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ABSTRACT

It has been speculated for many years that microwave beam
tubes using cyclotron and synchronous wave interactions could have a
higher efficiency than is presently attainable in ordinary TWT's. This
observation is based on the znalysis of filamentary beam model which
predicts that all electrons will lose an equal amount of axial energy when
they interact with a circularly polarized traveling-wave circuit field.
Under ideal conditions, therefore, the collector potential may be depressed
close to the cathode potential; thus, very high efficiencies could be
realized.

A theory of transverse-wave interactions with a more realistic
model of the beam is developed to show that the main practical limitation
arises from the fact that a mnderate power electron beam must have a non-
zerc size and non-zero space charge density. The analysis of these
effects leads to the following expression for the optimum efficiency with
collector depression:

Efficiency = [ 1 + (beam diameter/r-f beam displacement)]_l

A nonlinear theory of the transverse-wave tubes is also
developed to predict the saturation output power attainable. Unlike the
large~signal theory of TWT's, it is possible to describe the non-linear
behavior of transverse-wave tubes by a simple analytic expression.
Numerical calculations of saturation characteristics are presented. The
over-voltaged behavior of _the tube under strong input drive is calculated
to show that the power saturation due to velocity de-synchronization could
be overcome by increasing the heam voltage.

Considering practical limitations of the beam parameters and
the saturation characteristics, a set of possible design parameters of a

high efficiency (>50%), moderate power level (=1 KW) transverse-wave
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tube is obtained. The attainment of such goals with a reasonable circuit
length appears difficult but is not excluded by our theory,

An experimental low~power vehicle operating in the 500-1000 MHz
band was constructed to test the above theoretical predictions. Both the
synchronous and the cyciotron wave interactions have been observed, The
small-signal behavior as well as the saturation characteristics were in
good agreement with the theory. Retarding potential measurements were
made to determine the energy spread induced by the RF interactions,
Expex‘imen;al results, in general, tend to confirm the validity of the

theoretical results.
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1, INTRODUCTION

The original study of electron-beam waves with transverse RF
modulation by Siegmanl‘ introduced many interesting concepts for new
microwave devices. Most of the subsequent work in transverse-wave

microwave tubes were motivated by expectations of either low-noise or

high-efficiency devices. It has been shown both theoretically and ex-

perimentally that by selectively exciting the fast cyclotron wave {(which
carries positive energy) and removing the beam noise, one could obtain

a class of low-noise parametric amplifiers. 2-8 It has also been pointed

out, on the basis of the simple filamentary beam theory, that the inter-
action of a transverse beam wave with a circuit wave should not introduce

a longitudinal velocity spread in the electron beam.9 .10 Based on this

observation, it has been speculated that the efficiency of transverse-wave
amplifiers with collector depression may be raised far beyond what is

attainable in longitudinal-wave tubes, The present study of the trancverse-

wave devices was motivated by this promise of a class of high~efficiency
microwave amplifiers.

As was pointed out by S:zgman in his original paper,l the energy
exchange mechanis™ in transverse~wave interactions does involve an
extraction of energy from the longitudinal motion of the electrons. It is

not immediately obvious, therefore, that one can automatically avoid a
longitudinal velocity spread in a transverse-wave tube. Wessel--Berg9
has shown theoretically how the coupler design can affect the axicsl

velocity modulation. His basic conclusion, reasoning from the usual

filamentary beam model, is that only one of the transverse modes should be
excited to have a low velocity spread at the output of the coupler.
There have been only a limited number of experimertal studies

of the interaction between transverse beam waves and slow-wave circuits,
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Iohnsonll has demonstrated interactions of both synchronous and cyclotron
waves with a bifilar helix, and I-Iayes12 has built a synchronous-wave
amplifier in which a resonant interaction structure was used, as in a
klystron. No attempt was made in either of these studies to investigate
the velocity spread in the beam and the possible use of the interaction
mechanism for a high-efficiency amplifier. The only experimental efforts
aimed specifically at the achievement of high efficiencies in a transverse-
wave tube were studies by Carroll10 and Crumly and Larson}3 Carroll's

experiment on a cyclotron-wave traveling -wave tube were discouraging,

as he was able to obtain an efficiency of only about 30% even with depressed

collector operation. Experiments by Crumly and Larson were plagued by
spurious oscillatiors and beam blow-up. No satisfactory theoretical
explanation has been offered to account for the lack of success,

The interest in the high-efficiency amplifier is justified, if it
can be shown that the high-efficiency predicted is attainable in a device
with a relatively high power output. Theories of transverse-wave inter-
actions, however, have not dealt with problems unique to high-power
devices. The filamentary beam model most often used in the analytical
study, for instance, is inadequate to describe a high~power beam, and
the power saturation characteristics were unpredictable since there was
no adequate nonlinear theory of transverse~wave interactions. In view of
the unsuccessful experimental efforts and the lack of adequate theoretical
foundations for design of high~power tubes, the emphasis in the present
study has been on the theoretical understanding of the high~power
behavior of transverse-wave tubes,

This report is divided into three major parts: First, in Section
2, we present a theory of transverse-wave interactions using a realistic
model of the beam suitable for high-power amplifiers. The energy exchange

mechanism in transverse-~-wave interactions is reviewed, and the energy
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spread induced in a beam with non-zero size and space charge by
high-power transverse~wave interactions is calculated. Various choices

of design parameters are considered to show the basic design contraints in
terms of the maximum efficiency attainable in high-power amplifiers. The
power saturation characteristics of transverse~wave amplifiers are examined
in-Section-3 by analvzing the nonlinear behavior of transverse-wave inter-
actions.

Results of the analyses in.Sections-2-and 3 provide the theoretical
bastis for predicting capabilities and limitations of high~power, high-
efficiency transverse-wave amplifiers. The purpose of the experimental
study described-in-Seetion-4 was to verify the validity and determine
limitations of various theoretical design equations. Experimental results& .
presented in Section 4, by and larye ~ confirm ourtheoretical predictions,
and thus provide added credence to the theoretical projection of the

potential device capabilities.
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I, THEORY GOF HIGH-POWER TRANSVERSE~WAVE TUBES

2.1 Introduction

The filamentary beam model often used in the analysis of
transverse-wave tubes is inadequate to describe high~power tubes,
since one must use a sizable beam with non-zero space charges in order
to meet the beam-power requirements. In this section, we will analyze
transverse-wave tubes with a realistic mede!l of the beam to evaluate the
effects the beam size and space charge. In Section 2,2, we will review
the basic mechanism of energy exchange in traveling-wave type transverse-
wave tubes to demonstrate in a clear physical way why a filamentary beam
can lose axial energy without any spread being introduced. We then con-
sider some of the practical limitations which constrain us from achieving
these ideal conditions. In particular, we calculate in Section 2.3 the
energy spread induced by transverse-wave interactions in an electron
beam of finite diameter and finite space charges to show that the optimum
efficiency (with collector depression) attainable in a transverse~-wave tube
is limited by these practical considerations. In Sectio‘n 2.4, we consider
in detail the possibility of designing high power, high efficiency trans-

verse wave-amplifiers in view of the constrains derived in Section 2.3,

2.2 Filamentary Beam Theory of Transverse~Wave Amplifiers

Of the four transverse-beam waves originally introduced by
Siegman, the slow cyclotron wave with positive polarization and the
synchronous wave with negative polarization are the so-called negative-
energy waves.1 As in ordinary traveling-wave tubes, the coupling of
negative-energy beam waves with waves propagating along a slow wave
circuit leads to traveling-wave amplification. Therefore, there are two
possible types of transverse-wave traveling-wave amplifiers: a synchronous

wave tube and a cylotron wave tube. Figure 1 shows w-8 diagrams and
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the synchronism conditions required for the two types of traveling-wave
amplifiers. Theoretical analyses of these amplifiers for gain, power outiput,
bandwidth, etc., have been given by Siegmanl, meiselll‘1 and others, Our
analysis will follow that of previous authors, but our emphasis will be on
the physical mechanism of energy transfer and the question of longitucinal

velocity spread.

circuit field (f:c) that is purely transverse at the unperturbed beam posaition
(x = y = 0), and with a uniform axial magnetic field B = Borz' is

-nkE . (2.1)

X+ @y
¥ XC

y - wc:'c -nEyc 2.2)

In the above, x is the total-time derivative of x,

. dx =) 3 \. .
===l +v — 2.3)
* = at (a Y z)x (2.3)
n = e¢/m, and wc = nBo is the cyclotron frequency. For analytical conven-

ience, we introduce the circularly polarized variables r and Ec whare
r =x +jy {2.4)

- 2.
Ec Exc + jEyc {(2.5)

The force equation can be written in terms of these variables as
i = (2
r-ju r=-nE, {2.6)
To illustrate the meaning of the circularly polarized varizbles

given in (2.4) and (2.5), note that a left polarized traveling-wave field
is described by

E =E

ej(‘l-'t'ﬁz"'(p) (2.7)
C o .
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with I-:O real, since

_l.- % - 3 +
o > (Ec + EC ) Eocos {wt ~ Bz + )

i

E

1 - = -
ve = 2 (lE:c Ec*) ~-Eosin {wt - Bz + ) (2.8)

Aright polarized wave, on the other hand, has Ec ~ exp [~j (wt - Bz)] .

2.2.1 Synchronous Wave

We now specialize to the synchronous wave interaction

and assume (1) exact synchronism between the beam and the circuit wave,

@ = Rvo (2-9)

and (2) a purely circularly~-polerized circuit field. Condition (2) can
easily be achieved by an appropriate "twisted" type slow wave structure,
and we should also note that a linearly polarized coupler would not result
in a net energy exchange with the synchronous waves. We should also point
out that throughout this work the circuit field "Ec" refers only to the space
harmonic that is synchronous with the beam.

