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INVESTIGATION OF A TRAVELING WAVE TUBE
WITH INTERCHANGEABLE EXTERNAL SLOW-WAVE STRUCTURES

4Allen R. Maithews, Maj., USAF; WADC, Ohio
Chih Tang Sah; Stanford University, California
Karl R. Spangenberg, Prof,, Stanford University, California

Summary

This report describes an investigation of
a traveling wave tube using a_lumped filter cir-
cuit as a slow wave structurel. The critical
part of the slow wave structure is physically
external to the vacuum envelope with direct
electrical connections to a series of metal
cylinders physically inside of the vacuum
envelope,

The tube design, construction, beam focus-
ing and d-c tests are discussed, Theoretical and
experimental information is presented on the slow
wave structure, and on the r-f operation of the
tube, Three types of operation are discussed --
backward wave oscillator (BWO), backward wave
amplifier (BWA), end forward wave amplifier (FWa).
Tube operation is demonstrated with uniform mag-
netic field and periodic electrostatic beam
focuaing.

Experimental voltage tunable backward wave
oscillator operation is described in detail for
an output in excess of one watt over a freguency
range from 340 to 450 mc. An r~f output of §
watts at an efficiency of 10 percent was obtained
at a frequency of 428 me., Voltage tuning from
80 to 457 mc was obtained experimentally with
minor mode interference.

Introduction

The purpose of this investigation is to
determine the feasibility of traveling wave tube
operation utilizing a controlling portion of the
slow wave structure external to the wacuum
envelope, Lumped element filter circuits were
initially selected and tested., Filter helixes
were also examined,

Comparison of lumped filter-type and helixe
type TWT's shows that within the VHF and UHF
frequency regions there are advantages and dis-
advantages for each types tube, However, the
tube described herein has the unique feature
of permitting interchange of the slow wave struc-
ture while using the same vacuum envelope. This
feature permits the selection of a structure most
suited to the desired operation -- oscillator or
amplifier, narrow band or wide band, In addition,
the external circuit properties can be varied
while the tube is in operation., Furthermore,
combinations of external circuits can be readily
obtained for particular types of coperation, such
as cascade slow wave structures for BWA
opsration,

The internal part of the slow wave struc-
ture was selected to give optimum beam coupling.
A series of coaxial cylinders was selected to
provide the required interaction between the
external circuit wave and electron beam, Such
a configuration also provides a series of
electrostatic lenses that make periodic electro-
atatic focusing possible, Furthermore, the
spacing of the cylinders can be modified during
tube construction in order to permit advanta-
geous operational results such as mode inter-
ference reduction or increased efficiency.

Tube Design, Construction, and Beam Focusing

Figure 1 shows a photograph of the experi-
mental tube., The vacuum envelope and ite sub-
assemblies will be described separately.

The Electron Gun

The electron gun is a Pierce type electro-~
statically focussed gun, The gun employed a
Philips type BPIA tungten psllet impregnated
with barium aluminate and had a diameter of
0.120 inch. A standard 6.3 volt heater was
used., The measured gun perveance was 2,8 X
10®, The beam current was controlled by the
anode voltage. A special gun mounting was
designed to center the gun coaxial with the
interaction cylinders.,

The Collector

An anode of the type used in the Eimac 75T
tube was modified by the addition of a molyb-
denum disc welded inside the cylindrical surface
and used as a collector, Heat dissipation of
approximately 75 watts was achieved by using an
Eimac HR-3 heat dissipator external to the
vacuum,

teraction Cylinde

The interaction cylinders were made of thin
wall molybdenum tubing and had s0lid tungsten
rod leads brazed thereto, Nicoro wire (gold-
nickel-copper alloy) was used for the braze,

The cylinders were 0,162 inch inside diameter
and 0,315 inch long. The uniform spacing between
cylinders was 0,078 inch. These dimensions were
selected on the besis of giving a minimum reduc-
tion in beam-circuit interaction and a conven-
ient tuning voltage range for the circuit to be
tested, The modulation coefficient reduction



factor for a solid beam not filling the cylin-
ders is the order of 0,98, The reduction fac-
tor for finite time of electron travel across
the interaction gap is numerically larger than
0.9, The mechanical periodicity of the cylinder
plus gap is approximately one cme It should be
noted that the external circuit comnection can
give an effective electrical periodicity which
is a multiple of the mechanical periodicity.

Tube Assembly

The cylinders and leads were mounted in a
jig and brazed in & hydrogen furnace.

