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SECTION I

INTRODUCTION

For the past five years, Harris SAI, Inc., Ann Arbor,
Michigan, has been developing advanced computer-aided
simulations of crossed-field amplifiers. Since March 1,
1977, Harris SAI has been supported in this effort by the
Air Force Office of Scientific Research under Contract No.
F49620-77-C-0091. This Final Technical Report covers the
entire period of the contract: March 1, 1977 through
February 29, 1980.

The report is in two parts. Part I describes the work
on the distributed-emission crossed-field amplifier. Part
II (this volume) describes the parallel effort on the injected-
beam crossed-field amplifier.

A. Research Objectives

Crossed-field amplifiers (CFA's) are commonly used to
produce microwave power in transportable systems where light
weight, compactness, high efficiency, and peak power of
kilowatts or megawatts are required. Radar and electronic
countermeasure systems are examples. In existing distributed-
emission CFA's, it is desirable particularly to raise the gain
and efficiency and extend the bandwidth over which the tube
will both start and operate in the desired mode. An injected-
beam CFA (IBCFA, Figure 1) can be used as the final amplifier
in an electronic countermeasure or radar transmitter where
relatively high gain of 20 to 30 dB is required at frequencies
covering an octave range. Because it can tolerate a wide
range of duty cycles at fixed peak power, it is especially
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suitable for multi_.’e functions (e.g. air-to-air or air-to-
ground transmission) in a single system. The designer of an
IBCFA aims for high efficiency and wide dynamic range with

a stable, low-noise beam.

The effort in the IBCFA studies has shifted the emphasis
from the RF properties of the tube, included in the original
(1977) Statement of Work, to a more detailed study of the
electron-gun region. The purpose is to improve the under-
standing of the beam injection conditions at the RF input, since
the gun is recognized to be the source of much of the noise
output, including intermodulation, of existing tubes.

The Northrop RW-620 injected-beam CFA was chosen as a
production tube suitable for providing measurement data.
The gun in this tube has a grid along the cathode in the beam-
drift direction, and beam scalloping has been observed in
the magnetic-field direction. Therefore, a full three-dimensional
model is necessary to accurately predict the beam shape and to
simulate design improvements.

The stated objectives of this research are as follows:

(1) Develop an electrostatic model for two-dimensional
simulation of a crossed-field gun, using the deformable mesh
technique.

(2) Develop a time-dependent two-dimensional crossed-field
gun model with a Monte Carlo simulation of noise characteristics.

(3) Apply the model to study the effects of varying the
accelerating anode voltage, the magnetic field, the sole
voltage, and the cathode temperature on cathode current, beam
shape, noise and stability.

(4) Extend the two-dimersional model to a full three-
dimensional simulation, including nonuniform magnetic fields
and grid wires in the beam-drift direction.




(5) Develop a fast non-iterative solution for the
potential distribution on a deformable mesh.

(6) Investigate an existing approximate feedback model
for possible extension to three dimensions.

{7) Obtain experimental measurements for the RW-620
crossed~field gun through a subcontract.

(8) Analyze the three-dimensional gridded RW-620 with end
hats using a Monte Carlo analysis, and obtain beam noise
characteristics at specified positions.

(9) Analyze the RW-620 as a periodically gridded struc-
ture so that the effects of end hats can be found by comparison
with results of item 8 above.

B. Status of the Research Effort

Hariis SAI has completed a significant portion of this
work and has established all the basic techniques needed in
the full three-dimensional study. The excellent results for
the two~dimensional static gun analysis of a Kino short gun serve
to validate the deformable-mesh technique. Applying the same
static analysis to a longer cathode, such as in the RW-620,
shows instability due to returning cycloiding electrons,
and it has proved considerably more difficult to obtain a
convergent solution. The computed currents are higher than
measured. Since April 1979, therefore, work has been concen-
trated on the time-dependent gun analysis, with emphasis on
the correct modeling of the cathode.

Northrop Corporation Defense Systems Division have provided
experimental measurements on the RW-€20 injected~-beam CFA under
a subcontract. For this long-cathode gun, the time-dependent
two-dimensional analysis gives a clear dynamic steady state

——— .




and reasonable quantitative results. A newly developed
cathode emission model accounts for returning charge and for
the reduced electric field due to grid wires. The three-
dimensional solution of Laplace's equation for the RW-620
geometry demonstrates the fields that exist before the beam
is introduced.

Because of the large amount of computing time required
for the three-dimensional work, it was planned to make use of
a Harris 550 computer which was more economical than the
alternative University of Michigan machine. This machine
became fully operational at Harris Corporate Headquarters,
Melbourne, Florida in late 1979. Unavoidable delays in the
installation of the machine during 1979 left insufficient time
for the three-dimensional IBCFA analysis. Instead, additional
work was performed on the concurrent distributed-emission
crossed-field amplifier simulation with worthwhile results.

C. Summary

The Harris SAI models of the IBCFA are compared with
other recent work in Section II. Details of the deformable-
mesh technique are given in Section III. Of the two alternative
solution methods developed for the Poisson difference equations,
relaxation is more efficient than a direct method. This is
because the successive potential solutions are similar and
require only about ten iterations each step.

The time-dependent analysis of the anode-sole region
(Section 1IV) has been developed to study the effects of the
beam injection on stability in the line-sole interaction
region. It uses a fast Poisson solution between rectangular
boundaries to reduce the computing time. Noise growth in the
gun is neglected.




The two-dimensional static analysis (Section V) gives
excellent agreement with published experimental measurements
for a short Kino gun in which the cathode is short relative to
the cycloid length., However, it has proved difficult to obtain
a self-consistent convergent solution for a long cathode
with this model (Section VI).

There remains considerable controversy about the existence
of an instability due to shot noise at a long cathode. Section
VII provides a brief description of the various recent theories.
So far, only the Ho and Van Duzer model has predicted this
effect.

An accurate model of cathode emission is esgsential for
a correct estimate of the beam current produced in the gun.
After a study of possible cathode-emission models of varying
complexity, two types of model have been selected as program
options. These are (1) a microscopic thermionic emission model
in which the local potential creates a minimum to suppress
excess charge, and (2) a macroscopic model which estimates the
self-consistent solution at each step, assuming a mesh interval
larger than the Debye length.

Section VIIIdescribes these models and estimates the
required mesh size, time step and effective cathode temperature
in asimulation. The macroscopic model now gives space-
charge limited currents which are 6 percent above the Child's
Law values (only 2 percent in the cylindrical model of the
distributed-emission tube), and about 30 percent above the
measured values for the Kino short gun. However, improvement
of the trajectory calculation should reduce these differences.

Under a subcontract to Harris SAI, Northrop Corporation
Defense Systems Division has measured the beam current in
several tubes for varied magnetic field, accelerating=-anode
voltage, and grid voltage. They have also supplied the observed




noise power in the absence of RF drive. Finally, "cold" and
"hot" RF measurements are included in Northrop's results.

As an initial application of the three-dimensional
model, the potential distribution has been computed in the
RW-620 gun using the exact electrode and grid configuration,
but without space charge. Graphical results are presented
in Section IX.

Simulation results obtained for the RW-620 in two
dimensions (Section X) show a stable beam and fair agreement
with the measured currents when a grid shielding factor is
used. Section XI presents conclusions and plans for
continued work.

Details of the RW-620 measurements are given in Appendices
A and B. The tube data required and the output information
from the time-dependent program are summarized in Appendix C.
Appendix D is a program output listing for a typical RW-620
simulation. The computer resources reguired are listed in
Appendix E.




SECTION II
STATE OF THE ART OF INJECTED-BEAM

CROSSED-FIELD AMPLIFIER ELECTRON GUN SIMULATION

Most existing crossed-field electron guns have been
designed empirically using elementary analyses of simple elec-
trode shapes in nongridded guns.1 However, the injection
conditions of the beam into the anode-sole region of the injected-
beam crossed-field amplifier or oscillator are critical in
determining noise output and efficiency. Effort is now being
directed at improving the understanding of crossed-field
beams both experimentally and by computer simulation. The
computer'modelsz-7known to Harris SAI are summarized in Table 1.

Both the iterative electrostatic and the time-dependent
models have been developed by Harris SAI. The time-dependent
calculation predicts beam noise and will work for both stable
and unstable beams. The time-dependent motion in the anode-
sole region was studied previously by Harris SAI using a
rectangular interaction region with time-independent initial
conditions. Only an ideal Brillouin injected beam was treated.7
The model now under development combines the gun, transition,
and anode-sole regions so as to give realistic injection condi-
tions for the beam between the line anode and the sole.

An accurate calculation of the beam current requires an
accurate model of the cathode emission in the local space-
charge fields. 1In the Harris SAI program, a macroscopic
model, originally developed by the Naval Research Laboratory
for magnetron simulations,8 ignores the electron velocity
distribution and shot noise at the cathode surface. The model
is verified by Child's Law, applies to both short and long




TABLE 1

STATE OF THE ART OF CROSSED-FIELD

ELECTRON GUN SIMULATION IN USA

Author

Shaw and Kooyers

True

Lele and Rowe

Chang, Fontana,
MacGregor and Rowe
(Harris SAI, Inc.)

solution of Poisson equation,
and approximate grid effects.

short Kino gun with rectangqular

Two-dimensional static deform-

References Features of Model

2 Two- and three-dimensional

3 time-dependent analysis of

4 short and long guns with
rectangular region for
Cannot treat space charge in
line-sole region.

5 Two~-dimensional static
(iterative) solution for
short and long guns with
deformable-mesh Poisson
solution.

6 Two-dimensional Monte Carlo
(time-dependent) analysis of
mesh for potential solution.

-

and this able-mesh solution for short
report gun.

7

Two-dimensional time-dependent
deformable-mesh solution for
short and long guns.
Rectangular solution for line-
sole region with injected
Brillouin beam.

Model of space-charge-limited
cathode emission.

Three-dimensional model
under development.




crossed-field guns, and should treat also the shielding effects
of grids.

A gun computer program has been developed by Shaw, et al.,z-4

for design of dual-mode IBCFA's, but the techniques described
for that work appear to be restrictive. Charge motion is
computed as a time-dependent solution, but in a rectangular
interaction region with simplified boundary conditions in two
or three dimensions. The resolution of distance is fixed and
determined by the rectangular mesh of points used to solve
Poisson's equation. The effects of grid wires can only be
approximated. Therz is only a simple thermionic model of
cathode emission.

9,10 is a much more powerful

The deformable-mesh analysis
technique. This method involves solving Poisson's equation on
an adjustable triangulargrid with arbitrary boundary shapes.
Computation time can be minimized and accuracy increased by
concentrating solution points incritical regions, such as
near the cathode. Harris SAI has obtained accurate results
for many O-type traveling-wave tube guns and applied this
analysis to a short crossed-field gun during the first year
of this AFOSR contract. A three-dimensional version of the
O-type gun analysis is also giving excellent results for
radially gridded guns.ll' The deformable-mesh analysis has
been applied to CFA guns also by Litton Industries, but only
a two-dimensional electrostatic model has been described in

published work.5

Harris SAI is developing also a fully three-dimensional
calculation. That model includes arbitrary side electrodes
(end hats), a spatially variable magnetic field, grids in the
principal beam direction, and electronic motion in the magnetic
field direction. The grid wires are particularly important for
reducing noise and beam interception and raising the efficiency
of existing tubes.u’13 Their physical effects on the beam are
not well understood. Also needing an explanation is the

10
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dramatic reduction of noise observed in a long Kino gun when
the magnetic field is tilted in the transverse plane by about
one degree relative to the cathode.14

The RW-620 injected-beam CFA has a narrow, long cathode

gun and may exhibit one type of beam instability in which electrons

returning to the cathode cause excess noise over the shot noise
level. Ho and Van Duzerl5 have demonstrated this using an
approximate feedback model and they have summariéed experimental
results up to 1968. Recent analytic studies of shot noise and

16,17 and of velocity noise with a

potential perturbations,
fixed potential,18 however, treat only a parabolic steady-state
potential and hence do not include this feedback effect.

19

The diocotron or "slipping-stream" instability is a second

major source of noise in crossed-field tubes.

These two instabilities are initiated by shot noise due to
random electron emission times and are distinct from the
"geometrical amplification” of the initial thermal velocity

distribution.29-22

The latter is a purely steady-state crossed-
field phenomenon and is at least partly the cause of the anode
current that can be measured in a supposedly "cutoff" crossed-
field diode. However, it is doubtful whether a true steady

state exists.

11




SECTION III
POTENTIAL AND TRAJECTORY CALCULATIONS

IN THE CROSSED-FIELD GUN

A. Introduction

The aim is to obtain the electron trajectories, the
potentials and the beam current with an arbitrary electrode
configuration. Two approaches are treated here: a static
analysis and a time-dependent analysis.

Both methods trace the motion of representative charges
("super-electrons”) through the gun. The static calculation
computes all trajectories throughout the gun between successive
solutions of Poisson's equation and attempts to find a convergent
solution. A solution is defined to have converged when the end
points of the trajectories satisfy the criterion that fewer than
a specified number of these end points hawve changed their
nearest mesh mode in two consecutive iterative cycles. The
time-dependent calculation, on the other hand, does not search
for a steady state, but instead solves Poisson's equation at
every time step as the trajectories are advanced through the
gun. New charge is injected at the cathode at every step.
Figures 2 and 3 are outline flow diagrams for the two programs.
In both analyses the electrode voltages are independent of time.
Thus, the model represents a short-circuited, not open-circuited,
diode, and high-frequency effects on the boundary voltages are
ignored.

The techniques described here are applied in both static
and dynamic analyses. They have been developed initially in
two dimensions, but extension to three dimensions is straight-
forward.

12
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Flow diagram for static electron gun analysis.
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R. The Deformable Triargular Mesh
1. Purpose

The deformable-mesh technique isused in the Harris SAI
electron-gun analyses to provide an accurate solution of
Poisson's equation with realistic electrode shapes. In the
past, many analyses of this type have used a rectangular mesh
because of the simplicity of the finite difference =squations.
However, a deformable triangular mesh has two advantages over
a rectangular mesh. First, points of a deformable mesh more
closely approximate the boundary of an electrode because the
positions of the mesh points are adjustable. Thus, the boundary
contains the mesh points instead of being forced to fit the
nearest points of a rectangular mesh. Second, more mesh points
can be moved into critical regions, ensuring higher accuracy
where it is needed. This technique makes it possible to analyze
a gridded gun which requires high resolution in the grid region.

