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United States Patent Office 3,129,356 
Patented Apr. 14, 1964 

3,129,356 
FAST ELECTRORMAGNETIC WAVE AND UNDU 
LATING ELECTRON BEAM INTERACTION 
STRUCTURE 

Robert M. Philips, Redwood City, Calif., assignor to 
General Electric Company, a corporation of New York 

Filed May 28, 1959, Ser. No. 816,540 
25 Claims. (C. 315-39.3) 

This invention relates to high frequency energy inter 
change devices of the type wherein an interchange of 
energy takes place between a stream of electrons and an 
electromagnetic wave in a waveguide. The invention 
includes devices wherein the electromagnetic Wave ab 
stracts energy from the electron stream as in amplifiers, 
oscillators or the like as well as devices wherein the elec 
tromagnetic wave imparts energy to the electrons in 
the stream as in the case of an electron accelerator. 

In particular, the invention relates to the class of beam 
type interaction devices in which it is not necessary either 
to employ a slow-wave circuit or to hide the stream from 
the wave over a portion of its travel. The interaction 
used in these devices will be referred to as a fast-wave in 
teraction to distinguish it from the interaction used in 
conventional high frequency energy interchange de 
WCCS. 

In the conventional high frequency amplifier or oscilla 
tor of the traveling-wave variety, of which the traveling 
wave tube, backward-wave amplifier and backward-wave 
oscillator are examples, the unidirectional energy of the 
electron stream is converted to radio frequency energy 
through a continuous and cumulative interaction between 
the beam and a component of the electric field of the ra 
dio frequency wave. The continuous and cumulative in 
teraction is accomplished by slowing the velocity at which 
the wave progresses axially along the length of the guide 
(termed the phase velocity v for the particular wave 
under consideration in the particular guide) to approxi 
mately the velocity of the stream and providing a com 
ponent of electric field in the direction of stream travel, 
The field component then causes the electrons in the 
stream to form in bunches. The bunches form in a favor 
able phase of the wave and are slowed by the electric 
field. A portion of the beam kinetic energy is thus im 
parted to the radio frequency wave. The slowing of 
the wave phase velocity is accomplished in a number of 
ways. The most often used device for slowing the wave 
is the helix, which may be thought of as one wire of a 
two-wire transmission line. The distance traveled by a 
wave on the conductor coiled into the form of a helix is 
greater than the distance traveled down the axis of the 
helix, the path followed by the beam. Hence, although 
the wave velocity along the coiled conductor is approxi 
mately the velocity of light, the axial component of this 
velocity can be much less than that of light. Another 
circuit which is used to slow the phase velocity of the 
wave is the loaded waveguide. The introduction into a 
smooth waveguide of periodic loading obstacles causes 
the wave to be broken up into a number of components, 
called spatial harmonics, Harmonics above the first gen 
erally travel with a phase velocity less than the velocity 
of light. The beam is synchronized with one of these 
harmonics to obtain cumulative interaction and bunching. 

Another approach which is used in the conventional 
energy interchange device to obtain cumulative inter 
action and bunching is to alternately hide the beam and 
expose the beam to the wave. The beam is exposed to 
the wave only when the phase is correct to obtain favor 
able interaction and bunching. Serpentine waveguides 
are examples of circuits of this type. The action of these 
devices may be shown mathematically to be equivalent 
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2 
to synchronizing with a spatial harmonic in a loaded 
waveguide, hence are considered here to be in the same 
class. 

In the conventional high frequency amplifier or oscilla 
tor of the standing-wave variety, of which the klystron 
is the prime example, the unidirectional energy of the elec 
tron stream is converted to radio frequency energy through 
an interaction between a stream and an electric field 
component of a standing wave at two or more dis 
crete gaps. The standing wave is excited in a resonant 
cavity which surrounds the interaction gap, and con 
sists of two traveling-waves of equal amplitude travel 
ing in opposite directions. The stream is not exposed 
to (is hidden from) the standing wave in the region 
between cavities (drift region). In a two-cavity klys 
tron amplifier, it is the purpose of the first cavity to 
impart a velocity modulation to the stream. This is 
converted to current modulation in the drift region. 
In other words, electron bunches are formed in the 
drift region. The bunches of electrons are decelerated 
by the standing wave in the second cavity, thus giving 
up a portion of their kinetic energy to the radio fre 
quency energy in that cavity. The process of exposing 
the bunched beam to the electric field in a discrete gap 
can be shown to be equivalent to synchronizing the beam 
with that spatial harmonic of the standing wave which 
travels in the direction of and with the velocity of the 
electron stream. Working from this picture, the short gap 
klystron can be seen to be a special case of the extended 
interaction klystron which consists of two or more reso 
nant slow-wave circuits of any of the types previously 
discussed, supporting standing rather than traveling 
waves. The action of this device can be thought of as 
a cross between the conventional traveling-wave tube 
and the discrete gap klystron. The action of the first 
resonant slow-wave section is to bunch the beam in a 
continuous fashion much as in the traveling-wave tube. 
The action of the second resonant section is to extract 
energy from the bunches. 
The action of the electron accelerator may be said to 

be the reverse of the traveling-wave amplifier. The elec 
tron bunches are maintained in such a phase in the wave 
that the wave imparts energy to the beam. 

All of the conventional devices discussed above have 
in common a circuit or waveguide for slowing the phase 
velocity of the electromagnetic wave and providing a 
component of electric field along the axis of the electron 
stream. The structure of the wave propagating guide is 
relatively complex and difficult to fabricate. This is par 
ticularly true when the frequency band of interest be 
comes higher as for millimeter and submillimeter wave 
lengths where the slow-wave circuit becomes vanishingly 
small. In high power tubes, the slow-wave circuit is diffi 
cult to cool regardless of the frequency. Thus, for high 
power and millimeter wavelengths, fabrication and cool 
ing of the slow-wave transmission line present particularly 
acute problems. . 
The class of device proposed eliminates the problems 

associated with the slow-wave transmission line by pro 
viding a structure in which interaction takes place be 
tween an electron stream and a "fast wave,” i.e., having 
a phase velocity greater than the velocity of light. In 
such devices, the electron stream rather than the circuit 
is made periodic. The class of devices includes those in 
which the periodicity necessary to the interaction is in 
beam position or beam velocity (speed and/or direction). 
One difficulty with prior fast-wave interaction schemes 

is that they do not exhibit the first order axial bunching 
of the beam which is characteristic of conventional de 
vices and hence are not capable of the efficiency exhibited 
by the conventional devices. Bunching in such devices, 
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when it exists, is ancillary to some other action. The 
efficiency of other known fast-wave devices is further lim 
ited in that they rely on a component of velocity other 
than the axial velocity (i.e., spin velocity) for all of the 
beam energy available for output radio frequency en 
ergy. 

