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W. C. Hahn has shown that the basic characteristics of
a new type of vacuum tube using a velocity modulated
electron beam may be explained by means of waves
propagating along the beam. For an ‘““ideal” tube in which
the beam was assumed to be of uniform density throughout
its length he described the small amplitude, slow ‘‘space
charge’” waves which have axial symmetry. In the following
paper a study is made first of the more general slow space
charge waves which do not necessarily possess symmetry
about the axis. Two cases are considered. First, a very
high magnetic focusing field is assumed, so that the motion
of electrons in any but the axial direction may be neg-

lected. Then the magnetic focusing field is assumed to be
completely absent, and waves having components of
velocity of electrons in all directions are treated. Also in
the following, attention is given to the fast “‘field waves"”
which may exist in the idealized tube under certain con-
ditions. The waves have been termed ‘'space charge”
waves and ‘‘field waves” because, for the former type,
the phase velocities are close to beam velocity and the
wave energy is mainly in the electrons. In the case of the
field waves, the phase velocities are large compared to
beam velocity and the energy is mainly in the electro-
magnetic field.

INTRODUCTION

HE problem of electromagnetic waves in an

electron beam has recently become im-
portant because such waves are excited and
utilized in a new type of electron tube! % which
may be used to generate, amplify, or detect
ultra-high frequency 'signals. W. C. Hahn! has
shown that the basic characteristics of this
so-called velocity modulation type of vacuum
tube may be explained by means of waves
propagating along the electron beam of the tube.
In his analysis an idealized tube was assumed
in which the electron beam and its coaxial
perfectly conducting shield were assumed to be
infinitely long, the beam consisting of a uniform
density of electrons, po, all traveling at the
same constant velocity, vy, in the absence of
waves. This condition was made a possible one
by certain additional assumptions: Sufficient
positive ions were supposed to be contained in
the beam to nullify the average current and
average space charge due to the electrons. The
heavy positive ions were assumed not to depart,
as did the very much lighter electrons, from their
drift velocity in the event of passage of a wave.
Hence, with these assumptions the positive
ions did not enter into the wave motion but
simply aided in establishing convenient steady
(zero signal) conditions.
~ 'W. C. Hahn, “Small Signal Theory of Velocity Modu-
lated Electron Beams,” Gen. Elec. Rev. 42, 258 (1939).

2W. C. Hahn and G. F. Metcalf, ‘“Velocity Modulation
Tubes,”” Proc. I. R. E., February, 1939.

For this ideal tube Hahn described the small
signal, slow ‘‘space charge’ waves which have
axial symmetry and pointed out that faster
waves would be expected. In the following
paragraphs a study is made of the more general*
slow space charge waves which do not necessarily
possess symmetry about the axis.

Also in the following, attention is given to the
fast ‘“field waves” which may exist in the ideal-
ized tube if conditions are proper. The waves
have been termed ‘‘space charge waves’ and
“field waves’’ because, for the former type, the

"phase velocities are close to beam velocity and

the wave energy is mainly in the electrons. In
the case of the ‘‘field waves’’ the phase velocities
are large compared to beam velocity and the
energy is mainly in the electromagnetic field.
The space charge and’ the field waves will be

studied for two cases, the theory being limited

to small wave amplitudes, or signals, in each
case: (1) For a very high magnetic focusing
field. The focusing field will be assumed so large
that motion of electrons in any but the axial
direction may be neglected. (2) For no magnetic
focusing field. In this case wave components of
velocity of electrons may exist in all directions.
It is found possible to divide both space charge

* The importance of the asymmetrical waves lies in the
fact that a starting and utilizing mechanism may be de-
signed for almost any conceivable wave. To determine
which type of wave should be started and utilized requires
a comparison of their characteristics, especially as regards
the potential transconductance of the tube and the opti-
mum drift tube length (reference 1). It is therefore of con-
siderable importance to consider the asymmetrical waves.
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SPACE CHARGE AND FIELD WAVES

and field waves into two classes which can exist
independently and which exhibit differences in
their characteristics.

