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The design and construction of a microwave 

signal generator have been discussed. .l 10 cm. signal 

generator has been built and-the absolute available 

output power of the signal generator bas been precisely 

calibrated. This involveà calibrating a cutoff 

attenuator which controlled the power output, a~d a 

measurement of the absolute available output power at 

l~w attenuation. This calibration enabled the signal 

generator to be used for signal and noise measurement~ 

on a double-stream microwave ·amplifier tube. 

The theory of dQuble-stream amplification has 

been reviewed and the construction of double-stream 

amplifier tubes discussed. The output of an experimental 

double-stream amplifier tube was examined at a signal 

wavelength of 10.7 cm. The observations revealed the 

existence of double-stream amplification. · 

(i) 



INTRODUCTION 

Double-stream amplification is a recently developed 

method for amplifying radio· frequency signala. The initial 

work on double-stream amplification was done by J.R. Pierce 

and !.V. Haetf. It was predicted that if the current 

densities and average velocities of two electron streams ful­

filled certain conditions, velocity modulation of the beams 

could set up a growing space charge wave in the electron 

streams. The conditions to be satisfied are considered in 

Part Two of this thesis. 

Double-stream amplification has --been obse:J;"ved by 

A.v. Haeff (l) at 3000 megacycles per second and by A.V. 

Hollenberg (2} at 255 megacycles per second. Theoret'ical 

treatments have been published by L.S. Nergaard (3) and 

J.R. Pierce and W.B. Hebenstreit (4). Pierce bas also pub­

lished two further papers (5) and (6) dealing with the design 

of double-stream amplifiera. 

This thesis describes a portion of the work done in the 

course of an investigation of double-stream amplifica~ion. 

The author was responsible for constructing and calibrating 

{1) 

. the equipment necessary to evaluatè the performance of a double­

stream amplifier tube designed to operate at 2800 megacycles 

per second. The design and construction of the double-stream 

amplifier tube were carried out by G.A. Harrower. The measure­

ments of the behaviour of the tube were made jointly by Mr. 

Harrower and the author. The objective of the research was to 

obtain evidence of double-stream amplification.. The measuring 

equipment was also designed so that the noise figure of a 

double-stream amplifier could be measured. The work described 



in this thesis there.fore .falls into two categories. The 

construction and calibration o.f the measur!ng equipment is 

treated in Part One. The work dealing directly with double­

stream amplification is discussed in Part Two. 

(2) 



PART ONE 

TBB CONSTRUCTION AND PRECISION CALIERlTION OF BQDIPMENT 

FOR JU.KING SIGNAL AND NOISE MEASUREJŒNTS IN THE NEIGHBORHOOD 

OF 10 CM. 

I SIGNAL AND NOISE MEASURE.MENTS 

Betore deacribing the necessary ·equipment, terms used 

in. signal and noise measurements will be detined and methods 

or taking measurements outlined. This wiil reveal some or 

(3) 

the requirements to be tult'-lled by the measuring equipmept. 

The tollowing pa:ragraphs le ad up to a definition ot noise · 

figure in terms or available power, gain, and effective band­

width. The treatment is similar to that presented in articles 

by H.T. Friis (7) and G.A. Woonton (8)', and Sections 4.1 

and 4.2 or reference (9), but combines aspects not common to 

all tbree. 

Available Siseal Power. 

Available signal power is the maximum power a signal 

source can deliver. The power delivered to an impedance R1 
ohms by a generator with an electromotive torce B volts and 

internal impedance R
0 

ohms is B2a1/(R
0

tR1)2 watts. This power 

ha.s a maximum value B2/4R0 when R1 equals R0 • The available 

signal power tram the generator is theretore E2/4R
0

• The 

available signal power from a signal source is detined in auch 

a way that its value is independant or the load impedance. 

If it is desired to connect a source or known available 

signal power to the input ot a network, the available output 

power or the signal source must have been round by a calibration 

process or calculated absolutely. A signal generator is a 



source which satis:f'ies this :eequi:rement. It will be 

assumed the:re:f'o:re that measurements will be made with a 

signal gene:rato:r connected at the input ~:t' the netwo:rk 

under test. The available output power of' a netwo:rk can 

be measured with a :receive:r calibrated to read delivered 

power, but matched :t'or maximum power trans:f'er. 

Gain. 

The gain of' a :t'our terminal network is the ratio of 

(4) 

the available signal power at the out·put. terminals of the 

network to the available signal power of the signal generator 

at the input terminale. The gain ot a network depends on the 

impedance matching at the input, but not on that at the oùt­

put. The internal impedance of the signal generator there­

:f'ore affects the gain of a network. 

Available Noise Power. 

The available noise power between two terminals of a 

network is the noise power which would be delivered to an 

output circuit matched for maximum power transfer. The avail­

able noise power at the output of a network is due to all the 

noise generated inside the network plus the noise generated in 

the signal generator at the input of' the network. 

Any resistor is a source of Johnson noise, an important 

source of noise in ~ignal generators used to measure noise 

figures. The energy associated with this noise is uniformly 

distributed over the whole :f'requency spectrum. Between the 

:f'requencies f and f +.A f, the available Johnson noise power 

at the output of' a signal generator is 

.~:~. j • k T6f (1) 



\ 

where k is Boltzmann's constant and T is the absolute 

temperature of the internal impedance of the signal 

generator. T is usually considered to be 300° K. If 

G(f) is the gain of a network at the frequency f, the 

available Johnson noise power at the input of the network 

produces an available output noise power 

... 
J = f k TG(f)df (2) 

l' 

from the whole acceptance·band o.f the network. 

The .. available noise power N at the output of a network 

can be meaiured by finding the single frequency signal power 

equivalent to it. If s(N) is the input signal power which 

makes the total output power twice that with only noise in 

the output circuit, 

N: G(.f)s(N). 

This equation is valid wbether or not the output power 

"'indicator is matched to ·thé lletwor~. 

Effective Bandwidth. 

The effective or noise bandwidth of a network is 
00 

(3) 

B • J G(.f)df/G(f0 ) , (4) 
Iii 

where .f
0 

is the frequency at which the network gain is a 

maximum. The effective bandwidth of a network can be .found 

graphically .from its .frequency response curve. 

Equations (2) and (4) can be combined to give an 

alternative expression for J : 

J : kT B G (t ). 
0 

(5) 

(5) 

This is also the noise power which would be available at the 

output if the network had a gain G(t0 ) over a trequency range 



of width B, and no response at other frequencies. 

Noise Figure. 

(6) 

The noise figure of a network between the frequencies r 

and r + Â r is the ratio of the available signal power to 

available noise power ratio at the input of the network to 

that at the output. Hence the noise figure is given by 

F(f) a (s/An)/(S/..o.N), (6) 

where s and S are the input and output available ·signal power& 

at the frequency f and AD and AN the available input and out­

put noise powers between ·the frequencies f and f + .c.. f. Since 

S/s : G(f), 

F (f) a N/G (f)An • ( 7) 

G(f)An is the available output noise power arising from noise 

in the signal generator. This means that the noise figure can 

be alternately defined as the ratio of the total available out­

put noise power to the available output noise power caused by 

noise generated in the signal generator. 

The ef.fective noise .figure or the noise .figure averaged 

with respect to network gain over the acceptance band o.f the 

network is .,. 

Y •~F(f)G(f)d.f/~G(f}d.f. 
• • 

(8) 

F is o.f greater experimental use than F because F refera to 

the response of the network as a whole. 

If the input noise An in equation {7) is solely Johnson 

noise, it .follows .from equation (1) that 

(9)!) 



{7) 

and the total noise output power available over the band­

pass of the network is .. 
N : kT 1 F (:f)G(:f)d:f • (10') 

From the definitions of B (equation 4) and F (equation 8), it 

.follows tbat 

F : N/(kTBG (f
0

) ) • (11) 

I.f the output noise power of the network is measured at a 

.frequency r 0 , as in equation 3,. equation 11 becomes 

F: s(N)/(kTB). (12) 

To evaluate F from equation 12, the deviee measuring the output 

power must have a uniform response over the band-pass of the 

network and generate no noise wit~n itself. If the output 

power is measured with a superheterodyne receiver, the .frequency 

response and output noise power o.f the system as a whole are 

determined by the band-pass of the i.f. amplifier in the 

receiver. The B in equation 12 must then be the effective band­

width ot the i.t. amplifier. Error due to noise in the receiver 

may be eliœinated by using the relation 

(13) 

where Fn is the noise .figure of the network, Fr the noise 

.figure o.f the receiver, Fn+r th~ noise .figure of the network 

and receiver in series, and Gn the gain o.f the network. This 

relationship is a particular case ot a more general one derived 

in reference (8). The correction involving the noise .figure of 

the receiver should not be very important in measuring the 



(8) 

noise figure of an amplifier, since any practical amplifier 

must have an appreciable. gain. 