Accordingly, it is one object of the present invention 
to provide a high frequency energy interchange device 
of the type wherein the energy interchange takes place 
between an electron stream and an electromagnetic wave 
which may be a fast wave and wherein the axial energy of 
the electron stream is available. 

Another object of the present invention is to provide 
an energy interchange device of the electron stream type 
wherein the interaction between the electromagnetic Wave 
and the electron stream results in a first order axial bunch 
ing of electrons in the electron stream. 

Another difficulty encountered in known fast-wave de 
vices is that of maintaining the electron stream in a con 
dition for obtaining an interchange of energy between 
the electron stream and the fast wave. One difficulty is 
that of maintaining the periodicity in the beam required 
for interaction. The other is in focusing the beam. Part 
of the difficulty involved in maintaining periodicity and 
in focusing the stream results from the existence of a 
componet of radio frequency electric field perpen 
dicular to the natural focused path of travel of electrons 
in the stream. This component of force tends to deform 
and defocus the beam. Another cause of difficulty in 
maintaining beam periodicity is that periodicity is inti 
mately related to the strength of the focusing force, thus, 
requiring that the strength of the focusing force be exact. 
Accordingly, a further object of the present invention 

is to provide a high frequency energy interchange device 
of the type under consideration wherein individual elec 
trons in the stream are not necessarily subjected to com 
ponents of force perpendicular to their focused path of 
trave. 

Another object of the invention is to provide such a 
device wherein the focusing forces for the electron stream 
are not critical. 

In carrying out the present invention, a radio frequency 
propagating structure which may be a fast-wave wave 
guide provides an interaction region and an electron 
stream is projected along the length of the region in 
such a manner that electrons in the stream have a trans 
verse velocity, the direction of which varies periodically 
along the guide. A radio frequency electric field is in 
troduced in the waveguide having a phase velocity related 
to the stream velocity and a mode such that a transverse 
component of the radio frequency electric field produces 
a modulation in the transverse velocity of electrons in 
the stream which modulation is converted into modula 
tion in the axial velocity by a non-time varying focusing 
force such as a non-time varying periodic magnetic field. 
Such a field converts changes in the transverse momentum 
of the electrons in the stream into changes in the axial 
momentum while leaving the stream energy essentially 
unchanged. The momentum conversion thus changes 
transverse velocity modulation in the stream into axial 
electron bunching, that is, bunching of electrons along 
the axial length of the stream. The transverse compo 
nent of electric field in the radio frequency wave then 
abstracts energy from the transverse momentum of the 
beam. Thus, the ultimate source of energy causing the 
radio frequency wave to grow is the axial velocity of 
the stream. Stated in another way, it may be said that 
the interaction mechanism depends upon an intermediate 
momentum conversion, that is, conversion of the axial 
momentum of the beam into transverse momentum with 
the Subsequent interchange of energy between the trans 
verse components of electric field in the radio frequency 
Wave and transverse momentum of electrons in the 
Stream. 
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4. 
The novel features which are believed to be character 

istic of this invention are set forth with particularity in 
the appended claims. The invention itself, however, both 
as to its organization and method of operation, together 
with further objects and advantages thereof, may best 
be understood by reference to the following description 
taken in connection with the accompanying drawings in 
which: 
FIGURE 1 is a perspective view of a model utilized in 

describing and illustrating the high frequency energy in 
terchange mechanism of the present invention; 
FIGURE 2 is a side elevation of a portion of the de 

vice of FIGURE 1; 
FIGURE 3 is a plan view of a portion of the device 

of FIGURE 1; 
FIGURE 4 is an end view of a coaxial waveguide uti 

lized in describing the interaction mechanism as applied 
to a guide of such configuration; 
FIGURE 5 is a partially broken away perspective view 

of the coaxial device of FIGURE 4 showing electron 
trajectories therein; 
FIGURE 6 is a central vertical longitudinal section 

through the coaxial guide of FIGURES 4 and 5 addi 
tionally illustrating means for focusing the electron stream 
in the guide; 
FIGURE 7 is an end view of a circular waveguide uti 

lized in describing the interaction mechanism of the pres 
ent invention as applied with a guide of this configura 
tion; 
FIGURE 8 is a perspective view of the circular guide 

of FIGURE 7 illustrating electron trajectories necessary 
for the interaction; 
FIGURE 9 is a central vertical longitudinal section 

through a portion of the circular guide of FIGURE 8 
illustrating the electron stream focusing arrangement; 
FIGURE 10 is a partially broken away side elevation 

of a preferred embodiment of a high frequency energy 
interchange device utilizing the present invention; 
FIGURE 11 is a plan view showing a portion of the 

waveguide employed in the device of FIGURE 10 and 
its focusing system as seen along section lines 11-11; 
FIGURE 12 is a transverse section through the rec 

tangular body portion of the device of FIGURE 10 taken 
along section lines 12-i2 of FIGURE 11; 
FIGURE 13 is a side elevation partially broken away 

and partially in section of a high frequency energy inter 
change structure which employs the principles of the in 
wention to obtain a “fast wave' interaction in an ex 
tended interaction klystron; and 
FIGURE 14 is a transverse section through a coupling 

section taken along line 14-14 of FIGURE 13. 
In order to obtain an understanding of the principle of 

operation of the present invention, reference should be 
made to FIGURES 1, 2 and 3 of the drawings which 
schematically illustrate a waveguide 10 consisting of a 
pair of parallel conductive planes 1 and 2 which are 
considered to be infinite in extent for purposes of dis 
cussion. Let us assume that the guide 10 is excited by a 
radio frequency electromagnetic wave of the transverse 
electric mode known as TE01. This mode may be con 
sidered the fundamental mode of an ordinary rectangular 
waveguide which has its narrow dimension extended to 
infinity. By definition, the TE mode has lines of elec 
tric force or electric flux which are all parallel to the 
two parallel plates i and 12 and perpendicular to the 
axial dimension of the guide 10 as indicated by the arrows 
E, and the lines of magnetic flux are perpendicular to the 
lines of electric flux as indicated by the arrow H. Further, 
the electromagnetic wave is propagated down the length 
of the guide perpendicular to the lines of electric force 
E. There can not be any tangential electric field at the 
surface of the planes is and 2 because they are conduct 
ing planes. Therefore, the electric field intensity, al 
though everywhere horizontal in direction, diminishes to 
Zero at the parallel Surfaces 1 of the guide 10, That 
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is to say, that the electric field intensity is zero at the sur 
face of the conducting planes 11 and 2 and increases to 
a maximum at the center as indicated by the flux density 
diagram marked E in FIGURE 1. 
A sheet electron stream 13 which is to interact with 

