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This invention concerns the production and focusing 
of axially symmetric hollow electron beams and more 
speci?cally the production and maintenance of such 
beams without the necessity for a magnetic ?eld along the 
entire axis of the beam. 
Many microwave vacuum tubes make use of an elec 

tron beam. In the past it has been common practice to 
use a strong magnetic ?eld along the axis of such a beam 
in order to convertv any undesirable radial motion into 
angular motion and thus keep the beam well focused. 
Many analyses, being founded on the idea of using a 
solid beam, assumed in?nitely intense magnetic ?elds 
and much power has been wasted in producing ?elds 
which approximate this assumption. The power require-’ 
ments for producing such a magnetic ?eld along the en 
tire axis of the beam have been on important part of 
the total requirements for these tubes. 

In many cases, however, there is no inherent necessity 
to use a solid beam. In certain applications, even with 
out considering questions of economy, a hollow beam 
may be more desirable. The apparatus necessarily in 
volved in producing a hollow beam consists of an elec 
tron gun which is capable of producing the electron 
beam required, and an evacuated drift tube in which the 
beam travels, this latter being simply a piece of hollow 
metal tubing. Existing systems also commonly use a 
solenoid somewhat longer than the tube itself in order 
to produce a uniform longitudinal magnetic ?eld in the 
tube. Excluding factors which may be introduced by 
the electron gun itself, an electron moving in 'the drift 
tube part of such apparatus would be in?uenced by a 
variety of forces. The gun produces axial velocity which 
the electron will maintain. At the same time, the density 
of the beams which are involved here is such that the 
electrons tend to react against each other. The net 
effect is a strong tendency for the beam to expand unless 
restrained by some other force, this tendency being known 
as the space charge effect. If the beam does start to ex 
pand, however, the electrons must cross the longitudinal 
lines of flux produced by the axial solenoid and in so 
doing the expansion is converted into rotation. One 
further in?uence which may be applied to an electron 
in a hollow beam would be the force of an electric 
potential which could be applied by placing another con 
ductor inside the outer drift tube but inside the hollow 
beam and then keeping the two drift tubes at different 
voltages. The potential gradient thus set up would tend 
to force any given electron toward the more positive 
electrode. 

It is the object of this invention to provide a simpler 
and more ei?cient and economical method of producing 
and maintaining a hollow electron beam. More speci 
?cally it is the object of this invention to enable the 
maintenance and focusing of such a beam without the 
use of a magnetic ?eld along the axis of‘the beam. 
To achieve these objects this invention contemplates 
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T ing through which the beam passes,‘said opening being 

traversed by ?ux having radial components, and a co-' 
axial drift tube in registration with the beam on the two' 
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the use of an electron gun, a casing around the gun in . 
which a magnetic ?ux is created having an annular open 
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electrodes of which there is a potential difference. It 
will be noted that this apparatus requires the-use of a 
magnetic ?eld in the beam forming region only, thus mak 
ing a simpler apparatus and eliminating the need for the 
main coils and power supplies now used. A further ad 
vantage is the fact that mechanical alignment between 
the magnetic ?eld and the drift tube is no longer a prob 
lem, and the tube may be relatively easily-connected 
to radio frequency apparatus. > 

In the drawings illustrating the invention, Fig. 1 shows 
a longitudinal‘ cross section schematically representing 
one form of the invention; Fig. 2 is a plot of angular 
frequency vs. a quantity proportional to the axial ?ux; 
Fig; 3 shows another form of the invention in which a 
solenoid is added to counteract stray ?ux permeating into 
the, area-of an incompletely shielded cathode. 

Fig. 1 schematically illustrates the above-mentioned 
parts as follows: An electron gun consisting of an an 
nular cathode 10 and an annular anode 20 are contained 
in, the metal case (e. g. soft iron) 12. A ?ux producing 
device 14 (in this example a cylindrical permanent mag 
net) sets up in the shield a ?ux which passes radially 
across the gap in the shield 18 through which the beam 
passes. The entire construction is similar to that of a 
dynamic loudspeaker magnetic circuit and the radial 
?ux across the anode gap is the essential part of the sys 
tem. It is at present deemed desirable that this magnetic 
air gap be placed well forward of the anode of the elec 
tron gun in order that the cathode region be as free as 
possible of any fringing magnetic ?ux. The inner and. 
outer drift tube electrodes are denoted 22 and 24 respec—. 
tively and are insulated from each other and from the 
case. The entire apparatus is, of course, evacuated in 
the standard manner. Since the ?gure is intended to be 
merely diagrammatic all leads are omitted. 