When giving a measured value of the noise figure of a 

network, it is customary to specify the internal impedance of 

the signal generato~ used in the measurement, and the impedance 

matching at the input of the network. Both affect the value 

of the noise figure. The internal impedance of the signal 

generator should be the same as that of the signal source used 

in the application of the network. This is important because 

the gain and the output noise power of the network depend on 

the signal source impedance. The i,IJ1pedance matching at the .in­

put of a network also affects the noise figure. Maximum gain 

does not necessarily imply minimum noise figure. A slight 

mismatch may cause a greater decrease in output noi.ae power 

than in the gain of' the network and thus improve the noise 

figure. The latter is usually quoted for a circuit adjusted 

either for maximum power transfer or for minimum noise figure. 

. . 

II . THE CONSTRUCTION OF A. MICROW.t.VB SIG:taL GENERATOR 

The methods of measuring the quantities previously de­

scribed require a signal generator to supply signala of known 
• absolute power, a microwave receiver to measure output power, 

and a wavemeter to measure microwave trequencies. A signal 

generator was built and calibrated for this purpose. 

Deaign Requirements 

If a ·signal generator is to be satisfactory for signal 

and noise measurements, it must deliver a stable signal ·or 

known absolute available power, frequeney, and modulation 

characteristics, and have a known internal impedance. These 



tour considerations are discussed in the following 

paragraphe. Design requirements are considered only for 

the type of signal generàtor consisting essentially of a 

microwave oscillator delivering signal power through a 

variable attenuator. 

Signal Power. · 

(9) 

The signal power required can be as low as lo-12 watts 

if the signal generator is to be used for noise measurements 

made with receiving systems having small bandwidths (see 

equation 12). A c.w. microwave oscillator cannot produce 

signala at auch a low level witho~t using an att~nuator. 

Direct absolute measurement of power output lower tban a few 

microwatts is als~ not fe.asible. This measurement problem 

can be avoided by sending the osoillator output through a 

calibrated variable attenuator and measuring the absolute out­

put power at low attenuation. The output pof(er at high 

attenuation can then be calculàted.· The.oscillator output 

power must be of the order of milliwatts to permit an absolute 

measurement. A disadvantage of this system is the tact that 

the oscillator shielding must be very carefully designed. 

Since the smallest signal power desired may be about 100 decibels 

below the oscillator output, the osoillator shielding may have 

to furnish 130 or more decibels protection against leakage 

from the oscillator. The protection necessary depends 

critically on the accuracy desired in the measurements. 

Sections 4.9 and 13.5 of reference (9) contain a description 

of the way in which errors may be caused by leakage, and the 

aize of the errors involved. 



(10) 

Frequency. 

For signal and noise measurements it is not as im­

portant ~or the frequency of a signal generator to be known 

accurately as it is ~or the frequency to be stable. 

Frequency stability is important because many components in . 

an r.~. circuit require matching adjustments which are 

~requency dependent. Frequency stability is of still greater 

importance if the power output is measured with a super­

heterodyne receiver. This is because the bandwidth of the 

i.t. amplifier in a receiver is usually narrow in comparison 

with small trequency changés in the r.f. signal. 

llolula t ion • 

.l signal generator should be designed so that several 

types of modulation are available. This allows the signal 

generator to simulate signala ~rom different types o~ ~quip­

ment and perm! ta the use o~ differc:lnt detecting systems. 

C.w. output is desirable when the detector is a superheterodyne 

receiver or a bolometer in a bridge tor absolute power 

measurement. Audio-trequency modulation is necessary when 

the detector is a crystal or bolometer in the input of an 

audio amplifier. Squar~-wave or .. pulse modulation is usually 

desirable in this case. Frequency modulation can be used to 

sweep the signal output over the acceptance band of the re­

ceiving system. The trequency response of the receiver can 

then be obtained if the output is displayed on an oscillo­

scope. This can be very use~ul tor measuring the noise band­

width of networks which have bandwidths over which the .. 
oscillator output power is constant. 
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Internal Impedance. 

The internal impedance of a signal generator must have 

the s~e value as that of the signal source which will re­

place it in practice. It is difficult to construct variable 

r.f. attenuators which will have a desired internal impedance. 

The signal generator can be given the required internal im­

pedance if a fixed attenuator of the desired output impedance 

and about 10 decibels attenuation is placed at the output of 

the variable attenuator. Large changes in the output im­

pedance of the variable attenuator· then produce small and 

relatively unimportartt changes in theef.fective internal 

impedance of the signal generator. 

Details of cgnstruction 

A signal generator was built using as a guide a des­

cription in Section 4.12 of reference (9). This signal 

generator was designed to provide an output of c.w., pulse 

modulated c.w., frequency-modulated, or amplitude-modulated 

power at wavelengths from 8.2 to 12.8 cm. 

The Oscillator. 

The oscillator tube used was a McNally (707B) reflex 

klystron. The external portion of its cavity resonator was 

attached to copper dise seals ·through the tube walls. This 

resonant cavity was incorporated into a shielded tube 

mouriting. Joints and threaded portions of the shield were 

tightly fitted and silver plated to prevent r.f. leakage. 

Leads to the tube passed through polyiron chokes which pro­

duced high attenuation of r.f. power. The resonant frequency 

of the cavity could be adjusted by two similar plungers, one 



drlven by a mlcro.meter and the other, for coarse tuning, 

equlpped with a setscrew. Two settings of the coarse tunlng 

plunger were requlred to cover the complete range of cavlty 

tunlng. Figure II shows the variation of the resonant 

frequency of the cavlty as the plunger settlngs were ad­

justed. These curves glve only an approximate frequency 

calibration or the osclllator. This is because the 

(12) 

operating frequency of a reflex klystron is also a function 

of the d.c. voltages applied to the klystron electrodes. 

Signal power was extracted fro~ the oscillator cavity tbrough 

a rectangular iris. This coupling excited the TB modes in a 

cutoff attenuator connected at the output of the oscillator. 

The Cutoff Attenuator 

The cutorr attenuator consisted or a precisely made 

length of circular waveguide one-half inch in diameter 

tbrough which the oscillator output power bad to pass. This 

waveguide was wall beyond cutofr over the frequency range or 

the oscillator. Power was coupled from the guide by a 

movable coupling loop connected to a coaxial output cable. 

(See Figure III). The position or the_loop in the guide was 

precisely controlled by the setting or a vernier dial on the 

front panel of the signal generator. The rectangular iris 

in the oscillator cavity and the output loop in the attenuator 

were designed to couple the TB11 mode in the waveguide in 

preference to TM modes. The attenuation or a signal pro­

pagated in a single mode in a waveguide beyond cutofr is 



(13) 
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decibels per unit length. Smn is a number cbaracteristic 

of the mode, r the radius of the waveguide, k
8 

the relative 

dielectric constant, L the free space wavelength of the 

signal, and L
0 

the cutoff wavelength. (L0 = 2 rket/~mn>· 
Equation 14 is valid if L exceeds L0 by more tban 5% and if 

the guide walls are infinitely conducting. This equation is 

derived in reference (10). The amallest Smn is s11 for the 

T.B11 mode. s11 = 1.845. All otber modes have larger values 

of Smn and thus experience more attenuation. ·Binee the at­

tenuator used also coupled the T.B11 mode preferentially, 

auch an attenuator would.be expected, to act as if only one 
; . ~ 

mode were present. The attenuation would then vary directly 

with the displacement of the coupling loop. In practic~ 

when the coupling loop and iris ·are close together, there is 

always some coupling of other modes or a variation in the 

input impedance of the attenuator as the loop position is 

changed. Either of these affects can produce deviations 

from the behaviour predicted by equation 14. It is therefore 

necessary·to calibrate a cutoff attenuator to determine the 

affect of these other .factors. 

D.C. and Audio-frequency Circuits 

Â block circuit diagram of the signal generator is 

shown in Figure IV, and a schematic diagram in Figure v. 
Much attention was given to voltage regulation in the circuit 

because the operating .frequency o.f a klystron depends 

critically on the voltages applied to its reflector and 

accelerating grid. This property o.f klystrons was also o.f 

bene.fit, for it was used to obtain modulation or the output. 
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LEGBND FOR F IGURB V 

RESISTORS 

Value Wattage Sl!!!;bOl Value Wattase Sl!!bol Value Wattase 

lOK i Rl7 27K l R33 lOOK 1 
22K 2 Rl8 lK 2 R34 lOOK l 
lOK 2 Rl9 56K t R35 lM 1 
50K 1 R20 lOOK R36 lK 10 
lOK 2 R2l 5.6K l R37 270K i 

5.1K 2 R22 470K t R38 l.lK 2 
lOOK R23 lOOK R39 100 t lOK R24 22K 2 R40 lOOK 
l.5M R25 560 1 R41 6K 20 
680K R26 1.5K i R42 4K 20 
6.2M R27 39K 2 Pl 0-l.OM 1 
390K R28 270K l P2 0-l.OM 1 
470K R29 lK l P3 0-5K 25 
4.7K R30 lK. 1 P4. 0-3.5K 25 
l.2M R31 100 t P5 50K l 
lOOK R32 lOO 1'P6 50K 1 

OONDENSBRS 

Value Sz:!bOl Value S:!!!!bOl Value Sl!,!bOl Value 

.Olmf 09 25nnn.f 
.OOlm.f 010 25mm.f 
lOOnnn.f 011 l50mm.f 
250mm.f Cl2 .lm.f 
.25mf 013 .lm.f 
lOOnnn.f 014 300mm.f. 

