












































































































































































































































































-128-

contributions due to parametric coupling to higher idlers is probably

negligible, even for strong pumping.

Conversely, for large QC the coupling to the fast-signal space-

charge wave is weak, but the gain is low and the coupling due to

parametric pumping which is now of the same order as the field coupling

may introduce appreciable amounts of noise in the lengths required.

Thus some compromise is sought in which it is hoped that neither source

of noise presents a serious problem.

In the practical case both pump space-charge waves will be excited.

For a complete solution the equations of Chapter IV would be used.

However, it is found that the fast pump wave couples the fast signal and

idler space-charge waves and that the slow pump wave couples the slow

signal and idler space-charge waves, just as in a parametric amplifier.

In either case the coupling from slow to fast space-charge waves is 

negligible. Only when the pump wave velocity is near u , as in the 

previous section, does this type of coupling become important. Since

noise is carried at the entrance plane by the fast signal and idler

waves and the traveling wave tube interaction is principally with the

slow waves, it is expected that the major noise contribution at the

signal frequency will be due to strong parametric coupling of the slow

waves to the hlgher idler slow waves through the slow pump wave, rather

than that caused by the relatively weak coupling of slow and fast waves

through both fast and slow pump waves. Therefore, it would seem best

to approximate the situation for single wave treatment by assuming a

single slow pump wave. The validity of the arguments leading to this

approximation can then be checked by noting the relative magnitude of
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the effects on conventional traveling-wave tube performance when a fast

pump wave is assumed.

A preliminary study of the traveling wave tube with a slow pump-

space-charge wave has been completed. The model consists of a conven-

tional traveling-wave tube except that a slow pump wave of modulation 

index m1 is present on the beam. The noise excitation of the slow 

signal and idler waves (A-o, A--1) are assumed zero. The fast signal wave 

and the higher order idlers are assumed to be excited to the cathode 

temperature TK (°K). Coupling to the circuit only at the signal and

idler frequency is considered. The noise coupled in from the idler

circuit wave Ac-1 is assumed to come from a termination at 1/2 Tk.

The equations for five frequencies were solved on an analog com-

puter in the near-degenerate case for several values of QC . A

typical plot of the various matrix elements is shown in Fig. 6.4 . The 

power gain is represented by the matrix element Mco,co and the noise 

temperature is given by

(6.1)

The gain and noise performance is summarized in Figures 6.5 and 6.6. The

matrix elements used in determining the noise temperature are evaluated 

for the length at which Mco,co = 100, i.e., where the power gain is 20 

db. In the absence of the pump wave (m1 = 0), the noise temperature 

decreases as QC increases; also, the noise contributions due to paramet- 

ric pumping are more consequential for large QC. This behavior is in 

accordance with expectations. In Fig. 6.6 the suppression of gain due to 

the presence of the pump wave is indicated. It also is more serious at
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Fig. 6.4 A typical plot of the contributions to the circuit mode 
for a traveling-wave amplifier with a slow pump space- 
charge wave excited on the beam. The noise temperature 
of the amplifier is predicted from this type of plot.
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Fig. 6.5 The noise temperature of a traveling-wave amplifier with 
a slow pump space-charge wave excited on the beam. The 
noise is assumed to be removed from the slow signal and 
idler wave.
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Fig. 6.6 The effect of a slow pump space-charge wave on the gain 
of a traveling-wave amplifier. Note the large effect at 
large QC where the parametric coupling tends to be of the 
same order of magnitude as the mutual-field coupling.
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large QC.

Examination of the curves again reveals the necessity for com- 

promise. Operation at large QC and small m1 yields the lowest noise 

temperature, but again requires considerably more length for both 

traveling-wave tube and noise exchanger. As might be anticipated from

the results of the parametric amplifier study, a cursory examination

of a few cases for which the circuit phase velocity is faster than that

for optimum traveling-wave tube performance shows that some improvement

over the results in Figures 6.5 and 6.6 can be obtained. A more

detailed study which includes ranges of the b parameter is needed to 

optimize the results. In all cases the contribution to the noise tem- 

perature due to the presence of higher order fast space-charge waves

was negligible.

