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1. INTRODUCTION

1NTEREST in instruments whose operation is based on
the transverse (cyclotron) waves of an electron beam
did not arise suddenly. Back in 1947, Smith and
Shulman [1] calculated the energy exchange between the
transverse field of a parallel-plate capacitor and an
electron beam drifting in a longitudinal homogeneous
magnetic field. Somewhat later (1949), Cuccia123 proved
experimentally the possibility of using planar devices
for coupling with the transverse field in order to modu-
late and demodulate an electron beam.

The revival of parametric ideas in 1957 — 1959 sug-
gested the application of the principle of parametric
amplification in electronics. This principle is in itself
"noiseless, '"since the energy is drawn in this case
from the pump source, and not from the electron beam
that is subject to noise from the cathode. In addition,
parametric amplification is accompanied by accelera-
tion of the electrons and therefore makes it possible to
choose as the working wave the fast wave of the elec-
tron beam, from which the noise can be removed before-
hand in a usual passive coupling device. These two
basic premises gave grounds for hoping that extremely
low intrinsic noise levels can be obtained in electron-
beam parametric amplifiers (EPA).

The first attempts at constructing such instruments
were connected with the use of the then well known
longitudinal modulation of the electron beam, usually
described with the aid of a fast (+) and slow (-) wave of
space charge, the phase velocities of which are equal to

yph± = "o/[l +ω,(ω)ω-1], (1.1)

where Vo is the average unperturbed velocity of the elec-
tron beam, ω«(ω) is the reduced plasma frequency, and
ω is the signal frequency.

Several types of EPA for space-charge waves were
proposed and investigated in detail (see, for exam-
ple ). These differed in the construction of the indi-
vidual elements, in the type of the interaction, in the
method of introducing the signal, in the method of re-
moving the noise, etc.

It turned out, however, that owing to the low disper-
sion of the phase velocities of the space-charge waves,
combination frequencies of the type |mu)p ± na>
(ωρ— pump frequency, m, n—numbers of the natural
series) play an important role in the amplification reg-
ion. This causes a decrease of the gain and an apprec-
iable increase in the noise coefficient of the instrument
as a result of the transfer of the noise from these
waves.

A low noise level in EPA with longitudinal modula-
tion could not be obtained experimentally. This was ap-
parently connected also with the fact that for the low-
noise beams the phase velocities of the fast and slow

waves of the space charge differ little in magnitude,
making it very difficult to remove the noise from the
fast wave beforehand by using a passive coupling device.

At the same time, attempts to construct EPA with
transverse modulation of the electron beam were quite
successful.

An electron beam drifting freely in a longitudinal
electric field Ho = H z is described in the transverse
direction by two independent coordinates, and can
therefore contain twice as many normal modes as in the
longitudinal case. Two of them are fast, two are slow,
two are cyclotron, and two are synchronous. The cyclo-
tron waves describe the transverse electron velocities
and the synchronous waves their transverse displace-
ments. The phase velocities of the fast (+) and slow (-)
cyclotron waves are determined by the expressions

4 h =,0/(1 + ω,ω-'), (1.2)

(wc = |e|B0/m is the cyclotron frequency) and can differ
greatly from each other. The two synchronous waves
have the same phase velocity, equal to the velocity v0

of the longitudinal motion of the beam.
In the region of cyclotron resonance, the dispersion

of the phase velocity of the fast cyclotron wave is
maxima, and its magnitude

whereas for the slow and synchronous waves the phase
velocities remain finite and relatively small in magni-
tude* :

*>ph-((O-><fl<0-*IV2, y p h a = y j - (1.4)

This makes it possible, on the one hand, to ensure
selective interaction with only the fast cyclotron wave
of the electron beam, and on the other hand to expect a
weak coupling with the higher combination frequencies
in the case of parametric amplification.

Although historically the interest in transverse waves
of the electron beam arose in connection with the adop-
tion of parametric ideas by electronics, and led to the
appearance of supernoiseless EPA (with equivalent two-
channel temperature of the intrinsic noise < 100° K), by
now there are many known parametric instruments
operating on cyclotron or synchronous waves'11·1.

The most interesting among them is the electrostatic
amplifier (diftron), which makes it possible to realize
an equivalent single-intrinsic-noise temperature of
~ 140°KandbelowL l 2 ) 1 3 :.

Having rather low intrinsic-noise level, cyclotron-
wave amplifiers compete successfully with such devices
as supernoiseless traveling wave tubes, masers, and

*Since the potential of the beam does not exceed 10 - 15 V when
ransverse waves are used.
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solid-state parametric amplifiers, and are even super-
ior to them in some respects (operating stability, high
directivity, broad dynamic band, ability to withstand
considerable electric overloads, freedom from the need
of the use of cryogenics, etc.).

This paper supplements and expands the previously
published review 1 4 ] , pointing out at the same time the
physically most important results obtained in recent
years. For this reason, many problems discussed in
sufficient detail in earlier works' 1 0 ' 1 1 ' 1 4 1 are not treated
here.

2. METHODS OF ANALYSIS OF TRANSVERSE
OSCILLATIONS IN ELECTRON BEAMS

The analytic description of transverse oscillations of
an electron beam drifting in a longitudinal homogeneous
magnetic field Bo is based usually on the simplest disc
model of the electron beam 1 1 6 3 .

We represent the beam as an aggregate of flat discs
of infinitesimally small thickness, moving along the ζ
axis with constant longitudinal velocity Vo. If the trans-
verse dimensions of the disc and its displacements
from the unperturbed position are small compared with
the wavelength, then the coupling between the discs, due
to the longitudinal space charge, is also insignificant
and can be neglected. The problem reduces to an analy-
sis of the transverse oscillations of the individual disc.
Let the behavior of the individual (i-th) electron be
characterized by a complex coordinate r^ = Xj + jy^, and
let the coordinates of the mass center of the disc be

Ν
R = Ν"1 Σ/ Γϊ> where Ν is the number of electrons in the

disc. Then the orbits of the individual electrons relative
to the mass center of the disc are described by the
coordinates p i = r ^ - R (Fig. 1).

The equation of the transverse motion in terms of
the variables r^, R, and p^ assume, in complex notation,
the form

it' ]K>C it

dm

d a p ;

where wc = e'B0, e' = |e |/m is the specific charge of the
electron, and Fj is the external transverse force acting
on the electron numbered i.

Principal interest attaches to the last two equations.
The first characterizes the motion of the mass center
of the cross section of the beam, and consequently,
describes the behavior of the signal and of the noise of
the beam, while the second is important in our investi-
gations of the internal structure of the beam (expansion
of thermal orbits, their balancing, etc).

In those cases when the function Fj depends linearly
on the transverse coordinates and their derivatives, or
else is entirely independent of them, the equation of
motion for the mass center of the disc coincides with
the equation of motion of one electron without allowance
for the Coulomb interaction.

The solution of the problem with the Coulomb sum in
Eqs. (2.1) and (2.3), entails considerable difficulties.

j y

FIG. 1. Individual beam cross
section (disc). C - mass center of
the disc.

z\B

Appreciable simplification can be obtained for a model
of a round uniformly charged cylindrical beam, if one
uses the approximation

Ί " 1 Σ (Pi - Ρ») I Pi - Pi. Γ (2.4)

(Wq = e2N/m is the plasma frequency, which in a num-
ber of cases makes it possible to describe correctly
the actual physical processes in the system 1 1 6 5)*.

