchrotron that alsc embodies
the features of the present invention. This syn-
chrotron 21§ is of a construction similar to that
previously described except for the differences
pointed out hereinbelow, the main differences
residing in the location of the target, the omis-
sion of the ejector winding, and the constants of
the remaining electrical circuits.

This synchrotron 213, like that previously de-
scribed, comprises a magnetic field structure 211
provided with annular pole pieces 21ia and 211D
anda an evacuated annular electrically shielded
tank 229 which defines a chamber 225 disposed in
the annular gap 2{2 between the pole pieces. The
pole pieces carry two series-connected sections
0of the magnetizing winding 2{5—215 which is
connected to a source 217 of alternating current
and is shunfted by a funing condenser 216.

The annuiar tank 229 encloses a cee electrode
230 which is disposed concentrically therein. It
also includes an electron injector 240 provided
with a box-shaped anode 241, a filamentary
cathode 248 and a focusing electrode 248. In this
synchrotron 210, the target 250 which is to be
bombarded by accelerated electrons is supported
on the end wall 248 of the lectron injector 240,
that is, within the minimum radius of the orbits
in which the electrons are to be accelerated after
their first revolution.

Considering now the electrical circuits of this
synchrotron 2i8, the filamentary cathode 248 of
the electron injector 240 is heated by means of
a battery 251 which is connected to opposite ends
thereof through a rheostat 261a and the cathode
248 and the anode 24{ of the electron injector 249
are connected to opposite terminals of the sec-
ondary winding 2¢2 of a transformer 263, the pri-
mary 264 of which is connected to the output 265
of a voltage pulse generator 268. The operation

0of the pulse generator 266 is synchronized with
the magnetic field by means of a timing device
210, as hereinabove described. Also, the cee elec-
trode 230 is connected through two ccaxial cables
280—280 to the output 281 of the radio frequency
oscillator 282, the output of which is suitably
modulated by means of an amplitude modulator
281 which is in turn controlled by a timing device
300, as previously described. The amplitude
modulator 281 of this synchrotron 2198 differs
from that previously described with respect to
the length of the period during which radio fre-
quency voltages appear at the output 281 of the
oscillator 282, as more fully described herein-
below.

Considering now the synchronous operation of
the magnetizing winding 2i15—215, the injector
240, and the oscillator 282, for convenience the
cycle of operation is divided into four quarters
P1, P2, P3 and P4, as illustrated in the graphs rep-
resented in Figs. %a, 9b and 9¢. Referring to Fig.
9a, it is to be noted that the current through the
magnetizing winding 215—215 varies sinusoidal-
Iy, the intensity of the current starting at zero
ahd increasing in one direction in the first quar-
ter P1 of the cycle of operation, reaching its
maximum value at the end of the first quarter.
Inasmuch as the magnetic flux created in the
gap 212 between the pole pieces 211ig and 211D is
In phase with the current through the magnetiz-
ing winding, the intensity of the magnetic field
increases substantially sinusoidally during the
first quarter Pi1 of the cycle of operation and
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thereafter changes in the usual sinusoidal man-
ner, the magnetic field being directed upward
during the first and second quarters P1 and P2
of the cycle of operation and downward during
the third and fourth quarters P; and Ps+. Refer-
ring now to Fig. 9b, it is to be noted that the am-
plitude of the output of the radio frequency oscil-
lator 282 is of a relatively high value throughout
a large portion of the first quarter Pr of the cycle
of operation and is zero during the remaining
portion of the cycle of operation, the output being
increased from zero to its maximum value at
the commencement of the cycle of operation at
about the time that the strength of the mag-
netic field in the gap is zero and being decreased
to zero from its maximum value shortly before
the intensity of the magnetic field reaches its
maximum value. Referring now to Fig. 9¢, it is
to be noted that the voltage pulse generated at
the secondary 262 of the transformer 263 attains a
high value shortly after the commencement of
the first quarter P: of the cycle of operation
while the strength of the magnetic field is low
and the oscillator output is high and is zero at
all other times.

. Clonsidering now the operation of this synchro-
tron 210 in accelerating electrons to high energy
and causing them to impinge upon the internal
tareet 250, some of the electrons which are pro-
jected from the injector 248 into the chambper
225 repeatedly enter and emerge from the cee
electrode 2398 and are accelerated to high energy
under the combined influence of the increasing

magnetic field and the alternating electric fields

created at the openings in the cee electrode 239,
as more fully explained hereinabove. Also, as
the energy of the electrons increases, the radii
of their orbits likewise increase so that the orbits
spiral outward in circles of increasing radius to
an outer position adjacent the outer wall of
the cee electrode 230. Finally, when the output
of the radio frequency oscillator is reduced to
zero and while the intensity of the magnetic
field continues to increase, the electrons lose
energy by radiation and the orbits in which the
particles . travel contract, partly as a result of
this loss of energy and partly as a result of the
subsequent increase in the strength of the mag-
netic field. When these orbits contract suffi-

ciently, the highly accelerated electrons impinge _

upon the target 250 which is disposed within

their orbits where their energy is utilized. In
the remaining portion of the cycle, no electrons

are accelerated. Thereafter, the process of in-

jection, acceleration, and orbital cortraction is

periodically resumed each time the intensity of

the magnetic field again passes through zZero in

an upward direction.

