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I. INTRODUCTION

The problem of generating long cylindrical electron beams of almost
Fonstant diameter has received much attention in recent years. Space charge
spreading due to the repulsion of the like charges in the beam must be eli-
minated by an external focusing field. Sets of widely spaced electrostatic
or magnetostatic lenses (15) have been used where charge densities were low,
vhile uniform longitudinal magnetic fields (2, 15) have been used where charge
densities were high. J.R. Pierce (5), in a Letter to the Editor of the
Journal pf Applied Physics, September 1953, suggested that spatially al-
ternating magnetic fields could be used to advantage in place of the uniform
magnetic fields. Considerable saving in weight of magnetic material can be
thus achieved; because the mean square fleld, which appears in the equations
describing the focusing action of the magnetic field, is higher per unit
weight for the alternating field than for the uniform field.

Recent efforts to extend the frequency of operation and to increase
the avallable power of existing microwave devices of the traveling wave and
backward wave types, has placed additional emphasis on the focusing problem.
These devices depend on the interaction of a well behaved electron beasm with
a rigid circuit structure. The structure may be one of the many detailed
forms described in the literature (14), for example a helix; but will in
meny cases, consist in basic form of a long conducting cylinder of constant
diameter. To achieve low noise operation consistent with efficient inter-
action, it is necessary to pass the electron beam as close to the walls of
this conducting cylinder as possible, while keeping the number of electrouns
striking the walls low. The diemeter of this conducting cylinder, and hence
the diameter of the electron beam, will be determined essentially by the

operating frequency and voltage of the device. Higher frequencies and lower
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voltages require smaller diameters. If one wishes to increase the frequency
of an existing device by geometric scaling while holding the voltage constant,
one must increase the charge density in order to maintain the same power. To
increase the power while maintaining the voltage and the frequency constant,
one must again increase the charge density. Both of these operations meke
the focusing problem more acute. During the last year, several packaged
units incorporating spatielly alternating magnetic fields have appeared in
the literature (13, 1b4).

J.T. Mendel et al (T), May 1954, reported a simple theory and experiment
using an axially symmetric periodic magnetic field. A more complete theory
dealing with both axially symmetric and guadrupolar periodic magnetic fields
was published by A.M. Clogston et al (8) in April 1954. The optimum design
of a periodic permanent maegnet structure was discussed by K.K.N. Chang (11),
Merch 1955.

The purpose of the author's work described in this thesis was to review
and extend the existing theoretical and experimental work on axially symmetric
periodic magnetic field focusing. With this intention, an electron gun was
designed. This gun produced an external beam of known shape, while giving
current densities typical of those found in modern traveling wave tubes. A
hard type vecuum tube incorporating the gun, a long conducting cylinder, and
an electron collector was constructed. A permanent magnet and an electro-
magnet structure were built. Observations taken under both static and pulsed
operating conditions are recorded and discussed in terms of the theory.
Finally, where the theory proves inadequate, suggestions are made towards

en improved theory and an experiment to test this improved theory.
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II. TEEQRY

Assuming laminar flow and a magnetically shielded cathode, an equation
describing the trajectory of an edge electron in the beam is found; Beam
profile curves obtained by solving this eguation on an analog computer in
the laboratory are analysed. Conclusions are dravwn regarding the stability

of the flow and the effect of entry conditions into the magnetic field.

2.1 Equation for the Trajectory of an Edge Electron
The analysis presented here will follow closely that fP¥rst presented
by Clogston and Heffner (8).
From the Lorentz force equation, the force,af} on an electron is given
by
—— . i e
Fs-e[E-i-(VXB)] 1

e
Using cylindrical coordinates the components of F are

F = m('r' - réz)
1l d 2
F =—-—— ] 2
© radt ( )
F = nmz

Now consider systems of cylindricel symmetry with;g'given by

-3
B= Bo cos kz 3
where k = en and p is the period of the magnetic field. Combining 1 end 2
P
gives the set of equations
.Z.ul\ EZ ‘ L
1 & (r%) =n Br 5
r d4at
ra\\Er-l\reB+r92 6

vhere i = e/m.
Integrating 5 with the boundary condition that at the cathode © = O,

