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ABSTRACT OF THE DISCLOSURE

Charged particle accelerators, preferably using elec-
trons are advantageously constructed using a cyclotron-
electromagnetic wave drive mechanism in which the R.F R
Lorentz force causes the particle to move in the direction
of power flow. The particle will accelerate in the direction
of power flow in such a way that it takes an amount of
wave momentum such that

% Amy?=cAmy,

By maintaining w,,>w optimum conversion efficiency is
realized. The accelerator can take the form of travelling
or cavity types and the cyclotron field can be either mag-
netostatic or electrostatic.

e — e

This invention relates in general to the field of charged
particle accelerators and more particularly to the field
of electron accelerators which produce high energy elec-
tron beams by a cyclotron resonance mechanism induced
by a combination of an axial DC magnetic field in con-
junction with an electromagnetic wave.

The prior art is replete with descriptions of various
types of electron accelerator devices such as for example
the linear accelerator, cyclotron, etc. The field of usage
for such machines is widespread and well known and
need not be repeated herein. The present invention is di-
rected to a novel form of electron accelerator which can
best be termed a cyclotron resonance linear accelerator.,
The basic acceleration mechanism relies on the utilization
of a combination of a DC static axial magnetic field and
transverse time varying electromagnetic fields confined in
waveguide and resonator structures together with means
for compensating for relativistic mass changes at high en-
ergies to produce a novel form of accelerator device which
does not require complex slow wave circuits which are
used in conventional linear accelerators. The particular
embodiments depicted herein take several forms which
include waveguide, cavity resonator, and ring resonator,
each of which is structurally simple and economical to
manufacture. In addition means are disclosed whereby the
axial magnetic field may be replaced with a positive ion
cloud which is produced by high RF powers in a ring
resonator configuration. The ring resonator configuration
being chosen as a means of achieving high RF field
strengths with a minimal amount of drive power. In
essence then, the present invention teaches several novel
approaches of obtaining large electron energy levels in
the relativistic regions where v* (electron tangential veloc-
ity) approaches the speed of light ¢ by means of a cyclo-
tron resonance accelerator process utilizing a combination
of RF electromagnetic energy and a DC B, field.

An object of the present invention is the provision of a
novel cyclotron resonance type of linear accelerator.

A feature of the present invention is the provision of
a cyclotron resonance type of linear accelerator utilizing
a resonant cavity excited by either a linearly or a circular-
ly polarized TE;;; mode.
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Another feature of the present invention is the provi-
sion of a cyclotron resonance type of linear accelerator
which utilizes a combination of circularly polarized trav-
eling waves and an axial DC magnetic field to achieve
relativistic electron energies in an axial direction.

Another feature of the present invention is the provi-
sion of a cyclotron resonance type of linear accelerator
incorporating a rectangular waveguide or a rectangular
guide ring resonator for providing a TE;, linearly polar-
ized traveling wave and interacting with a circularly
polarized component.

Another feature of the present invention is the provi-
sion of utilizing a positive ion cloud confined in a wave-
guide to provide the equivalent focusing effect of a DC
axial magnetic field in a cyclotron resonance type of
linear accelerator utilizing either a linearly or circularly
polarized TE;; traveling wave for driving the electrons
along the Z-axis of the waveguide.

Another feature of the present invention is the utiliza-
tion of axial DC magnetic field strength variations to
improve synchronization between the traveling RF wave
and the rotating hollow electron beam. ’

These and other features and advantages of the present
invention will become more apparent upon a perusal of
the following specification taken in conjunction with the
accompanying drawings wherein:

FIG. 1 depicts the relationship between a plane wave,
electron and DC magnetic field B, which is useful in ar-
riving at an understanding of the accelerating mechanism
of the present invention.

FIG. 2 is a cutaway longitudinal view of a cyclotron
resonance type of linear accelerator incorporating the
teachings of the present invention.

FIG. 3 is a cutaway view of a ring resonator cyclotron
resonance type of linear accelerator.

FIG. 4 is an illustrative view of the electron motion
in a cavity accelerator using a circular polarized TE;y;
drive mode.

FIG. 5 is a schematic of a typical drive system of ex-
citing the cavity or waveguide accelerators in a circular
polarized TE,; mode.