Twenty-nine cylinders with leads were then
assembled onto a mandrel with the pre-beaded
leads extending through previously prepared
holes in the glass envelope., The cylinders were
accurately spaced by means of stainless stesl
ground spacers, The mandrel was accurately
located inside of and coaxial ‘with the 3/4 inch
ID precision glass by means of temporary pre-
cision carbon bearings. Each lead was then
sealed to the glass envelope,

Other methods of mounting cylinders inside
of a glass envelope have since been demonstrated
to offer certain advantages, although the method
used for this report appears practical once the
technique is mastered.

D-C Tests with Uniform Magnetostatie Beam
Focusing

An experimental electromagnet was used to
focus the electron beam, Megnetic field
strengths from 400 to 1100 gauss were used to
obtain beam transmission the order of 90 percent
over a range of beam currents from one to sixty
ma.

Periodic electrostatic beam focusing was
tested and gave 90 percent transmission for
beam currents the order of cne ma, Fig. 2
shows an oscillogram of percent beam transmis-
sion versus the focusing voltage between inter-
action cylinders for a beam velocity correspond-
ing to 600 volts. The focusing voltage was
actuelly a 60 cps voltage between cylinders and
superimposed upon the d-c beam voltaege. The
average beam voltage is therefore the voltage
of a point midway between cylinders. The
voltage” between this point and an ad jacent
cylinder is designated, fg. The total voltage
between cylinders is designated Vyg and is twice
@a. Note in particular (Fig, 2) that the focus-
ing aection is symmetrical, flat topped, and has
critical voltages at which the percent transmis-
sion becomes zero, The symmetry of maximum
transmission is ad justable by altering the beam
entrance conditions,

Fige. 3 shows a plot of eritical focusing
voltages versus beam voltage. The largest mag-
nitude critical voltage is defined by

fa = Vo (1)

The lowest magnitude critical voltage is defined
by a more complex theory discussed in the basic
reportl. Note the close agreement between theory
and experiment, Alsc, note that there is a fixed
ratio between beam voltage and focusing voltage
to achieve optimum focusing.

The Slow Wave Structure

Physical Description

The individual coils for the external part
of the slow wave structure are connected in
séries, and with tube socket pressure contacts
at each junction, The coil aessembly can then
be plugged onto the tube,

Fige 4 shows the schematic circuit consist-
ing of the external and internal parts of the
slow vave structure, The individual electrical
elements that comprise the circuit are noted in
Fig. 4o The inductance (Lj) and distributed
capacitance (cd) of each coil are critical con-
trolling parameters along with the capacitance
(Cg) between adjacent cylinders, In addition,
the capacitance (C.) of the coil to ground must
be considered. The mutual inductance (M) between
ad jacent coils was found to be almost negligible
and was reduced by staggering or right angle
mounting of the coils in the eitomal assembly.
The inductance of the leads (Lz) was not negli-
gible and had some noticeable effect on the fil-
ter performance, Either pi or tee filters can
be obtained by the use of approprieate and coils.

Electrical Filter Characteristics

The performance of the filter was experi-
mentally determined by measuring the input
impedance when the filter was terminated by an
open or a short circuit. The characteristic
impedance was determined from these measurements,

Z, = V2oc 2g¢ (2)

The phase shift per filter section was
determined from a plot of frequency for shorte-
circuit impedance versus the pole number and
agreed with theory as calculeted from the fil-
ter parameters,

The electrical parameters of the filter were
measured separately and calculated from the fil-
ter performance data., The two methods gave
similar results,

L 0,274 microhenry
Cy 0.1 micro-microfarad
Co 1.35 micro-microfarad

The filter is seen to be a m-derived low
paes filter with eleciron beam intersction gaps
in the shunt filter condenser position. The
filter characteristics are as follows:

fe 457 me
Ry (20 at £ = o) 450 ohms
n 0.88

W



The insertion loss of the filter over the
frequency range 250 to 450 mc was the order of
0.3 db per filter section.

Broadband impedance matching of the filter
to a 50 ohm line presented some difficulties.
A tapered helix was ultimately used and was
satisfactory.

The Filter As a Slow-Wave Structure

Fig. 5 shows a Brillouin diagram based upon
the omega-beta curve which was obtained from the
phase shift per filter section versus frequency
data of the filter cold test, The forward wave
and backward wave modes of TWI operation are
evident by the positive or negative slope respec-
tively of the line representing circuit wave
group velocitye.

Fig., 6 shows a theoretical tuning curve
versus frequency for the fundamental (n = o) and
higher order modes of TWT operation, The curve
is on semi-log paper in order to display ade-
guately the higher order modes, It can be noted
that beam voltages from 100 to 1000 volts permit
eingle frequency BWO operation from 250 to

457 mc.