Hica MacNETIC FocusiNg FIELD

If the magnetic focusing field is sufficiently
high the theory need only consider motion of
electrons in the axial direction. This suggests
that the equations may be most easily set up in
terms of the retarded scalar electric and mag-
netic vector potentials because only the axial
component of the vector potential will be
required. If the potential functions be substituted
into Maxwell’s equations by use of the relations 3

E=-Vd———
c ot (1)

B=vxA,

in which E is the electric field vector, H is the
magnetic field vector, & is the scalar electric
potential and 4 is the vector magnetic potential,
then the equations reduce to the well-known
wave equations for ® and A :

in which ¢ is the velocity of light, p and 7 are
charge density and velocity, respectively, and
Heaviside-Lorentz or rational units are used
throughout. Egs. (2) imply that the divergence
of A has been determined by?

_ 109
V-d=———, (3)
c 0t

Since only the wave part of the solution is
desired, it will be convenient to denote the
scalar electric potential, the charge density and
the velocity by

q)lei(wl—'yz)’ plei(wt-—'yz), and vzei(wt—'yz)’

3 See for instance Introduction to Theoretical Physics, a
text by J. C. Slater and N. H. Frank (McGraw-Hill Book
Co., 1933), Chap. XXI
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respectively. Then using cylindrical coordinates,
Eq. (2) becomes
%P,

ar?

109, 1 9%,

r dr r? 96?

+ (B2 —y)®1=—p;, (4)

in which k=w/c.
It is easy to express p; in terms of &;. From
Appendix 4, we obtain

epo yiI—k?
p1=——-®, (6A)
m (w—"vo)*
so that Eq. (4) now becomes
%P, 19P;, 1 9%,
a2 r or r* 96?
€po
e Je=o.
m(w—"vo)*

whose solution appropriate about the origin, is*
b, =Bn]n(Tr)ein01 (6)

where B, is an arbitrary constant and

T=[(k2—72)[1—mwe—_p(;w—;]r- (7

In the space between the beam and the
conducting boundary the charge density is zero
so that we may write directly for the electric
scalar potential in this region®

o= Cn[In(TT) +DnKn(T7'):Is (8)

in which I, and K, are modified Bessel functions
of the first and second kind, respectively,’ and

r= (= k), ©)

The constant D, is determined by writing
that the tangential electric field must equal zero
at the surface of the perfectly conducting
cylinder where r=0R. This requirement is
satisfied by equating ®, to zero at this radius.

4 See for instance, Electrical and Optical Wave Motion, a
text by H. Bateman (Cambridge, 1915), Chapter III.

* The modified Bessel functions are appropriate here
for the slow space charge waves because for these waves
v is very nearly equal to w/vo=1,, the propagation con-
stant of the beam. For v ~+,, = will be appropriately real.

5 See for instance, Theory of Bessel Functions, a text by
G. N. Watson (Cambridge, 1922).
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Thus
I,(7RD)
D= — (10)
K .(7Rb)

Two more conditions remain to be applied at
the edge of the beam, where r=5. These two
conditions will serve to determine the ratio
Cn/B, and also the value of v in terms of the
given parameters. Continuity of the tangential
electric field is obtained by continuity of the
potentials. This gives

C. B I,.(rb)+ D, K (7b)
(1)

B,
For continuity of tangential magnetic fields
Eq. (1) discloses that since only z components
of A exist then the only component of H is the
azimuthal component, H,. Continuity of this
component requires continuity of d4,/97 which
by Eq. (3) leads to continuity of d®/dr. Hence

Cn (+b) I'(sd)+D.K, (rb)

B

(11)

(12)

= ,

(Tb) J'(Tb)

in which the primes indicate derivatives of the
Bessel functions with respect to their arguments.
A comparison of (11) and (12) yields

\Jn'(Tb) I,/ (7b)+ DK, (rb)
"TATB) O I.(h)+DuKa(rh)

which for #=0 is the same as the equation for
the determination of v derived by Hahn! for
the case of an infinite magnetic focusing field
(except for an easily recognizable difference in
notation).

