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Abstract

This paper is concerned with the azimuthal-velocity-prebunching effect on
electron-wave interactions in CEF-type devices in a special case where =0, d=0,
Q=0, B.~20, and C=0.05.

The small-signal forward-wave output power was given by
1, )
PO) = 5 Geq [789,2,(0)/7)%,
and the equivalent conductance Geq was yielded by

. 9 1 1 ¢ 2 2
Gou= g st 1 |2 (cosh y vBCo—eos V2 g sintV2 g,

The term of cosh(y f.C¢/2) is dué to the growing and decreasing waves in the
device and the terms of cos( 2 ¢/8.C) and sin(y 2 ¢/B8.C) are due to the character-
istic ripple in the CEF-type focusing systems. The ripple effect on the equivalent
conductance in the azimuthal-velocity-prebunching case is larger than that on the
equivalent resistance in the radial-current prebunching case.
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1. Introduction

Recently, Nunn and Rowe"? have presented analyses of the centrifugal-
electrostatic focusing or CEF-type devices, in which the centrifugal force of the
electrons in the interaction region is balanced by an equal and opposite radial
electric field, as shown in Fig. 1. More recently, Sakuraba and Rowe®"'® have
shown that certain types of photodemodulators may make effective use of CEF-
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type electron beams. A review of the literature reveals that the prebunching
effects in CEF-type. systems have received relatively little analytical. attention® .

This paper deals with the azimuthal-velocity-prebunching effect on electron-
wave interactions in CEF-type forward-wave devices. The derivation will be based
on Sakuraba and Rowe’s analysis for forward- and backward-wave CEF-type
devices, which treats the electron- wave interaction problem from a viewpoint of
the equivalent circuit analysis. The equivalent conductance of demodulating output
will be expressed in terms of the growing wave, the decreasing wave and the
.characteristic rippling.

SOLE
SLOW-WAVE CIRCUIT

ELECTRON

BEAM COLLECTOR

,0) OUTPUT

CATHODE

Fig. 1. Model for analysis of CEF-type forward-wave devices.

2. The Electronic Equations

The equations of motion for an electron revolving about the center of the
CEF-type forward-wave device from the Lagrange function for a single particle

b= a5+ 5], L
O+ 1 = —nk, , 2

where

E, =radial »—f electric field intensity,

E(r)= static radial electric field intensity which balances the centrifugal force

of the electron at radius 7,

E, = azimuthal r—f electric field intensity,

7 = magnitude of the electron’s charge-to-mass ratio.
The dots appearing above the quantities in the foregoing equations signify the
total time derivation of these terms. The azimuthal velocity and radial dependence
can be expressed in tems of their unperturbed values by means of the relations

r=rt+n, (3)
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ﬂzv%,;—zgo%—[)l, (4)

where

7, = radius of the center-of-the-beam radius,

r, = radial perturbation funciton,

£, = unperturbed spatial angular velocity of an electron at radius 7y,

2, = azimuthal velocity perturbation function.

It is important to observe that while 7 and £, depend on the spatial angle
#, and on time, both of these functions must be independent of radial variations.
This condition follows in the wake of the Eulerian fluid hypothesis and prohibits
the crossing of electron trajectories. The requirement of zero rate of change of
2, with respect to r results from the Brillouin flow assumption which asserts
that the spatial angular velocity of all particles in the electron stream must remain
mvariant.