the electromagnetic wave propagated down the waveguide 
i0 is directed down the length of the region between the 
two conducting plates 1 and 12. The phase velocity 
(v) of the electromagnetic wave propagated down the 
guide is greater than the velocity of light (c) whereas 
electrons in the stream 13 must be less than the velocity 
of light. Utilizing the structure described thus far, there is 
no net interaction between the electromagnetic wave and 
the electron stream 3. The interaction mechanism uti 
lized makes use of an interchange of energy between elec 
trons in the stream and transverse components of the radio 
frequency electric field E in the electromagnetic wave 
rather than, as is the usual case, with the axial components 
of the electromagnetic wave. This mechanism may best 
be understood by a consideration of the plan view of the 
guide it as seen in FIGURE 3. In considering FIGURE 
3, it should be noted that the representation of the radio 
frequency electric field is an instantaneous one and there 
fore the electromagnetic wave appears to be stopped in its 
travel along the length of the guide 0, whereas, in prac 
tice, the regions of electric field having vectors in a given 
direction move down the length of the guide at the velocity 
which we have called the phase velocity. Electrons in the 
sheet stream 3 are made to move from side to side in the 
waveguide 8 as they move down the axial length in order 
to obtain the desired interchange of energy. The trans 
verse undulating motion of four such individual electrons 
i4, 5, 15 and 57 is illustrated in FGURE 3 to facilitate 
description of the principle. 

In order to cause the electrons in the stream 13 to have 
the transverse undulating motion illustrated, they may be 
Subjected to a series of non-time varying spatially peri 
odic magnetic focusing fields which have lines of force 
perpendicular to the conducting planes E1 and 12 of the 
waveguide it. Thus, the magnetic focusing fields of in 
terest are perpendicular to the direction of propagation 
of the electromagnetic wave, the direction of flow of the 
electron stream 13 and also perpendicular to the plane in 
which it is desired to cause electrons to undulate. As 
illustrated, the periodic magnetic focusing field is provided 
by a series of magnets E8 which have poles located on 
opposite sides of the guide 8 adjacent the conducting 
planes in Such a manner that a "north' magnetic poleon 
one side of the guide is directly opposite a “south' mag 
netic pole on the opposite side of the guide 10 and pro 
gressing down the guide in the direction of propagation 
of the electromagnetic wave, the polarity of the magnetic 
poles alternate. That is, for example, progressing down 
the top plane 1 of the guide 10 in the direction of 
propagation first a north pole is encountered, then a 
southpole, next, another north pole and then another south 
pole, and so on. Thus, the magnetic field always has a 
component perpendicular to the conducting planes and 
12 but alternates in the directional sense as indicated by 
the lines marked B in FiGURE 2 of the drawings. 
Due to the fact that the force exerted by a magnetic field 

on a charged particle is always perpendicular to the di 
rection of motion of the particle, the electrons are not dis 
placed toward or away from the parallel plates 11 and 12 
of the guide as they move axially down the guide i8, but 
have a side-to-side serpentine motion in the plane of entry. 
For example, as seen in FIGURE 3, the charged particles 
4, 5, 6 and 17 move into a magnetic field which is 

said to be down, i.e., from the top to the bottom of the 
guide 6. Thus, the charged particles start to move in a 
curved or circular path in the clockwise direction. How 
ever, before they curve all the way around, they move into 
a magnetic field which is in the opposite sense and are 
therefore caused to move in a curved path with the op 
posite rotation; that is, they move in a path which ro 
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6 
tates in a counterclockwise sense (the terms clockwise and 
counterclockwise are used here to describe rotation as 
seen looking down from the top of the guide 10 as illus 
trated in FIGURE 3). Thus, the individual charged 
particles move down the length of the guide undulating 
from side to side in the direction of the transverse electric 
field lines E while maintaining their original plane of 
entry. 
As has already been pointed out, a fixed relationship 

(a synchronism) must be maintained between the elec 
trons in the electron stream and the interaction compo 
nent of the electromagnetic wave as they move down the 
waveguide in order for a net interchange of energy, either 
from the stream to the wave, or vice versa, to take place. 

Since the interaction in question involves electromagnet 
ic waves which have a phase velocity (v) greater than the 
velocity of light (c) and an electron stream in which 
electrons have a velocity less than that of light, the condi 
tion responsibe for interaction deserves some special com 
ment. In order to assist in the discussion, a coordinate 
system has been superimposed on FIGURES 1, 2 and 3. 
As may be seen in FIGURE 1, the planar surfaces 1 and 
12 are parallel to the YZ plane with the electron stream 
13 directed in the Z direction and the Y axis directed out 
of the paper and parallel to the electric field lines E. The 
X axis then is perpendicular to the conductive planes 11 
and 2. Thus, in the side elevation of FIGURE 2, the 
paper represents the XZ plane while in the plan view of 
FIGURE 3, the paper represents the YZ plane. The terms 
"period' and "periodic length' are designated by the sym 
bol P and used to denote the interval or distance in the 
axial (Z) direction between corresponding points on any 
closest two like pole pieces. For example, in FIGURE 2, 
P is designated as the distance in the Z or axial direction 
between center points of two "north” poles on the upper 
wall 1 of the guide 10 which are closest together. 

In the fast-wave interaction of the apparatus of FIG 
URES 1, 2 and 3, the condition which is called synchro 
nous is obtained between the electron stream and the elec 
tromagnetic wave by forcing the velocity direction of the 
stream 13 to vary periodically at such a rate that an indi 
vidual electron in the stream travels one periodic length 
P in the time that the wave travels one periodic length P 
plus one wavelength of the electromagnetic wave. 