The problem of transverse beam oscillations can be
analyzed by directly solving Eqs. (2.2) and (2.3) (kine-
matic approach) or else by using information concern-
ing the longitudinal structure of the beam (coupled-
wave method). The former method is simpler, physic-
ally more lucid, and is preferred in the analysis of
problems in the given-field approximation, while the
latter is convenient in the calculation of self-consistent
problems involving the energy exchange between the
beam and lumped or distributed coupling devices.

2.1. Kinematic Analysis

For many problems of the theory of cyclotron-wave
accelerators, the structure of the external forces Fj is
such that Eqs. (2.2) and (2.3) with allowance for (2.4)
can be reduced to standard form:

, R·, 0)-jAR], (2.5)

Pi— ίΡι = «[ψ(Ρι. Ρ*, θ) —;ΔρΗ-7Ρί], (2.6)

where the superior dot denotes the total derivative with
respect to the transit angle θ = ωο θ(ί — t 0 ), ω ο β is the
frequency of the resonant harmonic or the subharmonic
of the external force, Δ = (1 — a>ca)oe)/e is the relative
difference between the natural frequency of the system
wc and u>oe, the value of the parameter e is chosen such
that it characterizes the intensity of the external for-
ces, and q = u>q/2eu>ge is the space-charge parameter.

Equation (2.6) has the same structure as (2.5), since
the term qpj can always be introduced in the function

fif
To solve (2.5) it is advantageous to use the method of

variation of the constants, i.e., to assume that, unlike
in the unperturbed case (€ = 0), the synchronous (a) and
cyclotron (β) radii depend on the transit angle θ , and the
oscillations occur at the frequency of the resonant
harmonic of the external force*, i.e., that

*For a more rigorous model, the transverse motion of the beam in a
drift tube with infinitely conducting walls was analyzed by Carrol [16 ]
by a numerical method.

*Principal interest usually attaches to the resonant part | 1 —
ω ο ω ο β τ 1 1 "^ ' > where the oscillations of the system are best considered
at the frequency of the resonant harmonic of the driving force.
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α(Ο)-:-β(Ο)Λ (2.7)

The problem reduces to finding α(θ) and β(θ). The
introduction of three new unknown functions in place of
one makes it possible to impose an additional connec-
tion between a and β. The latter, in analogy with'
is best chosen in the form

C17]

a(O) + P(O)e*» = o. (2.8)

Then, substituting (2.7) in (2.5) and using (2.8), we get

ά. jni(a-fPej0, a' + P'e-'O, θ) ί-εΔβ^θ, (2.9)

β- -jEt(a-PeJ°, α·^-βν-'θ, θ)ί-«>-εΔβ. (2.10)

Although a certain simplification has been attained
and the order of the initial equation (2.5) has been low-
ered, nevertheless the system (2.9) and (2.10) cannot
be integrated in general form for an arbitrary function
f(R, R*, Θ). However, in two limiting cases it is usually
possible to obtain an approximate analytic solution, at
the expense of further simplifications.

A situation is possible in which the external forces
act on the system only in a narrow region of values of θ
(short electromagnetic lenses, e * 0, when θ 6 δθ, \δθ\
<^. 1). This makes it possible to regard the oscillating
factors e^i^ (n = 1, 2, ...) in (2.9) and (2.10) as con-
stants during the course of integration, thus greatly
simplifying the solution of the problem.

Finally, in supernoiseless amplifiers the character
of the action of the field on the beam is most frequently
adiabatic in practice, i.e., the values of a and β change
little under the influence of this field within the period
of the fundamental motion. This is mathematically r e -
flected in the smallness of the parameter e. In the case
of a resonant adiabatic field (e -C 1, ε |Δ | «C 1) it is
possible to apply to the system (2.9) and (2.10) Kapitza's
averaging procedure1 1 7"1. The approximate smoothed-
out equations (2.9) and (2.10) take the form

it-~ \ f(a--PeJe, a·
ο

(2.9')

_.. - y e - i - j ί ( α e)e-><> dd-j

and the quantities a and β in the right side are regarded
as constants during the course of the averaging.

The solution obtained from the smoothed equations
(2.9') and (2.10') takes into account only effects of first
order of smallness in e. In those cases when this does
not suffice, it is necessary to apply to Eq. (2.5) the
asymptotic methods of the theory of nonlinear oscilla-
tions , and a solution can be sought for the n-th ap-
proximation, unlike (2.7), in the form

n - l

R (Θ) =, α (θ) -[- ρ (θ) e'K -r ^ e"uft (α, p, α ' , β · , θ), (2.11)
/i = l

where the functions Ui, u2, ... take into account all arbi-
trary harmonics in θ, with the exception of the zeroth
and the first (the latter requirement is essentially a
supplementary condition similar to (2.8)).

The abbreviated equations are sought in this case
also in the form of an expansion in powers of the small
parameter e:

α-=Σ ε"Α»(α, β, α*, β*), β Υ ε"ΒΛ(α, β, α*, β*).

Substituting (2.11) and (2.12) in the initial equation
(2.5) and equating the terms at equal powers of e in the
right and left sides of (2.5), we obtain for the first two
approximations

A^/fo.o, B^-jfc-jAp, (2.13)

Odd, fo = f(Ro, Ro\ Θ), R 0 = ( R ) E = 0 . (2.14)

where

2π

0

Accordingly

^/ί,,ο + ΔΑ,-,/σ,Α,, (2.15)

(2.16)

where u,(o, β, α*, β-, θ)=

(2.19)

(2-20)

The first approximation of the asymptotic method
does not differ from the Kapitza averaging method. The
second and succeeding approximations refine the first
and make it possible to take into account successively in
the solution (2.11) the small high-frequency vibrations
(the harmonics of the signal and pump, combination fre-
quencies, etc.), which appear against the background of
the fundamental motion of the system.

2.2. Coupled Waves in the Beam. Method of Coupled
Waves

We represent the radius vector R, which enters in
Eq. (2.2), in the form of a sum of two circularly polar-

, (2.10') ized quantities
C19]

R (z, t) = R + (z) <*>«-<„> _|_ R_ (z) ,.-;«>«-<o). (2.22)

where ω is the frequency at which the transverse oscilla-
tions of the beam are considered.

In perfect analogy we can put in a number of cases
also

(Nm)'1 2 Fj = F+ (z) e^d-io) + p_ (z) <.-*><(-<„>. (2.23)

Approximately assuming further that

(2.24)

for the right (+) and left (-) circularly polarized quanti-
ties we obtain from (2.2)

(2.25)

where ω/ν0 = 0C and wc/v0 = /3C.
In the beam drift region (F± = 0), the solution of

(2.25) takes the form

(2.12) R+ (ζ) = (2.26)

•••τ
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R. (z) = Rj.e ' + R^e (2.27)

where Ri+ and R2+ are arbitrary integration constants,
having the meaning of amplitudes of the waves of the
beam.

Thus, in a beam that drifts freely in a longitudinal
magnetic field, there can exist, independently of each
other, four waves: fast cyclotron Ri±, slow cyclotron
Ri-, and two sychronous waves R2+ with equal phase
velocities*. In other words, at a fixed frequency ω the
beam has four degrees of freedom in the transverse
direction.