B = 0 one obtains
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Substituting 7 in 6 leads to
¥+(B'2'§)2+'\Er'o 8
Assume that: (1) The electrons on the outside surface of the beam
always remain the outermost electrons, i.e. leminar flow. (2) Axial vari-
ations of the beam are small and occur in a distance large compared to the
diameter of the beam. (3) Axial velocities of the electrons are constant
throughout the beam.
Using the second assumption and applying Gauss' law, gives the radial
electric field, Er , on the outside surface of the beam.
2xrg B, = f@ ds 9
vhere € ° is the dielectric constant of free space, @ is the charge density
and ds is the element of area. Because of assumptions (1) and (3), f e ds
must be a constant. Define the radius of the beam &t z = 0 by r, and the

average charge density at the point by

fe ds = “roeeav 10
Also define the plasma frequency
do = heev 11
€o
Combining 9, 10 and 11 and substituting in 8 one has
[ ) w
*+r(AB)2 -r?_& .o 12
2 ° or
Define a radian frequency ®, by the equation
2.1 2
Substitute 13 in 12 to obtain 5 o
L 3 r w
r+r<bc2 cos?kz - 28 2 0 14
er

If v is the constant velocity of assumption (3) one has t = z/v.
Define the radian fre_quency at which the field appears to alternate as one.

moves with the electrons as . In addition place kz = x and kr = y.



Equation 14 then becomes

2
W,
J +[_ — ¢os x] —(i)z y° = Q 15
dx2 2 aﬁi
Place o 2
1 % 1%
AsZ— , B=z-—5 o=L 16
bR af Yo
and expand the cosine term to obtain
2
i“o - B
5 + A(1 + cos 2x) o F 0 17

dx
Note that the magnetic field was chosen to be a meximum at x = 0.

2.2.1 Analysis of Beam Profile Curves forg, = 1 and ( 9 =0

Consider first the case where the electrons are 1ntr::c-igced at x =0
with parellel motion so that & , = 1 and (-g?d- x-o- 0. Typical beam profile
curves for‘this case are shown in fig. 1 for six values of the parameters
A and B. These curves were taken by the author with the help of G. Farnell
on an analog computer designed and built by G. Farnell and now operating
in the laboratory. The analog computer scale factors to be used with these

curves are

18

where the curved chart lines represent X = constant and the straight chart
lines represent 2. = constant. The parameter Q in fig. 1 arises from
eolving the more general equation

i’e

dx .
The periodic axially symmetric system of principal interest in this

+(A+Qcosex)o--£-_.o 19

thesis is described by setting @ = A in eguation 19, which then reduces to
equation 17. The uniform magnetic field (Brillouin field) system treated
by Szabo (12), is described by @ = O, while the complementary field system
treated by Chang (9) is described by Q<A and Q ¢ A. This is summarized

in table 1.
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Solutions of equation 19 for small values of the parameters, that is
A, Q, and B less than .6 are characterized apbroximately by a linear super-
position of two 'scallops®'. The first scallop has a period which is independent
of.fhe values of the parsmeters and has an amplitude dependent on Q but not
deperndent on A,B. The period of this scellop is related to the period of the
focusing system through the relation x = ky. Only when Q@ = 0, that is the
uniform field case, does this scallop diseppear. In fig. 2 the amplitude of

the first scallop is plotted against Q for values of @ from zero to .5.

field “Relation between Q and A
Uniform Q=0
Complementary QLA, Q#A
Periodic Q = A

Teble 1

The Value of @ in Equation 19 for Different Field Configurations

The second scallop hes & period which is dependent on A and an amplitude which
is dependent on A and B but is not dependent on q. The angular frequency of
this scallop is related to the Brillouin angular freguency wg (12). when

the scallop is smell, the angular frequency is Just‘VPE'times the rms cyclotron
frequency @ ah Byms corresponding exactly to the Brillouin frequency. When
A and B are adjusted according to the relation plotted in fig. 3, the ampli-
tude of this scallop becomes zero. This situation is called optimum focusing
since it produces the most nearly parallel beam. A second important property
of this scallop is that it never causes the beam to cross the line C =1,
that is the beam input radius. Tt will be shown later that under certain
entry conditions e third scallop is produced which causes the beam to cross
its input radius. No adjustment of A and/or B vill remove a scallop which

causes the beam to cross its input radius.
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The effect of a change in 6’5 , 1.e. a change in the beam radius at