Under these assumptions, it is easily shown that the following

is a solution of Eq. (2.6) and the boundary condition, r{z = 0) =0

E_=E, "% +e7%% (wt - Bz) (2.10}
£ =a (-9 ¢ (wt - Bz) (2.11)
with
o nEl
17 oy w_ (2.12)

and where we have made the usual "low gain" assumption, ﬁvo<<wc. An
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expression for the gain constant ¢ wiil be derived later in this section.
In the linear theory of transverse wave interactions, the
longitudinal electric field at the beam does not usually appear explicitly,
since it is a second~-order quantity. All physical descriptions of the gain
mechanism, however, show that it is this longitudinal field that is
respongible for the energy conversion from the beam to the circuit wave.
If the beam displacement from the axis is much less than a wavelength,

then the longitudinal circuit field at the beam position is approximately

aEz anz
Ezb = ox X+

with (x, y) describing the beam position, since EZ(O,O) = 0. An

Y (2.13)

electric field of a slow wave circuit with w/8 <c has V x E ~ 0, and

therefore
oE 3E
z . X
{ A x dz
(2.14)
E 3E oE
: Z o~ Y
. dy dz
% The electric field at the beam can, therefore, be written as
: 3, 3E, .;f}
3 Ezb = X732 *y dz e
) SE (2.15) p‘f‘s
= Relr® c &
4 oz ¢ q
which for ¢ <8 is. o
£
= — * P
5 Ezb Re (-jBr EC) (2.16) °
<
o
{ -
8 E
.
?
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Using Egs. (2.10) and (2.11), the above becomes

nﬁlEll 2

202
= — (e
zb ov W
o C

(2.17)

The significance of Eq. (2.17) is that {outside of the slowly varying terms
e&Zaz) the axial electric field seen by an electren is constant during its
motion through the tube, and moreover, it is the same for all electrons,
independent of their entrance phase with respect to the circuit field, If

we integrate the axial equation of motion

dvz
i -nEZb (2.18)

along the unperturbed electron trajectory, z = vo (t - to) , we have

2 2
v (@) -v = N ﬁlEll ____ (eZaz N e-2¢yz _2)
A o 2°v
o
C
2n’8|E | )
= - = ginh” oz (2.19)

2 2

oy “w
o ¢

with Yo the inj ection velocity. According to this theory, a monoenergetic

beam injected at z = 0 remains monoenergetic at the output, z = 4. If we

depress the collector to a potential that is above the cathode potential by

an amount corresponding to the energy lost (to the circuit wave) by each and

every electron, a theoretical electronic efficiency of 100% would be obtained.
The way in which the electrons give up energy to the circuit

without developing any longitudinal modulation of their velocity is now

physically clear. The electrons are initially located at x = y = 0 where

there is no longitudinal electric field. The transverse electric field causes

a radial displacement (essentially an E >\< _BO/BOZ motion) of the electrons
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off axis into a region where there is a longitudinal electric field. With
a circularly polarized transverse electric field, all electrons arriving
at a given positicn z are located the same distance from the axis, and
{since w =8vo) they also see a constant phase of the longitudinal
electric field during their transit through the tube.

As a check on the above explanation of the energy transfer
mechanism, we will show how the application of energy conservation
results in the well known expression for the gain constant, ¢. The time-

average circuit power is given by

2
iEc(Z),
Pc(z) == (2.20)
28K
t
in terms of the transverse interaction impedance, Kt' Energy conservation
requires

57 = Py (2.21)

where PB is the net power lost by the electron beam (gained by the circuit)
per unit length, and for synchronous waves

Py =Ll E (2.22)

since the transverse energy acquired by the electrons is very small.
From Eqgs. (2.17), (2.20), (2.21) and (2.22), we find that
energy conservation is satisfied if
L w o,
V w t (2.23)
o) c

where Vo = voz/Zn is the beam voltage.

2 _ 2.1
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‘ 2,2.2 Cyclotron Wave o
For synchronism with the slow cyclotron wave, we

require a right polarized wave {or a reversed magnetic field, wc - ~wc). ;

Except for this difference, we find that, with exact synchronism (w—ﬁvo = %

-wc), the beam motion is given by Eqs. (2.11) and (2.12) with the +j replaced

a2

by (-j), and the longitudinal field at the beam is agair given by Eq. (2.17).

Therefore, all of the previous comments on the loss of axial kinetic energy '

without any spread being generated apply to cyclotron wave interactions

;)

as well. The main physical difference is that the transverse field "seen" by
an electron in its rest frame is at the cyclotron frequency, and hence the
perpendicular velocity is not small as it is with the synchronous wave.

However, both the longitudinal electric fieild and the electrons "rotate

around" the axis with the same pitch, so that the axial electric field seen

-.-,;;c_‘(;“m: (NI
S

by a particular electron remains constant (outside of the eZaz frowth) during ._

its transit.

With the cyclotron wave interaction, the transverse kinetic

energy can be shown to be a factor of wc/w times the magnitude of the

change in the axial kinetic energy (mvosz). In operating a depressed

0,

collector to achieve high efficiency with cvclotron waves, therefore, a

scheme would have to be provided to convert this transverse energy back

il

to longitudinal, such as the use of a diverging magnetic field at the

collector, Otherwise the optimum theoretical efficiency would be limited
to (1 +wc/w)_1.

* 2.3 Effects of Finite Beam Radius and Space Charge on the

Energy Spread

b It was shown in the previous section how the energy exchange
mechanism with a filamentary beam involves motion of the beam electrons

&
off axis into a region of finite longitudinal electric field. For a beam of &

11
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cerc spot size, gll of the electrons see the same longitudinal decelerating
field, and hence the amplification of the circuit field proceeds by
removing an identical amount of energy from each electron. This physical
picture of the interaction mechanism immediately suggests that a finite
size beam would not be mcnoenergetic at the output, since electrons
initially at different radii would see different decelerating fields during
their transit. The purpose of this section is to quantitatively assess this
phenomenon,

The perturbed motion of the beam consists of a helical dis-
placement in the transverse direction (Fig. 2) with the center of the beam
located at Xy (z,0), yl(z,t)° We will ignore any distortions in the beam
cross-section that arise from the pertubation; that is, we will assume
at the outset that the beam retains its circular cross~-section and has
uniform charge density po. {Distortions in the cross-section will be small
for a thin beam, and should have no substantial effect on theenergy spread).
Note also that we do not assume that the beam displacement is much less

than the beam diameter in our treatment, so that the analysis is not "small
signal® in the usual sense.

Our model is therefore fundamentally different from the models
used in analyses of the effects of finite beam size and space charge on the

dispersion characteristics of the transverse beam modes. We assume

Bb <<'1, and for this case the uncoupled beam waves have dispersion
characteristics that are closely approximated by the predictions of the
filamentary beam model. 15,16 On the other hand, the following analysis

shows that the filamentary beam predictions regarding axial energy spread

are only valid when the beam displacement greatly exceeds its diameter.
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The electric field inside the beam is given by

e S,
Ex = 260 (x xl) + Ex

c (2.24)

0

= - +
Ey 260 fy yl) Eyc (2.25)
where EC is again the “circuit" electric field (the field arising from charges
on the circuit structure), assumed constant in the regime of interest

( a valid approximation if both the beam radius and the beam displacement
are much less than 1/8).

We again introduce the circularly polarized variables as in Egs.

(2.4) and (2.5) with r(z,t) now describing the position of a particular

electron in the beam cross-section. The force equation for the electrons

is now

ve wl!Z
Foier =7 (r-rl)-nEc (2.26)

1
where r) = x, +jy, describes the beam center motion and wp =(-npo/€o) /2

ls the plasma frequency.

2.3.1 Synchronous Wave Interaction

The circuit field is taken to be circularly polarized in the
left hand sense, sc that

Ec - EleJ (wt - B2) {ecvz + e-—az]

(2.27)

14

P 2%
- : - o S
Gt RL eon TV

C3
S S

P




I P T o
T B, &4 -

AN

Simeilil S

™ R pnd (G

o—

We anticipate ( and then prove) that the motion of the beam center has
the form (c.f. Eqs. (2.10) and {2.11))

r

- ej (wt - B82) [eaz _ e~orz]

] 1 (2,28}

In Egs. (2.27) and (2.28) we have included both the growing
and decaying parts of the solution. For simpilicity, in the following

analysis we will explicitly exhibit only the growing wave part, although

the final answers will include both terms when we specialize to the
case of perfect synchronism.
The solution of Eq. (2.26) for the transverse motion of a

particular electron is (homogenous plus particular)

jo_t wRal +ﬂEl/mc

jlwt ~ Bz) + 0z
rt,z) =r e R - — (2.29)
o) w ﬁvo wR jozvo
where
2
w

is the rotation frequency about the beam center and ro = aoej¢o describes
the position of the electron in the absence of a perturbation (basically a

constant of integration). To obtain Eq. (2.29) .ve have made the following

assumptions;

w 2<<w 2 (2.31)
p c
@z w- Bvo =< “e (2.32)
o <<w /v (2.33)
cC O
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with v, >~ Vo the unperturbed axial velocity. Note also that in Eg. (2.29)
the unperturbed motion of the electrons is assumed to be a simple rotation
about the axis; that is, we have neglected the finite Larmor radius effects.
hs long as the magnetic field is at least a factor of two or more above the
Brillouin value,lo'7 this is a sensible model of a physical beam. Such a
“smooth" unscalloped beam could, in principle, be realized with the
Brillouin magnetic field (wp = wc/\/'é and wp = wc/4) , but the achievement
of this ideal in practice would be very difficult and, therefore, we will be
conservative and assume inecuality (2.31) in the following analysis.

To determine the displacement of the beam center, we note that

by definition,

<rt,z) > = rl(t,z) {2.34)
where the brackets imply an average over (po. This yields
nE./w
1" ¢

a, = ———
1 javo—Q (2.35)

and the displacement of a particular electron is, therefore, given by

. nE, /w
rit,z) = roew'Rt + ‘j'&‘f":ﬁgej {wt - B2} + o2z
(o]
= I'Oe + ale .

This result is intuitively clear; the net motion of an individual

electron is simply the superposition of (1) the gyration at a frequency wR

about the instantaneous beam center and (2) the commen displacement of all

electrons by an amount a, as given by Eq. (2.35). It is also interesting to
note in Eq. (2.35) that the "pole"” in a, is still at = 0, and is not shifted

to ) = wR by the beam space charge.
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{ To calculate the axial energy lost or gained by a particular

electron, we need expressions for the axial component of the electric
field. The axial component of the space-charge field (Ezs) can be
determined by noting that for a thin beam the equipotentials associated

with the space charge field inside the beam are approximately

p
s} 2 2
®=—E;[(x—xl) +(‘1-y1) ] (2.37)

and, therefore,

3 o PN e Y P TV e S e o o o

i i Sy T A My S AL LN o o Ly R e e o SIS .

:-éﬁ.‘f‘ 3¢ S G RN A0 r A ) A O e e 2 VRS Te T <4 N DA R, o T A o Y
2 Ao SRR FENEN R e R L L R TR N HEYAARS K iy g e X >

X 2 o WO S BNGERR s

-1
Es ™ "3z
Ox &
=—p° x - x.) (3,»“3')——val
2¢ 1" 9z 17 9z
o}
P or. * E
- .9 er ).k #
{ = - PRe [(r rl) % ] (2.38) i .
From Egs. {2.35), (2.36) and (2.38), we have %—
Ezs = - '—v-v—& 9aoﬁlcos [wt - Bz -~ th - ¢o] (eaz - e-az) ¥
p o (2.39) ¥
as the longitudinal space-charge field seen by the electron at synchronism hi_P‘
k (w= Bvo). Note also that we have now included the decaying part of the N
! solution as well as the growing part in Eq. (2.39). 13‘?
j The longitudinal circuit field at the beam position is again :;"
. o
given by Eq. (2.15), and from Eq. (2.36) and (2.27) we find 3
y !
: »
8
1 17 .
Y “
= - '3 Lé
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n 8
E1 . 2oz ~-200z
[ogp— (e -2 ) +
Z2C v &
o C

oz ~CZy g _ _
BaoEl(e +e } sin {wt - 8z th ¢o) (2. 46)

In addition to the second order longitudinal circuit field common
to all electrons (first term in (2.40)), there is now a first order longitudinal
circuit field at the electron's position that depends on the initial location
of the electron within the beam cross-section.