It is easy to establish a connection between the kine-
matic and wave approaches, by changing over to a coor-
dinate system that moves along the b axis with velocity
v0, and putting for this purpose ζ = vo(t - t0) in (2.26)
and (2.27). We then obtain from (2.22), (2.26), and (2.27)

R(z = y o ( i—i 0 ) , t) = R2+ + R2-4-(Ri+ + Ri-)« i a" : ( i" l l l )· (2.28)

Comparing (2.28) with (2.7) (at e = 0), we get

In other words, the synchronous waves are connected
with the displacements of the center of the orbital mo-
tion relative to the system axis, and, conversely, the
existence of cyclotron waves is due to the presence of
cyclotron rotation of the mass centers of the individual
discs.

In perfect analogy with the foregoing, using the
method of variations of the constants in (2.27) and
(2.26), subject to the supplementary conditions

* = 0, (2.30)

we can obtain from (2.25) a system of first-order dif-
ferential equations describing the behavior of the normal
waves of the beam in the presence of external perturb-
ing fields:

dRi± (z)ldz :-- - } ®cvl)-1 F ± (z) ei<±I

dR2± (z)/dz ^ j (β,νΐ)-1 F ± (z) e±*·'.

(2.31)

(2.32)

The ideas of averaging, of expansion in terms of a
small parameter, etc. can be applied to these fundamen-
tal equations of the theory of coupled waves if it is
necessary to simplify them and to separate the most
intense couplings between the waves.

Both methods of describing the transverse oscilla-
tions of the beams start from the same equation of mo-
tion of the mass center of the individual disc (2.2). The
separation of the variables ζ and t in the second case
has made it possible to change over to a description of
a sequence of discs (to take into account the longitudinal
configuration of the transverse oscillations in the beam).

It should be noted, however, that if the system (2.9)
and (2.10) is exact and the approximations are intro-
duced only in the subsequent solution of the system,
then the very derivation of the analogous equations for

*In the literature, however, the wave R2+ is frequently called the
slow synchronous wave and R2_ the fast synchronous wave. The reason
for this is the difference in the signs of the kinetic powers of these
waves (see Sec. 2.3).

Ε Ε*

the normal waves (2.31) and (2.32) is subject to limita-
tions due to the validity of using relations (2.22)—(2.24).

Finally, both methods can be extended also to the
more general case, when, for example, the proper
parameters of the system u>c and vo vary in space and
in time.

(2.29) 2.3. Kinetic Powers of the Waves

The power of the energy exchange of the beam with
the external transverse electric field (W1), averaged

[20 J
over the period, was calculated by Siegman and
Dubravec

[21]
For cyclotron waves

Ri±|2, (2.33)

where Io and Uo are the current and potential of the
beam, and for synchronous waves there is no energy
exchange,

<wtt>^0, (2.34)

since the transverse displacements have only longi-
tudinal velocities and do not interact with the transverse
field. Frequently, however, the transverse fields are
accompanied by longitudinal ones. Thus, for example,
owing to the fringing of the fields on the ends of the
simplest capacitive coupling devices (Fig. 2), the longi-
tudinal component of the field Ε differs from zero away
from the axis. The results of the interaction with the
longitudinal fields is given approximately by the expres-
sions

Τ Π ft ΙΟ. α \ ι Γ» Ί /q Qr\

^ —Jo^oPc (Pc ± Pe) I Ri± ", \6.ύΌ)

(W7±) = =F iouopepc | R 3 ± Γ-, (2.36)

and the total energy-exchange power is given by(7±)
Ri ± | 2 , (2.37)

R2±l2· (2.38)

When solving self-consistent problems, the approxi-
mate allowance for the influence of the longitudinal
fields reduces formally to replacing the transverse
electron velocity v e i = dR/dt in the expression for the
induced current by the transverse beam velocity
v b i = aR/9t t 2 0 ' 2 i :.

In conclusion we note that excitation of a slow cyclo-
tron wave in the beam, unlike the case of excitation of
longitudinal waves, still does not mean that the elec-
trons will be slowed down, since the reversal of the
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External signal

FIG. 3. Capacitive input coupling device with homogeneous electric
field. C — resonant-circuit capacitance, G c — equivalent active loss con-
ductance in the circuit, L 1 ; L2 — inductances of the circuit and of the
coupling loop, Μ — mutual induction coefficient, Zo, Z a - wave im-
pedances of the feeder and of the antenna.

sign of the kinetic power for this wave is due to longi-
tudinal fields, the presence of which in the case of
transverse interaction is not essential. The beam can
exchange energy with a TEM wave when E z = 0.

3. PRINCIPLES OF FORMATION OF LOW NOISE
LEVEL OF CYCLOTRON WAVES

In the main, it is possible to indicate two methods of
attaining a low noise level in amplifiers using trans-
verse modulation of the electron beam. The simplest of
them is based on the "cooling" of the fast cyclotron
wave in a passive coupling device, and the second is
connected with obtaining a low noise level of any par-
ticular wave directly during the formation of the beam,
i.e., in the electron gun.

3.1. Cooling of a Fast Cyclotron Wave of an Electron
Beam in a Passive Coupling Device

The most widely used coupling device, in the form of
a parallel-plate capacitor, is illustrated in Fig. 3. The
uniform field of the parallel-plate capacitor can be re-
garded as a section of the field of a wave with infinite
phase velocity. In the cyclotron-resonance region
(ω = to>c), the phase velocity of the fast cyclotron wave
of the electron beam also tends to infinity and conse-
quently, effective energy exchange between this wave
and a coupling device of this type is possible. Con-
versely, the finite and rather low phase velocity of the
remaining waves hinders interaction with them.

When (2.31) and (2.32) are used, it is possible to
write down a system of self-consistent equations des-
cribing the interaction of transverse waves with the
field of a parallel-plate capacitor. The result of its
solution for a fast cyclotron wave of the electron beam
is of the form

R i+ ι-^-)-^

where R01+ and R02+ are the initial noise amplitudes of
the waves at the input into the interaction region, k(x)
= (eix - l)/jx, /3t = i 1 - βοβ'β, θ ι = ββ1, Ζ-length of the
interaction region, S—term due to the external signal
entering into the beam from the resonant circuit,
Υ = Ye + Yj_, + Y r c , Yrc—equivalent admittance of the
resonant circuit proper, Ye, YL~admittances intro-
duced into the resonant circuit by the electron beam and
by the external load, respectively, with

, f r-sin(6;/2)~|2 0 . β, —sin8, I
0 1 L e,/2 J ~1' § ? — ) -

J(3.2)

7 i = 7 e l t + 7 ( 1 . T r ( ! t + } ' ( 2 . , G0-/oi
2/8t/oii

2, (3.3)

d—gap between plates.
In the general case, the interaction is with all the

waves. However, if the length of the plate is such that
θ ι 2> 1, then in the region of cyclotron resonance

(ω w c), at

2G e l + = Υ (3.4)

the amplitude of the fast cyclotron wave of the beam is
close to zero (at S = 0), and practically complete trans-
fer of the oscillation energy (particularly the noise os-
cillations) of the fast cyclotron wave of the electron
beam to the external circuit is possible.