This may best be understood by consideration of the 
electron trajectories illustrated in FIGURE 3. Since the 
individual electrons undulate from side to side as they 
move down the waveguide, their velocity in the Y direc 
tion (side-to-side velocity) must be zero at points where 
the electrons are changing directions. Half way between 
these points, the velocity in the Y direction is maximum. 
If the electrons in the stream are so phased that their 
Velocity in the Y direction is a maximum when the deceler 
ating force due to the radio frequency electric field E is a 
maximum, and, if the electrons reverse direction at the 
same instant that the radio frequency electric field E seen 
by the electrons reverses direction, the electron will con 
tinue to experience a periodic decelerating force in the Y 
direction throughout its travel as long as the proper phase 
relationship is maintained. The electric field will reverse 
each time the electron's velocity reverses if the electron 
travels one period (the distance P) in the time that the 
radio frequency wave travels one period.P plus one radio 
frequency wave length. 
Under the conditions described, the forces exeprienced 

by the electrons 4, 15, 16 and 17 in the electron stream 
are such as to cause them to impart energy to the electro 
magnetic wave. The electrons 14, 15, 16 and 17, con 
sidered, are selected in the most favorable phase. A 
consideration of the principles described reveals that, for 
the synchronous condition described, other electrons, i.e., 
electrons in the most unfavorable phase, receive energy 
from the wave in similar fashion and electrons intermedi 
ate to two extreme phases impart or receive energy in vary 
ing degrees. Like the conventional traveling-wave tube, 
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the net energy interchange between the electron stream 
and electromagnetic wave is zero for exact synchronism. 
Also, as in the case of the conventional traveling-wave 
tube, there is a net transfer of energy from the stream 
to the wave when the electron stream has a velocity 
which is slightly greater than the exact synchronous veloc 
ity. Thus, the condition for providing amplification is 
available. 
An extremely important property of the interaction de 

scribed is that the electrons in the stream are formed into 
bunches along the axial length of the stream much as 
the bunches of electrons which occur in conventional 
traveling-wave tubes. It is felt that the present discussion 
is not the place for a mathematical proof of this effect. 
However, in simple terms, it may be stated that this 
bunching of electrons is caused by the periodic magnetic 
field through which the electrons must pass. The changes 
in the transverse beam momentum caused by the trans 
verse electric fields are converted into changes in axial 
momentum by the periodic magnetic field. In a sense, 
the magnetic field borrows energy from the axial velocity 
and turns it over to the radio frequency electric field in 
the form of transverse velocity. Hence, the energy avail 
able to the radio frequency wave is not simply the rela 
tively small energy in the transverse motion but the much 
larger amount of energy introduced to accelerate the elec 
trons in the axial direction. 

In order to verify these results, the equations of motion 
for an electron in the undulating beam device illustrated 
were solved on an analogue computer. Solutions were 
obtained for eight electrons equally spaced in the radio 
frequency electromagnetic wave. The results of the study 
showed good first order axial bunching of the electrons 
in the stream and good efficiency of conversion of beam 
energy to radio frequency energy. Further, one of the 
preferred embodiments of the high frequency energy 
interchange device (described subsequently) experimen 
tally verifies the results obtained analytically. 
The apparatus of FIGURES 1, 2 and 3 utilized thus 

far in describing the interaction utilizes a waveguide 10 
defined between two conducting plates 11 and 12 which 
are considered to be of infinite extent. Obviously, such 
a device can not be built. However, the electric field 
configuration in the guide as illustrated and the undulating 
electron stream can be reproduced in various ways. In 
other words, the relationship between electron trajectories 
and electric fields described may be obtained using other 
configurations. The model illustrated in FIGURES 4, 
5 and 6 represents one such configuration. The model 
illustrated in FIGURES 4, 5 and 6 represents one such 
configuration. The device of FIGURES 4, 5 and 6 may 
be considered as a development of the device of FIGURES 
1, 2 and 3 which is obtained by wrapping the planes 11 
and 12 around an axis centrally located beneath the lower 
conducting plane 12 and extending parallel thereto in 
the axial (Z) direction. This development produces a 
waveguide 20 which consists of concentric conductive right 
circular cylinders or pipes 21 and 22. The waveguiding 
portion comprises the area between the two concentric 
waveguiding pipes 2 and 22. 

If the device of FIGURES 4, 5 and 6 is considered as a 
“wrapped up' development of the device of FIGURES 1, 
2 and 3, it is seen that the required radio frequency elec 
tric field lines must extend circumferentially around the 
interior of the guide 20 and the electric field must be of 
maximum intensity approximately midway between the 
individual cylindrical conductors 2 and 22 as illustrated 
by the field lines E, and further, the electron stream must 
be a hollow cylindrical sheet stream in which individual 
electrons must be made to undulate from side to side. 
The electromagnetic wave necessary to produce the 

electric field which has circumferential components as 
illustrated by the lines marked E in FIGURE 4 is produced 
by a coaxial waveguide mode of the TEol type. A con 
ventional hollow stream electron gun may be used to pro 
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8. 
duce the stream of electrons within the waveguide, and 
periodic magnetic fields which are radial may be used 
to cause electrons in the stream to undulate as the stream 
passes down the length of the waveguide. 
The periodic magnetic field of the required configura 

tion may be furnished in a number of ways. One way, for 
example, is to provide spaced apart disc-shaped radially 
magnetized magnets 23 inside the inside of the inner con 
ductive pipe 22, and also provide disc-shaped magnets 24 
surrounding outer conductor 21 which are coaxial with re 
spect to the inner magnetic discs 23, occupy the same 
plane, and are of opposite polarity. Both the inner and 
the outer magnets 24 alternate in polarity down the length 
of the guide 20 as illustrated in FIGURE 6. Thus, the 
periodic magnetic field is provided down the length of the 
waveguide. 
The particular hollow stream electron gun utilized is 

not illustrated since any conventional hollow stream gun 
which does not cause the stream to spin may be used. 
For example, a hollow stream gun which might be used 
is illustrated and described in a paper entitled "A C-W 
UHF TWT Power Amplifier of Extended Bandwidth,” 
by Ward A. Harman, published in pages 36 through 40 of 
the 1957 Proceedings of the National Conference on 
Aeronautical Electronics, sponsored by the Institute of 
Radio Engineers on May 13, 14 and 15, 1957, in Dayton, 
Ohio. It should be noted that the periodicity of the mag 
netic field in the guide should bear the same relationship 
to the electron stream velocity and electromagnetic wave 
as described in connection with the apparatus of FIG 
URES 1, 2 and 3 to obtain the fast-wave type of inter 
action described. For the coxial type waveguide 20 illus 
trated, it has been found that an amplitude of undulations 
of electrons in the stream which is satisfactory to produce 
good interaction may be on the order of one fourth of the 
radial distance between the inner and outer conductors 2 
and 22 of the waveguide. 
The configuration of the guide 20 has the advantage 

