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This invention relates to electron discharge 
devices and, more particularly, to electron guns 
for high current electron beam devices. 
In general, in a number of known general 

types of electron beam discharge devices, high 
current beams are imminently desirable. In some 
devices, the desired high current may be realized 
by utilization of beams of substantial diameter. 
In others, however, for example, in high fre 
quency devices of the traveling wave type, a 
requisite for optimum operation is that the bean 
be of very small diameter and, further, that the 
diameter remain substantially constant over a 
long path. Ways of maintaining the beam di 
ameter small and substantially constant between 
the inlet and outlet ends of a given region have 
been suggested in the art. However, there still re 
mains the problem of obtaining a beam of the 
requisite or desired high density at the point 
of injection into the given region. 
Known electron guns involving conventional 

focusing methods Suffer a Serious limitation due 
to Space charge effectS. Specifically, forces re 
Sulting from Space charge cause a divergence 
of the beam and the greater the current density, 
the greater these forces, and the greater the tend 
ency toward beam divergence. Thus, in known 
devices in general, a choice or compromise must 
be made between current density in the beam 
and beam diameter. 
One general object of this invention is to en 

able realization of high current densities in an 
electron beam concomitantly with substantially 
minimum beam diameter. More specifically, one 
object of this invention is to enable attainment 
of maximum current density in a beam of given 
diameter, or, viewed in another way, to attain 
a minimum beam diameter for a given current 
de Sity. 
Another object of this invention is to provide 

a magnetically focused electron gun for produc 
ing a small diameter beam, which comprises a 
large area cathode and, consequently, is capable 
of projecting a high current, intense electron 
beam. . . . . . 

A further object of this invention is to nullify 
space charge repulsion effects in an electron 
beam. 

still another object is to improve electron guns 
generally. 

In accordance with a feature of this inven 
tion, an electron beam of circular croSS Section 
is projected through a circular aperture in one 
element of a magnetic System, which creates a 
radial magnetic field in the region of Said aper- 5 
ture having a magnetic field component thereof 
perpendicular to the flow of Said beam. This 
field component is greatest: at the periphery of 
said aperture, and is zero; at the center of Said 
aperture. The electron beam is thus given a 
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rotating motion. The magnetic lines of force 
are then converged in a substantially parabolic 
manner. The rotating electronbeam, which has 
been focused to form a converging conical 
shaped beam having the same axis as the mag 
netic field, is held within that shape by the force 
of itS interaction with the converging magnetic 
field, Which is just great enough to supply the 
radial accelerating force of the rotating beam 
and to nullify the Space charge effects in the 
electron beam. 
A feature of the invention pertains to a con 

Werging conical-shaped rotating electron beam 
in . conjunction with a converging paraboloidal 
magnetic field, Which permits the beam from a 
large cathode to be focused to a smaller diameter 
that has heretofore been possible. 
The above-mentioned and other objects and 

features of the invention will be more clearly 
understood from the following detailed descrip 
tion. When read in conjunction with the draw 
ingS, in Which: , . 

Fig. 1 is a view, mainly in section, of a dis 
charge device including an electron gun illus 
trative of one embodiment of the invention; 

Fig. 2 is a diagram illustrating the magnetic 
field in the gun shown in Fig. 1; 

Fig. 3 is a diagram illustrating the electrostatic 
field due to Space charge; and . . . . . . . . 

Fig. 4. is another diagram showing the various 
Components of Velocity of the electron beam. 