Since |Yei+ » |YeiJ and |Ye2±l «: |YeiJ, the condi-

tion (3.4) corresponds to complex-conjugate matching

of the conductivities of the beam and of the circuit:

G. = -GL+Ca, (3.5)

(3.6)

The condition for the matching of the signal source
(antenna) to the input of the amplifier, owing to the
finite loss conductivity in the circuit (Gc * 0), has a
somewhat different form:

Gv-Gc ,-GK, (3.5')

(3.6')

This deteriorates the noise characteristic of the in-
strument as a whole although not very appreciably, since
in practice it is possible to ensure G r c / G e ~ 0.1 and
less.

Lee-WilsonC22] has established that the power drawn
from the beam and dissipated in the external circuit is
smaller by several orders of magnitude than the power
of the transverse noise oscillations in the beam at the
entrance to the system. Nonetheless, the amplitude of
the fast cyclotron waves at the output of the system can
be equal to zero. This indicates that physically the
mechanism of "cooling" the beam is a rather compli-
cated process, in which the main energy is lost as a
result of balancing (or phase adjustment) of the individ-
ual electron orbits in such a way that the vector sum of
the transverse velocities of the electrons inside each
disc that leaves the capacitive gap vanishes*.

The experimental data indicate that such a method is
effective and that very deep "cooling" of the beam is
possible. The residual noise temperature of the fast
cyclotron wave at the output of the coupling element
(without allowance for the thermal noise that enter from
the circuit into the beam) can be of the order of only
20-30°K [23].

The band in which the noise is drawn off depends on
the bandwidth within which the matching conditions (3.5)
and (3.6) are satisfied. If the circuit is such that its
natural frequency (ωΓ0) coincides with the cyclotron
frequency (ω,,), and the "cold" loaded Q (without the
electron beam) is chosen equal to

*We are referring, of course, to that part of the sum which is respon-
sible for the excitation of only the fast cyclotron wave in the beam
"cooling" band.
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_ -Grc). (3-7)

then it is possible to cancel out the reactances of the
beam and of the circuit in a definite frequency band
(Fig. 4). The situation is more complicated with the
active conductances. If Go = G r c + GL (curves 1 of
Fig. 4), then the minimum value of the noise is attained
at the point of cyclotron resonance. It is more advan-
tageous to choose Go somewhat larger than G r c + G^·
In this case the matching of the active conductances
is observed already at two points that are symmetrical
relative to u>c, and the working frequency band becomes
broader (curves 2 on Fig. 4).

It is possible to use two identically tuned resonators
in series, separating by the same token the functions of
the modulation and demodulation of the beam. This
broadens the working bandwidth by a factor 1.5—2, and
the amplifier becomes less critical to a mismatch of
input circuits1243. A broader band can be obtained at
the expense of further complicating the construction of
the instruments using for beam cooling a chain of
coupled1·24·1 or uncoupled"63 resonators at the input.

In those cases when the interaction must be ensured
away from cyclotron resonance (ω * ω0), planar coup-
ling devices are no longer effective. AdlerC273 proposed
and used (see1283) a lumped coupling device in the form
of two twisted plates (Fig. 5). It can, naturally, ensure
coupling with any of the four transverse waves, depend-
ing on the longitudinal velocity of the beam and on the
direction of the magnetic field.

Finally, various distributed coupling devices were
proposed to expand the bandwidth (see, for exam-
ple 3 l 3 ) . The difficulty lies in this case apparently
in the fact that none of them have the great homogeneity
of the field as in the case considered above. In each of
them, a major role is played by longitudinal fields.
These give rise to an additional longitudinal modulation
of the beam, which is homogeneous over the cross sec-
tion of the disc. And even if the "cooling" (balancing)
is attained, it turns out to be unstable and is rapidly
lost. In approximately the same manner, a natural scat-
ter of longitudinal velocities of the beam electrons ap-
pears away from the cyclotron resonance1·323.

3.2. Electron Guns, Noise Transformers

The development of electron guns with low noise
levels of the electron-beam transverse waves is a most
complicated problem and is therefore least discussed
in the literature.

During the earlier stages, principal attention was
paid to the static problems of formation of homogeneous
beams of small cross section with high space-charge
density'333. These problems are most important for
low-frequency parametric amplifiers (up to 1 kMHz),
where the resonant magnetic fields are small in magni-
tude (up to 300 Oe) and are not always sufficient for
hard focusing of the beam in the near-cathode region.
The high space-charge density in the beam is useful
also in the amplification zone, making it possible to
avoid expansion of the beam and its premature inter-
ceptW 1 5 ' 3 4 3 .

With increasing interest in the electrostatic non-
parametric amplification principle, in which an impor-
tant role is played by one of the slow waves of the beam,

FIG. 4. Types of matching of conductances and beam "cooling"
band. The reactances are cancelled out by choosing the slope of the
curves Bei+/G0 and B r c/C 0 in such a way that the sum (B e i+ + B r c)
vanish in the region of small detunings. With respect to the active con-
ductances, two variants are possible: either G o = G L + G r c ( 1), or G o >
G L = G r c (2). In the former case the beam cooling curve TOut/Te (Te is
the equivalent noise temperature of the fast cyclotron wave of the
electron beam at the input to the interaction region, and TOut is its
residual part at the output) has a single minimum, and in the latter
case there are two minima.

the question arose of the magnitude and ways of de-
creasing the noise level of the transverse waves of the
beam produced by the electron gun.

Blotekjaer t 3 5 ], starting from the model of a filamen-
tary beam, and assuming a Maxwellian distribution of the
transverse velocities on the cathode and an equally-
probable emission over its surface, calculated the ele-
ments of the noise matrix and showed that the equiva-
lent temperature of the transverse waves on the surface
of the cathode is

Τι± (ω) -̂- Γ2±(ω) = + κ2), (3.8)

where T c is the temperature of the cathode, w c c is the
value of the cyclotron frequency on its surface,

characterizes the ratio of the powers of the fluctuations
of the transverse displacements and the transverse
velocities, Γ 2 is the depression factor at the minimum
of the potential, k is Boltzmann's constant, and d is the
diameter of the cathode.

If the relative level of the fluctuations of the trans-
verse coordinates is negligible, then a linear lossless
noise transformer can be used to redistribute the energy
of the noise in the beam so as to lower the noise level
of at least one of the cyclotron waves. This idea was
advanced in the literature, essentially, many times,
although from several different points of viewL36>37].

FIG. 5. Twisted coupling device of the lumped type.
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[ 3 7 :
Wessel-Berg and Blotekjaer calculated the mini-

mum value of the equivalent noise temperature of cyclo-
tron waves

7Ό {[κ2 -- ( - (κ2/2)}. (3.9)

When ω « wcc it is possible to lower the tempera-
ture of the cyclotron waves only at small values of κ,
and this requires very small cathode diameters
(0.05 mm and less), especially for high-frequency
tubes*.