FIG. 6 is a cutaway view of a cavity cyclotron reso-
nance linear accelerator incorporating the teachings of
the present invention.

FIG. 7 is a sectional view of the cavity accelerator de-
picted in FIG. 6 taken along the lines 7—7 in the direc-
tion of the arrows.

FIG. 8 is a theoretical plot of energy vs. axial length
for a cyclotron resonance type of linear accelerator and a
conventional linear accelerator.

FIGS. 9, 10 and 11 are theoretical plots of various
electron parameters for the cyclotron resonance cavity ac-
celerator comparing the advantages to be gained from on-
axis electron injection at the cavity upstream end wall and
at a point removed from the upstream end wall.

Turning now to FIG. 1 there is depicted a plane elec-
tromagnetic wave composed of the conventional E-H vec-
tors and traveling in the -z-direction as indicated by the
power flow vector P,. If a DC magnetic field of B, is di-
rected along z as indicated, it can be shown that an electron
e starting from rest will gain energy from the wave indef-
initely if

w=uwy, where w,o=eB,/m,,

e=electron charge,

mg=rest mass of an electron,

B,;=DC magnetic field strength,

weo=cyclotron angular frequency of electrons based on
rest mass,

w=angular frequency of electromagnetic wave if radia-
tion damping is ignored.
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This acceleration of the electron is along a helical path
with components both parallel and perpendicular to the
direction of power flow. The acceleration perpendicular
to the power flow results from the transverse electric field
of the wave driving the particle in cyclotron resonance.
If this were the only effect, the particle would gain energy
until the change in mass shifted the resonant rotational
frequency of the particle away from the frequency of the
dirving field and the particle would lose energy. The
rotational frequency of the particle is the relativistic cyclo-
tron frequency w, defined by w,=eB,/m where m is the
relativistic mass. In circular orbit machines this change in
mass is compensated for by changing the magnetic field
to keep the cyclotron frequency equal to the driving fre-
quency (synchrocyclotron), or by changing the driving
frequency to compensate for the changing cyclotron fre-
quency of the particle (FM-cyclotron).

1n the device disclosed here, the particle is also acceler-
ated in the direction of power flow of the wave so that the
frequency of the wave as seen by the particle is Doppler
shifted to a lower value. It turns out that the decrease in
frequency as seen by the particle is exactly the amount
necessary to compensate for the lower cyclotron frequency
that results from the relativistic increase in particle mass.

This acceleration in the direction of power flow is a
result of the interaction of the particle with the RF mag-
netic field of the wave. Roughly speaking, the particle is
accelerated by the electric filed of the wave as shown in
FIG. 1. The RF Lorentz force (vXB), causes the parti-
cle to move in the direction of power flow. To conserve
energy and momentum in its interaction with the wave,
the particle must accelerate in the direction of power
flow in such a way that it takes an amount of wave mo-
mentum such that

%Amvﬁchmvn
where v, is the velocity perpendicular to the DC magnetic
field B, and v, is the parallel component of velocity. This
says that if the particle gains approximately a rest mass of
energy in the direction of the electric field that it must also
have a velocity in the direction of power flow of the
wave that is approximately the same fraction of the veloc-
ity of light.

It is this forward velocity that Doppler shifts the fre-
quency as seen by the particle to a lower frequency at
precisely the same rate as the cyclotron frequency of the
particle is lowered as a result of the relativistic increase
in mass from the energy gain. This permits the particle
to remain at cyclotron resonance indefinitely until other
effects such as radiation reaction forces or space charge
forces introduce effects not included in this simple model.

For this cyclotron resonance acceleration, it can be
shown that the energy gain W, normalized to the rest mass
energy (Wy=mgc?/e) is

W, (3 )2/3
W0—<\/§AZ

A=(Ex/27r’-"2—02)

[E is the RF eletcric field in volts/meter, A is wavelength
in meters] and Z=2=z/\ is the length in wavelengths. In
the same units the energy gain W, in a conventional slow-
wave linear accelerator is

Wi/ Wo=AZ

This illustrates that the cyclotron resonance accelerator
has a two-thirds power energy gain with distance while
the linear accelerator has a linear energy gain with dis-
tance.