Referring noW to Fig. 1, the cathode is heated 
by heater coil í 2, which is energized by: battery 
5. The electron beam represented by dotted 
lines 3 is focused and accelerated by electrodes 
4 and 5, the geometry of electrodes 4 and 5 

being Such that the electron beam 3:is of con 
ical shape. Electrode 5 is maintained at ground 
potential, and electrode 4 is maintained at ap 
proximately -1500 volts by means of battery 6. 
Reference is made to United States - Patent 
2,268,197, issued December 30, 1941, to J. R. 
Pierce, wherein a similar geometry is discussed 
in detaill. Electrode f5 is of a magnetic materia 
having an aperture 6, therein, through which 
the electron beam passes. . . . M 
The magnetic field established between pole 

pieceS 5 and 7; as described hereinafter, has 
a radial component thereof perpendicular to the 
axis of Said aperture 6 which causes the elec 
tron beam passing through to acquire an angular 
velocity. The magnetic lines of force between 
pole-pieces (5 and IT have -a, - paraboloidal shape 
having the Same axis, as the axis of the elec 
tron beam. The two pole-pieces 5 and IT are 
Separated and Supported by a non-magnetic 
Shield 8, and the pole-piece. 7 is magnetically 
positive with respect to the pole-piece. 5. As 
the electron beam flows from aperture (6 to 
aperture.9, there is an interaction between the 



2,608,668 
3 

rotating electron beam and the magnetic lines 
of force. This interaction gives each rotating 
electron in the electron beam a negative radial 
acceleration, which, in effect, causes the bean 
to remain confined within a small cross-sectional 
area. The size of this area is determined by 
parameters such as the strength of the magnetic 
field, the density of the electron Stream, elec 

4 
a cylindrical element 3. 
ported by rods 32. • - • • • • 

Coil 33 generates the flux which flows in a 
path determined by magnetic element 34 across 

The helix 25 is sup 

an air-gap to magnetic element 5 forming a 
. converging paraboloidal field inside non-mag 
netic element 8, through magnetic element , 

tron volt energy of the electron stream, and the . 
angular velocity of said rotating electron strealin, 
These parameters will be defined more clearly 
by detailed analysis later herein. 

It is noted that surfaces 48 and 41 of elements 
34 and 5 comprise a paraboloidal surface except 
where envelope to separates elements 34 and 5. 
Similarly, surfaces 42 and 43 of elements 2 and 
i7 also, form a paraboloidal surface. The focal 
points of these two paraboloidal surfaces are 
substantially coincident with the focal point of 
the conical-shaped beam, which Would theoreti 
cally occur in the vicinity of aperture 9. ihese 
surfaces represent equipotential surfaces of the 
magnetic field existing therebetween. The flux 
generated between these two surfaces then will 
also have a confocal paraboloidal geometry. With 
the focal point substantially coincident with the 
focal point of the converging electron beam. 
This field is represented in Fig. 2, wherein the 
equipotentials and the flux lines at a plane pass 
ing through the axis of the electron beam are 
shown. It is not essential that the surfaces 48, 
4 and 42, 43 be perfect confocal paraboloids - 
of revolution, since other curved surfaces will 
also produce Similar magnetic flux fields, which 
can be Suitably utilized in obtaining a con 
verging electron bean. However, in the pre 
ferred embodiment of the invention described 
herein, paraboloidal surfaces are used. 
The intensity of the magnetic field increases 

as the beam becomes Smaller in diameter, always, 
however, being of such intensity as to provide 
interaction forces Sufficient to cancel the in 
creased Space charge forces of the electron beam 
and the increased centrifugal forces due to the 
rotational motion of the electron beam. This 
will become clearer from the mathematical anal 
ysis which will be presented hereinafter. 
In the aperture 9 in the electrode 7, the 

magnetic field is weaker than it is within the 
non-magnetic element 8, thus allowing the elec 
tron beam to diverge until the electron beam 
flow becomes cylindrical in shape. Upon leaving 
the aperture 9, the electron beam, which is 
now uniformly cylindrical, enters a magnetic 
field which is substantially parallel to the flow 
of the electron beam and of sufficient strength 
to maintain the uniformly cylindrically-shaped 
electron beam as it travels through the helix 25. 
Electrode 28 constitutes the collector for the 
electron Stream and is maintained at approxi 
mately -1000 volts. In this particular embodi 
ment of the invention, the electron gun has 
been adapted to a traveling-wave tube of the 
type disclosed in the application of L. M. Field, 
Serial No. 704,918, filed October 22, 1946, now 
Patent No. 2,575,383, issued November 20, 1951. 
The signal to be amplified is injected by means 