The longitudinal force equation is

dv

2
3t - -’ﬂ(Ezs + Ezc) (2.41)

which integrates along the unperturbed electron trajectory to yield

2_ 2
nElB 202 20z
V =V = - (e + e - 2}
z o) 2 2
2 v W
o ¢
nBa E
o . oz -0z
-—=sin(wt-Rz-w t-¢ )  ~-e 2,42
S sin o0 ) (2.42)

(This expression for sz as a function of z and t is, of course, invalid
whenever sz gets large enough so that the electrons begin to drop out

of synchronism with the circuit wave; i.e., whenlw - BVzi becomes

comparable to ozvo) .

Keeping terms up to second order, we now have the following
expression for the kinetic energy in electron volts of the electron described

by the initial position ao, <po. (Note that the transverse velocity is

18
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ne gligible for g synchroncus wave).

2
V.
Wk = 2
2 2 w2 2
;‘vo nE1 ¢ vz -0z, 2 nEl (Boo) oz -0z, 2 2
TS (e "-e 7% +——'2-"2—'—(a -e 7) sin (wt-Rz—th-¢ )
Zn 207y W@ 207V ¢
c ¢ o
E1 oz -wvz, sin{fwt-B8z ~w _t -0 )
- (-an) e " - 9 ' R o (2.43)

Note that the last term in Eq. (2.43) is first order in E1 , and that
it changes sign cover the beam cross-section. That is, at a given instant
of time and given position z, electrons in a particular sector of the beam
have lost more than the average znergy while those in the opposite sector
have lost less than the average (Fig. 3). (In this discussion we ignore
the third term in Eq. (2.43) since it is of higher order). As time goes on,
these sectors of the beam"rotate" around. On the other hand, if we ask
for the average kinetic energy lost by all the electrons in a particular
cross-section of the beam, this last term will drop out, and we get the

following for the average energy lost,

2
e = _J»bj-27rw dQ)oaodao + vo
L ovo k Trbz 2n
nE 2w 1 w
. ] = — __g__BZbZ (eaz_e-az)z
T2 2 4 w (2.44)
20V W
o C
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DIVIDING LINE AT ¢ = (w-wg)t-Bz

ELECTRONS THAT HAVE
LOST MORE THAN THE

AVERAGE (IN SHADED
REGION)

~-ELECTRONS LOSING LESS THAN
THE AVERAGE (IN UNSHADED
REGION)
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‘ FIGURE 3 ILLUSTRATION OF THE ENERGY DISTRIBUTION OF
3 ELECTRONS OVER THE BEAM CROSS SECTION
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Note that we must have

L Ze gy? < (2.45)

4 w )
to have any net loss of energy by the electrons, We will assume in the
following that this finite-radius correction term is very small, since the
validity of our model requires 8b << 1,

The mean energy loss of all eiectrons, of course, is the only
relevant quantity when computing the small signal gain and the power
output. (c.f., Eq. 2.46). In considering the enhancement of amplifier
efficiency by collector depression, however, the distribution of electron
energies is also of importance. From Eq. (2.43), it is clear that the
energy loss of any particular electron can differ from the mean loss (AeL)

by as much as i.’_as, with

E

S |

a——— n -
. > b (e e {2.46)

The energy distribution of the electrons at the output would,
therefore, look roughly as shown in Fig. 4. The significance of A es is as
follows. A (properly designed) collector could be depressed to a voltage

of

\Y

coll ~ ~ (Vo TR Ae:s)

L (2.47)

without returning any electrons., (—VO) is cathode voltage with respect to

circuit., The (net) dc power supplied to the beam is then

P, = 1. (be

o o + re ) (2.48)
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On the other hand, the increase in the RF power output is equal to the

average energy lost by the electrons, as was shown in Section 2,2, That is,

out in el oL (2.49)

Therefore, the maximum efficiency with collector depression is

P 1
T] = e£ =
opt pdc 1+ Ass/Ae:L (2.50)

(The validity of this formula is clearly restricted to the domain
[\ss + m:L < VO; the implications of this restriction are discussed in
more detail in the following section).

For the highest possible theoretical efficiency, we should
keep Las/zﬁeL as low as possible. From Egs. (2.44) and (2.46), we

have

re 20B bV
s o C

£ wEl sinhnz (2.51)

with Vo = vo /27 ,thebeam voltage in the interaction region. Using

Eqgs. (2.20) and (2. 23), the ahove can be written as

Les VOIo wc
e = 28b - " (2.52)
L ¥ Tt
with P , =P - P. . This form shows that the ratio of energy spread
el out in

to mean energy loss decreases as the inverse square root of Peé' Physically

this is because the mean energy loss only begins to become sizable when

23




the beam has been displaced outward as a whole (i.e., it is second order
in El)‘ whereas off axis electrons gain or lose energy immediately on

entranco into the interaction region, and result in a spread that is first

order in El .

From Eqs. (2.20), (2.23) and {2.35), the RF power output can

be expressed in terms of the beam dispiacement as

1 2
= - = =B 1
Por ™ Poue ™ Pin = 7 9B L 11T) (z)! (2.53)

I()] /\ . ..\t, iS

A
“fs __2b  _ beam diameter (2.54)
AsL ‘rl! beam displacement at output ’

This is a very appealing form, physically. It says that the
filamentary beam picture - with very small Aes/ﬁseL ~ is applicable orly
when the RF beam motion is considerably larger than the actual beam size.
If this is not the case, the distribution of longitudinal forces over the

beam cross-section must be accounted for.

2,3.2 Cyclotron Wave Interaction

The above analysis has, of course, been concerned
exclusively with the synchronous wave. For the cyclotron wave, a very
similar analysis applies, and the longitudinal electric field at the beam
has essentially the same form as that given above, except that now the
field "seen" by an electron oscillates at approximately the cyclotron

frequency since wt - Bz = wct + const. following an electron. If
w 2

oy
—_— <<

‘ 5
Bc (.LCZ ’ (2-5-«)
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2

as is generally the case, then the space~charge field dominates the
energy spread generation, and the result is that energy spread with

cyclotron wave interaction is smaller than with synckronous waves by

a factorof w_/w ; i.e.,
R "¢

be - 2b %R
e, irli w
2
5 W
Tin| w2 (2.56)
1 c

fcr cyclotron wave interactions. In the above, the energy loss and

energy spread referred to are only the axial kinetic energies. As mentioned
in Section 2.2, for cyclotron waves the transverse kinetic energy is wc/a'
times A eL, and any discussion of the efficiency with a depressed collector
in this case would require an accounting of the transverse energy as well.

2.4 Design Considerations for High Efficiency Amplifiers

The most important result of the preceeding analysis is the
prediction of a finite energy spread resulting from the finite beam size,
as expressed by Eqs. (2.54) and (2.56). This energy spread places limitr
on the maximum theoretical efficiency obtainable with depressed collector
operation (Eq. 2.50). High efficiency is of interest only for tubes of
relatively high power, and high power implies a beam size of non-negligible
dimensions. The purpose of this section is to summarize the main design
equations, and to illustrate by a few examples what beam and circuit
parameters are necessary for the achievement of a high efficiency power
amplifier. We will concentrate exclusively on the ¢, nchronous wave

amplifier in this discussion; design considerations for a cyclotron wave
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ampiifier are similar. (Our emphasis on synchronous wave devices is

due to the fact that they have the potentiality of TWT type bandwidths).

2.4,1 Basic Design Eguations

A summary of the basic design equations are given in

Table I. The small signal gain (Eq. 2.23), the power output {derived from

Egs. (2.12) and (2. 20)), and the minimum magnetic field for beam focusing

N I AT ey I proTrmy TRy et T SO W S
LU O e gy v 3oy Y 3 2R 3 i % T T S !
APCIE ST I LY SO N i Kty ; s MR AL

(taken as twice the Brillouin field) are listed first. The expression for

LA adde P

optimum efficiency with a depressed collector (Eq. 2.54) is given next,

Since the optimum efficiency increases with increasing beam displ=cement,

574,
U S INEC

a theoretical limit can only be obtained when we limit the beam dispiacement

MYy )
2 LR
K . L WFy

(rl). Our entire analysis has been confined to the small-signal regime,

2 it

Bl i

e
s

Tl

and therefore, we will only be able to give rough limits on the maximum

beam displacement and the maximum efficiency.

N

S *l;’“:;%fi‘«?o& ‘.ﬁi:e’&.oa,ug‘;x“ 3.«54;' K

There are several limits on the beam displacement or power
output that must be considered. The first limit follows from the very

gross statement that Aes + Ae_ must remain less than Vo in the interaction

L
region. From Eqs. (2.52) ancd (2.49), this implies that

w VI P A

c 00 el 8

2BbY — —— + 1 <V s
w P | o . (2.57) €

el o] o

Introducing the electronic efficiency (without deonression) } s
P

el %,

e SV 1 , (2.58) E
00 :

P

e

54
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Equation (2,57) becomes

w
c 1/2
Tt 28b y T <1 (2.59)

The maximum value of m allowed by (2.59) is

w 1/2 w 2 )
- € 2.2 - <
SN (1 e T ) Y (2. 60)

max

v
9
f
S5
A
*
s
-
B
]
s
3
3
%
S
83
2
3
3
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3

N L o

hw. Bl

and this is given as {imit No. 1 in Table I. One should clearly be well

below this limit for the analysis we have given to have any reasonakble

degree of validity; however, this limit can be {‘heoretically) approached
only in cases of relatively large gain per wavelength (large a/8), as we

will see in the examples,

A saturation mechanism that is usually far more important is

intdd w
3 A m’g e

—_

by
D

Y
EE; KRN

the saluration of the growing wave by the reduction in the mean axial

e’
N o

velocity due to the RF interaction. From the linear theory, the exponential

growth ceases when the axial velocity is changed from the synchronous

wie LS

velocity by an amount

2ov .
|Av | = —L (2.61)
Z ﬁ ;

\;‘a,: %.:.. @

For small o/8, as usually obtained, this limit is reached for relatively
small changes in the axial velocity. Since P > vy Av_I /v, this
el o zo

e
preaicts sa

n_ > 40/8 (2.62) 5
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A detailed treatment of the nonlinear regime (See Section 3) shows that
the ultimate saturation in the output power occurs for Pe& a factor of two
to four times the limit in Eq. (2.62); in Table I we use a value of 8 ¢/8
as the limit in ne due to this effect. We should also point out that this
limit could, in principle, be alleviated by tapering the phase velocity
of the circuit {or the unperturbed beam veiocity).