Z = 0 is shown analytically by the following

2
ag' +(A+Qc032x)0"'--B—-O 20
dx2 G
Let & ' = Ao, A = constant
2
AMET L (a+qeos 2x)S+ B o 21
dx2 AG

Set B' = kgB, equation 21 then reduces to equation 19. This can be summarized
by saying optimum focusing or eny other focusing condition will be reproduced
except for a scale factor, A, if A and Q are held constant and B is changed
to A°B or if B is held constant and A and Q are changed to A/ka and Q,/A.2

respectively.

2.2.2 Effects of (g—xﬂ' ) # 0 and/or Magnetic Field Not Maximum at x = O

It (ggpx-o* 0, & third scallop will be produced which causes the beam
to cross its input radius. Introducing an arbitrary phase angle into the
cosine term of equation 19, i.e. having & magnetic field which is not maximum
at X = 0 will also produce a scallop of the third type. These two effects
can be balanced to produce optimum focusing under some conditiomns. The
foregoing stetement points out the fact that the electrons may be introduced
anywhere along the trajectories obtained in section 2.2.1 provided they are
given the slope corresponding to that point. Experimentally it will be
found conveﬁient to introduce the electrons at a point where the field is

zero. In this case for a value of A = .1, the beam must be 3° divergent.

2.3 stability of Flow
Contrary to what previous authors have reported, equation 19 has no

instebility at A = .66 as does the corresponding Mathieu equation 22.

2
d:+(A+Qc082x)O‘a0 A=g 22

dx
The instability in the Mathieu equation is an exponentially growing sinusoidal.
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The growth is prevented in equation 19 by the %? term which becomes in-
finitely large for finite B as ¢ tries.to go to zero. What happens, in
fact, is that the solution to equation 19 becomes a growing then decaying
sinusoidal. Experimentally, however, stable flow cannot be expected beyond
A é .5 because the large scallop of the first type present beyond this point
causes the assumption of laminar flow to be invalid. One might expect,
however, that stable flow will exist for much higher values of A correspon-

ding to the pass bands of the Mathieu equation,

2.4 Positive Ions

In section 2.1 it was assumed that no positive ions are present in the
beam. Experimentally this condition cannot be observed. This problem cannot
be solved analytically since it corresponds to & three body problem. When it
is assumed that positive ions do not interact with other positive ions, three
froces are still present: (1) the force of the applied fields on the electron,
(2) the force between electrons, and (3) the force between electron and posi-
tive ion. Approximate solutions can be obtained by assuming a fixed simple
positive ion distribution. Previous authors have treated the case where the
positive ions are assumed to form a fixed uniform plasms. More exact solu~
tions could be obtained by & self consistent field technique. This would
involve setting up & positive ioﬁ distribution which was complimentery to
the potential distribution obtained for the case where positive ions are absent.
One would then solve the problem again assuming this distribution and obtein
e nev potentiel distribution. This process would be repeated until a self
consistent potentiasl was found. The problem is not solved here but is posed
in the hope that it will receive more attention in the near future. Because
of the presence of positive ions, it will teke a finite time for en equili-
brium condition to be reached in & practical tube. Indications by previous

workers are that times of the order of 10 usecs might be expected.
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III. EXPERIMENTAL APPARATUS

A convergent gun which epproximated the Pierce type was built and
tested. This gun was incorporated in a hard vacuum tube. Two periodic
magnet structures were assembled. Associated circuits were set up which

would permit steady state and pulsed measurements to be made.