With sufficient time and a complete set of
tables, it is possible to determine the values of v
for the various order of waves and then compare
the =0, 1, 2, etc. waves for transconductances,
optimum drift tube length and distribution over
the cross section. Some idea of the relative
usefulness of the various waves may be obtained
more quickly if the tube parameters are special-
ized somewhat by making R=1. With this
selection of parameters the solution (6) holds
over the entire tube cross section. Eq. (8) is no
longer significant and the boundary condition
at the conductor yields simply

Ja(T)=0.

(To (rb (13)

(14)

SIMON RAMO

For each value of # there will be a series of
roots to this equation; the mth root of the nth
order wave will be designated as (pnm). Eq. (7)

then yields
€po
—_w] (15)

Dam?
m(w—"yvo)?

—_ (k2_72>[1 —_—
b?
Space charge waves

For the slow space charge waves v is very
nearly equal to vo=w/ve and if this be substituted
in (15) there results

an2
w—y]t=—epy [ m| —————1| (16
e A e s I

and finally

=717, an
in which
epo(vo®—k2)b? 3
={ } (18)
M [ Pumyo? — b2kE]

and will usually be found so small compared to
unity that the substitution of %, for vy at times
in its derivation may be considered justified.

It is now possible to write the ratio of con-
duction current modulation density (pov.+v0p1)
to the velocity modulation (z.). If the former is
denoted by £, Eq. (2A) may be altered to*

Guw=E£./v.= —po/ 0. (19)

This shows that the transconductance of the
velocity modulation tube, whether due to the
symmetrical wave of zero order or waves of
higher order will have essentially the same
general characteristics. For example, the waves
may occur in pairs and if the starting mechanism
is such as to introduce velocity modulation into
the beam but no conduction current modulation
at some point along its length,! then there will
be another point farther along the beam at
which the conduction current modulation present
in the beam will be a maximum. The distance
between these points will be that for which vl
is an odd multiple of =/2 radians, ! being the
distance between the two points.! Since from
Eq. (18) the value of 6 is seen to decrease as

* This ratio will be termed ‘‘wave transconductance’
and will be denoted by Gu.
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Ppam increases, the wave transconductance will
increase with p.., as will also the optimum
drift tube length.

An important consideration in comparing the
potential practical application of the waves of
various #’s and m’s is their distribution over the
cross section. For n=0, m=1 the wave will
vary with the Jo(T7) function between »=0 and
r=>b, (I'=pe/b) and so will have maximum
amplitude at »=0, and will decrease to zero at
r=>b. The (0,2) wave will have one reversal of
phase between #=0 and r=»5, advance to a
negative maximum then decrease to zero again
at r=>5. The (0,3) wave will have two reversals,
the (0,4) wave three reversals, etc. The* waves
of >0 will start at zero amplitude at the
origin, have m maximum points and (m—1)
reversals of phase between =0, and =0 before
returning to zero at r=5.

Field waves

There are also solutions to Eq. (15) for which
the value of v is far removed from v, If v is
very much less than v¢® then (w—vw,)? is very
nearly equal to w?. The quantity epo/m which we
shall call we? is recognized as the square of the
familiar natural angular frequency of oscillation
of a plasma of electron charge density po. Thus we
know that we?/w? is appreciably less than unity
for electron beam tubes, making [1—we?/w?] a
positive quantity. Eq. (15) is thus seen to have
solutions for which 4% is smaller than k2 these
values of y? being given approximately byt

an2
b1 —wo?/w?]

N2=h2—

(20)

Equation (20) indicates also that there is a
cut-off frequency corresponding to each value of
Pnn?/b? and «? below which the waves will not
propagate, since then y? becomes negative and
v becomes imaginary. If it is remembered that
k=w/c, the cut-off frequency, w,, is found from

* These statements may be verified by a glance at
curves or tables of the J, functions.

t This result makes use of the approximation (w—~v,)?
=w? which amounts to neglecting v%/v¢* with respect to
unity. This is consistent with the approximation that has
been made throughout in neglecting the relativity correc-
tion to mass. It is evidently not difficult to omit these
approximations and obtain more precise expressions for
very high beam velocities if necessary.

CHARGE AND FIELD WAVES
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(20) to be given by
we? = w4+ 2P an?/ b2 (21)

At cut-off, y=0 and the wave velocity is infinite.
As the frequency approaches infinity the wave
velocity decreases to c.