A prime advantage in the wave driven linear accelera-
tors of the present invention is the fact that the electrons
are accelerated in all conductive environments without the

where
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necessity of utilizing high voltage DC accelerating fields
and accompanying insulators. Although the injected elec-
trons are preferably on axis at the point of injection it is
seen that off-axis injection will produce acceleration also.
With regard to the beam size (diameter) it is seen that the
thickness of the rotating helix will be the injection beam
diameter neglecting space charge forces.

In FIG. 2 a practical cyclorton resonance type of linear
accelerator utilizing the aforementioned theoretical dis-
cussion as a generic design basis is depicted.

The accelerator includes electron gun means 10 dis-
posed at the upstream end portion thereof for producing
and directing an electron beam along the central beam
axis of the device. A suitable gun means 10 includes a
thermionic cathode 11 having any suitable filament 12
disposed therein and supplied by any conventional heater
supply 13. A focusing anode 14 and grid 15 together with
main anode 16 is fed by suitable power supplies 17, 18
as shown. A cutoff waveguide section 20 in the anode 16
prevents RF energy from flowing into the gun region while
permitting the electron beam emanating from cathode
emission surface 11’ to enter the cyclotron resonance
waveguide region. The cyclotron resonance accelerating
region includes a circular cylindrical waveguide 21 co-
axially disposed about the cenrtal beam axis and ter-
minated at the downstream end portion thereof by any
suitable load means 22 such as a thin aluminum foil
which will maintain vacuum integrity while permitting
the accelerated electrons to pass therethrough or a tung-
sten target for x-ray generation or any other load means
depending upon the desired usage of the accelerator. The
cylindrical waveguide 21 is evacuated to a suitable low
pressure, e.g., 10-6 torre by means of a suitable vacuum
pump means 23. Electromagnetic wave energy is intro-
duced into the cylindrical waveguide 21 at the upstream
end portion via any suitable dominant mode excitation
mechanism such as coaxial line 24 and coupling loop 25
fed by a suitable RF generator 26 such as a klystron,
magnetron, etc. for launching a linearly polarized TEy
traveling wave. In this case the electron will synchronize
(depending on the direction of the DC magnetic field)
with one or the other of a pair of equal and oppositely
rotating circularly polarized waves into which the linearly
polarized TE;; wave can be resolved. This excitation sys-
tem is not as efficient as exciting a circularly polarized
TE,, wave via any conventional mechanism since effec-
tively only half the field strength in the wave is being used
but is considerably simplified in construction. The elec-
tron beam emanating from gun means 10 will assume a
helical trajectory of expanding radius as represented by
28 which is a general representation of the motion. By an
appropriate selection of B, values produced by a suitable
DC magnetic field generating means such as, e.g., solenoid
29 it is possible to achieve a somewhat stable orbit radius
with v, (electron tangential velocities) approaching the
speed of light ¢ together with a v, motion toward the
target 22 at the downstream end. The upper limit of v,
is a compromise between a desired orbit radius and posi-
tive v, as will be discussed more fully hereinafter.

At the downstream end of the accelerator any suitable
electromagnetic wave energy extraction means such as
loop coupler 30 and terminating load 31 are used to re-
move any residual energy which has not been converted
into electron kinetic energy.

The following general expression provides the equa-
tions of electron motion for electrons in both the travel-
ing wave and cavity types of cyclotron resonance linear
accelerator versions.

Equations of motion:

dv  —e
e E
dt Moy

v ”l
XoxB-Z(0.1) |
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v=electron velocity (a vector quantity)

1
7_\/1—v2/62

c=velocity of light
E=RF electric field (vector)
B=magnetic field (RF and DC) (vector)

For circularly polarized TE;; wave in cylindrical wave-
guide the electron cannot remain in synchronism indefi-
nitely at the rest mass cyclotron magnetic field because
the guide phase velocity is greater than the velocity of
light. However, the value of the magnetic field can be
adjusted to result in useful energy gains. The following

are caleulated results for a guide operated at Hf=\/2,
with the elections starting from rest: where f=RF drive
frequency and f,=guide cutoff frequency for TE;; mode,

eEN/2rmyc? (electric field amplitude)=0.1 0.1 0.1 0.1
(eB,/myw) (DC magnetic field=1.01.21.3 1.4
(eV/myc2) (output energy)=0.611 1.198 1.521 0.142

For larger electric field amplitudes the optimum value of
eB,/myw will also be larger.