The interaction impedance (K) can be cal-
culated and agrees with theory as will be shown
later. The theory for this derivation is
included in Reference 1, The interaction imped-
ance is a function of the circuit characteristic
impedance and increases from approximately 1/4
or 1/8 (depending upon the mode) of R, at zero
frequency to infinity at the filter cut-off
frequency.

Backward Wave Oscillator Operation
BWO eration

Fig. 7 shows an oscillogram of BWO power
output as a function of beam voltage, The
oscillator frequency is noted on Fig. 7. This
oscillogram was obtained using conventional d-c¢
eircuits with a 60 cps sweep voltage superim-
posed on the d-c beam voltage and uniform mag-
netic field beam focusing, Note that the upper
oscillation frequency approximately agrees with
the filter cold test cut-off frequency. The
non-linear variations in power output as a
function of frequency are the result of varia-
tions in impedance matching between the slow vave
structure and the 50 ohm output ceble. At very
low beam voltage there is evidence of additional
higher order mode oscillations which have been
examined in detail®,

Curves

Fig. 8 is an experimental tuning curve of
beem voltage versus frequency for constent meg-
nitude of beam current. There is close agreement
between the low beam current (approximately 1
ma for start oscillation) curve and the theoret-
ical curve based upon cold tests of the filter,

A small higher order mode interference is shown,
This interference ic the result of a higher order
mode having a larger gain parameter (C) than the
lower order model,

Frequency Pushing

The amount of frequency pushing is also
evident from Fig, 8. A detailed experimental
study of this effectl indicates that the emount
of pushing for a fixed beam current is independent
of the length of the slow wave structure or the
beam current relative to start oscillation cur-
rent, The beam voltage as a function of beam cur-
rent for constant frequency operatifn can be
accurately determined theoretically” but the
relation between frequency versus beam current
for constant voltage is not as easily derived.

An empirical relation was obtained from the ex-
perimental datsa,

le-fg 106

fo Vv 05/E

where f, is the frequency at zero beem current
and the other notation is standard (volts and
milliamperes), In all cases, the frequency de-
creased with increased beam current.

(1 - 101/3) percent (3)

Start Oscillation Current

Extensive data of start oscillaticn current
(Ig) versus frequency and circuit length was obe-
tained end agreed with theory. For example, Ig
was found to be proportionael to the inverse cube
of the number of filter sections,

Gain Parameter

Fig. 9 shows the variations of the gain
parameter C versus frequency. The value of C
was calculated fram velues of (CN)g¢ published
by Johnson# and considered the effect of space
charge, circuit attenuation, and velocity
parameter (b). Some theoretical curves are
shown for low and high space charge. Additicnal
data verified the Iariation of C as the inverse
function of length~s Values of C of the order
of 0,15 were obtained.

Interaction Impedance

Fig. 10 is included to show the relation
betveen the interaction impedance K and fre-
quency, The experimental and theoretical curves
are in close agreement, The value of K varies
smoothly from 50 to 750 ohms over a frequency
range from 200 to 450 mc. The experimental
velues of K were obtained from the relation,

¢3 = k_la (4
E Y,

Minor variations of K as a function of length
were noted and are believed to be primarily due
to experimental error.



Pover t

Fig. 11 shows the oscillator power output
as a function of normalized beam current. A
family of curves, sach one for a constant cir-
cuit length, are shown, For normalized beam
currents larger than 3, the power output varies
approximately as the L/3 power of normalized
beam current which i8 an approximate theoretical
variation™, The_power output as a function of
length was shown! to vary as the inverse .5
pover of the number of filter sections_in come-
parison with the theoretical 4th power-,

Fig. 12 shows the variation of power output
as a function of frequency for two values of
constant bsam currsnt, The power output ine
herently decreases with frequency because the
beam voltage is less at lower frequencies, For
this reason a curve is also shown for constant
beam power and indicates that power output in-
creases with decreasing frequency. An additional
test of power output versus circuit length for
constant beam power indicates that there is a
critical circuit length for maximum output-,

The critical length is also a function of the
beam power but to a lesser degree.

Electronjic Efficiency

Tge electronic efficiency was examined in
detail® and found to be in approximate agreement
with the work of Growd, The fundamental factors
of eircuit loss, velocity spread, large C, and
gap field variations were included to correct
the experimentally measured efficiency. The
corrected sfficiency was then found to vary
linearly and to be approximately equal to the
value of C, Measured efficiencies of the order
of 10 percent were obtained.