ZERO MAGNETIC FocusiNG FIELD

Axial waves

When the magnetic focusing field does not
restrict the motion to the axial direction the
equations must contain additional variables.
Before attempting a general solution, however,
it seems pertinent to inquire whether the wave
just studied may still exist without the restrict-
ing action of the magnetic focusing field. It
would be of practical value to learn that there
is a space charge wave which in the complete
absence of focusing field will still possess only
the axial components of velocity and conduction
current modulation.

To answer this it may first be noted that in the
foregoing analysis every equation is still valid.
However it is necessary that additional equa-
tions be written if the radial and azimuthal
velocities are to be zero without the restricting
influence of the magnetic focusing field. To ‘meet
these added restraints the force on the electron
in the azimuthal and radial directions must be
zero. Now the force on the electron is

F=Eete(wxH)/c.

If there are no components of velocity other than
in the axial direction, then as before 44=4,=0.
From Eq. (3)

(22)

A,=(k/v)®, (23)

so that substitution in Eq. (1) shows the electric
and magnetic fields to be

Er= T Hr=_ '—_q)ly
ar vy
Ey= ——&, Hy=———, (24)
7 v Or
1(v*—k?)
=Py, IIZZO-
Y

If these are substituted into Eq. (22) the condi-
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tion that the force components in the azimuthal
and radial directions be zero results in

em e em kvy
0= —-rb;+—voH,=—q>l[—1+— :
14 c 7 cy
(25)
6<I>1 e 09, kv()
0= —e————voH9=e-[— 1—}—-—]
ar ¢ ar cy

(if, as usual, cross-product modulation terms are
neglected). These equations are both satisfied
when

v=kv/c. (26)

Thus this “axial’”’ wave, if it is to exist, must be a
very fast wave for the ratio vo/c is well below
unity in all practical cases making y much
less than k.

We have already seen that waves for which vy
is less than k2 may occur above certain cut-off
frequencies for any given tube geometry and
electron density. There are obviously series of
discrete frequencies above the cut-off point for
which

Y= k?)o/C,

which frequencies are found by substituting this
value of v in Eq. (20). Since the purely axial
wave may exist at discrete frequencies for no
magnetic field and at any frequency (above a
certain cut-off frequency) for infinite magnetic
field, it appears that at some finite magnetic
field bands of frequencies will exist for which
these waves are possible.

Division of possible waves

Let us turn now to the more general case in
which radial and azimuthal velocities are pos-
sible. A convenient way to set up the equations
so that the various possible waves are disclosed
most easily is suggested by the following line of
thought. In a region bounded by a cylinder, free
of charge and in which the dielectric constant is
uniform, it is convenient to express the various
components of the electric and magnetic fields

in terms of E, and H,, which satisfy the equations
(V2+R)E, =0,

(27)
(V2+k12)Hz=0y

whose solutions can immediately be written in

SIMON RAMO

cylindrical coordinates. It is convenient then to
speak of “E type' waves for which H, is zero
and the “H type” waves for which E, is zero.®
Now, consider an observer who moves with the
average velocity of the beam, vy. As is shown in
Appendix B, this moving observer would set up
equations which are identical with those already
solved for the case of a cylindrical boundary by
Rayleigh” and more recently by others.® The
dielectric constant would be a fictitious one de-
pendent upon electron density and frequency.

The moving observer might accordingly di-
vide the waves which he would predict into the E
and H types, all other field, velocity, and current
components being expressed in terms of E, and
H,. Now by use of the Lorentz? transformations,
all these expressions could be transformed into
relations appropriate for a stationary observer,
H, and E, being invariant under the transforma-
tion, and the problem could be considered solved.
However, now that we are assured that all the
phenomena may be thus expressed in terms of
E. and H,, it will be well to discard the moving
observer and regard him as of only momentary
value in indicating a simple line of attack.

In Appendix C it is shown that E, and H, obey
the equations

(V*+-ke?)E.=0,
(28)
(V2+ky?)H,=0,
in which
@?[ 2wy — 102w |+ 2wl wo? — 2wwy |

k= (29)

c4(wp? —wo?)

and
(J.Jo2
kH2=k2[1~~—]. (30)
w?
These equations have solutions of the form
Jal (kg?—7?)ir Jein? (31)

and
Jn[(kH2 — 72)1‘;7:]ein0.

