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This invention relates to wave-type electron stream 
amplifier tubes and, more particularly, to a method of 
and means for obtaining signal amplification or attenua 
tion by utilizing an electron stream. 

In the conventional operation of a traveling-wave tube, 
an electromagnetic wave having a phase velocity slightly 
less than that of an electron stream is directed along the 
path of the electron stream. The effect of this wave on 
the electron stream is to cause the electrons of the stream 
to be attracted to certain regions of the wave, thereby 
forming what may be called "space charge” waves or elec 
tron “bunching” within the electron stream. Hnasmuch 
as the electrons of the stream have a slightly higher 
velocity than the wave, a major portion of the electrons 
within each bunch is decelerated by the electric field of 
the wave, resulting in a transfer of energy from the elec 
tron stream to the wave. 
The bunching of the electrons of the stream is a dynamic 

process, that is, because of the finite mass attributable 
to an electron, the electrons may be momentarily bunched 
tightly, but such tight bunching cannot be maintained 
intact. The mutual repelling forces between the elec 
trons within a bunch, cause the electrons to expand or 
"debunch.” The electric field of the wave subsequently 
causes the electrons of the stream to bunch again, thus 
repeating the bunching process. 
Once bunching of the electron stream is initiated in 

accordance with a signal to be amplified, the tightness of 
bunching within the electron stream is representative of 
the signal energy being propagated by the stream. This 
is true, irrespective of whether or not the electron stream 
is flowing in the presence of an electromagnetic wave. 
It is to be noted that both signal energy or noise may be 
represented by perturbations of the electrons of the 
stream, that is, by disturbances or motion of the electrons 
other than their regular motion along the path of the 
stream. More specifically, in the case of signal energy, 
the perturbations of the electrons at any point along the 
stream are uniform and periodic variations of the elec 
tron motions, and in the case of noise, the perturbations 
are random. The rate at which the electrons bunch and 
debunch is referred to as the "plasma' frequency, and 
the distance along the direction of flow of the electron 
stream required for a complete cycle of bunching is re 
ferred to as a plasma wavelength. In this respect it is 
to be noted that the stream electrons go through two 
phases of maximum bunching for each complete cycle 
of bunching. Also, the plasma frequency is a function 
of the average charge density of the electron stream and 
represents the hindrance to bunching and the aid to de 
bunching. 

. In an electron stream tube, a factor which modifies the 
plasma frequency and hence the resistance to bunching 
is generally referred to as a “reduction factor.” The 
reduction factor is a function of the circuit or structure 
Surrounding the electron stream and more specifically, 
a function of the displacement current in the stream, the 
displacement current outside of the stream, and the axial 
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component of conduction current in the circuit con-. 
tiguous to the stream. As is commonly known, displace 
ment current flowing within a material is determined by 
the dielectric constant of the material multiplied by the 
rate of change of the electric field with respect to time. 
Conduction current, on the other hand, is represented by 
the actual movement of electrons in the material. In 
general, the reduction factor is a function of the ratio of 
the cross sectional dimensions of the circuit to the 
diameter of the electron stream through which the elec 
tron stream is flowing and of the potential through which 
the electrons of the stream have been accelerated. 
The present invention is directed towards a wave-type 

tube capable of amplifying or attenuating a microwave 
signal. This is accomplished by projecting an electron 
stream modulated by the signal through sections one 
quarter plasma wavelength long having alternately large 
and small reduction factors. The amplification or atten-. 
uation available is dependent upon the ratio of the reduc 
tion factors of Successive sections. Various values of 
reduction factor may be obtained by using conducting 
cylindrical sections of different diameter, an inductive 
wall section, or a helix having a pitch smaller than that 
required for synchronism with the space charge wave: 
propogated by the electron stream. 
The operation of the tube of the present invention may 

best be explained by an analogy to the action of a pendu 
lum, the pivot of which moves uniformly on a track. 
through regions having different gravitational forces. The 
pendulum is allowed to swing up in a region having a 
small gravitational force and swing down in a region 
having a large gravitational force. In such a case, the 
amplitude of the swing of the pendulum will obviously. 
increase with time. Should the pendulum swing up in 
a region having a large gravitational force, the opposite. 
result, namely, damping, would be obtained. 
As previously mentioned, the reduction factor of a 

section is representative of its resistance to bunching of 
the stream electrons. During the various stages of the 
bunching process, the forms of available energy of the 
electrons change. This process is similar to the change. 
from kinetic to potential energy of the pendulum, that is, 
a condition whereby the electrons of the stream are being 
accelerated toward each other corresponds to a state of 
high kinetic energy, and a condition whereby the elec 
trons are tightly bunched, corresponds to a state of high 
potential energy. The degree of bunching, of course, is 
representative of the degree of modulation and, hence, 
the signal amplitude. It is to be noted that the average 
kinetic energy of the stream electrons is not considered 
in the foregoing statements. Inasmuch as a complete 
cycle of energy transfer during the bunching process in 
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the electron stream occurs at the plasma frequency, a 
complete period of the pendulum will correspond to the 
time required for a plasma cycle. Hence, each upswing 
or downswing of the pendulum can be said to be repre 
sentative of one-quarter of a plasma wavelength. Either 
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gain or attenuation may then be obtained from an electron. 
stream type tube embodying the foregoing principles of 
operation. Whether or not gain or attenuation is ob 
tained, depends upon the orientation of the bunching, 
cycle in the electron stream with respect to the sections 
having large and small reduction factors. 