3.1 The Electron Gun

It was desirable to have a gun which would approximate the Pierce type
at some mid-operating point and which would produce a wide range of perveeance.
The gun had to produce an external beam which hed an accessible minimum remote
from the anode and was at least three degrees convergent at the anode. A
theoretical design for a three electrode gun (design by C. Tunis of this
laboratory), in which the conventional Pierce cathode was replaced by e
pegative control grid, met the design requirements. Fig. 4 shows in outline
this design which was rechecked by the author in an eleckrolytic tenk. Work
by C. Tunis indicated that this gun should produce an external beam with a
minimum diameter of 2 mm. located 10 mm. from the anode aperture. The anode
was stamped out of .017 inch monel metal sheet (type 326 non-m&gneticl. The
control grid, shown in detail in fig. 5, was also worked from pon-magnetic
monel metal. Oxide coated 3 mm. cathode buttons were prepared. The gun was
then assembled using three alundum rods to align and space the electrodes.
These rods also served to fix the gun reletive to the completed tube as in-

dicated below.

3.2 The Hard Vecuum Tube

The tube wes assembled around a long cylindrical molybdenum tube which
served as an electric field free drift space. A monel metal flange cerrying
three holes to receive the elundum rods of the gun was welded to the end of

the molybdenum tube. The complete assembly consisting of electron gun and
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drift tube was housed 1n a pyrex glass envelope which also carried a getter
tube, exhaust tube, and kovar electron collector. All metal parts except
the cathode button were cleaned in carbon tetrachloride, acetone and alcohol
and then heat treated at 900 C. in a hydrogen stmosphere before assembly. The
cathode button was prepared for coating by cleaning in a 5% solution of acetic
acid. R.C.A. type C-52 cathode coating was used. The heater was of a conm-
mercial type designed for use with the standard 3 mm., cathode and was rated
at 6.3 V. 600 mA. The molybdenum cylinder with the gun in place is shown in
the lower part of fig. 7. Immediately above it the glass envelope with the
kovar collector is shown. These two parts are sealed together to form an
assembled tube as shown in fig. 8.

The tube was exhausted on & vacuum system consisting of a fore-pump end
a three stage water cooled fractionating pump. Octoil-S was used as the pump
fluid. The processing, activating and the aging schedule employed is listed
below:

(1) Pump on.

(ii) Beke out at 250 C.for 12 hours.

(iii) Bake out at 450 C. for 2 hours.

(iv)  Place liquid nitrogen trap on system.

(v) Beke out at 450 C. for 15 minutes.

(vi) Cool to room temperature slowly.

(vii) Apply heeter voltage at the rate of 2V./min. until 14v. is reached.

(viii) Two minutec after reaching 14V. apply 40 V.A.C. between cathode
and all other elements including grid.

(ix) Check for cathode emission.

(x) Remove all voltages.

(xi) After 15 minutes, heat getters to red temperature without flashing.
(xii) After 5 minutes, flash getters.

(xiii) Seal off immediately.




COMPLETED AND PROCESSED TUBE

FIG. 7
TUBE PRIOR TO SEALING
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(xiv) Pump off.

(xv) Age with 14V, on heater and 40 V.A.C. between cathode end sll
other elements for 2 hours.

(xvi) Age with 12V. on heater for 2 hours.
Fig. 8 shows & processed tube. Jonization gauges attached to several of these
indicated that the pressure after processing wes approximately 2 X 10"7 .,
of Hg. Typical steady state gun characteristics for this tube are shown in

fig. 6.

3.3 The Periodic Maegnet Structures

Two periodic magnet structureé were assembled. The first consisted of
six series opposing electromagnets with soft iron pole pieces, while the second
consisted of a series of eleven opposing permanent magnedure (3) magnets with
goft iron pole pieces. Outline drawings of these structures are given in
figs.9 and 10 while photographs of the completed structures are given in figs.
11 and 12. Both structures were supported in suitable frames which also served
to hold the tube central in the structure. Provislion was made for adjusting
the centering of the tube.