2. Generation of the mesh

Before the simulation can be started, a mesh must be
generated which outlines the geometry of the gun and defines
the position of each node. The first step in generating the
mesh is to set up the problem in "logical space," which is a
collection of nodes labeled by the coordinate pairs (I,J),
where I and J are integers. Each of the nodes in this space
has six nearest neighbors, just as each mesh node in real space
has gix nearest neighbors. The indices (I,J) of a point differ
from those of its neighbors by at most one.

The boundaries of the electron gun are supplied to the

program by making the boundaries of the structure in logical space

coincide with the actual physical boundaries. Three types of
boundary points are used for these cases. "B" points are
assigned a position and potential, both of which remain fixed
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during the simulation. Likewise, the position and potential

of "C" points are fixed by the program input data; these points
are also capable of emitting electrons and, because they are
emission centers, the program generates a fine rectangular mesh
in their vicinity. "N" points constitute a Neumann boundary.
The position of these points is fixed, but their potential is
calculated as the simulation progresses. The program guarantees
that the normal component of the electric field at the Neumann
boundary is zero.

The particle search routine requires the restriction that
at most 2 nodes of any mesh triangle may be defined as boundary

points.

In addition to the boundary points discussed, the program
recognizes another type of constrained point which is very useful
in setting up complicated meshes. This is the "G" point, whose
position is fixed by the input data, but whose potential is
assigned as the solution of Poisson's eguation progresses.

Figure 4 shows a portion of a typical mesh, first in
logical space and then after deformation to fit the physical
boundary shapes. Figure 5 shows a full mesh for the long-
cathode gun analyzed, and Figure 6 is an expanded diagram to

show the cathode region.

At the cathode a thin rectangular mesh of "G" points is
established. 1Its size is controlled by two input parameters:

(1) NAC, the number of rectangles normal to the surface,

and,

(2) FRT, defined as
FRT = 2 g/(NAC - &) , (1)
where 7 and { are the respective mesh intervals along and
perpendicular to the surface. The values in Figure 6 are

NAC = 3 and FRT = 3.7.
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Mesh for simulation of RW-620 IBCFA.
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The majority of the mesh points are "R" or interior
points, whose positions and potentials are not fixed by the
input data. The positions are determined by formulating the
zoning problem as a potential problem with the mesh line
playing the role of an equipotential line. The program
computes the positions of interior points by solving the
following Laplace's equations, using the method of successive

overrelaxation:
2 ]
e (2)

and

Q2
~N
N
Qo
~
N
o

(3)

Here y and z are the actual coordinates of each node and i
and j are the indices of the node on the coordinate map. Each
mesh point is connected to six neighboring mesh points (Figure
7).

For "R" points, the coordinates y and z are obtained by
repeated solution of the relaxation eguations

: N
Yg+1 Yg + a(E: y]t: - 6y2 )/6 (4)
\k=l

and

+1
2"

z

(o]
oD

6
n n
+ a ZZ z, - 62 1/6 (5)
k=1
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where (yg ’ zg) are the coordinates of the node at the n":h

iteration, (yi ’ zg are the coordinates of the neighboring
points for k = 1 to 6, and o (the program variable ALPHAl) is
an overrelaxation parameter (usually 1.7). The "G" points
and boundary points are not moved, When the difference

th and (n + 1th
chosen tolerance for all nodes (EPS1l percent of the cathode-

between the n calculations is less than a

to-plate distance), the solution procedure is assumed complete.
Typically, 31 iterations suffice for a 28 x 36 mesh with a

tolerance, EPS1l, of 0.01 percent.

C. Poisson's Equation

Poisson's equation is solved for the potential at each
point, given the potentials or their derivatives on the boundaries
and the space-charge density at each mesh point. Poisson's
equation in rectangular coordinates is:

2
y2

2

@
<
@
<

+ = ‘S(le) ’ (6)

Q)
Q

z2

where V is the potential and S is the source.

At each interior mesh point, the corresponding finite
difference equation is of the form:

V.W, = § ’ (7)

where Vi is the voltage, the wi are weights and i refers to one
of the nodes of a typical hexagon enclosing one node in an
irregular triangular mesh (Figure 7).

The weight wi is computed between neighboring points Po
and Pi as
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- 1 + -
Wi = 3 (cot ¢ + cot 6 ) . (8)

The term SO is defined as

6
S = Z ai4+(1/2) °i+(1/2)/eo ' (9

i=1l

where ai+(1/2) and °i+(l/2) are the quadrilaterial area and
space-charge density, respectively, for triangle i+(1/2).
The quantities 67 and 6~ are shown in Figure 7. Although
each interior point has six neighbors, only three weights
need be stored per point because of symmetry.

D. Boundary Equations

The two types of boundary conditions allowed are
(1) Dirichlet, withspecified potential, and

(2) Neumann, with a zero normal electric field.

1. Dirichlet boundaries

On conducting boundaries, where the voltages are
specified, the difference equation becomes just

\'4 (10)

Vboundary
at each mesh mode on a Dirichlet boundary.

2. Neumann »oundaries

The case of zero electric field normal to a boundary
is a simple extension of the general difference equation derived

by winslow.10
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Suppose that point O (Figure 7) lies on a Neumann boundary.
Apply Gauss's theorem to the secondary mesh elements from the
triangles in Figure 7 that lie within the region.

Consider a volume of unit height normal to the mesh plane.
The normal flux out of the secondary mesh element about point
O (part of the dodecagon in Figure 7) is equal to 1/6o times
the total charge enclosed, and is also equal to the line
integral of the normal electric field around the element.
For example, if the boundary line is Pi-1°Pi+1 in Figure 7,
only the triangles i+(%) and i-(%) are used. Here the only
non-zero part of the integral of electric field is that normal
to the vectors a, b, ¢ and d because of the Neumann condition.

It can be shown that the normal flux Ri—(l/2)+Ri+(l/2) is
given in this case by

V., -V (v. - V)
_ i o + i+l
Ri‘.(l/z) = __2_— cot 9 + —;__. cot ei (11)
and
(v. - vc) (v. -V
- i - i-1 o
Ri*;/a = ———;——— cot 6 + 5 cot 6. , - (12)

The angles 8", 8,, 0, ; and 8~ are shown in Figure 7.
It is assumed that the electric field is uniform within each
mesh triangle, i.e. that the potential varies linearly there.

Hence, the difference equations at a Neumann boundary
point are the same as for an interior point provided that
(a) the weight between a boundary point and an external point
is defined as zero, and (b) the weight W between any two
boundary points is defined as % cot ei, where 6; is the angle
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opposite the two points (0 and Pi

triangle within the region. If either O or Pi is an interior
point, the weights from O to Pi and from Pi to 0 are both

%(mt 8% + cot 6').10

+ 1in Figure 7) from the

Two alternative methods have been developed for solving
the difference equations: the iterative overrelaxation method
and the direct noniterative method.

E. Solution by Overrelaxation

The overrelaxation equation is

6

+1 _ n EZ
vg = Vo + a6y W, . (13)

i=1

where o represents the point at which the calculation is made
and i represents the six neighboring points. The term ay, is
an overrelaxation parameter (ALPHAV), normally 1.3, and n is

the number of the relaxation cycle.

The residual Go is defined as
6
G, = zwi(vi -v) +s, - (14)
i=1

Points outside the boundary are skipped in Equations 13 and 14.
The initial values Vé are an arbitrary approximate solution.
The solution is defined as convergent when, for every mesh point,

the residual Go is smaller than a chosen value (usually
EPSV=0.01 percent of the plate-to-cathode voltage).
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F. Direct Noniterative Solution

The alternative non-iterative scheme developed here is
demonstrated as more efficient for a solution that requires
many relaxation iterations. The approach is that of Halbach
and Holsinger,23 who have determined the electric field
distribution at nodes of an irregular mesh covering a closed
cavity. Instead of solving finite difference equations for
mesh points by overrelaxation for each mesh node, they invert
a tridiagonal block matrix representation of the difference

equations for the entire structure.

1. Matrix structure

Let there be K (horizontally) by L (vertically) points
in the logical mesh space. Then the full matrix for the
difference equations has dimensions (K x L) by (K x L). If
the mesh points are numbered in successive rows, so that point
(I,J) has number K x (J-1) + I, the full matrix is reduced
to a tridagonal block form:

- TR L
211 212 vV S, T
azy 23 353 0 Vy S,
235 335 A4, V3 S3 (15)
0 ar_1,1-2 %-1,1-1 2L-1,5}| V-1 [Si-1
a,,1-1 2L,L Ve Sy
- JL J U J
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- [ - o)
where: Vk = Vk, 1 Sk = Sk, 1
vk, 2 sk, 2
. . . (16)
Yk, -1 Sk, L-1
Vk, L sk, L
" J L J

Fach matrix aij is sparse and tridiagonal, and of

dimension K x K. In the kth

row of blocks the diagonal matrix
ayk contains the coefficients of potentials in Equation 7 for
points in the same row of the logical mesh. The two coefficients
from the row above are placed in the right off-diagonal block,

a k+1’ K+l elements to the right of the main diagonal of

k,
the full matrix, and the two coefficients from the points in
the row below are in the left off-diagonal block, K+l

elements to the right in the full matrix.

ax, k-1’

If, alternatively, the nodes are ordered along successive
columns, the full matrix consists of K x K blocks each of
dimension L x L, with only the diagonal and off-diagonal
blocks nonzero as before.

Treatment of boundary points is straightforward. When

node K is a Dirichlet boundary point ("B" point), the full

matrix contains a 1 as the Kth

th

diagonal element, zeros

th

elsewhere in the K row and K column, and the specified

becomes the Kth

potential Vboundary term in the source ve. :or.
When a node is a Neumann boundary point ("N" point), the weights
to adjacent boundary or interior points are already computed

and stored, and the weights to external points are zero.
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2. Solution procedure

The inversion of the full matrix is performed by a
Gaussian elimination and back-substitution method.23 The
method follows the standard procedure for linear equations,
but the elements aij are matrices instead of single real

numbers.

The row or column numbering order is used for greatest
efficiency according as L <K or K > L. For L <K the
solution requires inversion of K full L x L matrices.

Additional storage arrays of dimensions (L, L, K-1)
and (L,K-1l) are needed for the K-1 modified right off-diagonal
matrices (L x L), and for the (K-1l) source vectors used in the
back-substitution. These arrays may, however, be stored on
a disk instead of in CPU fast memory.

3. Test results

A simple test problem has been run to compare the direct
and iterative (relaxation solutions). The configuration is
a rectangular plane-parallel diocde with a uniform charge
density and a Neumann boundary condition of zero electric
field normal to the X-directed boundary sides. The exact solution
is known analytically and agrees within 0.5 percent with the
numerical solution. The relaxation and direct solutions agree
to within 0.1 percent, demonstrating that both methods are
accurate.

For an initial solution on a 21 x 21 mesh the direct
method requires about two-thirds as much computing time as
the relaxation solution (Table 2). The latter requires as many
as 137 iterative cycles to converge. However, for a series of
similar solutions as in the electron gun, the relaxation
method is the more efficient. As few as 7 iterations will
produce convergence when a good approximation has been obtained
from the previous time step. Although the two subroutines are

28




*193ndwod £/AQLy TYeRPWY Ue UO POUTERIQO SIoM S9WT3 BUTYoeR

0sv°o0 caLo LET 12 X T¢
LIC"0 Zvoco 0T 8 X L
uor3jnios uotT3InTos uoT3Nnos 9ZTS
309a11Q aATIRIOIT uoT3lexeray ysSoSn
I0J (s)auwry I03J (S)aury uT suorjeaa]y
butandwop butanduo) JO xoqumnpy

SNOILVNOE FONFYAJIAIA J0O

SNOILNTOS FAILVYILI ANY LOAYIA 40 ADNIIDIJLJH
¢ ATHYL

29




coded to be interchangeable, the relaxation method is being
retained for both static and dynamic calculations.

G. Assignment of Space Charge to Mesh

At a given time step, each charged particle lies within
a mesh triangle. The charge is distributed over the three
mesh nodes forming that triangle as in Figure 8. Drawing lines
from the particle position P to the three nodes subdivides the
triangle into three separate triangular areas, AO’ Al, and Az,

opposite ncdes 0, 1, and 2. If g is the charge per particle,
g A
0
}\0+A1+A2
In the two-dimensional model, the calculation refers only

the charge assigned to node 0, for example, is

to the y-z plane containing the triangular mesh.

In a three-dimensiopal model, there are several such
mesh planes spaced apart in the magnetic-field direction (x-
direction). The deformed triangular mesh is the same in all
the planes. The charge is assigned to the two nearest planes.
If the charge is distant x, and X, from planes 1 and 2, then
*2 and X1 are assigned, respectively,

X * %, X * %,

to planes 1 and 2. The charge assignment over the triangle

fractions

vertices then proceeds as in the two-dimensional case.

A search algorithm (subroutine NEARST) locates the
mesh triangle containing a given point. If the point lies
outside the boundary, a switch indicates that no such triangle
has been found. A particle at the point is then assumed to be
intercepted on aboundary. The specific boundary is determined
from the particle coordinates and the electrode dimensions
(such as the cathode length or the plate height) that are supplied
by the user.
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Figure 8. Charge and its three local mesh points.
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In order that the search algorithm can succeed, the mesh
must be constructed so that no more than one side of any
triangle 1s a boundary line. In other words, at most two nodes
of any triangle may be defined as boundary points. Otherwise,
particles in the anomalous triangle will be treated as inter-
cepted. 1In Figure 7, 1line OPi+1 or line OPi, but not both,

may be defined as boundaries.

Once the charge contributions to the mesh nodes have been
summed over all the particles, the charge density p associated
with each node is computed. Each node is surrounded by a
corresponding dodecagonal area (Figure 9), the value ADOD of
which is computed when the mesh is generated. For a total
charge qj on mesh node j, the charge per unit area is qj/ADOD(j).
Only charge within the boundary is included in the charge
assigned to point O, and the secondary mesh area (ADOD) at
O covers only the portion of the dodecagon contained in the
triangles within the boundary at 0. No fictitious points need
be defined outside the boundary.

For the two-dimensional model, the charge density p at
node j is then

q .
- ) . (17)
P ADOD (j) * (beam width in magnetic-field direction)

For a three-dimensional model, the dodecagon is projected
into a volume. There are two planes on each side of a given
plane, and the height of the dodecagonal volume equals half
the separation distance of these planes. Then the charge
density is

95

= ADOD(j) * (height of dodecagonal volume) (18)
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Figure 9. Hexagon and dodecagon associated
with six mesh points surrounding a particular
mesh point.
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H. Electric Field

The electric field components in the plan= of the triangular
mesh are derived at a given position in the plane using the
three nodes of the triangle surrounding the position, and the

six neighbors of each node in turn.