Attenuation may be regarded as a useful feature of 
the present invention because it may be desirable to 
attenuate the noise in an electron stream before it is 
modulated and caused to interact with a wave for the 
purpose of amplification. The comparatively large noise 
level of present day traveling-wave type tubes presents 
a problem that has never been satisfactorily solved and 
is known to limit the scope of their application. Similar 
problems occur in other types of electron tubes such as, 
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for example, a klystron. In general, the basic cause of 
noise in the output of a traveling-wave tube is due to 
the random velocities of the stream electrons. One em 
bodiment of the present invention alleviates this condi 
tion by attenuating the noise prior to the application of 
signal modulation of the electron stream. 
One wave-type tube that may be considered as being 

of the same general class as a tube embodying the dis 
closed amplifier is known as a “velocity-jump' amplifier. 
In a tube of this type, an electron stream is modulated 
and projected through sections having different poten 
tials, thereby causing the velocity of the electrons to 
change suddenly. The gain obtainable from an ampli 
fier of this type is a function of the ratio of the potentials. 
applied to successive sections of the tube and of the ratio 
of the reduction factors. In this case, however, the reduc 
tion factors are changed, due mainly to a change in the 
velocity of the electron stream and in general not due 
to the change of the circuitry or structure surrounding the 
stream. In fact, in the velocity-jump tube, the ratio of 
reduction factors generally serves to decrease the ampli 
fication or attenuation available, as the case may be. 
An advantage of the present invention over tubes of 

the foregoing and other types requiring different poten 
tials along the path of the electron stream is that mag 
netically focused or "Brillouin flow' of the electrons of 
the stream can be used. As is commonly known, Bril 
louin flow is initiated by launching the electron stream 
prior to the beginning of the axial magnetic field. Due 
to the radial components of the magnetic lines of force 
present at the beginning of the axial portion of the mag 
netic field, the electrons follow a spiral path in such a 
manner that the outward space charge force and the cen 
trifugal force acting on the electrons are counteracted 
by an inward force produced by the circular motion of 
the electrons through the axial magnetic field, thereby 
focusing the electron stream. Since the centrifugal space 
charge force is a function of the current, velocity, and 
diameter of the stream and the centripetal forces are 
functions of the rotational velocity of the electron as 
brought about by the magnetic field, there exists a criti 
cal relation among the current, velocity, and diameter 
of the stream and the magnetic field to produce a stream 
with a smooth boundary. Thus, once Brillouin flow is 
initiated, it is necessary that a substantially constant po 
tential be maintained near the path of the electron stream 
so as not to disturb the dynamic balance through which 
focusing is achieved. Were the potential to vary appre 
ciably, the stream envelope would be distorted greatly 
from smooth flow. Hence, Brillouin flow may be used 
in tubes of the present invention, whereas it could not be 
used in tubes of the velocity-jump type, thus enabling 
a substantial reduction in the magnetic flux required for 
the axial magnetic field. The axial magnetic field re 
quired for Brillouin flow is of the order of 50 percent 
less than that required for a magnetically confined flow 
of electrons as is now widely used. 
Another advantage of the present invention over con 

ventional traveling-wave tubes is that the internal feed 
back causing the tube to oscillate is essentially elimi 
nated. In a conventional traveling-wave tube, an elec 
tron stream flows contiguous to a circuit capable of propa 
gating an electromagnetic wave at about the velocity of 
the stream. In case of a mismatch or other disturbance 
at the output, a portion of the electromagnetic wave may 
be reflected towards the input. Inasmuch as the circuit 
is bi-directional, the reflected wave may reach the in 
put at a sufficient amplitude so that subsequent amplifica 
tion of the wave in passing through the tube results in 
a signal of increased amplitude appearing at the output, 
causing the tube to oscillate. In the present invention, 
the sections of different reduction factors, in the ab 
sence of the electron stream, will generally attenuate 
very highly any electromagnetic wave in the range, of 
frequencies for which the tube will amplify. Since the 
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4 
signal, which is propagated by the electron stream in 
the form of a space charge wave, can only proceed in a 
direction along the flow of the electron stream, internal 
feedback is inherently absent. 

In addition to the foregoing advantages, a tube in 
corporating the disclosed method of amplification may 
provide gain comparable to that obtainable from con 
ventional traveling-wave tubes over an equivalent range 
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of frequencies. Also, there is no electronic lens action 
by static electric fields on the electron stream in the dis 
closed wave-type tube, as there is in the velocity-jump 
tube between sections to which different potentials are 
applied. This lens action is not only undesirable, but 
also unavoidable in tubes of the velocity-jump type. Fur 
thermore, there is no ion trapping in a tube incorporat 
ing the present invention, whereas this is not true in 
regard to the low voltage sections of the velocity-jump 
tube. By “ion trapping" is meant the accumulation of 
positively charged particles in a region of low potential 
through which the electron stream flows. Interaction. 
between the trapped ions and electrons in the stream in 
creases the noise power in the electron stream, which is 
undesirable. 

It is therefore an object of this invention to provide a 
novel method of amplification for signals comprising 
frequencies in the microwave spectrum. 
Another object of this invention is to provide a 

method of attenuating the noise in the electron stream 
of a tube. - 

An additional object of this invention is to provide a 
wave-type tube incorporating one quarter plasma wave 
length sections having different reduction factors for 
amplifying the modulations of an electron stream. 
A further object of this invention is to provide an 

electron tube incorporating sections having different re 
duction factors for reducing the random noise in an 
electron stream. 
A still further object of this invention is to provide 

a wave-type tube incorporating drift tube Sections hav 
ing a low reduction factor interposed between helical 
sections having a high reduction factor for amplifying the 
modulations of an electron stream. 

Still another object of this invention is to provide a 
wave-type tube including drift tube sections having a low 
reduction factor interposed between inductive wall Sec 
tions having a high reduction factor for amplifying the 
modulations of an electron stream. 
The novel features which are believed to be charac 

teristic of the invention, both as to its organization and 
method of operation, together with further objects and 
advantages thereof, will be better understood from the 
following description considered in connection with the 
accompanying drawings in which several embodiments 
of the invention are illustrated by way of example. It 
is to be expressly understood, however, that the draw 
ings are for the purpose of illustration and description 
only, and are not intended as a definition of the limits 
of the invention. 

Figs. 1, 6, 7 and 8 are diagrammatic sectional views of 
different embodiments of the present invention together 
with associated circuits; 

Figs. 2 and 3 are views in perspective illustrating the 
flow of electrons in the vicinity of conducting surfaces; 
and 

Figs. 4 and 5 are graphs illustrating the variations of 
the reduction factor as a function of the characteristics 
of the electron stream and the signal frequency for the 
configurations illustrated in Figs. 2 and 3, respectively. 