In this connection, a number of ideas have been ad-
vanced to overcome the theoretical minimum calculated
by Wessel-Berg and Blotekjaer, by using aid of current
interception'381 or the scatter of longitudinal veloci-
ties [39 : l (i.e., with the aid of converters with losses).
Several results of general type were obtained in this
direction by Hart U o ] . So far, however, it is impossible
to indicate a sufficiently reliable mechanism for such a
process, and this question remains in fact open. Nor is
the role of the Coulomb interaction in the most interest-
ing near-cathode multivelocity zone sufficiently clear.
It would be useful to have information on the influence
of the type of the cathode and of the character and type
of activating coating on the noise level of the transverse
waves.

4. ELECTRON-BEAM PARAMETRIC AMPLIFIERS
(EPA)

Parametric amplification of cyclotron waves of an
electron beam is possible in any inhomogeneous high-
frequency field. In the first amplifiers, proposed by
Adler U l ] , the pump fields were produced by a dipole
capacitor, which, unlike the input capacitor, had plates

'421of curved form. Later Wade (see'42"1) proposed to use
for these purposes the field of a quadrupole capacitor,
which is strictly linear in the radial direction (this en-
sures linearity of the amplification processes) and is
periodic in the azimuthal directiont.

The complex field of a lumped twisted quadrupole
structure, in the notation employed here, can be written
in the form

E(R, 1, =- Ex-;- ^cos |ω,, (i —ί 0)], (4.1)

*It is apparently physically feasible and technically much simpler
to effect minimization for a ribbon beam (when only one of the
cathode dimensions in negligibly small).

tit can be shown that the latter requirement is essential if the dif-
ference wave is to be a cyclotron wave.

intrinsic noise, in parametric amplifiers is the removal
of the noise by the input coupling device. Therefore, in
the amplification zone (more accurately, in all the suc-
ceeding elements of the device), the attained balancing
of the orbits must not be disturbed; the result of the ac-
tion of external fields on the individual cyclotron orbit
should not depend on its position inside the disc. Mathe-
matically this requirement can be satisfied by making
the external fields adiabatic, and making the equation
for β in the first approximation linear and independent
of α or a*, i.e., it is necessary to have in (2.12)

B, =-CP ̂ f (α, ο* (4.2)

where C and D are constant coefficients.
With respect to an electron moving with velocity vo

( z r c = vo(t - to)), a field of the type (4.1) splits into two
components with frequencies ^r>ei = ω ρ + 2/3qVO and
ω = -ω + 20qVO. With each of them, depending on
the magnitude and direction of the magnetic field, reson-
ant interaction can take place. Let us assume that this
is ω ρ β ι · Then ω ρ θ ι = 2ω0* ω ρ β ι = 2a>oe, and the func-
tion f(R, R*, Θ) from (2.9) takes the form

f(R·, e) = R ' ( e ! » J - e - * · ) , e = e'V0/as<i>le, (4.3)

where γ = ω ^ / ω ^ .

If γ is an integer, the requirement (4.2) is satisfied,
and the solution of the problem, in accordance with
(2.1)-(2.21), takes the form

= i (θ) + β (θ) e'a - ε |(aV-"V2) - (a*e~>-<>!&) f- (β·β-'3θ/12)1, (4.4)

with

where Vo is the potential of the quadrupole plates, a is
the minimum distance from the axis of the system to the
plate, 0q is the constant of the spatial rotation of the
quadrupole structure, and ω^ is the pump frequency.

Expression (4.1) describes the fundamental types of
the quadrupole fields used in supernoiseless amplifiers
of cyclotron waves. In EPA of the degenerate there is
no spatial rotation of the field (βη — 0), and the pump
frequency is approximately equal to double the single
frequency (o>p « 2ω » 2wc). In the nondegenerate variant
/3q s* 0 and <*>„ » nu>, η > 2. In electrostatic structures
ω ρ = 0 and 0q * 0.

The decisive process, from the point of view of the

a = aoe-2*"-/3, (4.5)

Ι β I21 βο Ι"2 =- ch2 τ -: (s2 sin2 φ 0 I s " 2 cos2 φ0) sh2 τ —

- \(s r s~l) sin 2q)0sh 2τ/2] (4.6)

,'i't (ch τβ>"·° — {sh τ [(s"1 — s) c i t o - W ^ ] - r ( s-i + s) e-J[<po-W'2)]]/2}) | β |-ι | β0

(4.7)
where

τ .{(1-εΔ) 2-[Δ-(13ε/12)] 2} ι / 2εθ, s ^-{(1-εΔ)-[Δ-(13ε/12)1}1 Λ '

Χ {(1 - εΔ) Η- [ Δ - (13ε/12)]}-"2,

αο and βο are the initial values of the cyclotron and
synchronous radii at the input to the quadrupole zone,
and φ = arg β.

The synchronous waves (synchronous radii) are not
amplified in the quadrupole field. There is only a weak
drift of the phase of the synchronous motion of second
order of smallness in e.

The amplification of the cyclotron motion is linear
but not phase-selective. The gain depends on the initial
phase φο> reckoned from half the pump phase (at ωρ
» 2wc). The maximum of the gain in the first approxi-
mation is reached exactly at wc = oipe/2, and in the
second approximation at a slight detuning (~ e2).

For an incoherent input signal, <p0 is a linear func-
tion of the time. The presence of deep beats, in accord-
ance with (4.6), indicates in the wave representation the

*It can be shown that growing solutions are possible only when
p 2coc/n. The case η = 1 will be considered below; η = 2 corre-

sponds to periodic exchange of energy between the cyclotron and
synchronous motions ((4.2) is not satisfied), and when η > 2 (ampli-
fiers with "low-frequency" pumping) it is likewise impossible to satisfy
the condition (4.2), although the amplification of the cyclotron waves
is possible.
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creation of an additional (cyclotron) wave the amplitude
of which is close to the signal wave, and the frequency
is equal to the difference cop - ω. The amplitudes of all
the remaining combination Frequencies are smaller than
the fundamental amplitude by a factor not less than e
(see (4.4)). From (4.4)-(4.7) and (2.37) we get for the
power gains of the signal and difference waves, respec-
tively,

G (56) = 10 lg {ch2 τ + [(s- s"1)2 (sh2 τ/4)]}, (4.8)
Gi (d6) = 10 lg [(s -f s-ψ (sh2 τ/4)] (| ω ρ - ω {/ω)-1. (4.9)

The noise existing in the beam at the difference wave
ω ί = ω ρ ~~ ω> becoming amplified in the quadrupole pump
zone, leads to the appearance of difference components
o>p - a>i = o>p - (ωρ — ω) = ω, which fall into the signal
channel and greatly deteriorate the noise figure of the
instrument. Analyzing (4.4), we can show that the con-
tribution of the noise from the waves of the remaining
combination frequencies can always be made insignifi-
cant by choosing a suitable value of small parameter e.

4.1. Degenerate EPA

The degenerate variant of the instrument was his-
torically the first and has been most widely used. The
pump frequency used in such an amplifier is u)p « 2wc

« 2ω, and consequently the difference frequency is
close to the signal frequency ω^ ~ ω. There are known
amplifiers of this type operating at frequencies from
2001433 to 4000 MHz f 2 : n .

The low-frequency variants employ as coupling de-
vices lumped LC circuits located usually directly in the
envelope of the tube (Fig. 6). The quadrupole field is
excited by hyperbolic plates or by four round rods
(Fig. 7).

The high-frequency devices usually employ cavity
resonators with plates forming interaction gaps of the
capacitive type (Fig. 8).

