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ABSTRACT

The purpose of this dissertation is to investigate the character-
istics of space-charge flows in crossed d-c electric and magnetic fields.
The investigations include theoretical considerations of rectilinear
laminar space-charge flow, analog and digital computer analyses of
electron injection systems and experimental studies of beam character-
istics. 1In genercl the results provide a better understanding of the
operation of injected-beam crossed-field devices.

The performance of a crossed-field device is optimum when the
electron beam satisfies the conditions of rectilinear Brillouin flow.
For any given circuit voltage, beam current and magnetic field there is
a unique beam which satisfies the Brillouin conditions. This leads to a
theoretical limitation in the perveance and electronic efficiency. The
analysis of various theoretical electron gun systems indicates that the
beam characteristics invariably differ fram the ideal conditions.

Digital and analog camputer techniques have been used to deter-
mine thc space-charge flow produced by various electron injection
systems. The studies indicate that the electron beam characteristics
for various Kino gun configurations differ noticeably from the theoret-
ical results. In particular, the emission from the cathode is nonuniform
and the beam nonlaminar. How=2ver, with appropriate electrode
modifications it is possible to improve both the uniformity of the
emission and the beam laminarity.

The digital camputer analysis of initial velocity effects
indicates that variations in the normal emission velocity camponent
produce essentially no change in the electron motion. However, any
change in the initial tangential velocity results in significantly
different electron trajectories.

The nonlaminar injection cf electron streams into the anode-sole
region was investigated by means of the digital computer. The general
results indicate that crossed-field space-charge flows are extremely
sensitive to transverse forces. Consequently beams which are improperly
injected are observed to undulate, vary in thickness and become
increasingly nonlaminar.

The experimental investigations were undertaken in an attempt to
evaluate both the gross and microscopic characteristics of the
space-charge flow. The experiments involved the use of an interception
system to probe the beam at various cross-sections in the anode-sole
region. Generally the beam experienced variations in thickness and
undulated with approximately the cyclotron period. The space-charge
densities at various points in the beam were found to be between 0.5
and 1.5 times the Brillouin value. The results also indicate that the
space-charge flow in crossed-field devices is generally nonlaminar with
appreciable intersecting of electron trajectories.
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CHAPTER I. INTRODUCTION

l.1 Preliminary Remarks

The general class of electron tubes cammonly referred to as
crossed-field devices involves the motion of electrons through orthogonal
electric and magnetic fields. These devices are ideally suited for
many microwave applications. Figure 1.1 illustrates three crossed-
field electrode configurations which have been investigated and used in
the past. Figure l.la shows a cylindrical magnetron in which electrons
are emitted from the entire cathode. Figuwre 1l.1b is essentially a
linear version of the cylindrical device since it also involves the
emission of electrons from the entire low potential electrode. It
differs in the sense that the beam is not re-entrant as in the cylindrical
magnetron. Figure l.1lc, however, involves the formation of a well
defined beam from a relatively narrow cathode and, thus, is signifi-
cantly different from the preceding devices. The first two classes
involve the saturation of the cathode-anode space with a large number
of electrons whereas the third device requires the injection of a strip
type electron beam into a parallel plane anode-sole region. The electrode
beneath tae beam is referred to as the sole and that above the beam as
tne anode. It is the injected-beam family of devices which f-iis the
basis of this dissertation.

One of the primary requirements for the successful operation of
an injected-beam crossed-field device is tne establishment of a well

defined laminar electron beam in the anode-sole region. The great

importance of the space-charge flow characteristics can be demonstrated

by considering the fundamental objective of the device. Figure 1.2



EMITTING SOLE ﬂ
(b) CROSSED -FIELD EMITTING SOLE DEVICE

(c) CROSSED--FIELD INJECTED-BEAM DEVICE

FIG 1.1 EXAMPLES OF VARIOQUS CROSSED-FIEID ELECTRON

DEVICE CONFIGURATIONS.
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illustrates a typical tube including the slow-wave structure which is
located adjacent to the anode. The structure is designed so that the
applied r-f signal propagates in the z-direction with a velocity approxi-
mately equal to the velocity of the electrons in the beam. Under these
conditions the electrons remain in phase with the r-f signal and are
able to exchange energy continuously with the wave. As the electrons
lose energy to the wave they maintain the same z-component of velocity
but move closer to the structure and hence to higher potentials. Thus,
the enerygy conversion mechanism is the transference of potential energy
from the beam to the r-f signal with little change in the electron ..
kinetic energy. Since favorable electrons stay in phase with the wave
until they strike the slow-wave structure, the efficiency of such devices
should be quite high.

The ideal electron beam for such a device is one in which all of
the electrons have the same velocity as the r-f wave. This velocity

must also satisfy

EO

which is the condition required for balance between the transverse
electric and magnetic fields (Eo and B respectively) acting on the
electron. However, for a uniform magnetic field it is impossible, even
in theory, to have a finite thickness univelocity beam which is capeble
of linear motion in the anode-sole region. (This assumes that the
electrons are all emitted fram a unipotential cathode.) Consequently,
there must be a velocity variation across the beam. Those electrons
whose velocities are less than the r-f wave phase velocity abstract

energy from the wave and are detrimental to the interaction process.
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Fortunately these electrons continuously move away from the structure
until they are collected on the sole.

