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This invention relates to an apparatus -for -amplifying
high frequency electromagnétic signals.

My invention is directed-to :a: continuous interaction
device which-amplifies a radio frequency s1gna1 applied
to an electron beam, the diameter of which varies period-
ically to define successive regions of varying direct current
denmsity. Amplification is obtainéd by interaction of the
modulation produced by the radio frequency signal voltage
and the beam of varying diameter. This mechanism of
amplification is relatively insensitive to wide swings in
operating frequency. My invention is essentially inde-
pendent of boundary conditions; that is, a signal can be

applied to a control grid, a velocity modulatlon cavity or.

a helix in order to modulate ahd vary.the axial radio fre-
quency electron density in an electron beam. Such an
electron beam can be caused.to traverse a field free drift
space or region and be collected by a conventional energy
extracting apparatis. By properly selecting the strength
of the magnetic field in the field free drift space and the
position of the.electron source to properly shape the beam,
amplification in the field free drift space may be realized.
Therefore, amphﬁcatlon is accomplished without the nec-
essity of an accompanying ‘physical circuit. which renders
conventional electron beam amplifying apparatus mechan-
ically more complex and less efficient.  Itis, therefore, an
object of my invention to provide an apparatus for ampli-
fying electromagnetic energy which is independent of -any
interaction .of the -electron beam with an external struc-
ture.

1t is a further object of my invention to- provxde an ap-
paratus for amplifying electromagneuc energy which 1is
relatively insensitive to variations.in the frequency of the
electromagnetic energy ‘to ‘be. amplified.

Another object of my invention is to provide -an ap-
paratus for amplifying electromagnetic-energy wheteby the
amplification takes placé in a field free drift region.

It:is.an object of miy invention to-provide an apparatus
which is adapted to amplify electromagnetlc energy at
short wavelengths.

It is also an.object.of my inventiori to- prov1de an ap-
paratus.to amplify an applied signal by interaction of the
signal with an electron beam of vdrying diameter.

An amplifier in'accordance with my invention may con-
sist of an eléctron tube structure comprising an electron
gun for producing a stream of electrons.  The electron
stream is first accelerated and then caused to pass through

an equipotential region or field free drift space to a col- &

lector electrode: A magnetic beam shaping field is pro-
vided to form the stream of electrons in the field free drift
space into successive regions of varying direct current
electron density.  The ¢€lectron stream is modulated by
a radio frequency signal to form electron groups or
bunches in the électron stream. The bunches are then
properly oriented with respect to the regions of varying

2.
dlrect current electron density to obtain, amphﬁcatlon by
interaction between the electron stream .and the electron
bunches. . . .

The invention itself may. best be undetstood by refer-
ence tothe followmg descnptlon taken in connection with
the drawings in which Figures 1, 2a-2@, inclusive; 3 and 4
are dlagrammanc iltustrations used to explain the opera—
tion of my invention; Figure 5.is a graph -of power :gain

‘and: beam dlameter as a function of drlft distance from the

cathede in an actyal apparatus mcorporatmgmy 1nventlon,
Fxgures 6 and 7 111ustrate structure incorporating my in-
vention.

In order to descnbe my mventlon, 1t w111 be necessary

* from time to time to refer to terms. and phenomena which
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will e described in the immediate succeeding paragraphs
in the form of definitions. = _
Referring now to Figure 1 of the drawing there is illus-

trated a thermionic cathode 1, which emits electrons, a
control electrode 2, an accelerating electrode 3,a magnetlc
shield 4, a movable ‘output cayity 5 with electron perme-
able members 6 and 7 and output coupling means 8.
Suitable voltages are apphed to the accelerating electrode
so that electrons emitted by. the cathode travel along the
lines indicated by the word “beam” 4nd are collected by
colléctor'9. Output cavity 5 can be ad]usted ax1a11y along
the electron beam. 'The magnetic shield 4, acceleratmg
electrode 3, movable output cavity 5 and colIector 9'are
maintained at the same direct current. potential. . There-
fore, the region from accelerating electrode 3 to collector
9 may be considered a field free drift space, i. . no direct
current accelerating potennal 4¢ applied to an-electron in
the beam once it leaves accelérating’ électrods 3 “and
travels to collector 9.- - A magnetic field is provided hav-
ing flux flowing in the direction indicated by the arrows H.
Magnenc shleld 4 is mamtamed at the same d1rect current
flux from aﬁectmo ‘the; cathode and control grld If a
radio frequency signal is -applied between cathode 1'and
grid 2, a density modulation of the electrons in an axial
direction results.