In the description of the synchrotrons herein-
above described, it has been shown that electrons
which are injected into an annular tank adjacent
the inner edge thereof may be accelerated under

the combined influence of an increasing mag-
netic field and an alternating electric field and

that these accelerated electrons may be caused

to impinge upon a target which is disposed with-
in the tank either internally or externally of
the orbits in which the accelerated electrons
travel.

In the synchrotrons hereinabove described, the
energy of the accelerated electrons is increased
by increasing the strength of the magnetic field

in which the electrons travel during the time that

they are subjected to the influence of an osc111at-
ing electric field of constant frequency. It 1S
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to be noted, however, that the advantages of
the invention may also be attained if the electrons
travel in a magnetic field of constant strength
and are subijected to the infiluence of an oscillat-
ing electric field, the frequency of which is grad-
ually reduced during the period of acceleration.

‘Thus, by referring to Equation 1, it is to be noted

that the equilibrium energy of a group of elec-
trons may be increased in accordance with the
present invention by inecreasing the ratio of the
magnetic field strength to the frequency of oscil-
lation of the electric field during the period in
which acceleration of the electrons is desired.
In the preferred form of this invention, electrons
are accelerated to high energy by increasing the
strength of the magnetic field with or without re-
ducing the frequency of oscillation. When the
ratio of field strength to frequency is changed in
this manner, a minimum radial difierence be~
tween the initial and final orbits is attained, thus
effecting an economy in the design of the mag-

netic field structure required to impart a prede-

termined energy to the electrons.
While the invention has been described W1th

particular reference to the acceleration of elec-

trons, it will be appreciated that it is aiso appli-
cable to the acceleration of other electrically
charged particles such as positive ions, In any
event, with the synchrotron, charged particles

may be accelerated to energies in the billion volt

range and thus permift the exploration of X-ray
and nuclear phenomena requiring higher energy
in their study than has heretofore been avail-
able in electromagnetic accelerators.
- Tt will therefore be understood that this inven-
tion is not to be limited to the details of the
structure and methods of operation hereinabove
described but that many modifications may be
made in the apparatus and method Wlthln the
scope of the following claims. |

What is claimed is: |

1. Apparatus for changing the energy of
charged particles comprising means for estab-
lishing a maghnetic field, means for projecting
charged particles into said field along a path
transversely thereof, means including a source
of alternating electric potentials for revolving the
particles in said magnetic field, and means for
varying the ratio of the magnetic field strength
to the frequency of said alternating electric

potentials as said particles revolve whereby the

resonant energy of the particles is changed.
2. Apparatus for accelerating charged partlcles_
to high energy comprising means for establishing
a magnetic field, means for projecting charged.
particles into said field along a path transversely
thereof, means including a source of alternating,
electric potentials for accelerating said particles
curved paths in said magnetic field where-
by the energy of the particles is increased, and
means for inecreasing the ratio of the magnetic
field strength to the frequency of said alter-
nating electric potentials as the particles move
in said curved paths whereby the resonant enﬂrgy |

- of the particles is increased.

3. Apparatus for accelerating charged partlcles
to high energy comprising means for establishing
a magnetic field, means for proiecting charged
particles into said field along a path transversely
thereof, means including a source of alternating
electric potentials having a constant frequency
for accelerating said particles along curved paths
in said magnetic field whereby the energy of the
particles is increased, and means for increasing.
the strength of the magnetic field as the particles
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niove: in said curved paths whereby the resonant

energy of the particles is increased.

4. Apparatus for accelerating charged particles

to high energy comprising means for establishing
g, magnetic field, means including electrodes for
defining two semicircular regions in said mag-
netic field, each of said regions being substan-
tially free of electric fields, means including a
source of alfernating electric potentials con-
nected to said electrodes for causing the relative
potentials of said regions to oscillate whereby
charged particles are rapidly accelerated to and
from one region to the other, and means for in-
creasing the ratio of the magnetic field strength
to the frequency of said alternating electric
potentials as said particles move in said region
whereby the resonant energy of the accelerated
particles is increased.

5. Apparatus for accelerating charged particles
to high energy comprising means for establish-
ing a: magnetic field, means inciuding electrodes
for defining two semicircular regions in said mag-
netic field, each oi said regions heing substan-
tially free of clectric fields, means inciuding a
source of alternating electric potentials having
a constant freguency connected to said electroaes
for causing the relative potentials of said regions
to oscillate whereby charged particles are rapidly
accelerated to and from one region to the other,

and means for increasing the strength of the

magnetic field as said particles move in said
regions whereby the resonant energy of the ac-
celerated particles iIs increased.