of wave guide 22 upon antenna, 23, which is se 
cured to cylindrical element 24 and to the helix 
25, - which is grounded through lead 29. The 
signal travels along the helix with approximately 
the same forward component of velocity as of 
the electron stream and is fed into wave guide 
27 by means of antenna, 26, which is secured to 
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through magnetic. elements 21, and back to ele 
ment 34. It is to be noted that magnetic fields 
having radial components are formed in aper 
tures 6 and 9. Coil 35 generates a flux which 
flows through a path comprised of magnetic 
electrode 2, magnetic electrode 7, forming a 
magnetic field Substantially parallel to the flow 
of the electron beam from element 24 to ele 
ment 3, and back to magnetic material 36. 
A fuller understanding of the operation of this 

invention may be obtained from the following 
mathematical analysis. Due to the particular 
type of magnetic and electrostatic fields pre 
sented in this invention, spherical polar coordi 
nates will be used to describe the electron paths 
and the electric and magnetic fields. - 
The orientation of the coordinates is shown 

in Fig. 4. MKS practical units will be used, 
Some of the symbols used are defined below. 
g charge density expressed in coulombs per unit 

Solid angle per meter along the radius. 
p charge density in coulombs. per cubic meter. 
m charge to mass ratio of the electron, 1.76x1011 

coulombs per kilogram. 
e dielectric constant of vacuum, 

W 1n 
:? ? 10 

farads per meter. . . 
r radial coordinate used in the spherical polar 

Coordinate system. - 
6 angular displacement of r from a reference line 
which is herein chosen to coincide with the 
axis of the electron beam. . . . 

p angular displacement of r from a reference 
plane. The "dot” notation is used to indicate 
total time derivatives, rindicating dr/dt, and 
r indicating d2r/dit2, etc. ?? ? ? ? - 

It is to be noted the phrase “radial compo 
nent” when used in connection with the mathe 
matical analysis applies to the spherical polar 
coordinate system utilized herein. 
The method of solution is indirect, in that 

an assumed set of conditions is shown to satisfy 
the equations of motion for small angles of con 
vergence. The first assumptions are that the 
radial velocity is constant and independent of 
6 and that there are no motions in the 9 direc 
tion. A magnetic field configuration is chosen 
whose radial component is inversely proportional 
to the radius as shown in Figs, 2 and 4. Such 
a field is described by the following equations: 

B,- (1) 

- B=- tan , "(2) 
Bq = 0 (3) 

where B1 is the magnitude of the radial com 
ponent of the field at unity radius, Br is the flux 
in the ridirection, Ba is the flux in the a direc 
tion, and Bq is the flux in the d direction. This 
field is a solution of Laplace's equation. The 
magnetic flux lines and the magnetic equipoten 
tial Surfaces conform to the surfaces of parabo 
loids of revolution, which have a common focus 
at the origin of coordinates. 
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It is also assumed that the cathode is shielded 
from the magnetic field and that all fields are 
axially symmetric. From Busch's theorem, the 
angular velocity g5 can be deduced for electrons 
at any point in the space. The theorem specifies 
that 

i - ?? 
- *=2?? sin? 69 

where p is the total magnetic flux in the positive r. 
direction which passes through a surface bounded 
by a line of constant r and 9. For the magnetic 
field chosen, - • " ; ' '. 

?=4Tr B, sin? 2 
and (6) 

B1 
69 2. 2r cos 2 

The velocity distribution of the electrons is fur 
ther specified by a constant r velocity, and Zero 6 
Velocity, as Summarized below. - 

If it is also assumed that a uniform radial 
current density exists Over the cone, the electro 
static field configuration due to space charge can 
be found. For a conical conducting boundary 
such as element 8 shown in Fig. 1, the field 
within the beam is given by 