The azimuthal velocity and radial perturbation function are thus dependent
only on @ and ¢ thus when employing the usual procedure for partial differen-
tiation, the equations of motion become

% ar, \( 082 9*r % ar, \[ o
Qo+ )2+ 0)-Z (O[04 ) L 9 4 07 (07 0%
4 1)[( o421 00 < a6 )( a0 ) 66-8t] [ o <aa )( ot )

0 (70820}
4 (2 + 2 | =+ 1) (2 + 2 ) = — N, — 20 5
(2 ) 80~8t} (70 +72)(% y ot (5)
2(Q2,+ ) (QO‘FQl)'aT] +"'a’7'.1“] +(ro+7) [(Qo‘FQx)‘a“Q‘l“"’QHQ‘L] = —7k,.
06 ot o0 at

(6)
The last term of Eq. (5) results from the condition in which the radial electric
force at r just balances the centrifugal force of the electron at the same radius,
so that the particle possesses a stable motion in the interaction space. This con-
dition may be described mathematically as

—pE() = — Vo o V.=V
r rIn (ry/r)
— () (7)
(ro+m)

where

v, = azimuthal component of the equilibrium velocity of the electron at

radius 7,

V. = potential of the circuit measured relative to the cathode,

V, = potential of the sole electrode measured relative to the cathode,

7, =radius of the circuit,

7, = radius of the sole.
Equations (5) and (6) may be written in a form for which derivatives do not
appear by noting that df/o6= —jBf, and 3f/0¢t=jwf, where f designates a function
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of ¢ and time. The —jB and jw operators are a consequence of the character-
istic variation

ej(w( - B 0)

that is found to apply to all field components in a cold circuit. It is important to
observe, however, that the cold-circuit circular propagation constant f§, is replaced
by the propagation constant 8 which holds in the presence of an energy-carrying
electron beam.

Subject to these transformations Egs. (5) and (6) can be written

7y [(20+ 20)(Bor— Qo — 22,8 + (248 — 0+ 22,)— 22,(2, +0,)— 2]
— 220, +2)) = —E, (8)
21 (Qo+ 2) [0— B+ 2)] + 2y (4 1) [o— B2+ 2)] = 9E,,  (9)

where 7/r, is assumed to be very much less than unity.
The azimuthal current equation has the from

L= (ro+7)(ro+ )2+ 2)) = — 1,47, (10)
where

— I, = o1z, (11)

1y = Sorory + 170821 + Qoo + T + Qony F 1o 1, (12)
where

7, = d-c component of ring charge density due to the steady motion of the
beam,
7, =a-c component of ring charge density due to the space-charge bunching
of the beam.
The ring charge density of the beam may be expressed as

T = phe (13)
where
@ = volume charge density of the beam,

h = height of the beam parallel to the z-axis,
¢ = radial width of the beam.

The radial current equation is given by

(‘Zzt (ra 1) = (r 1) [(Q0+Ql) Z; + aé;t }

= jri{wry— BRyzo— Brods -+ wr, — Byt — 21Ty, (14)

A comparison of Egs. (12) and (14) reveals that the azimuthal current has a steady
component given by /;, in addition to the a—c component given by i,, whereas
the radial current contains only the alternating component. This is a direct con-
sequence of the fact that the steady radial motion of the beam, resulting from

i,, = (TO + 'L'1>'
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interaction with the circuit wave, cannot be accounted for by the present analysis.
The steady component of azimuthal current, on the other hand, exists because
the electron beam is assumed to enter the interaction region with an initial linear
tangential velocity of v, at radius 7. The negative sign accompanying I, in Eqs.
(10) and (11) is necessitated by the unfortunate notion that a current flow is
positive in the direction opposite to that of election movement.

The continuity equation has the well-known from

Pl i+lLy= —9 (r4c), (15)

~

4]

[, = unit radial vector,
[, = unit azimuthal vector.

In cylindrical coordinates the continuity equation becomes

e Z' ,,,,, + al_' -+ <,1 a_L” = — aT} , (16)
1o+ 7 or rt+nr ) 06 ot

because the time rate of change of the steady component of ring charge density
7, is zero. Furthermore, the second term in the left member of the above equation
is also zero in view of the requirement that follows from the Eulerian fluid hypo-
thesis. Accordingly, the continuity equation assumes the general form

D [rol0—B) 71 (0— ) — fro@ — B2z
7o+ 1

— f_7 [0 (20290 + aroy + Buea o+ 2r) + 2r8i5, + 31,217, | = — o,
o n
(17)
where the appropriate differential operators, and the substitutions for Z, and i,
from Egs. (12) and (14), have been employed.