6. Apparatus for altering the energy of charged
particles comprising means for establishing a
magnetic field, means defining a closed region

for the travel of charged particles along curved

paths in said magnetic field, means for altering
the strength of said magnetic field, means includ-

ing electrodes adjacent said paths and an oscil- 4

lator having a constant frequency connected
thereto for repeatedly applying electrie field
forces along said paths, and modulating means
cooperating with said field generating means for
effectively energizing said electrodes with the
outpus from said osciliator while the strength oif
sald magnetic field is at one value and for eiffec-
tively de-energizing said electrodes when the
strength of said magnetic field is at another
value.

7. Apparatus for accelerating charged particles

to high energy combprising means defining a
closed region for acceleration of charged particles
along curved paths, field generating means for

establishing a time-varving magnetic field in said

region. transverse to said paths, means including
electrodes adjacent said paths and an oscillator
having a constant frequency connected thereto
for repeatedly accelerating charged particles
along said paths, and modulating means cooper-
ating with saiq field generating means for effec-

tively energizing said electrodes with the cutput

of said oscillator while the strength of said mag-
netic field is low and for efiectively de~energizing
sald electrodes when the strength of said mag-
netic field is high.

8. Apparatus for accelerating charged particles
to high energy comprising means defining a
closed regicn for acceleration of charged par-
ticles along curved paths, field generating means
for establishing a time-varying magnetic field in
sald region transverse to said paths, means in-
cluding electrodes adjacent said paths and an
oscillator having a constant frequency connected
thereto for repeatedly accelerating charged par-
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ticles along said paths; .inodulatin-g: means co-

operating with said. field generating means for-
effectively energizing said: electrodes with the

output of said oscillator while the strength of
sald magnetic field is low and for effectively de-~
energizing said electrodes when the strength of
sald maghetic field is high, and means also coop-~
eraving with said field generating means for in-
jecving charged particles tangentially into- said
region while said electrodes are energized.

9. Aprparatus for generating and utilizing
charged particles of high energy comprising
means defining a. ¢losed region: for acceleration of
charged particles along curved paths, ficld gen-
eratving means for establishing a time-varying
maghetic field in said region transverse to said
paths, means including electrodes adjacent said
paths and a constant frequency oscillator con-
nected thereto for repeatedly applying eleetric
impulses to charged particles along said paths,
modulating means cooperating with said field
generating means for effeetively energizing said.
electrodes with the output froma said oscillator
while the strength of said magnetic field is low
and for effectively de-energizing said electrodes
when the strength of said magnetic field is high
whereby the particles attain high energy, a target

disposed in said region, and means for altering

the strength of said magnetic field after the par-
ticles have attained high: energy, whereby the
highly energized particles impinge upon said
target.

10. Apparatus for generating and utilizing
charged particles of high energy comprising
means defining a closed region for accelergtion
of charged particles along curved paths, field gen-
erating means for establishing a time-varying

magnetic field in said region traverse to said

paths, means including electrodes adjacent said

paths and a constant frequency oscillator con-

nected thereto for repeatedly applying eleciric
impulses to charged particles along said paths,
modulating means cooperating with said field
generating means for effectively energizing said
electrodes with the output of said oscillator while

the strength of said magnetic field is low and for:

effectively de-energizing said electrodes while the
strength of said magnetic field is high whereby

accelerated charged particles revolve in prede--

termined orbits at high energy, a target disposed.

in said region outside said.orbits, and means also:

cooperating with said field generating means. for
deflecting said particles to said target after they
attain high energies.

11. Apparatus. for generating -and utilizing

charged particles to high energies comprising:
means. defining a. closed. region for acceleration

of charged particles along curved paths; means
for establishing a time-varying magnetic field in

sald region transverse to said paths, means in-.

cluding electrodes adjacent said paths and a con-
stant frequency oscillator connected thereto for

repeatedly applying electric impulses to charged:

particles along said paths, modulating means co-

operating with said field generating means for

effectively energizing said electrodes with the

output from said oscillator while the strength of
sald magnetic field is low and for effectively de-

energizing said electrodes when the strength
of said magnetic field is of intermediate value
whereby accelerated charged particles revolve in
predetermined orbits at high energy, a target dis-
posed within said. orbits. whereby a. further in-

crease in the strength of the magnetic field.causes:
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the accelerated particles to impinge upon the
target.

12, An electromagnet accelerator comprising a
magnetic structure including opposed annular
pole pieces defining an annular gap therebetween
and also including yokes supporting said pole
pieces, said yokes being provided with openings
which communicate with the hollow cylindrical
space enclosed by said pole pieces, an annular
tank disposed in said gap and electrode structure
disposed in said tank for creating electric fields
tangentially therein, magnetizing windings coop-
erating with said pole pieces to establish a mag-
netic field through said gap, an oscillator asso-
ciated with said electrode structure for estab-
lishing oscillating tangential electric fields within
said tank, and means for altering the ratio of the
strength of said magnetic field to the frequency

at which said oscillator operates.
EDWIN M. McMILLAN.
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