Referring now to the drawings, wherein like refer 
ence characters designate like or corresponding parts 
throughout the several views, there is shown in Fig. 1 
an embodiment of a traveling-wave tube incorporating the 
present invention, Fig. 1 illustrates an envelope 10, 
which provides the necessary evacuated chamber for 
the traveling-wave tube, and consists of an elongated cyl 



2,859,3?4 
5 

inder with enlarged portions at the left extremity and 
in the center section as viewed in the drawing. Within 
the enlarged portion at the left extremity of envelope 10, 
there is an electron gun 12 for launching an electron 
stream comprising a cathode 14 with a heater 16, a 
focusing electrode 18 and an anode 20. Heater 16 is 
connected across a source of potential, such as a battery 
22, the negative terminal of which is connected to cath 
ode 14 which may be grounded as shown. Focusing 
electrode 18 provides a conductive conical surface dis 
posed concentrically about the electron stream which 
requires zero volts with respect to cathode 14 in order 
to produce focusing of the electron stream and hence 
may be connected directly to the cathode. 
... Anode 20 is connected to an adjustable contact arm 
24 of a potentiometer 26 which is connected across a 
source of potential 28. Potentiometer 26 is utilized to 
impress a variable positive potential on anode 20 which 
functions as a control element for determining the cur 
rent in the electron stream. A potential of --500 volts 
with respect to ground is representative of the potential 
normally applied to anode 20. 
A solenoid 76 is axially positioned symmetrically 

about the complete length of envelope 10. An appro 
priate direct current is maintained in solenoid 76 by 
means of a potential source, such as a battery 78, so as 
to produce a magnetic field running axially along the 
length of the traveling-wave tube. In the case that a 
constrained electron flow is used, an appropriate intensity 
for this magnetic field will be of the order of from 500 
to 1000 gauss, whereas when Brillouin flow is used, an 
intensity of from 250 to 500 gauss is sufficient. The 
purpose of this magnetic field, of course, is to keep the 
electron stream focused or constrained while directing 
it along a path on the longitudinal axis of envelope 10. 
Solenoid 76, as illustrated in Fig. 1, is in an appropriate 
position for initiating Brillouin flow in the manner ex 
plained hereinabove. 

Proceeding along the direction of flow of the electron 
stream there are positioned successively a matching fer 
rule 30 connected by a lead 32 to a conductive input 
helix 34, a reduction factor section 36, a conductive out 
put helix 38 connected by a lead 40 to a matching fer 
rule 42, and a collector 44. 

Helices 34, 38 which serve to modulate and demodul 
late the electron stream, are terminated by matching 
ferrules 30, 42 respectively, and usually have an inner 
diameter substantially equal to the inner diameter of 
ferrules 30, 42 so that the stream electrons can be made 
to pass as closely to the helices as possible without being 
intercepted by the latter. A material such as tungsten 
is suitable for making the helical sections, the principal 
requirement being that they retain their form, especially 
with respect to their pitch and diameter. 
The potential applied to helices 34, 38 and matching 

ferrules 30, 42 produces the static electric field through 
out the effective length of these elements and, hence, 
determines the average velocity of the electron stream 
within the helices and matching ferrules. The velocity 
of the electron stream in passing through helices 34, 48 
should be about the same as the phase. velocity of an 
electromagnetic wave propagated by the helix in these 
regions so that the stream velocity must be variable, in 
order to obtain optimum modulation and demodulation 
of the electron stream. A potential of 1000 volts with 
respect to ground is representative of the magnitude of 
a potential suitable for this purpose. 
The application of an adjustable potential to matching 

ferrules 30, 42 and to helices 34, 38, respectively, may 
be accomplished as shown by connecting ferrules 30, 42 
to adjustable taps 46, 47 of a potentiometer 48 which 
is connected across a source of potential 50. 

Resistive coatings 52, 54 which may be of carbon 
black, are applied on the outside of envelope 10 about 
the last few turns of helices 34, 38 respectively, adjacent 
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6 
to reduction factor section 36 for the purpose of termi 
nating the electromagnetic portion of the traveling wave 
propagated by the helices. It is to be noted that there 
are numerous other means of terminating an electro 
magnetic wave, the described termination means being 
merely for the purpose of illustration. 

Reduction factor section 36, located within the en 
larged center portion of envelope 10 between helices 
34 and 38 consists, for example, of a succession of con 
centric cylindrical sections 56, 58, 60 and 62 having 
alternately large and small diameters which are axially 
aligned with the electron stream. The cylindrical sec 
tion 56, positioned nearest to electron gun 12, has an 
inner diameter that is large with respect to the diameter 
of the electron stream and, hence, has a correspondingly 
large reduction factor. The length of section 56 is equiv 
alent to one-quarter of a plasma wavelength of the space 
charge wave propagated by the electron stream as meas 
ured in section 56. 

Cylindrical section 58, positioned adjacent to section 
56, has an inner diameter substantially equal to that 
of matching ferrules 30, 42 and, hence, has a corre 
spondingly small reduction factor. The length of sec 
tion 58 is also equivalent to one-quarter of a plasma wave 
length of the space charge wave propagated by the 
electron stream as measured in section. 58. It is to be 
noted that a plasma wavelength in a region having a 
large reduction factor is shorter than in regions of small 
reduction factor, hence, section 56 is correspondingly 
shorter than section 58. 
As was previously mentioned, the ratio of the reduction 

factors for successive cylindrical sections is a function 
of the gain obtainable from the tube. Cylindrical sec 
tions 60, 62 are similar to sections 56, 58 respectively. 
Flat circular plates 64, 66, 68, 70 positioned perpen 
dicular to the direction of flow of the electron stream, 
connect cylindrical sections 56, 58, 60, 62 together so 
as to make the enclosure about the electron stream pro 
vided by reduction factor section 36 continuous and 
conductive as shown in the drawing. Also, because the 
diameter of sections 58, 62 is too small compared to a 
wavelength at the frequency of amplification, any elec 
tromagnetic wave propagating through these sections in 
the absence of the electron stream will be very highly 
attenuated. Therefore, since the electron stream flows 
from the input to the output, there is no possibility of 
a feedback signal being propagated towards the input 
by the reduction factor section 36. 