Obviously the characteristics of tne space-charge flow in the
interaction region exert a great influence on the performance of a
crossed-field device. Since the electrons at a given cross section
must have different velocities, the optimum beam is one in which the
d-c electrons exhibit rectilinear laminar flow characterized by non-
intersecting trajectories. This is referred to as a rectilinear
Brillouin beam!’? in which case the space-charge density is constant
and the electron velocity varies linearly across the beam. This
velocity variation is required to provide a balance between the trans-
verse electric and magnetic forces acting on the individual particles.
Various investigations® have indicated that the Brillouin beam provides
the optimum space-charge flow conditions for the operation of crossed-
field amplifiers and oscillators. Consequently, rectilinear laminar
electron beams have usually been the objective in the design of
crossed-field injection systems.

As indicated above, the successful operation of any crossed-field
device requires an electron injection system which is capable of producing
an acceptable beam. In O-type devices an axial magnetic field can be
applied to constrain the electrons within a reasonably small
cross-sectional area. In crossed-field devices there is no comparable
constraint and any imperfection in the beam as it enters the interaction
region will necessarily result in curvilinear motion of the electrons.

The evaluation of crossed-field injected-beam devices requires a
fundamental understanding of the formation of electron beams as well as
a thorough knowledge of their d-c behavior. Thus, it is necessary to

consider the beam characteristics in both the gun region and in the
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interaction space. Although there have been mapy investigations which
are pertinent to the formation and behavior of electron beams in crossed-
field devices, the following sections will describe only a few of the

more important studies.

1.2 Crossed-Field Electron Injection Systems

1.2.1 Theoretical Gun Designs. In recent years there have been

numerous attempts to design electron injection systems capable of forming
laminar beams. One of the earliest investigations resulted in the French
short gun or Charles gun*, illustrated in Fig. 1.3. The design is based
on the space-charge-free trajectory of an electron emitted from a |
cathode located in a parallel plane gun region. The electric field is
assumed to be uniform in the gun region so that the electron follows

a cycloidal path and reaches the exit plane at the apogee of its tra-
Jectory. The electric field in the interaction region is also considered
to be uniform and twice as great as the gun region field. Thus, the
electron should theoretically be capable of maintaining linear motion
through the anode-sole region.

Dain and Lewis® have applied Ehrenfest's principle of adiabatic
invariance to the investigation of electron motion through crossed
electric and magnetic fields. In essence the adiabatic principle states
that if a parameter which appears in the Hamiltonian of a conditionally
periodic system changes slowly and continuously, the action variables
remain invariant in the 1limit of an infinitesimally slow change. For
the particular application to the electron guns this means that the
behavior of tie beam in the interaction region can be obtained without
considering the details of the electron motion through the transition

region provided the fields in this region vary sufficiently slowly.
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Thus, by properly selecting the electric and magnetic field values in
the cathode and interaction regions it is possible to obtain a converged
beam in the sense that the beam width is less than the cathode width.
However, the flow is not that of a rectilinear laminar beam, but rather,
consists of electrons cycloiding between rectilinear boundaries.

Bartram and Pease® also applied the adiabatic principle to the
design of an electron injection system. Their device was termed a "ramp
gun” and is illustrated in Fig. 1l.4. The namenclature results from the
fact that the transition region is comprised of various overlapping ramp
electrodes biased at intermediate potentiale. The electron flow wvas
assumed to be that of the single trajectory beam (not necessarily laminar)
described by Brillouin! and Slater®. Unlike the Dain and lewis work,
the effects of space charge were included in this analysis. The ramp
electrode configurations were obtained by computing the equipotentials
outside of the beam region and placing the properly designed electrodes
along these curves.

The so-called Kino guns’ illustrated in Fig. 1.5a and 1.5b also
were developed on the assumption of a single trajectory electron beam.
The electrons are assumed to leave the cathode in the normal direction
and this component of current density (Jy) is considered to remain
constant throughout the space-charge flow. The electric field and
electron velocity have no variation in the z-direction and the field is
further restricted to have only a y-camponent. Under these conditions
the beam is caomposed of identical electron trajectories.

The appropriate electrode configurations for producing the assumed
flow are obtained by utilizing a method of complex variables derived
independently by Kirstein® and Lomax®. The method consists of trans-

forming the problem to the complex plane and solving for the complex
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potential function required to provide the prorer voltage and electric
field variation along the boundary of the beam in the complex plane.
The inverse transformation then gives the equipotentials outside of
the beam in the y-z plane. Although the operation is complicated it
can be performed on a digital computer. In Fig. 1.5 one of these
equipotentials has been selected as the focusing anode while the two
zero potential curves become the cathode ramp electrodes.