It is seen from the above that in contradistinction to
the case of a plane wave having a power flow directed
along B, that relative parameters of B,, E and « are con-
siderably different to obtain good energy gains.

For a plane wave

w=wc=eBz/m0

where

w is the angular frequency of the wave

weg=Ccyclotron angular frequency of electrons based on
the rest mass

e==charge on electron

mg==rest mass of electrons

B,=DC axial magnetic field strength

whereas for the guided wave case of the present invention

¢B,
o Y

and

eB,
Mow

>1

Similarly, the electric field amplitudes must be different
for the guided wave case as compared to the plane wave
case as more clearly described in connection with FIG. 8
curves labeled B which are plots of output energy E vs. B,
values for the circular cylindrical waveguide propagating
the TE,; mode and the plane wave case. It is seen that as
the desired output energy levels increase the optimum E
and B, values for the guided wave case will increasingly
deviate from the plane wave E and B, values for cyclo-
tron resonance operation. These relative values are deter-
mined on the basis of the rest mass value of electron mass
and will as stated previously result in practical upper limit
for cyclotron resonance linear accelerators, This is deter-
mined by the upper limit of orbit radius values possible in
a given accelerator configuration.

By increasing B, along the axis of the accelerator from
the gun end to the target end, e.g., by adding turns to
solenoid 29 or adding auxiliary shim coils or by any other
conventional field strengthening means it is possible to
keep the electrons in synchronism over longer axial dis-
tances and thus obtain increased energy gain. However,
a fundamental limitation exists in the rate at which it is
permissible to increase B,. Namely, that as B, is increased
B, components are introduced which produce vy X By axial
forces which decrease the axial electron velocity. If B,
components are permitted to attain large enough values
the beam will eventually slow down to zero v, and turn
around.

In FIG. 8 plots of output energy vs, Z (axial distance)
for the cyclotron resonance linear accelerator of the tray-
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6

eling wave type curve labeled A and conventional axial
bunching linear accelerator curve labeled Al are plotted
for purposes of showing the most useful energy-distance
(axial length of accelerator) ranges for the cyclotron
resonance traveling wave type of linear accelerator. Since
as stated previously the cyclotron resonance linear accel-
erator has a two-thirds power energy gain vs, distance
while the conventional linear accelerator has a linear
bower energy gain vs. distance there is a range of energies
and accelerator length where the cyclotron resonance
linear accelerator is clearly superior from an energy-
length standpoint alone.

In FIG. 3 a cyclotron resonance linear accelerator in-
corporating a ring resonator waveguide is depicted. The
advantages of using a ring resonator such as 35 in lieu of
a simple waveguide are the elimination of the necessity
of extracting unused RF drive energy and the ability to
achieve extremely high RF power levels with a single RF
source. Since the electron gun means 10, focusing means
29 and target or load means 32 can be of the same type
as depicted in the embodiment of FIG. 2 similar reference
numerals are used. The ring resonator 35 is fed by a
suitable RF source 26 which as in FIG. 2 can be a high
power klystron, magnetron, etc., which is coupled to
a directional coupler 36 of any conventional type, e.g.,
such as a magic tee or ratrace junction which couples the
desired electromagnetic energy from source 26 into the
ring resonator 35 in a unidirectional manner as indicated
by power flow arrow. The residual uncoupled energy from
source 26 is absorbed in matched load 37. The ring res-
onator 35 is designed to be 2=N wavelengths long where
N is any positive integer at the desired drive frequency
of source 26. The solenoid 29 is designed to provide a
B, component along the accelerator axis such that B, is
greater than the B, value for w=uw,, which is the optimum
value for synchronization in the case of a plane wave.
Again B, may be increased along the device axis to pro-
duce improved synchronization with the upper limit being
determined by the desired v, electron velocity at the output
or target area.