Inasmuch as the potential of reduction factor section 
36 determines the nature of the static electric potential 
of the field which predominates the region traversed by 
the electron stream, a potential of the same order of 
magnitude as that applied to helices 34, 38 is applied to 
reduction factor section 36 so as to cause a minimum 
disturbance in the flow of the electron stream, particu 
larly in the case where Brillouin flow is used. Since a 
plasma wavelength is a function of the velocity of the 
electron stream, it is desirable that the potential applied 
to reduction factor section 36 be made adjustable for 
optimum gain or attenuation. This is accomplished by 
a connection from reduction factor section 36 to an ad 
justable contact arm 72 of a potentiometer 74 which 
is connected across potential source 50. A potential of 
the order of 1000 volts with respect to ground is repre 
sentative of the magnitude of potentials generally used 
for this purpose. 
The collector 44 constitutes, the termination of the 

path along which the stream electrons are directed and 
hence is disposed to intercept the entire stream. . A 
suitable potential that is slightly positive with respect 
to the potential of ferrule 42 is applied to collector 44 
so as to prevent secondary electrons that may be emit 
ted from the surface thereof from going back towards 
the electron gun 12. This is accomplished by connect 
ing collector 44 to the positive terminal of potential 
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source 50. A potential of the order of 30 volts positive 
with respect to the potential applied to ferrule 42 is repre 
sentative of potentials generally used for this purpose. 
As previously mentioned, helices 34, 38 are connected, 

respectively, to ferrules 30, 42 by leads 32, 40 so that 
the helices and ferrules are maintained at the same 
potential. 
An input waveguide section 30 and an output wave 

guide section 82 enclose the envelope 10 coextensive with 
leads 32, 40, respectively. Leads 32, 4G are disposed 
parallel to the respective electric fields developed within 
the waveguide sections at a distance approximately one 
quarter of a guide wavelength at the operating frequency 
from respective short-circuit terminations of the wave 
guide sections. Disposition of leads 32, 40 within input 
waveguide section 8 and output waveguide section 82, 
respectively, in this manner provides optimum transfer 
of energy between the waveguide sections and the input 
and output helices. Input and output waveguide sections 
80, 82 have collars 81, 83 respectively which are posi 
tioned concentrically about ferrules 30, 42 respectively, 
and have a length equivalent to one-quarter of a wave 
length within the waveguide so as to produce apparent 
shorting planes at the inner surface of the waveguide 
sections. 

In the operation of the amplifier tube of Fig. 1, an 
input microwave signal is impressed through input wave 
guide 80 to induce a signal potential on the lead 32 con 
necting matching ferrule 30 to input helix 34, thereby 
exciting a traveling wave in the helix. As is conventional, 
the axial phase velocity of the traveling wave through 
the helix is slightly less than the velocity of the electron 
stream in order to enable the wave to initiate an in 
creasing space charge wave within the electron stream, 
thereby modulating the stream in accordance with the 
signal. 
The traveling wave energy upon reaching the end of 

helix 34 consists of an electromagnetic portion propa 
gated by the helix and a space charge portion propa 
gated in the form of electron bunching by the electron 
stream. The diameters of cylindrical sections 58, 62 of 
reduction factor section 36 are sufficiently smail in com 
parison to a wave length at the frequency of the travel 
ing wave so that the traveling wave will be very highly 
attenuated in the absence of the stream electrons. Hence, 
when the traveling wave energy reaches the end of helix 
34 adjacent to reduction factor section 35, resistive coat 
ing 52 provides impedance matching for the purpose of 
terminating the electromagnetic portion of the traveling 
wave energy. 

Thus, the signal energy, upon entering reduction fac 
tor section 36, is in the form of bunching of the elec 
trons of the stream. As previously mentioned, cylin 
drical section 56 has a large reduction factor and, hence, 
offers large resistance to bunching. In order to obtain 
optimum amplification, the leading edge of section 56 is 
located at a point along the electron stream where there 
is maximum electron bunching or electron density and 
terminates at the next successive point along the stream 
where the electrons have maximum buiching velocity. 
This distance constitutes one-quarter of a plasma wave 
length. The net physical effect on the electron stream, 
while flowing in a region having a high reduction factor, 
such as that provided by cylindrical section 56, is to 
aid the debunching process, that is, to aid in converting 
the potential energy of the tightly bunched electrons into 
the form of kinetic energy of the stream electrons. 

Immediately following cylindrical section 56 there is 
located cylindrical section 58 which provides a region 
where the resistance to bunching is low. The electrons 
of the stream enter section 58 at a point of maximum 
bunching velocity and, hence, immediately commence to 
bunch, but inasmuch as they are now flowing in a region 
having low resistance to bunching, the extent of the 
bunching at the end of section 58 is considerably more 
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8 
than when the electrons of the stream first entered sec 
tion 56, thus constituting an increase in modulation or 
signal energy. A plasma wavelength is longer in a 
region having a low reduction factor than in a region 
having a high reduction factor, hence, reduction factor 
section 58 is longer than reduction factor section 56. 

In flowing through cylindrical sections 60, 62 the same 
bunching and debunching process that took place in sec 
tions 56, 58 is repeated again. The gain in signal current 
and velocity in a plasma wavelength available from a 
traveling-wave tube of the type described having four 
one-quarter plasma wavelength sections, two sections of 
which have a reduction factor R1 spaced alternately with 
two sections of reduction factor R, with R1, preceding Ra 
with respect to the direction of flow of the electron 

? decibels per plasma wavelength (2) 
2 

(1 (l) 

?? 

Gain= 40 log 10 

wherein ia, i and v2, vi are the signal frequency per 
turbation of the average current density and velocity 
after leaving and before entering the reduction factor 
sections, respectively. 
The amplified space charge wave propagated through 

reduction factor section 36 emerges at the far end where 
it induces a voltage on the helix 38, thereby transforming 
a portion of the signal energy in the electron stream into 
the form of an electromagnetic growing wave on the 
output helix 38. The stream electrons continue to in 
part energy to the growing wave on the helix as they 
proceed toward ferrule 42 until a greater portion of the 
signal energy in the stream is transferred to the wave 
propagated by the helix. After the transfer of the signal 
energy from the stream to the helix, the electrons are 
intercepted and their energy dissipated by collector elec 
trode 44. Inasmuch as the electric field generated by 
the electromagnetic wave on lead 40 connected to out 
put helix 38 is parallel with the electric field of the 
fundamental mode desired to be excited in the wave 
guide, hence, the amplified signal energy is transferred 
from output helix 38 to the output waveguide 82. 