Firstly, the two first derivatives at node 0 are calculated
from a least-squares-error solution of the six Taylor series

equations
vy, v,
v = Vo 4+ — (y, = VYpa) + — (2, - 2):k =1, ¢ « 6 . (19)
k 0 3y k 0 32 k 0
The solution is the set of derivatives which minimizes
the Euclidean norm ||R|| of the residual vector
BVO BVO

g, = V., =V, = — (y,=Ya) -~ — (2, = 2,);k =1, « + 6 (20)

k k 0 3y k 0 3z k 0

and

(21)

Next, the above procedure is repeated for each of the
remaining two nodes of the triangle enclosing the particle
(nodes 1 and 2 in Figure R).

When the derivatives at the three surrounding nodes have
been calculated, the electric field components at the electron
position are computed by linear interpolation, following
Winslow (Equations 3 and 4 of reference 10).

This procedure differs from that described by True,
which derives five first and second derivatives at a single
point instead of two first derivatives at three points. The
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present method requires less machine storage because only two
derivatives at each point need be stored as they are computed.
It is also more readily extended.from two to three dimensions.

To reduce computing time, the program stores the fields
as they are computed at each mesh point and sets a switch to
indicate for subsequent particles in the same time step that
the local fields there have already been computed.

In the two-dimensional model, the above calculation is
performed in the single y-z plane perpendicular to the magnetic
field. The calculation is readily extended to three dimensions.

I. Trajectory Equations

Given the electric and magnetic fields, the trajectories
of sample electrons are found by solving the Lorentz force
equation. Assume the beam to be in the y~z plane direction
and the magnetic field in the x-direction. The trajectory
equations can be expressed in terms of the field components
as

N:
i

-n(E, + ¥B,) (22)

and

Lo
1]

-n (Ey - 2B,) ' (23)
where E_, and By and B, are zero and n = e/m, the charge-to-mass

ratio of the electron.

The difference equation solutions are:z4
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where

w = anAt .

The trajectories are started by specifying the initial
and final coordinates corresponding to a fictitious previous
time step. For an initial velocity (vy, vz) at coordinates
(y,2z), the preceding coordinates are (y-vyAt, z-v,At). At
present only a single normal velocity

v = /3 t26)

is set, corresponding to a cathode temperature T (°K),and where
k is Boltzmann's constant and m is the electron mass.

In the static calculation (Section V) the particle is
initially placed above the cathode. The time-dependent model
places the initial coordinate y on the surface, and the
"previous" position y-vyAt is then behind the surface.

An alternative, time~centered, trajectory calculation7

was implemented for the time~dependent analysis of the anode-sole

region (Section IV). There the electron velocity is determined
one half time step behind the position and the electric field.
This "leapfrog" method willbe incorporated in the three-
dimensional model.

36




— e e

SECTION IV
LONGITUDINAL TWO-DIMENSIONAL IBCFA

ANODE-SOLE REGION PROGRAM

This computer program simulates the behavior of the
injected beam between the anode and the sole, with the
assumption that the beam velocity and charge distributions at
the start of the region are in a steady, time-independent state.
Here the beam may either be given as the analytic Brillouin

19,25 or be derived from the electrostatic crossed-

solution
field gun calculation. In the latter case, the gun program
and interaction-region program are run in sequence with automatic

transfer of lata via a disk file.

A time-dependent calculation follows electron trajectories
through the region, taking into account space-charge forces
in the anode-sole and drift directions. It assumes a periodic
boundary condition in the drift direction for solution of
Poisson's equation in a reference frame moving with the mean
drift speed. 1In this longitudinal two-dimensional program,
the chargé motion and electric fields are confined to the plane
perpendicular to the magnetic field. A more detailed description

of the program is given in a separate report.7

If a Brillouin beam is used to initialize the calculation,
the beam may be subdivided into layers, each with a different
initial velocity. If the electron gun results are used, each
trajectory is treated as a separate beam layer. Only the final
positions of the gun trajectories are stored. At the interface,
the shape of these trajectories over the reference frame is
approximated by extrapolating backwards parallel to the sole,
as in Figure 10, so as to determine the particle positions.
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Figure 10. Interface of gun and anode-sole regions.

38




Then each particle is advanced parallel to the sole with uniform
speed in every time step until it passes the plane z = 0. All
the particles contribute to the space-charge field, but the
actual beam shape behind the starting plane is replaced by the
extrapolated shape shown in Figure 11l.

In this study the program is used to demonstrate the cycloiding
in the anode-sole region of a Kino short gun (Section V). The
theoretical beam shape agrees well with the results of published
beam-analyzer measurements. The program also demonstrates
the growth of the diocotron instability in the RW=-620 CFA
assuming an ideal Brillouin injected beam (Section X).

The interface is computationally efficient and is realistic
provided that the static solution is valid in the gun region.
However, for a fully time-dependent analysis of a long gunsit
is more accurate to use a single deformable-mesh simulation for
both the gun and part of the anode-sole region, since the
interface approximations are then eliminated.
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Figure 11. 1Initial positions of simulation particles
for anode-sole-rerion program.
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SECTION V

STATIC SOLUTION FOR THE KINO GUN

A. :'Gun Configuration

26,27 (Table 3) are used

Results for an experimental Kino gun
here to verify the two-dimensional static gun analysis.
Figures 12 and 13 show the full mesh and the local rectangular
mesh at the cathode. The computed trajectories in Figure 14
show that the cathode is short compared with the electron cycloid

length.

B. Steady-State Cathode Emission

The electrcstatic method used here aims to find a self-
consistent solution for the trajectories, the potentials, and
the space-charge-limited cathode current. Figure 2 is an
outline flow diagram for the program.

For computing the space-charge-limited cathode emission
current, the Child's Law method is used. This method,
originally developed for the linear-beam electron gun simulation,
works successfully also in the static crossed-field calculation
provided that the cathode is short relative to the cycloid
length for the emitted electrons. Near the cathode surface,

a thin rectangular mesh layer is established by the program,
as shown in Figure 15. The rectangles are assumed to be
essentially parallel-plate diodes. Thus, the cathode current
density can be found by using Child's law:

v

J = k? = kC 3,2 ’ ( 1l )
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Figure 12. Mesh for simulation of Kino short gun.
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Figure 13. Rec*angular mesh at cathode in
simulation of K.nio short gun.
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Figure 14. Computed electron trajectories in Kino
short gun using experimental electrode shapes and
magnetic field of 0.0195 T.
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Figure 15. Mesh near the cathode surface.
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TABLE 3

DATA FOR SIMULATION OF EXPERIMENTAL KINO SHORT GUN

Quantity
Magnetic field

Anode voltage minus cathode voltage
Sole voltage minus cathode voltage
Focusing anode voltage minus cathode voltage

Height of anode above cathode at interface
plane

Height of sole above cathode at interface
plane

Angle between cathode and sole planes
Length of cathode
Width of cathode in magnetic field direction

Front ramp electrode angle (relative to
cathode)

Rear ramp electrode angle (relative to
cathode)

Anode-~sole distance (measured normal to
sole)

Length of sole included in gun computation

Value
0.0195 T
0.0219 T
0.0230 T
1600 V
ov
1215 v

7.45 mm

2.6 mm

9.74°(0.17 radian)
2.54 mm
10 mm*

18,78°
(= 0.3279 radian)

34.94°
= 0.6098 radian)

4.78 mm

2.6 mm

*Estimated from published values of pulsed current and cathode

current density.
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where

k = % EO v 2n (2)
and
c = qEt . (3)

where n is the ratio of electron charge to mass.

If the trajectories bend significantly near the cathode,
Equation 12 is not accurate. However, with the aid of
deformable mesh techniques, the width £ of the parallel plate
diodes can be made arbitrarily small. Then the trajectories
inside the diodes are almost perpendicular to the planes of
the diodes and Equation 1 can give fairly good results for
the cathode current density calculation in most cases.

At each node on the cathode, a C is determined from Equation
3 for each of the NAC-1 nodes in front of the cathode. Following
the method of True,9 the average C of these NAC-1 nodes is
then taken as the C for that cathode node. Letting m denote
the nodes along the cathode, the quantity C for this node is

NAC-1

c_ = V(L » E)/(L « £)%B (NAC-1) . (4)

Next, Cm is laterally averaged with its neighbors by the

formula9

+ C + 2C_ + R + C

m Rm—l + 2 + Rm+l

where
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C_/cC , if c_ <c¢

m m-1l ™ m-1

R =

m-1 . (6)
Cm-l/cm , 1if Cm 2 cm-l

and

cm/cm+l ’ if Cm < Cm+l

Rm+1 = . . (7)
Cm+1/cm ;, 1f Cm 2 Cm+l

This lateral averaging will suppress the oscillation in
the current density due to the alternating nature of the mesh
at the cathode.

c. Comparison With Measurements

Three computer simulations have been made with fixed
voltages and magnetic fields of 0.0195 T, 0.0219 T and 0.0230 T.
The results in Table 4 show good agreement with the measurements.

The computed electron trajectories for the gun region are
displayed in Figures 14, 16 and 17. The results from the
anode~sole region, interfaced to the gun as in Section 1V,
are shown in Figures 18, 19 and 20 (on a different scale).

For the first run, the analytical value of 0.0195 T is
used. The pronounced undulation of the trajectories in Figure
18 shows that the beam is injected too far above the sole. For
comparison, the injection positions of the ideal Brillouin beam
are marked on Figures 18, 19 and 20.

The periodic distance of the trajectory oscillations
approximately equals the ratio of the inital z-velocity and
the cyclotron frequency. Increasing the magnetic field to
0.0219 T and 0.023 T lowers the beam and reduces the vertical
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MAGNETIC FIELD (TESLA) = 0.021800
Figure 16. Computed trajectories in experimental Kino

short gun with 0.0219 T magnetic field.
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Figure 17. Computed trajectories @n e;perimental
Kino short gun with 0.023 T magnetic field.
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motion in the anode-sole region (Figures 19 and 20). At the
same time, the total currents and the cathode current density
shown inTable 4 are almost constant. The computed gun trajec-
tories show that the injection positionis sensitive to the
magnetic field, while the trajectory shapes close to the cathode
are less so. The experimental current densities are about 4
percent less than the computed values, and are also almost
constant.

The experimental currents are reproduced in Figure 21,

which shows the nearly constant cathode current I, and also

the current I, intercepted on the focusing anode.k This
intercepted current falls to zero at about 0.0195 T. The
computed trajectories, also, show no interception on the
focusing anode as the magnetic field is raised from 0.0195 T.
With the lowest field of 0.0195 T, the beam just misses the
focusing anode (Figure 14), in agrecment with the experimental
cutoff result. The experimental results show that maximum
beam transmission and minimum beam cycloiding both occur with

a magnetic field of between 0.02 T and 0.024 T, well above

the Kino value of 0.0195 T. Although Masnari and Rowe ascribed
this discrepancy to experimental error,27 the present computed
results support the experiments. The trajectories are sensitive
to the, electrode angles adjacent to the cathode, which are not
included in the analytical theory. 1In fact, an improved design
has been obtained both by Masnari and Rowe and with the present
program (see Figure 22),.

The trajectories computed with the two programs agree well,
although the precise dimensions used by Masnari and Rowe are
not available and must be estimated from the published drawing.
The trajectories computed in the anode-sole region (Figures 18,
19 and 20) show the least undulation and are closest to the
ideal Brillouin beam for the magnetic field of 0.0230 T. This
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Figure 21. Experimental variation of currents with
magnetic field. (¢a = 1600 volts, ¢f = 1215 volts)
(After Masnari and Rowe)

56
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Anode Voltage (V) =2850.920
Magnetic Field (T)=3.0230CCO

S
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Figure 22. Trajectories computed for the Kino short
gun with modified ramp electrodes.
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result is supported well by the experimental beam profiles

of rfigure 23.26

These cover a distance up to about 25 mm
along the z-axis of Figures 18, 19 and 20. The interface plane
for the programs is 2.6 mm from the end of the sole nearer

to the gun.

For the optimum (0.023 T) magnetic field, the cyclotron
wavelength corresponding to the average injection velocity is
27 mm, while the theoretical diocotron gain for a Brillouin
beam is computed as 3.7 dB over this distance. However, the
diocotron effect does not appear in the present calculations
because the periodic length is made a small fraction (0.035)
of the cyclctron wavelength, in order to demonstrate the behavior
of the ideal static beam. Since the gun is only 12 mm in
length, the electrostatic analysis is probably sufficient there
also. This is a low-power tube with an available beam power of
76.5 W for the anode-sole voltage of 1600 V and peak pulsed
current of 0.0478 A.

The detailed beam profiles in the anode-sole region show
some minor discrepancies. Someelectrons originating at the
rear end of the cathode (about 6 percent of the total current)
cross over in the gun and form a distinct bunch below the
majority of the beam. The beam tester did not resolve this,
possibly because of secondary emission on the grid wires which
reduced the resolution of variations in local beam current
density. The experimental beam showed less undulation at
0.0219 T than at 0.023 T and the experimentally observed initial
upward motion at 0.02 T (Figure 23) is not reproduced on the
plot for 0.0195 T (Figure 18). However, in this case the beam
was observed then to descend to a minimumheight of about
0.085 inch (2.16 mm) on the scale of Figure 20, or 1.86 mm
above the sole. This minimum occurred at a distance of
0.875 inch (22.23 mm) from the exit plane of Figure 20, or
19.7 mm from the start of the anode-sole-region computation.
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This result agrees well with the minimum height attained in
the trajectories of Figure 18.

D. Conclusions

The deformable-mesh potential solution and the trajectory
equations are shown to reproduce well the behavior of the
beam away from the cathode. A more accurate calculation of
the beam current may be possible either with an improved static
model or with the time~dependent model. For example, more
cathode emission points would give more details of the local
electric field.
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SECTION VI

STATIC SIMULATION OF THE LONG CROSSED-FIELD GUN

Several attempts are described here to obtain a self-
consistent solution for the RW-620 gun. In this two-dimensional
model the grid is ignored. The design differs significantly
from the Kino short gun already described in that the magnetic
field is high enough and the cathode long enough for emitted
electrons to return to the surface.

A. Cathode Emission in the Static Model

Three different models of cathode emission were used, of
which the last yielded a convergent solution under conditions
described below. These are:

(1) emission according to Child-Langmuir Law,
(2) emission according to Kino flow,

(3) emission according to the power series of Radley
and Birtles.