Experimental results on a ring resonator in the absence
of a magnetic DC field component such as provided by
solenoid 29 indicate that at guide pressures, e.g., 10-6
torrs in an S-band resonant ring it is possible to generate
the equivalent conditions of cyclotron resonance orbiting
electrons which are focused by a charged positive cloud
which is produced by RF acceleration of background free
electrons. The electrons are accelerated by the RF drive
field and undergo ionizing collisions with the residual gas
atoms in the guide to produce positive ions which help
focus the electrons which in turn result in inducing more
ionizing collisions between the electrons and gas atoms.
The ions build up steadily thus increasing the positive ion
cloud which produces a steadily increasing radial E-field
which serves to produce inwardly directed radial force
components on the electrons which are driven by the RF
wave,

The process continues to build up the charge cloud and
hence increases the focusing path length if a source of
electrons such as gun 10 directs an electron beam along
the ring resonator axis toward the target 22. Without an
electron source an experimental S-band ring resonator
using rectangular waveguide produced X-ray energies in
excess of 4 mev. for 100 megawatts of circulating RF
power. Similar results at other frequencies will occur
whenever the quantity eEN/2rmgc? is of order unity.
When an electron gun means is provided such as depicted
in the embodiment of FIG. 3 and the guide evacuated by
pump 23 to around 10-6 torrs the mean free path of the
electrons should be greater than the circumference of an
electron orbit which means that the background electrons
will produce enough ionizing collisions to produce a posi-
tive ion focusing cloud while still permitting the injected
electrons to traverse a substantial distance down the wave-
guide toward the target under the RF drive power while
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undergoing helical motion. Thus, a novel mechanism is
provided for focusing the orbiting electrons via a positive
jon cloud which is relatively unaffected by the RF drive
power due to the relatively much greater mass of the
ionized atoms. A suitable lower limit for jon focusing
would be to make the guide transverse dimensions less
than a mean free path of an electron in the guide at the
pressure level involved. In lieu of utilizing residual gas
atoms to supply the ions the utilization of a suitable low
jonizing potential gas such as argon is within the perview
of the present invention. In any of the embodiments de-
picted herein the force vector which constrains the elec-
trons to undergo helical electron motion whether due to
B, or ion focusing will be of an intensity such that the
electrons undergo helical orbits with a period substan-
tially equal to the period of the RF drive frequency.

Turning now to FIG. 6 a cyclotron resonance cavity
accelerator is depicted which includes an electron gun
means 10 such as depicted in FIG. 2 for generating and
directing an electron beam through apertured anode 16
which has a drift tube region 20 dimensioned to be a
cutoff waveguide for the RF drive power frequency.
The drift tube 20 protrudes into cavity 46 in a re-entrant
manner about 20% of the axial cavity length in a pre-
ferred embodiment for reasons which will be given in
more detail hereinafter.

It is of course to be noted that cavity 40 is to be
evacuated below atmospheric pressure by any suitable
vacuum pump means such as 23 shown in connection
with FIG. 2. Of course, the cavity as well as waveguide
accelerators although preferably continuously evacuated,
may be evacuated and permanently sealed by any suit-
able pinch off tubulation or the like if desired and if
vacuum maintenance problems are not encountered. The
cavity can be terminated by a target 22 such as discussed
previously in connection with FIG. 2 for the production
of X-rays if desired or to simply permit the electrons to
pass through a thin vacuum wall to any desired utiliza-
tion device. A solenoid such as 45 or any other suitable
means is provided to supply a DC axial magnetic field
B, having a value greater than the rest mass cyclotron
resonance field as given by

By=uwe, /e

where

w=weo=angular frequency of the RF drive energy
my=rest mass of an electron

e=celectron charge

The cavity can be excited by either linearly polarized
TE;;; mode or circularly polarized TEy;; mode RF energy
at w=uwg,. In the case of linear polarization, as discussed
previously, the electrons injected into cavity 40 will inter-
act with either one or the other of two equal amplitude
oppositely rotating circularly polarized waves which
means only 14 the RF drive power is being effectively
used. Since the injected electrons will have a preferred
direction of rotation in the magnetic field B, they will
couple strongly to one of the circularly polarized opposite-
ly rotating RF field components of the linearly polarized
TFE,;; wave energy and weakly to the counterrotating
wave. Theoretical calculations indicate that for a given
power input to the cavity the circularly polarized TE1;
field will produce an accelerated beam with about 30%
more energy than a linearly polarized field. Also theoreti-
cal calculations indicate that the output energy of the elec-
trons will vary over a few percent in the linearly polarized
case depending on the phase of the linearly polarized fields
at the instant of electron injection into the accelerator
cavity. In the case of the circularly polarized fields the
output energy is constant with time. Thus, if a simple RF
drive feed is desired the coupling scheme depicted in FIG.
2 which is a simple RF generator 26 coupled to a loop
coupler 25 via coaxial line 24 can be used to excite ac-
celerator cavity 40 in a linearly polarized manner in the
TE;y mode.
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However, since theoretical analysis indicates that cer-
tain advantages are to be gained by exciting accelerator
cavity 40 in a circularly polarized manner a discussion
of such a scheme is given hereinafter.