For convenience, a few curves are shown in Figs. 4 
and 5 wherein the reduction factor, R, has been cal 
culated for plane and axially symmetric fields for an elec 
tron stream confined to flow between perfectly conduct 
ing surfaces. More specifically, Fig. 2 shows an arrange 
ment providing axial symmetry between an electron 
stream flowing in a region 84 of circular cross section 
and a concentric metal cylinder 85. Fig. 3 illustrates a 
tube structure providing plane symmetry for a sheet of 
electrons flowing in a region 86 between plane metal 
walls 87 and 88. In Figs. 2 and 3, “a” represents the 
perpendicular distance from the line of symmetry of the 
electron stream and surrounding circuit to an exposed 
metallic surface and "b" represents the perpendicular dis 
tance from the line of symmetry to the outer boundary of 
the region of electron flow. Similar curves may be cal 
culated for Brillouin flow. 

Fig. 4 then illustrates the variation of the plasma fre 
quency reduction factor R as a function of 

wb 
llo 

for axial symmetry Fig. 2 for ratios of 

= co, 2, and 1 

by curves 90, 92 and 94, respectively, wherein a is 
the angular frequency of the signal impressed on the 
electron stream and uo is the velocity of the strean. 



2,859,874 
9 

Fig. 5 illustrates the variation of the plasma frequency 
reduction factor R as a function of 

- ?b_ 
llo 

for plane symmetry, Fig. 3 for ratios of 

= co, 2, and 1 

by curves 96, 98 and 100 respectively, wherein a and uo 
are defined as hereinbefore. Optimum ratios of reduc 
tion factor for tubes incorporating the disclosed method 
of amplification can be obtained from curves of the type 
illustrated in Figs. 4, 5 by choosing an appropriate cross 
sectional dimension, b, of the electron stream and elec 
tron stream velocity, uo, for a particular angular fre 
quency, co, desired to be amplified. In connection with 
the foregoing discussion, the curves illustrated in Figs. 
4, 5 are, in each instance, for the fundamental mode 
of propagation of the space charge wave by the electron 
stream. Differences in reduction factors for higher order 
modes of propagation can also be obtained in a similar 
?18????. 

From the foregoing curves illustrated in Figs. 4, 5, 
the characteristics of the electron stream and the angular 
frequency of the signal impressed on the electron stream, 
one may ascertain the reduction factor prevailing along 
the path of the electron stream. A plasma wavelength 
may then be ascertained from the relations: 

????2ar -- E 
A uo (3) 

and 

st-WE (4) 20 uloºme eo 
wherein 
\ is a plasma wavelength, 
R is the reduction factor which may be determined by 

the curves of Figs. 4 and 5, 
a is the plasma angular frequency, 

· uo is the velocity of the electron stream, 
e is the charge of an electron, 
Io is the current density of the electron stream, 
me is the mass of an electron, and 
eo is the absolute dielectric constant of free space. 

Inspection of Equation 4 reveals that the ratio, 
???) 
lo 

remains constant once the characteristics of the electron 
stream have been determined. Hence it can be seen 
from Equation 3 that an electron stream of predeter 
mined characteristics has a plasma wavelength, Np, which 
is a function of the reduction factor, R, prevailing along 
the path of the electron stream. From Figs. 4, 5 it was 
shown that the reduction factor, R, is a function of the 
angular frequency as of the signal impressed on the 
electron stream, of the velocity u0 and of the cross 
sectional dimension b of the electron stream. More 
generally, the angular signal frequency, cy, may be defined 
as the periodicity of the perturbations of the electrons 
of the stream. From the foregoing relations then, it can 
be noted that an electron stream of predetermined char 
acteristics has a plasma wavelength, Ap, which is a func 
tion of the reduction factor, R, prevailing along the path 
of the “ electron stream and the periodicity of the per 
turbations of the electrons of the stream. 

* Another embodiment of a traveling-wave tube, in ac 
cordance with the invention, is illustrated in Fig. 6. In 
this embodiment, the diameter of the amplifying section 
may be considerably reduced by replacing the large re 
duction factor cylinders 56, 60 shown in Fig. 1 by helices 
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having a specified pitch relative to the pitch of the input 
and output helices 34, 38. 

Referring to Fig. 6, an envelope 102 provides the 
necessary evacuated chamber for the traveling-wave tube 
and consists of an elongated cylinder with an enlarged 
portion at the left extremity as viewed in the drawing. 
Within the enlarged portion, there is the electron gun 
12 for developing an electron stream connected as shown 
in Fig. 1. 

Proceeding along the direction of flow of the electron 
stream, there are positioned successively, the matching 
ferrule 30 connected by the lead 32 to the conductive 
input helix 34, a reduction factor section 103, which 
differs from reduction factor section 36 of Fig. 1, the 
conductive output helix 38 connected by the lead 40 to 
the matching ferrule 42, and the collector 44. 

Reduction factor section 103 comprises, in a direction 
along the electron stream, a conducting tubular element 
104 positioned adjacent to input helix 34, a high reduc 
tion factor helix 106, a conducting tubular element 108, 
and a high reduction factor helix 10. Tubular elements 
104, 108 are in electrical contact with helices 106, 110. 
so that the entire reduction factor section 103 is at 
a common potential. A suitable potential is applied 
to section 103 by a connection to adjustable contact 
arm 72 of potentiometer 74. 

Conducting tubular elements 104, 108 may be fabri 
cated from any non-magnetic conducting material and 
have a diameter just sufficient to accommodate the elec 
tron stream so as to have a small reduction factor. For . 
an electron stream having essentially uniform velocity 
throughout the tube, helices 106, 110 have a substantially 
larger number of turns per unit length as do the input 
and output helices 34, 38 so as not to interact in a travel 
ing wave fashion, but rather to have a reduction factor 
substantially the same as a conducting cylinder of large 
diameter relative to the stream diameter. The reduction 
factors applicable to a helix of this type are substantially 
the same as for an electron stream flowing concentrically 
in a conducting metal cylinder wherein the ratio of the 
cylinder diameter to the stream diameter is infinite. 
These values of reduction factor R are represented by 
curve 90 of Fig. 4. A material such as tungsten is suit 
able for making helices i06, 10. In addition, tubular 
elements 104, 108 and helices 106, 110 are, of course, 
each one-quarter plasma wave-length long. 
The remaining apparatus and associated circuits for the 

embodiment shown in Fig. 6 is the same, respectively, 
as was shown and described for the tube illustrated in 
Fig. 1. The manner of operation of the traveling-wave 
tube illustrated in Fig. 6 is also similar to the operation 
described for the tube illustrated in Fig. 1 obviating its 
repetition. - 

An additional embodiment of a traveling-wave tube of 
the invention is shown in Fig. 7 whereby the foregoing 
techniques are utilized to attenuate noise in a predeter 
mined portion of the frequency spectrum in an electron 
stream prior to modulation of the stream or utilization 
of it for amplification purposes. As is generally known, 
the random velocities of the electrons of the stream with 
respect to their average velocity constitutes noise which 
generally limits the applications of stream type tubes and 
other electron tubes such as, for example, klystrons. In 
the present embodiment, two elements, one having a large 
reduction factor and the other a small reduction factor, 
are utilized to attenuate this noise in the electron stream 
before it is used for amplification purposes. 