25mm.f 015 4m.f 
25mm.t" 

SWITC!!I! 

·y~ 

S.P.D.T. 

Cl6 .Olmi' 023 lm.f 
017 4m.f 024 .lm.f 
018 4m.f 025 .25m.f 
019 .Olm.f 026 lm.f 
020 .lm.f 027 20mf 
021. .Olm.f 028 .Olmi' 
022 12mf 029 amr 

Function 

2 circuit 5 position selector. 
4 ft 3 ft u 

Trigger Polarity Switcb. 
Square Wave Adjustment. 
Pulse Lengtb Adjustment 

2 
3 

u 

• 2 
4. 

u 
n " u 

D.P.D.T. 

TRANSFORMERS 

Hannnond Hll28X60 
Stangor 4ST044 

(coarse). 
Pulse-Square Wave Selector • 
Modulation Selector. 
Line Voltage On-O.f.f Switcb. 

Description 

Filament Transformer. 
High Voltage Trans.former. 



Sl!lbol 

Ll 
L2 
L3 
L4 

Symbol 

Fl 
F2 
Jl, J2 

LEGEND FOR FIGURE V (Cont•d.) 

Value 

lmh 
lmh 

.05mh 
30h 

CHOIŒS 

MISGEI.i&lNEOUS 

Hammond 30-150X. 

Description. 

3 .lmpere Fuse. 
. 1/16 Ampere Fùse. 
Jones Plug. 

(18 a) 
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Figure VI 
SICJnal Generator 
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Figure VIl 
Signol Generotor 

( 21} 



(22) 

Frequency and amplitude modulation required that 

external signala be applied to the reflector and accelerating 

grid respectively. Pure amplitude modulation could not be 

obtained because modulating the klystron grid voltage also 

produced frequency modulation. The r.f. level control also 

produced small frequency changes by altering the grid voltage. 

Square-wave modulation at frequencies from 120 ~o 

2000 eps. could be obtained with external triggering. Self­

syncbronous square-wave operation ,was pos"sible at a 

frequency of about 1800 eps. The pulse modulation circuits 
, ·:, ,. . 

could produce pulses rangtng in" length":from l to 15 micro-

seconds.. These pulses could be triggered or obtained under 

self-syncbronous operation at repetition rates from 400 to 

4000 eps. 

In a signal generator it is often important that the 

frequency of c.w. and pulsed c.w. operation be the same. 

The signal generator circuit assured this in the following 

way. If the signal generator was in "c.w. operation, switching 

the modulation selector to internal modulation (pulse-square­

wave) changed the reflector voltage of the klystron to a 

value at which r.f. oscillations did not"occur. The arrival 

of a pulse from the modulating circuits eut off the 

modulator tubes and removed the blocking voltage for the 

duration of the pulse. This left the refleotor voltage at 

its original value, ensuring that the operating frequency 

was unchanged. This circuit only required that the modulating 

pulses have sharp edges and amplitudes large enough to eut off 

the modulator tubes. 



(23) 

III PRECISION CALIBRATION OF THE SIGNAL GENERATOR 

Calibration of the output power of the signal 

generator was necessary before it could act as a source 

of·known available signal power. This involved calibrating 

its cutoff attenuator using relative power measurements, 

then taking one absolute measurement of the output power 
. 

at low attenuation. 

Calibration of tbe Cutoff .A.ttenua.tor· 

The firs.t step in the calibration of the signal 

generator was calibrating the cutot'f attenuator. Thè 

procedure used, that outlined in reference (11), will now 

be described. Since only relative attenuatioq·was re­

quired, a calibration consisted of a graph of attenuation, 

referred to an arbitrary zero, as a function of the setting 

of the attenuator dial. 

The calibration was made in two stages. Starting at 

low attenuation, a calibration was obtained by Method I 

using a precision audio attenuator as a standard of 
. . 

attenuation. Forlarge attenuation it was necessary to use 
. . 

Method II, which extended the calibration using a standard 

derived from the. curve given by Method I. 

Method I. 

A block diagram of the circuit used in Method I is 

shown in.Figure VIII. Since the audio-frequency voltage 

output of the bolometer was proportional to the microwave 

power dissipated in it, one decibel of attenuation in the 

microwave circuit was equivalent to two decibels in the 

audio circuit. The audio attenuator was adjusted so that 
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with the cutoff attenuator set at 10 dial divisions, 

the chosen zero level of attenuation, the output meter 

deflection was five divisions. Calibration data were ob­

tained by changing the audio attenuation in steps increasing 

by one decibel and noting the altered settings of the cutoff 

attenuator required to recover the initial output signal. 

Atter each reading the attenuators were reset to ensure that 

no drift had occurred during the measurement. 

This procedure was valid if the following conditioJlS were 

fulfilled:. 

(1) noise in thé. output or the system was negligiJ:>le ~ 

(2) leakage coupling between any two of the circuit 

components was negligible, 

( 3) the preamplifier was linear, .. 

(4) the bolometer was a square-law detector, and 

(5) the cutoff attenuator operated into a load with a 

constant impedance of 50 ohms, the ôharacteristic 

impedance of the attenuator cable. 

The above conditions will now bè considered. 

(25) 

(1} The objections to noise in the system were twofold. 

Noise limited the use:f"ul sensitivity of· the apparatus by 

obscuring the signal. Noise delivered to the audio atten­

uator also produced an output signal that was a function of 

the audio attenuator setting. If noise had been an 

appreciable fraction of the output signal, considerable error 

would have resulted. The noise output was low, in spite of 

high amplification in the system, beeause a sharply tuned 

amplifier was used after the audio attenuator instead of a 



wide-band amplifier.. This can be easily understood by 

examining equation 11 which is restated here. 

For amplifiera with the same noise output and noise figure, 

th& product of gain and noise ~andwidth is a constant. It 

follows tbat a selective amplifier can have a much higher 

gain than a wide-band amplifier before the noise output 

reaches an undesirable leval. The ~:Joise in the system was 

sufficiently small that with zero decibels in the audio 

attenuator, the noise output caused a deflection of about 

tbree divisions on the output metèr. 

(2) The microwave oscillator was checked for leakage by 

turning the signal generator on wben the cutoff. attenuator 

{26) 

was adjusted for maximum attenuation and the audio attenuator 

for minimum attenuation. A slight increase in signal output 

was noted which varied only slightly with the cutotf 

attenuator setting, evidence of a small amount of leakage. 

The audio signal due to leakage was about 30 decibels below 

the smallest signal power used in calibrating the 

attenuator. The maximum error this could have caused would 

have been 0.2 decibels in the audio system. The corresponding 

error in the calibration of the cutoff attenuator was 0.1 

decibels. 

A test was also made to check for leakage across the 

audio attenuator~ An audio oscillator and microvolter re­

placed the bolometer and microwave circuit in Figure VIII. 

The affect of inserting 6 decibels at various attenuator 



levels was noted when the initial output mete~ ~eading was 

10.0 divisions. Resulta of the test are shown in the 

following table. 

TABIB I 

Test fo~ Leakage Coupling ac~oss Attenuato~ 

Attenuator Settings 
· Decibels 

Initial Final 

0 ... 6 
-10 -16 
-20 -26 
-30 -36 
-40 -46 
-50 -56 
-60- -66 
-70 -76 
-80 -86 
-90 -96 

-lOO -106 

Output Meter Readinss 
Divisions 

Initial Final 

10.0 6.0 
10.0 5.9 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 
10.0 5.7 

The data in Table I show that lea~ge across the 

attenuator was negligible, but that noise produced errors 

if attenuato~ settings below 20 decibels were used. 