The Kino short gun is derived on the basis of space-charge-limited
operation and zero emission velocity from the catnode. One of the
difficulties of the short gun flow is the infinite space-charge density
which occurs at thec»ct = 2n point along a trajectory. Another is the
fact that the electron velocity vectors are nonparallel in any volume
element of thickness Az, thus making it impossible to inject the beam
into the anode-sole region in the desired manner.

The Kino long gun configuration is obtained if the electrons are
assumed to leave the cathode with a small initial y-component of velocity.
The theoretical velocity variation and space-charge density in the beam
are found to be closely related to the Brillouin values. The maJjor
objection to this type of flow is the severe restriction that all the
electrons leaving the cathode normal to the surface must do so with the
same value of initial velocity.

The magnetically shielded gun illustrated in Fig. 1.6 was developed
by Hoch©. The electron beam is formed within the shielded gun and then
injected into the magnetic field region. The beam leaves the shield
with essentially a uniform velocity and travels through a transition
region in which both the electric and magnetic fields vary. The electrons

are then injected into the anode-sole region. The obJjective of the gun
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FIG. 1 6 MAGNETICALLY SHIELDED INJECTED-BEAM GUN CONFIGURATION.




-13-

is to converge the beam within the shield and taper B and Ey to maintain
the same beam thickness through the transition region. This differs from
the usual crossed-field injection systems in which the orthogonal electric
and magnetic fields are simultaneously used to converge the beam.

The difficulty with the shielded gun is the fact that the
electrons leave the shield with the same velocity but must reach the
anode-sole entrance with a linear velocity variation across the beam.
This requires the careful design of the electric and magnetic fields
in the transition region so that the upper electrons are accelerated
more than the lower ones. At the same time the electrons must be
restricted to linear motion along the z-direction with no transverse
displacement. The design of a system capable of producing such a
transition appears to be extremely difficult.

Other types of crossed-field electron injection systems have
been developed but in general they are similar to those described
above. The objective is always the same; the formation of a beam whose
characteristics are nearly identical to Brillouin flow. Except for
the shielded gun, these designs deal with electrons which are emitted
from a unipotential cathode and are then rotated by approximately 90°
before injection into the anode-sole region. Experimental investigations
of various injection systems clearly demonstrate the difficulty associ-
ated with the formation of laminar crossed-field electron beams.

l.2.2 Previous Evaluations of Injection Systems. The Charles-

type gun has been used extensively in the construction of crossed-field
devices. It 1s still employed frequently despite the fact that it cannot
be used with a wide cathode. This limitation is a direct consequence

of the manner in which the gun is designed. That is, the design is
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based on electrons leaving just one point on the cathode. Thus, those
electrons emitted from different locations aiong the cathode will enter
the anode-sole region in a nonlaminar fashion.

Dain and Lewis did not construct an adiabatic gun and, hence,
no experimental data is available. However, a beam tester model of
the adiabatic ramp gun of Bartram and Pease was operated and evaluated.
The electron beam was observed by introducing hydrogen into the system
and noting the ionization pattern due to the collisions with the
electrons. The results indicated that the device generated essentially
the predicted current, beam thickness and location.

The Kino short gun was investigated by Midford!! and found to
behave in many respects as predicted by the theory. For example, the
current and beam location were approximately as expected. However,
investigation of the beam after leaving the gun indicated that the flow
became nonlaminar. This can be attributed to the nonideal characteristics
of the beam near the wct = 2x plane. Furthermore, the emission from the
cathode appeared to be quite nonuniform. 1In particular, photographs
of the beam indicated suppressed emission from the rear of the cathode.

Despite the apparent ideal nature of the space-charge flow in
the Kino long gun, e’perimentsl? have suggested undesirable character-
istics. In particular, extreme_y high noise figures and r-f instabilities
have been observed!2. This behavior is thought to be caused by the
occurrence of diocotron interactions during the motion of the beam
through the long transition region. The existence of the diocotron
effect 18 observed by the presence of extremely large sole currents even
when the sole is at a negative potential relative to the catnode. These

results suggest that the traversal of any long transition region at low
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velocities will increase the nonlaminarity of the beam. Thus, it appears
that any tube utilizing an adiabatic transition region will result in
high noise level operation.

The shielded gun experiments of Hoch indicated 20 to 30 percent
interception of the beam within the shielded region. Four different
tubes were built and tested with the investigations indicating that 75
to 95 percent of the current leaving the shield was capable of reaching
the collector although the beam profile on the collector suggested that
the beam position between the plates was somewhat different thsn that
predicted. However, there was no way of determining the complete beam

configuration throughout the interaction region.

1.3 Previous Investigations of Crossed-Field Electron Beam

Characteristics

To the author's knowledge the generation of a Brillouin beam has
never been achieved in practice. It can, in fact, be shown!® that it is
impossible to achieve Brillouin flow even in theory if the thermal-
velocities of the electrons emitted from the cathode are taken into
account. Consequently, in any practical device the space-charge flow
must necessarily be nonlaminar.

Rectilinear laminar flow is a special case of the single tra-
Jectory beam illustrated in Fig. 1.7. In this situation the beam
boundaries are rectilinear but the individual trajectories are cycloidal.
It has been shown that such a flow possesses exactly the same potential
distribution and current &#s the rectilinear laminar beam.