While the above expressions satisfy the Brillouin flow and the Eulerian fluild
hypothesis described earlier, they must be simplfied further in order to keep the
mathematical development within reasonable bounds of complexity. This is accom-
plished through the use of the small-signal assumption which imposes the condition
that all a—c quantities are small in proportion to the d-c¢ or steady quantities, and
that squares and products of perturbation functions may be neglected in comparison
to the first power of these terms. Within the scope of these limitations the equa-
tions of motion and the continuity equation take the form

Q3 [(8.—BF+2] + 2:(2r Q) = 9E, , (18)
2R 28(B.— )+ Qouro(B.— B) = 1y (19)
- (B, —28)+ —Br\ . n(Be=H) ] _ ‘

(8. zmﬂzl(_@ >+ [ ] 0, (20)

where
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B.= L electrical radian/spatial radian. (21)
0

The quantity 8, is an analogue of the linear electron phase constant, which may
be considered as the circular propagation constant of a disturbance traveling with
the same azimuthal velocity as the electron stream.

The perturbation functions 7y, £,, and 7z, are obtained from the solution of
Egs. (18), (19) and (20), by means of Cramer’s rule. The determinant of the
homogeneous system of these equations 4, is found to be

4 = o7o<i Br [(e.—pr—2]. (22)
Following the customary procedure, the perturbation functions are readily computed

r= T () [E.(p.— p)— 28], (23)

2= ?fj?we—-ﬁ) [2E.(8—B)+iE.((B.—Br+2)], (24)

?790” (6.~8) [ ~E.8.+iE: (8.~ P +2)]. (25)

Under the small-signal assumption the a—c components of azimuthal and radial
current, given by Egs. (12) and (13), become

ig - AQ()TO?"I + 7'07091 + 907'01'1 5 (26)
i, = jrofe1(B.—B) - (27)

Equations (23), (24) and (25) may be used in conjunction with Egs. (26) and
{27) to obtain the azimuthal and radial ballistic equations,

i= [ —E2P ﬁ)ﬂF((ﬁ —8)8.+2) ‘
2(6. ﬁ)[ (8.—BF— } (28)
- _ e [ E8.—H)—J2E,

e o | (29

If we apply the small-signal approximation to the continuity equation, the expres-
sion for the a—c component of ring charge density ¢, takes the form

o= [ B+ ]4] , (30)

By substituting Egs. (28) and (29) into Eq. (30), the ring charge density may be
explicity written in terms of the r—f fields

2 —BE, +jE,(B.—B)B+2) .
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3. The Forward-Wave Circuit Equation

In a recent book Rowe® has treated the problem of a sheet beam passing
parallel to the face of a biperiodic structure. Expressed in cylindrical coordinates,
the general equation for a lossless anisotropic transmission line takes the form

Zoo (Vo0 v0,) LV + <U0,0. ) oV _ <1 YY) MZ_0&> TV

ZO,I 822_ e 802 U1 Z()‘l aZZA
2k,
= - ("Uo,o ao,o)g‘(a*t;z}) > (32)

where

V =r-f voltage on the biperiodic structure, which is a function of z, 4 and ¢,
k, = coupling factor between the ribbon beam and the biperiodic circuit,
Vo0 = linear tangential phase velocity of the azimuthal-directed wave at the
surface of the r—f circuit,
v, = axial component of the wave phase velocity at the surface of the r—f
circuit,
Zy,o = azimuthal component of the circuit impedance at the surface of the slow-
wave structure,
Z,, = axial component of the circuit impedance at the surface of the slow-
wave structure.
The approximation for E,/E,, evaluated at the radius of the center-of-the-beam
electron, is replaced by —jl1.0, according to the Nunn and Rowe’s”? discussion.
The azimuthal r—f electric field intensity I, at the center-of-the-beam radius 7, is
related to the scalar r—f voltage V, which is a function of 2, #, and #, by means
of the expression