that the peak electric interacting field as illustrated in 
FIGURE 4 for this device is removed as far from each 
of the walls of the waveguide as is possible, i.e., a maxi 
mum distance away. Therefore, the electron stream 
may also be a maximum distance away from the walls of 
the guide. Further, the arrangement allows for easy ad 
justment of the periodicity of the magnets to improve 
efficiency since the magnets are entirely external to the 
waveguide which must ultimately be evacuated. These 
advantages are common to all of the structures which 
employ the present invention. 
Another structure which may be used to obtain the 

correct field configurations for the interaction described, 
is illustrated in FIGURES 7, 8 and 9 of the drawings. All 
of the elements of the structure illustrated in these figures 
are common to the device illustrated in FIGURES 4, 5 
and 6; therefore, common components of the two devices 
are given like reference numerals in order to simplify the 
description and drawings. The principal structural dif 
ference between the two devices is that the device of 
FIGURES 7, 8 and 9 does not have the central conductor 
22 and its associated magnetic discs 23 as found in the 
previously described structure. In other words, the main 
waveguide 20 is a simple hollow conductor of circular 
cross section. The magnetic field required is furnished 
by the external disc-shaped magnets 24. That is, the 
magnetic field thus produced will cause electrons in an 
electron stream directed down the waveguide to undulate 
as they pass down the guide rotating alternately in a 
clockwise and anticlockwise direction. 
The interaction may be obtained using any one of the 

family of TEoN circular waveguide modes although the 
most advantageous mode is the TEo mode. The electric 
field for the TE1 mode is illustrated in the end view of 
the circular guide of FIGURE 7. From an inspection of 
the electron trajectories and the configuration of the elec 
tric field E in the guide 20, it is seen that the condition 
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for interaction described with respect to the planar guides 
of FIGURES 1, 2 and 3 may exist. That is to say that, 
if the velocity direction of the electron stream is made to 
vary periodically at such a rate that an individual electron 
in the stream travels one periodic length P in the time 
that the electromagnetic wave travels one periodic length 
P plus one wavelength of the electromagnetic wavelength, 
the synchronism required for interchange of energy be 
tween the stream and wave exists. The structure has the 
advantages attributed to the two previously described 
fast-wave devices. 
A preferred embodiment of the invention (the one pre 

viously referred to) is illustrated by FIGURES 10, 11 and 
12 of the drawings. This device may be considered to be 
a vertical longitudinal segment of the apparatus described 
and illustrated in FIGURES 1, 2 and 3. Thus, the cen 
tral waveguide portion 30 of the device constitutes a wave 
guide of rectangular cross Section. 

In addition to the central waveguide portion 39, the 
traveling-wave tube includes an electron gun 33, which is 
encapsulated in one end for the purpose of producing and 
directing a stream of electrons along the axis of the Wave 
guide 38 and a cooled collector 34 located in an enlarged 
enclosure 34 at the opposite end of the tube for the pur 
pose of collecting electrons from the gun 33. 

In order to launch the electromagnetic wave in the 
waveguide portion 33, an input waveguide section 27 of 
rectangular croSS Section is positioned at the gun end of 
the guide 36 with its longitudinal axis perpendicular to 
the longitudinal axis of the main guide 39. A window 
(not shown) is positioned within the input guide section 
27 in order to provide a vacuum tight seal. A similar 
guide 28 is positioned in a like manner at the collector 
end of the device to provide an output transmission path 
for the amplified electromagnetic Waves. The interacting 
electromagnetic wave launched within the guide 3 is the 
fundamental transverse electric mode for the guide, i.e., 
the TE mode. - 
The gun 33 consists of a cathode 35 and a cathode 

heater 36 which is connected to a suitable energizing 
source (not shown) and which causes the cathode to emit 
electrons when heated. A centrally apertured electron 
stream focusing electrode 37 and a correspondingly cen 
traily apertured electron beam accelerating anode 38 are 
provided for causing the electrons emitted by the cathode 
35 to be projected outwardly along the axis of the wave 
guide structure 3 in a stream as depicted by broken lines 
39. In order to simplify the description and drawings, 
the energizing voltage supply for the electron gun elec 
trode is not shown. The electron stream produced by the 
gun 33 is of circular cross section but electrons in the 
stream may be made to undulate as described in connec 
tion with the discussion of the apparatus of FIGURES 
1, 2 and 3. - 
As described in connection with the planar version of 

FIGURES 1, 2 and 3, the desired periodic magnetic field 
is provided by a series of magnets 3A located on opposite 
sides of the guide. The magnets 3 are positioned ad 
jacent the narrow walls in such a manner that a magnetic 
"north” pole on one side of the guide is directly oppo 
site a magnetic “south' pole on the opposite side of the 
guide and progressing down the guide in the direction of 
propagation of the electromagnetic wave, the polarity of 
the magnetic poles alternate. For example, progressing 
down one narrow wall of the guide 30 in the direction of 
propagation of electromagnetic waves, first a "north' mag 
netic pole is encountered, then a "south” pole, next, an 
other “north” pole and then another "south” pole, and 
so on. In this manner, the magnetic field always has a 
component perpendicular to the narrow Walls of the guide 
3a but alternates in the directional sense. 

Thus, the configuration of radio frequency electric 
fields and electron trajectories in the guide are similar to 
those described in connection with FIGURES 1, 2 and 3. 
Consequently, the same interaction is obtained. A modi 
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10 
fication of the device of FIGURE 10 which can be made 
with a resultant reduction in stream velocity is to bring 
the focusing magnets 31 in closer to the axis of the wave 
guide 39. This provides a higher concentration mag 
netic field between opposing pole pieces which increases 
the focusing force and allows the magnetic pitch P to be 
reduced. 