Periodic Electrostatic Beam Focusing

As previously indicated, such focusing was
first examined without any r-f on the beam.
Tests of r~-f operation with this type of beam
focusing were conducted,

Tuning Curves. Fig. 13 is a tuning curve
showing a ccmparison betwesn the periodic elec-
trostatic focusing case and the theoretical
tuning curve which has already been compared to
the uniform magnetic field beam focusing case,
It must be carefully noted that alternate cyl-
inders are at different voltages with respect
to the cathode, These voltages are indicated
as Vo) and Vgo and plotted in Fig. 13. In eddi-
tion, another curve is shown on Fig. 13 and
closely agrees with theoretical tuning curve.
The difference is only due to frequency pushing,
The additional curve is based upon the following
relation between Vo3 and Vgoe

Vo * Vo1 Vo2 (5)

A variety of tests confirmed this relation.

Power Output

Fig. 14 shows a comparison of oscillator
power output for the two methods of beam focus-
ing and includes a correlation with percentage
beam transmission., The purpose of this figure
is to demonstrate that the tube operates equally
well with either type beam focusings The power
output is limited in the periodic electrostatic
focusing case only by the amount of beam current
that can be so focussed.

Amplifier
Backward Wave Amplifier

The same external filter circuit was exam-
ined as a BWA ifcluding the region of transition
from BWA to BWO~, This slow wave structure pro-
vides narrow band amplification the order of 6 mc
bandwidth between -3 db gain points at a ceanter
frequency of 427 mc. The electronic gain versus
normalized beam current increased with increasing
normalized beam current from 2ero gain to a valus
the order of 4 db for large signal (£20 dbm) in-
put to the order of 24 db for small signal
(-20 dbm) input, For signal inputs the order of
0 dbm, the gain was approximately defined by the
relation,

voltage gain ~ 201log ___ 1 ap (6)
l - IO/IB

Forward Wave Amplifier

FWA operation was examined! for 14 filter
soctions at only one freguency, 450 mc, due to
voltage limitations of the exparimental arrange-
ment, The performance is accurately described
by the basic relation,

G = A/BCN ab (7

The experimental evaluation of these parameters
gavs the following values:

4 db (I, = 1 ma,)
~9e5

A
0,0685 (I, = 1 ma.)

ZOoOwk o
" uw g

The gain is proportional to the one third power
of beam current, Electronic gain the order of
25 ab can theoretically be obtained by increased
tubs length and/or beam current,

This slow wave structure gives narrow band
operation, The bandwidth for ~3 db gain is 6 mc
at a center frequeancy of 450 me. Additional
tests on another slow wave structure plugged
onto the same tube gave wideband FWA operation
from 250 to 350 mc, thus demonstrating the versa-
tility of the tube in providing desired operation-
al characteristics,




Conclusions

A traveling wave tube using a controlling
portion of the slow wave structure external to
the vacuum envelope has been demonstrated. The
performance is in accordance with existing the-
ories and provides characteristics of practical
importance, Within the VHF and UHF frequency
regions, this tube offers certain advantages
over the conventional helix types of TWI''s,
For example, the optimum BWO lumped circuit tube
design, giving an output in excess of one watt
at an efficiency in excess of four percent over
a frequency range from 340 to 450 mc, is only
3 inches long and of small diaemeter depending
upon the coil arrangement. This tube is in-
herently suited for periodic electrostatic or
uniform magnetic focusing systems,

The internal portion of the slow wave
structure can be easily modified for a tapered
periodicity or even a periodic variation of the
basic periodicity., Improvements in efficiency
and higher order mode elimination are therefore
possible, The size of the cylinders or other
internal electrodes can be modified to accom-
modate various configurations and sizes of
electron beams and to control the coupling be-
tween the circuit wave and electron beam, A
veriety of mechanical arrangements are possible
for simultaneously providing external electrical
connection and mechanical mounting of the inter-
nal electrodes.

The external portion of the slow wave
structure can be of a wide variety of types =--
lumped filters, filter helixes, or tuned lines.
Slow wave structures can be conveniently used
in several arrangements such as in cascade®.