Cavity 40 can be excited with circularly polarized TEqy;
waves by providing a pair of 90° azimuthal space rotated
coupling apertures 48, 49 in the side walls of the circular-
cylindrical Y2 cavity 40. The coupling apertures are fed
via waveguides 50, 51 by the RF drive system depicted
in FIG. 5.

An RF signal generator 26 feeds a 3 db hybrid coupler
60 which has one port terminated in a matched load as
indicated and which splits the input RF energy from
generator 26 into two 90° time phased equal amplitude
waves which are coupled via any conventional coupling
means 61, 62, e.g., coax line, waveguide, into the input
waveguide ports 50, 51 via conventional vacuum window
flange assemblies 53, 54 as shown in FIG. 5 to excite a
TEq1; circularly polarized drive wave in accelerator cavity
46. The drive angular frequency w is set at

weg==€B,/ny

where B, is the DC field value associated with conven-
tional rest mass cyclotron resonance. The actual B, used
is then set up such that

eB,
e

The exact value selected for optimizing a given parameter.
The RF field pattern associated with the TEy; circularly
polarized fields is depicted in FIGS. 6 and 7.

The following analysis using the force equation given
previously, namely,

2 _—e [E B—= E:I
o me _+£X_—E§(_U_'__)

is presented to provide a better understanding of the
motions undergone by the injected electrons.

If rotation is clockwise, see FIG. 7, an electron at 1
is in position of maximum deceleration. If rotation is
counterclockwise, this is position of maximum accelera-
tion.

Note field pattern rotates with time with constant
amplitude.

Note that E; and H; (transverse field components
relative to z axis) are parallel (or antiparallel depending
on axial position) to each other (except for slight curva-
ture). This is different from traveling wave case where
E.LH,. At the center of the cavity Hy is zero and Ey is
maximum. At the ends of the cavity E; is zero and H; is
maximum with opposite polarity at opposite ends.

In traveling through the cavity the electron experiences
axial velocity changes of the type shown in FIG. 9. The
axial velocity changes are complicated in their origin.
The first term in the axial equation of motion is zero,
since there is no axial electric field. The second term con-
tributes by means of v;XB, and v,XB;, and the third
term has a value which depends on v,. The dominant
contribution to the v-E product for electrons in an ac-
celerating phase is from v, and E, which have opposite
signs. If v, is positive, then the third term is equivalent
to a positive E, field which results in a reduction of the
axial velocity of an electron. The effect of this term is
observed at z=0, the center of the cavity where B, and B,
are zero, but the axial velocity is observed to be decreas-
ing.

The major changes to the axial velocity are produced
by the v,X B, term. While the electron is in the left half
of the cavity, it is ahead in phase with respect to the
optimum acceleration phase (between positions D and ®
for counterclockwise rotation). The resulting axial ac-
celeration is positive. At the center of the cavity B, goes
through zero and changes sign resulting in decreasing
axial velocity immediately to the right of the center of
the cavity. The shift of the maximum axial velocity point
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slightly into the left half of the cavity is caused by the
third term of the force equation, as discussed above. The
minimum in axial velocity in the right half of the cavity
occurs at the point where the electron has slipped back
in phase slightly to the point of optimum. acceleration
(point @ for counterclockwise rotation). At this point
B, again goes through zero and changes sign thereby
producing a minimum in the axial velocity.

During its transit through the remainder of the cavity
the electron continues to slip back in phase until near
the right end of the cavity it passes through the maximum
decelerating phase (point @) for counterclockwise rota-
tion). At this point B, again changes sign producing the
final maximum in axial velocity.