.. ‘With the above brief: descnptxon of Figure-1 the tetm

) plasma wavelength may be defined.” ‘The application of a

60

radio frequancy signal -between electrode 2 and cathode
1 results in a-variation in the ¢lectron density in an axial
direction: along: the beam. It should be- apprecxated at
this pomt that all electrons leaving- cathode i and acccl—

velocity determined by the electric ﬁeld gradlent between
cathode 1 and accelerating electrode 3 and that the varia-
tion in electron density as a result of the applied radio
frequency input is an instantaneous variation. superim-
posed upon the beam of électrons traveling from cathode .
1 to collector 9.

These variations in the-axial electron concentratlon may
be. considered as groups or bunches which are separated
by a distance which is defined as an electron wavelength,
1. e. if no degrouping or debunchmg forces are present due
to the natural repulsive effects of particles with like charge,
a series of bunches travels down the beam between accel-
erating electrode 3 and collector 9. The distance between
these bunches is-determined by the frequency of the ap-
plied modulating signal- voltage and -the -direct current
Béam velocity. Actually the bunches terid to disperse due
to. natural repulsion ‘forces so- that ‘at-some point along
the. beam -the electrons in any given bunch leaving the
accelerating electrode 3 are completely debunched and
have a maximum axial velocity. - This distance between
a group of electrons which are completely bunched and

1 the same group when completely débunched is defined as

one-quarter plasma wavelength, This plasma wavelerigth

- is eﬁectively independent of the modulating frequency
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. 3 .
and, in the one dimensional case to be described below, is
completely independent of modulating frequency. Plasma
wavelength may also be defined in terms of a mathemati-
cal expression, as will be given below, and also in terms of
physicdl phenomena’ a$ twice the distance ‘between two
regions-of maximum or minimum electron ‘concentration;
The plasma frequency must first be derived for the con-
- dition wherein-the natural teddency of electrons ‘to repel
each other due to like electrical charge and to reform in
new groups- or bunches occurs in one dimension only.
That is, the beam of ‘Figure -1 may be considered to have
infinite dimensions in a plane perpendicular to a line nor-
mal to the face of cathode 1 running from the cathode 1
to ‘collector9-and ' perpendicular ‘to' the surface of the
drawing and that all action of electrons in a’bunch or con-
centrated region occurs along an axis parallel to a line
drawn from: cathode 1 to collector 9.~ -
The plasma angular’ velocity may be defined by the
equation . L e T ‘
wp=/.L 1 %
- m €y Up

(1

where ¢ and m are the charge and mass respectively of an
electron, ¢; is the dielectric constant of free space, iy is
current density in amperes per square meter and u, is the
direct current velocity of the charges. The direct current
velocity is that velocity given to 'an electron by the electric
field between the cathode 1 and the accelerating grid 3.
Equation 1 may. be rewritten in terms of the plasma fre-
quency so as to read ’ » i

P | el gy
f’_zr m. €g Uy

(2)

The period of thé,plasma dscillétio_n is equalk to ‘the

reciprocal of the frequency, therefore :

T,,=21r.‘ /% e"%’ - (8)

The waveleﬁgth is,'eélvlal‘to the velbcity times the period;
therefore Ap==u,T} or substituting from Equation 3

x,,:zm\/% ‘“;f;“ L (4)

When the beam is cut down to a finite size, i. e: the cross-
section thereof is. of finite size, the plasma frequency: is
lowered due to a.relative weakening of the axial electron
forces-which is caused by the diversion of a portion of the
repulsion forces in directions other: than along the beam

axis. - The efféctive: plasma frequency can therefore be
defined as f, where : ‘ :
, fo=IF1f, where F<1 (5)
and
A '-i)\ (6
‘ : T )
Fis a function of o
‘ 4 (beam diameter) d
-t (tube diameter) 27¢ 74
where e
===, d
re=— N

and where f is equal to the modulating frequency or fre-
quency-of the signal to be-amplified. * 1t is noted that the
function F is affected by- variations in the modulating
frequency; however, the effect is relatively small, especially
if the beam diameter or the modulating frequency is large.

Before discussing ‘some_of the methods:of .obtaining ‘a
beam -of cyclically” varying diameter «defining successive
regions-of ‘high' and low direct current: electron density
which  is referred: to. in this specification as a scalloped
beam, it will be necessary to define the action of an elec-.
tron.in a magnetici field.. This definition will initially de-
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fine electron motion without space charge effects. When
an electron is projected into a magnetic field in a direc-
tion transverse to the lines of flux it will tend to spiral
and will travel through 360° of such spiral at a frequency
which . is called the cyclotron frequency. The cyclotron
frequency may be defined as

(8)

where ¢ and m are. the charge and mass respectively' of

e
we==—B
m

- an electron and B is the flux per unit area in the drift

space. Expressed in-terms of the cyclotron frequency,
the above equation may be written as

1 e

and the period may be expressed as
2xm
T,— P B (10)

If -the -electron is: projected into the field with a direct
current velocity u,, the electron travels in a helix of con-
stant diameter and .the axial distance .between like por-
tions. of the helical path.may be defined as the cyclotron
wavelength and may be written in the form of an equa-
tion as S .