Waters!* has investigated theoretically the behavior of a beam
which was subjected to small amplitude deviations from the Brillouin

flow conditions. He developed a paraxial approach to the problem and
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his results indicated scalloped beams whose thicknesses varied periodi-
cally through the interaction region. Figure 1.8 illustrates several
types of beam undulations obtained from Waters' analysis.

Midford!! has considered briefly the types of flow which result
when the beam is injected improperly into the interaction region. Figure
1.9a and 1.9b illustrate two particular situations wherein the entire
beam undulates but maintains a constant thickness. The investigation
involved a d-c small-signal analysis restricted to a thin beam but
including the effects of space charge. Midford concluded that under no
condition was the beam subjected to growth or decay in space and, hence,
it should not exhibit d-c transverse cyclotron instabilities. This
conclusion is in agreement with Piercel® who predicted that planar
crossed-field beams were not subject to d-c instabilities. The experi-
mental works of Midford and Anderson indicated that the electron beams
did undulate as they moved through the interaction region.

One of the characteristics of crossed-field space-charge flows
which has been subjected to a great deal of investigation is the
diocotron phanomenon. As mentioned above, the diocotron effect refers
to the collection of current on the sole even when tiat electrode is
biased at a large negative potential relative to the cathode. The effect
implies an appreciable energy increase by certain electrons during their
motion from the cathode to the sole. Kstrom16 suggested that the process
causing the energy increase occurred during the motion of the electrons
through the anode-sole region and was essentially independent of the
conditions near the cathode.

Miller!? found that excess energy electrons were already present
in the beam as it entered the anode-sole region thus indicating that the

diocotron process was occurring even in the gun. 1In general he operated
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at extremely high magnetic fields so that the electrons performed a
series of tight loops in the gun region. The geametry was such that a
low voltage region or potential well existed between the edge of the
cathode and the sole. Electrons were frequently "trapped" in this
region and required long time intervals before reaching the anode-sole
region. Consequently Miller concluded that the diocotron phenomenon
resulted from the exchange of energy betseen electrons during their
travel through a low voltage region such as the potential well.

The experimental results of Midford!? indicated the existence
of diocotron gain in the gun region even though no potential well
existed. He concluded that the effect was due to instabilities associ-
ated with the formation of the potential minimum near the cathode under
space-charge-limited conditions. Substantiating proof for this con-
clusion was experimentally observed by Guenard and Huber!®, and Epsztein
and Maillart1®. 1In each investigation the sole current was observed
to be greatly reduced when changing from space-charge-limited to
temperature-limited operation.

Warnecke, Huber, Guenard and Doehler®® also encountered the
diocotron phenomenon during their study of carcinotrons. They attributed
the negative sole current to a growing-wave electron interaction process.
Such a process would occur everywhere along the beam.

Another characteristic of crossed-field devices is the situation
in which the anode of a cylindrical magnetron continues to draw current
even after the critical magnetic field has been exceeded. This indicates
a process whereby certain electrons arrive at electrodes which in theory
are impossible to reach. Similarly, space charge is found to exist in

regions of the magnetron where theoretically there should be no electrons.
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Lindsay21 has suggested that the excess anode current is attribu-
table to the presence of tangential initial velocities at the cathode;
i.e., although the normal thermal velocities are not sufficient to
explain the phenomenon, the presence of tangential emission velocities
is capable of allowing an appreciable fraction of the current to reach
the anode. Horsley and Sims®2 have devised a special planar diode
geometry to test the Lindsay theory by accurately determining the cut-
off curves.

The presence of space charge outside of the theoretical Brillouin
radius was predicted by Hok®3 in a statistical analysis of magnetron
operation. Independent experimental investigations were carried out by
Reverdin®* and Peterson®® in which the cathode-anode space was probed
by means of an axially directed electron beam. The beam pa‘.sed through
the space-charge region and the pattern was displayed on a flourescent
screen which indicated space charge present outside of the Brillouin
limit. Mathiasz°, using a cesium flouride molecular beam, and
Nedderman27, using helium and hydrogen probes, obtained results similar
to the Reverdin and Peterson data.

The investigations described above indicate quite clearly the
many problems involved in crossed-field space-charge flows. These
problems involve the formation of well-defined electron beams and an
understanding of the many strange characteristics which have been observed

in experimental crossed-field devices.

1.4 Qutline of the Investigations

The preceding investigations were concerned with various aspects
of the space-charge flow in crossed-field devices. These include the

study of theoretical electron guns, the experimental evaluation of
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electron injection systems, and the general characteristics of electron
beams in crossed-field regions. The investigations which follow are
intended to provide a better understanding of the electron beams formed
by crossed-field injection systems. To do this it is necessary to
treat the problem in its entirety beginning with the formation of the
beam in the gun and continuing to the analysis of the electron flow
cgaracteristics in the anode-sole region.

In Chapter II some of the theoretical space-charge flow limi-
tations are discussed. The analyses are concerned with the limitations
of electron injection systems and the beam restrictions which exist
in the interaction region.