In addition, multifunction tubes are possible
by appropriate arrangement of the external slow
wave structures. The electrical characteristics

electron gu.n"_

of the external portion can also be modified
while the tube is in operation. For example,
the use of tunable inductors would permit the
cut-off frequency of the tube to be changed over
an appropriate range while still permitting
voltage tuning near the cut-off frequency. This
procedure permits continuous operation near the
filter cut-off frequency which then gives im-
proved performance and a wider overall tuning
range, Individual external sections can also
be individually tuned for modifications in the
gain performance or possibly increased efficien-
cy by a tapered slow wave structure,

Additional investigaticns on this type of
TWTI' are underway at Stanford University and will
be reported upon in the future.
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HOLLOYW BEAMS IN ELECTROSTATIC FIELDS

Lawrence A. Harris
University of Minnesota¥
Minneapolis 14, Minnesota

Summary

Trajectories are calculated for the inner
and outer edges of tubular electron beams in
radial electrostatic fields. The beams are as-
sumed to be initially of zero thickness and to
have uniform axial velocity. Special cases con-
sidered include that of a beam inside a single
drift tube and a beam between coaxial drift
tubes. Both diverging and converging beams are
treated in strong and weak radial fields. It
is shown that strong radial fields effectively
reduce the space-charge spread and at the same
tirme deflect the beam., Calculated results for
a particular beam are presented as an example
for each of these cases.

Introduction

The use of hollow or tubular electron
beans is indicated in beam-type microwave tubes
requiring large currents and high efficiencies,
Methods for maintaining uniform radius and
thickness_of hollow beams have been previously
describedl. One system of interest requires
that a magnetic shield be placed over the elee-
tron gun or over the beam, The gun produces a
hollow beam which then passes through a short
transition region containing a radial magnetic
field and then enters the space between coaxial
drift tubes where it is put to use (Fig. 1). It
is in the transition region that electrons ac-
quire an angular velocity to produce a centri-
fugal force in the remainder of the system be-
tween drift tubes. This force and the space-
charge force are balanced by the applied elec-
tric force due to the voltages on the drift
tubes,

In such a system there is usually some
space in which the electrons travel without
rotation between the gun and transition region,
This space may be longer than mechanical con-
siderations demand in order to keep the gun re-
mote from the fringing fields of the transition
region, It is the purpose of this paper to con-
sider the motion of the electron stream in this
space, called the electrostatic drift region in
Fig., 1, where it is subject to electrostatic
forces alone,

#Now with General Electric Research Laboratory
Schenectady, New York
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The motion of the beam in this space deter-~
mines the entrance conditions to the transition
region; conversely, if these are specified the
required exit conditions at the electron gun
anode are determined by the beam motion. It is
agsumed here that the entrance conditions to the
transition region are known from design specifi-
cations. In the absence of magnetic fields the
reversibility of electron paths may be employed
to trace the trajectories back to the gun anode.
In what follows it is also assumed that axial
symmetry exists and that all electrons have the
same axial velocity.

Before entering a discussion of the beam
trajectories one important characteristic of
hollow beams should be noted. This is the
possibility of producing a ring crossover at
which the inner and outer beam edges meet or
intersect if thermal velocity spread is neglect-
ed., A crossover implies an infinite space-
charge density but only in an infinitesimal re-
glon, The forces tending to prevent such an
occurrence are note infinite however, and may be
easily overcome by electrons with sufficient
initial momenta properly directed, The cross-
over is similar to that possibld in a sheet beam,
the hollow beam being essentially a sheet beam
rolled into a tube?, With finite radius and
axial symmetry the forces remain finite.

A limiting case of particular interest oc-
curs when the beam edges meet but do not cross.
In this case the beam forms a short ring of zero
thickness in which all electrons have only axial
velocities. This is the condition assumed to
exist at the entrance to the transition region.

Analysis

The various radii used in the discussion are
r, the inner electrode radius, r, the inner beam
edge radius, r, the entrance radfus described
above, the outer beam edge radius and r, the
outer drift tube radius. The potentials applied
to the inner and outer drift tubes are #) and §,

respectively. The total beam current is I (nega-
tive) and the potential detepminjng the axial
beam velocity is V, 2 = (~2®V/m) where m is

the electron mass and e is the electron charge
(negative).



The first case is that of a hollow beam in-
side one drift tube but with no inner drift
tube present. The entire space enclosed by the
beam is at a constant potential and there is no
electric field there, The inner beam edge
therefore remains at a constant radius rp = rq.
The outer beam edge expands due to the space-
charge forces produced by the charges of the
beam itself. If Q is the total beam charge per
unit length then

Q= 1/(-2"/m)/? (1)
The radial force is

eE = eQf2Wery) = mify (2)
where € 1is the permittivity of free space.

This equation may be integrated twice to
yield the familiar beam spread curve reproduced
here for completenessB. The slope of the outer
edge of the beam is also represented in Fig. 2.