2xm

eB

If spacecharge: effects are ‘taken into comsideration, a
portion of the magnetic field is utilized in overcoming
the natural repulsion effects .of the electrons in the beam
and the portion of the ‘magnetic field available to cause
the ¢lectron to. spiral is reduced by a factor K.: Since
the: conditions necessary. for .a’scalloped beam include
an - appreciable space charge effect the scalloped beam
wavelength may be defined as

(11)

Xo=uTe or A=,

: x.=)~% orr)\.=u%InK— - 2)
where the initial velocity u, may be expressed by the
equation R v

e ‘

! @o—m Yo . (13)
and where 'V, is the diréct current potential which ac-
celerates the electrons. to a velocity u,. In a preferred
form._of the apparatus of my invention, K has a value
which lies in the range from 1 to 0.707. It should be
noted that there must be a force or velocity component
of .the electron which is-transverse to. the electric field
in order to realize spiraling of the éléctrons at the scal-
loped. beam : frequency. - This: force or velocity com-
ponent results from the natural repulsion effects between
adjacent electrons. o . ‘ '

An example of several methods for obtaining a scal-
loped beam ‘may be. described by reference to Figures
2a to 2e in which the structure of 2a may be considered
the -defocusing aperture in magnetic shield 4 . through
which the electron beam passes. The direction of the
magnetic field is illusttated by arrows H. At the enfrance
of aperture-4 there is'a component of the magnetic field
which is perpendicular to the direction of propagation
of any one electron e emitted by cathode 1.  Such an
electron is indicated by the. dot labeled e and the arrow
indicates the direction which e will tend to take if it is
projected into the above defined ‘magnetic field in a
direction into and perpendicular to the surface of the
drawing. . The electron will- acquire an angular velocity
which may-be defined as ws=w K were w; is the'scalloped
beam angular velocity. - - - . ‘

In order to produce-a scalloped beam certain critical
starting conditions are necessary. It may now be as-
sumed that electrons leave a cathode that is magnetically
shielded .and are suddenly introduced into-a magnetic
field- by means ‘of a 'defog;xsigg‘ aperture in a3 magnetic
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shield and accelerating anode as illustrated in Figure 2¢.
In going through the frmgmg portion -of ‘the .magnetic
field, the electrons -acquire an angular velocity as has
been prevxously described, which interacts with the uni-
form portion of the magnetic field present ‘in the drift
space and produces an inward -force on- the -electrons.
With a proper choice of magnetic field stiength B, this
force can be made to cancel exactly the outward space-
charge and centrifugal forces of ‘the beam. - Under ‘these
conditions all electrons ttavel down the ‘beam in helices
about the axis of symmetry and -the otitline of the beam
is smooth as shown in Figure 2¢. It is noted that the
defocusing “action of the aperture must be taken - into
account in-order to present a parallel electron beam to
the magnetic field.

There is a definite relation between the beam current
I,, the beam voltage V,, the magnetic field strength B;
and the beam radius », which must be satisfield in order
to obtain a beam having this smooth outline. This re-
lationship may be developed in actordance with equa-
tions and phenomena well known in the art to render
an- expression in terms of metér-kilogram-second. units
known as the conditions necessary for what is customarily
termed Brillovin flow. This relationship -may be ex-
pressed in the form of Equation 14.

Iy=1.45X108B2V /2r 2 (14)
Not only must this relationship hold, but the electrons
must enter this region in essentially parallel flow, i. e.
traveling in a direction parallel to the beam axis and
at a radius r.. If these conditions are not fulfilled the
electrons tend to deviate from the equilibrivin radius.

One method of obtammg a scalloped beam is by in-
troducing the electrons in a non-paralle]l electron beam
such as illustrated in Figure 2d. Figure 2d shows an elec-
tron gun with a given angle of electron beam conver-
gence which is placed behind an apertore with a different
defocusing angle so that the electrons in the beam tend
to diverge when introduced into the magnetic field.