The effect of the v:XB, force is not significant except
at the point of electron injection where v, is small. Near
injection, the electron moves ahead of the optimum ac-
celerating phase resulting in a v X B, force which op-
poses the v,XB, force. As soon as v, becomes large
compared to v;, the v, X B, force dominates. v, Vg and
v, are the radial, axial and azimuthal velocity components
of the electrons velocity ¥ and the E and B symbols refer
to the RF drive components, E and B=yh,

A cylindrical TE;y; cavity was constructed with a diam-
eter to length ratio of 1.3 and a resonant frequency of
920 mc. A 500 volt 1.0 ma. beam was injected into the
cavity on the axis through a metal tube projecting into
the cavity for about 20% of the cavity length. Calcula-
tions were made for a field strength in the cavity corre-
sponding to 14 kw. RF input. The calculations predict
that electrons should strike the end wall of the cavity
with 650 kv. voltage when the DC magnetic field has a
value of 1.45 times the cyclotron field. This experiment
corresponds to the configuration depicted schematically
in FIG. 4.

Daring the experiments, the cavity input power ranged
from 10 to 12 kw. The voltage of the accelerated elec-
trons was determined by measuring the X-ray spectrum
emitted from the cavity. Electron voltages in the range
of 500 kev. to 1 mev. were observed with various con-
figurations of DC magnetic feld.

As discussed previously, analysis has shown that elec-
tron injection at a point downstream from the accelerator
cavity 40 end wall 16 provides certain advantages over
injection at the end wall itself. The calculated plots of
electron motion, energy and velocity parameters depicted
in FIGS. 9-11 bear this out. In each instance, the solid
curves labeled A or B or unlabeled represent a parameter
for electron injection at a point downstream from the
upstream cavity end wall while the dashed curves repre-
sent equivalent parameters for electron injection at the
upstream end wall. The curves were plotted for a 20%
re-entrant condition which appears to be optimal for zero
or small injection voltages which are simulated by 500
volt equivalent v, electron velocities at the point of in-
jection. All parameters are normalized to simplify the
results. FIG. 9 shows that an extreme dip in axial velocity
as indicated at X can be effectively removed by re-entrant
injection. FIG. 10 indicates that a gain in overall kinetic
energy is experienced by re-entrant injection in compari-
son to end wall injection (curves A) and that not much,
if any, advantage is gained with respect to useful accel-
eration range by re-entrant injection (curves B). FIG. 11
indicates that re-entrant injection provides quicker gain
in v, (curves A) and orbital radius (curves B) than end
wall injection.

The particular motion undergone by electrons enter-
ing accelerating cavity 40 under TEyy; circularly polarized
RF drive and axial B, DC magnetic fields is then seen
to be quite complex and ultimately takes the form of
a rotating helix with axial velocity which can be resolved
into a beam spot rotating with

de/dt=w
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where w=angular frequency of RF drive and a given
electron in the helix moving with

de¢/dt=eB,/m
where B,=axial DC field, e=electron charge, and

m=relativistic electron mass=1m, ( 1 —l—%—)
]

where W is the kinetic energy of the electron and where
Wo=mgc2/e is the rest mass energy.

Using either the cavity or accelerator cyclotron res-
onance types of linear accelerators as taught herein, it is
possible to achieve relativistic electron energy levels with

vy>.9¢
where

vy=tangential electron velocity
c=velocity of light

The precise optimized conditions for maximum ac-
celeration can be arrived at by simple variation of the
B, field strength and injection parameters for a given RF
drive level.

It is within the teachings of the present invention to
utilize square rather than circular cylindrical waveguide
for operation in the TE;; mode. The excitation of linear
polarized TE;; waves in square and circular guide is
conventional. To excite circular polarized TE,; travelling
wave modes in square or circular cylindrical guides the
techniques shown on page 342 of “Microwave Theory
and Techniques” by Reich et al.,, D. Van Nostrand Co.,
Inc., 1953, may be used or any other well known ap-
proach is within the teachings of the present invention.
The dominant TE;, mode in rectangular guide is a pre-
ferred embodiment in both the rectangular linear axis
case, e.g., using rectangular waveguide in lieu of circular
cylindrical guide in the FIG. 2 embodiment and in the
ring resonator configuration rectangular guide in the TE;,
dominant mode is preferred due to mode conversion
problems associated with a circular configuration. The
positive ion focusing scheme may obviously be used in
the FIG. 2 embodiment in either square, rectangular, or
circular cross-sections as well as in the ring resonator
embodiment.