The mesh structure for the RW-620 gun is shown in Figures
3 and 4. It is the same for all three emission models. Notice
that there are two regions. A closely spaced rectangular
region along the cathode contains "NAC" intervals in the y-
direction perpendicular to the surface, and trajectories are
launched from the top of this region. In the remainder of the
gun, the triangular mesh is constrained only by the electrode
boundaries. The rectangular mesh region along the cathode
is treated as a series of rectangular diodes, each extending for
one mesh interval along the surface and for NAC mesh intervals

normal to the surface. This example uses NAC=3.
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1. Emission according to Child~Langmuir Law

In the computer simulation of the electron gun, the
cathode region is represented by a series of rectangular diode
regions. In the O-type gun and Kino short gun, Harris SAI
has successfully used Child's Law to represent emission-
limited operation at the cathode. Within each diode region,
voltage and charge emitted are given as a function of distance.
This feature enables the charge ejected from the cathode to be
consistent with the potential obtained from Poisson's solution
over the entire tube.

In the RW-620 electron gun, the trajectories of the
charge bend back toward the cathode. An electron at the far
end of the cathode may cycloid back to the cathode as many as
five times.

The static\analysis did not converge. This can be attributed
to two main difficulties.

(1) Charge returning to the cathode violated assumptions

made in applying Child's Law.

(2) The trajectories must be allowed to bend even in

the diode region.

Making a fine mesh did not improve convergence. AsS many
as 5,000 nodes have been used to cover the tube. Figure 24
shows a typical cycle in a 3,000-node mesh. Notice the large
accumnlation of charge at the front of the cathode. This
region is expanded in Figure 25. Some current will be intercepted
by the cathode in this region.

2. Emission according to Kino flow

This model differs from the Child's Law model in that
Kino short gun theory is assumed to hold in each diode region
about the cathode. The cathode current density is derived
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Figure 24, Trajectories about cathode using Child-Langmuir model.
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Top of cathode using Child-Langmuir model.

Figure 25.




from the potential at the end of the diode region by solving
iteratively the Kino flow equations1 with a zero initial
velocity at the cathode surface. The trajectories are then
started at the end of the diode region with initial velocities
taken from the Kino equations. 1In the iterative procedure,

it is necessary to allow for transit times of more than one
cyclotron period.

The current launched from a rectangular region of one
cycle is averaged with that of the previous cycle by the
following formula;

C = C

- )
new old + R(ccallc cold’ ' (1)

where C is the calculated current density.

calc
Implicit in this model is the assumption that charge

flows through the diode region without returning to the cathode.

Consequently, the model will not handle cases of extreme

cycloiding. The trajectories, however, are allowed to bend

in the diode region. They should allow a more accurate

representation of the initial conditions of each trajectory.

Litton Industries have used a similar model with some
success on an MBWO gun. This gun is about one cycloid length
long.5 True also reported successful results for a long Kino
gun with about three cycloids over the cathode. However, there
are no reported comparisons with measurements on an actual gun.

The Kino flow model initially did not yield convergent
results for the RW-620 gun. A possible reason for the difficulty
is the same large amount of charge which cycloids back toward
the cathode. The charge tends to depress the potential in a
cathode region to a negative value, which tends to turn the
trajectories of the next iteration away from the cathode, and
which then raises the potential. Even with a low relaxation
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constant R=0.25, the process produced instabilities in which
the amount of charge varied greatly in successive iterative
cycles. A convergént solution was subsequently obtained by
applying the relaxation equation (1) to the charge density
at every mesh point.

However, the Kino flow model remains unsatisfactory because

of its basic assumption that no charge returns to the cathode.

28,29

For this reason, the Radley-Birtles model was adopted

instead.

E. Emission according to the power series of Radley and
Birtles

Near the cathode, the potential is used to calculate
electron flow equations using the power series solution of
Radley, et al.28

For each rectangular diode region, the potential power

series has the form:

v = Ayws (1 + % yzﬁ - meh) . (2)
Charge is assigned to each node in the cathode region and
initial conditions for the charge trajectory out of the cathode
region are obtained. The nodes on the cathode surface are
numbered 1,.., j,.. in the direction from the rear toward the
sole. These nodes are taken successively. There is one
trajectory emitted for each node j. The program computes the
emission current density and the entire trajectory from a
given node j before proceeding to the next node (j + 1) along
the surface. If a trajectory returns to the cathode, it does
so nearer to the sole than the emission point, and its effect
can thus be included in the same iterative cycle.
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The following steps are performed.

(1) The potential at each mesh node is obtained from
the solution of Poisson's equation over the entire mesh.

(2) At the o0

ay and yj in Equation 2 are obtained from the value of the magnetic
field and the cathode current density for the jth node in the

node along the cathode, coefficients

previous cycle.28 In the first cycle, an estimate of current
density starts the calculation.

(3) The coefficient Aj is found from a least-square-error
fit of Equation 1 to the potentials at the first NAC nodes in
the direction perpendicular to the cathode at the jth node
along the surface.

(4) Aj is smoothed using values of A from adjacent
diode regions along the cathode.

(5) Underrelaxation is applied to Aj. Using the value

of Aj in the last cycle (A.

Y, A. is assigned the value:
j old J

(A

where the coefficient R is typically 0.2.

(6) Using Aj' the cathode current density at the jth

node is calcula1:ed.28

h

(7) At the jt node, the finite-difference derivative

| ¥

is calculated.

Q

z
(8) Using coefficients A., a., v., and the derivative of

]

Aj, the electron velocities vj, vg, are calculated at a node,
denoted Nj' which is NAC mesh” intervals in the y-direction from

the cathode at the jth node.zs'29 The node Nj is at the
interface between the cathode rectangular diodes and the deformable
mesh. The velocities are needed for the initial velocity

of the ray of charge.

67




(9) At each of the NAC points in front of the jth cathode

node, charge is assigned via the power-series electron flow

29

solution of Radley and Birtles. The charge qj at the point

N., NAC intervals above the cathode, is to be used in assigning

J .th
the charge to the j ray.

(10) (Optional) If charge from a trajectory k (k is
less than j) has been deposited at node N_i because of cycloiding,
this charge is subtracted from qj. The resulting value is
proportional to the amount of charge launched on the jth ray.
In this manner, charge launched on a ray is consistent with
both the power series solution and the presence of a returning

charge.

(11) The charge Qj actually launched on the trajectory
ray from node Nj is given by:

J
g. vo, At Az,
J

where Azj is the width parallel to the cathode of the jth

elemental diode, Aj is the area of the rectangular mesh region
associated with node Nj. and At is the time step. See reference
9, Eguations 5.6 and 6.41.

(12) The ray at node Nj is launched with charge Qj and
initial velocity components v; and Vg
(13) A space~charge weight is added to charge at each of

the NAC nodes in front of the jth
28

cathode node. This weight
is described by Radley, et al. It provides corrections to
the finite-difference residuals near the cathode for a crossed-
field gun so that the finite-difference potential solution is

consistent with the potential series.

(14) The position on the cathode is incremented to the
(5 + 1)th node and the calculation repeated from step 2.
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B. Comparison of Theory and Measurement

The results of the two-dimensional static analysis of the
RW-620 are shown in Table 5 for a magnetic field of 0.25 T
and accelerating-anode voltages of 2.5 kV, 3.5 kV, and 4.5 kV.
The two-dimensional model gives only the current emitted per
unit width in the magnetic-field direction. To compare the
calculated and measured currents, it is assumed that the
grids shield one half of the cathode in the actual tube.

The two cases - (a) and (b) - correspond, respectively,
to including or excluding returning charge in the net charge
launched per ray in a given iterative cycle (see step 10 of
Seciton VI.A). Case (b) gives the lower beam currents.

For the ideal Brillouin crossed-field beam grazing the
cathode in a uniform plane-parallel diode, the anode voltage
(below cutoff), the magnetic field, and the anode-cathode
spacing together give a unique beam current per unit width and
a corresponding beam thickness in the plate-cathode direction.
The Brillouin current I per meter width in the magnetic-field

direction is given by:22

- - - 24y 2
/1, = (1-( va/vc)‘/) , (5)
with
I
I - 0 ¢ ) (6)
max 2,,]

W = 7B , (7)

the angular cyclotron frequency, and
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2 32
_ W, d
c n ’ (8)

the cutoff voltage. Here, Va is the accelerating-anode (plate)
voltage, d is the anode-cathode spacing (treated as uniform),
B is the magnetic field, and n is the ratio of electron charge
to mass. The beam thickness ytop is given by:

YtOp = €oN 7p3 (9)
for Va <Vc (below cutoff) or
= d (10)

ytop

for Va > Vc(above cutoff).

The Brillouin currents per meter of cathode width are
also shown in Table 2. They are sensitive to the plate-to-
cathode spacing, which is tapered from 1.067 mm at the rear
to 0.838 mm at the front in the RW-620 (tube S/N 59242). The
values for both the front and the rear are tabulated. Since
the measured currents fall more rapidly with plate voltage
than the Brillouin currents, the effective cathode width
appears to be less at the lower plate voltages.

At 4.5 kV, the Brillouin current densities may exceed
the density available from the temperature-limited cathode,
which supplies between 1 x 10° and 2 x 10° A/nm? over a length
of 4.34 x 10 °® m in the beam-drift direction. The corresponding
temperature-limited current attainable per unit width is then
between 434 and 868 A/m, sufficient to supply the measured 1.5
A, but not with a Brillouin stream in the gun.

Looking next at the computed currents shows the following.
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(1) The computed current densities are of the correct

order of magnitude, but are in all cases higher -than measured.

(2) Closer agreement is obtained when the charge returned
to the cathode from points nearer to the rear is included in
deriving the potential distribution and the emission current
density at a given point than when the returning charge is
ignored.

(3) The values of 538 A/m and 341 A/m at 3,500 V and
4,500 V are anomalous since a higher voltage should produce
a higher current. The limitation of the model is its sensitivity
to whether or not cycloiding trajectories graze or intersect
the cathode. With more simulation trajectories, this sensitivity

would be reduced.

Corresponding trajectory plots are shown in Figures 26
through 31, and Figure 32 shows typical equipotentials.

At 2,500 kv, the cathode covers about five cycloid lengths;
at 4,500 kV, there are about three cycloids per trajectery

over the cathode.

In the anode-sole region (on the left of the figures),
a nonlaminar (non-Brillouin) beam appears to be launched with

some cycloiding and crossover, but no electrode interception.

C. Conclusion

While the electrostatic solution is useful for the linear-
beam tube and the short Kino crossed-field gun, convergence
difficulties make it less suitable for the long crossed-field
gun. The time-dependent method is more promising for treating
electrons that return to the cathode; in fact a time-independent

state may not exist in this case.
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Figure 27. RW-620 trajectories from two-dimensional static
model with plate at 3,500 V; returning charge ignored for
computing emission.

74




e — e LT S ——

290:00

8
%
~N

|

&

2

$ b

g

3 .

-20.00 60.00 140.060
Y
TRAJECTORIES

Figure 28. RW-620 trajectories from two-dimensional static
model with plate at 4,500 V; returning charge ignored for
computing emission.
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dimensional static model with plate at
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4,500 V; returning charge included for
computing emission.
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SECTION VII

SHOT NOISE AT THE CATHODE

A. Introduction

There is continuing controversy whether noise due to
random emission of electrons at the cathode of a crossed-field
gun is smoothed or amplified by returning charge.

Experimental results summarized by Ho and Van Duzerls

show that excess noise is ohserved for long cathodes that cover
more than 0.55 cycloid lengths. In the physical model, returning
electrons cause a feedback of perturbations and a resultant
instability. More recently Harker and Crawforle'17
concluded that if electron transit times are ignored, the

have

potential minimum always smooths shot noise originating with
random perturbations of the emission current at the cathode,
just as when the magnetic field is absent. In a parallel

8 Shkarofsky has analyzed the effects of shot noise on

studyf
the thermal velocity distribution for a fixed, unperturbed,
parabolic potential, also in an infinite plane-parallel diode.
Here "shot noise” is defined as the random fluctuations in the
number of electrons emitted in a given time over a region of the

cathode and the random fluctuations in their emission times.

In this section, the Ho theory is compared with these

alternative models.

B. Diode Model

The diode is made infinitely broad in the magnetic-field
direction so that all motion may be confined to the plane
perpendicular to the magnetic field. The diode is specified
by the anode voltage, the magnetic field, the anode-cathode
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spacing, the cathode length in the beam-drift direction, and

the maximum current density available at the given cathode
temperature. Ho assumes that the potential distribution between
the potential minimum and the anode approximates that of a Kino

1,22

long gqun, in the region where the equipotentials are roughly

parallel to the cathode surface.

A "space-charge-limited" condition is assumed with a
parabolic potential distribution between the cathode and
potential minimum that is uniform along the unperturbed diode.
The space~-charge-limited condition is characterized by tne
existence of a critical plane parallel to the cathode for each
value of the initial velocity component parallel to the surface.
At the critical plane, the electron will either turn back to
the cathode or escape entirely into the electron stream, depending
on its initial normal component of velocity. Van Duzer and
Whinnery30 have provided a clear explanation of this effect.

If there are no critical planes, the diode is "magnetic-field-
limited" and all electrons either intercept the anode or return
to the cathode plane.

Ho and Van Duzer use the Kino short gun flow equations
to estimate the density Ja of the current component escaping
normal to the cathode, and hence to derive the position and
depth of the potential minimum and distinguish the space-charge-
limited regime. The feedback theory then derives the effects
of perturbations of the emitted current.

With the parabolic potential distribution, the space-
charge~-limited condition is

2|v, |

2
X
m

> wl ' (1)
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with ivml and x_ the magnitude and position of the potential
minimum and We the radian electron cyclotron frequency, nB.
This condition is, equivalently, written as

W > W , (2)

where wp is the radian plasma frequency of the electron stream
up to the potential minimum and is uniform on the parabolic
potential assumption. The term wp may be estimated from the

value in the nonmagnetic diode,31

Wi = nd, T m Y2 (3)
P €9 2 kT !

where m is the electron mass, k is Boltzmann's constant, T is
the cathode temperature, and Ja is the density of escaping
current normal to the cathode at the potential minimum.