1 40 . .
Ey=— (b, V) =J,3k.,~z . (33)

7, 00 7%
The magnitude of the effective interaction impedance K at the center-of-the-beam
radius 7, defined as

keriZoy

7o

K = (34)

The electromagnetic analysis presented by Nunn and Rowe” may be used to show
that
Vg0 = (UTa/ﬁo s Ug,1 — ‘”/7’ s (55)
Bo=w[, (36)

where 7 is the axial propagation constant of the r—f wave in the presence and
absence of electrons. Therefore, the general circuit equation applicable to forward-
wave devices may be written

E, = + B8P (37)
Bi—F
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4. The Determinantal Equation

The basic relations necessary for the derivation of the determinantal equation
are the ballistic equation, given by Eg. (31), and the circuit equation obtained
above. Turning first to a consideration of Egs. (31) and (33) and E,/E, = -—j1.0,
the azimuthal r—f electric field intensity must be replaced by the voltage V. Since
the circuit fields have been assumed to be excited primarily by the circular motion
of the electron beam, the azimuthal r—f electric field intensity at the center of the
beam 1is related to the circuit voltage according to the expression Eq. (33). The
ring charge density and circuit voltage can be eliminated from Egs. (31), (33) and
(37) so as to obtain the secular equation

RS

The quantity C is the gain parameter whose mathematical definition is

co= ~MK _ KL (39)
907‘0 2Vg
in which K is the magnitude of the effective azimuthal interaction impedance pre-
scribed by Eq. (34). Therefore the secular equation may be written

CSﬁZﬂOABe [ﬁ(lge_ﬁ>+ﬁe+2A] — 1 . (40)
(Bi—B)(8.—B) | B(B.—Bf—28
It is appropriate at this point to introduce the incremental propagation constants

following the method of Nunn and Rowe”. Thus, the expression for the circular
propagation constants in the presence and in the absence of the electron beam

are defined as
B=p.(1+,C0), p=8§., (41)
where
J = incremental propagation constant (mathematically defined below). It was
assumed that the spatial angular velocities of the circuit wave and the electron

beam at radius 7, are in synchronism and the loss parameter is zero. The in-
cremental propagation constant ¢ is defined as

d=1x+jy, (42)

where

x =real part of the incremental propagation constant,

y = imaginary part of the incremental propagation constant.
It follows that

e I — e"iﬁe”(l'7(7?/>eﬁe(/'01¢ . (43)
An examination of this expression shows that a positive value of x vields an
y

exponentially increasing function of the spatial angle 6, associated with growing
waves. A negative value of x is associated with waves whose amplittudes expo-
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nentially decay with increasing spatial angle, while a zero value of x indicates
the presence of unattenuated waves. Upon setting x epual to zero, the remaining
exponential in Eq. (43) leads to

® )

2y, 2, 1=Cw). (44)
where 2, is the spatial angular velocity of r—f wave in the presence of the beam.
This relation follows directly from Eq. (36) and from the fact that the circular
propagation constant in the presence of the beam is equal to the left member of
the above equation. Inasmuch as Cy <1, the spatial angular velocity of the wave
in the presence of the beam becomes

Qyi= 2(1+Cy). (45)

It is apparent from a study of this expression that ¥ >0 for a wave whose spatial
angular velocity exceeds that of an electron at radius 7,, while y<0 for a wave
whose spatial angular velocity is less than that of an electron at radius ». This
condition in which ¥ is exactly equal to zero describes the case of synchronism
between the wave and electron spatial angular velocities at radius 7,. The expres-
sions for the circular propagation constants, given by Egs. (41) and (42), may now
be substituted into Eq. (40) to obtain,