In broad terms, the apparatus functions as follows.. 
Electrons emitted by the cathode are accelerated by the 
anode and are formed by the con?guration of the gun 
into a beam. In this case a hollow con?guration such 
as that which may be produced by a Pierce type gun 
is preferred. The beam so produced is sutliciently dense 
so that the reaction of one electron against another 
(i. e. space charge effects) would by themselves result in 
the beam beginning to expand and diffuse were other 
forces not applied. , 

Traditionally, a magnetic ?eld having strong axial com 
ponents is used to change radial motion into angular 
motion and form, in most cases, a relatively solid beam. 
In the present invention, however, the entire beam crosses 
radial ?ux before entering an annular waveguide passage, 
and in so doing the entire beam acquires a rotational 
velocity component about its' axis which varies with radius, 
after which it enters the drift tubes upon which a poten 
tial difference exists (imposed, for example, by the 
battery 23) tending to force the electrons inward. Axial 
components of ?ux used in existing systems for focus 
ing dense beams are unnecessary,‘ focusing being instead 
accomplished by the carefully combined effect of radial 
?ux in the beam focusing region and a potential, dif-. 
ference on the coaxial drift tubes which form the wave 
guide passage. 

Neglecting interaction between electrons other than, 
that tending to produce expansion, each electron in such 
a system is acted on by three forces; namely, the space 
charge eifect, the centrifugal force due to the rotation 
acquired from the magnetic ?eld, and the force of the 
applied electric ?eld._ The ?rst; two tend to force ex 
pansion whereas the latter counteracts this tendency. 
However, the gradients are not the same for the different 
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fdrc‘e‘s‘applied, and inorder' to produce stability and hence 
a focusing effect the density of the beam'must adjust it 
self in such a way that the gradient due to space charge 
effects just balances those from the other applied forces. 
The charge distribution which achieves this result is one 
in which the electrons are concentrated quite-heavily on 
the inside of the beam. While in some cases this may be 
a severe limitation, it may alsobe an advantage. For 
example, it would be very efficient in a‘ coaxial type of 
traveling wave tube if the inner electrode rather than the 
outer one were corrugated to slow the wave. 
The feasibility of the above methodof focusing-may be 

explained by the necessity for the beam to conserve en 
ergy. The beam does not have enough energy to ex 
pand, and it cannot- collapse because of therequirement 
for conservation of angular momentum. A mechanical 
analogy might be that of a ball-‘spinning-aroundthesides 
of a bowl in a gravitational ?eld, for a similar balance 
of forces keeps the ball at some radius part way up the 
sides of the bowl. This description of the focusing ef 
fect neglects certain details such as possible ionization 
effects, interaction of electronsdue to their trajectories 
crossing radially, and the like, since these factors need 
not be of critical importance. 

'Iyvo fundamental laws, conservation of energy and 
conservation of angular momentum, determine the be— 
havior‘ 'of'the electrons in the bea'inan’d thereforethe 
beam itself. If we assume a cylindrical-system of co 
ordinates wherein z isv the position along the longitudinal 
axis, r is the radius, and 8 the angle involved, then 

‘The dot'anot'ation indicates time derivatives, e'is the 
charge on the electron (-l'6><~l0-'z° coulomb); m is 
the electron mass (9.1 X 104*1 kg). 'cp is the electric po 
tential of the point as measured from the cathode. All 
electrodes and potentials are independent‘ of 0' and 2, ‘as is 
the magnetic?eld, for the analysis starts with the as 
sumption of an axial magnetic ?eld. The magnetic ?eld 
due to the beam current is ignored and the electrons are 
assumed to have --started with-zero velocity (i. e. no ve 
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locity of emission) so that the velocity willv depend- on the ' 
anode’s accelerating voltage V. 
For analysis purposes the beamis assumed 'to consist 

o'fa series of cylindricalvsh'ells‘ withno radial crossing, 
each shell ‘enclosing the saute- charge. Each electron is‘ 
intact dependent on the course of every other electron; 
however, such a system wouldnot be subject to analysis. 
In order to have’such a system it‘ is necessary to approxi 
mate the true system by assuming a radius at which 
equilibrium is possible. 
Making the above assumption'and using‘ known mathe 

matical procedures the following equation may be de 
rived: 

‘‘ 2 

"3/5) (‘pf-it’): V 
where e is a coef?cient giving the magnitude and direc— 
tion of the radial electric ?eld, 'y is the average potential 
at r,,, r,, is the equilibrium radius at which thte electrons 
of a shell experience no radial force, V is the accelerating 
voltage, 

(is: _ 2,117) m 

and rl/"denotes the '?ux (subscript c denotes cathode). 
The equation for radialacceleration may then be found 

from the derivative of the above equation. Further 'cal 
culation (including in approximating 
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'4 
resultsi'in ‘the ‘following equation'for angular frequency 
of- radial oscillation 

where 

__a £5: __i _ e/m 
ZOE-E 2a -?,nnd K—wH2ro2 

This equation is of considerable signi?cance. In a 
stable beam )8 as de?ned above must be real. A plot 
of‘ 5 as‘ a function of —-wH (which is proportional to flux 
density B) is shown in Fig. 2. This plot shows that 
when an electric potential tending to force the electrons 
inward is'a'p'plied to the drift tube 5 remains real (and the 
beam stable) even- ‘though the magnetic ?eld is reduced 
to zero. 