There is one difference between the case
Just considered and that of the usual spreading
of a golid beam, In the solid beam the charge
density in the cross section is assumed uniform
and the forces on different electrons in the
bean are proportional to their initial radii.
It follows from this that all trajectories are
similar in form except for different radial
scale factors and the uniform charge density is
maintained as the beam spreads. In the hollow
beam this is not true and attention is restrict~
ed only to the imner and outer beam edges.

If the axial velocity is specified by the
potential V, then the potential @, on the en-
closing drift tube is calculated by integrating
the slectric field from beam to drift tube

r
2

=V - Qdr _,__Q , I

o=V o o v 2“_Elnro (3)

The motion of the beam between coaxial
electrodes held at fixed potentials is more
complex. Here both the inner and outer edges
are subject to radial electric forces; the inner
edge experiencing a force due to the total
charge per unit length q induced on the inner
electrodes by the beam and by the applied poten-~
tials, The outer edge experiences the same
force in addition to that due to the beam
charge Q itself. The difficulty in the analysis
comes about because the charge q depends not
only on the applied voltages and the beam charge
Q but also on the effective radial position of
the beam,

12

If the beam lies between radii ry and ry,
and has a uniform charge density

@ = T (r*r,%) (4)

in its cross section, then it can be shown by
solving Laplace's and Poisson's equations in
the appropriate regions, that

2
2we(P,-g)eolin =2 + L - Taln ry/ry
) - 3
b p R 2
q= b ~Ta
1

The limit of this expression as rgy and ry,

both approach the effective radius re is

q = ~(1n T2/ryL [m(pz.pl) +Q 1n T2/%]

(6)

In this limiting case the entire beam is
assumed to be concentrated in a thin shell at
r.. By equating the two expressions for q one
finds the equivalent radius at which a thin beam
induces the same charge on the inner electrode
as a thick one does. This process yields

2.2
re/ra - exp(—l/Z) (%/ra)rb7<rb Ta ) (7)

If r,/ry is plotted versus (ry-r,)/2r, it
is found £hat in the range of interes%

re/ra &1 + (ry-ry)/2ry (8)

or
rg = (1/2) (ratrp) (9)

to a very high degree of accuracy. This approxi-
mation for re is used in all that follows.

Equation 6, when equation 9 is substituted
into it, becomes

rg *t ry
21're(¢2- 1)- Q 1n ——5;2-—
q=-~ (10)
in X2
n

It is now a simple matter to write the
equations of motion for the two beam edges,

T, = e o/(m 2T€ rp) (11a)

Ty = o(qQ)/(m 21we 1) (11b)

o Ora— n .



which become on substitution of equation 10
¥, = (a/ry)+(b/ry) 1n K(ra-frb)/.?rzl (12a)
#p = (a/my)+(b/ry) 1n [(ra+rb)/2rll (120)
where
a = —e(f6;)/(m 1In T2/ry) (13a)
b=-e Q/(m 2T€ 1n T2/ry) (13b)

It is convenient to normalize all radii
with respect to r,, making equations 12 read

(/728 ) (0/7o%Ra) 1n[(RgtRp)/285| ()

Ry

By

(8/742Rp )+ (b/ro2Ry) 1n[(na+nb)/zal] (1b)

These equations are to be integrated subject
to the following conditions: at t = o, Ry = Ry
=1 and Ry = Ry = o,

Since Ry and Ry appear in both equations it
is necessary to solve them simultaneously or to
make further approximations. The latter course
allows the solution to be carried out for two
cases of interest. In the first, a weak applied
radial field is assumed making the constant "an
small with respect to "b", Thus the space
charge and its images are principally respons-
ible for the beam motion, In the second case
strong applied fields minimize the effects of
space charge. The details of these approxi-
mations are discussed in the separate analyses
for each,

Weak Radial Fields

The assumption that the applied radial
electric field is weak is incorporated into the
equations by setting re = constant or Re =1 in
view of the initial conditions, The two equa-

tions of motion then become
Ry = A/R, (15a)
Ry = B/Ry (15b)
where
A=(a-blnRy)/r? (16a)
B=(a~-blnR)/r,2 (16b)

For this assumption to be even approximate-
1y true the inner beam edge must decrease in
radius vwhile the outer edge increases in radius.
Consequently the solution for R, must apply
where R,S1, and that for Ry>1. Obviously 4
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must be negative and B positive, Since A and
B differ only in the logarithm this term must
predominate in each. Thus the quantity "an,

hence (@,—f1) must be small. More precisely

the following inequality must hold.

b 1n Rl<a<b in R2
or
-2(1n Ry )/ (2we) <(B;-$,)<-21n Ry)/2me)

Both equations 15 are integrated once to
yield

(17)

-aR,/(2 A 1n Ry)Y/? = at (18a)

1/2 _

dR,/(2 B 1n Ry) at (18b)

with the appropriate initial conditions.