With the electrdmagnet structure peak magnetic fields on the axis of 0O
to 450 gauss were obtainable by varying the current from O to 3 A. Both the
megnetic field as a function of distence (éee fig. 13) and peak megnetic
field as e function of current were measured using & magnetic field strength
meter employing the Hall effect in germenium (1). The field strength meter
was calibrated ageinst a Grassot fluxmeter. These measurements showed that
the peak megnetic field was almost linear with current for the range 0 to 3 A
and whs given by ‘

B, (gauss) = 150 Tnagnet (eup.)
Fig. 13 shows the magnetic field on the axis as a function of distance for this
structure which had a period of 5.72 cm. The dimensionless parameter A is given by

2
A =9.13 x 103 B (gauss)
Voeam (Volts)
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2
I amps )
A-2.05x102_m_8'@.e.§(

Ve (VOlts)

while the dimensionless parameter B is given by
B = 5:02 X 105 Tveam (milliamps)
Ao g (P ) ggégm (volts)

The permanent magnet structure provided a fixed peak magnetic field on
the axis of 980 gauss and had a period of 2.79 em. Fig. 14 shows the magnetic
field on the axis as a function of distance. The dimensionless perameter A for
this structure is given by

A = 2,08 x 103 1
Vbeem(volts)

while the dimensionless parameter B is given by

B = 1.20 X 105 Toeam (milliamps)

5 opm(mm. ) Vgéim (volts)

It is interesting to note that this structure gives a constant field of ¥0 gauss

on the axis as well as the periodic field.

3.4 The Associated Circuits

The beam voltage was obtained from a lsboratory built reguleted power
supply which provided from 100 D.C.V. to 2500 D.C.V. output at a maximum
current of 100 mA. The positive side of this supply was grounded. For the
pulsed measurement this supply was coupled with a clemp type pulser built by
R.-McFarlane of this Leboratory. The internal multivibrator in this pulser
was adjusted to give a pulse recurrence time of 1000 uysec, and the pulse length
was adjustable from O to 100 psec. The grid voltage was obtained from an
electrically isolated battery pack which provided from O D.C.V. to 120 D.C.V.
Meters were provided to indicate gun anode current, drift space current,and
collector current. A Tektronix scope was used to display the pulsed measure-
ments. The complete associated circuit is shown schematically in fig. 15 while

a photogreph of the complete experimental set-up is shown in fig. 16 a,b.
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Iv. EXPERIMENTAL RESULTS

The theory, which is only valid for the magnetic field parameter A less
than .6, predicts that: (1) The per cent of the beam current which arrives at
the collector 1s a function of the magnetic field parameter A and the space
charge perameter B only. Therefore, if B is held constant, the collector current
is a function of A only. (2) There is a particular relation between A and B
for maximum per cent of the beam current arriving at the collector. This
relationship shows that larger values of B will require larger values of A.
Steady state measurements were made in which B was varied in a systematic way
in order to determine the dependence of the per cent of the beam current col-
lected as & function of A (less than .6) and also to determine the manner in
which the masgnitude of A varies with B for & given per éent of the beam current
collected. Steady state measurements were also made to determine the dependence
of per cent current collected as & function of A for values of A greater than
.6. Experimental studies of the initiation of the beem were made by using

pulse measurements.

4.1 Steady State Measurements
4,1.1 steady State Measurements for A Less Than .6
The space charge parameter B is proportional to the perveance of the

bean Ibeam end inversely proportional to the square of the beam radius.
VBLan

The operation of the experimental tube is such that if the gun is space charge
limited and if all the electrode voltages are increased or decreased by a
common factor, then both the beam perveance and_the beam input radius are un-
chenged. Fig. 6 shows that only when the anode voltage is less than 1000 V
end thé grid voltage is greater than the voltage at which the knee in the
anode current (Ig) versus the grid voltage (Eg) curve occurs will the gun be

space charge limited. The date in table 2, which was obtained from fig. 6,



E E E_ (knee)| E,/E, (knee) Toean
drift a g a’"g
2
L,
Drift tube| Anode Grid Beam
voltage _voltage | voltage perveance
300V 300V 15v 20 .23 x 1070 &mp
volt
500 . 500 25 20 2T X 10-6
700 700 35 20 .26 x 1070
900 900 L5 20 27 X 1070

Table. 2
illustrates this type of tube performance. Thus when the tube is used in this
manner, one will be certain that B will remain constant.