Design equations resulting from such an analysis where 
the flux‘is" equal to' zero may be summarized as follows: 

_ 6.9X 10'-7 I 

at (as) 41111. my, 

_ __ e ' ‘pa 2" 'Ta' To: 7'2 __l Warm Tr.) [Quiche-1 ("in 2)] 
where I is'the beam current, p is the linear charge density 
of the beam, <pl'and <p, are the inner and outer electrode 
potentials, ra and rb. are the inner and outer beam radii, 
and e is the permittivity of free space ()égarXlOfs far 
ads/meter)._ The same equations for charge density, 
magnetic ?eld strength, and difference between electrode 
voltages may be obtained by balancing radial electric, 
centrifugal, and ‘magnetic forces; however, the actual 
voltage of the inner electrode (gol—V), is, of necessity, 
derived from the energy balance. ' 

7 Typical design parameters derived from these calcu 
lations are as follows: 

Aneirperimehtal-model showed maximum focusing at 
values'whieh were in close agreement with the above 
calculations o, being 1870 volts and go, 1175 volts. 
The e?ectiveness of these parameters is based on the 

assumption that the cathode region is completely shielded 
from ‘stray ?ux, and that all the ?ux passes through the 
annular gap in the shield. While placing the air gap 
su?iciently far forward of the anode should reduce fring 
ing to negligible amounts, it may be useful under certain 
conditions to place a short solenoid over the entire gun 
structure to produce a ?eld capable of compensating for 
and neutralizing any stray ?ux in the cathode region. 
Fig‘. 3 illustrates this procedure, the solenoid being desig 
nated 30. 
' It will be noted'that ‘the charge density of the beam 
varies as l/r,,*. This means that if the currently pre 
ferr'ed Pierce type gun is used, in which the cathode 
emits electrons in such a way as to produce a uniform 
beam, there is a shift of charge density toward the inside 
during the transient region. However, where the gun 
'isshi'elded'» the transition region (?ux gap) is likely to be 
short, and'this phenomenon should not materially in?u 
enee focusing. 

‘Asheretofore-not'ed the foregoing analysis depends on 
certain assumptions‘, of which the only seriously ques 
tionabl'e one is ‘the assumption of no radial crossing. 
This means that'the shells must have the same wave 
length and phase and hence that )9 must be the same for 
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all shells and independent of ro or of R,,. If the density 
is non-uniform the frequency is not independent of r,,, 
and the assumption of no radial crossing is unjusti?ed 
when oscillations take place. However, those conclu 
sions are valid for equilibrium conditions, and have been 
veri?ed by experiment. 
Having thus described my invention, I claim: 
1. Electron beam device comprising means for gen 

erating a hollow electron beam comprising an annular 
cathode, an accelerating anode having an annular aper 
ture, a magnetic shield for said cathode and anode, an 
annular gap in said shield coaxial with the cathode and 
anode and aligned with the annular aperture in the anode 
to provide an exit aperture for the electron beam, means 
for generating magnetic ?ux across the annular gap in 
the shield to cause the electron beam traversing said gap 
to be subjected substantially exclusively to radial ?ux, 
cylindrical coaxial conductive elements aligned with the 
aixs of cathode, anode and ?ux gap and forming an 
annular passage for the emitted beam, and means for 
maintaining a potential diiference between said coaxial 
elements. 

2. Electron beam device comprising means for gen 
erating a hollow electron beam comprising coaxial mag 
netic structure having an annular gap at one end, an 
electron-emitting annular cathode within the magnetic 
structure and shielded thereby, an anode disposed with 
in the magnetic structure intermediate the cathode and 
the annular gap in the shield, means for generating mag 
netic ?ux across the annular gap in the shield to cause 
the electron beam traversing said gap to be subjected 
substantially exclusively to radial ?ux uniformly distrib 
uted about the beam axis, thereby to impart to the elec 
tron substantially uniform tangential velocity about said 
beam axis, cylindrical coaxial conductive elements out 
Wardly of the shield and axially disposed relative to the 
annular gap to de?ne an annular wave guide passage 
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6 
for the electron beam emitted from the gap, and means 
for maintaining a potential ditl‘erence between said 00 
axial elements to generate uniform inwardly-directed 
electrostatic forces on said electron beam along its axis. 

3. Electron beam device comprising means for gen 
erating a hollow electron beam comprising coaxial mag 
netic structure containing electron emitting and accelerat 
ing means, said magnetic structure comprising a cylin 
drical shield, a central, axially directed member, an an 
nular gap between the cylindrical shield and the central 
axially directed member at one end, the other end of 
the structure being closed to form a ?ux path between 
shield and central member, and means for generating 
magnetic ?ux across said annular gap, the electron emit 
ting and accelerating means comprising a cathode and 
anode encircling the central axially directed member for 
directing an annular electron beam through the annu 
lar gap to cause the beam to be subjected substantially 
exclusively to radial magnetic ?ux relative to the beam 
axis, cylindrical coaxial conductive elements aligned with 
the axis of cathode, anode and ?ux gap and forming an 
annular passage for the emitted beam, and means for 
maintaining a potential di?erence between said coaxial 
elements. 
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