Another limit on the RF beam displacement is clearly that of

interception by the circuit. The distance between the circuit and the

beam should not be much larger than 1/8, or the interaction impedance

" — " rording B s AN Y . rrcs PRIy oS ARTAEAI R rrcaonst
e, a ) oy 3 I s % et T B v T £ 3 o ,, p
e LB A GRS SO R : RPN 2 AT 35 <o - P o e 0 il Wiads, WL RS

would be adversely affected. We therefore restrict the maximum value of

.
N

Brl to a number the order of unity. This constraint is usually the least

serious in the cases of interest to us, because of the relatively large

magnetic field required for focusing a dense beam.

2.4.2 Some Typical Examples

A Lebi i F R g O

ORI IR b e

With the relevant equations summarized in Table I,

L@

LA

Camia

we now consider a few typical numerical cases. We use for illustration

L
i

a tube operating at 3 GHz with a dc beam power of 10 kW (in the interaction

are 10 kV, 1 amp, and a current density of 10 A/cm2 (moderately large area

,3 region) in all cases. Since the largest beam displacement (smallest ’”
"ﬁ Aes/A eL) results with the smallest possible confining field, we use the :
E minimum magnetic field in all examples. (We should caution the reader 2
: again that the numerical results on optimum efficiency that we give are to (;
& be viewed purely as rough estimates to serve as guidelines on the relative :
p merit of the parameter choices; real accuracy should not be expected in j:
t view of the roughness of the nonlinear constraints that have been used). f
. In the first example (Table 1IA), the chosen beam parameters i
) 5

compression ratio). The beam radius is therefore 0.18 cm and the necessary

o] magnetic field (twice the Brillouin value) is 900 gauss. For these parameters g
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Small signal gain

>>
Power output (Pout Pin) out o2
Focusing w > 2V2 w
c p
Optimum efficiency with Ae -1
s
collector depression T = |1+
opt Ae:L

(Valid only for n less than
limit #1) ©

Ae
s _ _2b
—2 = (synchrorous waves)

AeL rl
Saturation Limitsonmn_ =P /V 1 :
e out’ ‘oo
#1 “Reflected electrons” 2 1/2 2
(Ae +be. < V) e [(1”‘) —A]
s L o)
‘/ “o
A=Rb
@
#2 Velocity desynchronization Ny < 8a/8
#3 Beam interception Brl <1
TABLE 1

Design Equations for Transverse-Wave Amplifier
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TABLE IIA

Exampies of Calculated Performance
of Synchronous-Wave Amplifiers

]o = 10 amps/cm2 b = 0.18 cm (beam radius)

<
1]

10 kV B = 900 gauss
o) o)

IO = ] amp Saturation limit #1:

f = 3 GHz T‘.e< 35%

P_, maximum 1 3.6 kw 2 kW 620 kW 48

4 Interaction Impedance (K e
100Q 100 10 o
}_‘: 3/ = length for 20 dB gain 12 cm 38 cm 120 cm fzﬁ
C g‘i\é
. &
n, = 80/ 62 % 20 % 6.2 % ‘ 3
4 el X
1

Brl at maximum Pou: 0.67 0.5 0.15

)] =

.
; r (1) <35% 30% 10 % <
opt d

5 "')
. (1) limited by saturation mechanism #l.
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TABLE IIB

’ I, = 25 amps/cm2 b = 0.11 cm {beam radius)
& V. = 10kV B = 1.45 kilogauss
g o o}
1y
3 I, = lamp Saturation limit #1:
%
E2 f = 3 GHz ne < 46%
% Interaction Impedance (Kt)
£ 4
s 10082 108 10 e
| 2
i’j 3/2 = length for 20 dB gain 10 cm 60 cm 190 cm 3]
n . = 8o/8 40% 13 % 4% o
i 62 ,.
g r
; P_ ¢ Maximum 4 kW 1.3 kW 400 W ) by
N Br, at maximum P 0.5 0.3 0.16 %
. 1 out
| n 42 % 30 % 18 %
. opt :
, Examples of Calculated Performance :,
S{ of Synchronous-Wave Amplifiers N
. ¢ %
:
§ <
R
R ‘;5;:
3 i
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TABLE 1IC

25 amps/c:m2

)
1}

o b = 0,08 cm (beam radius)
V. = 20%kV B = 1,2 kilogauss
o o

IO = 0,5 amps

f = 3 GHZ

Saturation limit #1:

n < 70%
e

Interaction Impedance (Kt)

100 2 10
3/o0 = length for 20 dB gain 40 cm 120 cm
7 = 8¢/8 28 % 8 %
el
P maximum 2,8 kw 800 W
out
ARr. at maximum P 0.50 0.26
1 out
n_, 56 % 41 %
op\-

Examples of Calculated Performance
of Synchronous-Wave Amplifiers
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saturaticn constraint No. 1 limits us to an ultimate efficiency of much less
than 35%. At the bottom of Table IIA, the interaction length required for
approximately 20 0B gain 1s given as a function of the circuit interaction
impedance, along with the other relevant guantities, We note that an
interaction impedance of 10 ohms or greater is necessary to keep the
length of the tube within reasonable bounds. With such an interaction
impedance saturation limit No. 1 imposes the most severe constraint,

and efficiencies in excess of 20% are very unlikely in this case.

In Table IIB, we have increased the current density to 25 A/cm2
without changing the voltage or net current to see the effect of a reduced
beam diameter. The overall conclusion is that the necessary increase
in the focusing magnetic field largely offsets any dramatic improvements
in the predicted performance.

The final example is presented in Table IIC, We retained the
higher current density and went to a much higher beam impedance
(20 xV, 1/2 amp). The higher beam impedance means that a higher
interaction impedance is necessary to keep the tube length within
reasonable bounds, but with the higher interaction impedance {~ 100 ohms),
rather good optimum efficiencies (56%) are predicted. The "gross"
saturation constraint (#1) as been moved up to ne ~ 70%, so we are well

below this limit with this design,

2.4.3 Scaling Laws

The numerical examples listed in Table II give us an idea
of the efficiency obtainable with transverse wave interactions. We now
briefly consider how the optimum efficiency resulls scale with the chosen
parameters such as frequency, beam voltage, etc. The "best" uesign
would of course satisfy many criteria besides optimization of the efficiency
(bandwidth, tube length, etc.), but we concentrate solely on this parameter

in the present section,
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If we choose as independent parameters §, ]0, \70, ne, and
2
Pt (the RF output power), then I, = Pout/nevo’ b" = Io/Tr]O, and the
minimum Bo is fixed according to the focusing constraint in Table I. The

resulting energy spread scales as

f1/2p 1/2
s out

re ny /87 1/4
L e o o)

This illustrates that the attainment cf high efficiencies with
collector depression is more difficult at high powers and high frequencies,
We can also see that higher voltages are better, the basic reason being
the fact that higher power can then be obtained with less current. (This
trend, of course, has a practical upper limit since the tube length would
become prohibitively long for very large VO/IO). We can also see that
although ahigher current density reduces Aes, the improvement only
goes as the 1/4 power of I

If we now take the electronic efficiency to be limited by
mechanism #2 in Table I, and choose Kt’ £, ]3, Vo' and Pout as the
independent parameters, the energy spread scales as

1/6 . 1/6

Le f P
s out
Ae 13/24_1/12 K 1/3

L VO IO t

Note the very weak dependence onall parameters in this case.
This result illustrates that in the domain where ﬂe is limited by the axial
velocity desynchronization, very little improvement could be achieved by
methods such as beam compression (increased IO) or increases in the

interaction impedance.
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2.5 Conclusion

The original suggestion of high-efficiency from transverse-
wave interactions was based on the analysis of a filamentary beam,
Under practical conditions, the filamentary beam model is inadequate
for the description of a tube designed for a reasonably high power output,
because high power can be obtained only with a beam of finite cross-section
and non-negligible space charge. In this sectionwe presented a quantitative
analysis of the effects of finite beam size and space charge on the RF-induced
velocity spread. The summary of design equations and numerical examples
cited in Sectinn 2.4 show thatthe optimum efficiency attainable in a
synchronous~wave device is indeed limited by these considerations. The
longitudinal energy spread in a cyclotron-wave amplifier should be much
less than in synchronous-wave devices according to the result obtained
in Section z.3.2. In cyclotron-wave devices, however, the electron
beam acquires a sizable transverse kinetic energy that must be accounted
for in the design of depressed collectors for high~efficiency operation.

The main conclusion of our study is that efficiencies in excess
of 50% with output powers in excess of a kilowatt are theoretically
possible in a transverse-wave tube; however, a rather substantial area
compression of the beam would be necessary as well as a relatively high
beam impedance (Vo/Io)' Without this careful attention to the minimization
of beam size, our theory predicts that the efficiency of transverse wave tubes

would probably be no better than 1s presently obtainable with ordinary TWT's.
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II1. NONLINEAR BEHAVIOR OF TRANSVERSE-WAVE AMPLIFIERS

3,1 Introduction

The theoretical analysis presented in Section 2 1s a small-~
signal theory in the sense that changes in the axial velocity, /‘.Vz, are
assumed small enough that the phase synchrenous condition (w= BVZ)
can be maintained over the entire length of the interaction region. As
we have seen in the previous section, however, the amplification of the
wave takes place at the expense of the longitudinal beam velocity, and,
therefore, one would expect a saturation mechanism due to the reduction
in the mean axial velocity of the beam. In Section 2.4, we estimated
the threshold of this saturation mechanism by specifying an allowable
velocity spread, (% v, = ZavO/B). We would expect the small-signal
theory to begin to fail, when the percentage energy lost by electrons
exceed a number of the order of (0/B). This limitation could be a severe
one, since (0/8) is typically of the order of few percent.

The nonlinear theory presented here accounts for the loss
of synchronism <ue to extended interactions and can quantitatively
predict how the output power of the tube saturates at high input drive
levels. In marked contrast to the nonlinear theories of ordinary traveling-
wave tubesl8, we are able to deveiop a rather complete analytical nonlinear
theory of the transverse-wave tube. The basic reason for this relative
simplicity derives from the fact that, in our case, all electrons have a
similar "history" in traveling through the circuit, "scrambling" in phase
and overtaking does not occur as readily in a transverse wave tube as it
does with space-charge wave interactions.

In Section 3.2, we derive nonlinear interaction equations. For
the sake of completeness, some of the basic equations presented in Section

2 are repeated in Section 3.2, The final result of the development in
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Section 3.2 1s the nonlinear differential eguation for the amplitude of the

wave in a transverse-wave traveling-wave amplifier. In Section 3.3, we

examine the behavior of the amplifier in various limiting cases, we obtain

approximate solutions to the nonlinear equations. In Section 3.4, we

present results of numerical calculations to show the saturation
characteristics and the effect of over-veltaging on the power cutput.