(3) The circuit used in the latter part of (2) was also 

( 27) 

used to check the linearity of the preamplitier. With the 

audio attenuator a~ ze~o decibels, the signal from the audio 

oscillator was adjusted to produce a deflection of 10 divisions 

on the output mete~. The attenuator setting was inc~eased in 

steps of 10 decibels while inc~easing the input signal like­

wise. The resulta appearing in the following table show 

that noise affected the output reading when the audio 

attenuator was set below 10 decibels, and that nonlinearity 

in the preamplifier occurred when the signal was increased 

100 decibels. 
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TABLE: II 

Linearity Test for PreamRlifier 

Microvolter Setting at 
InRut of Preamplifier 

Attenuator Setting at 
output of Preamplifier 

Output J4Bter 
Reading 

Decibels 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

lOO 
llO 

Decibels 

0 
- 10 
- 20 
- 30 
- 40 
- 50 
- 60 
- 70 
.... 80 
- 90 
-lOO 
-llO 

Divisions 

10.0 
9.9 
9.9 
9.9 
.9.9 
9.9 
9.9 
9.9 

.. 9.9 
.9.9 
9.8 
8.4 

(4) In general bolometers cannot be considered to be 

square-law detectors, tbat is, their voltage. output is 

proportional to the square of the ir voltage input. .l 

close approximation to square-law response is possible, 

however, if only small signale are to be detected. 

Deviations from square-law response would have caused 

differences between calibrations made at .different power 

levels. The data in Table III show that for calibrations 

made at levels differing by 8 decibels, no differences 

greater than 0.1 divisions (0.06 decibels) were observed. 
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TABif III 

Comparison of Calibrations Obtained at Different Signal Levels 

Decibels Above D I A L D I V I S I 0 N S 
10 Dial Divisions 8 Decibels Att.Cable 16 Decibels Att.Cable 

6.0 
4.5 
3.0 
1.5 

0 
-1.5 
-3.0 
-4.5 
-6.0 
-7.5 

0.6 
3.0 
5.2 
7.6 

10.0 
12.2 
14.6 
16.9 
19.2 
21.7 

T.AB~ IV 

0.6 
3.0 
5.2 
7.5 

10.0 
12.2 
14.6 
17.0 
19.2 
21.7 

Calibration Data for Cutoff .lttenuàtor at 10.5 Cin. 

Obtained bz Method I. 

Decibels .Above Di al Decibels ·:Above Dia1 
10 Dia1 Di visions Divisions 10 Dial· Div. -Divisions 

6.0 0.6 -6.5 20.0 
5.5 1.4 -7.0 20.6 
5.0 2.2 -7.5 21.6 
4.5 3.0 -8.o 22.2 
4.0 3.8 -8.5 23.0 
3.5 4.5 -9.0 23.8 
3.0 5.2 -9.5 24.5 
2.5 6.0 -10.0 25.3 
2.0 6.8 -l0.5 26.2 
1.5 7.6 -11.0 26.9 
1.0 8.5 •1)..5 27.6 
0.5 9.0 ... 12.0 28.4 
o.o 10.0 -12.5 29.3 

-0.5 10.8 -13.0 29.9 
-1.0 11.5 -13.5 30.7 
-1.5 12.2 -14.0 31.5 < 

-2.0 13.0 -14.5 32.3 
-2.5 13.8 -15.0 33.1 
-3.0 14.6 -15.5 33.9 
-3.5 15.4 -16.0 34.7 
-4.0 16.2 -16.5 35.5 
-4.5 16.9 -17.0 36.2; 
-5.0 17.7 -17.5 37.0 
-5.5 18.5 -18.0 37.8 
-6.0 19.2 -18.5 38.7 



(5) It was necessary to load the output o:r the cuto:r:r 

attenuator with the tmpedance·:ror which a calibration was 

desired, because at low attenuation the power extracted 

:fran the oscillator cavity depends on the impedance at the 

attenuator output. This is due to the :ract that when the 

attenuator loop is moved near the iris in the oscillator 

cavity, the iris is shunted by a load whose impedance 

approaches that at the output of the attenuator. The load 

impedance could be varied by adjusting the tuning of the 

llolometer mount. _(Figure IX), a stub-matched len~th of 

coaxial waveguide containing the bol.ometei- ·• in the' centre 

conductor. The bolometer mount was matched for maximum 

power dissipation in the bolometer with 25 decibels of 
. 

attenuator cable isolating the mount and the cuto:r:r at-

tenuator. All the calibration data were obtained without 

changing this tuning, but with 8 or 16 decibels of atten­

uator cable replacing the 25 decibel length. Since both 

calibrations agreed within·0.06 decibels, particularly for 

the low attenuation settings (see Table III), the load at 

(30} 

the iris in the oscillator cavity must have remained constant 

tbroughout the calibrations. 

PElifier Details for Method I 

A preamplifier, tuned amplifier, and pulse generator 

were built to supply the apparatus for Method I. 

The preamplifier (Figure X) had one high gain stage 

operating into a cathode follower to provide a low output 

impedance. This was dona because the input impedance of the 

audio attenuator was 600 ohms. The output of the attenuator 
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was acourately matohed to establish the input impedance 

of the attenuator. This avoided errors which oould have 

been introduced by an input or output mismatoh varying 

with the attenuator setting. The bolometer, a 10 milli­

ampere Littelfuse, was biassed with about six milliamperes 

d.c. from a high impedance source. The Littelfuse re­

sistance at this ourrent was about 250 ohms. 

The tuned amplifier (Figure XI)was a three stage 

high gain amplifier using twin-t•s for selectivity. Â 

twin-t permits the passage of -Signala of all frequencies 

except those in a very narrow band. The twin-t•s w~re 

therefore used to provide negative feedbaok at all fre­

quencies except at 120 eps., the frequency at which the 

signal generator was modulated. The bandwidth of the 

amplifier was about 5 eps. A si~al limiting circuit 
' 

was necessary at the output to proteot the thermocouple 

from burnou t. 

fpe twin-t components were chosen to satisfy the 

conditions 

(34) 

RlR2C3 = (Rl + R2) (Cl + C2) R3 

and 

(15) 

4 -x 2t 2c1 C2 (R1 + R2 ) R
3 

: 1 (16) 

where the symbole refer to the components in Figure XII and 

f is the frequenoy at whioh the impedance between the 

terminale Â and B becomes infinitely large ((12) Section 10.0). 

If Â and B are oonnected to the grid and plate or a tube 

there will be no feedback at this frequency. To avold 

computation and measuring many components, the conditions 
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2 fCR : l , Rl + R2 : 2R , c1 + Cg : 2C , R3 e R/2 , 

and c3 : 2C were satisfied. Since R1 and c1 were also 

chosen to be within 5~ of R and C respectively, the 

conditions R
1
R2 : a2 and c1c2 : c2 necessary to satisfy 

equations 15 and 16 were auta.matically satisfied to 

wi thin i- fo not allowing for err ors in the measured values 

of the components. All components were measured to an 

accuracy of 1%. 

The preamplifier and tuned amplifier required shock­

abs~rbing bases. • heavy wooden box lined with copper 

screening was used to provide electrical shielding and 

protection from acouatic .shock for the preamplifier and 

all.its batteries. These measures provided sufficient 

protection as all readings were stable and easily reproduced. 

The pulse generator (Figure XIII) used the full wave 

rectifier as a frequency doubler to obtain a triggering 

pulse with a stable repetition rate of 120 eps. This was 

necessary because the sharp tuning of the tuned amplifier 

made the response of the audio circuit vary with small 

trequency changes. 

Ketnod II 

Figure XIV is a block diagram of the circuit used to 

extend the calibration curve of a cutoff attenuator. The 

receiver was matched for maximum power output with ap­

proximately 50 decibels of attenuator cable between the 

signal generator and the microwave receiver. 
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The calibration procedure first involved setting the 

cutoff attenuator at some level and noting the receiver 

output reading. Twenty feet of attenuator cable next to 

the signal generator were then removed and the attenuator 

setting necessary to recover the original output reading 

was noted. The original conditions were then reproduced 

to see that no drift occured during the measurement. This 

procedure was repeated with a succession of settings of 

the cutoff attenuator. When the initial and final atten-

uator settings were within the range calibrated by Method I, 

a mean value of 16.6 deèibels was obtained for the 

attenuation of the cable. When only one setting was within 

the calibrated range, it was then possible to obtain the 

setting of a point 16.6 decibels above it. The complete 

calibration was therefore achieved by a series of extensions 

of the calibrated portion of the curve. The data from which 

the calibration was extended follow in Table v. 

TABLE V 

Calibration Data Obtained using MethOd Il 

.lttenuator Settings 

I~itial Reading Reading after 
Removal of 16.6 

Decibels 

Initial Reading Reading atter 
Removal of 

16.6 Decibels 

D i a 1 D 1 v i s 1 o n s 
ao.o 45.8 55.0 80.7 
25.0 50.7 60.0 85.6 
30.0 55.7 65.0 90.6 
35.0 60.6 70.0 95.7 
40.0 65.6 75.0 100.7 
45.0 70.9 80.o 106.0 
50.0 75.7 
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The chief difficulty in taking measurements was caused 

by changes ln attenuation produced by moving the centre 

conductor of the cable when plugging and unplugging cable 

connections. This was partially overcome by arranging the 

cable so that changing the cable connections did not entail 

moving more than a few inches of cable. The cable was also 

supported so that no strains were set up near the connectors. 