E,-0 (7) 
E=E. tan 3 (8) 

where q is the charge density expressed in cou 
lombs per unit. solid angle per unit radius. This 
is a solution to Poisson's equation. The electro 
static equipotentials are cones whose apexes are 
at the origin of the coordinates. The electro 
static flux lines conform to the Surfaces of Spheres 
whose centers are at the Origin of COOrdinates. 
This is shown in Fig. 3. The total current in 
amperes carried within a cone bounded by an 
angle is 

2 

There is now established a set of assumed con 
ditions specifying the velocity distribution and 
the static fields. It remains to demonstrate that 
these conditions satisfy the equations of electron 
motion. These equations are 

amperes (10) 

substitution of the assumed values for the veloc 
ities, fields, and accelerations into these equations 

0. 

5 

20 

25 

30 

35 

40 

45 

50 

80 

65 

70 

6 
yields exact identities for Equations 1 and 13. 
Equation 12 reduces 

6 69 
--- 2 2 - vn m 2 2 ?? ?? m2B? tan 2 cos 69 ng tan 2 B? tan 2 

- -- - - - -7 , zr | cos" ???? Er 
(12) 

Another substitution 
2 g-- (14) 

yields 

m2B2 tan d — ?B? tam 6 2 69 cos 2 ? ??T_ 
2r cos? .6 2 ???" S* 

This approaches an identity for Small 0 where the 
expression in the brackets may be considered 
equal to 1. It is very nearly an identity even for 6 
as large as 10 degrees where the ratio of cosines 
is .992. This discrepancy represents an unbal 
ance of forces in the 8 direction which is prac 
tically negligible for reasonably small 6 on the 
Order of 0-10 degrees. This means that the aSr 
Sumed Velocity distribution is not quite correct 
for the outer electrons in a wide angle beam, but 
the discrepancy is negligible for reasonably small 
COne angles. 
The substitution made above specified by Equa 

tion 14 was necessary to make Equation 12 be 
come an identity. It specifies the magnetic field 
B1 required for any degree of space charge q, 
In accordance with this relation, the beam cur 
rent Within a bounding angle l, which is the 
maximum value of 8, may be expressed as 

2 (15) 

This is the relation which relates beam current I, 
beam voltage. Wo, cone angle , and the magnetic 
field at unity radius B1. This is the basic design 
equation for the region of conical electron flow. 
In MKS units, I is expressed in amperes, Vo in 
volts, and B1 in Webers per square meter. It 
should be noted that B1 is the magnetic field 
Which would exist at a radius of 1 meter from the 
Origin of the coordinate system, and the radial 
component of magnetic field at any other radius 
is equal to B1/r. It is to be further noted that Wo 
is the potential at the beam axis and will or 
dinarily be slightly more negative than the po 
tential of the shield electrode. 
The potential Win: the beam is a function of 

the angle 6 only and is given by 

V=VO—PE, do 
6 =V-I-º în cos = Vo + log cos ; (17) 

where Vo is the potential at the beam axis. For 
Small 6. Where 

8 
tan ? i 

1s approximately equal to 
6 

Equation 8 may be approximated as 

F. 29. ??: (a small) 
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which gives 
V-V-2 (0 small) s vo- (us 

if the electrons were emitted from a cathode at 
Zero potential, their kinetic energies must corre 
Spond to the Space potential W, as expressed by 
the equation 

*??*?(r?sin 9)°=27V 
Substitution yields 

2?+* sin? 2 ??? (^—?) p 6 4e J 4r2 cost 
2 

which reduces to an identity for small 0 if 
2 q=-2 

which is the condition required for satisfying the 
equations of notion. Thus, the type of electron 
floW neceSSary to realize this invention can be ob 
tained from a unipotential Cathode. 