6.5 Other Applications of the Theory

The next obvious application of the theory is to traveling-wave

mixers. In this case the pump would be the local oscillator signal

and the mixer output signal would be at the idler frequency. Conversion

gain and noise performance can be obtained from straightforward solu- 

tion of the equations. The most thorough mixer analysis to date (35) 

does not take into account the effects of higher order mixing products

or the reciprocal effects of the mixing products on the signal wave.

Another related application might be to the theory of up-

conversion by use of electron beams. In this case the signal frequency

would be much less than the local oscillator frequency, and the output

signal would be at the s = +1 idler frequency.



-134-

These and all related problems involving the generation of mixing 

products through the presence of two or more signals of different fre- 

quencies on the nonlinear beam should lend themselves readily to 

solution by these equations and techniques.
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7.1 Introduction

Several experimental space-charge-pumped amplifiers were built in

the initial stages of the study in an attempt to verify some of the

theoretical predictions of Louisell and Quate and, in addition, to

attempt to obtain an experimental confirmation of the expected low-

noise feature of these amplifiers. Typical gain and pump saturation

characteristics of these amplifiers are discussed and are felt to be

fairly well understood in light of the theories presented in the pre-

vious chapters. The employment of a helix as the pump coupler leads to

some interesting speculations about the gain and noise performance.

Discussion of the difficulties encountered in using a helix for the

pump coupler leads to some observations on requirements for this im-

portant element.

7.2 Design of the Experiments

Two successful amplifiers were built in the course of the investi- 

gation. Since the princlples of operation of both amplifiers were the 

same and the performance was very similar, only typical results obtained 

from what was felt to be the best of the two will be presented. A

schematic representation of the tube is presented in Eig. 7.1 and a

photograph in Fig. 7.2. The input coupler performs a dual function by 

injecting the signal onto the fast space-charge wave and simultaneously

removing the noise from it. The second coupler is designed to transfer

the pump energy to the fast pump space-charge wave. The exponential

CHAPTER VII

COMPARISON OF EXPERIMENTAL RESULTS WITH PREDICTIONS OF THE THEORY
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Fig. 7.1 Schematic representation of a parametric amplifier of the 
drifting-beam space-charge-pumped type. All helix sec- 
tions are fast-wave couplers designed to operate at large 
QC and Kompfner dip.
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Fig. 7.2 The experimental drifting-beam type of parametric ampli- 
fier. The drift tube is about one and one-half plasma 
wavelengths long and is operated at the pump coupler 
potential.
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waves are allowed to grow in the drift region and the amplified signal

is removed in the output coupler.

Design of the Couplers. The S-band signal helix couplers were

designed to be essentially fast space-charge-wave couplers at 3 kMc 

by operating at large QC and at Kompfner dip (29, 30). The pump helix 

coupler was designed in the same manner at 6 kMc. Under these condi- 

tions, as shown by Gould (21) and Ashkin et al (22), the coupling to the 

slow space-charge wave is small, and the power on the circuit can be

transferred almost entirely onto the fast space-charge wave.

A matrix relating the output mode amplitudes of the circuit 

wave, the slow space-charge wave, and the fast space-charge wave to the 

corresponding input amplitudes can be defined as follows (17)

(7.1)

where the subscripts, i, j = 1,2, or 3, are used to denote the modes in 

the order mentioned above. Gould (21) has shown that under conditions 

of large QC and Kompfner dip, the magnitudes of the matrix elements are

very nearly given by

(7.2)

Thus the couplers transfer the circuit input power to the fast space- 

charge wave, and the fast space-charge wave excitation (noise in the 

input coupler and signal modulation in the output coupler) to the cir- 

cuit output load. The magnitude of matrix elements can be made exactly
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as shown in 7.2 by using more complex arrangements. However, it was 

felt that such complexity would not be necessary in the preliminary

experiments to demonstrate first-order effects.