In an actual gun, however, the space-charge-limited
and magnetic-field-limited regions are not straightforward
to find. The emission current density must be averaged over
the width of the cathode and the effects of the end hats on the
electric field neglected. Extending the theory to three
dimensions appears to be difficult because of the complex
electron trajectories produced by the nonuniform electric
field and the nonparabolic potential distribution at the
sides. The time-dependent numerical simulation is preferable
for study of an actual gun, since the realistic electrode
boundary conditions can then be applied to solve Poisson's
equation.

c. Mechanism of Instability

In the nonmagnetic diode, there is only cre "critical
plane," located at the potential minimum. An excess emission
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current (a shot-noise perturbation) depresses the potential
minimum, producing a compensating fluctuation that smooths the

shot noise from the temperature-limited value.

According
to Ho and Van Duzer,32 the instability in the crossed-field

diode arises from a cumulative effect of electrons cycloiding
and returning to the cathode. Van Duzer's and Whinnery's 1961
model of the crossed-field diode 30used only a one-dimensional

calculation of the time-dependent emission-perturbation current,
at.d did not predict instability. That model treated the effect

of an increased emission current on the trajectories of the
critical electrons and showed that the thermal velocity distribu-
tion is not directly responsible for excess noise. If a
deepening of the potential minimum causes an extra near~critical
electron to return to the cathode without crossing the critical
plane, a corresponding "hole" is formed in the stream. These
hole trajectories, assumed to be collected on the anode in the
1961 model, can, in fact, return to the cathode if the cathode
is sufficiently long relative to the cycloid length, making the
potential minimum less deep and increasing the perturbation
current emitted.

At this point Ho and Van Duzer's model differs significantly

16,17 According

from that analyzed by Harker and Crawford.
to the latter, at a given plane between the anode and the

cathode, there are just three classes of electrons:

(1) Electrons with insufficient initial normal velocity
to reach the critical plane and which return to the cathode,

(2) Electrons for which the given plane is a critical
plane, so that they are moving parallel to the cathode, and

{(3) Electrons whose initial normal velocity is sufficient
that they can pass their critical plane.

Class (1) contains equal numbers of electrons moving towards
the anode and returning towards the cathode. All electrons
in class (3) are moving away from the cathode and will eventually
reach the anode.
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This classification is complete when the potential varies
parabolically throughout the diode. However, the potential
distribution used beyond the potential minimum by Ho and Van
Duzer allows some of the electrons from class (3) to return
to the cathode. It is these electrons that perturb the
potential minimum in that model and produce instability. 1In
Figure 33,electrons 1 and 2 are in classes (1) and (2) respec-
tively, and electrons 3 and 4 of class (3) have passed their
critical planes. However, only electron 4 escaped to the anode.
A further explanation of the electron trajectories is given

by Lindsay (see reference 33, Figure 4).

According to Ho and Van Duzer, a perturbation that deepens
the potential minimum creates “"holes" in the electron stream.
These "holes" follow the same trajectories as the electrons they
replace. Ho attributes the instability to the difference
between these hole trajectories and the trajectories of emission
perturbation electrons. The holes originate at critical planes
with normal velocities near zero; emission perturbation electrons
that pass their critical plane have larger normal velocity there.
The Ho and Van Duzer model uses an iterative, rather than a
time-dependent, theory, and uses the lack of convergence to
demonstrate instability in a long gun. Their cathode length
criterion shows good qualitative agreement with experimental
observations on crossed-field guns, both short and long compared
with the Kino cycloid length 27? nJa/(aowé), where n is the
electron charge-to-mass ratio and wy = nB is the electron

cyclotron frequency for the magnetic field B.

In the RW-620 gun, the ratio of cathode length to Kino
cycloid length varies from about 9 to 18 as the beam current
density varies from 10 to 5 A/m? at 0.25 T magnetic field.
This ratio clearly fulfills the criterion for excess noise
due to cycloiding. However, the grids in the actual gun may

suppress the effect; the full computer simulation is necessary.
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D. Conclusion

There is no contradiction between the theories mentioned
here: all thre« make different assumptions. Ho and Van
Duzer]'s'32 have the most general model although their calculations
are not rnalytically rigorous. It appears that an instability
may be caused by cycloiding electrons that escape into the
electron stream and then return to the cathode. There are no
such electrons when the potential is parabolic throughout the
diode, as in the analytic models.

The Harris SAI time-dependent computer model may predict
instability if a noise current is added to the average local
cathode emission, since a fluctuation at one point will
affect the subseqguent emission along the surface. However,
the present RW-620 calculations, with no applied noise current,
are stable over 120 cyclotron periods. It would be interesting,
also, toperform a detailed computer simulation of a long
rectangular crossed-field diode on a scale sufficiently fine
to distinguish the critical planes and the potential minimum.
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\ SECTION VIII

‘f‘IM.E-DEPENDENT CATHODE EMISSION

\

A. Introductioﬁ\

\

There are two\elternative methods of beam simulation at
the cathode. A micfgscopic approach models the emission at the
cathode surface and ﬁhen uses the derived potentials to give
the space-charge-limiéed current. A small mesh interval and
time step are needed; ébeir values are estimated below.

Alternatively, a macroséopic model can be used in which the
Debye length (defined beiﬁw) is short-relative to the mesh
interval in the model, and the net emitted current is estimated
from the electric field. ; e Child's Law calculation of the
static analysis is an example of the latter method.

For economy incomputatiép, it is advantageous to use the
largest potential mesh and thé smallest number of particles
consistent with a realistic si*ulation. It is also useful
to determine which effects are &mportant and which will be
resolved by a given model, sinc# the ca:hode phenomena are
critical in determining the beaﬁ\current and its stability.

B. Debye Length

The Debye length (Ap) is significant in two ways.
First, it is a good estimate of the distance from the cathode
to the potential minimum. In the classical non-magnetic

space-charge-limited diode?1 this distance equals 1.225AD.

Secondly, the average energy of a cloud of electrons in
thermal equilibrium through individual collisions is of the
order of kT. 1If the density of the cloud is perturbed from a
uniform state, the resulting space-charge field acting over
a sufficient distance can produce energy changes of the same
order, kT. The Debye length is a measure of this distance.

87

a7 BN e L e e A R

oy el . " ey - - L2, s - S
| FAERT~ PP BB v o SRS DA RGBT e




The number of particles in a Debye sphere is approximately
equal to the ratio of the mean collision time to the period of
plasma oscillations. When the Debye length is much less than
the device dimensions the beam may be treated as a collisionless
plasma.

The Debye length for an electron beam is defined as

A, = v ’ (1)
D .
/Z wy

where v is a characteristic speed of the particles and We, is
the angular plasma frequency corresponding to the local charge
density. An estimate of “p in the crossed-field gqun is

given by the Brillouin flow condition19

w = w,6 = nB , (2)

where w_ is the angular cyclotron frequency in the magnetic

c
field B, and n is the ratio of electron charge to mass.
A more precise definition of AD is31
2 o g2 f,2
)\D vy/wp . (3)

Here v; is the mean sguare normal component of the thermal emission
velocity given by
v; = 2kT/m (4)

for a cathode of temperature T, where k is Boltzmann's constant
and m the electron mass. For the term “p Birdsall and Bridges31
use the radian plasma frequency at the potential minimum, given

in a non-magnetic diode by Equation 3(VII)




- ae e e et s i ek

v
w? = Ly (1m (s)
P €9 2 kT *

The term Jy is the current density escaping normal to the cathode
at the potential minimum. An upper limit to JY is the maximum
thermionic current density, Jg» which is attained where the
cathode is locally or instantaneously emission limited.

c. Microscopic Emisgssion Model .

Here the model requires only the thermionic current density
Js A/m? and the number, NEPM, of charge rods to be emitted
per mesh interval ¢ along the cathode surface. Then the total
charge emitted in a time interval At is given as

Q = = Jg At x (cathode area) . (6)

This charge is distributed evenly over the cathode surface

at every time step independently of the local eletric field or
charge already emitted. The charge per rod per meter width

in the magnetic-field direction is

q = DQROD = = J, CAt/NEPM (7)

Let the mesh intervals along and normal to the cathode equal

z and £, let At be the time step of the simulation, and let g

be the charge per meter width for a single rod in a two~dimensional
model. Estimates of the mesh size and time step required to
compute the potential minimum and the effects of thermal velocities
there are

E < )‘D ’ (8)

T <A ’ (9)




At < AD/vy . (10)

The maximum charge per unit length per rod is then

W
lal = 22D (11)
or
€9 2kT
lal = —5— c/m (12)

to give at least one rod per Debye square.

For a three-dimensional model each rod must then be
divided lengthwise into at least as many particles as’ the number
of Debye lengths across the device. '

Table 6 shows the Debye length at the cathode in the
two guns studied here (cathode temperature 1500 K), the
maximum mesh size allowed compared with the distance from the
cathode to the accelerating anode (plate), and the largest
time step and charge per particle that will permit a resolution
of the potential minimum., Table 7 summarizes the model
parameters actually used for the two crossed-field guns
simulated in the present study. It shows also the values used
in earlier calculations by Wadhwa and Rowe 34
diode and by Lele and Rowe6 for a short Kino gun. The latter
two models were fine enough to distinguish the potential
minimum. The same detailed calculation for the RW-620 gun

for a plane-parallel

appears impractical.

One way to remove this difficulty is to raise theaﬁathode
temperature, T. The Debye length is proportional to T , and
can thus be made to exceed the practical mesh interval. Of
course the noise computed will increase also. For example, the
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simulation of the RW-620 gun with its present mesh size requires
a temperature of 2.12x10° K instead of the actual 1500 K. The
noise study of Kooyers and Shaw4 for a long Kino gun uses a

mesh interval of about 20 times the Debye length for an actual
cathode temperature of 1323 K. The corresponding effective
cathode temperature for generating noise effects in the beam

is 71,800 K. In that case ten time steps per cyclotron period
and a density of two or more rods per mesh rectangle for a
Brillouin stream are sufficient. With space-charge limitation,
the minimum beam temperature actually computed by Kooyers and
Shaw4
above the theoretical value.

is about 62,000°K, and their beam current is about 3 percent

This microscopic model is retained as an option in the
present Harris SAI program. It has not been extensively tested,
but initial trials give an excess beam current in the short Kino
gun. It is found that all the thermionic current escapes
into the beam and no potential minimum is formed to return
excess charge. Thus, this method is not generally applicable
to guns of varying cathode lengths.

D. Macroscopic Emission Model

Accurate and efficient prediction of the beam current is
the primary purpose of this model. It implicitly assumes that
the mesh interval exceeds the Debye length at the cathode.

At each time step and at each mesh mode on the cathode,
the total charge is counted within one mesh rectangle above the
surface. At the node sufficient charge is emitted, then, to reduce
the local electric field to zero. If the charge required
exceeds the available charge derived from the thermionic
current density, only the available charge is emitted. The
same algorithm is used with excellent results, in the
distributed-emission CFA model. Part I of this report gives
a detailed description. It is expected that it will be more
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accurate than the microscopic model for the full 3D

simulation of the RW-620 gun which has a grid 0.2 mm (4 mesh
intervals) above the cathode. To dastermine the charge per

rod the user supplies the parameter FBRILL which is the

number of charge rods required to cover one mesh rectangle at
the cathode with the density of a Brillouin stream. Thus, the
charge per rod per meter width in the magnetic-field direction
is

DQROD = -g, nB? . RDIS . ZDIS/FBRILL , (13)

where RDIS and 2DIS are the mesh intervals along and perpendicular
to the cathode. Present runs use the values FBRILL = 3.0 in
the KINO short gun and FBRILL = 16.0 in the RW-620 long gun.

To simulate noise effects beyond the potential minimum,
random perturbations of the emission current and an initial
thermal velocity distribution may be added after the mean
emission current has been determined.

E. Tests of the Macroscopic Model

1. Child's Law

The model has been tested using the analytic Child's Law
solution in a plane-parallel diode with no magnetic field.
The computed currents are at present 6 percent above the analytic
values, although the 3/2 power law is obeyed as the voltage is
raised. The reason for this error is that the trajectory
equations now used for the IBCFA are not time-centered. The
initial velocity and positions are specified at the same instant
instead of one-half step apart. As a result,an emitted electron
sees the full electric field from the previous step during its
first trajectory step and its self-field is not included. Future
versions of this program will advance the emitted electrons
only for one half a time step initially.
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In the cylindrical distributed-emission CFA model (Part
I of this report), the trajectories are corrected after the
solutinn of Poisson's equation, and the er . in the Child's
Law simulation is only two percent.

The Child's Law test reveals a second limitation which is
due to the triangular mesh structure (Figure 34). The electric
fields computed at ‘'odd-J' mesh points differ from those at
'even-J' points in the presence of space chargeeven for a
uniform electron stream because of the manner in which charge
is assigned to the mesh. The effect on the emitted charge is
reduced by using the mean of the normal electric fields above
two adjacent cathode points to control the emission at each
point. The same smoothing is used in the crossed-field gun
simulations. A "ripple" on the computed trajectories remains,
however (Figure 35).

2. Dynamic simulation of the Kino short gun

Since the Kino short gun has a short cathode relative
to the cycloid length, it can be treated either by the static
or the time-varying model. The results from the two models
(Table 8) show that the cathode currents from the dynamic model
now converge to values about 33 percent too high. These currents
are, however, less than the available thermionic current
supplied to the model, whereas the time-dependent microscopic
model failed to show a space-charge-limited condition. The
tests should be repeated with the improved calculation of the
trajectories at the cathode.

F. Summary

The two cathode modeling options are compared in Table 9.
The macroscopic model shows less detail but is computationally
more efficient than an accurate microscopic model. It should
be incorporated also in the three-dimensional gun simulation.
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TABLE 9

COMPARISON OF TIME DEPENDENT MODELS

OF CATHODE EMISSION

Accuracy of
Net Current

Effective
Cathode
Temperature

Potential
Minimum at
Cathode

Thermal
Velocities

Shot Noise
at Cathode

Smoothing of
Shot Noise by
Space Charge

net current limited
only by returning
trajectories.

In short gun, all
injected charge escapes
into beam. 1In long gun,
(Shaw) 3% accuracy:
accuracy with gridded
gun not known.

Proportional to
Mesh Size *
Debye length

Accurate only with
short time step and
fine mesh.

Included, but unimportant

in practical models.

Included but magnified
by discrete particle
size.

Included.

99

Beam Microscopic Macroscopic
Property Model Model
General Cathode emits full Emitted charge
Features thermionic current; controlled to cancel

electric field
on cathode.

2 % above Child's
Law values.

Not known.

Neglected.

Included, but
probably unimportant.

Imposed on emission
current and magnified
by particle size.

Not included.




Beam
Property

TABLE 9 (CONT.)

Microscopic
Model

Macroscopic
Model

Excess Shot
Noise at Long
Cathode

Diocotron
Growth of
Noise Away
from Cathode

Included in principle,
but not computed so
far.