In accordance with the present invention, determina 
tion as to whether a large or small reduction factor section 
is to be placed first with respect to the direction of flow 
of the electron stream, depends on the location of current 
and voltage maximums within the electron stream. In 
order to obtain optimum amplification, a first section 
having the larger reduction factor should commence at 
a point along the electron stream where there is a cur 
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rent maximum or velocity minimum. On the other hand, 
a first section having the smaller reduction factor should 
commence at a current minimum or velocity maximum. 
Attenuation or gain can then be achieved by the follow 
ing arrangements in accordance with Equations 1 and 2: 

First section columen 
cing at 

First section having 
the larger reduction 
factor. 

First section having 
the Smaller reduc 
tion factor. 

Current maximula or 
velocity minimum. 

Gain of signal current. 

Weocity maximum or 
current minim. 

Attenuation of signal 
or noise velocity. 

Attenuation of signal Gaia of signal velocity. 
or noise current. 

From the foregoing table, it will be evident that if the 
reduction factor sections are positioned so as to attenuate, 
for example, noise current along the electron stream, the 
same sections will amplify noise velocity. Because of 
this phenomenon, it is preferable to attenuate only over 
a small number of sections so as not to unduly amplify 
noise, represented either by electron current or velocity, 
not attenuated. After the noise in the electron stream 
is attenuated, the electron stream may be used in any 
conventional manner for the purpose of amplifying micro 
wave signals. Alternatively, it may be desirable to at 
tenuate electron noise current which, of course, would 
cause amplification of noise velocity. The output volt 
age resulting from the noise velocity can be effectively 
eliminated by using modulation and demodulation means 
that are very insensitive to velocity variations such as, 
for example, resonant cavities. 
An embodiment of the type described is illustrated in 

Fig. 7, wherein a reduction factor section 115 compris 
ing elements 6 and 117 in electrical contact with each 
other are disposed along the path of the electron stream 
in the direction of its flow in the order named prior to 
its being used for amplification purposes. Element 17 
is tubular in shape and has a low reduction factor, where 
as element i5 is a helix having a smaller pitch than re 
quired for synchronism so as to provide a large reduction 
factor. Both elements 7 and 16 are one-quarter 
plasma wavelength long. 

Reduction factor Section 15 is maintained at a suitable 
positive potential with respect to ground so as not to im 
pede the flowy of electrons. This is accomplished by a 
connection from reduction factor section 15 to an ad 
justable arm 19 of a petentiometer 120, which is con 
nected across the potential source 28. 
A conventional amplifier means such as, for example, a 

wave-type or klystron amplifier, is positioned along the 
electron stream after reduction factor section 15 with 
respect to the electron flow. For the purposes of illus 
tration, a traveling-wave amplifier means 24 is shown 
which may comprise a matching ferrule 126 connected by 
a lead 127 to a helix 128 which, in turn, is connected by 
a lead 29 to a matching ferrule 30 positioned concen 
trically about the electron stream along its direction of 
flow in the order named. In addition, a waveguide input 
means 13 and a waveguide output means 132 enable the 
electron stream to be modulated and demodulated, re 
spectively. Ferrules 26, 30 and helix 128 are main 
tained at an appropriate positive potential with respect to 
ground by a connection to an adjustable contact arm 46 
of a potentiometer 48 which is connected across source 
of potential 59, the negative terminal of which is con 
nected to ground. 
The electron gun 2, solenoid 76, and collector 44, to 

gether with associated circuits are as described in connec 
tion with the embodiment of the present invention illus 
trated in Fig. 1. 
The operation of the tube as illustrated and described 

is conventional except for the reduction factor section 
15. Inasmuch as the frequency range, throughout which 
it is desired to attenuate noise, may shift in accordance 
with the frequencies to be amplified, the potential applied 
to the reduction factor section 115, which determines the 
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12 
average velocity of the electrons of the stream through 
section 115 thereby controlling its electrical length, is ad 
justed so that elements 116, 117 are each one-quarter 
plasma wavelength long corresponding to the frequency 
at the center of the operating frequency range. The posi 
tion of reduction factor section 115 along the electron 
stream may be initially adjusted so as to give minimum 
noise at the output waveguide section 132. 

Still another embodiment of the present invention is 
shown in Fig. 8 wherein inductive walls are used to pro 
vide large reduction factors which may be substantially 
greater than unity. Inasmuch as the value of reduction 
factors available from conductive cylindrical sections or 
helical sections cannot exceed unity, as is evident from 
the prior discussion of Figs. 4, 5, the gain available from 
a tube embodying a reduction factor section incorporat 
ing inductive walls to provide the necessary large reduc 
tion factor regions may be considerably greater than the 
gain available from tubes operating with reduction fac 
tors less than unity since gain, as previously mentioned, is 
proportional to the ratio of the reduction factors of suc 
cessive one-quarter plasma wavelength sections. 