It is well known in the art that when an electron beam
is projected down a tube having finite dimensions that
the force on an individual electron tending to deviate
from a parallel path along the beam is at a minimum
at the equilibrium radins of the beam. This equilibrium
radius has been defined as r.. This force, which tends

10

20

25

40

to return the electron to a position at the equilibrium -

radius, increases as an individual electron deviates from
this equilibrium radivs. Therefore, an electron or group
of electrons pro;ected through an aperture such "as the

aperture illustated in Figure 24 will be in a potentlal g

field that limits the radial travel of the électron and tends
to return the electron toward the -equilibrium radius.
Upon reaching the equilibrium radius, however, the élec-
tron has acquired an inward radial velocity. This causes
the eleciron to overshoot the equilibrium radius and
again the potential field brings it to resi, this time at a
radius somewhat less than re. - The electron is again re-
turned toward the equilibrium radius and reaches the
equilibrium radius with the same velocity it had at the
beginning of the cycle. The cycle repeats as-the electron
travels along ‘the beam- toward the collecter. In other
words, the electrons oscillate -about the equilibrium
radius. The wavelength of this -oscillation has been
previously -developed and is defined by Equation 12.
Another method ‘of . obtaining a scalloped beam is -il-
lustrated in Figure 2e.  In this instance a magnetic field
other than that specified in Equation 14 is utilized so that
the electron beam has a radius, in this-case greater than
the equilibrium radius r, which is defined by :Equation 14.
This means that -parallel flow electrons. are being in-
jected into a magnetic field at a radius other than the
equilibrium radius. - The electrons are in a potential
field and are acted upon ‘to return to the equilibrium
radius. Upon reaching .it, they have acquired kinetic
energy which carries them through it to.a smaller radius,

60
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and again oscillations take place .about the ‘equilibrium
radius-and ‘the result is a scalloped beam the wavelength
of which is defined by Equation 12. Thus a scalloped
beam can be ‘obtained with an initial parallel flow beam
merely by the use of a magnetic field strength other than
that given by Equation 14.

The potential field ‘which has been mentioned in the
above paragraphs which tends to return electrons on
either side of ‘the ‘equilibrium radius to the equilibrinm
radius may be better understood by applying the analogy
of a simple pendulum. - At the upper end of the pendu-
lum . travel the energy in the pendulum is all in the form
of potential energy. At the bottom end of the pendu-
lum’s travel the pendulum has maximum velocity and
zero ‘potential enmergy. At some intermediate point in
the travel of the pendulum on either side of the bottom
dead center position the pendulum will possess both
kinetic and potential energy. If we now substitute an
electron-for the pendulum and assume the bottom dead
center position as the condition at the equilibrium radius
it may be seen that for the above-described intermediate
positions -of the pendulum or electron there will be a
force which is_ composed of both potential and kinetic
energy which will cause the electron to swing from a
region outside to a region inside the equilibrium radius.

It is noted that these are merely a few examples of

.manners in which a scalloped beam may be obtained and

that any method of obtaining a scalloped beam may be
used“in the practice of my invention. For example;
when the cathode is not'shielded, i. e. when the magnetic
field ‘threads through the cathode, beam scalloping will
always occur. There ‘is no critical magnetic field to
prevent radial motion of electrons in the beam.

" Figures 3 and 4 illustrate the mechanism of my. in-
vention. - Figures 3a tO0 3e illustrate the action of elec-
trons throughout one-half plasma wavelength in a beam
which has a constant’ direct current density.. For. the
purpose of this discussion the constant forward: velocity
wo.is neglected since the effect of this velocity merely
shifts: the 'iilustrated electron distribution to.-the right
hand side of the drawing at a -constant rate. It must be
understood that the electrons illustrated by :the dots in
Figures 3 and 4 are those electrons which are in a max-
imum bunched condition and which are formed by an
applied modulating signal -voltage. These bunches de-
fine regions of high radio frequency current dehsity. The
velocity of an electron relative to-the direct current elec- . -
tron velocity is referred to- as radio frequency velocity. .
It is noted that Figures 3 and 4 do not show those bunches
which may- be present when the electron. wavelength is
less than the plasma wavelength and that a complete
illustration would -also show other bunches in- various
stages of debunching or rebunching between the illus-
trated bunches. ~ In the absence of such an applied mod-
ulating signal there would ‘be a uniform distribution of
electrons present in the drift space which would be mov-
ing from the left hand side of Figure 3 to the right hand
side with an average velocity u, as indicated by the ar-
row and which are referred to as direct current. The
horizontal boundary lines may be assumed to define the
outer surface or envelope of a beam.of uniform direct
current density. The dots illustrate bunches of elec-
trons which are separated by one-half plasma wavelength
and which may be formed by any conventional density
modulating or velocity modulating apparatus. - There is
no direct current potential difference between the €nds of
the illustrated electron beams. The phenomena about
to. be described occurs in a field free drift space. The
electrons in these bunches have a natural tendency to.
separate due to the natural repulsion effects of particles
with like charge. Therefore; in Figure 3b at some time
t, the electrons in each of the bunches have started to
drift apart giving up their high potential energy which-
they had when in a bunch and converting this potential
energy into kinetic energy. At a time #;, as illustrated
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in-Figure 3c, approximately one-quarter plasma, wave-
length later, the electrons have: given up. all . their po-
tential energy .and are essentially uniformly: distributed
along the tube or electron beam. -In this' condition it
may be assumed that the electrons have .a maximum ve-
locity ‘and -that the instantaneous alternating current is
zero. At a time. 74 as illustrated in Figure 34 the elec-
trons have started to regroup. or bunch at a region between
the original bunches. - The electrons are then-giving up
their kinetic energy due to the natural repulsion forces
between - the electrons and - their velocity is decreasing
while the instantaneous radio.frequency current density
is increasing. = At a time 5. which is equal to one-half
plasma period after the initial time ¢; the electrons have
completely rebunched, have effectively zero velocity and
the instantaneous radlo frequency current density is at
a maximum. :