The main shortcoming of the degenerate systems is
connected with the transfer of the noise from the differ-
ence channel, as a result of which the minimum value
of the equivalent single-channel temperature of the
intrinsic noise is finite and is determined by the noise
temperature of the signal source (antenna) at the differ-
ence frequency

(4.10)

where T a is the antenna noise temperature. In addition,
if the frequency of the received signal ω turns out to be
close in magnitude to ifp/2, then the difference com-
ponent together with the signal component enter into the
intermediate frequency band and distorts the waveform
of the received signal. Therefore the central part of
the pass band of degenerate EPA turns out to be usually
unsuitable for use.

4.2. EPA of the Nondegenerate Type

The first attempts to construct EPA of the nondegen-
erate type were based on the desire to separate the sig-
nal and difference channels (symmetrically with respect
to o>c « o>p/2, so as to decouple the input and output
circuits of the amplifier at the difference frequency. A
diagram of such an amplifier is shown in Fig. 9b. The
phase velocities of the signal and difference waves are

Inches

Electron

gun
\ \

Input
coupling
element

\ Output
ν ^ coupling
\ element

Quadrupole
capacitor

Input
line

FIG. 6. Overall view and construction of adverse variant of the low-
frequency amplifier. The working frequency of the instrument is 560
MHz, the gain is 20 - 30 dB, the equivalent intrinsic noise temperature
i s - 100°K.

FIG. 7. Low-frequency structure
for the excitation of the quadrupole
pump field. 1 - Inductive elements,
2 - couplings to fix the quadrupole
type of oscillation, 3 — round cylin-
drical rods exciting the quadrupole
field, 4 - capacitive-type tuning ele-
ment.

Pump

Collector

FIG. 8. Construction of Ashkin's high-frequency amplifier (the di-
mensions are in inches). Working frequency 4137 MHz, equivalent in-
trinsic noise temperature 58°K, gain 20 dB, dynamic range 100 dB.

in this case finite, of opposite sign, and equal in abso-
lute magnitude. The minimum value of the noise coeffi-
cient of such an amplifier is determined in practice by
the level of the thermal noise of the tuned circuit oper-
ating at the resonant frequency. A combined coupling
device is also possible, interacting with the beam simul-
taneously at the signal and at the difference frequencies
(Fig. 9a). This, however, results in a lower efficiency
of interaction compared with the twisted system 1 2 8 3.

A more advanced design of a nondegenerate EPA was
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;2(uc, ω ρ = (5.1)

Relations (4.1)—(4.9) remain valid also in this case.
The essential difference, from the wave point of view,
is that the role of the fast cyclotron wave (when Wp > ω)
at the difference frequency is now assumed by the slow
cyclotron wave at the signal frequency ω. Its gain is
determined by the same expression (4.9) with ω_ Ξ 0.*
This wave is practically not excited in the input coup-
ling device and is not extracted from the beam in the
output device. By the same token, it cannot lead to a dis-
tortion of the wave form of the signal at the output of the
ESA, thus eliminating the resultant bandwidth limitation
characteristic of degenerate parametric systems. To
the contrary, the slow cyclotron wave, interacting with
the helical field of the electrostatic quadrupole and
becoming amplified, gives rise to a fast cyclotron wave
of the same frequency. Consequently, during the course
of the electrostatic amplification, the noise of the slow
cyclotron wave of the electron beam can fall into the
signal channel, i.e., into the channel of the fast cyclo-
tron wave. The intrinsic noise level of the electrostatic
amplifier will therefore be determined by the noise
level of the slow cyclotron wave of the electron beam at
the input to the amplifier.

5.2. Formation of Low Noise Level in an ESU

The temperature of the cyclotron waves of the elec-
tron beam directly on the surface of the cathode can be
made arbitrarily low by placing the cathode in a mag-
netic field whose intensity is such that u>cc 2> ω (see
(3.8)). Conversely, in the working region of the ESA it
is necessary to have wc ~ ω, if use is made of coupling
devices of a capacitor type.

Input
signal

FIG. 11. Construction of two-beam amplifier, 1 — Electron gun,
2 - matched load of correlating resonator, 3 — antiphase resonator
correlating the beam noises, 4 — input resonator with in-phase fields,
5 - pump resonator with antiphase quadrupole fields (using Ashkin's
structure [ s 2 ] , which excites one quadrant of the quadrupole field),
6 - output resonator with in-phase fields, 7 - collector.

*Generally speaking, the mechanism of amplification in the ESA
differs somewhat from that in the EPA. The increase of the energy of
the transverse (cyclotron)motion of the beam is due to the decrease
of the energy of its longitudinal motion. On the other hand, the decel-
eration of the electron orbits causes a loss of synchronism between the
beam and the external field ( ω ρ ε ( ζ ) Φ 2coc, Δ(ζ) Φ 0), and this can
greatly reduce the resultant gain. This effect is important also at very
low input signals, since the transverse energy of the noise oscillations in
the beam, in the case of a narrow parametric-resonance band (e < 1),
may turn out to be sufficient to lead to a rather appreciable detuning
Δ. This effect can be neutralized, for example, by choosing the profile
of the magnetic field such that the condition Δ = 0 is maintained along
the entire length of the quadrupole system.

The problem of obtaining a low level of intrinsic
noise in ESU will thus be solved if it is possible to shape
(focus, accelerate) the beam and reduce the intensity of
the magnetic field, while leaving the low cyclotron-
wave noise level obtained on the surface of the cathode
unchanged.

Under certain conditions this turns out to be possi-
ble. The transverse motion of the mass center of the
disc in static azimuthally-symmetrical electric (gun
lenses) and magnetic fields is described in the paraxial
approximation by the equationt46]

where Φο(ζ) is the electron potential on the system axis.
Using the concept of the form of the coupled waves and
assuming that in (2.22)—(2.32) wc and v0 are functions of
the longitudinal coordinate z, we obtain

Ιμ(ϋ) e ;«, (5.3)

/M6)1R-, (5.4)

where θ = / /3cdz is the transit angle, 2μ(θ) = ω^άω^άθ
Zo

is the relative change of the cyclotron frequency per
radian of the transit angle, e(0) = (e'/2u>c)d

2<i>o/dz2 is a
parameter characterizing the relative intensity of the
radial electric forces.

It follows immediately from (5.3), (5.4) and (2.37),
(2.38) that the summary kinetic power of waves having
identical polarization in azimutually-symmetrical fields
remains unchanged:

(Wi±) (5.5)

and waves with opposite signs of the polarization do not
interact with one another, regardless of the intensity of
the external fields.

If the parameters μ (θ) and e (Θ), which enter in the
system (5.3)—(5.4), are small in absolute value and do
not depend on the transit angle θ (or at least are suffi-
ciently slow functions of Θ), then in first approximation
we obtain from (5.3) and (5.4) (after averaging over Θ)
the required result*:

<W7i±> = const i, <W2±) = const±. (5.6)

Thus, in adiabatic azimuthally-symmetrical fields
the kinetic powers of the waves (and their equivalent
noise temperatures) remain unchanged, and the degree
of accuracy with which this is satisfied improves when
the inequalities

*In the kinematic analysis, the corresponding invariants take the
form

«c(=)(IPI2-|«la)=const,
toc (;) | β |a = const, ioc (;) | α | 2 = const.