Included.
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SECTION IX
THREE-DIMENSIONAL POTENTIAL CALCULATION
IN THE RW-620 GUN
As the initial stage of the three-dimensional analysis
of the RW-620 gun, the charge-free solution shows the shielding

effect of the grid wires along the cathode.

A. Mesh Generation

A three-dimensional mesh is set up to fit the electrode
and grid boundaries of the RW-620 gun in the following manner.

First, the two-dimensional triangular mesh is generated
as Section III describes (see Figure 5). Next, this mesh is
projected on each of several planes perpendicular o the magnetic
field, with the mesh triangles constrained to match the grid
wires and projected from one plane to the next. There is one
such plane on each face of a grid wire and two in the space
between the grid wires. The boundary potentials over the gaps
between the plate and end hats, and between the end hats and
the cathode, are linearly interpolated. Since the gun is
symmetric about its midplane perpendicular to the magnetic
field, the solution need only be computed for one half of the
gun.

B. Potential Solution

In three dimensions, Poisson's equation is given by

Vv = =-8(x,Y,2) . (1)
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1)

A mesh point o has six neighbors, (i=l,+++, 6) in the y-z
plane (Figure 7) and two neighbors (j+1, j-1) in the x-y
plane (Figure 36). The difference equations, derived below,
are solved by successive overrelaxation. Taking the volume
integral of both sides of Equation 1 and applying the
divergence theorem, gives

_/AVV-n da = -j'fs dv ’ (2)

here dv = dx dy dz and da = dx dy or dy dz. The term Tt is
the volume enclosed by A, which consists of the dodecagon
shown in Figure 7 between the two planes P1 and P2 shown in
Figure 36.

An equationkrelatingvb to VvV, can be derived by evaluating
the integrals in Equation 2. The result is

-V

6 v
j+1 o
z W (V, - V) + 2 —*
&5+ ° (X541 = ¥4 (541 = %o)

6
T & ‘),(-1 >Za /
b 3 - X._ X, = X, i+(1/2)
j+l J=-1 o j=1 i=1

6
= = zsi+l(l/2)ai+(l/2) , (3)

i=1

where wi and ai+(1/2) are defined in Section III. The potential
at point o can be found as

6
z (Wivi + Bi)

v, = ' (4)
o Ao

lo02




B e S

Figure 36. Mesh point o and its two neighbors
in x-y plane.
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where
i 2334(1/2) |
A = W, + . (5
° &ALt o) a T
and
B, = 2a, Vj+1(x° - xj:l) * Vj-l("jﬂ - "o)
: WO/ o541 7 %5-0) (f341 7 %) (%o T *5-1)
* Si41(1/2) 2i+(1/2) - (8)

Numerically, Vo of the (n+l)th iteration can be computed from
vy and Vo of the nth iteration. Therefore, we have

o
6

Z w yRentl B,)
i=1 i'd ‘ n
-V ’ (7)

Ao o

A R

= V) +a

where o is the overrelaxation parameter and n is the number of

relaxation steps. Vl'n+l represents V., or V?+l if it already
o P i i
has been calculated.

The residual is defined as

i (wiv"i"n+1 + B;)

i=l _
G = Ao Vn . (8)

o]
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C. Results

The computed equipotentials are shown in Fiqures 37, 38,
and 39. Figures 37 and 38 are views in the magnetic-field
direction in planes containing a grid wire (Figure 37) and between
two grid wires (Figure 38). Figure 39 is a cross section
perpendicular to the grid wires, 0.1" from the rear end of
the emitting cathode surface, showing the right end hat and
looking in the beam-drift direction. Note that the first five
equipotentials above the cathode are at 100 V intervals and
the remainder areat 500 V intervals up to‘3,000 V. The plate
voltage is 4,000 V. The grid is at the cathode potential
(0.0 V).

These results show the following.

(1) The mesh interval normal to the cathode is
0.046 mm, small enough relative to the grid height of 0.203 mm
for good resolution of the electric field. This result
demonstrates the power of the deformable-mesh analysis for a
complex electrode shapes.

(2) The nonuniform field due to the end hats is mainly
to the right of the grid box and is expected to have a
negligible effect on the beam. This result implies that the
three-dimensional beam motion in a uniform magnetic field can
be computed with a reflecting boundary condition for the motion
in the magnetic-field direction and Neumann boundary conditions
for the potential. Treating only a single grid wire will provide
a considerable saving of computer time.

(3) The grid wires mask a portion of the cathode greater
than their area parallel to the cathode by making the electric
field zero between the wires and the cathode surface. There
are 14 wires each 7.87x10” ‘mm broad, and the total emitter
width of 10.19 mm is halved if the wires mask 4.6 times their
area.
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CQUIPOTENTIALS
08,
0.
.
o0,
2l 2
- 1000.
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; 3000,
Y
e
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A 3 (4,000 V)
direction of 5
magnetic field 8
e
§0
" 20,00 zYo.oo 60.00
EQUIPOTENTIALS

(all dimensions in .001 inch)

Figure 37. Equipotentials in RW-620 without space charge
viewed in beam-drift direction .1 inch from end of
emitting surface.
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COUIPOTENTIALS

28
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Figure 38. Laplace equipotentials in RW-620 gun viewed

in magnetic-field direction in a plane containing a grid
wire.
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PUN NO. 1801 (SCALE = 0.00003 METER)
EQUIPOTENTIALS
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Figure 39. Laplace equipotentials in RW-620 gun viewed
in magnetic-field direction between two grid wires.
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(4) Between the grid wires, the electric field decreases
toward the surface and is less than it would be in the absence

of a grid.

(5) The width of the uniform field region above the grids
and away from the end hats is about 7.8 mm, two grid wire
pitches less than the cathode emitter width. In the anode-sole
region, the width of the positive potential region confining
the beam was previously estimated at 7.3 mm.7 Hence, some
inward focusing in the magnetic-field direction is expected
between the gun and the anode-sole region.
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SECTION X
DYNAMIC SIMULATION RESULTS FOR THE RW-620

LONG-CATHODE GUN

This section describes the results of two dimensional
dyrnamic simulations of the RW-620 electron gun. One objective
was to test the cathode emission model by determining the RW-620
beam current in the two-dimensional case. Appendix A gives the
details of the gun and lists the measured results which should
be reproduced in these and future simulations. Here, the gun
dimensions are taken for tube model 59242. The magnetic field
is 0.25 T throughout the present calculations.

A. Currents and Beam Profiles

The measured and computed currents from three models
are compared in Table 10. The time-varying model gives the
closest agreement. However, all three currents from these
two-dimensional computer models appear to be high. It is
expected that the grid will shield less of the cathode surface
at the higher plate voltages. Therefore the effective cathode
width is probably greater than the assumed 4.5 mm at the
higher voltages, and the estimates of 111 A/m and 333 A/m
for the current per meter width are then too high for the actual
measured currents of 0.5 and 1.5 A. Straightforward modifications
to the trajectory calculation will reduce the computed current.

The beam profiles obtained from the instantaneous trajectory
segments (Figures 40-43) show how increasing the plate voltage
from 2,500 V to 4,500 V controls the cathode current. If the
currents per unit width emitted from the cathode are less than
computed here, the beams will appear proportionately thinner,
in the line-sole direction (at the top of each plot).
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The numerical results of Table 1l include tests with a
varied particle charge and a varied time step. The particle charge
of -0.72)(10"10 C/m corresponds to a density FBRILL=16 particles per
mesh rectangle adjacent to the cathode under the Brillouin flow
condition, wp =W, Here the number of simulation particles
required varies between 1442 (at 2,500 V) and 2723 (at 4,500 V).

Ten time steps per cyclotron period give sufficient accuracy.

Three test results are generally consistent. The one
anomaly at 2,500 V is removed when the electric field is averaged
over two adjacent cathode points to control the cathode emission.

B. Cathode Current Density

The cathode current density (the total emission-limited or
space-charge-limited density without subtraction of returning
charge) is displayed for the three plate voltages in Figure 44.
Seventeen emission points are treated. The minima occur where
backbombarding charge increases the local electric field and hence
reduces the emission allowed. At 2,500 V there are three peaks
and two such minima. At 4,500 V the rear of the cathode (the lower
end in Figures 40-43) emits the full thermionic current density of
20 A/cm?.

C. Beam Stability

Extending a run from the usual 40 cyclotron periods to 120
cyclotron periods demonstrates (Table 12) that the dynamic
equilibrium is reached. 1In contrast to the static model, this time-
dependent model with the macroscopic cathode emission calculation
predicts a steady beam current despite the returning charge.

In the anode-sole region, the diocotron effect should cause noise

to grow by up to 9 dB (at 4,500 V plate voltage) over the 2.9 mm
treated here,7 but this distance is apparently too short to show

an instability. There is also no evidence of a feedback instability
at the cathode of the type predicted by Ho and Van Duzer.15
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TABLE 12

STEADY-STATE CURRENTS COMPUTED IN RW-620 GUN

Number of Total Returning
Cyclotron Emitted Cathode Beam
Periods Current (A/m) Current (A/m) Current (A/m)
10 414 182 129
20 347 166 183
30 352 169 182
40 348 167 182
50 350 169 180
60 348 169 179
70 349 169 181
80 348 168 180
90 350 169 183
100 348 168 180
110 349 168 182
120 346 167 179
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However, to properly test this hypothesis, a perturbation should
be superimposed on the emitted charge.

To quantify an instability with the present gun program,
current fluctuations and beam temperature should be computed at
three planes: parallel to and above the cathode, at the start
of the line-sole region, and at least 3 mm into the line-sole
region. The present program includes the code for storing the
instantaneous current and particle velocities at these planes,
but the noise calculation is not yet implemented. Simple calcula-
tions of the average values and mean square fluctuations of
current and electron velocity (for a beam temperature) will
suffice for the present purpose.

D. Line-Sole Region

In the actual tube, beam currents above about 0.6 A show
instability and oscillation. The diocotron effect does not appear
in the present deformable-mesh calculations, probably because only
2.8 mm of the sole in included. However, the simulation with the
rectangular model of the anode-sole region alone shows beam breakup
after about 20 mm. See Figure 45. The beam current per unit
width here is only 167 A/m because the 1.5 A current is assumed to
cover a 9 mm width. Here an ideal Brillouin beam is injected.

The theoretical growth rate for noise is about 1.4 dB/mm. Previous
three-dimensional calculationsz shown in Figures 46 and 47, predicted

greater instability because of scalloping between the end hats.

Clearly the beam stability and the observed output noise
are affected by the shape of the injected beam at the start of
the sole as well as by noise effects produced at the cathode.
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E. Conclusions From the RW-620 Simulation

These two-dimensional results have confirmed the feasibility
of the deformable-mesh model and the macroscopic cathode emission
model. Results are consistent as the time step and particle
charge are varied. A clear steady state beam develops, both
at the cathode with returning charge and in the beam at the
exit plane.

Now the full three-dimensional calculation must be developed,
since transverse motion and grid shielding effects cannot be
neglected in a design study. The following effects in the
actual tube should be investigated by computer simulation:

(1) The mechanism by which the focusing anode voltage
affects the beam current at a fixed magnetic field;

{(2) The degree of cycloiding in the anode-sole region
for various sole voltages;

(3) The amount of scalloping in the transverse (magnetic-
field) direction;

(4) The effect of the grid in reducing beam cycloiding
and anode interception (simulations should be made also without i
the grid);

(5) The mixing distance for the separate beam filaments
created by the grid;

(6) The threshold beam current at which noise output
increases as the focusing anode voltage is raised (about 0.3 A
measured, compared with an operating 1.5 A);

(7) The effect of the sole voltage on the noise output
for a given beam current;

(8) The effect of the grid in improving beam stability:

(9) The effect of the non-uniform magnetic field. (The
field at the end hats is about four percent higher than at the
center plane.)
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L

In the absence of imposed noise signals, no instability
appears at the cathode in present calculations. Next, however,
noise currents should be added at the cathode, initially in the
2D model, and then in the 3D model, to determine the effects of
fluctuations in the returning charge at points along the surface
from the emission. If excess noise is obtained, the 3D calcula-
tions should be repeated with a component of magnetic field
normal to the cathode surface.

The 8.4 mm length of the gun covered by the present mesh
includes 2.9mm of the line-sole region. This is sufficient
for an efficient computation of the beam current and noise growth
in the gun region. However, selected 2D and 3D calculations should
then be extended to about 20 mm along the sole to determine the
beam stability and reproduce the transverse scalloping in that
region. This would require about nine times as much computing

time as at present.
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SECTION XI
GENERAL CONCLUSIONS AND RECOMMENDATIONS

FOR FURTHER WORK

The time-dependent analysis of the injected-beam crossed-
field amplifier gun with the deformable-mesh potential calculation
and realistic boundary shapes has been established as feasible
for use in future design studies. The newly implemented macro-
scopic model of cathode emission produces a stable beam and is
particularly well suited to a gridded-gun configuration.

Inclusion of shot noise in this model may help to resolve
the continuing controversy about the causes of beam instability
at a long cathode. The existing analytical theories are apparently
not sufficiently general to include all the charge that returns
to the cathode.

Extension to a three-~dimensional model now requires only
techniques already established in this study. The three-dimensionail
model can be verified using the detailed experimental results
obtained for the RW-620 gun. The program will then be a practical
design tool for improving existing injected-beam crossed-field
guns.
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APPENDIX A

THE RW-620 INJECTED-BEAM CFA

A. Introduction

The RW-620 is a grid-controlled high power (3 to 5 kW)
octave bandwidth (4 to 8 GHz) IBCFA manufactured by Northrop
Corporation. It can be operated in either continuous-wave
(CW) or pulse modes with RF output programmable over a 10 4B
range by varying the grid-to-cathode voltage. The high
efficiency (20 to 30 percent), high gain (20 to 22 d4B), and
the high power-to-weight ratio and compact construction of the
RW-620 make it suitable for airborne systems.

The RW-620 was chosen as suitable for testing of the
computer simulations being developed by Harris SAI. Under a
subcontract (No. 009482) from Harris SAI, Northrop has provided
the tube dimensions and performance characteristics (beam current,
noise, and RF output for varied electrode voltages and magnetic
field). A copy of Northrop's report is provided in Appendix B.

B. Tube Dimensions

The important dimensions of the RW-620 gun, transition,
and anode-sole regions are shown in Figures Al, A2 and A3.
Figure Al shows a cross section containing a grid wire. Figure
A2 is a cross section of the gun in which the magnetic field is
directed from left to right. Figure A3 shows the end hats that
confine the beam in the magnetic-field direction. Each grid
wire is made in two sections to prevent buckling. The gap in
the wire is, however, ignored in the computer simulation.