In a conventional drift tube amplifier a standing wave
of radio frequency current will be established, very much
in ‘the fashion .described in the analysis of Figure 3 of
the drawing.  This standing wave. will take the form as
illustrated in Figure 4a.in which there will be regions
of maximum axial :electron concentration separated by
one-half 'plasma wavelength and with an intermediate
region therebetween-at which the electron concentration
is at.a minimum and the electron velocity at a maximun.
Figure 45 illustrates-a beam of -electrons the direct cur-
rent:-density  of which - varies: rapidly at certain points
along the field free drift space due to a change in beam
diameter. ~ Figure 4c illustrates the current and electron
velocity characteristics of electrons in a beam -the direct
current density of which varies inversely in accordance
with the diameter of the envelope of Figure 4b.
“.It'may be seen that the maximum electron density is
the same in each of the regions illustrated in Figure 4a.
This is because the potential energy given up when the
electrons separate and reach maximum velocity is' com-
pletely converted. into kinetic. .energy- and the Kinetic
energy-is -then completely reconverted into potential en-
ergy in forming the next bunch. This analysis is sound
if it is assumed that no other forces are acting on'the
electron other than those along a line parallel- with the
beam axis. .

An understanding . of  the term electric restormg force
may. be had by:assuming a region with a given average
number of :electrons ‘per. unit volume. - If a‘ series of
. bunches or groups of electrons are suddenly introduced
into this region the electrons in each bunch will immedi-
ately start ‘to separate or ‘debunch-.due to the. natural
repulsion effects of particles with like charge. -The elec-
trons in.the. bunches will :tend -to form new bunches
as has been described in regard - to -the illustrations of
of Figs. 3a to 3e.  The force tending to debunch the
electrons is a- function of .the average electron. concen-
tration in the region as well as the radio frequency. elec-
tron.. concentration, - . If we .now. assume a fixed initial
radio frequency electron density in the bunches, the clec-
tric restoring force will ‘be proportional to the direct
current electron density only. - If the given average num-
ber of electrons per unit volume is increased, the ten-
dency of the electrons to debunch is increased and the
tendency to bunch is decreased. - If the direct current
electron density is decrease the electrons have less ten-
dency. to debunch and conversely eléctrons traveling to-
ward each other with a given velocity will tend to form
a_ tighter. bunch. - For purposes of .this specification, -a
region of low direct current electron density is termed
a region of low electric restoring field, i. e. the tendency
of the electric field to:slow down electrons having a given
velocity -is low-so that highly concentrated bunches of

electrons are formed. Conversely a region of high direct
current electron -density . is sald to have a high electric
restoring field.

Referring now to Figures 4b and 4¢ it will be assumed
that a current maximum -occurs. in region A. - It should
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be noted that the currents and velocities herein mentioned
are instantaneous or alternating currents as distinct from
the direct current component of the beam. * As a radio
frequency signal bunch in'region A progresses toward
region' B, debunching ‘forces will gradually: convert the
potential energy of the bunch into kinetic energy. One-
quarter of a plasma wavelength later at point 5 there is
a current null and a velocity maximum. - If the direct