Integration of equation 18a is obtained by
letting

Ry = exp(-x?) (19)
This yields .
1/2(-20)? ¢ = f exp(~p2)dp (20)
[e]

where p is merely a variable of integration cor-
responding to x.

Since the right hand integral is a tabulat-
ed one (the error function) time may be plotted
as a function of x or of Rz, For constant axial
velocity time is proportional to axial distance
& and the curve thus represents a profile of the
inner edge of the beam. Thus

(1/2)(~28)Y/2(=2ev/m)~/2 5 = r exp(-p?)dp
(o]
()

For design purposes the slope of the beam
edge is also desirable. This is given by

dra/dz = dRa/dy = - ro(-28)"2 (<2ev/m) V2 «
(22)
where
Z=z/r (23)

Integration of equation 18b is carried out
similarly except that the change of variable

Ry, = exp(y?) (24)

is made, yielding



y

(1/2)(2B)2 (~zev/m) /2 5 = j exp(p?)dp
(25)

and the integral on the right is also tabu-~
lated®, The slope of the beam edge is given by

dr/d, = dRy/dy = ro(28)Y 2(=2ev/m)" V% (26)

The two beam profiles represented by equa-
tions 21 and 25 are shown in Fig. 3. The hori-
zontal scales on these profiles differ because
of the differing coefficients of z, Once the
constants for a given beam system are known
these scales may be properly adjusted. Further
normalization is not apparent,

Strong Radial Fields

If the applied radial field is strong then
the space-charge forces are weak by comparison.
In this case the beam remains relatively thin
so that in equation lha, R, may be replaced by
Rq, and conversely in equation 1l4b. The equa~
tions of motion are then written

Ry = 8/(ro %Ry )+ [b/(rozaaﬂ 1n Ry/R, (279
Rp = a/(ro2Rp)+ [b/(rosz)] in Ry/R, (2m)

These equations are integrated once in the
usual way after multiplying by 2R. With the
stated initial conditions the following equa-
tions are found:

22 _2a b Rg
R, —mlnﬁa+?‘;z (1n Rg)(1n Ez-z) (28a)

-2 _ 2a b Ry
=<5 1n R +—2(1nR)ln—7) 28b
™ r°2 b To o) By (280)

At this point a change in variable is con~
venient, There are two cases to consider, each
requiring a different variable change. Since it
has been assumed the beam remains thin, both Ry
and Rp must increase or decrease together.

If R, and Ry, both increase they are always
1 and ghe variatle change indicated is .

= exp(x?) (29)

The integral expreasions resulting from this
substitution are
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(30a)

2 = 21 &P dp
1.5
T, 1.5 G P (T——p . sz (30p)
where
Kg? = 2(a/b = 1n Rp) (31a)
Ky = 2(a/b - 1n Rl) (31b)

and the perveance
G = - 1/v3/2 (32)

It will be noted that Khz is positive so
that a real solution for z is obtained without
difficulty from equation 30b, If Kq2 becomes
negative, however, a real solution to equation
30a will not exist., It is necessary_to adjust
the parameters therefore, to keep Ko< positive.
This condition expressed in other terms, is

P,8.> ~(2 1n Ry)/2we (33)

vhat this condition means is that the applied
potential difference must be greater than what
would be produced by the beam charge alone. In
this case both edges of the beam experience an
outward force.

If R, and Ry, both decrease they are always

< 1 and the convenient substitution in equation
28 is

R = exp(-y?) (34)
which leads to the solutions

ya
2
T, -

=z =1 \/1“' 1] e® a4 (358)
r, O6L.5 R m

]

=k i rljyb e—pz
= 7 ?ﬁ b
s o1V G ry (350)




where

=
il

2= 2 (1 Rz—a/b) (36a)

2 (1n R;-a/b) (36b)

el
o
"

Note the change of sign in these equations from
equation 31,

Paralleling the previous case,_both of
these solutions are real only if Kp< is posi-
tive or if

p~#, > (2 In By)/(2v¢ ) (37)

Equations 30 and 35 have been solved and
plotted in convenient form on an electronic
analog computer, These solutions along with
curves of the slopes of the beam edges are
shown in Figs. 4, 5, 6 and 7.