In each of the devices described, a fast-wave interac 
tion is provided which eliminates the need for a slow-wave 
circuit. Further, there is an extremely large interaction 
area in each of the devices when compared with a con 
ventional high frequency energy interchange device. The 
use of such a guide substantially eliminates matching and 
reflecting problems between the main waveguide and input 
and output sections. The fact that the electrons in the 
streams undulate along the lines of electric flux of the 
transverse electric field rather than across them eliminates 
a whole class of stream focusing problems commonly en 
countered in other known devices of the "fast wave" inter 
action type. Each of the structures also allows external 
variation of the position of focusing magnets which means 
that the periodicity of undulations in the internal elec 
tron, stream may be adjusted to improve efficiency. An 
additional advantage of the structure is that the peak in 
teracting electric field is far from the wall. This mini 
mizes stream interception problems and allows one to 
place the beam at the point of maximum field. 
One structure in which the fast-wave interaction de 

scribed is used to particular advantage is the extended 
interaction klystron 40 illustrated in FIGURES 13 and 
14. As previously indicated, the conventional klystron 
is dependent upon the exposure of an electron stream to 
the standing wave excited in a resonant cavity to convert 
the unidirectional energy of the electron stream to radio 
frequency energy. The exposure of the stream to the 
wave must be accomplished in a narrow discrete gap. 
Also, as was previously pointed out, the action of the 
klystron is improved in many respects by providing reso 
nant slow-wave circuits, i.e., slow-wave circuits in reso 
nant cavities, so that the electron stream may be exposed 
to the electric field of the resonant cavity throughout its 
travel in the cavity rather than being exposed to electric 
fields in very narrow discrete regions. Since the inter 
action mechanism of the present invention allows inter 
action between an electron stream and "fast electromag 
netic waves,” the interaction may be obtained as described 
with respect to FIGURES 1, 2 and 3 between an electron 
stream having undulating electrons therein and electric 
fields in a cavity which does not have narrow discrete 
gaps and which does not contain a slow-wave circuit. 
The structure may best be seen by reference to FIG 

URES 13 and 14 wherein the extended interaction klys 
tron is illustrated without an electron gun or a collector. 
The gun and collector are broken away due to the fact 
that they are exactly the same as those components illus 
trated in FIGURES 10, 11 and 12. Corresponding ref 
erence numerais are used in FIGURES 10 and 13 to iden 
tify the position of these elements. 

Thus, the tube includes an electron gun (not shown) 
which is encapsulated in one end for the purpose of pro 
ducing and directing a stream of electrons along the axis 
of the structure 40. A cooled collector (not shown) is 
located in an enlarged enclosure at the opposite end of 
the tube for the purpose of collecting electrons from the 
gun. The interaction circuitry is located between the elec 
tron gun and the collector. The interacting circuitry 
includes an input cavity 41 which has the configuration 
of a right circular cylinder with an opening in its op 
posite end walls to provide a passage for an electron 
stream 42. The interaction circuitry also includes a hol 
low cylindrical pipe-like conductive portion 43 and an out 
put cavity 44. 
The input cavity may be considered a first resonant 

Waveguide much as the cylindrical waveguide illustrated 
and described in connection with FIGURES 7, 8 and 9. 
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Like the cylindrical waveguide described in connection 
with those figures, one of the most advantageous modes 
for interaction is the TEo circular waveguide mode. 
This is accomplished by the waveguide coupling section 
45 which will be described in more detail subsequently. 
Since the electric field associated with the TEo circular 
waveguide mode has been previously described, the de 
scription will not be reiterated at this point. However, 
it should be noted that the input waveguide cavity 41 is 
made an integral number of half wavelengths long in 
order to provide the resonant condition desired. For ex 
ample, the cavity 41 illustrated is three halves wavelength 
long. Similarly the output cavity 44 may be considered 
a second resonant wave guide which may be substantially 
identical to the above-described input cavity or first reso 
nant waveguide 41. 

In order to give electrons in the stream 42 the proper 
trajectories for interaction, discs of radially magnetized 
material 46 are positioned around the input cavity in 
Such a manner that they produce the spatially periodic 
magnetic fields necessary to cause electrons in the stream 
to undulate as described with respect to the circular de 
vice of FIGURES 7, 8 and 9. For example, the first disc 
46, i.e., the disc which produces the magnetic field first 
encountered by the electron stream 42, is illustrated as 
producing a magnetic "north' pole, the second disc, a 
magnetic "south” pole, and the third disc, a magnetic 
"north” pole. Once again, the velocity of the electron 
stream is selected so that electrons in the stream travel 
one period P as previously defined while the forward 
traveling component of the standing electromagnetic wave 
travels one period plus one radio frequency wavelength. 
Thus the conditions previously described for interaction 
are met and the standing wave in the input cavity pro 
duces a velocity modulation on electrons in the electron 
Stream. 
The hollow conductive portion 43 which is located in 

termediate the input and output cavities 41 and 44, re 
spectively, constitutes an electron drift channel where 
the electron stream is not exposed to standing waves in 
either cavity. Consequently, the velocity modulation im 
parted to the electron stream is converted to current mod 
ulation in this guide. The length of the channel 43 is 
selected to provide maximum conversion from velocity 
modulation of the stream to current modulation. For 
the apparatus illustrated, this distance is on the order of 
one to ten times the cavity length. The current modu 
lated electron stream 42 then passes into the output cav 
ity 44. - 
As previously pointed out, the output cavity or second 

resonant Waveguide 44 may be of substantially identical 
structure to the input cavity or first resonant waveguide 
41. As a consequence, the current modulated electron 
stream excites the output cavity 44 and gives up a portion 
of its kinetic energy to the radio frequency energy in the 
output cavity 44. Although it is possible by utilizing 
special techniques to extract energy from the output cavity 
without causing the electrons from the stream to experi 
ence several undulations within that cavity, the best 
energy conversion is obtained by causing the electrons to 
undulate and thereby converting axial momentum of the 
electron stream into transverse momentum with the sub 
sequent interchange of energy between the transverse 
components of the electric field and transverse momentum 
of electrons in the electron stream. Therefore, the output 
cavity 44 also is provided with radially magnetized disc 
shaped magnets 47 which are identical to the disc-shaped 
magnets 46 surrounding the input cavity 41. The am 
plified electromagnetic wave is then extracted from the 
cavity by the output coupler 48 provided on the output 
side of the output cavity 44. The cutput coupler 48 is 
identical in every respect to the input coupler 45. 
The input and output couplers 45 and 48 illustrated 

represent only one of a number of ways of coupling the 
transverse electric mode TE from a rectangular guide 
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2 
to a circular guide and vice versa. For the best under 
standing of the configuration of the input and output 
couplers 45 and 43, respectively, reference should be had 
to FIGURE 14. The coupler is made up of a straight 
section of rectangular waveguide 36 which is brought into 
another waveguide or rectangular cross section 51 which 
has the form of a torus. The straight section 50 contains 
a vacuum tight window 56 which provides a seal. The 
narrow walls of the wrapped up portion 53 of the coupler 
45 form inner and outer walls 53 and 54, respectively, 
which define the inner and outer diameter of the torus 5. 
The inner wall defines a centrally located aperture through 
the coupling structure to accommodate an electron stream. 
The one flat broad wall of the circular portion 51 of the 
input coupler 45 which is adjacent the input cavity 4 
is provided with four coupling slots 52. These slots or 
apertures are spaced equidistant about the broad wall and 
extend radially outward. The coupling slots 52 are open 
to the interior of the input cavity 41 for the purpose of 
coupling energy into the input cavity 4. 
This it is seen that the objects and advantages of the 

present invention are obtained in high frequency energy 
interchange devices of the type which rely on an inter 
change of energy between an electron stream and radio 
frequency fields. While particular embodiments of the 
invention have been shown, it will, of course, be under 
stood that the invention is not limited thereio, since many 
modifications, both in the circuit arrangements and in the 
instrumentalities employed, may be inade. It is contem 
plated by the appended claims to cover any such modifica 
tions as fail within the true spirit and scope of the inven 
tion. 
What I claim is new and desire to secure by Letters 