-current density is reduced suddenly at this point as is

illustrated in Figure 4b by the expanded envelope of the
direct current beam, the radio frequency or alternating
current -velocity of the electrons remains unchanged and
as further drifting occurs the kinetic energy of the elec-
trons is gradually reconverted into potential energy.
However, because of the reduced direct current density
in region. B and resulting reduced electrical restormg
force when the electrons reach a current maximum at
point ¢ they are closer together axially than they were
at point .a. - It should be noted that with the reduced
direct current density and reduced electric restoring or
debunching force the electrons drifted further before
giving up all of the kinetic energy and reaching a point
of maximum concentration. The electrons at point ¢
are more tightly compressed than at point a, and con-
stitute an increased total radio frequency current in the
beam. . At point ¢ the direct current density can be re-
turned to its initial value without altering the total radio
frequency current in the béam. No energy is expended
in reconcentrating the beam, since, for the. purpose of
this .analysis, only the repulsion effects along an axis
parallel with the beam axis are being considered. 1t is
further noted that where the electron wavelength is less
than the beam radius the repulsion or fringe effects per-
pendicular to the axis of the beam are relatively low
and, therefore,  this theoretical assumption that no en-
ergy is requlred to increase the direct current density of
the beam is substantxally accurate.

However, in an . apparatus having finite .dimensions,
energy is extracted from the electron beam in reconcen-
trating the beam. This energy is transferred to the
radio frequency field and contributes to the observed gain.

It may therefore be seen that the radio frequency
current in an electron beam can be enhanced by arrang-
ing to have high direct ‘current density in the region of
the beam where debunching occurs and low direct cur-
rent density where rebunching occurs. This process may
be repeated for as many cycles as desired along the drift
space -and will result in ‘an exponential growth of the
current standing wave maxima.

In actual practice it is not possible to achieve a per-‘
fectly stepped beam of varying diameter defining regions

. of varying direct current density in accordance with .the
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steps shown in Fig. 4. " However, it has been found that
very- similar results may be obtained by using a scalloped
beam which is produced in:the manner previously de-
scribed.. For optimum gain, the scallop wavelength
should equal one-half the plasma. wavelength. This is
in agreement with the description of Figure 4, since the
condition illustrated in Fig. 4 would occur when the
scalloped. beam approximates most- nearly the ideal
stepped ‘beam. .-Furthermore, the small diameter section
of the scalloped beam should coincide with the debunch-
ing portion and the large diameter section with the re-
bunching portion of the standing wave of radio frequency
current. - That is, the radio frequency current null should
occur when the beam diameter is near its equilibrium
value and increasing. - This phase relationship is exhibited
clearly-in Figure 4c.

A typical curve is illustrated in Figure 5 of the draw-
ing. " The solid curve shows a standing wave of power
output, the maximum amplitude of which increases ex-
ponentially with distance. This curve was taken with a
sliding cavity apparatus similar to that illustrated by
Figure 1 of the drawing. - The current wave was initiated

by a space charge control section operating at 1000 mega-
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cycles. A ‘radio ‘frequency signal..of 1000..megacycles
was ‘applied between the control electrode 2 and-cathode
1. to density modulate:the  electron beam:flowing ‘from
cathode 1 through the field free. drift space: to :collector
9. The. output.power. was measured ‘with -a movable
cavity such as:cavity 5 of. Figure:1. - The-distance of
the cavity from the cathode' could ‘be‘varied from 1 -cen-
timeter to.25.8 centimeters. = The direct -current: beam
voltage was.set-at 500. volts-and :the cathode -curient at
50 milliamperes. Under these ‘¢onditionis a-gain of-13.4
decibsls ‘was. observed ‘with the’ cavity snug against the
accelerating anode. As the cathode to-output ‘cavity
distance was increased a standing wave' of output -power
was -obtained with each successive ‘maxiroum - several

decibels dbove the maximum of- the -preceding wave. 1

With the cavity placed 25.8 centimeters from the cathode,
an overall gain of 24.0- decibels was measured, of which
10.6 decibels was due to the scalloped beam amplification
phenomena. During these - measuréments, -the ~magnetic
field was held constant -at :92 - gauss. - The ‘dotted curve
of Figure 5 shows how the -diameter-of -the -beam varied
along the -drift space under these conditions. -1t should
be noted that corresponding to.the ~five ‘half -plasma
wavelengths of radio frequency -power, - there - are “five
scallops in the beam. A- half plasma‘wavelength is the

distance from -one radio frequency <current minimum to

ancther rtadio frequency current minimum. It should

also ‘be noted that the phasing between the plasma wave |

and the direct current scallops is very close -to the

optimum ‘phasing developed -in' the ‘discussion of Figure

4. The scallops illustrated by the dotted curve result
from the shaping effect of the-magnetic field on the
electron beam and should not be confused with-the trans-
verse debunching scallops sometimes observed in klystrons
operating at relatively high radio frequerncy current levels.
The mathematical relationship between the. effective
plasma wavelength-and the scalloped wavelength may be
developed in the following fashion. “The basic relation-
ship for optimum imteraction may be defined by .the
equation
Yg=27s +(15)
Substituting from Equations 4 and 6 the expréssion. for
Bgpa, the flux mecessary to obtain optimum “scalloped
beam amplification may be written. as ’