Inductive walls may be provided by several different 
means, some of which are described in copending appli 
cations for patent entitled, "Electron Stream Amplifier 
Tube,” by Andrew V. Haeff, Serial No. 282,000, and filed 
on April 12, 1952, now U. S. Patent No. 2,740,917, and 
“Resistive-Inductive Wall Amplifier Tube," by Andrew V. 
Haeff and Charles K. Birdsall, Serial No. 312,568, and 
filed on October 1, 1952, now U. S. Patent No. 2,793,315. 
As described in the Haeff and Birdsall applications, an 
inductive wall for an electron stream may be obtained by 
utilizing a slow-wave material having a surface adjacent 
to the electron stream on which a resistive coating is de 
posited, while a highly conductive coating is deposited on 
the opposite surface. By slow-wave material is meant a 
material in which the velocity of propagation of an elec 
tromagnetic wave is substantially less than the velocity of 
light. - 

Slow-wave characteristics may be obtained from several 
types of materials having suitable electromagnetic wave 
propagating characteristics. In general, if Vikv represents 
the voltage (in kilovolts) by which the stream electrons 
have been accelerated, then the necessary prerequisite for 
the slow-wave material is that the product prer be greater 
than or equal to 

256 
Vkw 

wherein us is the permeability of the slow-wave material 
relative to that of free space and er is the relative dielec 
tric constant as measured for propagation transverse to 
the electron stream direction. In addition to the forego. 
ing, it is desirable that the material used, have relatively 
low conductive losses, particularly in the case of mate 
rials having a high dielectric constant. Materials satis 
fying these requirements may be divided into three groups, 
namely, materials having a high dielectric and a low per 
meability constant, materials having a high permeability 
constant, and materials having artificially produced dielec 
tric and magnetic characteristicŠ. 

Included in the class of materials having a high dielec 
tric constant and a low permeability constant are the ti 
tanate bodies which include titanium dioxide, calcium 
titanate, strontium titanate and barium titanate, the rela 
tive dielectric constant of these materials being, respec 
tively, of the order of 100, 50, 250 and 1000. Titanate. 
bodies may be processed so as to have the physical char. 
acteristics of a ceramic material which may be readily 
produced in any desired shape as required. 

Secondly, materials having a high permeability con 
stant at microwave frequencies include ferrites; the gen 
eral chemical formula for ferrities being R.Fe:O, wherein. 
R represents a metal such as magnesium or copper. The 
permeability offerrite materials exhibits a magnètic “res 



2,859,874. 
13 

onance' at frequencies which are in the microwave range, 
thus, providing sufficiently high values of permeability to 
make their use practical as a slow-wave material. The 
advantage of using a material having a high permeability 
constant to decrease the velocity of propagation of an 
electromagnetic wave is that higher losses can be tolerated 
and a higher impedance maintained as compared to high 
dielectric constant materials. 
A third way of providing a slow-wave material is by 

artificially producing the dielectric and magnetic charac 
teristics by distributing small pieces of resonant metallic 
particles throughout a dielectric or magnetic material. As 
is commonly known, metallic particles are said to be 
resonant at a particular frequency when one dimension 
approximates one-half wavelength at the particular 
frequency. 
At frequencies just less than the particular frequency at 

which resonance occurs, the metallic particles will ex 
hibit inductive reactance. Methods of composing this type 
of material are well known in the art obviating the ne 
cessity of a more detailed description. 
An inductive wall may be fabricated, for example, by 

using a material such as strontium titanate in a ceramic 
form shaped in a tubular configuration, the walls of 
which are preferably less than an odd multiple of one 
quarter wavelength thick and thicker than an even mul 
tiple of one-quarter wavelength as determined by the 
velocity of propagation and frequency of signal energy 
within the wall material. This thickness is necessary in 
order to present an inductive impedance to the electron 
stream. A resistive coating is then deposited on the 
inner surface contiguous to the electron stream and a 
highly conductive coating provided spaced from the 
electron stream by plating or evaporating a metal such 
as silver on the outer surface of the wall. A wall formed 
in this manner is analogous to a transmission line or 
waveguide, the conductive coating providing a shorting 
plane and the wall material providing a medium for 
the propagation of electromagnetic energy essentially un 
bounded in the transverse directions. The thickness of 
the wall in wavelengths determines the impedance pre 
sented to the electron stream by the conductive coating 
or shorting plane on the outer surface of the wall, this 
impedance is in parallel with the resistance of the resistive 
coating. 
The resistive coating deposited on the inner surface of 

the tubular element may consist of a layer of tin oxide 
formed by reacting tin chloride with a suitable agent on 
the surface material. A resistive coating of this type is 
much thinner than the skin depth representative of the 
penetration of microwave energy and, hence, exhibits a 
microwave frequency resistance that approximates that 
for direct currents. The resistivity of this coating is pref 
erably as high as is compatible with collecting stray elec 
trons for maintaining a uniform static potential through 
out the length of the tubular element. Obviously this 
structure provides a purely inductive wall only when in 
finite resistivity is approached, which limit will never be 
obtained due to the above requirements for maintaining 
a uniform static potential. In normal practice, suitable 
values of surface resistivity will be found to be of the 
order of 10,000 ohms per square centimeter. Alterna 
tively, an inductive wall may be obtained by the use of 
an artificial dielectric material having resonance in the 
vicinity of the operating wavelength. Such a material 
can be made by imbedding numerous small pieces of 
metal in a dielectric material. In order to make an 
artificial dielectric material which responds to a broader 
bandwidth, the pieces of metal may be cut to different 
wavelengths within a specific band of frequencies and 
randomly scattered throughout the dielectric material. 

Still another means for obtaining a distributed induct 
ance, is to use a thick wall made of ferrite material, as 
previously defined. Some ferrite materials have a per 
meability which goes through the equivalent of a parallel 
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14 
resonance in a rather narrow frequency band, making it 
necessary to use a particular ferrite material having a 
resonance in the region of a frequency spectrum where. 
amplification is desired. The width of this narrow fre 
quency band would determine the bandpass characteris 
tics of the tube and the particular ferrite material used. 
Since the permeability characteristic of this ferrite ma 
terial goes through resonance at different frequencies, a 
broader response can be obtained by blending together 
two or more of the ferrite materials having resonance 
characteristics in the vicinity of the frequency range de 
sired. The specific ferrite materials used are determined 
by the frequency and bandwidth to be used. 

Referring now to Fig. 8 there is shown a wave-type. 
amplifier tube similar to the tubes and associated cir 
cuits illustrated in Figs. 1 and 6 with the exception that 
a reduction factor section 136 is used which differs from 
the reduction factor sections 36, 103 in the Figs. 1, 6, re 
Spectively, in that inductive walls are utilized to provide 
the portions of the reduction factor section having a large 
value of reduction factor. The reduction factor section 
36 is positioned concentrically about the electron stream 
and comprises an inductive wall section 138, a conductive 
tubular section 139, an inductive wall section 140, and a 
conductive tubular section 141, each section being one 
quarter plasma wavelength long and disposed along the 
path of the electron stream in the direction of its flow 
in the order named. 