3.2 Derivation of Nonlinear Equations

The basic assumptions in the analysis are the following:

; 1. The filamentary beam model is used throughout. An analysis

of the axial energy spread resulting from finite beam size in

S ki

3}@;5 ;:'}‘\}g;'w

4

the small-signal regime has been given in Section 2. If the

RF displacement exceeds the beam diameter, this model should *ﬁ
3,
; be reasonably accurate. %‘i}:
> 3
%
2. The displacement of the beam from the axis is assumed to ’t;v{-a‘;
0k 3
, _ 0N
be much less than 1/8, so that the amplitude of the transverse 1 %‘f
oy
circuit field is essentially constant in the region of interest. ,gz'g
This assumption should be well satisfied in almost all cases &
T
of interest. e
Toxy

3. The percentage change in axial velocity is assumed to be

ZNeN

o,
AR
$

relatively small even up to saturation. As will be shown, this

At
LWL
2

approximation is reascnable as long as the small-signal gain

& . s .

per wavelength (B') is relatively small; this limit should cover @51%
the majority of the cases of interest. |
G

4, The circuit is assumed to be lossless. ‘i‘f&;';
£

oo

2,2.1 Basic Description of the Beam-~Circuit Interaction }% A
o9

For analytical convenience, we use the circularly- ;,J«

o 8

polarized variables introduced in Section 2, o 0%
o

r=x-+3y (3.1) e
r&é:' ’

o

. 3
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=T +j 3.
EC fx JEy (3.2)

where x(z,t) and y(z,t) describe the keam position, and Ex and Ey are

the transverse components of the circuit field ot the beam position,

The transverse component of the force equation can then be written as

QEL - jw L

dt2 c dt c (3.3)

with n = |ci /m and wc = nBO, with B0 the unnerturbed axial magnetic field
in the +z direction. We will confine our attention here to the synchronous
wave; in Appendix A we show that the final results have exactly the same
form for the cyclotron wave interaction. For synchronous wave interactions,
we can take | dr/dt] << w r and drop the first term on the left side of Eq. (3.3).
Physically, this assumption means that we have taken the time variation of

the electric field in the beam frame to be slow, so that the electron motion

fo'lows the usual adiabatic law, v = E x ﬁo/Bi .

Nt
Je 5 higher harmonics

The time dependence of EC is now taken as e
induced on the circuit are assumed to be negligible. It is shown below
that the axial velocity (vz) is a function of z zlone, and therefore, the beam
displacement has the same time dependence [r(z,t) =r (2) ejwt] . The

transverse equatior of motion is therefore

S+ jw_ r=_:ill__E (3.4)
dz v w v c '
c z
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The beam is assumed to be weakly coupled to the circuit, so
that the differential equation for the (right-circularly polarized) circuit

mode can be written as

o BEC

’a Fye +JBOEC = cr (3.5)

’: where BO is the "cold" propagation constant of the circuit mode, and "c"

is a coupling constant that will be evaluated below from power conservation
i considerations,

}3 In a linear analysis, we would take vz == Vo' the injection

velocity. For the nonlinear theory, we must determine vz from

dvz

dt = _n‘EZb (3.6)
3 where Ezb is the longitudinal field at the beam position., Because of o
:é assumption (2), we can write g
: o
; -
: 3E 3 o
) = + — . o
Ezb 3r = dy (3.7) x
< j‘f%@
k For slow\v ses, ¥ x E= 0 and the above becomes ;
oE 3E e
ﬁ zb 3z dz -
‘ g 7
3 % %,
p oE ~ * oﬁ
= Relr =~ Re (jf rE . W%
e\r33 R (Jﬁo o ) (3.8) ¢
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The time-average power carried by the circuit is defined as

p = =S (3.9)

in terms of the (transverse) interaction impedance, Kt' Since the
transverse kinetic energy of the electrons is small in a synchronous-wave

interaction, conservation of energy requires

3P
C =

oz IIOI Ezb

(3.10)

where | Ioi is the magnitude of the unperturbed beam current. This
relation follows by noting that —BPC/Bz must be the power per unit length
given to the electrons, which is (~ev - E} A = |1 E where A is the

- o) o' "zb o
number of electrons per unit length. (For cyclotron waves, the transverse
kinetic energy of the electrons must also be included, in the energy
balance, as is shown in Appendix A).

To evaluate the coupling constant ¢ in Eq. (3.5), we note that

d 2 * * % 311
azlhcl -crEc +tcr EC (3.11)
or

IS —__2__._1 Re(crE ) (3.12)
Sz C— elC c .

B K

o} t
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From Eq. (3.10) and Eq. (3.8), we see that

ap
¢ . o
=% =11 | Re GBrE_) =8 x| 14 [E| (3.13)

A comparison of (3.12) and (3.13) shows that

C = I8, K I1,| (3.14)
It is convenient to remove the "fast" variation in EC by defining

Ec(z) = E (2 e-jﬁoz (3.15)
Equation (3.5) becomes

r =-:;- 1842 %% (3.16)

A single diiferential equation for E is then obtained by using

Eq. (3.16) ia Eq. (3.4);

2N ~
-a'—g +j —LQ'-R OF - 2E=0 (3.17)
o) o)
9z v oz
z
with
3
o 8 |IO|Kt
o - w v (3.18)

c z

4]

-




All of the usual small-signal results are obtained from Eq. (3.17) by
taking vz “vo, the unperturbed velocity. This is allowed in a small-
signal theory since the longitudinal field is second order in the perturbation
amplitude,

To calculate the change in the longitudinal velocity, it is
important to note that the longitudinal electric field at the beam given by
Eq. (3.8) is a function of z only, and is not explicitly a function of time

even though r and EC both vary as ert.

Therefore, v, = vz(z) and Eq. (3.6) becomes

v avz
z _B_z— - -nEzb(z)
n aPC
= - |I} Y (3.19)
(o)

1, 2 2, __nm _
2(vz vo) = ——*—"IO‘ (Pc Pin) (3.20)

where vO is the velocity at the injection point, and Pin is the input

circuit power,

o el

o
A

] To calculate Pc (z), we must solve Eqs. (3.17) and (3. 20)

siumltaneously. This could be done numerically, but it turns out that in

TR

Fo
S WA %

s % %
. \\i;““.)%\:n;#
PO Sl

the spirit of the weak coupling assumptions that underlie our basic equations

i

(ao <<B), the interaction will saturate for | v, - vo! /v0<< 1. Therefore, o'
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(1 £

we can approximate (3.20) as

— - n -
Vl = u i v \PC Pin) (3.21)
o O

where v, = -.;Z- Vo’ and we note that the only important place in Eq. (3.17)

where Vl/vo must be kept is in the term

v o v o v 2 "1 (3.22)

since (w/vo - BO) will be very small (the order of ao) in all cases of interest,
We also note that ao can be treated as a constant in this approximation,

and Eq. (3.18) can be written in the form

I
2,2 1w )
o BO > & Vo Kt (3.23)
with ——wv 2 - v .
2 o}

3.2.2 Normalized Equation for the Circuit Power vs. Distance

The basic differential equation for E (2) is given by
Eq. (3.17), with the change .n axial velocity (vl) given in Eq. (3.21). We

introduce a normalized circuit field amplitude

(2 = E @) /E, (3. 24)
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with }:jn the complex amplitude of the circuit field at the input (Z = 0}, A

normalized distance ()} is defined as

'S
i

Q

%]

5 (3.25)

Equation (3.17) then becomes

2.
4z +j[4Q(i-3!2 —1)—26]16—- -€=0 (3.26)
d¢
d¢
where
wnP, B P
0 = 1 in .0 in
3 o v 1 (3.27)
Iv o o oo
o ©
and
) 8 -w/vo)
b= T (3.28)
o]

The dimensionless quantity "Q" expresses the input drive level, and & is

determined by the "detuning"” of the beam voltage Vo away from perfect
synchronism at the input (6 = 0). The boundary conditions on #({) at{ =0
are

(3.29)

'Efc_" () =0 (3.30)
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The latter condition follows from Eq. (3.16), since the beam is assumed

to enter the circuit unmodulated (r(0) = 0) .

We now express the complex field amplitude £(C) in terms

of its magnitude and phase as
- i6 (C
S =AQ) eje(‘) (3.31)

Substituting this form into Eq. (3.26), we obtain the following

coupled differential equations for A and 6.

A" - [(e')2 +1] A-8'A [4Q(A2 - 1) - za] =0 (3.32)

0" A+ 20'A" + [4@ @2 - 1) - za] A =0 (3.33)

(In the above, we have used the shorthand notation A' = dA/dC, etc.)
Since Eq. (3.33) is a first-order equation in 8', we can solve

for 8' in terms of A as

(o) = -1 € Laola2 .
9(€)~~A2fo<4QLA € -1] - 28)a € ME) &
2
=_(A_A2‘_1_2[Q % - 1) _5] , (3.34)

where we have used the fact that the boundary condition (3.30) requires
6'(0) = 0and A(D) = 1.

A differential equation for A alone can be obtained by using
Eq. (3.34) in Eq. (3.32). The resuliting equation can be integrated once
by multiplying by A'. We can derive the final result much faster by
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using the following relation that is easily derived from Eq. (3.26).

dysp 2 _d b2 g .
=l SIE <0 (3.35)

N

This yields, upon one integration,

(9892 4 (a1

2 .2 2
ac A

=A -1 {3.36)

If we now use Eq. (3.234) in this relation (rather than in Eq. (3.32)), we

obtain the following first-order differential equation for A(C).

dB\2 _ .2 . 2 2
=0 -n{1-0-—) @t-o 0%}

F (a) (3.37)

The calculation of the normalized circuit field amplitude A () (and also

the phase 8(C), if desired) has thus been reduced to a quadrature, since

A %

1 \E_(A_l)‘ (3.39)

An alternate form for this integral results when we change

1/2

7
variables tou = (A~ - 1) .

s
1

(a2 - 1)L/ N
¢ = :

|:1 +u2 _ u2 (Quz _ 6)2] 172

(3.39)
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This form is preferred for numerical computation, since it

eliminates the {(integrable) divergence of the integrand at the lower limit.

3.3 General Discussion of the Saturation Characteristics;

Approximate Solutions

The growth of the normalized circuit field amplitude () or
power (Pc(z)/Pin = Az) as a functicn of distance is governed by Eqgs. (3.37)
-{3.39). In the remainder of this section, we will be concerned with
the <olutions to these basic equations. For the reader's convenience,
we remark again that the distance has been normalized as in Eq. (3.25)
where (vo is the small-signal gain constant (c.f., Eq. 3.23), Q is the
normalized input power level (Eq. 3.27), and 6 is a normalized variable
expressing the shift of the beam voltage away from perfect synchronism
(Eq. (3.28). {In the following we will not be concerned with the effects
o' nonlinearities on the output phase; however, this quantity could be
calculated from Eq. (3.34) if desired).

In the present section we will discuss the general characteristics
of the nonlinear behavior and some approximate analytical solutions,
while in the following section we present results of a numerical integration

of Eq. (3.39) for several cases of interest,

3.3.1 Small-signal Limit

We consider first the small-signal limit to illustrate
how the well-known linear resuits are obtained from our general formulation.