Individual determinations of the attenuation of the twenty 

foot length of attenuator cable did not differ from the 

mean by more than 0.15 decibels. The calibration could not 

be carried further because the· signal at the receiver input 

became too small to be measured accurately. 

The microwave receiver used in these measurements will 

now be described briefly. The rece~ver (Figure XV} was a 

superheterodyne receiver using a crystal mixer. A matching 

cavity at the input allowed the receiver to be matched to a 

signal source. The local oscillator was a 707B reflex 

klystron whose operating frequency was adjusted to produce 

an intermediate frequency of 26 megacycles per second. The 

i.f. amplifier response produced an output signal proportional 

to the logarithm of the input signal. The output meter was 

therefore calibrated linearly in decibels. To avoid changes 

in the receiver response due to frequency drifts in the 

system, the intermediate frequency was kept ·constant by an 

automatic trequency control circuit. This circuit altered 

the frequency of the local oscillator to compensate for 

changes in either the signal generator or local oscillator 

trequencies. The a.f.c. could not compensate for the 

frequency change produced by varying the signal generator's 
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r.r. level control. All measurements were thererore 

taken at a constant setting or this control. 

Resulta 

(42) 

The calibration curve for the cutorr attenuator is 

shown in Figure XVI. A comparison or the slope of this 

graph with that predicted by the gearing of the attenuator 

loop and equation 14 appears in Table VI. 

œ4J!IB· VI 

Slope of Calibration Curve at 10.5 cm.' 

Theoretical 

0.653 

Decibels Rer Dial.D1vision 

Experimental 

0.648 

Percentage Deviation 

0.8 

The divergence between these resulta is within the 

error possible in the calibration. A small amount of this 

error could be due to the audio at:tenuator used as a 

standard. The manufacturer's specirication:a state that the 

attenua tor components were chosen" within i-% of design 

values, but that the maxim~ error in any setting would not 

exceed 1~, (0.044 decibels). The calibration curve of the 

cutotr att~nuator should be accurate to within 0.1 decibels 

when the calibration was derived using Kethod I, and within 

one percent over the range calibrated by Method II. A 

locking adjustment on the attenuator was set so that the 

coupling loop could not be moved sutticiently close to the 

iris tor nonlinearity to occur due to the presence ot modes 

• 
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other than the T.B11 mode, or due to a change in the input 

impedance of the attenuator. This is the reason the cali­

bration curve was linear over the whole range investigated. 

The &bsolute Measurement of Available Output Power 

Calibration of the cutoff attenuator was the first 

(44) 

step in calibrating the signal generator output power. To 

complete a calibration in terms of absolute power it was 

necessary to make one absolute measurement of the available · 

output power. This was done at low attenuation. The 

measurement was made by comparing the heating effects of 

r.f. and d.c. power. The apparatus for this measurement 

was a Wheatstone bridge in which one of the arma was a 

10 milliampere Littelfuse bolometer. When the bridge was 

balanced with only direct current tbrough the bolometer, 

dissipating r.f. power in the bolometer produced a bridge 

unbalance. Balance could be restored by decreasing the 

d.c. power supplied to the bridge until the bolometer 

resistance returned to its original value. The change in 

d.c. power dissipated in the bolometer was then equal to 

the r.f. power. 

This method can be used only ~f the heating effects 

of equal amounts of d.e. and r.f. power are identical. D.c. 

power is dissipated uniformly tbroughout a wire, whereas 

r.f. power is dissipated mainly at the surface because of 

the skin effect. If the diameter of the bolometer wire is 

small ~nough, no temperature gradient will appear across 

the wire when it is heated with r.f. power. A theoretical 

treatment in section 3.24 of reference (9) based on this 
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assumption shows that the d.c. resistance of a bolometer, 

when heated by r.f. power instead of an equal amount of 

d.c. power, will be changed by only a fraction of one 

percent. The bolom~ter impedance must be carefully matched 

to that of the signal generator if a measurement of avail~ 

able power la to be made. The bolometer mount and bolo­

meter lead wires must also be lossless if accuracy is to be 

obtained. Losses in the mount, or errors because the 

heating effects of d.c. and r.f. power are not comparable, 

are difficul t to measure,. The Bell Telephone La bora tories 

have made measurements with a l cm. thermistor mount using 

as a standard the power indication of a water load. The 

maximum disagreement wàs 0.3 decibels (section 3.21, ref­

erence (9)). Setter agreement would be expected for a 

comparable bolometer mount at 10 cm. since losses in the 

mount and in the bolometer lead wires would be smaller. 

The absolute power output of the signal generator at 

any attenuator setting will be a function of the ·cavlty 

tuning, the reflector voltage, the set ting of the r.f. 

level control, and the length of attenuator cable connected 

at the output of the cutoff attenuator. The absolute 

available output power should therefore be measured after 

tbese variables have been adjusted in preparation for other 

measurements. 

The discussion of the microwave measuring equipment 

bas now been completed. The rest of this thesis is devoted 

to a consideration of double-stream amplification, the in­

vestigation of which required the construction and cali­

bration of the signal generator. 
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PART: TWO 

DOUBLE-STREAM MICROWAVB AMPLIFICATION 

I MlTHEMlTICAL THEORY OF DOUBLB-STRBlM AMPLIFICATION 

Double-stream amplification is a process, the 

existence of which bas been predicted mathematically. Â 

physical picture of the way in which two electron streams 

interact to produce a growing .:Space charge wave h.as not 

been discovered. For this reason a mathematical treatment 

of the process will be gi ven, and physical interpretation 

will be applied only to the results. The theoretical case 

which will be considered will neglect the problem of 

coupling power to and from electron streams, and will 

consider only. two interacting electron streams. 

The model to be examined consista of two intermingled 

electron streams infinite in extent and travelling.in the 

X direction of a Cartesian coordinate system. D.c. space 

charge affects will be neglected and it will be assumed that 

none of the quantities considered vary in the YZ plane. This 

theory will only treat the case w:t:J.ere the amplitude of a.c. 

disturbances is amall enough that the product of two a.c. 

quantities can be neglected in comparison with the product 

of an a.c. and a d,c. quantity. The tollowing symbols will 

be used with the subscripts 1 and 2 to denote quantities 

associated with beams 1 and 2 respectively • 

• 



These quantities are: 

r, the d.c. spa ce charge density, 

s, the a.c. spa ce charge density 
' 

u, the d.c. velocity of the electrons, 

v, the a.c. velocity of the electrons, 

B, the a.c. electric field intensity, 

e/m, the electronic charge to maas ratio, and 

• = (411re/m)~, the plasma frequency. 

The equations of motion of the two beams are 
"' ~' 

dv1/dt + uldvl/d:x :: Be/m 
and 

dvg/dt + ugdv2/ax :Be/m. 

E is common to both beams. The equation of continqity 

applied to each beam separately is 

r 1dv1/dx + u1dsi/dx + ds1/dt : 0 

and ~!dvg/dx + ugdsg/dx + ds2/dt : o. 

The a.c. space charge densities are related to the a.c. 

electric field intensity by the equation 

"i Assuming that all a .c. quanti ties vary wi th time and 

distance as 
q : q 0 exp j(wt + Px) , 

the five equations previously mentioned become 

j(w + Pu1)v1 : Ee/m, 

j(w + Pu2 )v2 = Be/m, · 

Pr1v1 + (w + Pu1 )s1 : 0, 

(47) 



Prgvg + (w + Pug) ag : 0 

and jPB = 4'7\' (s1 + ag) 

In order that the five unknowns in these five linear 

equations ma7 have non-zero values which are solutions of 

these equations, it is necessar7 for the determinant of 

their coefficients to vanish. When the determinant is 

expanded and equated to zero, the following equation resulta: 

(48) 

.(17) 

Equation 17 is a quartic in P, bence an a.c. disturbance. 

propagated in the electron streams can be composed of four 

waves, one for each ropt of the equation. The types of 

waves corresponding to different t7pes of P are of great 

interest. A real value of P corresponds to a sinusoidal 

wave propagated in the streams at a constant amplitude. If 

P is zero, standing waves exist in the st~eam. If P is 

complex, a wave is propagated in the stream with an ampli­

tude varying exponentially with the distance travelled. 

Since all the coefficients in the quartic are real, if one 

complex P exista, the complex con"jugate of P also exista. 

If Pi is the imaginary part of the complex root P, a wave 

must exist with an amplitude increasing with distance as 

exp (Pix), and another wave must exist witb an amplitude 

decreasing with distance as exp (-Pix). An exponentially 

increasing wave will eventually become large in comparison 

witb the other waves which can exist in the system. The 

gain in energ7 of auch a wave as it propagates in the stream 
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will be Pi nepers per unit length. 

the gain will be 

Expressed in decibels, 

G : 8.686 Pi (18) 

decibels per unit length. The conditions governing the 

existence of a complex P are therefore of special interest. 