For the electrostatic field, We have postulated 
a cone-shaped conducting shell Surrounding the 
bean. While this is necessary to obtain the 
Simple field described, in an actual case, it will 
probably not make a great deal of difference if 
it is shielded by a cylindrical or other shaped 
electrode. For the cone-shaped boundary, the 
electroStatic fields will be oriented as shown in 
Fig. 3, wherein the equipotential surfaces are 
represented by the radial lines from the origin 
and the electroStatic field is represented by the 
arcuate lines. 
The magnetic field configuration is shown in 

Fig. 2. Both equipotentials and flux lines con 
form to the surfaces of paraboloids of revolution, 
which have a common focus With the electron 
stream. The required field may be realized with 
paraboloidal pole-pieces of large... size and may 
be approximated closely with smaller pole-pieces 
of other shapes. These shapes can be experi 
mentally determined by the use of an electrolytic 
tank. - - . . . 

As discussed before, Fig. 1 shows a configura 
tion of electrodes which produces this type of flow. 
At the left, there is a converging gun of generally 
conventional construction. The accelerating 
anode of this gun is made of a magnetic material 
of high permeability and is shaped to shield the 
internal parts of the gun from the magnetic field. 
As the beam passes through this anode, it enters 
the magnetic field rather suddenly, which gives 
the beam a twist, providing the initial di velocity. 
The total input velocity determines the cone angle 
and fixes the origin of the coordinates used to de 
Scribe the motion and the magnetic field. The 
origin is chosen. So that the electrons do not have 
any velocity in the 0 direction after they have 
entered the magnetic field. • 

It is to be understood that the Specific embodi 
ment of the invention herewith shown and de 
scribed is to be taken as a preferred example of 
the same and that various changes in shape, Size, 
and arrangement of parts may be resorted to and 
other applications may be made thereof without 
departing from the spirit and Scope of the in 
VentiOn. ? 

What is claimed is: 
1. An electron discharge device comprising a 

first and a second spaced magnetic member hav 
ing axially aligned apertures therein, means for 
producing a conically converging electron beam, 
means for projecting said beam through Said 

(14) 

5 

0 

5 

20 

30 

4 5 

50 

5 5 

60 

70 

75 

8 
apertures, and means including said first mag 
netic member, and magnetic means for produc 
ing a magnetic field configuration between Said 
spaced members whose magnitude in the direc 
tion along the axis is inversely proportional to the 
axial distance from the point toward which the 
bean COn Verges. 

2. An electron discharge device comprising a 
magnetic element having an aperture therein, 
means for projecting an electron beam through 
said aperture in the direction of the axis of Said 
aperture, magnetic means coupled to said element 
for producing at said aperture a magnetic field 
having a radial component increasing from Said 
axis, and means for focusing Said beam at a pre 
assigned region beyond Said aperture, Said last 
means comprising means for producing a, parab"- 
oloidal magnetic field beyond said aperture and 
including said magnetic element and said mag 
netic means. 

3. An electron discharge device in accordaince 
with claim 2, wherein Said focusing means also 
comprises a second magnetic element having a 
Second aperture therein, and positioned near the 
focal point of Said electron bean, Said Second 
aperture having the same axis as Said electron 
bean, said Second magnetic element forming a 
return path for a portion of the flux from said 
magnetic means. 

4. An electron discharge device in accordance 
With claim 3, wherein a second magnetic means 
is positioned so as to produce a substantially par 
allel magnetic field in the region of and sub 
stantially parallel to the flow of said electron 
beam after Said electron beam leaves said sec 
ond aperture, said substantially parallel magnetic 
field being of strength to maintain said electron 
beam in its cylindrical path. 

5. An electron discharge device comprising 
means for producing a converging electron beam, 
a first magnetic element having a first substan 
tially circular aperture therein, said first mag 
netic element having a substantially paraboloidal 
Surface with a focal point substantially the same 
as the focal point of said electron beam, a sec 
ond magnetic element having a second substan 
tially circular aperture therein, said second mag 
netic element having a Substantially paraboloida1 
Surface With substantially the same focal point 
as the focal point of said electron beam, the said 
apertures having their axes coincide with the axis 
of said electron beam, second means for creating 
a radial magnetic field in said first aperture to 
cause Said electron beam to rotate as it passes 
therethrough, said second means for Creating a 
magnetic field further creating a magnetic field 
of Substantially confocal paraboloids of revolu 
tion With the focal point substantially the same 
as the focal point of said electron beam. . 
... An electron discharge device in accordance 
With claim 5, wherein said second magnetic ele 
ment provides a return path for a portion of the 
magnetic flux between said first and second aper 
tures. . - 