Patent of the United States is: 
1. A high frequency energy interchange device includ 

ing in combination a waveguide structure adapted to 
propagate high frequency electromagnetic waves having 
a transverse electric ON type mode, means for causing 
propagation of electromagnetic waves along said wave 
guide structure in said transverse electric ON type mode, 
electron gun means positioned for directing a stream of 
electrons down the length of said waveguide, and periodic 
electron stream focusing means for causing the electrons 
to have a periodic undulatory motion along the electric 
flux lines of transverse electric field of the said electro 
magnetic waves, said electron gun means directing the 
electron stream down said guide at such a velocity that 
the electron stream progresses down said waveguide one 
period while said electromagnetic wave is propagated 
substantially one period plus one wave length. 

2. In combination in a high frequency energy inter 
change device a waveguide structure adapted to propagate 
electromagnetic waves having a transverse electric mode 
of the ON type, means for causing an electromagnetic 
wave to be supported in said waveguide structure in said 
transverse electric ON type mode, electron gun means 
positioned adjacent one end of said waveguide for direct 
ing a stream of electrons down the length of said guide, 
and periodic magnetic focusing means positioned adjacent 
said waveguide whereby electrons in said stream have a 
periodic undulatory motion along lines of electric flux of 
said transverse electric field produced by the said electro 
magnetic wave, said electron gun means directing said 
electron stream down said guide at a velocity such that 
the stream progresses one period while said electromag 
netic wave propagates Substantially one period plus one 
wavelength. 

3. In a high frequency energy interchange device, the 
combination of a rectangular waveguide structure adapted 
to support propagation of an electromagnetic wave of a 
transverse electric ON type mode, means for causing an 
electromagnetic wave to be supported in said waveguide 
structure in said transverse electric ON type mode, an 
electron gun means positioned at one end of said guide 
for directing a stream of electrons down waveguide, a 
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collector means positioned at the opposite end of said 
guide for dissipating residual energy in said stream and 
periodic electron stream focusing means positioned along 
the length of said waveguide for imparting a substantially 
periodic undulatory motion to electrons in said stream 
which motion is along the lines of electric flux of the 
transverse electric field of said electromagnetic wave, said 
electron gun means imparting such a velocity to electrons 
in the stream that they travel down said waveguide one 
period while said electromagnetic wave is propagated Sub 
stantially a like distance plus one wavelength. 

4. A high frequency energy interchange device for 
providing interaction between a fast electromagnetic Wave 
and a stream of electrons including a waveguide struc 
ture of rectangular cross section adapted to Support an 
electromagnetic wave having a transverse electric mode 
of the ON type, means for causing an electromagnetic 
wave to be supported in said waveguide structure in said 
transverse electric mode, electron gun means and elec 
tron collector means positioned at opposite ends of said 
waveguide for directing electrons down the length of 
said guide and receiving electrons, respectively, and a 
spatially periodic magnetic focusing means positioned 
near opposite sides of said guide for producing a periodic 
magnetic field down the length of said guide which has 
components perpendicular to the direction of flow of elec 
trons in said guide and in such a direction as to cause 
said electrons to have a periodic undulatory motion along 
electric flux lines of the transverse electric waveguide 
mode, said electron gun means imparting a Velocity to 
said electron stream to cause electrons therein to travel 
down said wave-guide by a distance of one period while 
the electromagnetic wave propagates substantially one 
period plus one wavelength. 

5. A high frequency energy interchange device includ 
ing in combination a coaxial waveguide structure of cir 
cular cross section adapted to propagate the coaxial wave 
guide mode of transverse electric ON type, means for 
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introducing an electromagnetic wave in said waveguide 
structure for propagation therealong in said mode, means 
to direct a hollow stream of electrons coaxially down 
the length of said guide between inner and outer conduc 
tors and spatially periodic electron stream focusing means 
down the length of said guide for rotating electrons in 
said hollow stream in opposite senses along electric field 
lines as they move down the guide length whereby they 
have a periodic undulatory motion, said electron stream 
directing means imparting such a velocity to said elec 
tron stream that electrons travel the distance of one 
period down said waveguide while said electromagnetic 
wave travels a-distance which is greater by substantially 
one wavelength. -- 

6. A device of the type defined in claim 5 wherein the 
said spatially periodic electron stream focusing means is 
magnetic. 

7. In combination in a high frequency energy inter 
change device of the type which depends upon an energy 
interchange between an electron stream and an electro 
magnetic wave, a waveguide structure of circular cross 
section adapted to propagate an electromagnetic wave 
having a circular transverse electric mode of the ON 
type, means for causing propagation of an electromag 
netic wave along said waveguide structure in said circu 
lar transverse electric mode, means to direct a stream of 
electrons down the length of said waveguide, and spatially 
periodic focusing means positioned down the length of 
said guide to cause electrons in said stream periodically 
to undulate back and forth along lines of electric flux of 
the electromagnetic wave, said means for directing the 
electron stream imparting such a velocity thereto that 
electrons in said stream progress one period while said 
electromagnetic wave propagates substantially one period 
pius one wavelength. 

8. A high frequency energy interchange device as de 
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fined in claim 7 wherein said spatially periodic focusing 
means includes a spatially periodic magnetic structure. 