These conditions and the resulting values of Pi have been 

investigated by Nergaard (3) in terms of the parameters 

wbere 

and 

A = (wlw2)i/CwS) , 

s = l<CuJiu2)i .. (Us/ul)i), 

B: ((wl•2)/(w2ul))i, .. 

C • 2/3 - .A.2 (B2 + lfB2)/6 • 

The condition for the existence or complex roots is 

(19) 

(20) 

The value of the imaginary part or the propagation constant 

was calculated in terms of a dimensionless gain factor X 

defined by the equation 

X ~ ( (ulu2)/(w1~2 )Jipi • (21) 

The gain of the increasing wave is.then 

G = 8.686((w1w2)/(u1Us))i X .(22) 

decibels per unit length. Graphs of X as a function of A for 

several values of B can be round in Nergaard's article (3) • 
. 

In using this analysis to determine the beam para-

meters or a double-stream amplifier, it is more convenient 

to express the beam velocities and plasma frequencies in 

terms of beam voltages and current densities. The following 
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relations then result: 

wn/un - 309 jn~/vnf , -
•n - 1.as x 1olOj i;v t - n n , 

B - ( jl/ j2)"l(V2/Vl)~ -
A - 3.70 x 1olO J1i;v1i -

wB ((V1/v2)i -l ) 
, 

(23) 

and G : 2.68 x lO~j1i/(Bv1f ) , (25) 

where jn is the current density iri be$m n in amperes per 

square· cm., and V
0 

the beam vol tage in volts. The current 

density may be eliminated from equations 24 and 25 to give 

the equation 

G • 7.28 x lo-8 wAX(l/v2*-l/v1i) (26) 

The conditions for the optimum value or X are A = 2/3i , 

and B = l. 
To determine whether or not the conditions for 

double~stream amplification will require physically 

realisable current densities and voltages, examine a system 

operating at 10.7 cm. (1.76 x lolO radians 1 sec.) with 

beam voltages of 500 and 400 volts. At conditions for 

optimum X, this system would bave a gain or 3.89 decibels 

per cm. Current densities or 74.8 and 53.4 milliamperes/ 

sq.cm. would be required for the 500 and 400 volt beams 

r.espectively. These voltages and current densit.ies can be 

obtained. If the growing wave were propagated 25 cm., it 

would then be expacted to increase 97 decibels. · 

The theoretical gain previously calculated could 

not be expected in an experimental tube because edge affects 

associated with electron streams of finite breadtb were not 
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considered. The affects of space charge and incomplete 

mixing of electron streams have also been neglected, as 

bave transverse electric fields in the beams. The fact 

tbat the theoretical treatment applies only to signala 

of small amplitude can also limit the gain. 

II CONSTRUCTION OF .A DOUBLE-STREAM AMPLIFIER TUBE 

A block diagram of a tube using a growing wa~e to 

produce an amplified signal is shown in Figure XVII. The 

source of two electron streams must deliver two well 

mixed beams of electrons of the desired voltages. In 

addition the current densities should be easily variable 

if the conditions for double-stream amplification are to 

be satisfied. The input coupling system serves to excite 

the growing wave in the electron streams. The growing 

wave then proceeds through the inte~action space where it 

increases in aize until it reaches the output coupling. 

There the wave excites a magnified signal in the output 

coupling system. The efficiency of the coupling systems 

was not considered in the theoretic.al treatment previously 

given. This is another potential source of losses in an 

experimental tube. 

A helix or resonant cavity are convenient coupling 

systems. If a helix is used at the input, modulation of 

the electron streams is achieved by cboosing the dimensions 

of the helix so that the axial velocity of propagation of 

the signal in the helix is approximately the velocity of 

one of the electron beams. The same criterion determines 

the dimensions of the output helix which is excited by the 
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Figure XVII 
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electron streams. If a resonant cavity is used, the 

electrons are directed through closely-spaced parallel 

grids in a re-entrant portion of the cavity. The input 

signal produces an electric field between the grids and 

so modulates the electron strea~s. The time of transit 

of an electron between the grids ·must be small in com­

parison with the time for one cycle of the incoming 

signal if efficient modulation is to result. This may be 

achieved by using high voltage electron beams. This, 

however, cannat be continued indefinitely-since the 

current density requi~ement of the beams increases ·with 

increased bearn voltages. 

The interaction space consista of an evacuated 

region in which the growing wave increases in amplitude 

before entering the output coupling system. Since the 

gain of the tube is governed by the length of this space, 

it is desirable that the interaction space be as long as 

possible. T~e length of this space is limited by the de­

focussing and mutual repulsion of the electrons in the 

beams, and the difficulty in directing the beams through 

the output coupling system. To keep the beams compact 

and to sand them through the output coupling system, a 

strong magnetic field is maintained in the direction of 

the output coupling system. 

The previous paragraphe in this section dealt with 

general aspects of double-stream amplifier tubes. The 

(53) 

tube constructed by G.A. Harrower will now be briefly 

describea. A complete description of this tube and problems 



associated with its design can be tound in reference (13). 

A photograph of the tube appears in Figure XVIII. The 

tube used a very efficient electron gun system in which 

two intermingled electron streams were produced by pro­

jecting the current from one gun through the system pro­

ducing the second beam. The currents could be varied by 

changing the filament temperatures or the voltages of 

control electrodes. Resonant cavities were used at both 

the input and output of the tube. The diameter of the 

metal tube bounding the interaction space was chosen • 

small enough that the tube was a waveguide well beyond 
·. } 

(54) 

cutoff at 10.7 cm., the proposed signai wavelength. This 

avoided direct coupling between the input and output. 

Solenoids for magnetic foèussing in the interaction spaee 

are not shown in Figure XVIII, but appear in Figure XIX. 

The meters in Figure XIX were those used to indicate the 

currents and voltages in the electron gun system. Since 

brasa was used in the tube construction, and sealing wax 

in making vacuum seals, the tube could not be permanently 

sealed and required continuons pumping when it was in 

operation. The vacuum system:.used was a three-stage oil 

diffusion pump operating into a mechanical forepump. The 

diffusion pump was capable of producing an ultima.te vacuum 

of lo-7 mm. of mercury. 

III RADIO-FRE'WENCY MEASURBMENTS 

The signal generator was used to supply power to 

the tube at a wavelength ot 10.7 cm. The receiver used 

in the calibration of the cutoff attenuator measured the 
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output power or the tube. Matching adjustments at the 

receiver input were made with approximately 30 decibels 

or attenuator cable connecting the receiver and signal 

generator. When the tube was inserted in the circuit, 

the input was connected to the signal generator through 

approximately 20 decibels of attenuator cable. Ten 

decibels of attenuator cable connected the output of the 

tube ta the receiver. This ensured that a mismatch at 

the output of the tube could not arrect the receiver 

tuning. Be~orè operating the tube it was necessary to 

tune the input and output cavities. · Tuning consisted of 

screwing threaded tuning plugs into the cavities. To 
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detect the optimum tuning, one of the t\lDing plugs was 

removed and replaced by a coupling loop which was connected 

to the receiver. The tuning plugs were then adjusted for 

maximum power transfer between the input and output coupling 

loops. The cavities were tuned separately in this manner 

and then tuned in series. Following this the electron 

beams were turned on and the tuning adjusted once more 

for maximum response. In all cases the maximum occurred 

when the tuning plugs were screwed in as rar as possible. 

Since the maximum obtained was not sharp, and it was not 

possible to make adjustments beyond the maximum, it was most 

probable that resonance was not obtained. It follows that 

a considerable losa in the amplification of the signal 

could have occurred. 

Alter the cavity tuning bad been checked with both 

beams operating, the output signal obtained with single 

beams was investigated. With either beam operating alone, 



maximum beam current produced the maximum output. The 

signal output did not vary with small changes in beam 

voltage provided the beam current remained constant. 

When both beams operated simultaneously, the behaviour 

of the output signal was entirely different. 

The output was first investigated when the beam 

voltages and the current in the fast beam were kept con­

stant. The current in the slow beam was ·varied by ad­

jus ting the appropriate filament voltage. As the current 

was increased, the output stayed near the value oht•ined 

for a single beam until a critical current was reached • 

.lf'ter this the signal rose quickly to a maximum •. Further 

increase in the current eventually resulted in a slight 

decrease in signal. If the currents were adjusted for 

maximum response, decreasing the current in the fast beam 

slowly decreased the signal output. The output was still 

above that from a single beam when the current was only 

a few microamperes. 

The current densities at :which an output reading 

was obtained could only be es~imated. This was shown by 

previous tests made with the electron gun system operating 

t f b t 4 5 10-4 mm. . Çt a a pres~ure o a ou • x o.a. mercury. At this 

pressure the electron beams were visible due to the ioni-

(58) 

zation produced by the electrons. The fast beam did not 

till the finàl aperture in the gun system. Increasing the 

current in the fast beam caused the beam to spread slightly. 