(5.5')
(5.6')

The first condition (5.5') is similar to the Busch theorem, written
out for azimuthally-symmetrical fields in terms of α and /?, and was
formulated several times by Gordon I 4 6 · 4 7 ] . Finally, the most impor-
tant invariant Ι β ι2 ω ς = const reflects the known premise of mechanics,
namely that the ratio of the oscillation energy of a one-dimensional
harmonic oscillator (W-1- ~ CJC Ι β I2) to the natural frequency u>c of its
oscillations is adiabatically invariant [ 4 8 ].
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a)

' Τ

ι°!ίΐ

b)
FIG. 9. Diagram of amplifier of nondegenerate type with separated

signal and difference channels (coupling devices of the twisted type are
used) (b), and two-frequency coupling device for interacting with the
electron beam simultaneously at the signal and the difference frequen-
cies (a). 1 — Electron gun, 2 - device for cooling the fast cyclotron
wave of the electron beam at the difference frequency, 3 - input coup-
ling device, 4 — quadrupole amplification zone, 5 - output coupling
device (similar to the input device), 6 — glass housing of the amplifier.

MHz

FIG. 10. a) Schematic diagram, b) Twisted quadrupole structure,
c) Exterior view of nondegenerate EPA of Adler and Hrbek. 1 - Input
coupling device of flat type, 2 — twisted quadrupole system, 3 — out-
put coupling device, 4 — electron gun, 5 — collector, 6 — signal-source
load, 7 - inductance of pump circuit, 8 - output load of the amplifier,
9 — twisted coupling device for cooling the beam at the difference fre-
quency, 10 — matched load of difference circuit. The noise figure of
the amplifier was 1.9 dB (1.3 dB when the load 10 was cooled to liquid-
hydrogen temperature).

realized by Adler and Hrbek'28 J . The pump frequency
was chosen much higher than the signal frequency
(o)p « 5ω). One of the channels (signal) operates here
as before in the cyclotron resonance zone (u>c » ω, and
the longitudinal scatter of the velocities does not play
any significant role). Cooling of the beam at the differ-
ence frequency is by a twisted coupling device (since
<x>j « 4coc), and the amplification takes place in a twisted
quadrupole system (in order to retain Wpg *» 2a>c, i.e.,
Δ = 0, and to ensure by the same token the parametric
resonance of the fundamental type).

The additional noise temperature due to the differ-
ence channel ΔΤ = [ω/ω - co)]TL « T L /4 ( T L is the

load temperature of the difference circuit) determines
the minimum value of the noise figure of the device. A
diagram and an overall view of such an amplifier are
shown in Fig. 10.

The twisting of the system greatly complicates the
technical construction of nondegenerate devices, espec-
ially in the short-wave part of the decimeter band and
in the centimeter band. The way out of this situation
may be a two-beam amplifier, constructed in accord-
ance with the compensation principle144'45"1. Its con-
struction is shown in Fig. 11 L 4 5 : | . Two electron beams
are used in the amplifier. The useful signal is intro-
duced into both beams in phase, and is also extracted at
the output in phase. The amplification occurs in anti-
phase quadrupole fields of equal intensity, as a result
of which the waves of the difference frequency at the
output are in antiphase with each other (their phase de-
pends on the phase of the pump field) and does not ex-
cite any currents in the output coupling device. The
beam noise cooling is produced by a system of two
resonators. The first has antiphase plane fields, and
the second (output) has in-phase fields. The noise os-
cillations in the beam at the output of the first resona-
tor are correlated (are equal to each other ' 4 6 3 ), and are
therefore subsequently completely eliminated in the
input coupling device. All this pertains to the intrinsic
noise of the beams. The thermal noise of the matched
load of the correlating resonator is introduced into the
beam in antiphase and does not interact with the input
coupling device, so that the noise figure is limited to
the value

•Fmln = (4.11)

where Tj_, is the temperature of the matched load of the
correlating resonator and To = 293° K.

This is a shortcoming of the two-beam amplifier,
although the noise source is localized outside the ampli-
fier and the possibility of its cooling is not excluded.
The identity of the conditions under which the beams
operate and the associated reliability of suppression of
the difference channel, the simplicity of construction
(there are no twisted systems), the low pump frequency
(o)p w 2ttic as before), and the absence of channels work-
ing at a finite phase velocity (the longitudinal velocity
scatter does not play any special role) are undisputed
advantages of such a device.

5. ELECTROSTATIC AMPLIFIERS (ESA)

5.1. Mechanism of Electrostatic Amplifier

The main idea of the electrostatic amplification of
cyclotron waves of the beam is based on the use of the
fact that in order for the cyclotron radius β to increase
it is sufficient that the effective Doppler-shifted fre-
quency of the external (quadrupole) field acting on the
individual moving electron be close to double the cyclo-
tron frequency (see (4.3)—(4.7)). For this purpose, high-
frequency pumping is not obligatory (o>p * 0). Resonant
interaction (amplification) will be observed also in a
twisted electrostatic quadrupole structure, if the pitch
of its spatial rotation and the longitudinal velocity of
the beam are chosen such that
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max [ε (G)| < 1, max | μ (θ) | ν < 1,

ε"1 άείάθ | < 1, | μ"1 άμίάθ | < 1, (5.7)

become stronger; these inequalities determine the re-
quirements imposed on the rates of change of the pro-
files of the electric and magnetic fields in the section
between the cathode and the input coupling device of the
electrostatic amplifier.

5.3. Construction of ESU. Experimental Results

The construction of a low-noise electrostatic ampli-
fier (diftron) proposed by AdlerL l 2 ] is shown in Fig. 12.

To produce high values of the magnetic field on the
surface of the cathode, a ferromagnetic pole piece is
used with a magnetization coil separate from the main
solenoid. The law governing the variation of the longi-
tudinal component of the magnetic field in the section
between the cathode and the working region is chosen
close to hyperbolic. In the beam drift region (v0 = const)
this ensures a constant relative change of the cyclotron
frequency (μ = const).

The twisted electrostatic quadrupole field is shaped
by means of the quadrupole helix. Its diameter can be
increased somewhat at the beginning to decrease the
role of the lens effects on the boundary of the quadrupole
region. The input and output coupling devices are of the
usual capacitor type.

A breadboard model of the diftronCl3] was construc-
ted for ωο/2π ~ 400 MHz and had on the surface of the
cathode a magnetic field intensity corresponding to
o)cc/27T « 4000 MHz. The drift region of the beam,
where the field decreases to the resonant value, at a
length ~ 50 mm. The beam diameter increased from
0.13 (near the cathode to 0.4 mm (in the working reg-
ion). The adiabaticity parameter μ was close to 0.015.
The beam current was 15 μ A at the potential of 6 V.
The proper temperature of the slow wave of the beam
was obtained to be about 120° K, and the noise figure of
the amplifier was 2 dB at a gain of 20 dB.

FIG. 12. Construction of ESU (diftron). 1 - Ferromagnetic pole
piece with magnetizing coil, 2 — metallic housing, 3 — wafer cathode,
4 — anode passing a beam of 0.13 mm diameter, 5 — focusing electrode,
6 — plates of input device, 7 — quadruple helix producing a twisted
electrostatic quadrupole field, 8 - plates of output device, 9 — collector,
10 — turns of solenoid, 11 — quadruple helix with an increased initial
diameter.