The RF circuit consists of 97 bars, each of width 0.01lé"
(along the beam-drift direction) and spacing 0.0118". They are
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Figure A3. End hats for RW-620 IBCFA at front

of gun, as viewed from anode.

in inches.)
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joined at alternate ends to form a meander line of pitch 0.0556"
and total length 2.685" (68.2 mm).

Because of the limits of accuracy in tube production, the
precise dimensions of the tube vary with the actual model used.
The spacing of the focusing anode and the grid has the most
significant effect on the beam current. The variations in
this distance are given for four tubes in Table Al.

C. Additional Information

The following additional details of the RW-620 were
supplied by Northrop.

(1) In all tube models, the cathode, grid, accelerating
anode (plate), sole, and line anode (RF circuit) are electrically
isolated and may be at different potentials.

(2) In addition, tube 59242 had an isolated collector
when the measurements were made.

(3) The end hats are at the grid potential in the cathode
region and at the sole potential in the anode-sole region.

(4) The cathode is an 80 percent dense tungsten matrix
impregnated with barium and calcium carbonates and aluminum
oxide. It operates at about 1,200° C to produce a thermionic
current density of between 10“ A/m? and 2 x 10" A/m2.

(5) As a result of the differences in the grid-plate
spacing, the measured current-voltage characteristics differ in
different tubes. For example, the beam currents in tubes

59242, 59505, and 59506 are 0.35 A, 0.30 A, and 0.4 A, respectively,

at a plate voltage of 2.9 kV and a magnetic field of 0.26 T.

(6) In the absence of RF drive, the maximum beam current
without oscillation was observed as about 400 mA in tube
59242 (with isolated line and collector) and 600 mA in tho
other tubes (with the line and collector connected).
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. a e

TABLE Al

SPACINGS OF GRID AND FOCUSING ANODE AT

FRONT OF IBCFA GUN IN FOUR PRODUCTION TUBES

Tube Spacing of Grid
Number and Focusing Anode
59242 Between .0328" and .0330"
59505 Between .0331" and .0332"
59506 Between .0316" and .0317"
59508 Between .0325" and .0334"
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(7) The noise output in the absence of RF drive is very
sensitive to the sole voltage. For example, the noise power
measured at the RF input position varies from 1.4 mW to 0.05 mW
as the sole voltage is varied between -4.65 kV and -4.8 kV
with a fixed beam current of 0.35 A.

D. Operating Points for Computer Simulation

Table A2 shows operating points selected from Northrop's -
report as suitable for testing the computer model.
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APPENDIX B

NORTHROP CORPORATION REPORT

The results presented here were measured by Northrop

Corporation Defense Systems Division, Electron Tube Section,
Des Plaines, Illinois under Subcontract No. 009482 from Harris

SAI.

The report provided by Northrop follows.
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1.  INTRODUCTION

1t is the purpose of the work reborted here to provide data for
verification of mathematical models of injected-beam crossed field amplifiers
(IBCFA's). Harris SAI inc. is developing such mathematical models for
computer simulation of IBCFA performance under Contract No. F49620-77-C-0091,
issued by the Air Force Office of Scientific Research. The work reported
here has been performed for Harris SAI, inc. by Northrop under Sub-contract
No. 009482/3-17-78.

The IBCFA selected for these measurements is Northrop's type RW-620,
for which there is a substantial history of operating data, and for which
there are numerous tube models available for measurement.

2. DATA ON IBCFA

2.1 Dimensioned Drawings

A set of dimensioned drawings of the gun and interaction space, and
the transition between these two regions, has been supplied to Harris SAI,
and has been reviewed jointly by Harris SAI and Northrop personnel. This
requirement is considered complete.

2.2 Electrode Current

It is a requrement of the sub-contract to measure currents to cathode,
collector, accelerating anode, grid, delay line anode, and sole under prac-
tical stable beam conditions without RF drive. The IBCFA is stable, i.e.,
there are no free-running oscillations, only for beam currents well under
1 A peak. Under these conditions, it was found that all of the cathode
current reaches the collector, and the sole and delay line currents were
zero. Under these conditions, and under all normal operating conditions,

grid and accelerating anode currents were zero.
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Data are presented here showing grid and accelerator control of beam
current. Figure 1 and 2 are representative sets of curves showing grid con-
trol for three values of magnetic field (Tube S/N 59508, S/N 59242).
Figures 3, 4 and 5 show control of beam current by accelerating anode (S/N
59242, S/N 59505, S/N 59506).

Magnetic field values are derived from the value of electromagnet
current, based on calibration made with a set of dummy pole pieces. Al-
though calibration readings are repeatable to within about *30 Gauss, ex-
perienc2 with operating tubes indicates that error is in the range of
+ 60 Gauss.

2.3 Moise and Stability

Data are presented here for noise and stability for four different
tubes, each with three different values of magnetic field. Measurements
are given as a function of beam current, with sole voltage fixed for max-
imum gain at 6 GHz. There are also some measurements of noise power, as
a function of sole voltage with beam current set just below the start-
oscillation current. Measurements were made at 10% duty factor.

Tube Serial No. 59542 was connected with coaxial bolometer loads on
both input and output. 1In both the input and the cutput arm immediately
adjacent to the tube there were connected "monitor-T" elements. These
transmit RF signals in the straight-through direction and block direct
currents, which are transmitted to the side arms. Thus it is possible

to measure current intercepted by the delay line. Appropriate coaxial
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attenuators, 10 dB at the input and 20 dB at the output, were connected
between the monitor-T's and the bolometer loads. A directional coupler
connected to a spectrum analyzer was injected in the output arm, to ob-
serve oscillations. Noise power was measured at both the input and the
output as a function of both grid control and accelerator control of beam
current (Figures 6, 7, and 8). Under all circumstances, oscillation began
at approximately 0.4 A, a value much lower than normally observed in RW-620's.
When the beam current was varied by accelerator control (grid at cathode
potential), a minimum of noise power output between 0.2 and 0.3 A peak

was observed and noise power increased with decreasing current, at least
down to 0.05 A peak. With grid control (accelerating anode set at the
value which would give 1.5 A peak with grid at cathode potential), noise
continued to decrease with decreasing current. Above 0.3 A peak, the char-
acter of the noise output curves was similar for either accelerating

anode or grid control, and the current for start-oscillation was the same.
Figures 9, 10, and 11 show the great sensitivity of noise power output

to sole voltage, with beam current set below start-oscillation. The arrows
on the x-axis indicate the sole voltage sefting for noise measurements

as a function of beam current. No current to the circuit was observed in
any of these measurements, nor when the beam current was raised to 1 A.

The relatively low start-oscillation currents were attributed to RF re-
flections from the monitor-T's. These devices were omitted when the other

tubes were measured.
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The three other tubes which were tested were connected in the manner
normally used in RW-620, with the output connected to a double-ridge wave-
guide. The only exception was that the input was terminated in a 50-ohm
load. Beam current was varied by the accelerating anode. Power was measured
by a bolometer 1oad connected through a directional coupler. Figure 12
shows noise power as a function of current and Figure 13, 14, and 15 show
noise power as a function of sole voltage for S/N 59505. Figure 16 Shows
noise power as a function of current and Figures 17, 18, and 19 show noise
power as a function of sole voltage for S/N 59506. Figure 20 shows noise
power aé a function of current for S/N 59275. Oscillations were observed
only above 0.6 A peak beam current, and generally in the vicinity of 6 GHz.

The curves of noise power as a function of sole voltage are difficult
to analyze because there appear to be multiple periodicities. A segment
of the curve for S/N 59506 at B = 2600 (Figure 19) was selected as an ex-
ample because at the high end of the curve the periodicity appears simple.
The voltage difference between peaks is about 310 V. Mean beam velocity
Ve, is equal to E/B, or to (V| -Vs)/Bd, where B is magnetic field, d is
sole-line spacing, and V| -Vs is sole-line voltage. Assuming V| -Yg = 11860
and d = 0.002 m., vg = 2.28 x 107 m/second. Let us postulate a reflected wave
model. The number of half wavelengths will be vg/Ave, or 11860/310 = 38.
The quantity Bgl is equal to 38 =, where L is the length of the reflected
wave system, and Be=2nf/ve where f is a frequency. The length of the circuit
is 0.0685 m. If we set this value equal to L, we find f = 6.3 x 109, close
to the frequency at which oscillations will start when current is increased.
It is therefore a reasonable explanation that the peaks and voltages of

noise are related to re-reflections on the circuit.
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2.4 Magnetic Field

The magnetic field in the RW-620 is shown in the longitudinal direction
by Figure 21, where the positions of the pole pieces and the cathode are
indicated. Transverse measurements in three planes are shown. Figure 22
corresponds to the plane through the edge of the cathode nearest the inter-
action space, Figure 23 to a plane at the center of the interaction space,
and Figure 24 to a plane through the collector. In the latter three sets
of measurements the level was pre-set to 2400 Gauss at the center. A pro-
portionality constant should be used corresponding to 2350 Gauss Shown
at the cathode in Figure 21. There is no significant pole piece saturation;
proportionality constants are applicable to all locations.

2.5 Power Transfer Curves

Power output as a function of RF drive is shown in Figure 25 for S/N
59242, Figure 26 for S/N 59505, and Figure 27 for S/N 59506. The dis-
continuity in slope at 4 GHz for S/N 59242 is believed to be an actual
phenomenon and not an error of measurement.

2.6 Cold Test Data

RF phase velocity Vph is shown in Figure 28 for S/N 58242, Figure 29
for S/N 59505, and Figure 30 for S/N 59506. The plots show delay ratio,
c/vph, as a function of wavelength, with frequency also indicated.

The interaction impedance of the RW-620 as a function of frequency is

shown in Figure 31. The measurement method is that described by Arnaud,]

1 J. Arnaud, "General Properties of Periodic Structures", Crossed-Field
Microwave Devices (E. Okress, ed.,) vol. 1, pp 17-33, Academic Press,
New York, 1961.

145




which used dielectric perturbation. Several measurements were made at each
of several frequencies across the band with different spacings between
the dielectric perturber and the circuit, and for five different RW-620
delay line circuits. The differences of measured values at any one frequency
for any one circuit were much greater than the differences between the
different delay line circuits. The curves plotted represent statistical
averaging of points observed, and the values of impedance with respect to
frequency represent a curve which has been smoothed for best fit to the
theoretical bar line model.2 About 80 data points were used in this process.
The statistical standard deviation of the measurements was more than 7 ohms.
Because of the number of data points, the accuracy of the curves is believed
to be much less than +7 ohms.
Circuit attenuation curves are shown in Figure 32 for S/N 59242,
Figure 33 for S/N 59505, and Figure 34 for S/N 59506. The length of the
circuit is 6.85 cm.
3 SYMBOLS
The following symbols were usec in the graphs:

B = Magnetic field

I, = Beam current

Vi = Delay line voltage with respect to cathode

VS = Sole voltage with respect to cathode
v = Accelerating anode voltage with respect to cathode

2 W. Sobotka, "Le TPOM en Regime Continu", Thesis, University of Paris,
25 June 1970.
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Vph

Grid voltage with respect to cathode
Velocity of light

Phase velocity of circuit

147




e
=0

I ! 1
it i | | | |
ﬁlv
b
1
¢
!t 14
L] H HH4H1H s
g M I 4 4 ‘
‘ i 1
) ﬁ. ) RghEN HH 4] H H
N _
H s il : i ! 4 YTYIYY 4 4 xu I 4 1L
rv » z
b t I P
L) T 1 nmn ,f : r. f!
N /
" u. J A J, u/nn
=t u. uitl; 8
j HitHH] ' o
L} K] N | \ N
R T h
1 vﬁ ﬁr-x v g "
I i il
?..._ as ﬁ i l L - 2 rﬁ . |
“. : @ mu;
1 (H1 3 |
R KO H
1 i I i 1t 1] |
4 :
w“ ' N :
)= . , T . .
I i
ittt | I |
3
l BT i 11 Thi |
T | ! | J | |
i | A

148




) ar - y - v

==irE

e

i
N
I i
JL” '
L N
n T
N .r.. M
h it
,ﬁw*[ | i TTH
1 {
HiH 4
'
' n
4 1
HHHH11H H
e
.A_
—
! "M_ 1 | H
(i mi
i |

149




£Q

|3

-y

.o

y -

———

==

—t

T T e e e

I ——————

150




ol

=

) i ¢
Y

TIXEX

- s

y 00 o @
=

ot

T
» »

. o

-

vt

y»

= o

T
> =2

|

151

J
i Y
.
M
M
i
! L
.”x bﬁ
o
p y M
qu
H HH
i 144 ..AA
n
N
il ]
‘ s
H 14 n ML m
11 I b




[l 1Him H 1 ] i | T
| & g
.r...i {
1.:.‘ ..-..Lr“ ...1
i} it H x
lxl L ry
ney { 14 i
2y 1 IL 111- L
1 ?gr% it 1L I | I
mn 14 (4 | [T ) m\
L je il
fip et ! [ KAL) [ 1
T 11411 —
I
1 | H TL.T it
\ N4 n\! n
xL\ Y .ziL I N
N ni ™
i i, i i ! i
n'd n .,; .
H ' ; 1 1 .}f ' 4, . H %
HiH 3 :F ,.r. { I
'IJI
% ; It
"fh H H 1 L H1 H H H N H L H
xw-..—- 4 % 4 lj
7,7
i ! H H HH HiHH H f HiltH # H xr HHH
! r o~
i | | i | N n
2 4 J —
H HiH 1 4 s 4 LJ H ! H 4 H H H
_ i
1 H na H ! H H 1 1 it H H 4
1 H H H i H
! m gl
e
] i
xnv q H
! Hittes Haom 1| Find i
il :
1 A } 1 ! Wil 1111 L1HulLu | LU T
. . PY -]




D o _
£L w e g
it |
3| £ :
il 111 il |
“ 7 ! i - ™
{ Pl IE - - Luf,
& o ! - )
bl 1] _ ) It g
HiH B mn. JV - W
LR - mm
N | 4
34 T | | 1 =2
| | =
_ _ ) H v'e
: 3
% o °
1L T e f i e
ﬁ ﬂ ﬁ‘ .nw ] L i _ a0
1 y
| : 1
il 1| [ il I il
il IR 1 | : i [
._ i ﬁ If nt 1
| gl 1o - i ! _
- 1
! | | : hit
I 1! ‘ n
H 14 ﬁh, ) 1 H -
I T T T
L I Welinly
_1 § BT I i
- g Jlll
| I ..
q i :
- T I : -
r .g .W,... LT 1 HH _ 1
x..
] 1 " L
.j i p F-r b
.Jf f_m H . H 111 : f 1"
W O W - " ™~ -t
o L NI~ W N - (] ™~
ot d <4 o o o wx w -t L]
-0 00~ W MY - o Ll




——

Mot o W

-

P

;e e~ W 1 -

| .. |
HH L..TW
]
el
.
HY LT L
{ i
St
i -
{-4 - 1 j
AL ;
11 .‘.Aw
UL :
,H Ji nﬂﬂr “ ! i
11 5
FHH
}*tt-

AW~ @ W

er

sur

ut

ut
put
8274

r.