Inductive wall sections 138, 140 may be fabricated, 
as previously described, by depositing resistive coatings 
142, 43 having a surface resistivity of the order of 
10,000 ohms per square centimeter on the inner surface 
of tubular elements 144, 145, respectively, and deposit 
ing highly conductive coatings 146, 147 on their outer 
Surfaces. It is necessary that tubular elements 144, 145 
be composed of a slow-wave material and preferably 
have a thickness less than one-quarter wavelength as de 
termined by the frequency of the signal energy and the 
velocity of propagation of a wave at the signal frequency 
within the slow-wave material. 
An electron stream may be said to have spacial capaci 

tance throughout the region through which it flows. An 
inductive wall positioned contiguous to the electron 
stream may produce two conditions, namely, it may 
either, increase the capacitive reactance due to spacial. 
capacitance in the region occupied by the electron stream 
or secondly, it may completely cancell the spacial capaci 
tance in the region thereby making it inductive. An 
increase in the capacitive reactance in the region occu 
pied by the electron stream has the effect of increasing 
the repulsion force between electrons due to the increased 
intensity of electric flux therebetween. 

In the described embodiment of the present invention, 
the capacitive reactance of the region occupied by the 
electron stream is increased but not cancelled entirely by 
the utilization of an inductive wall such as provided by 
Sections 138 and 140 positioned contiguous to the elec 
tron stream. The increase in the capacitive reactance has 
the effect of increasing the repelling forces between the 
electrons of the stream, thereby to increase effectively 
the reduction factor of the region. As previously men 
tioned, a large reduction factor region offers a high re 
sistance to electron bunching and an aid to debunching. 
An increased repelling force between electrons of the 
stream obviously causes an increased resistance to elec 
tron bunching or an aid to debunching, hence, results in 
increasing the reduction factor of the region occupied 
by the electron stream. 

Other phases of the operation of the described embodi 
ment of the present invention are the same as for the 
foregoing tubes described in connection with Figs. 1 and 
6. It is also apparent that an inductive wall section may be 
incorporated in the low noise level tube illustrated in 
Fig. 7 in place of helical element 116 of reduction factor 
section 115 if so desired. 



2,859,374 
15 

What is claimed as new is: 
1. A space charge wave discharge device comprising 

means for producing an electron stream, the electrons of 
said stream having perturbations corresponding to energy 
within a selected range of frequencies; means for directing 
said electron stream along a predetermined path whereby 
said perturbations produce a continual bunching and de 
bunching of the electrons of said stream; first means 
maintained at a predetermined direct current potential 
and disposed along a first portion of said path for es 
tablishing a predetermined spatial capacitance through 
out the region occupied by said stream along an interval 
commencing from a point of maximum electron bunching 
and extending in the direction of electron flow to the next 
succeeding point of minimum electron bunching; and 
second means effectively isolated from said first means 
as regards propagation of electro-magnetic waves and 
maintained also at said predetermined direct current po 
tential and disposed along a second succeeding portion 
of said path for establishing a spatial capacitance dif- 2 
ferent from said predetermined spatial capacitance 
throughout a region occupied by said stream along an 
interval commencing from a point of minimum electron 
bunching and extending in the direction of electron flow 
to the next succeeding point of maximum electron bunch 
ing thereby to effect a change in the amplitude of said 
perturbations of the electrons of said stream. 

2. A space charge wave discharge device according to 
claim 1 wherein the perturbations of the electrons of said 
stream are uniform and periodic and said spatial capaci 
tance different from said predetermined spatia capaci 
tance is more than said predetermined spatial capacitance 
thereby to increase the amplitude of said perturbations. 

3. A space charge wave discharge device according to 
claim 2 wherein said means for establishing said different 
Spatial capacitance that is more than said predetermined 
spatial capacitance comprises a conductive tubular mem 
ber disposed concentrically about said path, the inner 
diameter of the bore of said tubular member being just 
sufficient to accommodate said electron stream. 

4. A space charge wave discharge device according to 
claim 2 wherein means for establishing said predetermined 
spatial capacitance comprises a conductive hollow cylin 
drical member disposed concentrically about said path, 
the inner diameter of said cylindrical member being sub 
stantially greater than the diameter of said electron 
Stream. 

5. A space charge wave discharge device according to 
claim 2 wherein means for establishing said predetermined 
Spatial capacitance comprises a conductive helix disposed 
concentrically about said path, the inner diameter of said 
helix being adequate to accommodate said electron stream, 
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and said helix being capable of propagating an electro 
magnetic wave, of a frequency corresponding to the pe 
riodicity of said perturbations at a velocity sufficiently 
different from the velocity of said electron stream there 
through to preclude interaction between said stream. 

6. A space charge wave discharge device according to 
claim 2 wherein means for establishing said predetermined 
spatial capacitance comprises a member having a wall 
disposed contiguous to said path and capable of pre 
senting an inductive impedance to said electron stream. 

7. A space charge wave discharge device according to 
claim 1 wherein said different spatial capacitance is less 
than said predetermined spatial capacitance thereby to 
decrease the amplitude of said perturbations. 

8. A space charge wave discharge device comprising 
a means for producing an electron stream; means for 
density modulating said electron stream with modulating 
electromagnetic signals in a manner to produce in ac 
cordance with said signals a continual bunching and de 
bunching of the electrons in said stream with a prede 
termined plasma wavelength; a first cylindrical means 
disposed coaxially about said stream and maintained at 
a predetermined direct current potential and having a 
predetermined electromagnetic reduction factor and hav 
ing an axial length of one quarter of said plasma wave 
length and being longitudinally disposed with its input 
end about a point of maximum bunching of said elec 
trons; a second cylindrical means maintained also at said 
predetermined potential and disposed coaxially about 
said stream down-stream from said first means and having 
a length of one quarter of said plasma wavelength and 
being disposed with its input end about a point of mini 
mum bunching of said electrons and having an electro 
magnetic reduction factor substantially less than said pre 
determined reduction factor and having an inner diameter 
So Small as to just surround said electron stream and to 
substantially preclude propagation through said cylindrical 
means of electromagnetic waves whereby said bunching 
and debunching is materially affected as said electron 
stream traverses said cylindrical means; and demodulating 
means disposed about said electron stream for deriving 
electromagnetic signals from said density modulated elec 
tron stream which are materially altered with respect to 
the amplitudes of said modulating electromagnetic signals. 
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