The current from the slow beam filled the final aperture 
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in the gun system, but was not uniformly distributed over 

this aperture, judging the current density by the intensity 

of the light produced by the beam. The values of the 

current densities were also doubtful because progressive 

spreading of the beams must have occurred in spite of the 

magnetic field in the interaction space. Assuming that the 

final aperture in the gun system was filled uniformly, the 

maximum current densities available at the output of the 

electron gun system were 6.8 and 15 ma./sq.cm., corres­

ponding to currents of 0.47 and 1.1 ma. in the fast and 

slow beams respectively. 

After the effect of varying the current densities 

was round, the beam currents were adjqsted for maximum 

signal output and the beam voltage ratio was varied. The 

output decreased gradually but passed through a series of 

small ripples of two t9 three decibels amplitude. The 

ripples were not predicted by the mathematical theory of 

double-stream amplification. The theory, however, 
• 

neglec.ted the presence of three additional waves, one 

attenuated and two of constant amplitude, which could have 

been excited in the electron streams. (See paragraph 

following equation 17). Varying the beam voltages would 

have altered the phases of these waves relative to that of 

the growing wave. This could have_ produced the ripples 

observed. 

The maximum reproducible signal amplitude is recorded 

in Table VII. This table also gives the resulta obtained 

· with each of the electron beams operated separately using 

the same beam voltages and currents. These readings were 



easily reproduced. A much higher output was obtained on 

one occasion when the output meter read 29 decibels. 

This reading, however, demanded a critical adjustment of 

the beam parameters and could not be recaptured. 

TABLE VII 

Response of Receiver 

Beam One Beam Two Both Beams 

Output Meter Readings in D~cibels 

6 11 19 

IV DISCUSSION OF RESULTS 

lrube Removed 
from Circuit 

46 
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The data in Table VII show tbat there was a net loss 

of signal in the tube even when.the maximum signal output 

occurred. This does not mean that double-stream amplifi­

cation did not occur, since losses greater than any double­

stream gain may have occurred in the cavity coupling 

systems. If it is postulated that there was no double­

stream amplification, but that the âignals obtained with 

the separate beams were unchanged when the beams operated 

together, it can be shown tbat the output signal observed 

could not have been obtained. Under conditions where 

double-stream amplification did not exist and the beams 

did not load one another, the maximum output possible from 

beams 1 and 2 operating together would be (V1 + v2), 



where v1 and v2 are the output voltages from beams 1 and 

2 operating alone. Since the receiver output meter was 

calibrated in decibels, the calculation of (V
1 

+ v
2

) re­

quires same consideration. Designate the zero decibel 

reference voltage by vr. Since the decibel readings of 

the outputs of beams 1 and 2 were 6 and 11 decibels 

respectively, 

20 log y1/vr = 6 or 

and 20 log y2/Vr = 11 or 

vl = v.r lo0·30' 

v = v 100.55 ' 2 r • 

(61) 

The decibel reading of the voltage (V1 + v2 ) would then be 

20 log (Vl + v2)/Vr : 14.9 

decibels. Since the maximum signal obaerved when both 

beams were operated together was 19 decibels, unless 

double-stream amplification existed, there was a consid­

erable discrepancy to be explained. The calculation of 

this discrepancy is conservatlve when it is considered 

that the worst possible phase relationship betwean the 

voltages was assumed. If the voltages bad been out of 

phase, the decibel reading would have been 

20 log (V2 - V1 )/Vr : 3.8 

decibels. G.A. Harrower (Appendix I, reference (13)) cal­

culated tbat the phase difference was approximately 72° at 

the end of the interaction space. This calculation was 

based on the assumption that the phase velocity of a wave 

in a modulated stream of electrons is the same as the d.c. 

velocity of the electrons. 



The resulta in the previous paragraph 1nd1cate the 

existence of an amplifying affect not present in the 

single streams of electrons. The qualitative behaviour 

of the signal output furnishes additional proof of the 

existence of double-stream amplification. The observations 

of the r.f. output as the current densities in the beams 

were altered agree with the predicted behaviour shown in 
" Figure xx. The graphe in Figure XX were plotted from 

data calcul.ated using equations 11, 24 and 26, and a 

graph of X as a .tunction of A for various. values ot B. 

The graph can be round in reference (3). Referring to 

Figure XX and recalling the estimates of the maximum 

current densities available, it is seen that the current 

densities were not large enough to satisfy the conditions 

for large gains. 

If the ripples observed in the output when the beam 

voltage ratio was varied were caused by unattenuated waves 

propagated in the electron streams, the gain of the growing 

wave can be estimated from the amplitude of the ripples. 

Near the maximum output the peak to peak amplitude or the 

output ripple was about two decibels. If the growing and 

unattenuated waves were excited with equal initial ampli­

tudes, the gain in the growing wave was about 20. decibels. 

The corresponding theoretical prediction of the gain can 

only be crudely estimated because of the uncertainty in the 

effective current densities, but was probably about 30 

decibels. 

(62) 



. -~t . _1 1 ' ~ - T t ' ' 1 ' 1 . i • 1 1 1 ' . - T 

j·_-~l· j1 1 r~~r- -- n~ ~.-:. ~ t ,~ - ~ : r ; : · 1 
: i ;_~-; ; ; 1 

1
' -i tL r : r

1

1 r t ~ ,- l- •

1

. ·
1 

:. Î ~ ; J 1 ; -~-~ :- . ,. ; • 
- • ; i . - . 1 1 , , , - . • ' . 1 1 1 ' 1 . • r· -- ·- t - - - -- • r j . ' • , 1 1 ' • • . . ' • 1 

~- ·H 11' + -r-r t-~ + ! i t 1 l-i + · l -: ' :- · 1 ·• ~-i l~- 1~1 t--, ·. , : 1 l :.. 1 : 1 ~ : ~ · ; 1 · 1 ' 1 

'-!-LJ ~~-+- 1_ x·t-l +t~ ---· . d ,!t; - t=- ~~~~ 1 1 :-i·~J. . -1 1-.: 1- jJ,, · ~ - · ·: •. , ,
1
j,, :I'_J' i+ + -~-1--i ·tl-t·l ·<Tro-w ·ngw_.ov Ga!i-f'l- Ulete .els d 1·!1-i,.·!_f-:1':- 1-!i · -:·-~1 ,i 1 .1 

1 
·t- -ti .f f • • l ' " . . 1 . . •. i ' _, - - -·- ~ . 1-· tl. . ' 1 _, ~ ~ ( h ' • 1 • • • 1 . • b . 1 j 1 . ' t . . - l 

' . 1 t 1 [ 1_ 1 1 ' 1 1 1 l' . ,.., ' ' \ 1 1 ' 1 l 

::jt- -itT<IH , il,- 'i < .... T--•-:-< ~'i-: ~~i! <b :1/-'•l d>T' ~ . •j!• cp ; t• , 'tlj-j·-i '1 

1 ! ~-t- tl \ : j ' ' ' . j . ' 1 1 • • t- . ' ' 1 1 1 1 j . - . - t- ~ t L- - - - l ~ • • 1 1 !- 1 1 - - --1 , . t- - . . j r- . 1 , • r . -. 
1 J j - - t 1 c :--!.1 l.. - _j ' .--[ .. _ .L 1. ! -+ - 1 1 : ' -t ~ l· -~ -l -1 J /- t i j ~ 1- _l ~ 1-u J -1- __ ; j .., i j 1 f 1 i ' T , 

1 ~ - r- - r f , +-- -r J · , -+ . . ,. 1 - · • 1 - . ' 1 • . - , , • 4 1 t-- 1 ..... , 1 T . .• • " 1 . , , _ , . 
~ +- -i r -1 lll i =' ~~j_ t 1 - r 1 i ; l 1 i -1 1 r 1 t·l ~ l î.,:f::·! ! ~ i r r·l --- ~ 1 -r ï ! ' . 1 1 : 

~ -~ 

t-· 

u 
' 

-l t· 
t t ,_ 

. ' 

t i i 1 ' + f 1 ~ 

~
. )1 mT ------.,_-;-.;.. ~· ,-~ --- ,- - T-TT T ·~ T l 1 ~ f - 1 . ,. 1 l' t ç l 1 

. · . . ' 1 1 _, . 1 . ' !•, ; f 1 1 . i 1 l ' . -· - li 1 ;:) 1 ' . . . ; 1 1 1 j . l t 1 1 . t l' -·tllllj: - ~~"~- + ·. L l ; ·' 1 :-_ , 1 1 ; 1 JI t - 1 !- ~ r -; --1 1 i - . ! j ; 1_ • t ; ; ; 1 f , - f , , ' .. t • ./ 0 i 1 i 1 1 , ' 1 1 -1 l ' . ! j i 1 L - 1 - ~ ! ; t j ,- 1 • , , , • 1 
. . (~ -i- 1 1 . i . '{ ' 7"" . 1 1 . 1 i 1 : . t . i 1 l 1- ' + i i 1 - t - ' • 1 1 1 - 1 J j . t . 1 ; " 