Signal input

FIG. 13. Diagram of ESU with reversing magnetic field. 1 — Elec-
tron gun, 2 - input coupling device of the planar type, 3 - straight
electrostatic quadrupole, 4 — output coupling device, 5 — collector.

A somewhat larger noise figure, 3.5 dB, was obtained
as expected for a higher-frequency model
(ω/2ττ ~ 1300 MHz) with a smaller field differential
(o)cc/o! = 4). These figures, of course, are not limiting
and can be greatly improved.

Besides the quadrupole helix, there are other known
geometrical structures which make it possible to real-
ize amplification as a result of the active coupling
between the fast and slow cyclotron waves (the system
of turned quadrupoles, planar systems of the ridge type,
etc.). The "smoothest" field can be obtained, of course,
in systems with smooth spatial rotation.

In any case, however, spatial rotation of the struc-
ture and replacement of the hyperbolic plates by round
ones (helix) leads to a screening of the field, causing a
decrease of the effective value of Vo in expression (4.1).
For this reason, additional field components of higher
order than the quadrupole are excited. All these are
undesirable phenomena, and the problem of optimizing
the structures still awaits its solution on the engineering
and physics levels.

The need for spatial rotation of the quadrupole field
can be eliminated in a diftron with a reversible mag-
netic field1503. Its diagram is shown in Fig. 13.

If the magnetic field intensity changes jumpwise rela-
tive to the moving electron and the transit angle θ does
not have time to change appreciably during that time
(|δθ | <^ 1), then, regardless of the concrete profile of
the variation of the field, the amplitudes of the waves
are determined only by the initial (wCo) and final (wc)
values of the cyclotron frequency*:

-r OUC O)/2UJC] R O i ±

0 - ω ο 0 ) / 2 ω ο ] R 0 1 ±

| Ro2±, (5.8)

2IUC] Rn (5.9)

where Roi+ and R02± are the amplitudes of the waves be-
fore the jumplike change of the magnetic field, and
Ri± and R2± after the change.

This makes it possible, using a symmetrically -

*This result can be obtained by integrating the system (5.3) and
(5.4) at e = 0, exp (±j0) = 1. For the particular case of cosinusoidal
variation of the profile of the field in a short magnetic lens, similar ex-
pressions were derived in a somewhat different manner in [51 ].
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reversible jump of the magnetic field (ω(. = -u>Co) to
transfer the information from the cyclotron waves to
the synchronous waves, to amplify them in an electro-
static (not twisted) quadrupole field, and then extract
the amplified signal with usual planar-type coupling de-
vices, using once more the reversing field.

The practical realization of such an amplifier is
naturally facilitated by the fact that the concrete profile
of the magnetic field in the region of the jump does not
play any role. In addition, it is possible to attain com-
plete energy exchange always if the correcting field of
an electrostatic lens is introduced in the region of the
reversal of the magnetic field'46·1.

6. CONCLUSION

The low intrinsic noise level (~ 100—200°Κ and less),
the high electric strength (an EPA is known to have
operated in a radar without a discharge gap), the oper-
ating stability connected with the absence of internal
feedback via a slow-wave structure or the beam, the
exceptional linearity in a wide dynamic range (100 dB
and more), the high phase stability, and the indepen-
dence of the phase shift in the amplifier of the level of
the transmitted power, all these qualities are typical of
cyclotron-wave amplifiers and justify the attention paid
to them.

The most promising among the parametric devices
are amplifiers of the nondegenerate type, which make it
possible to eliminate in part or fully the shortcomings
connected with the presence of a difference wave. In
many cases, however, when the level of the noise com-
ing from the idling channel is negligible or is simul-
taneously accompanied by useful signals (cosmic com-
munication, radioastronomy, etc.), the advantages of
degenerate EPA are most fully manifest.

The electrostatic amplifier (diftron) does not require
a high-frequency pump source at all, and has no differ-
ence channel, retaining all the basic advantages of
supernoiseless amplifiers for cyclotron waves, and in
this sense it is the most promising. In addition, the low
noise level of the cyclotron waves in the beam makes
the bandwidth of the electrostatic amplifier larger and
its operation less critical to a mismatch of its input
circuits. Most promising for the diftron are apparently
distributed coupling devices, since the mechanism of
"cooling" the electron beam in this device is valid
independently for each individual electron orbit. There-
fore, unlike the EPA, the presence of small longitudinal
fields in the input and output coupling devices of this
type should not be reflected to a noticeable degree in
the equivalent temperature of the intrinsic noise of the
amplifier. Very promising is the use of distributed sys-
tems for the construction, on the basis of the diftron, of
supernoiseless amplifiers of the narrow-band type, for
the construction of an easily-tuned filter with increased
interference immunity1·531, etc.

Although definite progress has been attained in the
design of amplifiers, and with respect to their technical
parameters these devices are already among the most
highly perfected input amplifiers for radio receiving
installations, many problems have not yet been suffi-
ciently investigated and solved.

The existing theory is highly primitive and makes it

possible to describe essentially only the most pro-
nounced effects. In engineering practice it is still
necessary to resort frequently to qualitative considera-
tions and to intuition, in view of the lack of reliable
theoretical results concerning various questions. In
practice, the most effective ways of broadening the
bandwidth of the cyclotron-wave amplifiers are still not
clear. Although individual theoretical investigations
have already been carried out, in the main, only reson-
ant coupling elements are presently used, and these
provide a bandwidth on the order of several percent
relative to the central frequency.

The question of obtaining a low noise level of cyclo-
tron waves directly in the electron gun has not been
sufficiently well investigated. Many possibilities in this
respect have apparently not yet been clarified or used.
The solution of the problem would greatly facilitate also
the preceding problem, for in this case the main func-
tion of the input coupling element would be modulation
of the electron beam by the external signal, and the de-
modulation of its noise, which is the most critical to
detuning, would no longer play a decisive role. It is
possible that individual types of distributed coupling de-
vices, i.e., essentially structures with greater band-
width, will be developed for low-noise beams.

There are still no published reliable experimental
data on the noise level of synchronous waves in elec-
tron beams, although knowledge of this level is very
important for the development of devices, and the ac-
curacy and validity limits of the theoretical formula
(3.8) have long been subject to doubt1 3 5 3.

Of definite promise for amplifiers is the use of a
ribbon beam in lieu of a round one. This makes it possi-
ble to reduce the role of the edge effect (the coupling
with the synchronous and slow cyclotron waves), but
would make it possible to expand the dynamic range,
etc. It is possible that such a beam configuration will
turn out to be most convenient when distributed coupling
devices of the planar types are used.

Finally, due attention has not been paid as yet to
problems of micro-miniaturization of the devices.
Task-oriented research aimed at decreasing the dimen-
sions and weights, to the use (in part or exclusively) of
permanent magnets, etc., can undoubtedly result in
great improvements in the technical and operational
characteristics of supernoiseless amplifiers of cyclo-
tron waves. It is difficult to predict all the ways and
all the results of research aimed at further improve-
ment of the devices. There is no doubt, however, that
they offer great promises and that there is much room
for improvement.
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