Chapter III cdescribes the results of analog computer investi-
gations of specific electron injection systems. The Kino short gun is
analyzed in detail and the effects of various electrode modifications
are indicated.

Chapter IV involves similar gun studies carried out by digital
computer methods. The effects of initial velocities and potential

minimum regions are also considered.

The properties of beams in the crossed-field interaction region
are carried out in Chapter V. Speclial emphasis is given to the electron
beam configurations which are possible in planar crossed-field regions.
The result of improper injection of the beam into the anode-sole region
is also discussed.

Chapter VI describes the experimental beam analyzer equipment
which was designed to allow analysis of electron beam characteristics.

A description is also given of the extended Kino short gun which was

used as the beam launching system.
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Chapter VII describes the operating characteristics of the
extended Kino gun and the analyses of electron beams in the anode-sole
region. The latter investigations are concerned with both the gross
characteristics of the beam (‘e.g., beam profile, location of beam,
variations in spece, etc.) and with the detailed characteristics of the
individual electrons comprising the flow (e.g., electron velocity and
space-charge density).

Chapter VIII summarizes the results of the investigations and
the conclusions derived therefrom. Suggestions are also made as to

possible future investigations which would be pertinent to these studies.



CHAPTER II. THEORETICAL LIMITATIONS ON SPACE-CHARGE

FLOW IN CROSSED-FIELD DEVICES

2.1 Preliminary Remarks

The prime objective of a crossed-field injection system is to
produce a high-density electron beam which is properly located to
interact with the r-f wave propagating along the slow-wave structure.
However, as mentioned in Chapter I, there are many difficulties asso-
ciated with the formation of high current density, laminar electron
beams. Although much effort has been devoted to the solution of this
problem, the generation of laminar space-charge flow has not yet been
successfully schieved in static crossed fields.

Superficially the achievement of high current densities appears
to be relatively simple. One possibility would be to use a wide cathode
operating at a reasonable current density and then converge the beam
to a small cross-sectional area. Thus the desired density would be
achieved by simply using the correct gun system to produce the neces-
sary convergence of the beam. However, there are two fundamental obsta-
cles which exist:

l. At the present time there is no electron gun design which is
capable of forming extremely high-density beams in crossed-field devices.

2. Even if such a high-convergence gun did exist it can be easily
shown that electron beams which have a density exceeding the Brillouin
value are incapable of laminar flow. Thus for any crossed-field electron
gun system there is a maximum convergence which can be imposed on the
beam and still allow the flow to be compatible with the restriction of

laminarity.
24 -
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There are several conditions which must be satisfied to maintain
& rectilinear laminar beam in a planar anode-sole region. For example,
the location and thickness of a laminar beam are directly dependent on
the current, voltage, and magnetic field.

It is the extremely critical balance between the electric and
magnetic forces acting on the electrons which limits the space-charge
density that can be achieved. Attempts to exceed the Brillouin density
will reduce the electric field which acts on the electrons. This results
in an imbalance between the electric and magnetic forces and hence leads
to nonlaminar flow. This, of course, is in contrast to O-type flows
wherein the density of the beam can be increased quite appreciably by
introducing an axial magnetic field to confine the beam to a given

diameter,

2.2 Brillouin Beam Conditions

A Brillouin beam involves the laminar, unidirectional flow of
electrons. For crossed-field devices the beam moves between planar anode
and sole electrodes as illustrated in Fig. 2.1l. The beam is assumed to
be formed in an arbitrary electron gun system, the difficulty of such
a formation being of no concern &t this time. The linear motion in the
anode-sole region is obtained by the proper balancing of electric and
magnetic forces acting on the electrons. The analysis of the problem
is carried out in Appendix A where the following relations for the beam

quantities are obtained:

2
w
° = -2—,°'-(y+2a)2 ’ (2.1)
(1)2
E = -—=(y+2a) , (2.2)
2 n
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g—:— = (y + 2a) , (2.3)
€ ws
Po O < onc ’ (2-’*)
and
€ W
oc
Jz = = 7 (y + 23) . (2°5)

The subscripts 2 refer to quantities within the beam, 7 £ |la|/m 1s the
electron charge-to-mass ratio, o, 2 nB is the radian cyclotron frequency,
and the distance y is measured relative to the lower edge of the bean.

If the beam is assumed to have a width h in the x-direction, the total

current is given by

y=1
I =nh szdy, (2.6)
y=0
which upon integration becomes
- he m’ 2
I.-%"-(-‘a—naaz). | (2.7)

Equations 2.1 through 2.7 provide a complete description of a Brillouin
beam moving through the anode-sole region of a crossed-field device at a

distance "a” above the sole.