2] |

m 4y -1

= 16
cue (18)

‘BSBA_—_

An idea of :the -gain -that .can be -expected from this

phenomena may. be obtained by a mathematical analysis

of Figure 4¢ in which the amplitudes of the velocity and

current -density -'waves: which -exist-in -the -beam may be
defined by equations

Jval=|vs cos 227 €17)
Uo
AE 'jvbﬁ—'lﬂ'si’n Yidy SLs)
~f- - -G gd - MO Uy . .

In these equations v, is the instantaneous radio fre-
quency or alternating current velocity of an electron at
any point in region A; vy is the radio frequency or alter-
nating current velocity of an electron at the beginning of
region B and is also the maximum electron velocity; uo
is equal to the direct current or average electron velocity;
ia is the instantaneous radio frequency or alternating
current density in region A; wqs is the effective plasma
radio frequency in region A, Iga is the direct current
density in the same region and Z is the distance along
the axis of the beam. Boundary conditions may be
established by assuming that at point a

(19)
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It should be noted at this point, that the valués: given for
vy and i, are-absolute values:and that in ‘order:to carcy
gut; this ‘analysis, a boundary condition:must be:-selected

or : -
"z
qu%
which will render the velocity zero at point . It is
further noted that this-analysis is based on the one .dimen-
sional action of the electrons along the Z axis or. beam
axis only.and that finite beam size is taken into ‘account
by the use of the effective plasma frequency rather than
the one dimensional plasma -frequency. It may be .as-
sumed that the signal bunch will. drift until the current
density modulation is complétely converted.into velocity
modulation at point b. -At this point the magnitade of
the ‘radio-frequency velocity is simply vy, and the radio
frequency current density is zero since '
Z.

W gd— =T
o

lial=

By expanding the beam the current density is reduced to
Iig which is the.direct current density .in the B region
of Figure 4c.. This does not change the radio frequency
velocity at this point but it does change the effective
plasma frequency in region B. Therefore, the current
density wave in'this region is given by the equation—

. 1. w Igp . 0 gB; .
1) =|jvy— === 8in —*7 21
l bl j bqu Uy Uo - ) (21)
If this current density wave is allowed to drift a quarter-
plasma-wavelength to point ¢ it will reach a maximom
value of

@ I
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, |4 (22)
It is-convenient to return the direct current beam density
to its original value -at.this point since this ‘may be done
without altering the total radio frequency current.in the
beam. ; :
The total radio frequency.current is the product of

" the radio fréquency current density and the beam area.
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If the total radio frequency current at point ¢ is compared
to that ‘at point a it will be found that the ratio of the
currents may be expressed by :

Lo _wos Lan 35

‘ I, won Laa da? v

where ‘dy -and dg are the beam diameters in regions A
and "B respectively. The effective plasma frequency wq
is:given by the equation e :

(23)

) T el "2
w=F(d,1,1m, uo)[m%‘; 0]
where -d and ¢ are the beam and drift tube diameters
respectively. - Substituting "Equation 24 into -Equation
23 an expression for current gain is-obtained ‘which may
be-expressed-by the;equation— - » :

I, . Py I.uz)”2 dr\?

==current gain=—-~{ = -

I, , & Fp\lqa da
If total current is kept constant, current density I4 is in-
versely proportional to the square of the beam diameter;
therefore current gain may be expressed by the equation

(24)

(25)

: inFa dz
Current gain= Fp da

Power gain is proportional to the square of the current
gain and may be written in equation form as

| Fady
F B dA

Although Equation 27 gives the power gain for the
stepped beam of Fig. 4b, it may readily be seen that it

(26)

" Power gain=20 logy db (27).
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also gives an upper limit for gam when a scalloped beam
is used.

Figures .6 and 7 illustrate two types of apparatus in-
‘corporating my invention. Figure 6 illustrates an amph—
fier utilizing- density modulation and constructed in ac-
cordance- with my-invention- and -Figure 7 illustrates- an
amplifier  utilizing velocity modulation and constructed
to permit practice of my invention. Like components in
each of these two:figures are designated by the same
reference numerals,