--7-H-H~+t-t+++-+++++++-+ft:+-1-1-1--1-1--J.::W...-W-l-Ul....:....U...Ll ; 1 j 

c:p -1 1 ~ 1 '! -1 . ,\ ' . ! ~ - J · L 1 : 1 i ' · i 1 1 • r· i j- t-1 _, 1 ~ -1- 1 ~ i - 1 1 r ~ 1 - • ~ · 1 , 1 
-~'1 - ~ , -1lr .- : 1 ~ ' \r-+ J l 1 -=Hî-· L.;_·--1-! ,. 1· t-;-lt - .-- -·--r· · tt----~ :.11 : :] 

1 1 œ 1 4 l 1 - l' 1 J' 1 . 1 • . ' - ' r . . 1 . . r 1 l t -t ' 1 -·· ' 1 1 1 1 ' . ' 1 r 1 1 t ' . . 1 ' l 
- - -- ,.__ -T- - ~ ' l 1 , 1 1 1 : ,'r, 1-t ! 1 l 1 ' i + - l' . , • t - -- ~ . ' t' ' . _! : ~ : 1 : ; l :z . i l · , ~· , 1 · L t 1 1 • . • • 1, 

: - ., • 1 ' ,f ' . . . / ·'-- . . . . \ ' ' -" . 1 l' • 1 1 - ' .- - '_ . . 1· • 1 ~ . + ~ ' 1 

--t l- i. _ : ~:!. . ·A ._ .!:) j: 1 -1, 1 1 1', j, - f 1 i -!rf· 1 -j 1 11- -~ -: 1 --l J.: i ! 1 
' ' ' c _'\. ' L 1. -- . ' .i- 1 1 ' 1 ' J t - -! · · t · : 1 · • • : 1 • · · · : 1 1 1 -- t-- · : l -- 1 , - ;- - - t r t 1 

i - "'t b~-- t : 1 Y j t 1 1 -f · 1 j 'll~ · 1 r JT ~~ 1 ~ N-L.!...J j t ; 1 1 1 1 .t:i~ t : · î L 1 r 1 i 1 -1 
1- - h - i/ . -'-_ Y !;: 1 'Y_ !j ~-j ~- ~ l-j ~-~.-~- --t -~ : _J ~-!- M l- !j-~- -(l_--1-1 +_·+. Ir- -~~ 1- ~~ ; ; j 1 / • , 1 1 : 

0
_ , · t . +--• l . j- - - , h f"-.,til -l· [1- - D . 1 - -t 1 ! 1 l , -J 

- ·· 1 1 ' V! · t- · ' • . • + -1 - - - 1 1 • - - • 1 1 t · 1 -r , f-' -j- · , ' 1 / L f ! ! · ~ ; 1-l ~ j : --:_!.-t_i - - -- 1 l -~- 1 - ' --0~ l t j r"~" ~ l l t 
i .. . ~~ j r t 1 1 11- ; 1 ;_ y i i 1 i : / · ~ 1 l ' jt--~..._ ! + 1 li~~ r ~ 1 

: ~~ 1- i r J 1 ! 1 r- j -tl~--1 r~jf'- =- - ~-. k- < -~ 1 L!· ~~ /."'r; i L L: ~ i ; ; ~- ~1- 1-1~ ~~'-x ill~-l ~~ 1- _J: 1 -li-t ! :- :-~- ut 
1- 1 -t--1--, -i - 1 ' ·- ' ' . ' _, 1 1 1 J • , • - +-1 . :'-' t i . j· f 1 . J 1 - ' -- 1 H- \ 

1 1 • 1 . 1 . ' • 1 ' ' ! . 1 \. 

T ~ j • J ~ - r-~t~ j • 
' . ' ' 

· t-r ~ -~ ;--:_ ! ' r i .. · 1 1 

!-·t ri:-,--- --:·- 'i 

i : ' 
1 1 

j 

! ~ 1 
L 1 

i · , ' . . , 1 • • • ~ 1 , i 1 , . 1 • • • 1 r· ! 
1 1 • ' • ' 1 1 ' 1 1 • 1 . 1 1 1 • 1 • t . . . 1-- . . .f. ...,. - • • • • ~ ~ 

1 ' • ' 1 • ' ' r 1 . r • -· 1 . ' • t r • 1 t ' • ' r • ' 1 . 
1 1 1 f ' 1 ! 1 1 1 : 

(~9) 



V · LOSSES IN THE SYSTEM 

Attention bas been previously focussed on the gain 

of the growing wave in the tube without much consideration 

of the gain of the tube as a whole. Wh1le the tube gain 

can be increased if the conditions for greater gain of the 

growing wave are satisfied, an increased overall gain can 

be obtained even if the beam parameters governing the 

amount of double-stream amplification are kept constant. 

If the beam cur:rents are doubled without changing tb.e 

current densities, the gain of the growing wave is the 

same, but the voltage output of the tube is doubled and 

the tube gain is increased by 6 decibels. A tube operating 

with low currents but high current densities could thus 

have a low gain even if a high growing wave gain was 

achieved. Reference to Figure XX shows, however, that 

the current densities are the more important factor since 

an increase in the current densities.available will pro­

duce as great or greater gains than a corresponding percent­

age increase in the currents available. Obviously one of 

the reasons for the large insertion losa of the tube waa 

the inability of the electron gun system to supply beams 

with either high currents or high current densities. 

Other reasons for the insertion loss of the tube can be 

(64) 

found by examining the r.f. circuitry in the tube construction. 

No provisions were made for impedance matching at 

either the input or output cavities. The impedance 
. 

measured across a loop coupling into a cavity is a higb 



resistance when the cavity is resonant, and a high re­

actance when the cavity is off resonance. In either 

case the impedance would be large in comparison with the 

50 ohm. resistance of the input and output cables. It 

is therefore very probable that large losses occurred due 

to mismatches at the input and output cavities. This 

could have been eliminated by installing tuning seètions 

at the input and output of·the tube. 

The design of the cavities was another factor which 

contributed to the losses in the system. The cavities 

had been originally designed to resonate at 10.7 cm. The 

modifications made when they were converted, for use in 

(65) 

the tube, particularly the large increase in the area of 

the closely spaced cavity grids, increased the capacitive 

loading of the cavities and lowered their resonant 

f'requency. This explains why tuning necessitated screwing 

the tuning plungers into the cavities as far as possible. 

The ratio of the volume to the surface area of the cavities 

was decreased by the tuning, hencè the q of both cavities 

·was lowered. The tunirig plùgs also aaused considerable 

distortion of the fields inside the cavities, which must 

have resulted in poor coupling to the input and output 

loops. The fact that resonance was almost certainly not 
• 

obtained has already been mentioned as a reason for losses 

in the system. The time of transit of the electrons be­

tween the cavity grids was responsible for a small decrease 

in the amplification ot the signal, since the beam coupling 



coefficients were less than unity. This loss was 

calculated t9 be 0.82 decibels at both the input and 

output cavities. (See Appendix II, reference (13)). 

(66} 



SUMMA.RY 

A microwave signal generator satisfactory for 

making signal and noise measurements on a double­

stream amplifier tube was built and its absolute 

available output power precisely calibrated. Factors 

in the design and construction of the signal generator 

were discussed. The precision calibration of the 

signal generator i~volved calibrating a cutoff atten­

uator and measuring the absolute .power output of the 

signal generator at a low attenuation setting. The 

cutoff attenuator was calibrated to within 0.1 decibels 

over a 25 decibel range by a substitution metb.od using 

a precision audio attenuator in an audio sys·tem ·with a 

aqqare-law detector. The ealibrated range was extended 

to 65 decibels by a second sùbstitution method using a 

microwave attenuation standard evaluated by the above 

audio method. The absolute power measurement was made 

with a bolometer bridge. 

The theory of double•stream amplification was re­

viewed and the construction of double ... stream amplifier 

tubes discussed. The r.f. output of an experimental 

double-stream amplifier was e.xamined, using the signal 

generator as a signal source at a wavelength of 10.7 cm. 

The objective of the investigation, to· observe double­

stream amplification, was achieved. The observations. 

agreed qualitatively with theoretical predictions. 

The double-stream amplifier could not be used as a 

practical amplifier since it bad a net insertion loss. 

(67) 



The insertion loss occurred partially because the 

conditions for high double-stream gains could not be 

satisfied, and partially because of losses due to the 

design of cavity couplings in the tube and the lack 

of impedance matching at the input and output of the 

tube. These factors are being cônsidered in an im­

proved double-stream amplifier which is now under 

construction. 

(68) 
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