Fig. 4 has certain interesting features.
All of the curves are beam profiles normalized
with respect to the same quantity r,. Thus one
member of the family of curves represents the
outer beam edge and another the inner edge
since 30a ang 30b dlffer in form only in the
constants K,< and K2, Reference to the defi-
nitions of these constants (equation 31) shows
that
2 2
Kp“ = Ka~ = 2 1n rp/ry (38)
which depends only on the drift tube radii.
This difference then is specified by the geom-
etry while freedom is retained to adjust
either constant by choice of the applied poten-
tials. From the curves it is clear that the
larger these constants are, the closer their
corresponding curves, if the difference (38)
is maintained constant. Making K2 large means
applying a large radial field. The space-charge
forces are made less significant and beam spread
is reduced,

Examples

The results of the theory are illustrated
in this section by the profiles of a single
hollow beam operating under a variety of condi-
tions. The drift tube radii rj; and r; are
chosen as 0.4 cm, and 0,6 cm, respectively and
ro is taken as 0.5 cms The beam current is 50
ma. and the beam voltage V, corresponding to
the axial velocity is 300, volts, resulting in a
perveance G, of 9.6 x 1076,
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In the first case, the inner drift tube is
removed and the motion of the outer beam edge
is determined. This beam profile is shown by
curves 1 in Fig. 9. The curves are arbitrarily
extended beyond the point where the beam strikes
the drift tube. In this case the proper drift
tube potential P, is 316 volts.

In the second case both drift tubes are
present and are held at the same potential., The
resulting beam profiles, taking account of the
differing scale factors for the two beam edges,
are indicated as curves 2 in Fig. 9. As was
assumed in the analysis, the mean beam radius
remains approximately constant. Clearly the
principal effect of the inner drift tube is to
deflect the beam radially inward. No signifi-
cant change in the thickness of the beam is pro-
duced.

In the remaining two cases potentials are
applied to the drift tubes to cause both beam
edges to diverge, the case of strong radial
fields. _With the chosen drift tube dimensions
sz - K = 008101

If K2 is taken as 1, then K,2 = 0.190 and
the reaultlng values of @ ; and [/ ®are 287 volts
and 311 volts respectively. ?beam profiles
are curves 3 of Fig. 9. Again, the most signi-
ficant change is an outward deflection of the
bean .

If k.2 is t.a.lasn as 10, then Ke. = 9.190 and
the potentials B, and f, become 70 volts and 488
volts respective}y 'me profiles are curves 4
of Fig. 8. Now in addition to a drastic change
in beam deflection, there is a significant re-
duction in the thickness of the beam. This is
particularly true if this thickness is measured
normal to the electron flow, as an electron gun
would see it, rather than radially.

While tihis radial deflection necessarily
accompanies the reduction in beam spread, it is
not without some advantages. It allows the elec-
tron gun to be placed well out from the axis
avoiding construction problems due to lack of
space near the axis, All the gun dimensions ex-
cept its distance from the axis, after accounting
for the lens action of the anode slit, are con-
siderably reduced from what they would be in the
undeflected case, This is due to the reduction
in beam thickness and also to a reduction in the
gun perveance, as distinguished from the beam
perveance, The gun operates with an anode poten-
tial higher than V to provide electrons with suf-
ficient energy to reach r_. In high-power tubes,
where very high beam densgties are required, this
reduction of gun perveance may be quite useful,



Conclusgions

The theory and results presented here serve
to formalize part of the process of hollow-beam
system design. "hile only axially symmetric
beams in electrostatic fields have been con-
sidered, the variety of special cases serves to
emphasize the flexibility of hollow~beam systems
in contrast to the usual solid-beam design.

This information should be particularly
useful in the design of injection systems for
magnetically focused hollow beams. Indeed it
was for this purpose that the study was made.
The case of strong applied radial fields offers
particular advantages in placement of the elec—~
tron gun and reduction of its perveance. lore~
over, it provides some measure of flexibility
in electrically controlling r,, the injection
radius. .

In passing one might note the possible ap-
plication of hollow beans with two crossover
rings to high-power two-cavity klystrons. One
difficulty with this notion is that the two
edges of the beam must then have different axial
velocities if all electrons are emitted from a
common cathode. This would bring about a reduc-
tion in the effective bunching due to velocity
modulation.

DRIFT TUBE
| m—vem——
AGNETIC MATERIAL

L ALY

ELECTROSTATIC__J l FOCUSED BEAM
DRIFT REGION REGION

TRANSITION REGION

Fig. 1
Hollow beam injection system
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