9. A high frequency energy interchange device includ 
ing-in combination first and second resonant waveguide 
structures of like cross section adapted to be excited in 
a transverse electric mode of ON type; a drift channel 
having a cross section similar to said first and second 
sections but with dimensions as to preclude propagation 
of the excited electromagnetic waves from said guide, 
said drift channel being coaxially positioned between said 
first and second guides and defining a continuous open 
path therethrough; means for directing a stream of elec 
trons down the path through said first waveguide, said 
drift channel and said second waveguide, respectively; 
means for exciting electromagnetic waves in said trans 
verse electric mode in said first waveguide for modulating 
said electronstream, said second waveguide being adapted 
for excitation of electromagnetic waves therein in response 
to the modulated electron stream; and periodic electron 
stream focusing means adjacent said first and second 
waveguide structures for causing electrons passing there 
through to have a periodic undulatory motion along lines 
of electric flux of the transverse electric field of the elec 
tromagnetic waves, said means for directing the stream 
of electrons imparting a velocity to the stream such that 
electrons in said first and second Waveguide structures 
progress substantially one undulatory period while the 
forward component of the electromagnetic waves in those 
structures progress one period plus one wavelength. 

10. A high frequency energy interchange device of 
the type defined in claim 9 wherein the said periodic elec 
tron stream focusing means includes periodic magnetic 
aS 
11. In a high frequency energy interchange device of 

the class which depends upon interaction between elec 
trons in a stream and electromagnetic waves the combina 
tion of first and second resonant waveguide structures 
-having the configuration of right circular cylinders adapt 
red to be excited in a transverse electric circular wave 
guide mode of ON type; an electron drift channel struc 
ture having a cross section similar to said first and sec 
ond sections but with dimensions as to preclude propaga 
tion of the excited electromagnetic waves from said 
guides, said drift channel structure being coaxially posi 
tioned between said first and second guides and defining 
a continuous open path therethrough; means for directing 
a stream of electrons down the path through said first 
waveguide, said drift channel and said second waveguide, 
respectively; means for exciting electromagnetic waves in 
said transverse electric mode in said first waveguide for 
modulating said electron stream, said second waveguide 
being adapted for excitation of electromagnetic waves 
therein in response to the modulated electron stream; 
and periodic electron stream focusing means adjacent 
said first and second waveguide structures for causing 
electrons passing therethrough to have a periodic undula 
tory motion along lines of electric flux of the transverse 
electric field of the electromagnetic waves; said means 
for directing the stream of electrons imparting velocity 
to the stream such that electrons in said first and second 
Wave-guide structures progress substantially one undula 
tory period while the forward component of the electro 
magnetic Waves in those structures progress one period 
plus one wavelength. 

12. A high frequency energy interchange device as 
defined in claim 11 wherein the said periodic electron 
stream focusing means includes periodic magnetic means. 

13. In combination in a high frequency energy inter 
change device of the type which depends upon an energy 
interchange between an electron stream and an elec 
tromagnetic wave, a resonant waveguide structure of 
circular cross section adapted to be excited by an elec 
tromagnetic wave having a circular transverse electric 
mode of the ON type, means for exciting an electro 
magnetic wave in said transverse electric mode for prop 
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agation in said waveguide structure, means to direct a 
stream of electrons down the length of said waveguide, 
and spatially periodic focusing means positioned down 
the length of said guide to cause electrons in said stream 
periodically to undulate back and forth along lines of 
electric flux of the electromagnetic wave, said means for 
directing the electron stream imparting such a velocity 
thereto that electrons in said stream progress one period 
while the forward component of said electromagnetic 
wave propagates substantially one period plus one wave 
length. 

14. A high frequency energy interchange device as 
defined in claim 13 wherein said spatially periodic focus 
ing means includes a spatially periodic magnet structure. 

15. In combination: a waveguide for propagating elec 
tromagnetic waves along an axis thereof; an electron gun 
disposed opposite one end of said waveguide for project 
ing a stream of electrons along said axis; a magnetic 
structure disposed along the length of said waveguide for 
providing a magnetic field having a component thereof 
directed perpendicularly to said axis, the direction of 
said magnetic field component reversing at intervals along 
said length for causing said stream of electrons to un 
dulate in a direction transverse to said axis; and launch 
ing means for launching an electromagnetic wave along 
said waveguide wherein an electric field component of 
said wave is directed perpendicularly to both said axis 
and said magnetic field component for providing inter 
action between said stream of electrons and said electric 
field component in a direction substantially perpendicular 
to said axis. 

16. The combination of claim 15, wherein said launch 
ing means is disposed near one end of said waveguide 
and further including output transmission path means dis 
posed near the other end of said waveguide. 

17. The combination of claim 16, further including 
electron collector means disposed opposite the other end 
of said waveguide. 

18. The combination of claim 17, wherein said wave 
guide comprises a hollow conductive member and where 
in said member is evacuated. 

19. The combination of claim 15 wherein said intervals 
are uniform. 

20. The combination of claim 15 wherein said wave 
guide is rectangular in cross-section. 

21. The combination of claim 15 wherein said wave 
guide comprises a coaxial waveguide structure. 

22. The combination of claim 15 wherein said wave 
guide is circular in cross section. 

23. In combination: an elongated hollow member for 
supporting electromagnetic energy therein; means for 
projecting a stream of electrons along the longitudinal 
axis of said member; a magnetic structure disposed along 
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3. 
the length of said member for providing a magnetic field 
having a component thereof directed perpendicularly to 
said axis, the direction of said magnetic field component 
reversing at intervals along said length for causing a 
component of velocity of said stream of electrons trans 
verse of said axis; and means for causing electromagnetic 
energy to be supported in said member wherein an elec 
tric field component of said energy is directed perpendic 
ularly to both said axis and said magnetic field compo 
nent for causing a modulation by said electric field com 
ponent of said transverse component of velocity of said 
stream of electrons. 

24. In combination: an electron gun for projecting a 
stream of charged particles along an axis; means disposed 
along said axis for providing a steady magnetic field com 
ponent oriented perpendicularly to said axis, the direction 
of said magnetic field component alternating as a function 
of distance along said axis for forcing said stream to 
undulate in a direction transverse to said axis; and means 
for propagating an electromagnetic wave along said axis, 
said wave having an electric field component oriented 
perpendicularly to both said axis and said magnetic field 
component for providing interaction between said stream 
and said electric field component in a direction substan 
tially perpendicular to said axis. 

25. The combination of claim 24, wherein the axial 
velocity of the electron stream projected by said gun is 
adjusted for a synchronous relationship between said 
stream and said wave, said synchronous relationship oc 
curring when in the interval required for an electron in 
said stream to travel along said axis between two adja 
cent regions of like magnetic field component said wave 
travels along said axis a distance required to provide like 
electric field components at each of said regions. 
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