2.3 Limitations of Brillouin Flow
The restriction to rectilinear laminar flow imposes certain con-

ditions on the beam in the anode-sole region. The relation between

the thickness and location of the beam and the current which it carries
is of particular interest. From EqQ. 2.2 the electric field at any point
in the beam can be written as
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2
E = -'EE-[y +2(d-bv-1)]) . (2.8)
2 n

The constant electric field which exists in the region above the beam is

given by
% =~ Pplyy
E = -__L.L.
3

. (2'9)
Evaluating E at y = £ and equating to E:3 glves
2

P
b = (d-1/2) -3 s e (2.10)
W, (2a - 1)

Thus for a given anode-sole spacing (d) and magnetic field (B), the loca-
tion of the beam as specified by b, the distance between the anode and
upper beam boundary, is dependent only on the beam thickness (2) and
anode voltage (cpa).

The total current can be expressed as

he o ¢
I = —-—95—3—— [(2a - 2b - 2) - £/2] , (2.11)

where a has been replaced by (d - b - ). From Eq. 2.10 1t is obvious
that

ane,
(ed - 20 -1) = = p (2.12)
w, (2a - 1)

s0 that the current becomes

he w3l 19
=< [ = - z/a] . (2.13)
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The implications of this equation are quite significant. If an electron
gun is generating a beam of total current I for a given magnetic field,
the injection of this beam into an anode-sole region where the anode
potential 1is Py will result in laminar flow only if the beam has the
thickness specified by Eq. 2.13 and enters at the location given by
Eq. 2.10. The equation for £ is a cubic equation for which two of
the roots are physically unrealizable. Thus there is but one vhlue
of { which is compatible with Brillouin flow. In general, therefore,
for specified I, q’a’ and B values the beam location (b) and thickness
(2) for laminar flow are uniquely determined.

The requirements for laminar beams indicate that there are maxi-
mum theoretical limits on the perveance and electronic efficiency of a
crossed-field tube. To analyze the perveance, consider the current
carried by an elementary filament of width dy,

he

—=2 S (y+2a) ay . (2.14)

o
& n

The differential perveance for such a filament can be defined as

A Perv., & I (2.15)

vwhere @ 1s the voltage of the strip of current and is given by Eq. 2.1.

The total perveance of the beam can thus be written as

y=1 3
h e o (y + 2a)dy

-
y=1
dI
Perv. = f ~S/z " .
Bre s © Sy W2y 2a)21%/2

(2.16)



Performing the integration gives

Perv., = be Vo iy (2.17)

as the perveance of a Brillouin beanm.
In the same manner as nmn""a the perveance per square is defined

as the perveance divided by the beam width to beam thickness ratio,

A Perv.n, € JE 12
Per\r.D = W = ;?m : (2.18)

The evaluation of efficiency can be carried out in a similar
manner. This is done by considering that the electrons which leave a

gzero potential cathode carry a total power given by

P = 1I¢ (2.19)

o a '’

vhere I and <pa are the beam current and anode voltage as previously
defined. However, since the electrons enter the interaction region with
some \_relocity, not all of the electron energy is available for conversion
to the proi:agating r-f wave. To determine how much energy is available,
consider the maximum power which can be extracted from a differential

current element of the Brillouin beam. This can be written as

P = (9, -9@)dr , (2.20)

where @ = voltage of the current strip. Thus the total power which

could be extracted from a Brillouin beam entering the interaction region

is given by
y=L
PBr. = h (cpll - Q) Jz dy . (2.21)
y=0



=31

Substituting for ¢ and J and integrating gives

S
he o 2 (2 + ha)
Py = o °2“ {(pa -%[zassuaz»faaa]} . (2.22)

Since PBr .

beam while Po is the power contained by the beam as it leaves the

is the maximum power which can be extracted from a Brillouin

cathode, it is possible to define a maximum Brillouin electronic effi-
ciency (similar to the usual electronic efficiency of a planar crossed-

field device) as

P
A " Br.
'lBr = ‘Po . (2.2})

Substituting for Po from Eq. 2.19 and PBr from Eq. 2.22 the efficiency

becomes
2

- 1- ;c— (22 + bas + 8a%] . (2.24)

"Br. n%,

This can also be written as

= 1=, (2.25)

vhere ¢ = J./.’:"(q:top + B ttop) 16 the mean value of the voltage within
the beam. Notice that this expression is very similar to the electronic

efficiency of a thin beam” in a planar region as given by

= 1-2 (2.26)

vhere ¢ is the potential at the beam location. Since the presence of

the beam depresses the potential in the interaction region, it is obvious
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that for the same beam location the theoretical Brillouin efficiency is
greater than the electronic efficiency when space charge is neglected.
The restriction to laminar flow requires that the following con-

ditions be satisfied:

l. The beam has unique thickness,

2. The beam has unique location,

3. The perveance is given by Eq. 2.18, and

4., The maximum possible efficiency is given by Eq. 2.2k.

The equations can be simplified by defining

= A nI
7 eomz n Sl
ane
= A a
oa » a)a d2 ’ (2-28)
c
a @ a/a , (2.30)
and
b 2 b/a . (2.31)

(f and 3!‘ are different from the normalized parameters used in the Kino

theory.) With these definitions the pertinent equations became

- - . 1 ]
I =l[za—_f)—'§'J ’ (2.32)
)
.y 1 - 7) - —8&
D = > [ (2 l) (2 ~ T) ] ’ (2.33)
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o (D)2
ror R T (2.34)
0 (a) (2 + 2a)

: 1 - K%’ (D + (&) () + 8(8)°) . (2.35)
a

“Br.