In the limit Q = O, Eq. (3.39) becomes

- 1) ,
du
o (3.40)
[l L1 - 52) uZ:Il/Z
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This integral can be performed analytically; for 52 < 1 the
result is

]1/2

{ = -—-—-——-I7-2— sinh_l [(1 - 52) (Az - 1) (3.41)

An explicit expression for A(() can therefore be obtained in this case.

For 62 < 1, we have

2 P& sinh’(§1-8% @)

AT = =] +
Pin a - f)2) (3.42)
) 2
and with 67 >1,
AZ -1+ sinz( 62—1 ¢)
(52_ 1) (3.43)

A sketch of 11\2 as a function of ¢ is presented in Fig. 5 for
several values of 8. Note that all of the curves start out with an initial
growth A2 ~ 1+ ;2; if 181 <1 then we are in the region of exponential
growth with z, and it is clear from Eq. (3.42) that the fastest rate of
growth is at synchronism (b6 = 0). If I8l is greater than one, then the
circuit wave amplitude oscillates periodically with z, as indicated in
Fig. 5. For ¢ significantly greater than unity, there is very little
energy exchanqge between the beam and the circuit, as would be expected

physicaily.

3.3.2 General Characteristics of Nonlinear Saturation;

Efficiency of a High Gain Amplifier

In the linear anaiysis discussed above, we set Q =0
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FIGURE 5 A2 4S L IN THE SMALL-SIGNAL LIMIT (Q=0)
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in Eq. (3.37); this approximation clearly breaks down when Az becomes
large enocugh to make QA2 the order of unity. With nonzero A, the general
shape of the Az vs. ¢ curve must be as shown in Fig. 6. The reasoning
is as follows. Initially, & increases with ¢ since dA/d{ =+1/T is positive.
It is clear from Eg. (3.37), however, that F must become negative for
sufficiently large A, and therefore a "saturation" amplitude (AS) must
exist for which dA/d( = m_s_) = 0. Atthis point the amplitude is a
maximum; beyond this point it decreases since cI2 A/dg2 can be shown to
be negative at A = As' The overall behavior of A vs. { is therefore
oscillatory, as shown in Fig. 6. The existence of this oscillatory behavior
can also be easily appreciated by noting the analogy between Eq, (3.37) and
a nonlinear mass~spring oscillator or with the motion of a particle in a
potential well {(dx/t:lit)2 =E-V{@®].

rom Fq. {3.37}, the equation determining the saturation

amplitude is

[Q(Asz -1) - 6] 2 {1- 1/A82) = ] (3.44)

Equation (3.44) can have several real roots for Asz, and clearly the
smallest real root is the one of interest, Foré = 0, and with a " igh gain"

amplifier, saturation will oceur for Pout >> Pin (or AS >> 1), Inthis case,

we have
2
QAS =>1 (3.45)
or
8(vo
P ) R VT
out max 80 0o | (3.46)
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The ma%zmuz'n electroalc ‘efficiency of such .a high gain ampli.flei',f when
operated at the synchronous voltage, is 800/60.

The order of magnitude- of this saturatiop level of the cutput
power can be obtsined directly from the small-signal equations by
evaluating how much axial enerdy can be taken from the beam before the
gain constant drops to zero. From this physical picture of the saturation
mechanism, we would expect that an improvement :n the efficiency could
be realized by over-voltaging the tube somewhat {making 6 > 0), since
then the beam could lose more axial energy before it slips out of
synchronism with the circuit., This iz indeed the case, sinée the
approximate solution of Eq, {3.44} for & o with A >>1 and 6 #0is

c_aaj =145 (3. 47)

which indicates an lmprovement in the maximum output pewer by a factor
of {1 +8). Of course, we would expect some sort of limit on how much
this improvement can be (l.e., how big & can bs}, since the linear
analysis indicates that very little energy exchange hetween the beam

and circuit occurs for & >> 1, The complete answer to this question must
await the numerical studies in Section 3.4. We can, however, make a
few general comments about the Q <<1 limit, which adequately covers the
“high gain" case, (By "highcain we mean not cnly large small- signal

gain, but also Pout >> Pm under saturation conditions as well).

The key question is to determine whether or not Eq. {3.47) is

the smallest real root of Eq, (3.44). To answer this question, we define

v =% (3.48)
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and _
T 2
A ~1
. 2
=Y¥Y+1-Y(QY ~-5) (3.49)

The general shape of Gvs. Y is {llustrated in Fig, 7. With 8 < 9, G{¥
ﬁa‘sconly one zero-forY > 0, For § >0, a critical value of & exists where
three real roots for Y appear. At this critical value of 6, we have G = 0
and 3G/AAY = 0 (see Flg, 7). If we agaln concentrate on a high gain
amplifier (Q<<1 and ¥ o >> 1), the onsetof théreal root at ¥ = ‘Yc
ocours. for

Yy o e ) (3.50)

and

5, =1 W/% (3,51)

From this analysis, the maximum value of Asz as a function of
& (for Q << 1) occurs for § 1, and therefore the maximum possible
electronic efficiency of a high gain amplifier is

Pout o

(n.,) = = 16 (3.52)
e{‘ max VOIO 30
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3.3.3 Approximate Solution of the Nonlinear Equations for
a High Gain Amplifier Operated atInitial Synchronism

In this section we develop an approximate solutior

AR T AMATAOR T W et B Ty i

M e

oy

to Eq. (3.38) for the case 8 = 0 and G << 1, As noted in the preceeding

section, "saturation" occurs for QI-\2 ~ 1 and therefore a hich gain amplifier

(Aou*>> 1} will saturate when Q is still much less than unity.

We let
u = sinh ¥ (3.53)
in Eq. (3.39); the integation then becomes
cosh™ 1A
¢ =f ay a
) . lsiohy) sz
' 2
(coshy)
Aslongas Q<<1l,wecanv ¢
2 (sinh x}e Q_z 4y
Q > e (3.55)

(coshy) 2 16

since this term is negligible compared to unity unléss y »> 1, We then

obtain

where

55
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(3.57)




N

Equation (3.56) gives { {&) in a readily calculable form; we should also
point out that this equaticn is only valid in the region ¢ < gs since the

positive square root of F was used in deriving (3.39) from (3.37).

From Eq. (3.56), we see that saturaticn occurs when %, = Yom®
where

or
2 2
‘As = {cosh 7om) 1/Q

in agreement with the results of Section 3.3.2. The saturation distance
is given by

¢ =2 o1 AVE
2 Q

s..,

As an example, the A2 vs. { curve is given in Fig. 8. for the case

Q = 1072,

3.4 Numerical Solutions of the Saturation Chatracteristics

In this section we will present the results of a numerical
integration of the nonlinear equation of motion, Eq. (3.39). Most of
the approximate analytical results in the previous section are restr.cted
to the "nigh-gain regime" (Az >>1). In the present section our main
emphasis will be on the "intermediate" gain regime where the analytical
results fail.

To determine the output power as a function of the input drive

power (Q) and beam voltage tuning (8), we used a numerical integration
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routine to evaluate Eq. (3.33), giving sets of values of A2 and { (for
particular Q and & inputs) up to the saturation position (s where the
denominator of Eq. (3.39) vanishes. Bevond this point, we used the
periodicity of the A vs. C relation, so that only the { < Qs region needs
to be calculated explicitly. Repeating the numerical integration for a
variety of Q and 6 values allows us to construct curves of output power
vs. input drive for a given tube length and a given beam voltage (see
Figs. 9 and 10).

The case of an interaction length 4 = 2/.f.v0 is shown in
Figs. 9 and 10. In Fig. 9 the gain (A?' = Pout/Pin) as a function of input
drive level is presented, while in Fig. 10 the same resulis are presented
in the form of net electronic power conversion efficiency (Pout" Pm)/ Po

vs. input drive.

With the beam voltage precisely at synchronism (6 = 0}, the
maximum power conversion efficiency is obtained at @ ~ 0.1, and the
power gain is about 11 at this maximum. (compared to a small signal
power gain of 15), (At saturation, Q(A2 ~ 1) is very close to unity, in
agreement with the predictions of Section 3.3.2). Note the regime
Q >> 1 in Fig. 9 where the gain is zero at certain input drive levels.
These nulls arise when Q is such that tube length is an even multiple
of Cs (Q) (see Fig. 5), while the "peaks" occur when the length is an
odd multiple of Qs.

The saturati'on characteristics of an "over-voltaged tube”

(6 > 0) are shown in Figs. 9 and 10. With 6 = 1, saturation occurs

for Q ~ 0.25 and the maximum electronic power output is doubled
compared to the synchronous case, in good agreement with the preceeding
"large gain® theory {c.f. Eq. 3.47). To achieve this higher electronic
efficiency, we must sacrifice a certain amount of gain (As2 ~%atb=1
and Q = ,25).
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In Figure 9, we also show curves for 6 = 2and 6 =3, Itis
perhaps somewhat surprising that the peak electronic efficiency
continues to improve with increasing &, roughly by a factor of (1 + 8},
{c.f. Eq. (3.47)). This result was not predicted by the "large gain”
theory in Section 3.3.2, which is not surprising since the assumption

Q << 1 eliminates the interesting regions of Figs., 9 and 10 for the
8 = 2 and 3 cases,

We verified that the peak valie of Q (A2 ~ 1) does continue

to increase with increasing 6 for 3 < 6 < 6, The critical value of Q

(for peak Pel) scales roughly as% 63 for large §; this scaling can be

predicted by rough arguments on the necessary shape of G(¥) in Fig. 7

for the case Q>> 1, 8§ >> 1, The gain at peak l'-‘el is therefore very small
for large 0, since (11\2 - 1) == 7/62 for 6>> 1.

Because of the low gain, the improvements in electronic
efficiency for 6 >> 1 are of limited practical significance. It is
important to stress, however, that the “limit" implied by Eq. (3.52) is

not fundamental, and can be improved on somewhat by tolerating a some~-
what lower saturated gain.

A set of numerical results for a lower gain amplifier (rvoL =1,5)

are shown in Figs. 11 and 12, In this case, one can yo to even higher

values of & (overvoltage even further) before the gain is degraded

substantially from the smeall-signal gain,

3.5 CONCLUSIONS

Most significant results of numerical computations are
presented in Figs. 9 ~ 12, These results show saturations characteristics
of synchronous-wave amplifiers due to beam de~-synchronization and effects
of over-voltaging the beam. Surprising results of these calculations are

the saturation characteristics of grossly over-voltaged beams. The
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calculated results indicate that the saturation effect due to over-driving
can be compensated for by increasing the beam voltage.- At input levels
approaching a significant fraction of the beam power, one continues to
get a small but finite gain. Experimental results (presented in the next
section) confirmed these general features of the saturation characteristics
of synchronous~wave amplifiers.