In view of the fact that B is a function of beam perveance and beam input
redius, a change in either of these parameters will in genersal produce a vari-
ation in B. 1In the experimental tube there are three electrode voltages (the
drift tube voltage, the anode voltage and the grid voltage) which can be changed
and which will produce a chaenge in the beam perveance and/or the beam input
radius. The two methods used in the experimental work are as follows:

Method (1). The grid and anode voltages were changed in proportion and the drift
tube voltage was‘changed in an arbitrary menner. This will cause the beam per-~
veance to change but will leave the beam input radius unchanged if the change

in lensing action of the drift tube is neglected (this is a second order effect).
Method (2). The anode and drift tube voltage were held constant and the grid
voltage changed. This causes both perveance and beam input radius to change.

The value of the magnetic field parameter A, used as the independent
varieble in the experimental work, is a function of the peak magnetic field and
the beam voltage (i.e. the drift tube voltage). For values of A less then .8
the electromagnet structure was used and A was varied by adjusting the current

supplied to the electromagnet coils. In latter experimental vork described in
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the next sub-section where A was greater than .8, the permanent magnet struc-
ture was used. In this case A was varied by continuously changing the beam
voltage.

In fig. 17 the per cent current collected is plotted against the current
supplied to the coil of the electromegnet (Imag) for three different values of
the anode voltage. The grid and drift tube voltage were adjusted to keep B
constant throughout the three curves. The data in fig. 17 is replotted in
fig. 18 with the parameter A4 as abscissa. It is clear from this figure that
the per cent current collected is a function of A only for constant B.

In fig. 19 the per cent current collected is plotted against the current
supplied to the coils of the electromagnet for three different values of the
drift tube voltage. The grid and anode voltage were adjusted according to
method (1) described above. Since by this method beem input radius remains
constant, B will be proportional to the beam perveance only. The data in fig.
19 is replotted in fig. 20 with the parameter A as sbscissa. The curves clearly
show that larger values of B will require larger values of A to achieve the
same per cent current collected. The value of A required -is, however, con-
siderebly larger then predicted by the theory. This is probably due to
thermal velocity spreasding in the beam which is neglected in the theory.

As a result of conclusions drawn in the preceding paragraphs, one can
say that: (1)‘if the value of A required to achieve a given per cent current
collected is the éame, then B must be constant. Hence, elther the beam per-
veance and the beam Input rgdius sguared remain constant or the beam input radius
squared varies inversely as the beam perveance. At constant beam voltage this
reduces to the fact that the beam input radius squared varies inversely as the

beam current. (2) If the value of A reguired to achieve a given per cent current
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collected is smaller, then B must be smaller. At constant voltage this reduces
to the fact that the beam input redius squared increases more rapidly than the
beam current.

In fig. 21 the per cent current collected is plotted ageinst the current
supplied to the coils of the electromagnet for three different values of beam
current. Method (2) described above was used to alter the beam current. The
data in fig. 21 is replotted in fig. 22 with the parsmeter A as abscissa. Here
one sees that the beam input radius sguared increases more rapidly then the

beam current.

4.1.2 steady State Measurements for A Greater than .6

In order to measure the per cent current collected for values of A greater
than .6, the permenent megnet structure was used. 1In fig. 23 the percent current
collected is plotted ageinst the beam voltage for three different gun voltege
settings. The data obtained in fig. 23 is replotted in fig. 24 with the para-
meter A as absclissa. It is found fhet the per cent current collected increases
and then decreases in the range A equals 0.8 to A equals 2.0. In fhe previous
work (see for example fig. 22) it was found that the per cent current collected
1ncfeased then decreased in the region A equals 0.0 to A equals 0.8. Thus one
sees that the per cent current collected alternately increases and decreases &s

a function of A. This is known as & badd pass dependence and is found for other

systems with periodic symmetry.