I is plotted vs. £ in Fig. 2.2 for different values of the param-
eter 5;. For low values of 5; (e.g. 3; = .40) the curves display a
relative maximum and then become negative at some 1 < 1. This of course
is physically impossible. A more thorough investigation reveals that
points on the curve beyond the maximum I value correspond to the physi-
cally unobtainable roots of 1. As 5; is increased, the curves became
steeper indicating that the current is being carried by a thinner beam.

The curves of givs. I'are shown in Fig. 2.3. This figure indi-
cates that as the beam becames thinner, it must be located farther from
the anode to maintain laminar flow. As 5; is increased, the necessary
beam thickness at a fixed distance from the anode is reduced. Thus a
thin beam situated close to the anode is possible only for extremely
high 5; values which requires either high @a or low magnetic field.
The diagonal b = ;-line represents the dividing line between those
situations which are physically realizable and those which are impossible.
In other words, any point to the right of this line corresponds to a
situation wherein part of the beam is being intercepted by the sole since

in this region

(b+12)>1 . (2.36)
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Notice also that the point at which the & = 0.40 curve intercepts the
b = £ line is precisely that 1 value at wvhich I has its maximum value.
Thus it is obvious that the above statement concerning the physical
impossibility of having any Z values beyond the value at maximum I is
correct.

Figure 2.4 illustrates the variation of perveance with curient.
The interesting feature here is that increases in current require similar
increases in the perveance. This comes dbout because increases in
Brillouin current require an increase in 1 vhich in turn requires the
beam to be located closer to the anode. Consequently the beam poten-
tial is increasedand,in fact, is sufficiently larger so that it more
than compensates for the reduction in Perv.n brought about by the
increase in current.

Finally Fig. 2.5 indicates the variation of efficiency as a func-
tion of the beam to anode spacing. The curves indicate that for each
:a value there is one b at which 5. is maximum. For example, the
:a = 1.2 case has a maximum theoretical efficiency of approximately 97
percent at b ~ 0.4. Notice that there can be no situation wherein points
can exist to the right of the diagonal line since in this region £ < O.
In general, the efficiencies are quite high with values in excess of 90
percent being available for various 3a‘ Furthermore, the minimum theo-
retical Brillouin efficiency is 50 percent which occurs at b= 0; 1.e.,
vhen the beam is adjacent to the anode. This suggests that if Brillouin
flow could be achieved in practice, the electronic efficiency should be
quite high. Of course the major problem would then be that of providing

an effective means of coupling between the beam and fne r-f circuit wave.
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2.4 Practical Convergence Limitations for Electron Guns

With reference to Fig. 2.1 again, consideration will now be
extended to the required gun properties necessary for the formation of
a Brillouin beam. Of principal importance is the question of whether

there exists a limitation on the magnitude of convergence which can be

imposed on a beam by the gun system. If W is the width of the cathode

fran which the electrons originate, the convergence of the beam can be

defined as

np

W
7 - (2.37)

The assumption of uniform emission fram the cathode allows the total

beam current to be written as

I = hWJ_ , (2.38)

vhere Jc is the uniform cathode current density. But from Eq. 2.7 it is

|
|
|
|
|

also known that the Brillouin beam current is

Rt T o SU—— —
icpdalichiie A %

2 o wg £
I = T ('? + 2al > . (2.7)

—

Al sl o in Aot

Continuity requires that these two expressions be the same thus resulting

in the relation

onwWJ
1+ bat = —= (2.39)

€
owc

e P ——

Replacement of £ by V/K results in a quadratic equation for K whose solu-

£ 5

] tion is
% ae o nJ W
w
K=#{1+\/1+_C}, (2.40)
nJ 2 3
c ca eo u%
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Thus for a given magnetic field and cathode current density this equa-
tion gives the convergence which must be achieved in order to generate
a laminar beam which leaves the gun at a distance "a™ above the sole.
For a fixed cathode width the only alternative for increasing
the beam current 1is, of course, to increase the cathode current density.
Therefore, if the magnetic field and beam location are fixed, the net
effect of the increased Jc is to decrease the convergence. In other

words, since the space-charge density for a Brillouin beam is given by

; (2.41)

it is obvious that the only way to increase the beam current for a fixed
magnetic field and beam voltage is to increase the beam thickness. Con-
sequently the convergence of the beam is determined by Jc which in turn
is determined by the voltage applied to the gun accelerator electrode.
If higher convergence values are desired, it is necessary to resort to
increased magnetic field values. However, increases in B also require
increased voltages in order to maintain the electron trajectories approxi-
mately the same.

As mentioned ear.ier one of the reasons for wanting high beam
convergence is to produce high current density space-charge flowv.
However, in the previous section the current density for laminar flow

was shown to be

3
w
€O(!

J = - (y + 2a) . (2.42)

z

Thus there exists only three possibilities for increasing the average

Brillouin current density.
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l. Increase the magnetic field. This is simply the same as
increasing the Brillouin space-charge density.