These calculated results imply that the efficiency of the
transverse-wave interactions (i.e., electronic efficiency) could be
raised considerably by proper adjustments of the voltage profile along
the length of the interaction space. The voltage could be increased
in small steps at appropriate positions (€ S) along the tube tc increase
the saturation level. This process could be continued at least until
b reaches 6. The power saturation limitation specified by Eq. {(2.62);
therefore, can be overcome relatively easily by shaping of the voitage
profile, either tapering or jumping. Nonlinear equations presented in
this section provide i:he prescription for the required voltage shaping for

maximum efficiency.
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IV, EXPERIMENTAL STUDIES

4.1 Introduction

The summary of design equations presented in Section 2.4
pointed out theoretical limitations of the synchronous-wave devices. These
computed results indicate that the attainment of a high-efficiency, high~
power device is possible if one can find a suitable circuit with a large
transverse interaction impedance. Since we were unable to find a suitable
transverse~wave circuit with a large interaction impedance, the attainment
of a high-efficiency, high~power device was theoretically precluded. For
this reason, our experimental study was designed as a diagnostic study
to verify the validity of various theoretical predictions so that the design
equations presented earlier in Section 2 may be used reliably to project
capabllities of transverse-wave amplifiers.

The experimental vehicle designed as a diagnostic tool is
described in Section 4.2, The circuit used in the experimental tube was a
twisted two-wire line which offers the versatility of being useful for both
cyclotron and synchronous-wave interactions. The transverse interaction
impedance of the circuit , however, was estimated to be only about 4 ohms.
Synchronous~wave experiments are described in Section 4.3. The power
saturatiorn characteristics and the velocity spread induced by the RF
interaction were measured and related to the theory. Cyclotron-wave
interactions werg also observed, and results of these experiments are
described in Section 4.4,

4.2 Experimental Vehicle

The slow-wave circuit for the study vehicle is a twisted two-wire
transmission line, It may also be described as a bifilar helix in which both-
the longitudinal {even) and the transverse (odd) modes may be excited. The

lonsitudinal mode, however, may be effectively suppressed by a selective
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excitation, and, because of the wide disparity in the phase velocities of
the two modes, theelectron beam interaction with the longitudinal mode
may be ignored. Iohnsm'x11 has demonstrated that a bifilar helix is an
effective and versatile tool for studying transverse~wave interactions,

The dispersion relation for the transverse-mode of the bifilar
helix or, a twisted two-wire line) is approximately

8 =—— % — (4.1)

where p is the pitch of the helix, The expression for the transverse

interaction impedance, derived in Appendix B, is

2 0 2 -1
Kt = [4R° T d”Ln{d/p) 4.2
lJ“(}

where d is the distance between the two wires and pis the radius of wires.

Table III contains a list of design parameters for the helix and

properties of the circuit calculated from the above equations. The choice

of design parameters were dictated by practical considerations of beam size,
beam displacement, mechanical design of helix support and available
material, as well as the interaction impedance itself. The instantaneous
bandwidth of the circuit is quite limited, but frequencies for both the

synchronous and cyclotron interactions could be voltage~tuned over a
wide range of frequencies.
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TABLE III

Design Parameters

Circuit Bifilar helix {twisted two-wire line}
I-Do = ,150" f = 005"1;0 GHZ
pitch = ,500" vp e 6x108--1.2x109 cm/sec
wire size = ,030" B = 3.1/cm
length = 16" Kt =~ 4,08
Beam VG = 100 - 500 volts
IQ = 1~ 10 mA (grid-controlled)
Beam diameter = 0,040"
Focusing field = 200 - 1000 Gauss (variable)

The electron gun was designed to operate at beam voltages of
200~1500 volts with beam currents of 1-10mA. To provide the flexibility
of varying beam currents, a gridded gun design was chosen. The choice
of beam voltage was determined by the synchronism condition with the
circuit in the frequency range of 0.3 to 1.0 GHz. The beam current v.#~
limited by the (1) current density limitation, (2) considerations of energy
spread due to finite beam size discussed in Section 2, and (3) the focusing
field requirement, The minimum focusing field required for this keam is
approximately 400 gauss. The gun design parameters are also presented
in Table III.

Figure 13 shows a sketch of the experimental tube and Fig., 14
is the photograph of the completed tube. The helix 1s supported by four

dielectric rods in a shell of . 600" I,D. as sunown in Fig, 15,
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4.3 Synchronous~Wave Interactions

Figure 16 shows the experimental setup. %he most effective
method of exciting the transverse-wave mode in the "bifilar helix® is to
excite two helices 180c> out of phase from each other using some sort of
balun arrangement. We discovered, however, that highlv phase-sensitive
setup is undesirable because a small unbalance in the phase caused by
the beam could be interpgreted erroneously as a large gain. By exciting one
helix with the othér one shorted to the ground, we were able to obtain a
reasonably good coupling to the transverse wave with a transmission loss
of approximately 3.5 dB. In the output circuit, the signal frem the two
helices were added via appropriate phase shifters and a hybrid to insure

that all available power is correctly measured.

4.3.) Gain and Saturation Characteristics

The gain measurements were made by observing the
signal output as a function of the beam voltage with the beam current
fixed. Figure 17 shows a typical result obtained at 700 MHz. This

figure shows that there are at least three distinct modes of interactions

between the helix and the beam. To identify the transverse-wave mode,

we reversed the direction of the magnetic field. Comparing the two traces
in Fig. 17, we see that there are two modes of interactions (one at far
right and one at far left) that remain insensitive to the direction of the
magnetic field., These two interactions are the space-charge wave
interactions; one occurring at low voltage being the Kompfner dip and

the one at higher end, the ordinary traveling~-wave tube gain. The inter-
action at 250 volts, which changes its sign with the reversed magnetic
field is positively identified as the synchronous gain and dip (depending
on the sign of the synchronous wave). Figure 18 shows the -8 relation

required for various synchronous-wave interactions. Another test to

71




ﬁ,/ LINE STRETCHER
7 COLLECTOR BIAS FOR
/RETARDING POTENT AL
/ MEASUREMENT

/g

HYBRID
/..\/
Dt

RF OUT

~<¢

SCOPE

>

i ‘ SHORT
. RF IN u E v

—

STUB
TUNER . S

-V

i

° |7

osc, /Hgd/[.e V=D
500 - IOOOMHZ RAMP

GRID
CONTROL
SUPPLY

FIGURE 16 EXPERIMENTAL SETUP FOR GAIN MEASUREMENT
AND RETARDING POTENTIAL MEASURMENT

D-8842

72




+B (FOR SYNCH,
GAIN)

TS

-B

wop—— GAIN

150 230 250 340 VOLTS

FIGURE 17 OUT.2UT VS BEAM VOLTAGE (f = 700 MHz, I, =5 mA )

.
]
’




ey w
R A

o~

CiRCUIT WAVES IN
THISTED TWO-WIRE LINE \%

e £

{
FIGURE 18 w=- DIAGRAM SHOWING ALL POSSIBLE INTERACTIONS
INVOLV ING SYNCHRONOUS WAVES AND LONGITUD!NAL
SPACE~CHARGE WAVES
{ 0-9317

74

&



proy

identify various modes of interactions is to gradually increase (or
decrease) the beam current. With an increase in the current density,
the voltages for the longitudinal wave interactions spread apart as
expected (since the plasma frequency increases), but the synchronous
voltage for the transverse-wave remains insensitive to the magnitude of
the beam current. Figure 19 shows a plot of the frequency versus voltage
for the synchronous-wave interactions. The theoretical curve for w - Rvo
is super-imposed, Considering the finite size of the beam and the
space charges, the observed frequencies are the indication of the
synchronous-wave interactions,

The saturation characteristics were measured, again, at v00 MHz,
Figure 20 shows the results of our measurements, The small~signal gain
calculated from Eq. (2.23) for this tube is roughly 3.0 dB and the
corresponding (yo/l is spproximately 0.8, To compare this data with the
theoretical saturation characteristic, theoretical curve for orol, =0.8
calculated using formulas developed in Section 3 is also presented in
Fig, 20. Because of the small error in the estimated small-signal gain,
the theoretical curve appears to be shifted verically. Except for this
discrepancy, the saturation level predicted from the theory is very close
to the measured value, The measured curve alsoc shows the same
gualitative results noted in Figs. 9 and 11. The saturation characteristics
given in Fig. 20 shows that one continues to get finite gain, even when
the input drive approaches the beam power level. With 1 watt drive, we
obtained as much as 300 mW net gain from the tube with the beam power
of 1.5 watts. This corresponds to 20% electronic efficiency.

The over-voltaged behavior of the tube at high input drive is
illustrated in Fig. 21. As expected from the results of calculations in
Section 3, the beam voltage for maximum gain shifted upward as the input

drive was increased, To compare this result with theoretical predictions,
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we present in Fig. 22, a plot of the power gain as a function of 6. In
Fig. 22, 8 = 1 corresponds to approximately 3 volts. The calculated
form of the velocity dependence of the gain is remarkably similar to

measured curves.

4,3.2 Velocity Spread Measurements

The main purpose of the experimental study was to
measure the actual velocity spread induced in the beam by the synchronous-
wave interaction. To measure the velocity distribution of the "spent” beam,
we performed retarding potential measurements on the collector.lg For
this measurement, the collector was negatively biased (relative to the
helix), and the collector current was measured as a function of the
collector bias. A set of data obtained at 700 MHz with a beam current
of 1 mA is shown in Fig. 23. With no input drive, we note that the
collector current was space-charge limited when the collector voltage
was sbout 35 volts above the cathode potential, and, therefore, the
velocity distribution in the absence of the RF drive could not be
measured accurately by this technique. With a strong RF drive, however,
there is a marked velocity spread. Since the number of electrons that
have lost a substantial portion of their energy is small, the space-
charge limitation should not affect the measurement of the lower edge
of the electron energy distribution. Results of the retarding potential
measurements are useful, therefore, in determining the lowest energy
of electrons in the spent beam. Referring to Fig. 4, the energy spread

induced by the RF interactions may be calculated as follows

Ae

S

(vO - AGL) -V {4.3)

min
- Pout ~ Pin
L I
o)

Le (4.3a)
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where VO is the initial beam velocity and me is determined from the
measured data (Fig. 23},

According to the theoretical result derived in Section 2, the
energy spread may be calculated independently from the net power gained

by the circuit wave. From Eqs. (2.53) and (2.54), we get

1/2
200, ~ P )
|5l ={ e ] (4.4)

wl B
O C©

de = e (2/]r]) (4.5)

The energy spreads calculated from Eq. (4.3) and measured
me are compared to Ae S calculated from the net power gain and Eq. (4.5)

in Table IV. These results are in close agreement for large A¢ For

Lo

small values of pe_, V n could not be measured accurately due to

L" mi
space-charge limitations of collector current

TABLE 1V

Comparison of Energy Spread Measured and Calculated

-P
Curve Pout" in /.‘Es {from Eq. 4. 5) me(measured) Z‘es (from Eq. 4.3)
(mwW) (volts) (volts) (volts)
1 30 75 155 70
2 20 64 165 65
3 9 60 . 170 71
4 6 49 185 59
5 2 20 195 53
1 = 1mA, V. = 250 Volts
o o
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Although the calculations described above do give a qualitative
confirmation of the validity of the theory of energy spread, it is desirable
for us to develop a more accurate measurement technique which is free
feom the space-charge limitations. To do this, we have modified the
design of the collector to reduce the space-charge in front of the
collector without losing the effective cross-secticn of the beam. Fig. 24
shows a new collector design. Electrons are admitted to the collector
through a rectangular slit which performs the function of limiting the
collector current. A rectangular slit is far more preferable to a circular
aperture since this will allow us to sample all electrons that have been
displaced off axis. The electrons admitted into the anaiyzer is velocity=~
sorted by the usual method.