Lron
—anarnl

H | s
i
£
T _
1B |8 | F
.ﬁ‘ w .J
|
i 4L
Mn“ s gﬂ. C
i )
uwn A
( Ui
!
.A_. h
| .
|
|
i
|
i
i I

- ™ ®© 0 L

154




el ® r-

w -

.\*.
L
3
T
K}
1NINNRRN
-
ﬁ ."
J s
o -

N~ 0 v -

it
m,u

T
A _“

! -l.x.n

]

i

hE r W W -

w4
L L
L+ 30
v na
1t
1
| .
4
e f
_ig 4
i |
_m.._ =
H
'
| 3
zTrrlxwl
i
44|
WBH

W~ W n b2

ut
rut

ut

put

3
b

¥
. 3
=

o—
e —o
e a——

==

===
———
=

=-=
8=

NO I~ O B «

27 008

T

——

e

155




o T st o——— =~

sy @ ~ O

(Thd
did

LILLT
heciond

e —

v &

1L

%
—

WS O N -

R O W ¢

156




i g ———— - o i —

wdOVOD F. W W

-

H
T/
H &
HH
! _
'] [
,ﬁ i
(i
19
o~

L W 4

[ R

o ¥

1x
X
X

W O B ¢

T

e

B O N

157




w n -

4

fla
Amm LI
m .,mv Af
| H
;” (4 qd
it
' s [
lv . ¢
m’,r
4
it
il LR
IE
1

P . o
L1531
S 1

v o

B

RW O N v

i

mW. W N ¢

p—-
tn —su

e e i

> &

D1

158




- e e~
B

MW~ W W v

AW~ O W -

—~—

U~ @ N w

o
ol
.

MO~ O N

<
i —

IHHHIE
153
L
I

n I
5

e~ B ¢




edon o

w0

-

|

]
]

e~ @0 0 -

¥

TYSLY

RO~ DB N W

AW~ 0 N ¢

L 11

AW O w -

1




4 . .

1 A
i ﬁ] T L

i 4
H | .

] 1 HUHTT
i 110 l
1 4. .,T _...J. 1
ﬂ | Iits t
HH 1T free ad T

0 Il Il I

M~ B 0 W

ARBS O V- L] ~

NS O 0 w ” o~

P~ O N - L] ~ -t

014

rom
copy.

4

availabl

eprod
st

be




Bt

SHe—v
25+
L2t L]

IS VAU 1

—_—t,
-
]

e~ O N -

-
i
-4
an
T
ML
T
H1
BT
[T 4
M3
1
1Lk
Ity
H
1(J1
0n
o~

PO~ 0@ N ¢

I~ O 3 W

P T™ O N ¢

162

—d




o o

w w

-

T
xr.r -
L L
X
1 .
#7 LLIII_L_
4
388

Nheor W N -

I &

o

MO~ O N -

el

FArA

Iy
%
{
.AT
H
13
/
k]
2 _
n
P
|
|
]
4 4

BB~ O n -

163

e+




O~ O -

- y—

o O n -

MGt~ @ 0 W

O~ W N -

164

T

——

[ ] ~ % @ -




sich e ¢~ W w3 -

4

e~ © n -

AV~ W N -

1l
ol
+

MW~ O N W

165




e r—— -

el 0D 2

o @

e

X

W~ 0 W -

b 1
15

| 1l _ |
| | | |
! ” bl %
\IJ _ : ¢
| L |
“ i LHH _ i
il g i _
m ” H ._ i H
i
I _,
4 ? Jﬁ W
i
1 ﬁ ., ._ = fi
,.mf [E) | | i
R
;Med ~ W - L mes e o b

7018

6

16




)
il
i
rhii

petn &) P

—

w0

-

4 . 1
i
i
¥ \
M
.71r1 J T
L Tl
J,Jrf.f,.: T
[~ gd
L
|
{111 g ! .

AW
| N0 S

—

LV {+ 8¥ TRT

-t YL

1T

1

o &~

Al

w0 v - -

1311 ] H
1
H LL
4
1
@
1to
<
i
] i
C
(Vo)
! ;:. G nm
| e~
]
<
i o
L4T]
n LLJ;‘
ettt et
i‘rv‘ )
J o
11 (o)
1 1]
I
i il =
] Ned
ES
4
i -9
J..Mﬁo
NIRER
L
i $3ll
N [~¥
> ~ W n - L d o~ -l




> . —

O e 1M
shll | |
ﬁ |
!
Dl Am T | | i |
ili i i ,coo___”
H | ..— \M
| g i | It v
HHIH ! ! ! I N
! ' T ! | il HI |
| (It | ittt
i
.i.j.. il ..A,A
| | il
1 1 ! 5..5 ‘
Ji I il

168




156025827 022




166 0265827023



uoponpordar e[qiba] Aqnj jrmusd
10u seop DILd © siqrroso Adod

A 4 e E_ | 1 _ |
| i I il
i |
” |
| i
i !
! ‘ HIL _ Hili f 1 ] t_
J i | ! m ;i i 1 Il | |
| 1 A I | — | | |
.A t H 1 i |
[ i 111 {
4 bh t | * ‘_h
I1UR| | R LY %. . : A J
(HRORH O b % |
* HHALDIR | aHe | T : I ﬁ
I A ‘
i l ﬁ J |
| ] ol K i r 1
i il ! |

=

171



. A , . ,
Hi |
\ i dith 1 i
|
! f
: i ; i
(th H
A a 1
] j
& H
i
m;
] \
i 2ie
1 1 S 1 ' 1
N
rr n TI; h M
T
| , I l
! e
T 44 n ‘ 1
H H
N ] ) | I
Q Hill

172







i
4
v‘
!

v oana .

»om

- o
- s

174




820428920991

/1 ! il
4 o Z
1
B :
H ,* H
I i
| by
H H ‘..{.4 H
7.
H H14 H
I | ! g
}
! HiH HH I I it
i ith 1 H
1 4 g H
| | T .
i
1 H ”m w wﬁ ! 1 ] .“
i T i :

175




620 LZRIZO9S)

TR i Ll i
I .
! _
B r !
|
HH 1 |
KN
L
I H
]
i
il ! i I
it
i I
rm -Fﬁ —r 1

v

176

|
|
I

|




il il A
Sl 1
| W
flite .t%,..;. 4 | | ,A 4 4 j
It
‘ ﬁjrﬁ.,f ihm i ! xf HiH
| il il (it il |
{ HHE i HHIH ; : I {
?,,f , | |
, | ittt i | Q i e i
l | I 1! L i it | il T ]
1 1 | g 1 4 t, jL ' i 4 1 r.;i 1
1 ~
(A | _ L _Iil p
ittty i _
| il i , il |
' 4 g 11 HIHH ’
| | it |
b I | | .r
[ T T it vill 4
H ﬁ. H H 1 HHH H1H ﬁh v..g 7_ H _x sy A g ..gx 4
H R il it ittt
HIHHTIG e Pyl e LRI | | T
1 .; . ._;;: ¢ 1 | ..; L1




e —————
e

| ] it Hill Il T il
, (il A I RS T
! ! ittt ﬁ R e
M
: , e ; il it m
] ] ]
g-i s L | ﬁ Lﬁ T HHH HH
! i i :
HH ! HHH f Hpn j A i
it i it
f it i minnt it
G | i
i 1 Il Jif 1 Y i 1
hm THUIN 1 | 1 |
4. 1] i ] )
1 : 1] :
T HTH : . |
R AR | i Hhtethiill
3 M4
T | ‘1 [HHIRR R A , B A
! | 1 T ! fh
I i
IJ " L.Ezr 1 SAERRES - - H - -4
HH in ﬁmLi L HAH THHL 3 L. HH ;
ur rT,T‘f Ut TIT¢H AL
| ﬁ e .:;...ﬁ. rﬁ.r_.t_._ ﬁ T
i THH T fii H T il
i L o , . T
i U ) HHHHHEHHIHE I AL i I
| | i 111 i
il i
| i HHH ] | HHHEHHB R HE I 1 I ] F LT !

178




226G N/S 30 uopjenudlly "z auanbiy
ZE0 (78520 991

(Zitn) Adoudnbou y

8 / 9 4 v
A 1 i 1

— —,
S — ——

uot3enually

179

”,\l)

—

—
b
T e —
T s e e

(up)
uojenudlly




v g —

E£EC L28SZ0 9G4 )
(2119) Aduanbou

8 L
| |

S056G N/S J0 uorjenudljly  ‘gg auanbyy

9
| .

(5]
<

——— N P T e — N s ——— ——, oo

N e T s, N et s — —— o e

— S s S
- — — —— —

180

. B e AT e T e S, e,
T e e .
— — —

s p—
e S— - T— g

(ar)
uoLenually




vEO LZBSZO 991 90G6G N/S JO0 uotienudlly “pg aanfiy
(z19) Adusnbau

] L 9 S ¥

| 1 |

e e o s o,

——— o s S e S

— et e t—— —
e e i W S

~ uoi3enually

N n\ - 'ln\ll\l‘ . P Sy P e Ot s P oy . —— o — ] N

N

~\ Va)
e N T~ . .

(ar)
uo | 3eNUA Y

181




AD-A125 341  SIMULATION 0' DISYIIIU'!D !IISSIN ANO IN\IEUED !EAI I3
ROSSED FIELD ANPLIF. . (U) HARRIS SAl INC ANN ARBOR u)
oM GOR ET AL. APR 80 AFOSR-TR- -80-085

UNCLASSIFLED 749020 77 -C-0091 Flo 9/




PRI —

O

CEEEEEE

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 - A

FFEE

EEEE

N
(8]

s B

g

¢ F e e, :

T . 5‘. .
"




APPENDIX C
TUBE DATA AND OUTPUT INFORMATION FOR THE

TIME-DEPENDENT IBCFA GUN ANALYSIS PROGRAM

A. Data

The following data are required for analysis of a gun.

Drawings showing the gun shape, grids (if any), electrode
positions and dimensions, including the boundary of the
cathode emitting surface. Examples are given in Appendix
A.

Voltages of cathode, grids, accelerating anode (plate),
line anode, sole, and other electrodes if any.

Magnetic field.
Cathode temperature (K).

Maximum thermionic-emission current density on the cathode

surface.

For program verification the measured beam current and the

electrode interception currents should be supplied for various

magnetic fields and specified electrode voltages, as in Appendix

B‘
B. Output

The present 20 model provides the following printed informa-
tion, as in the example (Appendix C).

Verification of data.
Mesh plot.

Important dimensions and beam parameters.
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The remaining information isprinted only at selected steps.
* The number of rods, total and active

+ The number of charges emitted at the cathode, returned
(BACK), and the net emitted number

* The number suppressed at the cathode as too small for
emission (QSMALL)

* The number intercepted on the plate, line and sole
* The number crossing the exit plane

* The charge above each mesh point on the cathode, CGCAT
C/m

* The local electric field EZCATH V/m
* The emitted charge DQEMIT C/m

* Normalized electric fields, charge densities and emitted
current densities at the cathode

* Currents (A/m) averaged over several steps. The "EXIT"
value printed is the mean beam current per meter width

* Mean cathode current den~ity for each cathode point
* Plotted trajectory segments from a single time step

A separate program uses Tektronix PLOT10 subroutines to -
display the mesh, the equipotentials and the trajectory segments
on a TEKTRONIX 4010 series graphics terminal.
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APPENDIX D
SAMPLE OUTPUT FROM THE TWO-DIMENSIONAL
TIME-DEPENDENT IBCFA GUN PROGRAM
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APPENDIX E

COMPUTATION TIME AND STORAGE

Table El summarizes the parameters for a typical run of the
2D time-dependent program.

Approximate equivalent CPU times for other machines are

as follows:

Computer CPU time (sec)
Harris 550 1

IBM 360/67 1.16

IBM 370/148 0.51

CDC 6500 2.28
Amdahl 470V/6 0.124
Amdahl 47Qv/7 0.083

The three-dimensional analysis will require an estimated
10,000 particles (300 K 48~bit words of CPU storage) and 1
hour of CPU time per run for a single grid wire. It is expected
to require about 32,000 particles (500 K words of storage) and
4 hours of CPU time per run for a full simulation including the
end hats.
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TABLE E1
COMPUTATION PARAMETERS FOR TWO-DIMENSIONAL

SIMULATION OF RW-620 GUN

Mesh size: 28 x 36

Length of sole simulated: 2.9 mm

Number of time steps: 200 (20 cyclotron periods)
Number of interacting rods: 1350

CPU time on Harris 550
machine (sec): 508

CPU sec/rod/time step: 1.88 x 10 ¢

CPU storage on Harris 550
machine (48-bit words): 160,000
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APPENDIX F

PROFESSIONAL PERSONNEL AND INTERACTIONS

The principal investigators for this phase of the study
of the injected-beam CFA are Dr. Joseph E. Rowe, Vice President
for Technology of Harris Corporation, and Drs. Thomas P. Fontana,
Donald M. MacGregor, and Richard Mains, Staff Engineers at Harris
SAI, Inc.

The data for the RW-620 injected-beam CFA were supplied
by Dr. Robert R. Moats of Northrop Corporation Defense Systems
Division, Des Plaines, Illinois. A helpful discussion of the
tube and the Northrop measurements took place between Dr. Moats
and Drs. Fontana, MacGregor, and Mains of Harris SAI at Northrop
on March 12, 1979.

Harris SAI is also grateful to Dr. Richard True of Litton
Industries, Inc., who provided helpful information about the
static gun calculation at the IEEE International Electron Devices
Meeting in Washington, D.C. on December 4-6, 1978.

Some preliminary results of this contract are being presented
at the Tri-Services Cathode Workshop, Rome Air Development Center,
April 15-17, 1980, together with more detailed results from the
distributed emission CFA study.
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