The S-band signal coupler was placed before the C-band pump

coupler so that no parametric amplification would take place before 

the noise had been removed from the fast signal-space-charge wave.

The pump helix was designed to be dispersive in order that the circuit- 

wave velocity at the signal frequency might be much faster than the 

velocities of the interacting space-charge waves and the pump circuit 

wave. As will be explained, this design objective was defeated by the 

effects of dielectric loading; this difficulty was the prime cause of 

confusion in interpreting some of the measured results. The drift-tube 

length was about one and one-half plasma wavelengths. The pertinent

parameters are listed below.

QC C Yb b/a L

S-band Couplers 1.24 0.021 0.94 0.33 2.8"

C-band Couplers 1.8 0.017 1.88 0.43 1.63"

Drift Region - - - 0.46 4.5"

7.3 Gain Performance

The gain characteristics of the amplifier are shown in Fig. 7.3. 

The maximum electronic gain (defined as the difference in output level 

with the pump on and off, respectively) was about 34 db. The insertion 

gain of the amplifier was much less, however. The curves were taken at 

a fixed setting of the voltage on the pump helix.

Examination of Fig. 7.4 reveals the reason for the high insertion
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the tube was accidentally broken, and at that time it was felt that it

should not be rebuilt because of the difficulties encountered with the

pump helix. It is felt, however, that a sufficient amount of reliable

data was taken to substantiate these arguments.

7.4 Noise Performance

The measured noise figure was about 23 db. However, this high

value can be partially explained by noting that the signal-to-noise ratio

is greatly reduced in the pump coupler when it removes signal modulation 

from the beam. In addition, a minimum intercepted current to the helices

of 65 μa certainly contributed appreciable amounts of noise. An

estimate of the deleterious effect of signal removal in the pump coupler

can be obtained if one now neglects the possibility of circuit pumping 

in this region, and keeps in mind the reciprocal properties of the matrix

elements describing the helix.

Let the signal input power be Sin and assume that the signal input 

coupler is ideal so that L13 = L31 = 1 in equation 7.1. Let the cor- 

responding elements for the pump coupler be CC . Then the signal power

at the beginning of the drift region becomes

(7.3)

and the noise power is given by

(7.4)

The noise contribution from thermal noise at the idler frequency is in- 

cluded in this expression. From Fig. 7.4 (using the dashed curve as an 

estimate of optimum performance), one can estimate that the signal reduc- 

tion is about 15 db in the pump region. This corresponds to an α of
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0.968. Using the standard definition of noise figure

(7.5)

and substituting, it is found that the noise figure for the section of 

the tube comprising the input signal and pump couplers becomes

(7.6)

If this section and the drifting-beam section are regarded as two ampli-

fiers in cascade and if the formula for the noise figure of cascaded

amplifiers

(7.7)

(where F12 is the over-all· noise figure and F1 and F2 are the noise 

figures of the first and second stages, respectively) is applied, it is 

found that an F2 of 5 db is necessary to account for the over-all 23 

db noise figure. It must be emphasized that no definite conclusions can

be drawn from these calculations since they are based on only crude

estimates and are carried out only to illustrate the influence of the

pump coupler on the noise performance.

7.5 Conclusions and Discussion of Ideas for Future Modifications

In view of the fact that the prime objective in the design of a

parametric amplifier is the achievement of a low noise figure, much 

more experimental work is necessary to demonstrate whether or not the 

longitudinal beam type of amplifier is able to compete with existing low 

noise amplifiers. It is felt that, although the results obtained in 

these experiments do not shed much light on the noise problem, they do
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seem to substantiate to first order some of the theory that has been

proposed. They have also pointed up some important pitfalls to be

avoided in future work.

In the experiments where the signal frequency was not exactly

half of the pump frequency, commonly referred to as nondegenerate opera

tion, the idler frequency component present at the output was usually

about one db below the signal frequency level. All the measurements

were made with a narrow-band receiver for a detector so that the quan-

tities plotted in the figures represent only the signal frequency com-

ponents.