Fig, 25 shows a typical set of results. The beam focusing was
adjusted for maximum transmission through the slit with no drive. When
the RF drive was increased, the beam transmission through the aperture
was reduced due to the transverse displacement of the beam. Results
presented in Fig. 25 are similar to the data presented in Fig. 23, and
only improvements are noted in the space-charge }imitation.
To obtain the energy distribution function itself, we should differentiate
the collector current with respect to the retarding voltage. This is
accomplished by superimposing on the retarding potential a small
1000 cycle modulation, and measuring the amplitude of the 1000 cycle
component in the collector current. Fig. 26 shows a family of distribution
functions. Because of the odd shape of the curve in the absence of the
RF drive, it was difficult to obtain quantitatively accurate data of the
velocity distribution, These results, nevertiieless, show gross distortions
of the energy distribution due to RF interactions. These results are not

predicted by the filamentary beam theory.
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4.4 Cyclotron-Wave Interactions

The synchronou , condition for the interaction between the

circuit wave and the slow cyclotron wave is given by (c.f. Fig. 1)
= + .
B = (w wc)/vO {4.5)

Since B of the circuit is relatively constant (R = 5.1, c.f. Table III) for
all frequencies, this condition could be satisfied by increasing the beam
voltage and reducing w and wc. The lowest possible value of wc is
determined bv the beam focusing requirement. In our experiment, the
minimum mag..etic field required for a reasonable beam transmission
was 450 gauss for which (wc/27r) = 1250 MHz. With the beam voltage
of 1200 ~1500 volts, the cyclotron-wave amplification was observed in
the frequency range of 350 - 450 MHz. Fig. 27 shows the RF power
output vs, voltage. In this type of display, one generally sees inter-
actions of the slow wyclotron wave with both the forward and backward
circuit waves, The w - 8 diagram for the two interactions is illustrated
in Fig, 28. As expected, these interactions occur for the magnetic
field directed opposite to the direction for the synchronous-wave
amplification. Fig. 29 is a plot of the frequency-voltage relation for
the cyclotron-wave (forward-wave) amplification.

The small-signal gain expression for the cyclotron-wave
amplification is the same as the one for the synchronous-wave. (Eq. 2.23).

Since the beam current is reduced by poor focusing and beam-voltage

is increased, the smail-signal gain for the cyclotron-wave amplifier is ,

less than in the synchronous-wave device. f’

ﬂ According to the theory of energy spread derived in Section 2.3.2, u

£ %

4 the energy spread induced in the beamr .y cyclotron-wave interactions is %
b

predicted to be much less than in synchronous-wave tubes. As mentioned P,
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earlier, howeaver, a significant portion of the axial energy is converted
into transverse kinetic energy in cyclotron-wave amplifiers. To design
collectors for high-efficiency cyclotron-wave amplifiers, one must
devise a method of collecting electrons with a sizable transverse kinetic
energy.

The energy distribution functions of spent electren beams in
cyclotron-wave amplifiers were measured by the same technique employed
earlier in the synchronous-wave tube. Figure 30 shows a family of
distribution curves, but the interpretation of these results is not simple,
because the effect of the retarding voltage {zpplied via a cylindrical

electrode) on the transverse kinetic energy is difficult to analyze.

4.5 Conclusions

Experimental results presented in this section may be summarized

as follows:

1. Both the synchronous and the cyclotron wave interactions
have been positively identified.

2. The small-signal gain and saturation characteristics of
the synchronous-wave amplifiers are in good agreement
with theoretical predi ~tions based on the nonlinear theory
presented in Section 3.,

3. The energy distribution function of the spent beam in
synchronous-wave amplifiers have been analyzed to show
that the energy spread predicted by the theory in Section 2
gives fairly reliable results.

These experimental results indicate that the design equations

derived in Sectior 2 and the nonlinear behavior predicted in Section 3

may be relied upon in projecting capabilities of high~power transverse-

i wave amplifiers.
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V. CONCLUSIONS AND RECOMMENDATIONS

We have presented results of a study to evaluate the feasibility
of attaining high efficiencies in high-power transverse~wave amplifiers.
The analyses presented in Sections 2 and 3 provide the theoretical
foundation required to predict the capabilities of high-power transverse-
wave tubes that had been unavailable heretofore.

Res.ults of the experimental study presented in Section 4
indicate that our design equations may be used reliably to predict
anticipated performance characteristics of synchronous wave amplifiers.
Projected cxpabilities of high~power, high~efficiency, synchronous-wave
amplifiers are ("j.EbCI'ibed in Section 2.4. It was pointed out that efficiencies
in excess of 50% are possible with power outputs in kilowatts, provided
that a transverse-wave circuit with high transverse interaction impedance
(~ 100 ohms) could be found. It was pointed out in Section 3 that the
power saturation due to the velocity desynchronization is not a fundamental
iimitation, and it could be overcome by a simple voitage jumping (or
tapering). The nonlinear theory of Section 3 may be used to determine the
optimum voltage profile.

A summary of anticipated performance characteristics of high-

power transverse~wave tubes is given below,

1. Power Qutput

A reasonabie estimate for the CW power output of transverse
wave amplifiers is 2 kW in S-band. This is roughly equal to the best
performance of high-power (CW) wideband traveling-wave tubes.

2. Efficiency

Referring to the calculation presented in Table I1, we can

reasonably expect to operate these high power tubes with efficiencies in

the neighborhood of 50%.
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3. Gain

Because the interaction impedance of the transverse-field
circuits is generally low {(of the order of 10 ochms}, the gain per wave
length in transverse wave tubes will be relatively low., For a tube with
10 dB gain in S-band, we would need a tube 18-20 inches long. For
tubes longer than 20 inches, we could experience a sericus mechanical
problem of alignment and construction. The design objective should be
set for about 10 dB.

4. Bandwidth

The twisted two-wire line we have been experimenting
with has a very limited bandwidth., In fact, most twisted structures that
we know of have limited bandwidth, and, therefore, we do not expect
the bandwidth of the device to be much greater than about 10%. It should
be pointed out, however, the device is voltage tunable over a tremendous
frequency range. The tuning range should cover all of L and S bands.

Based on our conclusions, it is apparent that the future effort
should be directed toward developing new circuits with high interaction
impedance and broader bandwidth capabilities. Since most of the known
twisted structures have low transverse interaction impedance, the
possibility of selectively exciting a circularly polarized wave in non-
twisted structures should be investigated. A reasonable care must be

exercised in the selection of the circuit, however, to avoid oscillations

\y_f;; eal

(and subsequent beam blow-up) due to the presence of spurious modes.
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The analysis in Section 2 showed that the axial velocity spread
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in cyclotron-wave amplifiers is expected to be much less. It was also
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pointed, however, that in a cvclotron-wave device, one has tc contend with
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the problem of transverse kinetic energy. This problem has not been o
considered in detail in this program. A further study of cyclotron-wave <t

amplifiers may be fruitful. Although capabilities of cyclotron-wave :
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devices remain relatively unexplored, we feel that the desice capabilities
outlined above represent the most optimistic performance expected in the
immediate future, assuming nc dramatic new concept 1s developed in the

near future,
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Appendix A

Nonlinear Equation for Cyclotron Wave Interaction

In this appendix, we will derive the nonlinear differential
equation for the circuit field for the cyclotron-wave interactions, It
will be shown that the form of the equation is exactly the same as
Eg. (3.17) which was derived specifically for the synchronous-wave
interaction,
For the slow cyclotron wave case, we need a right-polarized
circuit mode or a reversed magnetic field; for simplicity we choose the

latter course and let wc - -u.*c in Eq. (3-3). The beam displacement

will now be of the form

r{t,z) =R(t,z) e Sw b (A-1)

where R is assumed to be slowly varying on the scale of one cyclotron

period. (—g—?— << wCR . The transverse equation of motion is approximately
dR = -in jw t
at ” Ece c (a-2)

Except for this change in the force law, the analysis up to

Eq. (3-10) is also applicable to the cyclotron wave case. Energy

conservation is now modified as follows, The power per unit langth into

the electrons is

-~ e *
- = - - —’\\
e)\ov .E ilol Ezb XoeRe (vEC) (A-3)
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Since v > -)wcr for the cyclotron wave,

RevE* = Re (-jw rE¥)
c cc

-
=~ —C p
BO zb a-4)
Therefore
BPC ) wC
32 ?’I‘Ezb b- B v
00
1
+ -
ol "zb\ 1 wc/w (a-5)
w + wc
Bo ~ v - (A~6)

for cyclotron waves. It then follows that the coupling constant is

a3
= )BoKtllo'

¢ 1+ wc/w (A-7)

the Jdifferential equation for E(z) (see Egq. 3.17) how becomes

2 wta =
O E iy C—B.I-a—g—-azﬁ

=0 (A-8)
522 v, oJ Az o

2
where @ is given by (2.23), with the appropriate Ro (Eq. A-6).
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The final differentiel eguation for the normalized field is

exactly the same as for the synchronous case, (3-26), except that now

80 - {w+ wc)/vo

1
2 o
o]

8 = (A_g)

and
R (1+w /w
0 C

Q=7 8V I Pin (A-10)
(o] (el e}
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APPENDIX B

Transverse Interaction Impedance of Twisted Two-Wire Line

The interaction impedance may be estiaated from the
characteristic impedance of the two-wire line, assuming a gentle twist

(p/R 21 ). The characteristic impedance of the two-wire line is

Fo  tn(d/p)

o w% T (B.1)

where d and p are the distance between the two wires and the wire radius
respectively. The transverse electric field at the midpoint between the

wires is related to the "circuit" voltage by the following expression

Iyl

[g, @} = 3 n(d/p) (8. 2)

and the transverse electric field of one circularly polarized component

(+ 1 polarization) in the twisted line is

_ 1 I A4
|E,, @ = 5 1RO = s5r (8.3)

The power flow along the circuit may be expressed as

2, 2 2
vl 2d“n” (d@/p) £ O

c 22 zZ (B. 4)
[o] (o]
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The transverse interaction impedance is, therefore, given by

-1
o 2,220 _ a2 \E 2
k, = e, @)% /8% = |48% IR B
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