Figure 6 illustrates a density: modulated drift tube struc-
ture with a cathode 10 including a heater element 11 sup-
ported in tube 12°by glass beads 13. 'Tube 12 has a fine
‘wire grid 14 across the end thereof and-is constructed so
that a high frequency signal may be applied between the
cathode ‘structure ‘10.and the tube 12. Tube 12 is: sup-
ported by disk 15 and annular insulator 16. The com-
plete assembly is mounted on magnetic shield 17. Power
supply 18 provides current.for heater 11, source 19 pro-
vides: grid bias for grid 14 and: power. supply 20 provides
a direct current potential between cathode 10-and- ac-
celerating grid 21. A tube 22 of stainless steel-is.me-
chanically and conductively coupled to the magnetic
shield 17.  Tube. 22 is provided at the end thereof with a
tunable ‘output cavity 23 which may. be constructed of
sheet copper. ‘Cavity 23 is provided with grid structures
24 and 25, a copper collector 26, and an output line 27.
Tube 22 defines the field free drift space or region and is
maintained, as is the rest of the structure:from magnetic
shield 17 to output cavity 23, at the same direct: current
potential. - Therefore, there is no direct.current potential
difference between -the accelerating grid 21, and collec-
tor 26.  Solenoid 28 surrounds the drift tube 22 and when
energized by power supply 29, provides a unidirectional
magnetic field within the drift tube in the direction illus-
trated by the arrows H.

Figure 7 illustrates a structure which is similar to that
illustrated in Figure 6 except: that velocity modulation is
utilized to produce: bunches. of .electrons in the electron
beam. _Tunable cavity 30 consists of a metal chamber
with grids: 31:-and- 32 and input lead 33. It is noted that
there is no control grid as in the structure .of Figure. 6.
" The apparatus illustrated in Figure 6 is operated by
connecting the power supplies 18, 19 and 20 to the tube
structure so as.to produce a beam between cathode 1 and
the collector :26. The power supply for solenoid 28 is
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then -adjusted to produce a-scalloped :beam.. A scalloped

beam being considered to be one the diameter of -the
outer envelope of which varies periodically between the
accelerating grid 21 and the collector 26.  The magnetic
field is adjusted-so that accelerating. grid: 21 and the en-
trance. into the output cavity. 23 will: be located -where
the beam has an equilibrium diameter and" where - the
beam is contracting.. -This is an initial adjustment ‘of .the
scallops -on the beam. = A high. frequency signal is then
applied to: the input of ‘the ‘tube to produce a varying
field between cathode 10 and control grid -14. This will
produce densxty modulation in the electron beam. The
magnetic flux is then varied by adjusting solenoid power
supply 29 to produce scallops in proper phase relationship

60

12
to the density: modulation.. The apparatus of Figure 7 is
operated in a similar fashion. .In the case of the ap-
paratus of Figure 7 the modulator cavity 30 is placed at

-a point on the scallopéd beam where the beam is at'the

equilibrium -diameter’ and. increasing in size, i. e. at. a
point where: the direct current density is -at an average
value and the density.is decreasing.

It will be readily appreciated that the illustrated ap-
paratus of Figures 6 and 7 is given merely by way of
example and that any method of producing a density or
velocity modulated wave on an.electron stream may be
used . in- conjunction with the practice of my invention.
The amplification is ‘obtained by the interaction of the
direct current beam and:the modulated signal thereon
and is not dependent upon interaction of a physical struc-
ture with the beam. In the practice of my invention it
has been found that the phenomena accompanying it is
relatively insensitive to frequency. variations.  An ampli-
fier ‘constructed in accordance. with ‘my invention will
operate satisfactorily with frequency variations of as much
as two-to one. - This wide band operation is accomplished
by proper adjustment of the magnetic field and the pro-
vision of wide band input and cutput coupling circuits,

It ‘may be. readily appreciated that the method .and
practice' of my invention may be applied to innumerable
structures and therefore I.aim in the appended claim to
cover all variations in structure and application which
fall within the true spirit and scope of the foregoing dis-
closure,

What I claim as new and desire to secure by Letters
Patent of the United States is:

A high frequency electron beam amplification system
comprising a source of electrons, means for accelerating
electrons emitted by said source to provide an electron
beam ‘and means spaced from said source for collecting
the electrons and establishing the path of said beam along
a drift space substantially free from electric field, means
establishing a magnetic field coupled with the beam path
and having a direction substantially parallel to the beam -
pathand an‘intensity correlated with the entrance condi-
tions of the beam to the drift space, the average accelerat-
ing voltage and the average current density of the beam .
to provide a scalloped beam having 2 scallop wave length
substantially equal to one-half the plasma wave length at
the frequency of the signal to be amplified, modulating
means coupled to the beam near the end thereof adjacent
the source of electrons and positioned to produce a plasma
wave having a minimum-value located at a point of aver-
age and increasing radius of said scalloped beam,; and
output. means coupled to said beam at substantially the
maximum amplitude of the plasma wave.
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