(1+7C8) [(—jB2C%)5° +(—26:CY)3" + jC(BC*—2)3°
+2(32C° —2)5*+ jCH— B2+ B+ 2)0 + ClB.+2)] =0 . (46)

This is the general determinantal equation for CEF-type traveling-wave devices in
the case where the spatial angular velocities of the circuit wave and the electron
beam at radius 7, are in synchronism and the space charge parameter is zero.
An extremely wide range of digital computer results given by Nunn and Rowe?
have shown that, under all circumstances applicable to both forward- and backward-
wave devices, the two incremental propagation constants are accurately given by

5 =j2/C, (47)
55:j/C. (48)

Equation (47) shows that the wave associated with the incremental propa-
gation constant §; possesses an azimuthal phase delay that numerically increases
in the direction opposite to the remaining four waves exhibiting azimuthal propa-
gation. This wave, which arises on the r—f circuit from the charge-induction
fields of the electron beam, is identified as the backward wave. It is especially
cautioned not to regard the source of this wave as arising from reflections occuring
at a mismatched output transducer. The wave actually results from the negative
azimuthal propagation predicted by the second solution of the one dimensional
wave equation. It therefore appears regardless of the state of the output match,
although reflections may contribute additional components. Equation (48) implies
that the wave associated with the incremental propagation constant §; possesses
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no azimuthally-oriented propagation and is thus constrained to exhibit only radial
motion, if any.

Although Eq. (46) is the general expression for the small-signal equation, its
significance can be more readily appreciated through the introduction of appropriate
simplifications. In particular, it will be assumed that

B8.~20, and C=0.05.

Upon making the assumption the expressions for incremental propagation constants
take the appropriate form

3

o by B C = 49
01,2 5 VB J T (49)
s (N2 .. 3 o
=I5 (50)

The real part of the incremental propagation constant x;, which is greater than
zero, is associated with the wave that exponentially increases with increasing spatial
angle, while x, is associated with the exponentially decreasing wave. The imagi-
nary parts of the incremental propagation constant y;, and ¥y, possess the same
value. Inasmuch as Eq. (45) reveals that y is positive for a wave whose spatial
angular velocity is greater than the unperturbed velocity of the electron stream,
and negative for a wave whose spatial angular velocity is less than that of the
beam, it follows that w, and vy, are slow space-charge waves. By the same
reasoning, y; is a fast and y, is a slow space-charge wave. The 4, and §, waves
are due to the interaction between a synchronous space-charge wave and a forward
wave. The d; and d, waves are due to the characteristic ripple in the CEF-type
focusing system. The electron motion in radial and linear tangential perturbations
is a combination of circular motion with an angular velocity £, and a simple
harmonic motion in a radial direction of angular frequency 42 £,. The spatial
angle corresponding to one period in radial and linear tangential perturbing influ-
ences is the characteristic rippling angle. The circular propagation constant for
the characteristic ripple, which is the ratio of angular frequency of simple harmonic
motion in the radial direction to angular velocity of circular motion, is equal
to 42 .

5. The Demodulating Qutput and the Equivalent Conductance

In order to investigate the demodulating characteristics of the CEF-type devices
it is necessary to determine the initial wave amplitude set up at the input boundary.
Since the solution of the determinantal equation involves six roots, each of which
may possess real and imaginary parts, a total of six waves are excited by an energy-
carrying electron beam. Only four of these waves are found to be important,
however, as a careful examination of the numerical results indicates.

It is therefore essential to prescribe only four independent conditions which
must be satisfied at the input. These are:
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The total circuit voltage applied is zero at the input.
The total azimuthal convection current is zero at the input.
3. The radial current is zero at the input.

.

221

4. The total azimuthal velocity variation of the electron beam applied at the
input is equal to the sum of the azimuthal velocity variation associated

with each wave.

Stated mathematically, these conditions become at =0 and r=17,

4

2 V.=0,
=1

4

Z i!)n, = O >
n=1

4

21t =0,

2=l

3 0., = 0,(0).