In future experimental amplifiers several modifications are indl-

cated. The theoretical conclusions reached in Chapter V show that the 

drift region should be eliminated and that circuit pumping should be 

used exclusively. The pump circuit should be very dispersive and have 

a large γa. The dispersion characteristics of one promising possi- 

bility are shown in Fig. 7.7. These characteristics are for a helix 

surrounded by a dielectric with conducting rings outside the dielectric 

and were calculated by Birdsall (36). The experimental measurements 

were made on some scale models of a circuit proposed for an amplifier. 

The sheet model was used for some impedance calculations at large γa.

Another modification might be the inclusion of a large QC lossy 

helix between the gun and signal coupler. An examination of the proper 

ties of such helices, which are discussed by Brewer and Birdsall (37), 

reveals that continuous extraction of noise from the fast-space-charge

wave may be possible without appreciably affecting the slow wave. Such 

a circuit could relieve some of the stringent requirements on the input 

coupler and allow more broadband operation at low noise figure.
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Fig. 7.7 The dispersion characteristics of a ring loaded helix 
section. The sheet model is valid for the region 
γa > 1.5. The experimental curves were obtained on 
large scale models of proposed circuits.
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CHAPTER VIII

SUMMARY, CONCLUSIONS, AND SUGGESTIONS 

FOR FUTURE INVESTIGATIONS

8.1 Summary

Three separate analyses have been presented which predict the

behavior of an electron beam under the stimulus of a weak signal source

and a strong pumping source. All are linearized, one-dimensional 

analyses in which the pump quantities are much smaller than d.c. quan-

tities, but much larger than the signal quantities.

The analysis presented in Chapter II extends the work of Wade and

Adler (24) in that it allows for arbitrary velocity and frequency of the 

pump wave relative to the signal wave. It is approximate in that it 

includes only one constant-amplitude pump wave and neglects the effects 

of the higher order mixing products.

In Chapter III the general equations are put into coupled-mode

form in order to allow simplified solutions which account for the

effects of the higher order mixing products. Provision is made for 

coupling to a circuit at each frequency. Again, the single-pump-wave

approximation is used. A kinetic power theorem is derived which turns

out to be a generalization of the Manley-Rowe relation. Consideration

of the form of the equations from the generalized coupled-mode point of

view leads to some interesting observations on the behavior of positive

and negative a.c. energy carriers when parametrically coupled.

In Chapter IV a more general· set of coupled-mode equations are

derived which do not rely on the single-pump-wave approximation, and 

are valid for the general case of arbitrary circuit pumping. The
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coefficients in the differential equations are functions of the pump

mode amplitudes of the uncoupled system, and thus become variable coef- 

ficients. No solutions were sought for this set of equations.

The equations of Chapter III were applied to the space-charge- 

wave parametric amplifier in Chapter V. The reasons for the failure of 

the space-charge-pumped experimental amplifiers were established. Suc- 

cessful operation of the circuit-pumped amplifier is predicted if the 

phase velocity of the pump wave is adjusted to be slightly higher than

that of the fast signal wave.

In Chapter VI further application of the theory shows that it

should be possible to cool the slow space-charge wave of an electron

beam by parametric pumping. This concept leads to new approaches in

the achievement of low noise in conventional amplifiers. Encouraging

results are obtained from a study of the practical application of such

a beam in a traveling-wave tube.

The experimental results presented in Chapter VII tend to sub-

stantiate the circuit-pumping concept but shed little light on the

noise performance because of shortcomings in the experimental tubes.