The components of the first two of Egs. (1B)

6 See for instance ‘Hyper-Frequency Wave Guides”’ by
Carson, Mead and Schelkunoff, Bell Sys. Tech. J., 5, 15
(1936).

7 Rayleigh, Phil. Mag., Vol. 43 (1897).

8 See for instance, Electricity and Magnetism, a text by
J. H. Jeans (Cambridge, 1927), page 604.
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may be rearranged to give

(.4)02 n w02210 E)H,
E0[72+k2——]= —— E.,—1k ,
c? 7 wpc? ar

w02 n w()? X 6Hz
Hr 'Y2+k2__ =——=Fk Ez+/VY )
c? rLwyc or

Vo w02
Er[v2+k2— (k+7—)—]
Cc / wpC

kn v9]0E.
=—Hz—1[7_a“j| ’
r cdor

(32)

V0 wo?
fie= (k)]
c /J wpC
v wo? oE,
=—~Hz+i[———k] .
7 wpC ar

These expressions, together with those for the
velocities (8C) (9C) (10C), the currents (13C)
(14C) (15C), and the charge density (21C) con-
stitute the necessary relations for all the wave
quantities in terms of E, and H..

The H type wave

Consider now the wave for which E, is zero.
The single boundary condition requires that
Ejy vanish at #=>0 or that

J'[(ku®—v*)% ]=0. (33)
Designating these roots by g.m, we have from (30)
2 2

v2=k2[1 —w—"]—q”" :

w? b?

(34)

Only values of v which are less than % are
evidently possible. Thus the H type of wave is
always a fast wave with a velocity of propaga-
tion exceeding ¢ and a cut-off frequency given by

w02 = wo?+ €2 nm?/ 2.

(35)

The =0 or symmetrical H waves, which
might be designated as the H, waves will have
only the following components : H.,, H,, Eq; v and
%, all other field, velocity, current, and charge
density components being zero. The #» >0 waves
will however have H,, H,, Ey, E., Hy, &, &, v,

281

and v, components in general, only the v, and
&, components being missing.

The E type wave

When H,=0 the boundary condition at r=b
requires that
Ja[ (ke?—~?)i]=0, (36)
so that
= 7"= o/ 37)

For the space charge waves wp=w—1v,is very
small compared to w and approximations based
on this fact permit (37) to be solved for v, and
give the approximate relation

w02b2

Cmen2

b2w02
C2pn'm2
Pty 2 pan? 1 1N\
X[lf ( +—+— ]} (38)
b2 w2w02 b2 w2 wo?
In the case of the fast field waves, ws is very

nearly equal to w (unless the beam velocity is
very high) and kg? is given approximately by

’Y=70{1+ +

w?— w,? wo?
kp?= =k2[1 ———], (39)
c? w?
which substituted in (37) yields
w 2 an2
72=k2[1——0]— : (40)
w? b?

The cut-off frequency of these waves is given by
C2an2

b

wo? = wo?+

(41)

For both the space charge and the field waves
only the following components may be present
in the Eon type waves: E,, E,, Hy, v, ., &, &,
and p;. The E,, waves in which >0 will in
general have all components.
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APPENDIX A

From continuity we have

8p1 d
_—z_(Povz—!‘voPl) (1A)
dt 0z
or
YPo
P1= Vze (ZA)
w—"YYy

(This neglects modulation cross-products of p
and 7 and thus limits the theory to small signals.)
But

mdv/di=eE.,, (3A)

in which E; is the amplitude of the z modulation
component of K, eis the charge and m is the mass
of the electron. Now

dv, v, v, dz
=—+— —=1lw—yv0Jv:
dt 9t 0z dt

(4A)

for small signals and from Eqgs. (1) and (3), E. is
seen to be given by

Ez='L|:'yCI>1———kAz:|=i[~/—k2/7]<b1. (SA)

The above equations then yield

epo vI—k?
pi=———&,.

(6A)
m (w—"vo)?