7]

where

V., = the amplitude of the circuit voltage of the nth wave at §=0,

i, = the amplitude of the azimuthal convection current of the nth wave at

=0 and r=ry,

Z,, = the amplitude of the radial current of the nth wave at #=0 and r=r,,

Q,,, = the amplitude of the azimuthal velocity perturbation of the nth wave

at =0 and r=ry,

2,(0) = total azimuthal velocity perturbation applied to the electron beam at

=0 and r=r,.

The general form of the nth component of the above perturbation expressions
can be obtained by substituting Eq. (41) into Egs. (24), (27) and (28), thus yielding

C n ‘]71 = L 7 _7‘0" 2 >
' ' ( 7ok e

C Vo= [
r 7 rn nrok‘.ﬁi >

— 7
Gt L)

where the coefficients C,,, C,,. and C,, are given by

c. - (1+jCo.) [ 8.(1—4Cs,)—5P:Co, +2 ]
" iBCe, | (B.C3,\+2
C.— (147Cs,) [ jB.Cs,—2 ] ’
ﬂc | _(ABCC572)2_2
C — (1 +]C($n) i _j'?"BcC57z_ (IBGC571)2+ 2 ] X
m g, | (8,C8, 7 +2

(55)

(56)

(57)
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The input boundary conditions, given by Egs. (51)~(54), can now be expressed
using coefficients in the compact from of matrix algebra

Gy Co Cuw G V2 0
CaCaCoCu VT 0 o1
Cu Cw Co Coil Vil | A,2,(0)

where
I 758y . (62)

nk.B:
The inverse of the C-matrix leads to the desired set of initial wave amplitude.
Thus,

Vi DuDuDs Dl L0 A Dy 20 “
Vi _ Du Dy Dy Dy Lo | ‘ A, Dy 2,(0) } )
Ve DuDeDsDu| | 0 |7 A D20 ‘
Vi Du D DuDul | A200) | A Di 2,0

The D-matrix is the symbolic from of the desired inverse of the C-matrix,
while the elements Di,, Dy, Dy and D, are the initial wave amplitudes appropriate
to the stipulated boundary conditions. The real and imaginary parts of the D-
elements are given by

D7L~1 = Uy +jvzz4 > (64)

where

u,4 = real part of the initial amplitude of the nth wave,

v,4 = imaginary part of the initial amplitude of the nth wave.

In the case where 8,=20 and C=0.05, the expressions for the coefficients
Cus Cy Con, u,y and v, take the approximate form

Come ~HCVBC—]2 (65)
2CY L
o —BCABC 12 (66)
2CYB.C
Cpn —Bl42) (67)
3
C,~ “PU=N2) (68)
3
C, ~ AL JBC (69)
46,4 B.C
L~ MBC HjEC (70)

4ﬁ e ’\/MABLC-
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The total voltage of the r—f circuit becomes at §=¢

where

Upon substituting Eq. (86) into Eq. (85) it follows that

where

CEF-Type Devices

P L

3 ?
. —BC—j2{6C
1™~ ’
B:C*?
' gic?
Core —A1+V2)
3J2
Core AL=AZ)
342
Uy
7)1«; =0,
Uy == -3 s
4
vy = 0,
30— 5
Uy 2 - 3(‘8«/2 ) ,
vy =0,
B CES I
8
vy = 0.

A
Viul0)= 22 Ve 7,

n=1

Vn = AUD7L4‘QX<O> > n= ly 25 3, 4 .

4
Val0) = A, (z D) 2,(0)e

21

¢ = B8,C=2xCN.