2. Increase the distance of the beam above the sole. This is
equivalent to increasing the velocity of the beam.

3. Increase the beam thickness. This is the condition of increased
current flow from the gun region either by increasing the cathode area
or the cathode current density.

There has been no discussion of the gun systems which are assumed
to generate the Brillouin beams. The only objective here is to present
same of the limitations which exist even if laminar flow could be gener-
ated. The design of electron injection systems capable of forming laminar
beams is a formidable task which has not been satisfactorily achieved as
of the present time. The following section discusses a few gun configu-

rations and the limitations of their beam forming capabilities.

2.5 Limitations of Typical Electron Gun Configurations

The preceding parts of this chapter have indicated some of the
limitations which exist for rectilinear, laminar electron beams. These
can be considered as the fundamental limitations which are inherent in
space-charge flow through crossed electric and magnetic fields. In actual
electron injection systems, however, the beam invariably differs from the
laminar flow model. Although some gun systems are better than others,
none has yet been found which is capable of forming an ideal Brillouin
beam. A few examples will illustrate the problems encountered in prac-

tical configurations.

2.5.1 Charles Gun*. The first gun will be the so-called Charles

or French Short Gun which is shown in Fig. 2.6. The electric filelds in

the two regions are assumed to be constant and uniform. An electron
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emitted from the cathode will undergo cycloidal motion in region 1 and
pass into region 2 at the apogee of its trajectory. 1In the cathode

region the coordinates of the electron at any time are given by

Pp
y = = (1 - cos wt) , (2.43)
1 d. B ¢
MG
and
Pp
z = —— (wt-sinwt) . (2.44)
N 2 c
1 df B

If the electron is to undergo linear motion through region 2 it should

2
enter at y. = 2 ®f/q de B?, Zp = X Qf/n d. B® with a velocity

2¢f Qa B qJs

B - ~a 3B ’ (2.45)
a

z =

o

f

where ¢h and ¢s are the anode and sole voltages respectively. Obviously
any electron which leaves the cathode at z # Ze will reach the entrance
plane with y £ O so that it will be incapable of linear motion through
the anode-sole region. Thus it is obvious that the Charles gun is
restricted to fairly narrow cathodes in order to have a reasonably thin
rectilinear beam in the interaction region. 1In fact the thickness and
nonlaminarity of the beam are directly related to the cathode width from
which electrons are emitted. This particular characteristic is illus-
trated in Fig. 2.7 where the center trajectory is nearly linear in region
2 but those electrons leaving from different points along the cathode
undergo undulatory motion in the anode-sole region. The transverse ampli-

tudes of these undulations are proportional to the distance between the
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point at which the electron leaves the cathode and the emission point of

the center trajectory electron.

These results were obtained fram a space-charge-free Poisson cell

- ——

analysis similar to those described in the following chapter. The effect
of space charge is such as to actually decrease the turbulent nature of

the beam. However, it is still true that the useful cathode width for

such a gun is quite restricted.

2.5.2 Kino Short Gun. The design of the crossed-field Kino gun

is based on a particular two-dimensional space-charge-flow condition for
which the electric field is always in the y-direction (i.e., E = 0).

In addition it is assumed that all electrons flow in parallel paths with

the current density, space-charge density and electron velocity independent

of the z-coordinate. For this situation the Jy component of current

_r_‘vl;#‘_._

density is constant,

The theory is based on the additional assumption that the electrons

are emitted perpendicular to the cathode with zero initial velocity.
l (This is contrasted with the long gun flow where a nonzero emission veloc-

|; ity is assumed.) The trajectory equations thus take the fram

'| 2
nJ (@ t)
s (z - zo) l[ ‘Lca + cos w t - l_] (2.46)
( , o3 ]
1
|
‘; and
a’ 0
1( y = ——% [ wt -sinwt ] s (2.47)
€ W
o ¢

The direction in which the electrons are traveling at any point is given

by
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l - cos mct

. (2.48)

= & .
tanty dz w.t - sin @ t

The potential and space-charge density observed at any time during the

electron motion are

nJo (wct)2 .
¢=—x—a‘ [l-coswct+-—2—-mctsinwct] (2.49)
€0 Y
and
o]
o
= 2.
(o] 1 - col “’ct ’ ( 50)
2
€ ®

vhere P = ° is the Brillouin density.

Although Eq. 2.47 describes the y-location of an electron at
various times, it can also be considered as the y-location of different
electrons at a fixed z-plane (exit plane). For the latter case, dif-
ferent y values imply that the electrons were emitted from the cathode
at different z, positions and hence arrived at the exit plane at dif-
ferent values of a;ct. Viewing the problem in this manner it is then
possible to determine the variation of p and ¥y across the exit plane.
Restricting the investigation to those electrons which reach the plane
vith o t S 2x results in the trajectories shown in Fig. 2.8. Thus the
upper electron reaches the exit plane at cnct = 2x and has an angle y = O.
All the other electrons lie below this and have mct <2x and y > O at
the exit.

In order to simplify the equations, z and y are normaliz<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>