Since many changes could be made in the above con-
struction and many apparently widely different embodi-
ments of this invention could be made without departing
from the scope thereof, it is intended that all matter
contained in the above description or shown in the draw-
ings shall be interpreted as illustrative and not in a
limiting sense.

What is claimed is:

1. In-a cyclotron resonance type of accelerator for
accelerating electrons to high velocity, a hollow micro-
Wwave resonator having a portion disposed about a central
beam axis, means for generating and injecting an electron
beam into said portion of said resonator, means for pro-
ducing within said resonator a force vector on said elec-
trons which constrain said electrons to undergo a helical
type of orbit about the axis of said portion of said resona-
tor when said electrons are driven by an electromagnetic
wave with an angular phase which is related to the phase
of the helical orbits, means for exciting said resonator
with electromagnetic wave energy at an angular frequency
such that said electrons are induced to move into helical
orbits along the axis of said portion of said resonator
while producing a net cumulative transfer of energy from
said electromagnetic field to the electrons, thereby causing
a substantial number of the electrons to be accelerated to
a velocity in excess of 0.5 times the velocity of light.

2. The apparatus according to claim 1 wherein said
resonator comprises a ring resonator.

3. The apparatus according to claim 1 including means
for exciting said resonator with microwave energy in a
transverse electric mode wherein the E fields are oriented
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transverse to a central cavity axis which is generally paral-
lel to the direction the electron beam is accelerated.

4. The apparatus of claim 3 including means for inject-
ing the electron beam in a re-entrant manner within said
cavity at a point downstream from the upstream end wall
of said cavity.

5. A cyclotron resonance type of linear accelerator for
accelerating electrons to tangential velacities in excess of
.5¢ where c is the velocity of light, while undergoing a
helical type of motion, comprising a ring resonator wave-
guide having means for injecting electrons along an axis
of said ring resonator, means for reducing the pressure
in said ring resomator to below atmospheric pressure,
means for introducing electromagnetic energy into said
ring resonator at a power level in excess of 1 megawatt
at a frequency f, said ring resonator being 2zNAg wave-
lengths long as determined at f where N is any positive
integer, said ring resomator being evacuated to a level
such that the mean free path of an electron is greater than
the transverse dimensions of said waveguide.

6. In a method for accelerating electrons to a high
velocity along a linear path the steps of, cumulatively
interacting a stream of electrons with microwave energy
in a microwave structure to cause the electrons in the
stream to execute helical orbits around a linear path
along which the electrons are to be accelerated, causing
the period of the microwave energy within the interaction
region to be related to the period of the helical orbits
of the electrons such that there is a cumulative and net
conversion of microwave energy into increased velocity
of the electrons along the helical orbit, and maintaining
the interaction until a substantial percentage of the elec-
trons are accelerated in the process to a velocity in excess
of 0.5 times the velocity of light.

7. The method of claim 6 including the step of, circu-
larly polarizing the microwave energy in the interaction
region for ephancing the cumulative interaction between
the microwave energy and the electrons being accelerated.

8. The method of claim 6 including the step of, pro-
ducing a force vector on the electrons which constrains
the electrons to undergo a helical type of orbit.
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9, The method of claim 8 wherein the step of pro-
ducing the force vector on the electrons includes the
step of, producing an axially directed D.C. magnetic field
throughout the interaction region, such DC magnetic
field being directed gemerally along the linear path of
acceleration.

16. The method according to claim 8 wherein the step
of producing a force vector includes the step of producing
a cloud of positive ions along the linear path of accelera-
tion within the interaction region.

11. The method according to claim 9 where the angular
frequency o of the interacted microwave energy and the
intensity of the axially directed magnetic field are inter-
related as follows:

(4
wco=%Bl>w

where,
e is the electron charge,
mg=rest mass of an electron,
wep=conventional cyclotron resonance angular fre-
quency based on rest mass, and
B, is the intensity of the axial component of the DC
magnetic field along the linear path of particle
acceleration.
12. The method according to claim 9 including the
step of increasing the DC magnetic field B, in the direc-
tion of acceleration of the electrons in the axial direction.
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