(88)

223

The quantity N specifies the number of “wave angle” contained in a total spatial
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angle of # radians. The electrical angle ¢ is proportional to the total number of
wave angles along the r~f structure and to the gain parameter. Finally, the voltage
of the circuit at §=¢ may be used to obtain the demodulating output of the CEF-
type devices by means of the formula

PO)= L (Va0 = 14.D.2,0)F
_ D | 5.00) 89)

2KEB:

where K is the effective azimuthal interaction impedance for forward mode. It
should be noted that the quantity +22,2,(0)/n is analogous to an a—c voltage. It
will be convenient to define the equivalent conductance as

— 1D
oo = KEg (90)

Using this definition, Eq. (89) becomes

40r

-5
xl0

301

KGeq

o 1 L "
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
CN
Fig. 2. KGeq vs. CN in the case where d=0, b=0,

Q=0, B~ 20 and C = 0.05.
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PlO)=-LG.,

: (01)

ri22,(0) t
7

In the reference condition in which B,4~20 and C~0.05, the equivalent conduct-
ance can be written by

R e 2 'y
=g e [2 (cosh%\/ﬁec ¢—cos ;?EZC ¢> + sin2-“~/w2~-¢] . (92)
The term of cosh (yB.C ¢/2) is due to the growing and decreasing waves in
the device and the terms of cos (v 2 ¢/8.C) and sin (2 ¢/8,C) are due to the charac-
teristic ripple in the CEF-type focusing system. The equivalent conductance in
the case where 5,~20, C=0.05 and %,=0.8 is shown in Fig. 2. A study of Fig.
2 shows that the conductance possesses a dependency on the waves associated
with incremental propagation constants §; and d,. The total voltage, which is the
sum of four components &, d,, d; and §,, must be zero at #=0 and r=7r, where

CN=0 4 3
/I
3 4
|
CN=0 4 3 2 2
CN=0.25
4 |
2
= 2 |
CN-025 CN=050
3
3 4
3 I !
. 3

2 4 2

CN=075
CN=050
4
2 |
-~
3
CN=075 |

Fig. 3. Relative amounts of the four wave
components of circuit voltage at
various distances down the device.
Values at CN=0.75 are drawn on a
scale of one to four.

Fig. 4. Relative amounts of four wave
components of azimuthal cur-
rent at various distances down
the devive.
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\2
3
CN=0 / 4
’ 4
3
|
N=0 3 > 4
2 2
CN=0.25 CN=0.50
2
| !
CN=0.25 |
4
4 3 3,
4 3
CN=0.50
2
1
2
CN=075
|
3 4
Fig. 5. Relative amounts of four wave Fig. 6. Relative amounts of four wave
components of radial current components of azimuthal ve-
at various distances down the locity at various distances
device. down the device.

the d-c stream enters. The total azimuthal convection current and the radial
current are zero §=0 and r=r,. On the otherhand, the total azimuthal velocity
variation of the electron-beam applied at the input is equal to the azimuthal ve-
locity variation associated with each wave. FEach components of the circuit voltage,
the total azimuthal convection current, the radial current or the total azimuthal
velocity variation is modified by the factor exp[—/jB.0(1-Cy)] exp [B.COx] as it
progresses down the interaction region. With a knowledge of how much of such
a wave was started, it is a simple matter to find the variation of components with
space angle in Figs. 3, 4, 5 and 6. The actual field, current, or velocity is the
sum of four components.

6. Conclusions

The expression for the demodulating power output and the equivalent con-
ductance was given in the CEF-type device in a special case where 6=0, d=0,
Q=0, 8.=20, C=0.05 and azimuthal velocity variation was applied at the input.
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The equivalent conductance is due to growing and decreasing waves and the
characteristic ripple in CEF-type focusing system. The ripple effect on the equiva-
lent conductance in the azimuthal-velocity-prebunching case is larger than that on
the equivalent resistance in the radial-current-prebunching case.

The authors wish to express their appreciation to Professor J. E. Rowe, whose
excellent book “Nonlinear Electron-Wave Interaction Phenomena” has been a
helpful guide throughout this work. Finally, the authors also wish to thank Mr.
K. Koyanagi, Mr. K. Iwasaki and Mr. T. Suzuki for their valuable discussions.
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