7. An electron discharge device in accordance 
with claim 6, wherein a third means for creat 
ng a magnetic field is positioned around a por 
tion of the path of Said electron beam so as to 
produce a substantially parallel magnetic field in 
the region of an Substantially parallel to the flow 
of Said electron beam after said electron beam 
leaves Said second aperture, said Substantially 
parallel magnetic field being of strength to main 
tain said electron beam in its cylindrical path. 

8. An electron discharge device comprising an 
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evacuated envelope, a transmission path within 
Said envelope capable of guiding high frequency 
electrical Waves, Said transmission path compris 
ing a conductor in the form of an elongated helix, 
a first means to impress waves to be amplified 
upon an input end of said transmission path to 
permit travel of the waves along said path, a sec 
ond means to couple a load circuit to an output 
end of said transmission path, a third means to 
produce and accelerate an electron stream 
through said helix, said third means comprising 
a fourth means for generating and accelerating 
an electron beam, a first magnetic means com 
prising an element having an aperture therein 
for creating a magnetic field. Which has a radial 
component perpendicular to the axis of Said 
aperture, said electron beam passing through Said 
aperture with its axis substantially parallel to the 
axis of said aperture to give said electron beam 
a rotating motion, a second element having a sec 
ond aperture therein placed at a distance from 
said first element, said electron beam passing 
through said Second aperture, the adjacent Sur 
faces of said first and second elements being con 
focal paraboloids of revolution with a focal point 
coincident with the focal point of the electron 
beam, said first magnetic means creating a mag 
netic field of confocal paraboloids of revolution 
between the said adjacent surfaces of Said first 
and second elements, said paraboloidal magnetic 
field being of Sufficient strength to Supply radial 
accelerating force of the rotating electron beam 
and to counterbalance the space charge effect 
of the electron beam. 

9. An electron discharge device in accordance 
with claim 8, wherein said second element is of 
a magnetic material and provides a return path 
for a portion of the magnetic flux between said 
first and second apertures, thus lessening the in 
tensity of the magnetic field in said second aper 
ture and causing said converging electron beam to 
adapt a cylindrical path of flow. 

10. An electron discharge device in accordance 
with claim 9, wherein a Second magnetic means 
for creating a magnetic field is positioned around 45 
a portion of the path of said electron beam. So 
as to produce a substantially parallel magnetic 
field in the region of and substantially parallel to 
the flow of said electron beam after said electron 

10 
beam leaves said second aperture, said substan 
tially parallel magnetic field being of Sufficient 
strength to maintain Said electron beam in its 
cylindrical path. 

5 11. An electron gun comprising a pair of Spaced 
magnetic members having axially aligned aper 
tures therein, the facing Surfaces of Said mem 
bers being paraboloidal and - respectively convex 
and cOnCave, means for magnetizing Said mem 
bers to establish a magnetic field therebetween, 
and means for projecting an electron beam 
through said apertures in the direction from said 
concave surface toward Said convex Surface, said 
beam projecting means comprising a cathode and 
electrode means thereadjacent for directing elec 
trons emanating from Said cathode along paths 
converging in said direction. 

12. An electron discharge device comprising a 
first and a second magnetic member having axial 
ly aligned apertures therein, the surface of said 
first member facing said second member being 
substantially paraboloidal, means for projecting 
an electron beam through Said apertures along 
the axis thereof, and means for producing a mag 
netic field between said first and second magnetic 
members. - 

13. An electron discharge device comprising 
first and second Spaced magnetic members hav 
ing axially aligned apertures therein, the surface 
of the first of Said members facing Said second 
member being substantially paraboloidal, means 
for producing a converging electron beam, means 
for projecting said beam through said apertures 
along the axis thereof, and means for producing 
a magnetic field between said spaced magnetic 
members. 
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