ArPENDIX B

The moving observer would write, in his own
units and system of moving axes,

_ 19H
VXE=— —

’ V'E_,=plr
c dt

_ (1B)
_ 1feE _
VXH=—[—+S], V-H=0.
cL o¢

Now in the force equation (22), terms of type
oxH will not occur since cross-products of wave
components are being discarded. Thus

E=poi=poek /iwm (2B)
or

epo 8E

fm— —

. (3B)
wim_ ot

SIMON RAMO

From continuity,

—dwpy =V E=poeV- B /iom (4B)
or
pP1= +epoV'E/w2m. (SB)
Thus substitution in (1B) yields
V-E(1—epo/mw?) =0,
V-H=0,
_ 19H
VXE=———, (6B)
c 0t
_ 1 0FE epo
VXH=——{1——1},
c at w’m

which are identical with the equations for
a medium of uniform dielectric constant

(1 —epo/mw?).

ArpPEnDIX C

Taking the curl of the first of Egs. (1B) and
combining with the second yields

_ 108 1 9%E
VXVXE=—— ——— — (1C)
c? ot ¢ ot*
or
_ _ 1w _
—V2E+4+V(V-E)= ——2£+k2E (20)
c
and finally,
(V24+E)E —iwE/c*=V(p1)=0,  (3C)
the z component of which is
(V4R E. —iwk./c?4ivp1=0. 4C)
In a similar fashion it is found that
_ 1 1ef
VXVXH=-VXE—— — (5C)
c c? 012
and finally
(V24+E2)H.4-(1/c)(VXE).=0. (6C)

&, p1, and (VX §), must now be expressed in
terms of E, and H,. This may be done as follows:
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From the force equation (22)

im(w—vvy)v.=eE, (70)
or
71z=w02Ez/7:POwb (8C)
and, similarly
wo? Vo
o [ET~~HG], (9C)
1PoWp Cc

w02 Vo )
- [Eo+-~m], (100)
1PpoWp C
in which the substitutions,
w=epo/m (11C)
and
Wp=w —"YyVy, (12C)
have been introduced. Now
fz‘—‘Povz‘l"Uopl=w02Ez/iwb+7}op1, (13C)
wo? Vo
E,- = —I:Er - —Hg], (14:C)
Wy c
Wo
= [Ee+—H] (150)
1w‘b
And from the continuity equation
—twp1=V-E=poV- T —1yvep; (16C)
or
V9= —1wyp1/po. (17C)
But from Eqgs. (8C), (9C), and (10C),
wo2
V-p=-
1powWs
_ Vo) 1 aHr 10
e Tl oo
cLr 96 ror i

The binomial in the brackets is recognized as the
z component of (—curl H) and so by the second
and third of Egs. (1B), (18C) becomes
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w()? [ Vo
Vej=—— P1——’LwE —-**(pﬂ’o‘i‘l?ov )] (19C)
1powpl c? ¢
we? I Vo Vo wo?
= - pl——’LwE _— ‘:““Ez]y (ZOC)
tpowsl  ¢* ¢ dwy
1Vowo? wo? — wwp .
prm e ST (210C)

620.)1, wb2 - woz

This result may now be substituted into (13C)
to give

wotc? —vo2wolwws — C2wolwp?
EzziEz y (ZZC)
C2wb(wb2—wo2)
from which,
kp®= —iwt./cE.+ivp:/E.+k?, (230)
w2 c%wp? —v%wo? ]
+ c2wo2[wo? — 2wwy |
= : , (240)
64[031)2“0)02]
10 1 9¢&,
(VX§) .=~ —(729) —— ——=po(VX7)., (25C)
r or r 90
wo? o1l 0
[(VXE) +~ - —(rH )
zwb c ror
Vo 1 alfe
—— ——] (26C)
cr 090
But _
(VXE),=—1wH,/c (270)
and from V-H =0 it follows that
) 19 ° 1 0H,
wwH,=— —(rH,)+— — (28C)
v or r 90
Substitution in (26C) results in
OJ02 1w ’i?}o‘y w02
(VX§), =_—[ ——+—]Hz =—JH,. (29C)
Wy 4 c . 4
Consequently,
1
kat=k*4—(VX ), =k [1—we?/w?]. (30C)
c