4 .,1.3 Hysteresis Effects in the Electromagnet

The per cent current collected is very sensitive to small changes in the
peek magnetic field. This is seen in the work described previously. As a
result of this, effects were apparent which were due to hysteresis in the solt

iron pole pieces. In fig. 25 the per cent current collected is plotted as a




PERCENT CURRENT COLLECTED

PERCEMT CURRENT COLLECTED

100

80

VREAM S§00V TREAM 120 m A
" 500V - 1LBO v e e
" $0QV “ 336w e
P
P el

\

4 '8 12 e 2.0
IMAG, MAGNET CURRENT (AMP)
Fig, 21 .
Vaean soov Ieeam 1,20 m A
" 500V . 1,80 v — e = —
" s00V ) 336 ¢ —e—
] -
1
N .2 .4 .o 1.0
2
AG
A=200xict LMAC
VeEAM
Filg., 22



PERCENT CURRENT COLLECTED

PERCENT CURRENT COLLECTED

~3]l-

Ieeam 995 wA. B, .010 — .003

" 510 B, .005 —= .00 — ———
" &) B, .00l —» 0003 — . ——
100 o
80 ‘7‘ —
)’/ '/
©0 1.7
77 A
g .
, /
0 // pd
4 —\// 7
S J,/ l/
// . — ./
ao /1 P
__//l./
—"/
ok-—"
1200 VA00 1600 1800 2000 2200
Vaeam,  BEAM VOLTAGE (VOLTS)
FIG 2%
Taeam 995 4 A. B, .010 —= .003
“ 510 B, .005 - Q0 — — — —
“ 81 " B, .00) -~ 0003 . —_—
100 =
80 =R
N
P. N
\\
\
60 X
\ \
\
N \
\ \\
40 N
\‘ \\
20 RS N
el —‘1\‘\\
NN
N
o ‘\*}NX
9 1.1 1.3 .S (.7 1.9
A'— Z,o&mm5
VBEAM

Fi1Gg. 24



~32=-

function of the current supplied to the electromagnet structure (Imag) for

the Iﬁag increasing and decreasing directions. This data is replotted in

fig. 26 with the parameter A as sbscissa. It is seen that the results are

not constant but depend to some extent on the past behaviour of the electro-
magnet structure. To remove this effect in the experimental work, all measure-
ments were taken in the Imas ihcreasing direction. After each run the small
residual megnetism was removed by epplying & 60 cycle A.C. voltage to the
electromagnet and slowly reducing this voltage to zero. These difficulties
could be removed by using en A.C. supply for the electromagnet and a syn- '

chronously driven recorder to measure the collected current.

k.2 Pulsed Measurements

The gun was pulsed with a 0.1 psec rise time. Collector current as &
function of time was displayed on a Tektronix scope. Several of these displays
are shown in fig. 27. The collector current is typified by an exponential
rise with a time constant of several microseconds followed by an eguilibrium
value. The transit time of the electrons down the drift tube and the transit
time of the electrons around the beam are of the order of one hundredth of a
microsecond. Hence, one would not attribute the delay in the rise of the
collector current to electron effects. However, heevier particles which are
much slower moving might account for this delay. Positive ions have transit
times of the order of this effect and probably cause it. They have been
neglected in the work up to this point because the measurements were essenti-

ally equilibrium measurements.
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V. SUMMARY AND CONCLUSIONS

The theory as presented in section II predicts thet if the focusing field
and beam are characterized by two parameters A and B proportional to the mag-
netic field squared over the beam voltage and the beam current over the beam
voltage to the three halves power respectively, then good focusing will teke
place when A is approximately equal to B. The theory also predicts that beams
characterized by the seme parameter B will focus the same under the influence
of the periodic magnetic field. Both these conditions have been checked ex-
perimentally. It was found that considerably higher values of A were needed
than predicted by theory. This is due to the fact that the theory ignores
thermal velocity spreading. The second condition above was found to be satisfied.

It was pointed out that the assumption of leminar flow caused the theory
to be invalid for values of A larger than .5. A band structure, that is, al-
ternate regions of good transmission and no transmission, were found experi-
mentally. This is typical of systems with periodic symmetry and is also:
found for periodically loaded transmission lines and wave guides.

The theory ignores the presence of positive ions. Experimentally it was
found, however, that positive ions play an importent part in the initiastion of
the beam. Much could be learned from effbrts to extend the theory to include
the effects of positive ions and experiments designed to measure their effects.

Periodic magnetic field focusing is practical for maintaining cylindrical
electron beams of moderate perveance. Considerable weight saving can be achieved

over the use of uniform magnetic field focusing by this method.
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