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I. INTRODUCTION

B man A i S

The performance of crossed-field microwave tubes depends critically

on the electron gun used. At present, several electron gun designs

; exist for the injected beam crossed-field amplifier (CFA) [8]). However,
a long-standing difficulty with such guns has been the seemingly uncon-
trollable noise in the tube RF output. The purpose of this study has
been to develop a theory to account for this noise and, from this, to
determine the means whercby this noise can be controlled and its adverse
effect mitigated.

The theory which we developed was based on the assumption that the
noise was due to instabdilities arising from the continuous interaction
between the reflection of electrons by the electron beam and the electron
bean potential in the boundary region in front of the cathode. Investi-
gation of this feedback mechanism as the agent responsible for the noisi-
ness of crossed-field guns has been the goal of this study. We used as

the basis for our study the extension of the analytical noise theory,

U e T SR TS

developed many years ago by Schottky and Spenky [9}, Rack [10}, and

3 North [11], to the crossed-field case. We also made use of the method

b developed by Lindsay [12,13,14]) to determine the static characteristics

of the beam, such as potential profiles and transmitted current to the

anode.

e
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II. PROGRESS

All of the theories developed during the course of this investiga-
tion were for an unbounded parallel-plate crossed-field diode operating
in the short-circuit mode. These assumptions were necessary in order to
reduce this exceedingly complex problem into a tractable form.

Another assumption was that the diode operated in the space-charge-

it i

, limited regime. This assumption can be clarified as follows. There are
H basically two forms of flow in a crossed-field gun. One is the magnetic-
field-1imited regime [12], and the other 1s the space-charge—limited

‘ regime [13,14]. If we divide thc electrons into classes based on their

5 initial velocity transverse to both the magnetic field and the cathode
surface normal, then each class has associated with it an effective po-
tential function. If an effective potential function has a minimum, then
h this minimum is described as a critical plane for the corresponding class
of electrons [15}. 1If each plane in a slab of the diode is a critical
plane, then that diode is said to be in the space-charge-limited repime.

If the diode does not have critical planes, then it is said to be in the

magnetic-field-1imited regime. We assume that the dlode is operating in
the former regime, since only it has critical planes, and therefore the
sorting characteristic that the transmitted current depends on the poten-
tial profile. The existence of this characteristic is, of course, the
basic premise of this study.

There were two distinct phases to this project. The first was a
solution by perturbation expansion in the fluctuating RF quantities bhut
valid for arbitrary magnetic field. We refer to this as the exact the-
ory. The second phase of the project was a perturbation expansion in
both RF fluctuations and magnetic field, which we shall refer to as the

weak magnetic fileld theory. We discuss first the exact theory.

—_————

A. Exact Theory

Our first accomplishment in this project was the devclopment of a
noise theory for the low frequency regime [1,2], roughly defined as the

region below the plasma frequency. The theory begins with the develop-

ment of gencral equations for the potential and transmitted current.
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The low frequency condition appeared in the assumption that the fluctua-

tions were slow enough for the potential to appear constant during an
electron transit time from the cathode to either cathode or anode. The
general equations were then subjected to a perturbation expansion, the
zero—order terms describing the steady-state potential and transmitted
current and the first-order terms the lincar response of the potential
and transmitted current resulting from the injection of a small addi-
tional emission composed of electrons of a specified velocity. The
theory then combined these perturbations to determine the current noise
power at the anode and thereby the noise factor. The special case where
the average potential showed a parabolic distribution in space was also
considered.

The equations developed above were solved numerically by the quad-
rature method [3]). The results were obtained in terms of the dependence
of the noise factor on the magnetic field. The noise factor so obtained
was always less than unity in the space-charge-limited regime. Since
excess noise must be associated with noise factors greater than unity,
it is clear that it must stem from an effect not included in the model.

One of the effects not included which could possibly give rise to
noise factors greater than unity was the effect of finite transit time.
The final act in the exact solution portion of the project was the
development of a theory for transit time effects [4].

Unfortunately, although the transit time theory was developed
completely, it was not possible to complete the accompanying numerical
calculations because of time restrictions. However, when these calcu-
lations are performed, we expect them to shed considerable light on the
problem of excess noise in crossed-field tubes since, with finite
transit time, one expects positive feedback and thercfore the possibil-
ity of noise ratios in excess of unity. This stems from the following
fact. Assume that the frequency and transit time are such that a 180
degrec phase shift occurs between the cathode and the effective poten-
tial minimum. Then, an increase in emfssion current corresponds to an
increase in the potential minimum and thereby allows more current to be

transmitted to the anode than was emitted from the cathode. The exis-

tence of noise ratios in excess of unity has already been predicted by
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theory for unmagnetized diodes [16]}, and there seems little doubt that

the same situation should carry into the case of magnetized dlodes. The
main question Is to determine whether the effect is large enough to

explain the experimentally ohserved excess nolsiness.

B. Weak Magnetic Field Theory

The purposc of the weak magnetic fleld theory for crossed-field
diodes was to provide a check on the exact theory and to provide a theory
which could be represented more analytically and which was less dependent
on numerical techniques. Also, whereas in the exact case numerical solu-
tions were only obtained for a parabolic (and therefore non-self-consis-
tent) static potential profile, the wcak magnetic field theory allowed
the determination of a self-consistent solution, i.e., a solution based
on a static potential profile which satisfied the Poisson equation.

The first step in this phase of the project was the development of
a theory for the static potential profile [5,6]. The theory here in-
volved the extension of the Fry~Langmuir equation for an unmagnetized
diode to a generalized Fry-Langmuir equation for magnetized diodes and
the extension of the usual potential profile to an effective potential
which was velocity dependent and combined the action of both static
electric and magnetic fields. Another outcome of the theory was the
development of four universal functions (the Fry-Langmuir and three ad-
ditional functions) from which one can determine the potential and den-
sity profiles of any space-charge-limited diode for which the magnetic
field is small. The theory also showed that, with increasing magnetic
field, the crossed-field potential minimum is deepened and shifted
toward the anode with respect to the unmagnetized potential minimum.

The next step in this phase of the program was the final extension
of the theory to include RF effects [7]. With RF effects included, it
was possible (with certain simplifying assumptions) to derive the theory
from four universal diode functions in addition to the usual Fry-Langmutir
function. Evaluating the unfversal functions allowed the calculation of
the noise factor as a function of diode width, beam voltape, and magnetic

field. The results obtained were generally in aprcement with the exact

theory, exact apgrecement beiny impossible to obtain since the exact theory




i8 not self-consistent. In particular, the noise level of the space~
charge-limited diode Increased monotonically from the reduced level at
zero magnetic field. The results were for a range of magnetic fields
well below the threshold where the diode enters the region of magnetic-
field-limited flow in which the noilse power reaches the temperature-
limited level. Thus, the range of the space-charge~limited region was
always assoclated with a reduced noisc level which was, nevertheless,

greater than the unmagnetized space~charge-limited level.
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