8.2 Conclusions

Two possibilities for microwave amplifiers with improved noise 

performance have been discussed. Both the space-charge-wave parametric 

amplifier and the application of the cooled slow space-charge wave to 

conventional amplifiers have been shown to be theoretically capable of 

noise temperatures under 100°K. The failure of the experimental para- 

metric amplifiers cannot be attributed to unavoidable coupling to 

higher idlers since it has been shown that the attendant degradation
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in performance is not as serious as had been anticipated. It is felt 

that successful amplifiers can be built if the concepts which have been

developed here are kept in mind and some attention is directed toward

optimum transformation of the space-charge waves between the cathode and

the interaction region.

Of more fundamental interest is the demonstration that it is

possible to obtain active coupling of two positive a.c. energy carriers

and passive coupling of one positive and one negative a.c. energy

carrier, In each case this is achieved through the application of the

parametric pumping principle.

8.3 Suggestions for Future Investigations

In order to use the coupled-mode theory effectively for noise 

problems, more knowledge of the noise carried into the interaction 

region by the space-charge waves is needed. Excitation of the modes in 

the cathode region and their subsequent transformation must be studied

in order to obtain optimum performance. Very little justification

exists for the assumption that the thermal· excitation is determined by

the cathode temperature.

Further application of the single-wave theory in the study of

beam cooling, traveling-wave tubes, mixers, and upconverters is neces- 

sary for more complete understanding of these devices. The preliminary 

studies presented in Chapter VI are for five frequencies only, and more

should be included. A more thorough study should also include closer 

inspection of the various combinations of the parameters. All of the 

solutions of the coupled-mode equations are restricted to the near- 

degenerate case; they should be extended to obtain operational bandwidth
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information.

The consequences of the single-pump-wave approximation should be 

determined for all of these devices by application of the general equa- 

tions of Chapter IV. It is possible that the results may be altered 

considerably. If this should be the case, methods and conditions for

exciting single pump waves should be sought.

The need for further experimental work is obvious. Fundamental 

experiments on some of the "building blocks" of the various devices, as 

well as application of the various principles in the devices themselves,

are needed.
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APPENDIX I

The velocity and current modulation on an electron beam can 

be described by

(A1.1)

(A1.2)

where V is the kinetic voltage , I is the total a-c beam

current, and Wo the equivalent beam impedance. The subscript f is 

used for fast-wave quantities and s for slow-wave quantities. The 

propagation constants are

(A1.3)

where ω is the reduced plasma frequency.

For only the fast wave to be excited, the following condition

must be fulfilled.

(A1.4)

This can be seen from equations A1.1 and, A1.2. The model to be consi- 

dered is shown in Figure Ald. The gaps are considered to be ideal, 

i.e., the transit time through the gap is assumed to be negligible.

By applying the boundary conditions at z = 0 that Ι(0) =0, 

V(0) = V1, Equations A1.1 and A1.2 for the region between the gaps 

becomes

(A1.5)
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Fig. A1.1 The model for two cavity gaps with arbitrary driving 
phase which is used in determining the conditions for 
optimum excitation of the fast space-charge wave.
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(A1.6)

where

(A1.7)

At z = ℓ , these become

(A1.8)

(A1.9)

When condition A1.4 is applied to these equations, the condition for fast 

space-charge wave excitation becomes

(A1.10)

where

(A1.11)

For slow-wave excitation, the condition is

(A1.12)

and the resulting requirement on the phase angles becomes

(A1.13)

Expressions A1.10 and A1.13 are the conditions to be fulfilled for cancel- 

lation of the undesired wave in the output gap. Another condition should 

be put on the couplers to ensure optimum coupling to the desired wave. 

Substituting relation A1.10 into A1.8 and solving for the condition for
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maximum V(ℓ) one gets

(A1.14)

Similarly by using equation A1.13 in A1.8 the condition for maximum 

excitation of the slow space-charge wave becomes

(A1.15)

The two important conditions for the fast-wave coupler are therefore 

given by A1.10 and A1.14. As implied by the analysis, the shunt con- 

ductance of the cavities must also be equal to the beam admittance or, 

equivalently,

(A1.16)

The common double gap or "drift-tube" cavity which can also be used in 

this manner is represented by the special case where ø = 0.
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